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With more than 28% of natural abundance, silicon is the second most abundant element within the earth's crust. Although it is not encountered in nature in its pure elemental form, silicon oxides are widespread. Indeed, silica sands, clays, quartz and other silicates can be readily found in nature. 1 These sources of silicon have been exploited for the production of materials used in our daily lives, such as soda-lime glass, porcelain, ceramics, etc. 2 The omnipresence of silica and its derivatives reflects the great availability, high stability and low toxicity (except in its crystalline form when inhaled) of the latter. Consequently, silicabased precursors have emerged as versatile compounds for the synthesis of organic-inorganic hybrid materials. Potential applications of hybrid materials often benefit from the advantageous properties of the organic and inorganic domains, with their properties 3,4 often reflecting a much more complex interaction than would be anticipated for a simple mixture. Accordingly, the nature of these interactions between the organic and the inorganic domains is crucial and strongly affects the material properties. [5][6][7][8] Depending on the miscibility of these two phases, heterogenous systems (referred to as "nanocomposites") or homogeneous systems can be obtained. 5,8,9 In this manuscript, we will focus on the latter. In particular, silsesquioxane based molecules and materials will be studied.

The silsesquioxane family is defined by the general formula (RSiO1.5)n where R is an organic group, a hydrogen atom or any type of group apart from a siloxane/alkoxy group. 10 In this manuscript, different levels of organization of the silsesquioxanes will be studied. Initially, the formation of well-defined silsesquioxane oligomers will be considered, followed by the creation of networks templated by various structure directing agents. This manuscript is consequently divided into three parts:

Chapter I: Janus-type T4 silsesquioxanes as a new bi-functional platform

Commencing with a short bibliographic review, this Chapter will focus on the preparation of functional Janus cyclic tetrasilsesquioxanes 11 i.e. with different organic groups on each side of the molecules (Figure 1). Each of these groups will be chosen for a selected purpose to obtain a tailored Janus-type T4 silsesquioxane. This functional silsesquioxane was designed for the modification of metal nanoparticles with luminescent groups in order to study the plasmonic effect of the former or to create self-organized networks.

Starting from cyclic tetrasilanolates, the latter will be functionalized on both the organic and silanolate groups, to introduce (a) a thiol moiety for nanoparticle modification; and (b) a naphthyl group for the luminescent and self-organization properties. The stepwise synthesis enables perfectly defined oligomers to be obtained.

Figure 1: Janus-type T4 silsesquioxanes functionalized with two different organic functions on each face T4 tetrasilanolates will be prepared and their reactivity on the silanolate side will be investigated to build new, sufficiently robust silsesquioxane oligomers for the targeted application. New ethoxy-and chloro-silane precursors will be prepared to graft onto the T4 tetrasilanolate. The functionalization of the organic group of the T4 structure will also be studied with respect to the sensitivity of the structure towards basic conditions.

Chapter II: A new family of functional styryl cage silsesquioxanes

The second chapter will focus on a different type of oligomeric silsesquioxane, where a new family of polyhedral oligomeric silsesquioxanes, also referred as POSS or cage silsesquioxanes, will be presented. These silsesquioxanes were synthesized with a styryl group anchored via the phenylene moiety (in contrast to the usual approach of anchoring via the vinyl group, to form styrenyl groups 12 ), to open the way to the functionalization of the styryl group by reactions under mild conditions (using metathesis, thiol-ene reaction, etc.).

A short overview of the literature will first be presented. The synthesis and characterization of cage silsesquioxanes composed of eight, ten and twelve silicon atoms will then be discussed (T8, T10 and T12 cage silsesquioxanes in Figure 2). 13 Another cage consisting of eighteen silicon atoms (T18 cage silsesquioxane) will also be isolated and characterized for the first time. 13 The isomer form of the molecule will be determined among the nine possible isomers. Thereafter, another type of cage silsesquioxane, where a fluoride anion is encapsulated within a T8 cage (T8-F cage silsesquioxane in Figure 3) 14 will be described. The latter will be characterized and the interactions between the fluoride and the silicon atoms studied by liquid and solid-state NMR. Finally, the functionalization of the T8-F via a thiol-ene reaction, to introduce eight triethoxysilyl functions on the cage, will be studied. This new T8-F will be used as a precursor for the synthesis of materials in order to obtain a unique gel based on cage silsesquioxanes with fluoride encapsulated within the cage.

Chapter III: Towards Periodic Mesoporous Organosilicas with bimodal porosity

The two previous chapters focus on perfectly defined oligomeric silsesquioxanes organized at the molecular scale. Herein, we will present another form of organization of silsesquioxanes, at the mesoscale. In particular, periodic mesoporous organosilicas (PMO) 15 will be synthesized via the use of templates in order to create mesoporous organosilicas with bimodal porosity.

After a bibliographic overview of the field, the synthesis of a new PMO exhibiting bimodal porosity will be described. The latter has the unique feature of being synthesized from a single bridged organosilane precursor and a single surfactant via a one-pot synthesis, by taking advantage of the different affinity of the hydrolyzed and unhydrolyzed forms of the precursor for different domains within the surfactant micelles. In the final Section, the use of dendrimers, 16 i.e. well-defined polymers, as templates will be studied, and the synthesis of new degradable triethoxysilylated dendrimers will be described.

Their integration, and subsequent controlled degradation within the network at well-defined locations on the polymer chains, will enable mesoporous organosilicas with localized pendant functions to be obtained. The material will thus be characterized before and after degradation. Furthermore, approaches for creating PMOs with porosity generated by the dendrimer within the walls will be discussed.

Chapter I:

Janus T 4 silsesquioxane as a new bi-functional platform 11 In this first chapter, the synthesis of a new type of cyclic tetrasiloxane structure with two different functional organic groups on each side of the siloxane ring, referred as a Janus-type T4 structure, will be studied. One of the siloxane faces will be functionalized with a thiol moiety in order to modify the surface of a metal nanoparticle. The second face will be modified by grafting a naphthyl group selected due to its luminescent properties and its capacity to selfassemble by π-π interactions. In addition, the geometry of the T4 siloxane results in a close proximity of the different organic moieties grafted on the ring. The molecule obtained could thus find applications in imaging, self-assembling systems, sensing, etc.

Different types of T4 cyclic tetrasiloxane can be considered: siloxane rings with Si-C bonds, silsesquioxane rings with Si-O-Si bonds or alkoxysiloxane rings with Si-O-C bonds (Figure I-1). Owing to the relative stability of the Si-X bonds, siloxane and silsesquioxane T4 cycles are preferred to the corresponding alkoxysiloxane T4 species. However, the synthesis of all three structures will be studied.

Figure I-1: Relative stability of the different T4 cyclic tetrasiloxanes

After a short bibliographical review, the synthesis of the Janus-type T4 cycles will be described. Particular attention will be directed towards the T4 silsesquioxanes, since these provide a good compromise between ease of synthesis (compared to the siloxane T4 analogues) and stability (compared to the alkoxysiloxane T4).

Part A: Literature review 1. Oligomeric silsesquioxanes: a family of well-defined silsesquioxanes Oligomeric silsesquioxanes are typically organic/inorganic hybrid molecules which can be characterized by their well-defined structure. They consist of an inorganic cyclic core of Si-O-Si bonds linked to organic moieties. In the 1940s, Scott described for the first time a range of cyclic silsesquioxanes 1 of general formula (MeSiO1.5)n prepared by thermal rearrangement of dimethyldichlorosilane and methyltrichlorosilane. A few years later, Barry's group described various silsesquioxanes including the first completely condensed polyhedral silsesquioxanes bearing cyclohexyl moieties. 

Incompletely condensed silsesquioxanes

In 1965, the work of Brown and Vogt on the polymerization of cyclohexyl silanetriol highlighted the existence and reactivity of several intermediates formed during the preparation of the previously described silsesquioxanes. 3 Indeed, dimers, trimers and tetramers containing silanol functions appeared as intermediates of the reaction, leading to incompletely condensed silsesquioxanes in large quantities. It was expected that organosilanols should react with each other to form linear oligomers, which would cyclize once a sufficiently long chain had formed.

These cycles would then further react with oligomers and rearrange to form cage-like structures (Figure I-4). Figure I-4 : Intermediate species formed during the synthesis of cage-like structures 3 In 1994, Earley demonstrated that 3-siloxane membered rings are less stable in terms of total energy at optimized geometries 4 than the corresponding 4-siloxane membered rings. Thus, since the ring is formed as soon as the oligomeric chain is sufficiently long, the first stable ring is the 4-siloxane membered ring and indeed, the latter is the most often observed. Thereafter, the tendency to form cycles and the instability of the 3-siloxane membered ring was experimentally shown by the 29 Si NMR studies conducted by McCormik et al. 5 . Similarly, both 29 Si and 1 H NMR studies provided additional insights into the kinetics of formation of the silsesquioxanes [6][7][8] , notably through the work of Loy et al. who reported the reversibility of the hydrolysis process 6 .

a) T7 trisilanol

Consequently, the concept of designing new complex silsesquioxane structures from simple building blocks arose. In 1989, Feher et al. also studied the creation of silsesquioxane intermediates from cyclohexyl (Cy) silanol precursors and described the first cube T7 trisilanol species, 9 nowadays referred to as partially condensed POSS or more precisely as T7(OH)3 (1 in In the same way, non-silicon functional groups such as vanadium 12 or other metal atom-based species 13 have been successfully grafted as corner capping groups.

b) Double decker tetrasilanol

Similarly, incompletely-condensed double decker silsesquioxanes (3 in Unlike the previously cited POSS, double decker silsesquioxanes were only first described more recently in several patents published by Yoshida and co-workers in 2006. [14][15][16] Interestingly, two intermediates are required for the double decker and the tetrafunctional double decker syntheses. The first of these is the double decker tetrasilanolate produced through the condensation of alkoxysilane under basic conditions. 17 The latter can be further hydrolyzed under acidic conditions to form the double decker tetrasilanol, which can be used in condensation reactions with chlorosilane, 17,18 to obtain double decker silsesquioxanes 19 and tetra-functional double decker silsesquioxanes. 20 Later, Unno's group described the structure of a double decker compound by X-ray crystallography. 21 Over the past two decades, interest in the double decker structure has increased and the synthesis method has become widely used. Brown as an intermediate in the synthesis of polymeric and polyhedral silsesquioxanes, 3 the T4 tetrasilanols can be used as building blocks for a wide range of silsesquioxanes, including T6 cages, T8 cages, Janus T8 silsesquioxanes, lantern-like silsesquioxanes, ladder-like silsesquioxanes, Janus tetrapod silsesquioxanes, etc. (Figure I-7).

Figure I-7: T4 tetrasilanol and some derived structures

Together with the discovery of the first T4, Brown also described the synthesis of the first ladder and gecko type silsesquioxanes (Figure I-7). These were obtained by condensation of a dichlorosilane, Me2SiCl2 and a disiloxane, Me2Cl2SiOSiCl2Me2, respectively. The structures of both cis and trans isomers of the ladder type siloxane [22][23][24] were later solved by crystallography as well as those of the gecko type silsesquioxane 25,26 . Both structures have been studied in detail 21,27,28 since the 2000s, leading to the synthesis of larger well-defined ladder oligomers 27,[29][30][31][32] and polymers. [33][34][35] acquired by condensation with a 1,2-tetrachlorodisiloxane, i-Pr2Cl2SiOSiCl2i-Pr2. T4 silanols or silanolates also allowed even more sophisticated structures to be synthesized, such as the Janus T8 cage or the lantern like silsesquioxane (Figure I-7). These latter structures both exhibit two different organic groups on the two faces of the polyhedron. The Janus T8 was first mentioned by Laine's group 38 and was formed by condensation of a trichlorosilane with a T4 group in methanol and subsequent ring-closing condensation of the generated methoxysilane (Figure I-10). However, the latter could not be fully purified and characterized. Very recently, Unno's group 39 isolated the Janus T8 cage which was characterized unequivocally by X-ray crystallography. Nevertheless, the chosen synthetic route differs significantly from that described by Laine: a fluorinated T4 (tetrafluorocyclosiloxane in The synthesis of the lantern like silsesquioxanes 40 (Figure I-7) involves a more complicated synthetic route. Firstly, a T4 cycle is functionalized with chlorodimethylsilane (HSiMe2Cl) via a condensation reaction. The hydrido-functionalized T4 so obtained is then further brominated.

Finally, the latter is reacted with another T4 silanol to obtain the lantern silsesquioxane (Figure

I-12).

Figure I-12: Synthetic route for preparing lantern silsesquioxanes 40 Among the structures which can be obtained from the T4 silanol, the Janus T4 tetrapod (Figure I-7) will be the focus of our interest in this chapter. Generally obtained by condensation of a chlorosilane on the silanol function, it enables two different types of organic groups to be introduced on the two opposite faces of the T4 molecule. This structure will be presented in detail in Part I-A-6.

Synthesis of T4 silanol and T4 silanolate: isomerization issues

After its discovery by Brown in 1965 41 , the T4 silanol was later synthesized by Feher, via the hydrolysis and condensation of the phenyl trichlorosilane in aqueous media 42 . Nowadays, the synthesis of T4 tetrasilanol is more commonly achieved through the synthesis of the corresponding silanolate 43 . Indeed, T4 silanolates are obtained by hydrolysis and condensation of the corresponding trialkoxysilane under basic conditions. It is then hydrolyzed under acidic conditions to reach the T4 tetrasilanol (Figure I-13). 44 A range of T4 silanolates with sodium or potassium counter-ion have now been described, including methyl, 45 phenyl, 43 vinyl, 46 alkyl, 44 halogenophenyl, 47 styryl, 47 etc. However, other methods are also available for the synthesis of the T4 silanols. Using the approach first developed by Brown 41 , Unno's group obtained the tetrahexyland tetraoctyl-T4 silanols from the corresponding trichlorosilane in aqueous solution. 48 In the case of isopropyl groups, the synthetic route using the cyclic silanolate was found to significantly improve the yield compared to that obtained using the trichlorosilane as a precursor 49 (from 23 % in the latter case to 73 % yield in the former case). In addition, the T4 tetraphenyltetrasilanol was successfully obtained by cleavage of a random silsesquioxane resin 43 or of the corresponding T8 cage silsesquioxane. 50 T4 silanols can also be obtained from cyclic (HMeSiO)4 by hydrolysis of a hydridosilane in the presence of Pd/C 51 (Figure I-14). The last method relies on the synthesis of the (i-PrPhSiO)4 siloxane ring, with subsequent dearylchlorination and hydrolysis to obtain the (i-Pr(OH)SiO)4 tetrasilanol 52 (Figure I-15). Nonetheless, it is worth noting that the synthesis of the silanolate and silanol do not always lead to one single product. In particular, several isomers can be formed during the synthesis of the T4 ring. As the stereochemistry around the silicon center has been studied for some time, [53][54][55] the first T4 obtained by Brown 41 was identified as an all-cis-tetraphenyltetrasilanol, with all of the organic groups located on the same side of the ring. In 1981, Volkova and co-workers disclosed the existence of different isomers of the T4 silanol ring via an experiment involving the isomerization of the all-cis-(PhSiO(OH))4 in the presence of Me3SiCl. 56 However the proof of the structure and stereochemistry was only provided when Unno's group 52 isolated for the first time and characterized by single-crystal X-ray crystallography the four possible isomers of the T4 (Figure I-16). Unno indicated that the late description of these isomers was due to the absence of synthetic routes to the other isomers and by the possibility of degradation or condensation of the polysilanols which makes their separation difficult. He also highlighted the unpredictable prevalence of the all-cis isomer, since its formation is sterically unfavorable and statistically not predominant. However, as the all-cis T4 possess all the silanol on the same face of the molecule, the facility to engage in hydrogen bonding could be an explanation for its prevalence. Although, they are chemically similar, the different isomers of T4 silanol can be partly identified by NMR, since 1 H, 13 C and 29 Si NMR give different chemical shifts for each isomer. One of the most striking analyses for identifying T4 isomers is 29 Si NMR. Among the four different isomers, three give rise to a single signal which is characteristic for each of them in the 29 Si NMR spectra, while one exhibits three different signals of similar relative intensity. 44 The mixture of all isomers then results in six different signals, two of them being superimposed, as shown in As the chemical shifts of the latter three are very similar, the use of 29 Si NMR alone is often not sufficient to unambiguously identify the isomers. Single crystal X-ray diffraction is then necessary.

¡

Figure I-17: 29 Si NMR spectra of T4 silsesquioxanes 44 We previously discussed the fact that a large range of T4 silanolates has been described. On the contrary, the control of the isomerization process during the hydrolysis step still limits the widening of the scope of the T4 silanols. Only a small number of T4 silanols are now synthesized as pure products with a reasonable yield (Table I It is noteworthy that even if the T4 tetrasilanol ring with four silicon atoms is the most common of the cyclic silanols, larger rings have also been isolated such as T6 hexasilanol and T12 dodecasilanol, [59][60][61] as well as smaller rings such as the T3 trisilanol. [62][63][64][65] 

Mechanism of formation of the different isomers of T4 silanol

Careful control of the reaction conditions is the key to obtaining the desired product in the synthesis of T4 silanols. For example, Shimada et al. first demonstrated that the structure of the cyclic silanol depends strongly on the solvent used. Indeed, from the same precursor, they illustrated that in organic solvents, cyclotrisilanols are favored 65 (10 in Figure I-18) while in aqueous media, cyclotetrasilanols are the main products 66 (11 in Figure I-18). Thus, reaction conditions have to be carefully chosen and controlled to obtain the desired tetrasilanol isomer(s) as a main product. Shimada's group subsequently studied the formation of the tetrasilanols from PhSiCl3 in aqueous medium. Starting from the observations of Brown 41 , the group not only identified reaction conditions leading to the all-cis tetrasilanol but also to the cis-cis-trans and cis-transcis isomers. 66 However, no all-trans isomer could be observed in the direct synthesis of tetrasilanol from PhSiCl3. As previously indicated, T4 silanols are obtained by cyclization of a linear tetramer. Hence, the group focused on the oligomer and found that, depending on the stereochemical configuration of the tetramer, different isomers of T4 can be obtained.

The tetramers can exhibit two different stereoisomeric forms: the meso-form (12 in Figure I-19) and the DL-form (13 in Figure I-19). The following reasoning assumes that no inversion of configuration occurs around the two central silicon atoms of the tetramer during cyclization.

In aqueous media, the meso-form adopts its more stable conformation where all the hydrophilic hydroxyl groups are located on one face, stabilized by hydrogen bonding, and all the hydrophobic phenyl groups on the other face of the T4 plane, in this example stabilized by π-π interactions. This conformation results in a U-shape of the meso-form which is easy to cyclize due to the proximity of the teminal silanol groups to each other (12-U in Figure I-19). However, according to the previously cited hypothesis involving no inversion of configuration, the Ushape of the meso-form tetramer (12-U in Figure I-19) gives rise to the all-cis, cis,cis,trans and cis,trans,cis T4 isomers (isomer 6, 7 and 8 respectively in Figure I-16) but not to the all-trans isomer.

On the contrary, the more stable conformation of the DL-form adopts a Z-shape (13-Z in isomers from the meso-form of a linear tetrasiloxane 66 26 However, issues with isomerization do not only emerge during the formation of the T4 but also under acidic conditions. For instance, the phenomenon was reported by Pozdnyakova et al. in the hydrolysis reaction of tetrasilanolate to form tetrasilanol in the presence of acetic acid. 67 Two isomers, the all-cis isomer ( 6 first the cis,cis,trans isomer and then the cis,trans,cis and all-trans isomers. In 2017, Unno's group studied the isomerization process and screened different parameters of the reaction. They concluded that strongly acidic aqueous solution (i.e., HCl solution) and solvents miscible with water (i.e., acetone) are suitable for promoting isomerization. 71 Room temperature and reaction times of a few minutes are sufficient to obtain the different isomers. The presence of water was also necessary to observe isomerization. Nevertheless, it should be noted that T4 compounds which do not bear hydroxyl moieties do not suffer isomerization. In addition, the study highlighted that the isomerization mechanism does not involve any Si-O-Si bond cleavage.

Hence, tetraphenyltetrasilanol and tetraiso-butyltetrasilanol were independently subjected to conditions known to promote isomerization and the four isomers of each starting T4 were observed. However, when a mixture of the two is subjected to the same reaction conditions, each of the four isomers of tetraphenyltetrasilanol and tetraiso-butyltetrasilanol are detected but It is noteworthy that the isomerization studies enabled the free-energy difference between the isomers to be calculated 66 (Table I-2 
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Reactivity of silanol and silanolate

The T4 silanolate and silanol can be further functionalized to obtain Janus T4 structures. The lack of solubility of the T4 silanolate is one of the major obstacles impeding their postfunctionalization. T4 silanol is therefore easier to functionalize. However, as seen in the previous section, the hydrolysis reaction to convert the silanolate into silanol is often poorly controlled. Additionally, the T4 often suffers from isomerization issues during the functionalization step. Hence, a careful control of the reaction conditions is required. The following section will highlight the functionalization pathways already known for the T4 systems and will also present some insights into the reactivity of the silanol function in general.

Each suggested method must be considered in light of the advantages and disadvantages concerning the sensitivity of T4 species to harsh conditions.

a) Condensation reactions of T4 cyclosiloxanes

The possibility of condensing the silanol was first demonstrated by Brown in 1965, 41 when he successfully reacted tetraphenyltetrasilanol with dimethyldichlorosilane to afford the first ladder like silsesquioxane (see Part A.2.). This reaction has been largely used to identify the stereochemical configurations of the T4 silanol isomers through the ladder type or tetrapod silsesquioxanes, which are more easily crystallizable. 58,71 To date, the condensation reaction with a chlorosilane has been the most commonly used technique for functionalization of T4 Thereafter, the reaction proved to be efficient with T4 silanolates, 46,73 despite the poor solubility of the latter. Although the T4 silanolate is itself alkaline and can form NaCl or KCl with the chloride released during the reaction, a base is still necessary to quickly sequester the HCl released and hence avoid isomerization.

The groups usually grafted onto the T4 are common chlorosilanes 57,73,74 such as dimethylchlorosilane, dimethylvinylchlorosilane or trimethylchlorosilane to obtain tetrapod silsesquioxanes. Dichlorosilane or dichlorodisiloxane are also condensed to obtain ladder or gecko type silsesquioxanes, respectively 21,28,31 ; these include i-PrPhClSiOSiClPhi-Pr, i-Pr2ClSiOSiCli-Pr2, Ph2Cl2Si, etc. Among these groups, some enable further functionalization (hydrosilylation, Heck reaction, etc.) to be explored.

Additionally, the grafting of a triethoxysilane onto a T4 silanol in the presence of hydrochloric acid 75,76 has been reported. However, the product of the reaction is a polymer and the isomerization issues were not monitored. Thus, this process does not seem to be applicable for the synthesis of well-defined silsesquioxanes.

b) Fluorination of T4 silanols

Very recently, fluorinated T4 emerged as an interesting compound for post-functionalization.

For example, in 1997, Feher et al. demonstrated the possibility of converting the silanols of partially condensed silsesquioxane into the corresponding fluorosilanes. 42 The use of HBF4.OMe2 as a fluorinating agent enabled the silanol to be converted into fluorosilane, 42 but the first tetrafluorosilane T4 was only reported in 2015. 77 In this study, Unno's group first proved that, unlike bulky substituted silanols, unhindered silanols are easily converted to fluorosilanes (Table I-3). Phenyl-and iso-butyl-substituted T4 silanols were then tested under similar reaction conditions.

It appeared that with a stoichiometric amount of BF3.Et2O as a fluorinating agent, the four isomers are obtained. This isomerization could come from the production of HF during the reaction. However, with an excess of BF3.Et2O, the latter behaves as a HF scavenger and only to form the corresponding alkoxysilane or silanol. Fluorosilanes can also react with Grignard reagents 81,[83][84][85][86] or aryl/alkyl bromides in the presence of lithium 87 to form a Si-C bond. These studies have all focused on non-cyclic fluorosilanes, and none of these approaches have ever been tested with cyclic fluorosilsesquioxanes.

c) Reduction of the silanol function

Although it has never been reported in the case of cyclosiloxanes, the silanol function can be reduced to a hydrido-silane. Indeed, different reaction routes are available to obtain hydridosilanes from silanols. However, Grignard-reagent-assisted substitution with alkoxysilanes in the presence of a nickel catalyst, previously described by Corriu's group, could be used to compensate for this limitation.

Figure 30: Grignard reagent substitution on a methoxysilane

Janus tetrapod silsesquioxanes and existing applications

Using the functionalization approaches described above, several functional Janus tetrapod silsesquioxanes have now been reported. All of the Janus tetrapod silsesquioxanes have been functionalized on the silanol face of the T4 silanol or silanolate by a condensation reaction with a commercially available chlorosilane (Table I-4 The inherent geometrical constraints associated with the T4 cycles confer on the tetrapods an interesting conformation. The latter can enhance some properties such as, for example, converting the tetrapod molecule into an excimer 102-105 when the monomer does not possess such properties. However, it is important to consider that, in all cases, only one face of the Janus tetrapod silsesquioxane confers such properties on the molecule.

Furthermore, some tetrapods with silicon linked directly to the carbon on both faces have been synthesized. For example, the commercial availability of cyclosiloxanes such as the tetramethyltetravinylcyclosiloxane or the tetramethylcyclosiloxane (Figure I-32) opened the way to the preparation of monofunctional Janus T4 siloxanes, although their stereochemistry is not always confirmed. These compounds have already been applied in phase transfer catalysis 107 , anti-corrosion coatings 108 , self-assembling systems 109 , solar cell electrolytes 110 , etc.

Figure I-32 : Commercially available functional cyclosiloxanes

Due to the extended suite of possible applications for such monofunctional siloxane and silsesquioxane compounds, the availability of bifunctional tetrapods will undoubtedly be of interest. The possibility of designing the synthesis to control the proximity between the functional groups could pave the way to tailor-made material with unexpected properties.

Part B: Synthesis of a tailored bifunctional Janus T 4 tetrapod

In the previous part of this chapter, a brief overview of the application fields of the monofunctional Janus T4 tetrapods highlighted the huge potential of these well-defined molecules. In particular, the few papers reporting the use of geometrical constraints associated with the monofunctional Janus T4 opened the way to new perspectives. These opportunities can be further extended by the synthesis of a bifunctional tetrapod silsesquioxane.

This section will thus focus on the preparation of a new, well-defined bifunctional Janus T4 tetrapod for surface modification of metal nanoparticles and self-assembly. Consequently, the objective is to introduce two different organic groups on each side of the tetrapod: a thiol function for surface modification of the nanoparticle on one side; and a luminescent and/or structure-directing moiety on the other side. The naphthalene group was used to fulfill the second objective, since it possesses luminescence properties and can play a structuring role through π-π stacking of the aromatic rings.

Here, we describe the synthesis and investigate the formation of functional T4 tetrasilanolates and tetrasilanols, prior to functionalization of the latter to obtain a multifunctional platform for diverse applications. For simplification, a convention for specifying the functionalization of the T4 cycles has been introduced, which is presented in Figure I-33. 

Synthesis of T4 silanolate and silanol

In order to obtain a bifunctional Janus T4 tetrapod, the T4 tetrasilanol used as starting material must be carefully chosen. For example, the organic moieties present on the organic face of the T4 have long been a limiting factor for functionalization, due to their lack of reactivity. The traditional groups used, such as isopropyl, methyl or phenyl, do not enable easy functionalization of the organic face (Part A.3.). Although the phenyl group can be functionalized once brominated, the reaction conditions used for bromination are not compatible with the sensitivity and stability of the T4 structure. Therefore, three types of readily functionalizable moieties have been studied: the styryl, thiopropyl and vinyl groups.

a. Styryl T4 silanolate and its hydrolysis

The styryl moiety was chosen as a model due to the presence of a functional phenyl on the siloxane ring. The latter can participate in π-π stacking interactions and help in constructing self-organized networks. The styryl group also has the advantage of being a possible starting point for grafting highly conjugated organic groups which would be useful for photoexcitation applications. In addition, the presence of a spacer group between the siloxane ring and the reactive moiety reduces the steric hindrance around the molecule and can facilitate further functionalization.

Although its synthesis has been previously reported, 47 the styryl T4 tetrasilanolates have not been well described, nor widely used as starting materials. The optimization of the synthesis of the tetrasilanolate and its hydrolysis to afford the reactive styryl T4 tetrasilanol (Figure

I-34)
was thus investigated in greater detail. other oligomers. In order to improve the purity of the tetrasilanolate, some experiments were carried out at 0 °C. However, no significant improvements in product purity were evident.

The T4 silanolate being poorly soluble in almost all common organic solvents (dichloromethane, tetrahydrofuran, chloroform, alkanes, ethyl acetate, etc.), purification by column chromatography did not appear as a viable solution. A simpler approach was then attempted, which involved washing of the crude reaction product several times with pentane. A white solid was then collected and analyzed by NMR. It is important to note that, in the case of T4 tetrasilanolates, the 29 Si NMR chemical shifts strongly depend on the solvent used for the analysis. For example, in CD3OD, the T4 peak appears at -53.96 ppm while in DMSO-D6, it appears at -69.85 ppm. Both DMSO and methanol can participate in hydrogen bonding with the T4 tetrasilanolates. The strong interaction of the solvent with the T4 tetrasilanolate could explain such a significant difference. We note that the The pure product was consequently obtained as an off-white powder with 81 % yield (vs. 71 % yield in the literature 47 ). As we saw in Part A.3., when a single signal was observed in 29 Si NMR, the isomer obtained can be the all-cis, all-trans and/or cis,trans,cis tetrasilanol. However, the predominant isomer in protic solvent is usually the all-cis product. It can then be assumed that the product obtained is the all cis-tetrasilanol but unfortunately, all crystallization attempts to verify this assumption were unsuccessful. Different conditions were then tested in order to improve the reaction. First, the crude reaction product appeared to be slightly cleaner at 0 °C. Several acids were also tested at 0 °C (Figure

I-41).

Meldrum's acid (2,2-dimethyl-1,3-dioxane-4,6-dione) was chosen to test the effects of using an acidic diester and citric acid to test a triacid. Similar results were obtained with acetic acid and Meldrum's acid, with a small quantity of polymer and strong signal for the T4 shift being observed (Entries 3-4 in Table I-5). However, hydrochloric acid and citric acid led mainly to polymerization (Entries 1-2 in Table I-5). In the same way, the quantity of acid was screened and 5 equivalents of acid (1.25 equivalents per silanolate function) appeared to give the lowest quantity of polymers (Entries 5-7 in Table I-5). The results of this study suggest that the T4 cycle undergoes isomerization during the few minutes of exposure to acidic conditions. The conditions used are thus sufficiently harsh to promote the isomerization process described in Part I.3. However, a more rapid neutralization of the reacting mixture would be difficult to achieve. Indeed, obtaining reproducible results in this system can be challenging, as the speed of neutralization (without exceeding neutral pH and re-forming the silanolate salts) plays an important role in minimizing the formation of sideproducts. The results obtained in this study did not meet expectations and the difficulties observed in the general case of the hydrolysis of T4 tetrasilanolate (Part I.3.) were verified with the styryl moiety.

b. Synthesis of thiopropyl T4 tetrasilanolate

In order to obtain thiol functions directly on the siloxane cycle, the synthesis of a thiopropyl T4 silanolate was studied. Only one paper 113 reports a study of a thiopropyl T4 tetrasilanolate but no experimental procedure was provided and the product was characterized only by 29 Si solid state NMR. However, this technique is not sufficient to determine the purity of the product.

Based on indications 113 that the tetrasilanolate salt is better formed with a potassium counter ion than with sodium, some studies were performed. Ethanol was used as a solvent and the reactions were carried out using similar conditions to those employed in the case of the phenyl T4 tetrasilanolate (quantity of solvent, reaction time, temperature, etc.). 
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In spite of the good results obtained twice in ethanol, other attempts to reproduce the reaction were unsuccessful. Even with careful control of the quantity of water (dry ethanol and potassium hydroxide under an argon atmosphere), the crude reaction product was insoluble in common NMR solvents (CD3OD, CDCl3, DMSO-D6, etc.). Potential interactions between the silanolate and the thiol were highlighted by Gadzinowska et al. 113 They suggested that the thiol is partly transformed into thiolate when it interacts with the silanolate. We assume that, in our case, this hypothesis is also plausible. However, due to the nucleophilicity of the thiolate, it must be envisaged that a polymerization catalyzed by the thiolate is also possible.

Consequently, this model was not sufficiently reliable to be exploited further.

c. T4 vinyl silanolate

Due to the problems encountered in the synthesis of functionalized T4 silanol, the T4 vinyl moiety was used as a model (Figure I-45). Indeed, the low cost of the vinyltriethoxysilyl precursor compared to the corresponding styryl made it a convenient model.

Figure I-45: Synthesis of vinyl T4 tetrasilanolate

Some tests were carried out to explore its conversion into a tetrasilanol but the results obtained were no more convincing than the previous ones involving the styryl T4 tetrasilanolate.

Functionalization of T4 silanolate

The previous section highlighted the difficulties in obtaining clean T4 tetrasilanols. Therefore, some attempts were made to directly functionalize the T4 tetrasilanolate or to transform it into a more readily functionalizable and more soluble T4 cyclosiloxane precursor.

a. Nucleophilic substitution on T4 tetrasilanolate

As cited in Part I.A.5.d., some nucleophilic substitution reactions have been described on T7 trisilanol cages. 95,96 Since nucleophilic substitution appears to be the quickest reaction pathway to reach a bifunctional T4 silane, experiments were undertaken to investigate this approach Unfortunately, all conditions attempted with both vinyl and styryl salts were unsuccessful.

(

b. Reduction of the tetrasilanolate salt

Owing to the lack of reactivity of T4 tetrasilanolates toward nucleophilic substitution, the reduction reaction was tested on the silanolate salt (Figure I-47). This method has the advantage of opening the way to creating, via hydrosilylation, Si-C bonds which are less susceptible to hydrolysis than Si-O-C linkages.

Figure I-47 : Reduction reaction of vinyl T4 tetrasilanolate

The reactions were carried out in dry methanol, at room temperature and under an inert atmosphere. NaBH4 was chosen as a reducing agent to be more selective than LiAlH4, in an attempt to reduce the silanolate function without reducing the vinyl group. Despite several tests, 1 H, 29 Si NMR and IR spectroscopy revealed that the vinyl is not affected, but also that the unmodified reactant is fully recovered with both vinyl and styryl T4 silanolates.

c. Fluorination of T4 tetrasilanolate

Similarly, the fluorination reaction was tested to obtain more stable bonds than in the corresponding Si-O-C systems (Figure I-48).

Figure I-48 : Fluorination reaction of vinyl T4 tetrasilanolate

The procedure, inspired by that described by Unno's group, 39 involves the use of BF3.Et2O as a fluorinating agent. The reaction was performed in dry hexane under argon, and was tested with both styryl and vinyl tetrasilanolates. Different quantities of fluorinating agent were added:

10 mol% and 5 mol% of BF3.Et2O. The best results were obtained with 5 mol% of BF3.Et2O

and with the vinyl T4 tetrasilanolate. Indeed, the desired reaction product was obtained, albeit with the four possible isomers of the T4 cycle together with polymers. This can be observed in the corresponding 1 H, 19 F and 29 Si NMR spectra. Unno and al. mentioned in their paper that an excess of BF3.Et2O can behave as a HF scavenger to avoid isomerization. However, the experiments carried out here with an excess of fluorinating agent did not enable a single isomer to be obtained, and isomerization was always observed. In addition, the yields obtained are similar to those obtained by Unno for phenyl-substituted tetrafluorinated T4 (around 20%) 39,77 but are not sufficient for purification and subsequent work on this model.

d. Condensation of chlorosilanes with T4 tetrasilanolate

The previously described strategies to obtain a Si-C bond being unsuccessful, it was decided to adopt a more conventional approach: the condensation reaction.

Described with chlorosilanes with a silanol or silanolate, the condensation reaction was tested in the presence of triethylamine as HCl scavenger to avoid isomerization. Under inert atmosphere in dry THF, conventional chlorosilanes such as dimethylvinylchlorosilane and dimethylchlorosilane were successfully grafted on the vinyl T4 silanolate without isomerization.

The dimethylchlorosilane is of particular interest, as it enables two orthogonal functions to be grafted onto the T4 cycle, with the possible formation of a Janus silsesquioxane (Figure I-51). In addition, some attempts to condense ethoxysilane instead of chlorosilane were carried out, since ethoxysilanes are much less reactive and easier to handle than the corresponding chlorosilanes. However, the reaction without catalyst did not proceed. In Part A.5.b., the possibility of condensing ethoxysilane with hydrochloric acid 75,76 as a catalysis to obtain polymers was mentioned. Unfortunately, this route cannot be envisaged here due to the significant risk of isomerization of the T4 oligomeric structure.

Due to the issues arising with the attempts to introduce a functional group on the hydrido T4 cyclosiloxane which would not react during the next step of the reaction, it appears that the chlorosilanes available commercially did not meet the objectives of our work.

Synthesis of tailor-made chlorosilanes

In order to directly graft functional groups that meet the objectives of the project, new chlorosilanes were synthesized. Two approaches were tested: the Heck reaction, which has the advantage of maintaining the conjugation; and hydrosilylation.

a. Synthesis of naphthyldimethylchlorosilane from ViMe2SiCl or

HMe2SiCl

The commercial dimethylvinylchlorosilane, ViMe2SiCl was used as a reagent with 2-bromonaphthalene (Figure I-53). The procedure was inspired by previous reports 114,115 and by conventional methods used in the laboratory. The bromonaphthalene was solubilized in DMF together with the catalyst, Pd(PPh3)4. The volatile chlorosilane and triethylamine were then added. As the reagents are highly volatile and water-sensitive, the reaction was carried out in a rotaflo® flask, under argon. The reaction mixture was frozen and outgassed under reduced pressure to compensate for the expansion of the gas at high temperature and avoid explosions of the vessel due to high pressure. The reaction was then heated up to 120 °C overnight. Unfortunately, possible options for purification are limited, since chlorosilanes readily hydrolyze in air and would graft onto the silica during column chromatography. In addition, too many impurities were present to envisage a distillation of the liquid crude product. 

b. Synthesis of naphthyldimethylethoxysilane from ViMe2SiOEt or

HMe2SiOEt

Due to the high reactivity of chlorosilanes towards traces of air and water, the same reactions were attempted using the corresponding ethoxysilane. Ethoxysilanes are much less moistureand air-sensitive and can be more easily purified by column chromatography due to the higher stability of the ethoxysilane toward hydrolysis.

The Heck reaction was first carried out under the same conditions as previously used with the chlorosilanes (Figure I-55).

Figure I-55: Heck coupling of bromonaphthalene with dimethylvinylethoxysilane

The crude reaction product was much cleaner than that obtained with chlorosilane and shows the presence of both E-and Z-stereoisomers, with one isomer being predominant. The crude product was then purified via silica column chromatography using cyclohexane/ethyl acetate (80/20 by volume) as the mobile phase.

Figure I-56

shows the 1 H NMR spectrum of the purified product. One of the isomers has been significantly enriched, although the second isomer could not be completely separated. Since the reaction yield was only 14% after purification, this reaction was not considered further.
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The hydrosilylation reaction was thus performed with dimethylethoxysilane using the same conditions as those previously described for the corresponding chlorosilane (Figure I-57). Due to the highly exothermic reaction, the mixture was cooled with a water bath during the addition of the catalyst. A sampling done after 10 min showed that the reaction was complete, so the crude product was treated after one hour of reaction. The pure product was recovered with 40% yield. The moderate yield can be explained by the presence of the α-addition as a by-product, despite the use of Karstedt's catalyst. The two regioisomers were identified by 1 H NMR in the crude product in a ratio 25/75 α-to β-addition product. Furthermore, the possibility of degradation of the ethoxysilane on the silica column also impacts the recovered yield. However, the yield obtained is sufficiently satisfying for use in the following step of the overall synthesis.

c. Chlorination of the dimethyl((naphthyl)ethyl)ethoxysilane

As shown in Part A. The naphthyl chlorosilane has thus been successfully synthesized in quantitative yield and without any purification step.

Toward a bifunctional T4 Janus tetrapod for nanoparticle surface modifications

The chlorosilane prepared in the previous section can subsequently be condensed on the T4 tetrasilanolates. By increasing significantly the solubility of the resulting T4, the latter can also The previously prepared chlorosilane was used as-synthesized for the condensation reaction, in the presence of triethylamine (4.4 eq) as HCl scavenger to avoid isomerization. A small excess of chlorosilane (4.4 eq) was used to ensure complete substitution on the four silanolates. After 16 hours of reaction at room temperature, the solvent was evaporated.

Filtration on celite pad with pentane was performed to remove the triethylammonium salt. Since the oily product was miscible with pentane which also permits an easy precipitation of the latter salt, it was possible to purify the product by a simple filtration. Thus, after filtering and removal of pentane, the resulting oil was also passed through a rapid silica column chromatography step using cyclohexane/DCM (90/10 to 70/30 by volume) as the eluent. This column chromatography enabled removal of the main impurity, namely the disiloxane formed due to the hydrolysis of the excess of chlorosilane. In addition, FTIR and mass spectrometry corroborate the results obtained by NMR. In particular, the ESI-mass spectrum exhibits a strong peak at 1201.4 (M + H) for an expected m/z of 1201.4. In the FTIR spectrum, the naphthyl group can be observed through the C-C and C-H stretching modes at 1600 and 3056 cm -1 , respectively. 122 The CH in-plane bending of the alkene 123 can be seen at 1366 cm -1 and the Si-Me stretching of the dimethylsilane 72 at 841 cm -1 .

Furthermore, the Si-O-Si stretching of the silsesquioxane is observed at 1043 cm -1 , which is higher than the T4 tetrasilanolate (952 cm -1 ). This shift is consistent with a more constrained T4

than the T4 tetrasilanolate. The sharpness of the Si-O-Si peak also confirms that the product obtained is not a polymer but a well-defined cyclic oligomer. The naphthyl derived chlorosilane has thus been successfully grafted on the vinyl T4 tetrasilanolate with a good yield, after purification, of 63%.

b. Introducing the thioacetate function by thiol-ene reaction

The grafting of the chlorosilane onto the T4 tetrasilanolate significantly increases the solubility of the T4 structure and opens the way to the functionalization of the T4 on the opposite Si-C face.

The grafted T4 silsesquioxane was subjected to a thiol-ene reaction to introduce a thiol function in its protected form (Figure I-67). The reaction was carried out according to the procedure of Bivona. 124 The naphthyl vinyl T4 silsesquioxane was dissolved in toluene with azobis(isobutyronitrile) (AIBN, 5 mol%). The reaction mixture was heated to 40 °C and the thioacetic acid was added in excess to ensure the complete addition on the four positions ( 6equivalents). The mixture was then reacted at 60 °C for 16 hours. The solvent was afterwards evaporated together with the excess of the volatile thioacetic acid. new CH2 signal at 2.98 ppm, which corresponds to the expected chemical shift of the CH2 in the α-position of the sulfur atom, was observed. Indeed, the electronegativity of the sulfur atom leads to lower field shifts. In addition, the signal at 1.04 ppm appears as a complex multiplet after grafting. Due to the proximity of the silicon atoms of the T4 cycle, the two CH2 in the α-position of the silicon atoms on each face of the cycle can appear together and thus be nearly superimposed. The signal corresponding to the acetate is observed at 2.29 ppm. In addition, it is important to note that the column chromatography enables some of the isomers to be removed. Indeed, the signal related to the dimethylsilane is very sharp and the signals near the base of the main signal disappeared. The changes of polarity between the naphthyl vinyl T4 silsesquioxane and naphthyl thioacetate T4 silsesquioxane could have been a critical factor for improving the separation.

The 29 Si NMR spectrum also exhibits a major change in the silicon chemical shifts (Figure I-69). In particular, the silicon linked to the organic group of the T 3 silsesquioxane species shifts from -80.19 ppm in the case of the vinyl substituent (unsaturated) to -71.58 ppm in the case of the ethyl-thioacetate substituent (saturated). This result is consistent with the expected shift of the T 3 silsesquioxane linked to an unsaturated organic group which is expected at around -70 ppm for T 3 species. 46 stretching mode at 624 cm -1 . 125 The characteristic naphthyl bands are also visible, including the C-C and C-H stretching modes at 1600 and 3055 cm -1 , respectively. 122 The Si-Me stretching mode of the dimethylsilane 72 is still visible at 842 cm -1 . The Si-O-Si stretching mode of the silsesquioxane 126 is observed at 1053 cm -1 and still as a very sharp peak corresponding to a well-defined T 3 silicon species. The naphthyl thioacetate T4 silsesquioxane has thus been successfully prepared as a pure product with 42 % yield.

c. Deprotection of the thioacetate

In order to release the thiol function, the deprotection of the thioacetate was undertaken. Due to the possibility that the released thiol would oxidize, all reactions were carried out in solvent (at 2.75 ppm; similar shift to that of the thioacetate) and the α-position of the naphthyl group at 2.62 ppm are also observed. In addition, it was noticed that the reduction led to some isomerization. However, after purification, a pure isomer was obtained as suggested by the sharp dimethylsilane signal at 0.17 ppm. Consequently, the naphthyl thiol T4 silsesquioxane tetrapod, bearing a thiol function for surface modification of metal nanoparticles on one face, and a naphthyl group for luminescent properties on the other face, has been successfully synthesized. The pure product was obtained as a white solid with 28% yield.

Finally, the structure of the naphthyl thiol T4 silsesquioxane tetrapod developed is presented in 

Part C: Conclusion & perspectives

In this chapter, the synthesis of T4 silanolates was presented and the hydrolysis of the latter was studied. The challenges associated with obtaining functional T4 tetrasilanols as pure products and with good yields were discussed. Hence, several reactions, including nucleophilic substitution, reduction, fluorination and condensation were attempted to modify the silanolate face. Among those, only the condensation reaction with chlorosilane enabled good yields to be obtained.

Due to the restricted commercial availability of functionalizable chlorosilanes, those which were considered did not enable faces with orthogonally functionalizable organic groups to be obtained. Hence, in order to introduce targeted groups on both sides of the T4 cycles, new naphthalene-based ethoxy-and chloro-silanes were synthesized. After grafting of a naphthylbased chlorosilane on the silanolate face of the T4 tetrasilanolates, the organic group was modified by a thiol-ene reaction to introduce a thiol group which was recovered after deprotection of a thioacetate function.

The first Janus-type T4 silsesquioxane bearing two different functions for targeted applications was described. Indeed, due to the proximity of the different organic groups, the Janus-type T4 tetrapod can be exploited as a new platform for imaging, for producing self-organized materials or for sensing applications. The investigation of these properties, together with the synthesis of new Janus-type T4 tetrapod architectures such as styryl T4 derivatives, will be pursued as part of future projects to be developed by our group.

General procedure for the synthesis of T4 tetrasilanolate

Prior to reaction, the metal hydroxide was crushed, dried in a desiccator in the presence of phosphorous pentoxide and stored under an inert atmosphere.

In a round bottom flask, metal hydroxide (5 mmol, 1 eq) was suspended in the chosen solvent (2.5 mL). Water (5 mmol, 90 µL, 1 eq) was then added to the mixture. After partial solubilization, the triethoxysilane precursor (5 mmol, 1 eq) was added dropwise to the solution.

The reaction was held at 20 °C for 16 h and the solvent was removed under reduced pressure.

The solid was crushed and washed with pentane five times on a fritted glass filter. The resulting powder was dried overnight under vacuum.

Styryl T4 tetrasilanolate:

The reaction was carried out with sodium hydroxide (5 mmol, 200 mg) 

Thiopropyl T4 tetrasilanolate

The reaction was performed with potassium hydroxide (85 %, 5 mmol, 362 mg) and mercaptopropyltriethoxysilane (5 mmol, 1.2 mL) in absolute ethanol.

Formula: C12H28K4O8S4Si4

Molecular weight: 695.83 g/mol Yield: nearly quantitative Appearance: sticky white solid 

Synthesis of the (naphthylvinyl)dimethylethoxysilane

In a rotaflo® Schlenk flask flamed three times, 2-bromonaphthalene (4.81 mmol, 1 g, 1 eq) and Pd[PPh3]4 (0.24 mmol, 282 mg, 3 mol%) were added under an argon atmosphere. Dry DMF (3.5 mL) was then added to dissolve the reactant followed by vinyldimethylethoxysilane (9.42 mmol, 1.6 mL, 2eq) and distilled triethylamine (5.3 mmol, 0.7 mL, 1.1 eq). The mixture was first frozen in liquid nitrogen, then the vessel was sealed and held at 120 °C for 16 h. After completion of the reaction, the solvent and excess of ethoxysilane were removed under reduced pressure. The crude product was purified by silica column chromatography with a cyclohexane/ethyl acetate gradient up to 80/20 (by volume). After separation and solvent evaporation, the product was recovered as an oil.

Formula: C16H20OSi

Molecular weight: 256,42 g/mol Yield: 14% (164.2mg, 0.64 mmol) Appearance: colorless oil 

Synthesis of the (naphthylethyl)dimethylethoxysilane

In a rotaflo® Schlenk flask flamed three times, 2-vinylnaphthalene (39 mmol, 6.0 g, 1 eq) was dissolved in toluene (20 mL) under an argon atmosphere. Dimethylethoxysilane (58 mmol, 8.0 mL, 1.5 eq) was then added. The vessel was placed in a water bath to dissipate the generated heat and Karstedt's catalyst (3 % in xylene, 0.194 

Synthesis of (naphthylethyl)dimethylchlorosilane

In a flame dried two-neck flask, (naphthylethyl)dimethylethoxysilane (3.0 mmol, 795 mg) was added under an argon atmosphere. The ethoxysilane was mixed with acetyl chloride (2.4 mL).

Finally, the reaction was heated overnight to reflux under argon (80 °C). The acetyl chloride and volatile by-product (ethyl acetate) were evaporated under vacuum. The product was handled at all times under argon and stored under an inert atmosphere in a fridge.

Formula: C14H17ClSi

Molecular weight: 248.83 g/mol Yield: quantitative (~746 mg, 3.0 mmol) Appearance: yellow oil 

Synthesis of Janus T4 silsesquioxane n°1

In a flame dried Schlenk flask, T4 vinyl tetrasilanolate (0.87 mmol, 440 mg, 1 eq) was suspended in dry THF (4.4 mL) under an inert atmosphere. Distilled triethylamine (3.83 mmol, 540 µL, 4.4 eq) was then added followed by dropwise addition of the (naphthylethyl)dimethylchlorosilane (3.83 mmol, 956 mg, 4.4 eq). During the addition, a large quantity of salts was produced. The reaction mixture was held overnight at 25 °C. After reaction completion, the crude product was evaporated, dissolved in pentane to precipitate the triethylammonium salts formed and filtered on a celite pad. The evaporated filtrate was then purified by silica column chromatography with a cyclohexane/DCM gradient from 90/10 to 70/30 (by volume). Finally, the solvent was evaporated and the pure product was recovered as a colorless oil.

Formula: C64H80O8Si8

Molecular weight: 1202.02 g/mol Yield: 63 % (656.7 mg, 0.55 mmol) Appearance: colorless oil 

Synthesis of Janus T4 silsesquioxane n°2

In a flame dried Schlenk flask, Janus T4 silsesquioxane n°1 (0.5 mmol, 600 mg, 1eq) was dissolved in dry toluene (3.6 mL) under an inert atmosphere. Azobis(isobutyronitrile), AIBN (0.1 mmol, 17 mg, 5 mol%) was added and the reaction mixture was heated to 40 °C. Once this temperature was reached, thioacetic acid (3.0 mmol, 220 µL, 6 eq) was injected and the temperature was further increased to 60 °C overnight. The reacting mixture was evaporated under vacuum and the crude product was purified via silica column chromatography with a gradient of cyclohexane/ethyl acetate eluent (up to 10%). The solvent was evaporated under reduced pressure and the product was recovered as a colorless oil.

Formula: C72H96O12S4Si8

Molecular weight: 1506.47 g/mol Yield: 42 % (316.2 mg, 0.21 mmol) Appearance: colorless oil 

Synthesis of Janus T4 silsesquioxane n°3

The THF used in this reaction was previously dried and outgassed with three freeze/pump/thaw cycles.

In a first flame dried Schlenk flask, a solution of LiAlH4 (0.42 mmol, 16 mg, 4 eq) in THF

(3.2 mL) was prepared under an argon atmosphere. In another flame dried Schlenk flask, the Janus T4 silsesquioxane n°2 (106.2 µmol, 160 mg, 1eq) was dissolved in THF (8.0 mL). The second Schlenk flask was placed in an ice bath at 0 °C, then the LiAlH4 solution was slowly added to the T4 solution. The reacting mixture was kept at 0 °C for 1 h then returned to room temperature for 1 h. The reaction was neutralized with a HCl solution at pH=6 and dichloromethane was added. The solvent was evaporated and the crude product was re-dissolved in DCM in order to wash the organic phase with water. After drying over NaSO4, the solvent was evaporated under reduced pressure and the product was recovered as an oil.

Formula: C64H88O8S4Si8

Molecular weight: 1338.32 g/mol Yield: 28 % (40.1 mg, 30.0 µmol) Appearance: opaque oil After reviewing the literature to describe existing cage silsesquioxanes and their applications, the synthesis of various styryl-based cage silsesquioxanes will be presented. In contrast to earlier work where the organic moiety was grafted onto the cage via the vinyl group, in the present work the organic group will be anchored onto the cage via the phenylene moieties, to facilitate subsequent functionalization on the vinyl moiety under mild conditions (metathesis, Heck coupling, thiol-ene, etc.). To distinguish the materials prepared during earlier work and those prepared during the current work, groups grafted via the vinyl group will subsequently be referred to as "styrenyl" (⸾-CH=CH-C6H5), while those grafted via the phenyl group will be referred to as "styryl" (⸾-C6H4-CH=CH2). The use of tetrabutylammonium fluoride as a catalyst will also be discussed.

Among the existing cages, particular attention will be paid to the T8, T10, T12 and larger Tn cages, together with T8 cages with a fluoride anion entrapped within the cage (T8-F). The interactions between the fluoride and the silicon atoms in the latter cage will also be studied.

Finally, the functionalization of the cages prior to formation of T8-F-based materials will be presented.

Part A: Literature review

In the previous chapter, the oligomeric silsesquioxanes were briefly introduced, with a focus on the T4-silsequioxane system. Here we will focus on cage-like oligomeric silsesquioxanes, with a particular emphasis on cages with styryl-based organic functions.

The cage silsesquioxane

The cage silsesquioxanes are well-defined polyhedral oligomeric silsesquioxanes. Hence, as mentioned in Chapter I, they are also called polyhedral oligomeric silsesquioxanes (POSS).

Cage silsesquioxanes are referred to by the notation Tn, where T designate the T-type silicon sites (i.e. a silicon linked to one organic group and three oxygens), and n is the number of silicon atoms forming the cage (n being an even number). T8 and T10 were the first reported cage silsesquioxanes in 1955 by Gilkey. 1 X-ray crystal structures 1 were obtained for methyl-, ethyl-, n-propyl-, n-butyl-and cyclohexyl-T8 and T10

silsesquioxanes (Figure II-1). Gilkey 1 also assumed the existence of a hexagonal prismatic T12.

From the 1950s, studies [2][3][4][5] Nevertheless, other cages were also identified very early. The T6 cage silsesquioxane 7 was first mentioned in 1963 but its prismatic structure was only solved in 1994. 8 Smaller cages were never encountered, as steric hindrance and ring tension are too high in four-membered oxygensilicon rings. 9,10 Cages larger than the T12 were described by Agaskar in 1995, 6 who demonstrated that POSS from T8 to T16 could be isolated via a tedious recrystallisation and chromatographic separation of a mixture of silsesquioxanes (Figure II-2 The variety of possible isomers for the T18 cage silsesquioxane system provides an idea of the wide range of silsesquioxane cages that can potentially be obtained.

Catalytic mechanisms of cage silsesquioxane syntheses

The cage silsesquioxanes are formed by a hydrolysis-condensation process as described in 

Figure II-4: Hydrolysis and condensation reactions involved in the synthesis of cage silsesquioxanes

In order to trigger the hydrolysis-condensation process leading to cage silsesquioxanes, three types of catalysis [11][12][13] are commonly employed:

• Acidic catalysis (Figure II-5): Hydrochloric acid in solution is the most common catalyst used. In the first step of hydrolysis, the alkoxide group is quickly protonated which renders the silicon more electrophilic and susceptible to nucleophilic attack by water. The mechanism involves a pentavalent silicon transition state and an alcohol (better leaving group than the alkoxy) is finally released. In the condensation process, the hydroxy group is similarly protonated and another silanol (or alkoxysilane) attacks the silicon atom prior to release of the catalytic proton and water (or alcohol).

Trichlorosilanes have also been widely used in the presence of water. Here, the catalyst is generated in situ by reaction of the chlorosilane in water which results in the formation of reactive trisilanol and hydrochloric acid (which also acts as a catalyst). The following steps are identical to those with alkoxysilane.

• Although the mechanisms have been illustrated with the condensation of silanols, it is important to note that the same mechanism of condensation is possible with an alkoxysilane followed by the release of the corresponding alcohol. 

Synthetic routes to T8, T10 and T12 cages silsesquioxanes a. Direct synthesis from trialkoxy-and trichlorosilane

The synthesis of cubic T8 cages directly from triethoxy-or trichlorosilanes has now been described with a wide scope of substituent, including hydrido, methyl, vinyl, allyl, aminopropyl, chloropropyl, phenyl, etc. 12 Nevertheless, larger cages such as T10 or T12 are not as commonly obtained. As shown in Table II Among the publications reporting the synthesis of cage silsesquioxanes, only a small number mention the use of fluoride catalysts, with Bassindale's group first describing the synthesis of cage silsesquioxanes via tetrabutylammonium fluoride (TBAF) catalysis. The group proved that the reaction can be used with a large variety of organotrialkoxysilanes to successfully obtain the T8 cage functionalized with the corresponding organic group, including alkyl, cyclopentyl, cyclohexyl, i-butyl, phenyl, etc. 13,17 The fluoride catalysis was shown to often lead to even higher yields than acidic or basic catalysis, although the water content must be taken into account. 13,17 Indeed, water plays an important role in the catalyzed synthesis. Since Bassindale's group's discovery, fluoride catalysis has been only occasionally used. 26,29,30 It is noteworthy that some articles report the synthesis of T10 and T12 cages together with the T8 cage, with purification subsequently required to obtain the pure products. 17,26 

b. Post functionalization

Starting from T10 and T12 compounds synthesized from trialkoxysilanes, a wide variety of functionalizable cages can be obtained. For example, 4-iodophenyl cages 31 have been synthesized by iodination of phenyl-functionalized cages, while 4-nitrophenyl cages 26 were obtained via nitration of 4-trimethylsilylphenyl-functionalized cages. Thiol-ene 32 and copper-catalyzed alkyne-azide cycloaddition 33,34 click reactions have also been used for the synthesis of functionalized T8, T10 and T12 cages.

Styrenyl-derived cages have been synthesized by cross-metathesis reaction from vinylfunctionalized cages. 12,19,[35][36][37] However, in this case, the organic moiety is linked to the silsesquioxane cage via the vinyl group, which precludes further functionalization of the latter due to steric hindrance (Figure II-6). 

c. Cage rearrangement

Since the late 1990s, it has been known that T8 cage silsesquioxanes can undergo rearrangement reactions in basic conditions or in the presence of fluoride. 10 For example, as shown in Table II-2, various T8 silsesquioxanes have been shown to rearrange into the corresponding T10 or T12 compounds. However, such rearrangement was only intentionally used from late 2009 by Ervithayasuporn's group. [38][39][40] Their work demonstrated that post-functionalization of existing T8 silsesquioxanes with basic reactants, for example by nucleophilic substitution reaction on octachloropropyl-T8, can lead to a mixture of cage silsesquioxanes. The purification of the mixture by successive column chromatography steps afforded the pure functionalized cages.

Azidopropyl, methacrylate, acrylate, 4-nitrobenzene, 4-oxybenzaldehyde, and 4-bromobenzene were obtained via this approach in yields ranging from 4 to 31%, depending on the cage and substituent.
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Similarly, fluoride has been used to promote rearrangement, [41][42][43] notably by Laine and coworkers. For example, mixtures of T8, T10 and T12 cages were obtained by rearrangement of phenyl and vinyl cages with TBAF. 41 Furthermore, the rearrangement of random phenyl polysilsesquioxanes also led to mixtures of T8, T10 and T12 cages. 42

Table II-2: Cage rearrangement of octasilsesquioxanesaverage product yields with various catalysts tested 10

Fluoride encapsulated in cages a. From T8 silsesquioxane to fluoride encapsulated within T8 cages

In 2003, Bassindale's group 44 reported for the first time the encapsulation of an ion within a Tn cage, with the successful encapsulation of fluoride within a T8 silsesquioxane (T8-F). In particular, after reporting the synthesis of phenyl-T8 via a TBAF-catalyzed reaction, 17 the group discovered that a change in the treatment procedure, i.e. evaporation of the solvent instead of precipitation, led to a different compound which was identified as an octaphenyl-T8 with a fluoride ion encapsulated within the cage. The structure was confirmed by single-crystal X-ray crystallography. Indeed, as illustrated in Figure II-7, the octaphenyl T8-F crystallized together with its tetrabutylammonium counter ion. In this structure, the fluoride ion is located at the center of the cage, with a silicon-fluorine distance of 2.65 Å. This distance is much longer than that generally observed for covalent Si-F bonds (1.71 Å) or pentavalent fluorine-silicon species (1.67 Å). Consequently, the fluorine is not covalently bonded but encapsulated as an anion. In general, the structure of the host octaphenyl T8 cage is not significantly affected by the presence of the encapsulated fluoride ion. The silicon-silicon distances are slightly shorter, and the oxygen atoms are pushed slightly outwards. In addition, computational studies also proved that the most favorable position for the fluoride in the cubic structure is at the center of the cage. 45 According to Bassindale, the fluoride ion appears to act as a template for the formation of the cage 44 and thus favors its synthesis. T8-F compounds are generally obtained from fluoride ammonium salts, probably due to their high solubility in organic solvents. However, T8-F with metal counter ion such as potassium or rubidium have also been described. 47,48 The synthesis involves a crown ether to ensure the dissolution of the potassium or rubidium inorganic salt (KF, RbF) in organic solvents and consequently the catalysis of the reaction.

b. Requirements for T8-F synthesis

Other studies enabled the scope of organic groups functionalizing the T8-F moiety to be expanded. In particular, these studies demonstrated the possibility of obtaining functionalized T8-F compounds with electron-withdrawing organic groups but not with electron-donating group. 49

Figure II-8: Possible functionalized T8-F compounds and influence of the organic group 49

Figure II-8 presents a table summarizing studies undertaken with organic groups with sp 2 and sp 3 hybridization. In the case of precursors with sp 2 hybridization, which are electronwithdrawing, the corresponding functionalized T8-F compound could be easily prepared. 36,44,46 On the contrary, attempts to synthesize T8-F cages functionalized with sp 3 organic groups, such as alkyl substituents (i.e. electron-donating groups), yielded only the empty functionalized T8 cages. However, T8-F functionalized with sp 3 -hybridized organic groups could be obtained when they bear electron-withdrawing groups, provided these groups are not good nucleofuges.

T8-F functionalized with fluorinated chains have thus been described, 50 as well as T8-F with alkyl groups terminated by a strong electron-withdrawing group such as cyano, acryloxy, or acetoxy groups. 49 This effect has been justified in the case of the phenyl T8-F by the fact that in π-delocalized systems, the LUMO and HOMO orbitals are located outside of the cage, and thus the center of the cage would be most positively charged. 36,49 This positively-charged cage would then stabilize the fluoride anion. On the contrary, with electron-donating groups, the LUMO and HOMO orbitals would be located within the cage, resulting in a negatively-charged cage which would destabilize the fluoride anion. 51 In addition, it is important to note that only T8-F cages have been previously isolated and described. Although encapsulation of fluoride ion in larger cages was theoretically studied 45 and detected in MALDI mass spectrometry, 36 the isolated products have not been reported. Unfortunately, no crystal could be isolated, and the product quickly degraded into a resin. A weaker acid, para-toluene sulfonic acid, was tested but the reaction was incomplete. 50 Some lithium-derived reactants such as lithium tetraphenylborate or lithium perchlorate also gave similar results. 50,56 Furthermore, Laine's group also demonstrated the possibility of avoiding the encapsulation by treating the reacting mixture with calcium chloride (CaCl2) before solvent evaporation. 53

d. Extending the encapsulation to other anions

NMR spectroscopy as a powerful tool for cage characterization

Although all Tn cages can bear the same organic groups, the characteristic chemical shifts of each cage are significantly influenced by the structure of the latter. A thorough knowledge of the cage system enables the different POSS structures to be identified by 1 H or 13 C NMR spectroscopy. However, 29 Si NMR spectroscopy has become the key analytical tool for identifying the cage structures obtained. Consequently, the following discussion will mainly focus on the use of 29 Si NMR.

a. T8, T10 and T12 cages

Cage silsesquioxanes give rise to sharp signals in 29 Si NMR spectroscopy. Depending on the functional group linked to the silicon, a significant variation in chemical shift can be observed.

In particular, signals arising from cages bearing aliphatic groups are generally shifted 10 ppm downfield compared to those functionalized with aromatic groups. For instance, T8 aliphatic cages give rise to signals between -66 and -70 ppm, while those associated with aromatic T8

systems are observed between -77 and -83 ppm. 12 The same phenomenon is observed with T10 and T12 cages. As previously discussed, two isomers of the T12 cages are possible. The most straightforward is a prism with hexagonal base. This isomer being highly symmetrical (D6h point group), a single signal should be observed in NMR. However, to our knowledge, T12 cages always give rise to two signals corresponding to a less-symmetrical (D2d) isomer. The latter, represented in Figure Si NMR spectrum of a mixture of para-nitrobenzenepropyl functionalized cages 40

b. T8-F silsesquioxanes

In 29 Si NMR spectroscopy, T8-F cages can be differentiated from the empty T8 cage by a signal shifted upfield by 1-3 ppm. 12 In the case of the octaphenyl T8-F, 44 it is important to note that the 29 Si NMR signal is observed at -80.6 pm which is very different to that of a pentacoordinated silicon. 44 This observation corroborates the observations concluding that the fluoridesilicon interaction is not covalent.

In addition, no fluorine-silicon coupling has yet been observed by NMR in the T8-F system, which suggests a weak interaction between these atoms. 44

Table II-4: Typical chemical shifts in CDCl3 of T8-F cages for 29 Si and 19 F NMR, compared to empty cages 49

In addition to 29 Si NMR, in the case of the T8-F cages, 19 F NMR spectroscopy is also a striking characterization method. The chemical shifts obtained for T8-F cages range between -24 and -28 ppm, which is different from that of the TBAF catalyst (δ between -73 and -146 ppm depending on the water content) and very high compared to other fluoride salts. 44,49 This indicates that the fluoride is close to being a "naked" ion in the T8-F system. In addition, the measurements in solid state 19 F NMR are identical to those obtained in liquid NMR, suggesting that the fluoride is not impacted by the external environment of the cage. 44 Table II-4 presents some typical 29 Si and 19 F chemical shifts for T8-F cages and compares the former with the values observed for the corresponding empty T8 cages.

Differences in reactivity between T8 and T8-F

As previously shown in Part A.3., cage silsesquioxanes with a wide range of organic groups have been described. This variety of organic functions paved the way to the synthesis of a myriad of functional POSS. 12 One of the main issues for functionalization of the cages lies in the sensitivity of the cage core to some experimental conditions, particularly the sensitivity of the Si-O-Si bond to cleavage under strongly basic conditions. 12 Despite such limitations, a variety of reactions have been described on T8 cages. Among them, the substitution reaction, nucleophilic substitution, 59 Heck 60,61 and Sonogashira 62 coupling were reported. However, the use of a base as catalyst or reagent requires careful control of reaction conditions. Indeed, as commented in Part A.3.c., cage rearrangement can occur while using a nucleophilic substitution reaction. Heck coupling can also lead to cage cleavage. Consequently a sterically bulky base (dicyclohexylmethyl amine) 60,61 was suggested to avoid attack by the base on the silicon center in this reaction. Furthermore, although some iodination, sulfonation, and Friedel-Crafts acylation reactions were reported to favor ortho, meta or para positions, 63 nitration, 64 bromination 65 and other electrophilic aromatic substitutions are never completely selective.

Condensation reactions were also efficiently used to form amide-or ester-derived cages 66,67 from amino or acid functionalized cages. The mild reaction conditions used for metathesis 35,68,69 also provided an easy approach to functionalization. Finally, addition reactions such as hydrothiolation, 70 hydrophosphination, 71 hydrosilylation 72 or CuAAC cycloaddition 73 also contributed to enlarge the scope of functionalized cages available.

Although this summary is not intended to be comprehensive, 12 it provides a brief overview of the possibilities for functionalization of the cages.

Attempts to functionalize T8-F cages are still in their infancy. For example, in 2012, Bassindale's group 50 reported the failure of functionalization of the octavinyl T8-F cage by metathesis. As the reaction was successful in the absence of fluoride in the cage, they assumed that the presence of the tetrabutylammonium counter ion deactivates the Grubbs catalyst.

Bromination and hydrosilylation of the same T8-F cage led to cage reorganization or degradation. 50 Similarly, a test of alkene-dienophile cycloaddition failed, suggesting that the cage deactivates the dienophile vinyl group. 50 Although all these reactions were successfully carried out on the empty T8 cages, none worked in the case of the corresponding T8-F cages, thus demonstrating a significant difference in reactivity related to the presence of fluoride within the cage. To our knowledge, the only successful functionalization of T8-F cages has been performed using an electrochemical approach on an I-CH2-modified electrode (Figure II-17). 74 However, the integrity of the cage was not properly verified after the surface modification reaction.

From molecular chemistry to silica-based materials

Owing to the relatively easy approaches for modifying the organic group, cage silsesquioxanes have been extensively used in materials chemistry and especially in silica-based materials.

Since the late 1990s, these have been reported as precursors in the synthesis of silica gels. The cross-linking was ensured either by hydrolysis-condensation processes involving silanols 75 or by polymerization on the organic group [76][77][78] and porous materials are often obtained. 75,76 The porosity results from the voids between the cages (1 to 50 nm) but also from the core of the cage (0.3 nm in diameter). 76 Cage silsesquioxane species can also produce organized systems incorporating metal nanoparticles. Typically, as shown in Furthermore, T8 cages have also been used to modify the surface of pre-formed silicas to improve properties such as hydrophobicity 84 or to introduce a high loading of organic functions.

Among these organic functions, catalytic 85 or luminescent 19 groups can be envisaged.

Applications of cage silsesquioxanes

Because of their hybrid character, cage silsesquioxanes attract interest in many fields. In particular, the T8 inorganic core confers symmetry and thermal stability on the resulting materials, while the organic moieties provide flexibility and many possibilities for functionalization. In addition, their well-defined structure gives them the advantage of a controlled proximity between two branches. Since the distance between silicon and oxygen is typically around 1.6 Å, 44,86 the branches are separated by around 3 Å. This short spacing can lead to interesting cooperative effects which can be exploited in many fields.

a. Polymer-cage silsesquioxane hybrid materials

Cage silsesquioxanes have been extensively used as additives to prepare organic polymer-based nano-composites. [87][88][89] For example, a mono styryl T8 silsesquioxane with the other corners bearing cyclopentyl, 90-94 cyclohexyl, 92-95 phenyl 93 or isobutyl 93,96 moieties (Figure II-21) has been extensively used to prepare materials via polymerization on the styryl corner. The same type of POSS with a methacrylate 96 group can also be incorporated into polymers. Owing to their small size, cage silsesquioxanes can be well-integrated into the polymer matrix 12 and possess an improved miscibility compared to larger silicas. 97 The integration of the cage silsesquioxane covalently linked to the polymer leads to improvements in the rheological properties 93 as well as enhanced thermal stability, 98 insulating properties, 99 etc. 

b. Cages in catalysis

Cage silsesquioxanes have also been used in catalysis since, unlike conventional silica materials, POSS are soluble in many solvents. Since homogenous systems are easier to study than heterogeneous ones, cage silsesquioxanes have been used as models in order to obtain information concerning the catalyst environment. 100,101 Modelling of the behavior of catalysts immobilized in silica was also investigated. 102 Besides their utilization as models for heterogeneous catalysis, cage silsesquioxanes have been extensively used as supports. 33,103,104 As the cage is generally soluble in various organic solvents, the functionalization of cages enables various catalysts to be gathered on a small and soluble support. The catalysis consequently occurs in homogeneous systems with high local concentrations. Consequently, an enhanced catalytic activity has been demonstrated using cage silsesquioxanes. 105,106 This phenomenon has been attributed to the proximity effect of the different catalysts on the cage, as demonstrated by Aprile's group in the case of the Suzuki Miyaura reaction (Table II-5). 

c. Optical and sensing applications

The possibility of placing highly conjugated organic groups on T8 cages paved the way to the application of cage silsesquioxanes in optics. 67 The adapted procedure of Heck coupling 61,107 or metathesis 108 on cage silsesquioxanes has been crucial for the development of the field. In 

e. General considerations concerning cage silsesquioxane applications

The previously cited applications are not intended to provide a comprehensive summary but to

give an overview of the potential of the structures described herein. Other applications 12 have also been reported, including coating, 114 biomaterials, 115 etc. Nevertheless, it must be noted that the large majority of the applications described to date are based on T8 cages. Being commercially available or easily synthesizable, the latter can be produced in quantities of up to dozens of grams for application tests. In contrast, relatively few studies have described applications of larger cages. 33,34,39,41,43 Similarly, owing to its quite recent discovery 44 and difficulties of functionalization, 50 to our knowledge, to date no application has been reported for T8-F cages.

Part B: Styryl-based T n cage silsesquioxanes

In the following two sections, the formation of a new family of cage silsesquioxanes based on the styryl organic group will be presented. The styryl moiety was chosen due to the possibility of facile post-functionalization on the "peripheral" carbon-carbon double bond. Several reactions, including hydrosilylation, Heck coupling, thiol-ene Click reaction, metathesis, hydrophosphination, polymerization, etc, can be considered (Figure II-24). In addition, as the functional group is located at a greater distance from the silsesquioxane core compared to the well-known vinyl T8, the introduction of larger substituents could also be facilitated. It is important to note that, as mentioned in Part A, octa-deca-and dodeca-styrenyl silsesquioxanes have previously been synthesized by metathesis from vinyl cage silsesquioxanes. However, in these systems, the organic group is anchored to the core by the vinylic bond which precludes its functionalization under the mild conditions described (Figure

II-25).

Only three patents [116][117][118] mention the possible preparation of octastyryl T8 silsesquioxanes linked via the phenylene ring, although no detailed syntheses or characterization were provided. During our trials to optimize the synthesis of the T8 styryl system using both base-and fluoride-catalyzed conditions, TBAF emerged as the preferred approach for the synthesis of styryl cage silsesquioxanes. In contrast, base-catalyzed reactions led mainly to polymers and the cages could not be identified. When using fluoride as a catalyst, the temperature, concentration of fluoride and the presence of water have been identified as key parameters for controlling the reaction. 17 Hence, large amounts of water have been described as being responsible for the presence of partially condensed cage silsesquioxanes or silanols. 13 In Bassindale's papers, the water implicated in the hydrolysis-condensation process is that naturally associated with the commercially available hydrophilic TBAF. Although our procedure was largely inspired by the work of Bassindale's group, 17 the reaction described herein involves water as a reactant, in addition to the quantity already present in the TBAF. Indeed, we observed that in the case of the styryl trimethoxysilane, fewer by-products were obtained by adding one equivalent of water per silicon.

The reaction was thus carried out using a commercially available styryl trimethoxysilane with TBAF and water in DCM for two days. The crude reaction product was washed with water to remove the excess of TBAF. The mixture was then filtered on a silica pad to eliminate the remaining TBAF and the solvent was evaporated. The solid obtained was analyzed by 29 Several structures were identified in the crude product using 1 H NMR spectroscopy, which revealed the probable presence of a mixture of T8 and T10 silsesquioxanes in a ratio of 1/1.7, with the latter being the main product of the reaction. Signals arising from T12 were not evident in the 1 H NMR spectrum, probably because of its low yield.

In order to identify the different cages present, MALDI mass spectrometry of the crude product was also performed. The spectrum in The solid was first purified by successive recrystallization in toluene/pentane. However, the purification step suffers from partial crystallization and sometimes co-crystallization of the products. To address this problem, silica column chromatography using cyclohexane/DCM as eluant was performed to improve the yield, although the product tends to degrade on the column or bind to the silica. Other attempts using alumina and Florisil column chromatography did not give better results.

Consequently, T8, T10 and T12 cages silsesquioxanes could only be obtained with low yields, i.e. 5.7, 6.0 and 0.4 %, respectively, with T8 and T10 being predominant as initially determined by 1 H liquid NMR. T12 was also isolated in smaller quantities after purification. The purified products were fully identified and studied in the pure state by 1 H, 13 C and 29 Si NMR spectroscopy in addition to mass spectrometry, IR spectroscopy and single crystal X-ray measurements as described below.

a. Mass spectrometry identification

The different compounds were identified by MALDI mass spectrometry. The values obtained were consistent with those expected for the various compounds associated with a sodium counter ion. For example, T8 was observed at 1263. 

b. X-ray structure of the cages

Fractional recrystallization in a mixture of toluene and pentane enabled suitable crystals to be obtained for X-ray diffraction measurements.

The crystal structures were solved using the ab-initio iterative charge flipping method (see

Analytical techniques).

The space group symmetry of the crystal structure of T8 was P21/n while that of T10 was R-3c. 128

Most vinyl groups on the T10 surface were poorly resolved in the electron density map. The fragments were therefore modelled with soft distance restraints on the double and single bonds.

The distances used for this modelling were taken from the Cambridge Structural Database 119 and the latter were thermally restrained. Large solvent-accessible voids appeared in the structure in which no fragments could be recognized. Appendix 1 gathers the crystal structure parameters for both the T8 and T10 cages.
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The crystal X-ray diffraction data consequently confirm the structures of the styrylfunctionalized T8 and T10 cages. Unfortunately, the structure of the T12 cage was not available at the time of writing. II-7). A similar phenomenon has also been observed in the case of the phenyl T8 and T10, with reported resonances at 7.75, 7.42 and 7.36 ppm for the T8 system 57 and 7.57, 7.33 and 7.20 ppm for the corresponding T10 system for the aromatic protons. 31 The increased freedom of the styryl group, which is sterically less hindered on the five-silicon-atom rings of the T10, is responsible for this phenomenon. II-7) are also shifted upfield.

c. NMR characterization

On the T12 phenyl silsesquioxane, 120 the 1 H resonances were reported at 7.63, 7.49, 7.40, 7.32, 7.28 and 7.16 ppm, which are also shifted upfield compared to the corresponding T8 compound.

A similar effect has been reported for most of the silsesquioxane cage systems. 26,27,31,[38][39][40]43 Chemical shift (ppm) Assignment T8 T10 T12 26,31,39,40,43 Figure II-33: 13 C NMR spectra of the styryl-functionalized T8 (blue), T10 (red) and T12 (green)

As few details are available in the literature concerning the influence of the type of cage on the observed 13 C NMR signals, further interpretation and comparison of the spectra is difficult, with no evidence of systematic trends. and have been described by Méchin's team. 58 Changing from a 4-silicon-atom ring to a 5-silicon-atom ring results in a decrease of the ring strain. 12,58 Consequently, the silicon linked to a 5-silicon-atom ring would shift upfield. This tendency has been confirmed in the T8 phenyl system, for which a signal has been reported at -78.30 ppm, 57 while that for the corresponding T10 phenyl system has been observed at -79.60 ppm. 42

Figure Si NMR spectra of styryl T8 (blue), T10 (red) and T12 (green)

It is also important to note that, although several inequivalent cages are observed through X-ray diffraction, in liquid 29 Si NMR, a single peak is observed.

d. Infrared spectroscopy

The FTIR spectra of the solid T8, T10 and T12 styryl compounds are illustrated in silicon sites) is somewhat broader than that of the T10 system (with only 5 1 4 2 silicon sites). This might arise either from the presence of two non-equivalent cages in the solid state (to optimize the packing of the molecules, as identified by single crystal XRD, see Part B.1.b.), and/or the higher Si-O bond strain in the T8 system, leading to broader peak profiles. Similarly, the T12 cage profile is also significantly broader than that of the T10 system, since the former contains two non-equivalent silicon sites (5 1 4 2 and 5 2 4 1 ), resulting in a more complex profile with overlapping peaks. The analyses described above demonstrate that various properties are linked to the cycle strain within each cage. However, all data are consistent with the typical structures of functionalized T8, T10 and T12 cage silsesquioxanes, as previously reported.

Isolation and identification of a T18 cage isomer

Beside the relatively common T8, T10 and T12 cages isolated by column chromatography, other fractions have been isolated based on thin layer chromatography. The large majority of these fractions exhibited broad signals in 1 H NMR spectra, which often arise from polymeric species.

Nevertheless, among these, one fraction consistently displayed narrow and well-defined signals. After identification, the reaction yield for this product was calculated at 0.5%.

a. Determination of the structure

The solid was analyzed by MALDI mass spectrometry which revealed a strong peak arising 

b. Identification of the isomer

As the previous analyses do not enable the structure of the T18 isomer obtained in this work to be identified, an NMR study was then undertaken. As none of the possible isomers of the T18 cage system have previously been isolated or characterized and thus not studied, the interpretation will be based on the structures suggested by Agaskar 6 Unfortunately, no crystals suitable for single crystal X-ray diffraction were obtained at the time of writing. Hence, no single-crystal diffraction data could be obtained to fully confirm the structure presented here based on the NMR spectroscopy analyses. Future studies in our laboratory will focus on elucidating the structure of this unusual product via experimental and computational studies.

Conclusions and perspectives

In this section, we described the synthesis of a new family of cage silsesquioxanes with styryl functions linked to the cage by the phenylene moiety. T8, T10 and T12 cage silsesquioxanes have been separated as pure products by column chromatography and crystallization. These were characterized by FTIR and MALDI mass spectroscopy, together with 29 Si, 13 C and 1 H NMR spectroscopy. T8 and T10 structures were confirmed by single-crystal X-ray diffraction studies.

Unfortunately, crystals suitable for X-ray diffraction measurements were not available for analysis at the time of writing. Owing to the low yields obtained, the purification process remains to be optimized, including the potential use of gel permeation chromatography. Despite this limitation, these structures can be post-functionalized and applied in various fields.

Functionalization by metathesis is envisaged for obtaining highly conjugated compounds which take advantage of the phenyl spacer compared to the vinyl-functionalized T8. A comparative study of the properties of the different cages can also be envisaged.

In addition, a T18 cage has been isolated and characterized for the first time. Complementary analyses using MALDI mass spectrometry and NMR spectroscopy enabled the identification of one isomer obtained in a pure state among the nine possible isomers. Modelling studies are currently ongoing to better characterize the structure and properties of this novel cage silsesquioxane.

vinylic moieties have previously been synthesized (Figure II-45).

A first synthetic route involves the T8 cage in which the fluoride anion is inserted into the preformed T8 cage using tetramethylammonium fluoride. 36 The second route is a direct synthesis from β-(trans)styryltriethoxysilane using TBAF catalysis, which also leads to styrenyl T8-F. 50 Here we present the synthesis of a new styryl-functionalized T8-F, in which the organic function is linked to the cage by the phenylene group. The product obtained has been characterized by X-ray crystallography, NMR, mass and infrared spectroscopies. Possible approaches for removing the fluoride from the cage have also been investigated.

Study of the crude reaction product

A reaction to form styryl cage silsesquioxanes was carried as described in Part B to obtain T8, T10 and T12 cages. A significant portion of the TBAF associated with the crude product was As the styryl group is an electron withdrawing group, the formation of a T8-F cage is likely. 50 In this part, we will preferentially focus on characterization studies that confirm this expectation and demonstrate the formation of a product in which fluoride is encapsulated within the T8 cage.

Characterization of the octastyryl T8-F

The evaporated crude reaction product was dissolved in toluene. A precipitate appeared and the latter was separated by filtration and washed with cold toluene. A white power was then obtained with 26% yield.

a. X-ray crystal structure

In order to confirm the nature of the T8-F cage, the solid was recrystallized to determine its structure via single crystal X-ray diffraction.

No crystals could be obtained when dichloromethane was used as solvent and the poor solubility of the T8-F in toluene, even at high temperatures, lead to precipitation rather than crystallization.

As Bassindale's group 50 reported that some T8-F species only co-crystallize with toluene, the crystallization was carried out in a mixture of dichloromethane and toluene. Crystals suitable for analysis were obtained using this approach, which were analyzed by X-ray diffraction. II-10). It appears, as described for the phenyl T8-F cage, 44 that the silicon atoms are pulled slightly closer together and the oxygen atoms pushed slightly apart due to the presence of fluoride in the T8-F system, compared to the T8 cage.

The majority of the vinyl groups on the cluster periphery in the T8-F structure were only poorly identified in the electron density map. The fragments were therefore modelled (see Analytical techniques section), using the approach described earlier for solving the T10 structure. Again, large solvent-accessible voids, in which no fragments could be recognized, were identified in the structure. Consequently, the X-ray crystal diffraction confirmed the presence of fluoride into the cage.
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The complete set of lattice parameters can be found in Appendix 1.

b. Mass spectrometry and infrared spectroscopy

The solid obtained was also analyzed by mass spectrometry. The mass of the octastyryl T8 is 

c. NMR characterization

The styryl-functionalized T8-F was also characterized by 1 H, 13 In addition, the TBAF signal is generally found between -73 and -146 ppm, 44 a very different chemical shift compared to that of the T8-F system. The main question which arises is whether the two signals observed in the liquid 29 Si NMR spectrum are due to two silicon-atom environments in the cage or to a Si-F coupling constant.

It is clearly evident that the interaction differs from a conventional covalent interaction. Indeed, the expected coupling for covalent Si-F species ranges between 250 and 300 Hz. 124 Here we observe two signals separated by only 2.33 Hz in the case of the proton-decoupled spectrum. It was also observed that the separation between the signals varies depending on the solvent, as a separation of 2.33 Hz was observed in deuterated chloroform while the separation was only 0.85 Hz in deuterated dimethyl formamide.

To address this, four types of 29 Si NMR sequences were applied to the same styryl T8-F silsesquioxane sample:

-29 Si NMR without any decoupling - 29 Si NMR with Hz (quite close to 2.06 Hz and is thus considered to arise from the same interaction). The 5.89

Hz coupling constant is thus attributed to the 1 H coupling effect which can reasonably be assigned to Si coupling with the CH aromatic ring. When a 19 F decoupling is performed by irradiation of the fluoride signal observed at -25.17 ppm in 19 As a single fluoride anion is present in the cage and a single signal, i.e. a single population of silicon atoms, is observed in 29 Si NMR once decoupled, it is concluded that the fluoride ion interacts equivalently with all eight silicon atoms of the cage. The JSi-F coupling constant observed here (2.33 Hz) is significantly lower than that commonly observed for typical Si-F covalent bonds (250-300 Hz. Thus, the interaction is not a conventional covalent bonding; instead, it is attributed to a fluxional interaction. Fluxional silicon fluoride interactions were described by Brondani et al. in heptafluorinated trisilacyclohexane. 125 In their system, each silicon atom was functionalized with two fluorine atoms and was impacted by interaction with an additional intra-cyclic fluoride anion. An average of these interactions was measured by NMR, leading to a reported coupling constant of 85.5 Hz which is much larger than that observed in the case of T8-F (2.33 Hz). Indeed, the interaction force and geometry are somewhat different to those in our system. Compared to the cyclic system where the fluoride anion is exchanging on only three silicon atoms, the anion in T8-F is confined within a cage exchanging with eight silicon atoms. Consequently, we conclude that the Si-F interaction in the case of T8- 

Extraction of the fluoride from the cage

We saw previously that a slight change to the work-up treatment of the reaction product can lead to either T8 or T8-F cage silsesquioxanes. It also appeared that the T8-F yield (26%) is much higher than the T8 yield (5.7 %). Consequently, the idea of removing the fluoride from the cage arose in order to improve the yield of the latter.

According to previous work (see Part A.4.e.), several possible approaches for removing the fluoride ion from the T8-F have been investigated. 49,50,56 Following earlier work described in the literature, the T8-F powder was dissolved in THF, and then either stirred in the presence of LiCl 56 or CaCl2, or washed with a saturated solution of CaCl2. None of these trials led to the removal of the fluoride, even after six days of microwave irradiation. In addition, triflic acid was also tested and led to cage cleavage, 49 which was observed via 1 H and 29 Si NMR.

Consequently, it was assumed that in the case of the styryl-functionalized T8-F, the fluoride ion cannot be extracted from the cage without the cage breaking. Indeed, as discussed in Part A.4., the fluoride is stabilized within the cage. The destabilization of the cage seems to be the only way to remove it once the T8-F has formed. observed. On the contrary, once the solvent is evaporated, the fluoride is trapped within the cage to form T8-F and, as mentioned above, in this case it is impossible to remove the fluoride anion even after post-treatment with CaCl2. This effect was studied by 1 In addition, an NMR measurement was performed by analyzing an aliquot of the reaction mixture (using a deuterated solvent capillary). The spectrum revealed the presence of different silsesquioxanes, similar to those obtained before CaCl2 treatment. This observation suggests that the fluoride continues interacting with the cages until it is completely removed by the use of a silica pad or by CaCl2 trapping. Hence the treatment with CaCl2 may improve the yield of T8. Further investigations are needed to confirm this preliminary result.

Conclusions & Perspectives

In extraction for other functionalized T8-F systems reported in the literature, 49,50,56 this was not possible in the case of the styryl-functionalized T8-F system without cage cleavage. These features highlight the importance of controlling the solvent evaporation step during product work-up, since this step controls and directs the formation of either T8-F or T8.

Part D: Functionalization of cage silsesquioxanes

We previously described the synthesis of five new cage silsesquioxane structures. The organic styryl group present on the cage was chosen to facilitate a wide range of potential postfunctionalization strategies (see Part B), which are explored here.

Due to the high oxidation potential of phosphine and the number of groups to be functionalized on the same molecule, the probability of obtaining uncontrolled phosphine-phosphine oxide mixed cages is high. Consequently, the hydrophosphination reaction was not explored.

Some experiments were carried out with hydrosilylation and Heck coupling, even though both reactions led to a mixture of impure compounds.

Although the metathesis reaction proceeded with the T8-F cages, preliminary tests indicated that unexpected modification of the cage had probably occurred. The structure of the products obtained has not yet been fully solved.

Consequently, the functionalization experiments presented in this section will focus on the thiol-ene Click reaction (Figure II-61). The thiol-ene reaction enables a wide range of organic moieties to be grafted onto the vinyl site without the use of metal catalysts.

Figure II-61: Functionalization of cage by thiol-ene reaction

Since few reported studies have investigated the functionalization of the T8-F cages, particular attention will be focused on the functionalization of the styryl T8-F cage. Thus, the functionalization of T8-F cages with peripheral triethoxysilyl group was investigated, with the aim of creating new sol-gel materials incorporating T8-F cages. Such materials would undoubtedly be of interest to the materials chemistry community, as the properties of T8-F-based materials have not yet been investigated to the best of our knowledge. A comparison of the reactivity of the T8 and T10 cages is also be briefly presented.

For simplification, a convention for specifying the functionalization of the T8-F, T8 and T10 cages has been introduced, which is presented in 

Figure II-63: Synthetic route to triethoxysilylated T8-F cage via thiol-ene reaction

The thiol-ene reaction was performed on the octastyryl T8-F, following a procedure described by Aprile et al. which was performed in toluene. 70 However, due to the low solubility of T8-F in toluene, the reaction was carried out in dry chloroform with azobisisobutyronitrile (AIBN)

as the radical initiator. T8-F and AIBN were dissolved at room temperature in chloroform and the mixture was heated to 40 °C to generate the radical of AIBN. The thiopropyltriethoxysilane was added and the reaction was carried out at 60 °C for 14 hours. The excess of thiopropyltriethoxysilane was removed by washing with dry pentane. 

b. Preparation of the material

The synthesis of a sol-gel material from this triethoxysilylated functionalized T8-F aims to create a new material based on the T8-F cage.

The triethoxysilylated functionalized T8-F cage was therefore converted into a gel via hydrolysis and condensation (sol-gel process, described in detail in Chapter 3). As shown in Cage silsesquioxanes are known to be cleaved in basic conditions. Consequently, preliminary tests were performed using pyridine at room temperature to cleave the cage. However, 19 F solid state NMR spectroscopy demonstrated that the cleavage was not successful, with the chemical shift still observed at -21.3 ppm. A second test with triethylamine under reflux was attempted but the results were not convincing either. Unfortunately, the time available did not enable more extensive studies to be undertaken; these will be completed at a future time within our laboratory.

Reactivity of T8 and T10 cages toward thiol-ene reaction

In order to compare the reactivity of the various styryl-cages toward the thiol-ene reaction, the reaction was also carried out using the octastyryl T8 and decastyryl T10 cages under the same conditions as those used above, i.e. with AIBN in chloroform (Figure II-76). 

Conclusions & Perspectives

Herein, we describe the first successful functionalization of a T8-F cage.

The styryl T8-F cage was functionalized using a thiol-ene Click reaction with thiopropyl triethoxysilane to obtain a triethoxysilylated functionalized T8-F cage. FTIR and NMR analyses demonstrated the retention of the fluoride within the cage and the stability of the structure towards the thiol-ene reaction. In addition, preliminary tests also demonstrated the efficiency of the reaction with T8 and T10 cages, although purification of the products is required.

The triethoxysilylated functionalized T8-F cage was successfully converted into a gel by solgel processing, producing a material incorporating fully intact T8-F cages. The material was characterized by solid state NMR, FTIR and TEM. The NMR data clearly revealed the presence of the well-defined, intact cage together with the random network of the organosilica gel. The gel was found to be dense, with almost no porosity detected by N2 sorption analysis. Preliminary attempts to cleave the T8-F cages to generate porosity using mildly basic conditions were unsuccessful. Additional experiments using strongly acidic conditions will be undertaken in future, to identify conditions suitable for cleaving the cages without degrading the structure of the sol-gel network.

The properties of materials incorporating T8-F cages have not been investigated to date, due to the lack of availability of such materials. Although no porosity was evident before degradation in the present work, many potential applications for such materials can be envisaged, with cage silsesquioxanes already having been used for producing low-k materials. 83,114 As an example, it is envisaged that the resulting electrical properties could be tuned by the presence of fluoride ions within the material.

Part E: Conclusion & perspectives

In this chapter, we described the synthesis of a new family of silsesquioxane cages based on the styryl group, in which the styryl is anchored to the cage via the phenylene moiety. T8, T10 and T12 cage silsesquioxanes, which constitute the more common geometries typically obtained in such systems, have been produced in a one-pot synthesis and isolated by successive recrystallization and column chromatography steps. Each cage has been characterized by FTIR, NMR and mass spectroscopy. T8 and T10 crystal structures were also obtained. However, as of the time of writing, T12 crystals suitable for single crystal X-ray diffraction measurements were not obtained. The low yield afforded in this synthesis highlighted the necessity of further optimizing the purification step, which is still the major cause of significant product loss. The use of gel permeation chromatography will be investigated in future.

In addition to these new structures, a T18 cage was isolated for the first time. The cage was characterized by the usual NMR, IR and mass spectrometry methods. Careful study of the nine possible T18 isomers and subsequent interpretation of the NMR spectra enabled the T18 isomer isolated to be identified. Unfortunately, crystals suitable for determining the structure of the T18 cage by single crystal X-ray diffraction measurements could not be obtained. Nevertheless, modelling studies are currently underway to better understand the structure.

The styryl T8-F cage was also successfully isolated for the first time. The structure of this cage, which contains a fluoride ion encapsulated within the interior of the cage, was characterized by the usual techniques including FTIR, NMR, MS, etc., and its crystal structure was solved by single crystal X-ray diffraction. Additional liquid NMR studies revealed the presence of a coupling constant between the silicon atoms and the encapsulated fluoride. The very low value of the latter (2.33 Hz), compared to the more commonly observed JSi-F constants (~250 Hz) indicates a dynamic interaction between the silicon and fluorine atoms. This can be explained by a fluxional covalent bonding between the eight silicons of the cage, resulting in an average signal with low coupling constant. Furthermore, solid state NMR studies revealed the presence of two peaks (30 Hz separation) that can either arise from two populations of silicon atoms or from Si-F NMR coupling in the solid state. All experiments demonstrated the influence of the environment of the cage on the Si-F interaction. Additional experiments are currently underway to better understand the behavior of the encapsulated fluoride, both in solution and in the solid state. The possibility of converting T8-F cages to T8 by removal of the fluoride was also studied.

Under the limited range of conditions tested, it was demonstrated that the encapsulated fluoride could not be extracted once the T8-F formed.

Finally, the styryl T8-F cage was successfully functionalized for the first type via a thiol-ene Click reaction. This reaction was used to create a new triethoxysilylated functionalized T8-F structure. The latter was converted into a gel via sol-gel processing, using TBAF as catalyst, to obtain a new type of T8-F based material. The gel was characterized by FTIR, NMR, TEM, etc., which demonstrated the successful formation of the material without cleavage of the T8-F cage during synthesis. Attempts to degrade the T8-F cage under basic conditions to release the fluoride and create templated porosity have been unsuccessful to date, and alternative conditions for degrading the cage must be identified. In addition, as no materials based on T8-F cages have been previously reported, the T8-F gel may pave the way to a wide range of application once its properties are fully characterized.

Synthesis of the Tn cage silsesquioxanes (T8, T10, T12 and T18)

In a round-bottom flask, a solution of trimethoxy(4-vinylphenyl)silane (3.7 mL, 17.5 mmol) in dichloromethane, DCM (400 mL) was prepared. Water (160 µL, 8.75 mmol) was added to this solution, followed by the dropwise addition of the TBAF solution in THF (10 mL, 10 mmol).

The reaction mixture was held at 30 °C for 48 h. The resulting crude product was washed three times with water and then filtered on a silica pad with DCM to remove the remaining TBAF.

The solvent was then evaporated. T8 and T10 were fractionally recrystallized from a mixture of toluene/pentane. The supernatant was then evaporated and the resulting solid purified by flash column chromatography with DCM/cyclohexane 20/80 (by volume) to obtain T8, T10, T12 and T18 cages.

It should be noted that the TBAF can also be removed by addition of CaCl2 (1.2 g, 11 mmol) and stirring overnight before water washing. The procedure otherwise remains the same.

Octastyryl T8 silsesquioxane: Formula: C64H56O12Si8

Molecular weight: 1241.82 g/mol Yield: 5.7% (154.6 mg, 0.125 mmol) Appearance: white powder 

Triethoxysilylated functionalized T8-F cage silsesquioxane by thiol-ene reaction

In a flame dried rotaflo® flask, styryl T8-F cage (250 mg, 166.6 µmol, 1 eq) and AIBN (10.5 mg, 62.5 µmol, 0.5 mol%) were dissolved in chloroform (2.5 mL) under an inert atmosphere.

The mixture was heated to 40 °C. Thiopropyl triethoxysilane (320 µL, 1.33 mmol, 8 eq) was then added dropwise and the temperature was increased to 60 °C. The mixture was stirred at 60 °C overnight and the solvent was then evaporated. The excess of thiopropyltriethoxysilane was removed by washing the oil product with dry pentane. The excess of solvent was finally evaporated to yield a yellowish oil.

Formula: C152H126O36Si16S8NF

Molecular weight: 3410.63 g/mol Yield: 99.9 % (568.0 mg, 0.166 mmol) Appearance: yellowish oil 

Synthesis of the T8-F gel

In a flame dried Schlenk, the solution of triethoxysilylated T8-F cage (568.0 mg, 0.166 mmol)

was evaporated and then dissolved in dry THF (2.0 mL). Water (24 µL, 1.3 mmol, 8 eq) and TBAF (27 µL, 26.6 µmol, 0.16 eq) were then successively added under stirring. After 3 min, the agitation ceased due to the quick gelation of the mixture. After three days of aging, the solid was crushed and washed three times with water and then acetone. The product was dried overnight under vacuum and recovered as a yellowish powder (350 mg). In this final chapter, we will investigate a different form of organization of the silsesquioxanes.

Whereas the first two chapters focused on the creation of oligomeric silsesquioxanes defined at the molecular scale, here we will study the organization of silsesquioxane networks at the mesoscale via the use of different template molecules. Hence, after reviewing the existing literature, the synthesis of templated organosilicas will be described.

Firstly, the preparation of a periodic mesoporous organosilica exhibiting bimodal porosity and synthesized using a single structure directing agent (SDA) and a single bridged precursor will be presented. The influence of the extent of hydrolysis and of the affinity of the hydrolyzed precursor for the different SDA domains on the evolution of porosity will be discussed.

Thereafter, the synthesis of new triethoxysilylated and cleavable dendrimers (i.e. well-defined polymers), and their transformation into an organosilica gel templated by the dendrimer, will be discussed. A key feature of this work is that the controlled cleavage of the dendrimer in the material enables pores with localized functional groups to be generated. The creation of periodic mesoporous organosilicas with bimodal porosity, one resulting from the SDA removal and the other from degradation of the dendrimer, will also be addressed.

Part A: Literature review

Porous silica-based material

Although silica-based networks are widely present in nature, the first synthetic silica gel was reported in 1846 by Ebelmen. 1 Since then, methods to synthesize silica-based materials have been studied in depth. 2 Among these, the sol-gel process is of particular interest. Indeed, compared to the common methods used in the ceramics industry, the sol-gel process appeared as a breakthrough in the field due to the possibility of producing silica gel under mild conditions and with better homogeneity. 3 This approach also enables the morphology, the growth of particles 4,5 and the pore size to be tuned 6 by modulating the reaction conditions. 7

a. Sol gel process: definition

Despite the possibility of applying the sol-gel process to a wide variety of metallic oxides, 8,9 this literature review will particularly focus on the silicon-oxygen-based networks.

The sol-gel process is characterized by a series of equilibria involving the hydrolysis and condensation of appropriate precursor species. 6,10 The hydrolysis-condensation pathway involves the same reactions as described in Chapter 2 Part A.2. In the case of sol-gel processing for silica-based materials, polyalkoxysilanes or polyhalogenosilanes, are mixed with a solvent and water is added to hydrolyze the silane. The reaction leads in the first instance to oligomers as previously described for oligomeric silsesquioxanes, which further polymerize to form a silica network.

At the macroscopic scale, three key steps can be observed. 8,11 In the case of silicon alkoxide precursors, partial hydrolysis of the alkoxysilane occurs in the starting solution ( After solvent evaporation, a gel is obtained with porosity controlled by the reaction conditions. Depending on the method used for drying, two types of gels can be obtained: aerogels (when the solvent is typically replaced by liquid CO2, which is then removed under supercritical conditions); or xerogels (when the solvent is removed at temperatures and pressures close to ambient conditions). The xerogels are here referred to as "gels". 

b. Catalysis of the sol-gel process

The metal (Al, Zr, Ti, etc.) alkoxides usually used in sol-gel processing possess a significant positive partial charge localized on the metal atom, and hence both hydrolysis and condensation are relatively fast. On the contrary, the magnitude of the positive partial charge localized on the silicon atom in silicon alkoxides is around half of that of the other metal alkoxides. 8 The kinetics of the corresponding hydrolysis and condensation steps are thus much slower for silicon alkoxides. This feature enables the parameters influencing the morphology of the silica material obtained via sol-gel processing to be more readily investigated and tuned.

In order to control the kinetics of the reactions involved in the sol-gel process, a catalyst is often used. Three types of catalysis 10,12,13 are commonly employed:

• Acidic catalysis, typically hydrochloric acid in solution.

• Basic catalysis with NaOH, ammonia, etc.

• Nucleophilic catalysis in neutral condition, via fluoride ions of salts such as KF, NH4F

or NBu4F.

The detailed mechanisms controlling the reactions are identical to those described in the case of oligomeric silsesquioxanes presented in Chapter 2 Part A.2.

c. Porosity as a key feature for multiple applications

The reaction conditions used for the preparation of silica gels have a significant impact on the physical properties of the solids obtained. Among these properties, the porosity is of particular interest and can be divided into three types according to the pore size:

• The microporous solids include materials with pore sizes below 2 nm.

• Mesoporous materials are characterized by pores with diameters of 2 to 50 nm.

• Larger pore sizes are characteristic of macroporous materials.

The gels produced by sol-gel processing are generally meso or microporous. 14,15 This can be tuned by manipulating parameters such as the drying conditions via the control of the capillary stress, 16 the catalyst, etc.

Control of the porosity, and correspondingly high specific surface areas of sol-gel materials, has led to a wide range of applications such as chromatography, 17 nuclear waste storage, 18 insulation, 19 optics, 20 biocatalysis and biosensors. [21][22][23] 

Structure directing agents

Pores can be created and controlled by using templating agents which can be purely physical solids (latex, etc.) and/or lyotropic structured systems (e.g. self-assembled molecules in solution, supramolecular architectures, etc.). In the latter case, the use of structure directing agents (SDA), also called surfactants, paved the way to new types of well-organized porous metal oxides. The self-assembly of these molecules under selected conditions enables them to be used as a template and to create highly ordered silica-based materials using, for example, TEOS (tetraethylorthosilicate) as silane precursor. 24

a. Surfactant definition and classification

Surfactants are amphiphilic molecules which possess two distinct parts: a hydrophobic tail generally consisting of a nonpolar long-chain hydrocarbon and a hydrophilic head which is water soluble. The usual surfactants 25 can be divided in two main families: 26,27 • Ionic surfactants: as indicated by the name, such surfactants possess an ionic head. They These SDAs are widely used and efficient, but have the disadvantages of being limited in size and versatility as well as being significantly ecotoxic. 28,29 • Non-ionic surfactants (Figure III-2): here, the surfactants are often amphiphilic block copolymers. 30 The hydrophilic part is made of a polar polymer such as the polyethylene oxide (PEO) block while the hydrophobic part is composed of a polymer with longer alkyl chains as polypropylene oxide (PPO). A large variety of block copolymers are now available. The Pluronic and Brij families belong to this group. The block copolymers can also be tuned for different applications and interestingly, the use of these surfactants can be extended to other solvent 31 when the copolymer is composed of solvent-phobic and solvent-philic blocks.

Figure III-2 : Classification of the most common surfactants

In addition to these common families, new types of surfactant continue to appear. For example, gemini molecules 32,33 where two ionic groups are separated by a linker, or polyion complexes, 34,35 using the properties of a polymer block that is charged in a given pH range thus leading to micelle formation when combined with oppositely-charged polyelectrolytes.

In order to obtain well-organized silica-based materials using SDAs as templates, it is necessary to understand the formation of the micelle and the conditions required to obtain the desired micellar geometry for each specific type of SDA.

b. Formation of micelles

In a dilute aqueous solution of surfactant, the amphiphilic molecules will preferentially lie at the interface between air and water. In this way, the hydrophilic part of the molecules can remain in the solvent while the hydrophobic part projects out of the solution. However, when the concentration of surfactant increases, the water-air interface saturates, and the additional surfactant molecules self-assemble into micelles. The latter is composed of an inner "core"

where the hydrophobic tails are located, and a peripheral "corona" where the hydrophilic heads lie. The concentration at which the interface become saturated, compelling the molecules to organize into micelle, is called the "critical micelle concentration" (CMC, Figure III-3). The formation of micelles is driven by numerous parameters such as the solvents, the temperature, the properties of the polar head and nonpolar tails, the additives, etc.

Figure III-3 : Surface tension of surfactant and critical micelle concentration in water 36

An understanding of the process of micellization arose from the work of Tanford. 37-39 He determined that micelle formation results from a competition between two opposing forces: the hydrophobic effect which seeks to minimize the contact surface between the nonpolar tails and water, and repulsion forces between the polar heads. These two phenomena affect the free energy of the system and the formation of aggregates was shown to be energetically favorable compared to individual molecules within the solution. In addition, Israelachvili, 40 highlighted the importance of the solvation effect of the polar group, driven by H-bonding interactions with water and entropically favored. In summary, the combination of the attractive and repulsive forces leads to the formation of the micelles and determines the characteristic of the latter, including the micelles size.

Interestingly, micelles can present different mesomorphic states. In their study of ionic micellar systems, Israelachvili,Mitchell and Ninham 40,41 determined that a micelle shape can be predicted by a simple parameter that gathers geometric, thermodynamic and energetic features, the packing parameters g. The latter is defined by the following formula:

g = V 0 a e . l 0
where V0 is the effective tail volume, ae the equilibrium area per molecule at the aggregate interface and l0 the surfactant's nonpolar tail length. or inverted structure (more typically referred to as a reverse micelle) (g>1). The value of the packing parameter depends on several synthetic conditions and surfactant properties 40,43,44 such as the length of the hydrophobic tail, the nature of the hydrophilic head, the temperature, etc.

Although the theory of micellization was developed on ionic surfactants, block copolymers behave in a very similar manner. [45][46][47] Indeed, the hydrophobic blocks assemble in an inner "core" to minimize the hydrophobic interactions, while the hydrophilic blocks stay at the water interface and form the "corona" stabilized by water H-bonds. The micelles organize in different, well-defined lyotropic phases that optimize the free energy of the system.

As with ionic surfactants, micelle formation in the case of block copolymers also occurs above a critical concentration called the "critical aggregate concentration" (CAC). It is noteworthy that the typical CMC for ionic surfactants 48 is around 10 -3 M while the CAC of the block copolymers 49 is between 10 -4 and 10 -9 M, demonstrating a higher stability of block copolymer micelles in dilute conditions. In addition, the packing parameter 50 (p) is defined in an analogous manner:

p = V a c . l c
Here, V represents the hydrophobic block volume, ac the optimal surface area of the hydrophilic block at the interface and lc the hydrophobic block length.

As a general rule, three mesophases can be obtained with block copolymers: spherical micelles when p<1/3, cylindrical micelles when 1/3<p<1/2 and vesicles (also called polymersomes) when 1/2<p<1 (Figure III-5). The sizes of the hydrophobic and hydrophilic blocks 46,51 are key parameters in micelle self-organization, together with the block polarity 47 , etc. 

Periodic mesoporous silicas

The first report of the use of SDAs as a template for the formation of well-organized mesoporous silica-based materials was by the Mobil Company in 1992. They first reported the formation of periodic aluminosilicates 52 with tunable pore size depending on the surfactant tail length. Almost simultaneously, they described a range of periodic mesoporous silicas 24 (PMS) synthesized from sodium silicate and ammonium surfactants in the presence of sulfuric acid as a catalyst.

Depending on the micellar structure adopted by the surfactant during the synthesis, several types of mesophase can be obtained (Figure III-6), the most common ones being hexagonal, cubic and lamellar although some less usual phases are also possible (Figure III-6).

In the first periodic mesoporous silicas synthesized by the Mobil Company with cationic surfactants, the hexagonal structure was mainly encountered (MCM-41). However, cubic (MCM-48) and lamellar phases (MCM-50) were also identified. Starting from these observations and further studies led by Stucky, 27,51,[53][54][55] a plethora of periodic mesoporous silicas were designed. The corresponding periodic mesoporous silicas obtained with block copolymer surfactants 56,57 are the 2D-hexagonal SBA-15 and cubic SBA-16. In addition, some materials with more exotic structure were also obtained, such the 3D-hexagonal SBA-12 and the Pm3m cubic SBA-11. Interestingly, with block copolymers, much larger pores could be obtained. For example, for ionic surfactants 24 the nominal pore size typically ranges between 2 and 4 nm while with block copolymer surfactants, 56 pore size up to 30 nm could be achieved. Again, by varying the length of the hydrophobic tail of the ionic surfactant or of the hydrophobic block, different pore sizes are afforded. The possibility of obtaining tunable and large pore sizes was a significant step forward in the field, which was traditionally focused on zeolites and hence limited by the relatively small cavities in these latter materials.

a. Interaction between silica precursors and surfactant

To explain the different types of mesophases and pore sizes obtained, Stucky et al. 27,54 suggested a mechanism of interaction between the silica precursors and the surfactants. This approach relies on electrostatic interactions between the inorganic precursor I, in our case silica; and the surfactant S. As pure silica possesses a point of zero charge (PZC) around pH 2, it can be positively charged (at pH<2, I + ); negatively charged (at pH>2, I -); or neutral (at pH~2, I 0 ). • Direct interactions with ionic surfactant: the surfactant and the inorganic precursor bear opposite charges. At pH<2, the silica interacts with a positively charged surfactant according to a S + I -model. On the contrary, at pH>2, the silica interacts with anionic surfactant following a S -I + model (first row of Figure III-7). Consequently, the silica precursors arrange by electrostatic interactions around the surfactant micelles.

• Indirect interactions with ionic surfactant: here, both surfactant and the inorganic precursor bear identical charges. An oppositely charged counter ion (X) is thus necessary to mediate the assembly of the silica precursor and the surfactant micelle (Cl - , Br -, Na + , K + , etc.). At pH<2, a S -X + I -scheme is observed while a S + X -I + model is observed above the PZC 24 (second row of Figure III-7).

• Interactions in neutral conditions: unlike the previous interactions, the surfactant is neutral in this case, and is typically a block copolymer surfactant. Two cases are observed: the neutral surfactant interacts directly through H-bonds with the neutral silica and the solvent following a S 0 I 0 scheme; or the charged silica, which is balanced with a counter ion, assembles around the surfactant via H-bonds according to a S 0 X -I + scheme 56 

b. Templating effect of the surfactant

Although the above model describes the local interactions between the silica precursor and the surfactant, the assembly of the entire network must be considered to fully understand the formation of periodic mesoporous silicas.

Two main models 59,60 have been described (Figure III-8) to explain the construction of the organized silica network from soft SDAs:

• Liquid-crystal templating: also introduced in 1992 by the Mobil research team, 24 the liquid-crystal templating model involves the initial organization of the individual surfactant molecules in a liquid crystal mesophase at concentrations higher than the CMC. The inorganic precursor is then added to the pre-organized surfactant solution and self-organizes according to the electrostatic interactions and H-bonding phenomena previously described. Finally, the hydrolysis-condensation process will proceed by replication of the structure of the pre-formed mesophase which acts as a template to obtain a 3D-organized network. 61 However, one disadvantage of this technique lies in the fact that the addition of the inorganic species may disrupt the surfactant organization and consequently the organization of the mesoporous solid.

• Cooperative self-assembly: This approach, introduced by Stucky's group in 1993 62 and extensively studied, [63][64][65] proposes concomitant organization and hydrolysiscondensation processes. In particular, the surfactant is introduced at a concentration lower than the CMC. After addition of the inorganic precursor, the latter starts to interact by electrostatic forces or H-bonding with isolated surfactant molecules.

Simultaneously, the hydrolysis condensation process takes place and oligomers start to form. The addition of the precursor combined with the condensation of the silica molecules and precise choice of the reaction conditions modify the previously established equilibrium and trigger the self-assembly. The preferential condensation of the silica at the surfactant-silicate interface 62 is responsible for the high organization of the 3D-network formed. This technique is, for instance, particularly useful for the synthesis of mesoporous films 66 by spin-coating, drop-casting, etc. Although these two models have been studied and experimentally validated in numerous cases, 62,63 it is important to bear in mind that in such system, two types of complicated phenomena coexist. Indeed, sol-gel processing and surfactant self-assembly phenomena can both be strongly affected by even subtle variations in the experimental parameters, and hence the models described above should be contextualized according to the processing conditions employed in specific cases.

c. Removal of the SDA and liberation of the pores

As discussed in Part A.3.a., the SDA and the silica network strongly interact with each other.

Hence, once synthesized, the silica network still contains the SDA which blocks the pores. SDA removal is thus necessary, with two routes being commonly used:

• Calcination: this method is the historical approach. 24,56 The as-prepared silica is subjected to a thermal treatment at high temperatures (around 500 °C) under a flux of nitrogen, air or a succession of both to decompose the organic component. Despite its efficiency, some drawbacks should be cited, such as the high energy cost and the inability to recover or retain any organic species initially present in the material. In addition, high temperature treatment can also damage the silica network.

• Chemical and physical extractions: these processes address most of the limitations associated with the historical calcination-based approaches. The extraction can be performed using strategies such as liquid extraction (hot solvent washing, 67 Soxhlet extraction 68 ), acidic treatment, 69 or even by the use of supercritical fluids 70 or ozone treatment. 71 In most cases, the SDA can be recovered without degradation and eventually reused. 56 However, the efficiency of such methods is dependent on the capacity of the extracting agent to disrupt the SDA-silica bonds.

Once the surfactant is extracted, the resulting periodic mesoporous silicas exhibit wellorganized and uniform pores. In addition, it has been demonstrated that the structure, the pore size and pore volume, as well as wall thickness, can be modulated by careful selection of reaction parameters, including the nature of the SDA, the use of swelling agents, the temperature, the solvent, etc. The possibility of tuning the properties of the silica paved the way to a wide scope of applications, as described below.

From pure inorganic networks to hybrid materials

The initial reports of PMS systems rapidly captured the interest of the materials science community due to their high specific surface area 72 (700-1000 m²/g) and well-defined porosity.

Furthermore, the possibility of modifying the purely inorganic framework with organic moieties facilitated the widening of the application fields in such areas as catalysis, 73,74 optics, 75 environmental remediation, 76,77 etc.

PMS materials can be modified by the formation of hybrid materials through weak, noncovalent interactions 78 (H-bonding, electrostatic or Van Der Waals interactions). However, these methods suffer from the relatively weak retention of the organic moieties after washing and low chemical stability. Consequently, significant interest has been focused on covalent modification of the silica. Indeed, the organic group, typically an alkoxysilane, is grafted by covalent bonding via sol-gel processing. The resulting materials are thermally and chemically more stable than those obtained by exploiting non-covalent interactions.

Three main routes can lead to organic-inorganic hybrid materials:

• Post-grafting (A in Figure III-9): this technique proceeds in two steps. First, a pure inorganic PMS is synthesized according to the strategies outlined in Part A.3. Then, an organoalkoxysilane is grafted on the free silanol functions of the PMS 79 (around 1-2 nm -2 ) via hydrolysis-condensation reactions. Depending at which stage of the PMS synthesis the post grafting is performed, two cases can be distinguished: ❖ After SDA removal: the alkoxysilane can be anchored within and outside the pores. However, grafting within the pores can result in a strong diminution of the pore volume 80 and consequently strongly perturb diffusion phenomena.

❖ Before SDA removal: if the grafting occurs before surfactant extraction, the alkoxysilane predominantly anchors on the outer part of the pore. 81 This method benefits from the absence of pore clogging, although the modified surface is limited and the inner parts of the pore are not hybridized.

In both cases, the "philicity" of the organotrialkoxysilane must be carefully chosen to avoid localized condensation and formation of organic "patches". In addition, the postgrafting method strongly depends on diffusion phenomena. Hence, in many cases, the materials proved to be inhomogeneous 82 with preferential grafting occurring on the external surface of the pore or at the opening of the pore. Here, the organic groups are incorporated into the wall from the beginning of the formation of the hybrid network. As the addition of organosilane can significantly change the thermodynamics and kinetics of hydrolysis-condensation, 83 the mesostructure (pore size, mesophase, etc.) can also be affected. 84 However, the organic functions are generally more uniformly distributed than in the previous case and no pore clogging occurs. On another hand, the "philicity" still has to be carefully selected to avoid phase segregation. 72 The method is also limited by the size and the quantity (rarely exceeding 40 %) 72 of organotrialkoxysilane, which can disrupt the SDA selforganization. Finally, not all of the added organotrialkoxysilane will be located at the surface of the pore, since some may be buried within the interior of the pore walls. 85 • Bridged-silsesquioxane (C in Figure III-9): Synthesized from pure bridged organo(poly-trialkoxysilane) R((SiOR')n with n≥2, the organic moieties are uniformly distributed on the hybrid network and high loadings of organic moieties are obtained. 86 Unlike the post-grafting method, as the organotrialkoxysilanes assemble with the SDA during the synthesis, no pore blockage occurs and the organic function remains accessible. 72 The main challenges of this technique are the initial synthesis of the bridged polyalkoxysilanes and the determination of suitable reaction conditions for the creation of a periodic organized network.

• Co-condensation (B in

Due to the wide range of potential applications of the so-called periodic mesoporous organosilicas (PMO) obtained, these will be discussed in depth in the next part of this bibliographic review. 

Periodic mesoporous organosilica

The discovery of PMOs was an advance of significant magnitude. Indeed, the sol-gel field was first transformed by the use of SDAs to obtain PMSs, and the subsequent possibility of uniformly tuning the composition of the wall laid the foundation for new approaches in catalysis, optics, drug delivery, etc.

Reported simultaneously by three groups in 1999, their synthesis involves the use of an organically-bridged bis-trialkoxysilane (and eventually polyalkoxysilanes) as the lone silane precursor. The bridged alkoxysilane is then hydrolyzed and polycondensed in water in the presence of the SDA and catalyst. The SDA is then extracted to free the pores under mild conditions and avoid degradation of the organic bridge by calcination (Figure III-10).

Figure III-10: Synthetic route to PMOs

Inagaki and co-workers, thus described a first PMO with bis(triethoxysilyl)ethane using octadecyltrimethylammonium chloride as a surfactant and sodium hydroxide as catalyst. 87 After surfactant removal, the materials exhibited well-defined 2D-and 3D-hexagonal structures with a narrow pore-size distribution (~3 nm) and high specific surface area (750-1170 m²/g). At the same time, Ozin's team 88 as well as Stein's group 89 developed PMOs from the corresponding unsaturated silane, the bis(triethoxysilyl)ethene, and cetyltrimethylammonium bromide (CTAB). Under the synthetic conditions adopted by Ozin's team 88 (ammonia in water), a welldefined hexagonal structure was obtained with a narrow pore-size distribution (~4 nm) and a specific surface area around 640 m²/g. The PMO obtained by Stein's group 89 (using sodium hydroxide as a catalyst), featured a slightly less organized worm like structure but with uniform pore size of 2 nm and a specific surface area exceeding 1200 m²/g.

a. A wide variety of organosilane precursors

The interest in PMOs, since their discovery in 1999, is certainly due to the variety and versatility of the organic groups which can be incorporated into the walls. This thus offered an infinite possibility of mixing organic properties with the silica network, including the tuning of porosity and the regular distribution of the organics in the framework. The description of aryl-bridged triethoxysilanes [90][91][92] marked an important step forward for the synthesis of bridged silsesquioxanes, and consequently, for the development of PMOs. Initially focused on bistrialkoxysilanes, the palette of precursors was extended by the synthesis of polyalkoxysilanes with more than two trialkoxysilane functions. Figure III-11 presents some organosilane precursors 93 commonly used. The scope is being continuously enlarged by a myriad of bridged trialkoxysilanes 83,94,95 including chiral precursors. [96][97][98] 

Figure III-11 : Common bridged polyalkoxysilanes used in the synthesis of PMOs 93

It is noteworthy that, unlike the inorganic silica networks, some of the hybrid precursors are capable of organizing so as to form crystalline walls. This feature was demonstrated by Inagaki et al. 99 on a bis(triethoxysilyl)benzene PMO via X-ray diffraction analysis. It was proved that the phenyl groups self-assemble in the wall to form hydrophilic layers of inorganic silica and hydrophobic layers of aromatic moieties stabilized by π-π stacking. A periodicity of 7.6 Å was measured, corresponding to the spacing between two silica layers while the phenylene groups exhibited a spacing of 4.4 Å. This phenomenon is not isolated as it was also reported for the corresponding bisphenylene, 100 divinyl(benzene) 101,102 and divinyl(pyridine) bridged silanes. 103 The facility for selected organic bridging fragments to easily self-assemble by - stacking, at least in the case of the phenyl precursors (e.g. 1,4-bis(triethoxysilyl)benzene as bridged organosilane precursor), may account for this crystallinity at the molecular level, in the walls of such PMOs. Indeed, it was shown that under mildly acidic conditions, hydrolysis led to the corresponding 1,4-bis(trihydroxysilyl)benzene. Rietveld X-ray structure analysis demonstrated that this molecular structure was stabilized by intramolecular hydrogen bonding between the silanol groups, resulting in a uniform arrangement of the organics which may thus facilitate the π-π stacking interaction during the following condensation step. 104

b. Challenges in the synthesis of PMOs

Although the first PMOs previously described were synthesized under conditions close to those used for the PMS, it is important to bear in mind that organosilanes do not necessarily react identically to pure silica precursors. 93 Indeed, as mentioned in Part A.2.b., the formation of the micelle is driven by both hydrophobic effects (to reduce the contact between the hydrophobic part of the SDA and water) and charge interactions. Hence, by increasing the size of the organic part of the bridged precursors, the latter can interfere with the self-assembly and potentially promote dispersion of the pre-formed microemulsion. In addition, the association of the 

c. A new platform for diverse application

The possibilities for adjusting the mesostructures, as well as achieving high loadings of organic groups within the pore wall make PMOs an attractive platform for extending and enhancing the potential fields of application and performance of the PMSs. A significant number of comprehensive reviews summarize the possible application fields, with some examples including:

• Catalysis: 83,106-109 heteroatom-functionalized PMOs, supported metal catalysts, chiral PMOs for asymmetric catalysis, photocatalysis, etc.

• Drug delivery systems: 83,107,109 tunable hydrophobicity for drug and biomolecule encapsulation, controlled released of drugs, biodegradable particles, etc.

• Optical applications: 108-113 light harvesting, sensing, visible light absorption, photoluminescence, photo-responsive materials, etc.

• Environmental remediation: 83,109 pollutant adsorption.

• Gas separation: 109,114 preferential interaction with modified PMOs.

• Chromatography: 83,109 tunable hydrophobicity.

• Electrical: 83,109,110 low-k films, optoelectronic materials. 115

d. Toward multifunctional PMO

Similarly to the PMSs, the synthesis of the PMOs can be adapted to obtain even more sophisticated materials with enhanced properties.

Previously, the introduction of extra moieties involved the modification of the existing organic groups in the wall. Indeed, ethylene moieties have been functionalized by thiol-ene 116 or Diels-Alder 117 reactions; phenylene moieties by sulfonation 118 or bromination 88,89 ; etc. This method takes advantage of the high loading of the pre-existing organic moieties. However, to date, the technique does not readily enable two active functions to be present on the same material.

In order to obtain two or more functions on the same hybrid material, co-condensation pathways can be used. In the case of PMOs, mono-silylated or bis-silylated precursors can be cocondensed. In the case of mono-trialkoxysilanes (Figure III-13), 119,120 the bridged organosilane will constitute the wall but the mono-trialkoxysilane can be either on the surface of the pore or entrapped within the wall. The position of the function will rely mainly on the interaction between the two alkoxysilanes and between the precursors and the micelle. However, fine tuning of the hydrophilicity of the material can lead to precise repartitioning. Indeed, Thiel and coworkers 121 successfully synthesized a PMO with a sulfonic acid function on the aromatic ring and amine moieties in the silica layer. The repartitioning of the active moieties led to interesting cooperative catalytic effects. Similarly, two bridged alkoxysilanes can be used (Figure III-13).

For nanomedical applications, degradable mesoporous nano-PMOs (mixture of ethenylene-and disulfide-based precursors) 122 were described. Nano-PMOs for potential theranostic uses and 2-photon imaging (mixture of ethenylene-and porphyrin-based precursors) 123 could also be achieved, although it should be noted that the porosity in these latter systems was worm-like.

In all such configurations, the miscibility of the different precursors must be verified to avoid phase segregation. Another way to obtain multifunctional PMO lies in the post grafting method (Figure III-13). 124 Here, the synthesis occurs in two steps. The second organosilane is added after the PMO formation. Although, as for the PMSs (Part A.4.), pore clogging can occur, this technique ensures the grafting of the mono-alkoxysilane on the surface of the pore. Grafting predominantly on the external surface of the material can, in principle, be obtained if the post functionalization takes place before surfactant removal. Materials with external-surface functions different to those on the inner pore walls can then be obtained.

The significant potential of multifunctional materials make these attractive for the development of chemical strategies to introduce two or more function on the same PMO, although the development of such strategies is still in its infancy. 125

Bimodal porosity in PMOs

In this section, we will direct particular attention to material exhibiting bimodal porosity and especially bimodal mesoporosity. Indeed, many potential applications of PMOs could be greatly enhanced by the presence of well-organized bimodal porosity, notably owing to advantageous transport phenomena. Fields including catalysis (diffusion rate control of reactants and products exhibiting different dimensions); chromatography (double-size exclusion); controlled delivery of bioactive species (tailored release profiles of pharmaceuticals); etc. could benefit from these unusual properties. Silicas exhibiting both microporosity and mesoporosity are very common. [126][127][128] Depending on the conditions used for the sol-gel processing, microporosity can be readily generated in silicas.

The pores can lie between the channels or within the pore walls (Figure III-14). Although not as commonplace, bimodal micro-mesoporosity has also been reported in organosilicas. 129,130 Some example of dual meso-macro 131 and micro-macroporous 132 organosilica materials have also been reported.

Figure III-15:Possible pathways to obtain dual mesoporosity

In the case of dual mesoporosity, different pathways can be used to obtain bimodal porous PMOs (Figure III-15). First of all, when a periodic mesoporous silica is synthesized with two different SDAs, bimodal porosity can be obtained. This method, commonly used in the case of pure silica 133 materials, is particularly effective for the formation of core-shell nanoparticles. 134 However, in the case of pure PMOs, depending on the surfactants chosen, the secondary porosity is generally not systematically organized. 135 

Figure III-16 : Bimodal mesoporosity via simultaneous addition of two precursor -proposed mechanism 136

Another way to achieve bimodal mesoporosity lies in the use of multiple precursors. Indeed, Xia et al. reported a bimodal PMO obtained by simultaneous addition of (1,4-bis(triethoxysilyl)benzene (BTEB) and triethoxyvinyl silane (TEVS). 136 A proposed mechanism suggests that the bimodality results from the TEVS interaction with the P123 micelle corona (Figure III-16). Indeed, some micelles are affected by the TEVS (in lower quantity than the BTEB), while others only undergo the interaction with the pure BTEB. Lastly, materials exhibiting bimodal porosities are obtained when different organosilanes are co-condensed, following which, one is further degraded. 138,139 However, the method does not enable the pore size to be tuned and often leads to pore sizes close to the macroporous domain.

The second porosity is also rarely well-organized.

Materials exhibiting bimodal mesoporosity were also obtained by Jaroniec's group when weak acids such as boronic acid 140 or iron(III) chloride hexahydrate 141 catalyzed the hydrolysis/condensation reactions. Nevertheless, this particular system has not been further investigated.

Dendrimers in silica

The discussion will here focus on the use of dendrimers as templates. The following section will consequently introduce the dendrimers and their uses in silica-based materials.

a. Dendrimer: definitions and synthetic methods

Dendrimers are perfectly defined branched polymers. They differ from hyperbranched polymers by their step-by-step synthesis, which ensure a homogeneous growth (Figure III-18). [142][143][144] Indeed, their formation relies on an iterative process of organic reactions, with each iteration corresponding to one new generation. The idea to prepare hyperbranched molecules was raised by Flory 146,147 in the early 1940s.

However, the first synthesis of such molecules was not achieved until 1978 by Vögtle 148 who reported low molecular weight polyamine dendrimers. Still, the term "dendrimer" was introduced in 1985 by Tomalia and is associated with the description of polyamidoamine (PAMAM) dendrimers up to the 10 th generation. 149,150 Two classical approaches can be used to obtain dendrimer molecules. The historical methodology, adopted by the pioneers Vögtle, Tomalia and Newkone [148][149][150][151] , explores a divergent strategy (Figure III-20). A multifunctional molecule is used as the dendrimer core; typically, ethylene diamine, hexachlorophosphazene, 1,1,1-tris(4-hydroxyphenyl)ethane or 2,4,6-trichloro-1,3,5-triazine. The growth then occurs by successive reactions. A reactant bearing two different functional groups, among which one is reactive toward the core, and the other is inert, is grafted. The absence of reactivity of the second group towards the core is crucial in order to control the growth and avoid random polymerization. These groups are later activated to turn them into an active moiety for the next step, where a molecule bearing a similar reactive function to the core is introduced. The process is repeated until the desired generation is obtained. This strategy permits a wide palette of generations of dendrimers to be easily reached. However, an excess of reactant is often required to ensure complete reaction on each branch and purifications are long and tedious. Here, monomers are assembled to form dendrons of targeted size. The synthesis proceeds from the corona to the core and once the desired generation is reached, the dendrons are assembled around a multifunctional core to form the dendrimer. The main advantage of this technique is that almost stoichiometric ratios are sufficient, making subsequent purification much easier. The product also exhibits fewer structural imperfections. However, some limitations should be noted. Indeed, possible steric hindrance and reduced reactivity of the core can prevent the dendrimer from being successfully assembled.

Figure III-21: Convergent synthesis of dendrimers 143

More recently some synthetical pathway have been developed to accelerate the synthesis or obtain "Janus" dendrimers with different functions: random, block or alternative surface "Janus" dendrimers, interior/exterior-functionalized dendrimers, or core-functionalized dendrimers. 143 Regardless of the synthetic approach, it has been observed that the higher the generation, the more significant the impurities. The purity of the dendrimer must thus be considered. 142

b. Main families of dendrimers

The synthesis pathways described above opened the way to the synthesis of a significant variety of dendrimer families. 142,143,[153][154][155][156] Indeed, Figure III-22 provides an idea of the variety of dendrimer already described. Here, we describe the dendrimer used in the studies developed in the next section. The sequence of reactions is repeated to give higher generations. This dendrimer attracted particular attention in the field of drug delivery 154 due to its high aqueous solubility, large number of functionalities, and relatively small size. Similarly, the thiophosphohydrazone dendrimer is also commonly obtained by a divergent strategy (Figure III-24). 157 Described for the first time in 1994 by Majoral's group, 158 the thiophosphohydrazone dendrimer is synthesized by a nucleophilic substitution of a hydroxybenzaldehyde on the hexachlorophosphazene core. The condensation of the dichlorophosphonomethylhydrazide on the aldehyde leads to the thiophosphohydrazone dendrimer. Again, the repetition of the two reactions generates the upper generation of the dendrimer. This dendrimer also attracted significant attention due to the high number of functional groups and was used in various fields such as biomedicine and catalysis. 159

c. Particular features of dendrimers

The special structure of dendrimers provides them with specific properties. Indeed, dendrimers do not behave as a conventional linear polymer. This difference of behavior is referred to as the "dendritic effect". Two types of dendritic effects are known: the "multivalency effect" and the In addition to the conventional process of infiltration, Majoral and co-workers 164 proposed an alternative pathway involving the dendrimer as a co-template. The method involves a cationic surfactant (CTAB) and a phosphorylated dendrimer as templates to pre-form the mesophase, then the silylated precursor is added to obtain an MCM-41 type silica. Once the surfactant is extracted, the dendrimers, more strongly bonded to the silica network, are retained within the pore. 165 Dendrimer loading has been used for drug delivery applications 166 or for CO2 adsorption applications. 167,168 In the case of CO2 adsorption, the dendrimer has been shown to tune the acid-base properties of silica porous materials. 169 The method has also been extensively used in catalysis including for controlling the generation of metal nanoparticles or clusters and their transport 165,170,.

Figure III-27: Encapsulation of dendrimers in templated nanoparticles

ii. Dendrimer post-grafting and co-condensation Among all techniques used for modifying silica with dendrimers, post-grafting has undoubtedly been the most attractive. The procedure takes advantage of the covalent bonding which prevents leaching, together with easy access to the precursors required for such approaches. Three main pathways are described:

• Dendrimer or dendrons growth on a modified silica [172][173][174] • Preformed dendron post-grafting on modified silica: Here, the surface of the silica is modified with an organoalkoxysilane, generally mercaptopropyltriethoxysilane or azidopropyltriethoxysilane. Finally, the dendron is grafted on the organic moiety of the organoalkoxysilane by click chemistry (thiol-ene or copper-catalyzed Huisgen addition) or other appropriate reactions. 177,178 This approach was exploited in a wide range of application such as water purification, 172,179 drug delivery, 177,178,180 catalysis, 173 CO2 adsoption, 174 etc. However, diffusion issues can generate defects in the case of in-situ growth or lead to grafting inhomogeneity in the pores in the case of pre-synthesized dendrimers.

iii. Dendrimers as a template

Due to their perfectly-defined structure, dendrimers have also been considered as templates. As this approach will be exploited in this manuscript, this section will focus on earlier work in this area.

In 1998, Corriu's group 181 produced, for the first time, xerogels made of carbosilane dendrimers. Carbosilane dendrimers and dendron were synthesized with trimethoxysilane terminal functions (Figure III-30). These precursors were then employed in a sol-gel process catalyzed with ammonia. This step was followed by a thermal treatment to degrade the inner part of the dendrimer. The materials obtained exhibited a higher porosity than the corresponding material before degradation (650 m²/g after vs 250 m²/g before calcination) or than pure silica (240 m²/g). Unfortunately, a lack of homogeneity of the pore size (2-15 nm), probably due to collapse of the structure during calcination, was evident. However, the work provided the first proof-of-concept of the possibility to generate pores using dendrimers. Additional studies by Kriesel and Tilley 182 proved that the specific surface area depends on the size of the dendrimer (generation). Two years later, Larsen et al. 183,184 adopted a significantly different approach. Indeed, the G4 PAMAM dendrimer was incorporated in a silica matrix (TEOS) but the dendrimer was not covalently bonded to the silica network (Figure III-31). Finally, the dendrimer was removed by calcination. The resulting materials exhibited a specific surface area of around 620 m²/g with a homogeneous pore size of around 1.5 nm.

Figure III-31: Creation of porosity by non-covalent inclusion of dendrimers in a silica matrix 183

However, none of these approaches led to organized porosity. Consequently, Wiesner's 185 and Hedrick's groups 186 developed amphiphilic dendrimers composed of a hydrophilic core and hydrophobic terminal groups. The polycondensation of the silica source in the presence of the templating dendrimers, followed by calcination, led to the formation of well-defined lamellar or hexagonal silica structures.

iv. Periodic Mesoporous Dendrisilica (PMD)

The previously described materials were either not organized or synthesized with pure silica precursors. To our knowledge, the only PMO obtained using dendrimers was described by Landskron and Ozin in 2004. 187 In this synthesis, illustrated in Figure III-32, trialkoxysilylated carbosilane dendrimers were hydrolyzed in the presence of a surfactant and a catalyst (octadecyltrimethylammonium bromide and sodium hydroxide; or P123 and hydrochloric acid). By electrostatic interactions with the surfactant, the dendrimers self-organize around the micelle and condense. The template is finally extracted with an acidic alcohol solution. The resulting material exhibits a 2D-hexagonal structure with dendrimers embedded in the walls. It also exhibited a high surface area of 1100 m²/g, homogeneous pore size of 2 nm and high organic loading.

PMO synthesis: a key addition step

Periodic mesoporous organosilicas were synthesized using the 1,4-bis(triethoxysilyl)benzene PMO-1: Inagaki's protocol was strictly followed. BTEB precursor was added dropwise to an aqueous solution of P123 at 0 °C under strong agitation.

PMO-2:

One third of the quantity of P123 and hydrochloric acid solution was quickly poured onto the neat BTEB precursor at 0 °C. Five minutes later, the remaining surfactant solution was added at 0 °C.

PMO-3:

Only one third of the quantity of surfactant solution was used and quickly added onto the neat BTEB precursor at 0 °C.

Following the addition step, all reactions were stirred at 1400 rpm for one hour at 0 °C then heated up to 35 °C for one day and 100 °C for another day. The solid obtained was washed and consolidated for three days at 100°C prior to extraction with hydrochloric acid solution in ethanol. The resulting solids were dried under vacuum.

Materials characterization a. Chemical characterizations: Solid state NMR & FTIR spectroscopy

The materials were characterized by 29 Si and 13 C solid-state NMR spectroscopy. The crosspolarization and magic-angle spinning techniques (CP-MAS) were used on a Bruker DSX 300

MHz spectrometer. The plateau observed in the TGA data between 150 and 200 °C and weight loss (Δm) at temperatures below 150 °C is consistent with the initial removal of water (between 6.7 and 7.5 %), which occurs in two stages (according to the corresponding dTGA data). This observation suggests that water species interact with the structures in at least two distinct ways.

Below 75 °C, the water removal can be attributed to residual "bulk" water retained within the pores after acid treatment, which is only weakly bound to the materials. Between 75 and 150 °C, a second stage is observed, which is attributed to the loss of water molecules more strongly bound to the structures, likely interacting through hydrogen bonding with surface silanols. An intermediate temperature of 100°C under vacuum is therefore an appropriate activation temperature for these materials for N2 physisorption analysis, which enables the water content to be removed while minimizing any potential degradation of their structure.

The subsequent degradation of the materials occurs above 250 °C, commencing with a small weight loss (2 %) at around 280 °C which can be tentatively attributed to the removal of residual organic species that were not released from the pores after acidic treatment. This degradation is followed by a continuous and moderate Δm up to 600 °C and a significant weight loss between 600 °C and 700 °C. The continuous Δm (around 12 %) could correspond to the loss of geminal or isolated silanols. This has been shown in the case of silicas where high temperatures are required to promote the mobility of these silanols. 190 In the same temperature range, it can be assumed that the degradation of the structure is also initiated through the oxidation of phenyl groups grafted onto the inorganic framework. This has been documented in the past in the case of the degradation of hydrocarbons such as polymers or surfactants. 191 Above 600 °C, the degraded organic species decompose, leaving the materials fully oxidized as SiO2. The residual amounts of the materials above 700 °C are very similar, which indicates that the structures of the three materials involves similar inorganic/organic molar ratios. This is consistent with the proportions of reagents used for the synthesis of the three materials.

c. N2 physisorption measurement

The porosity of the materials was analyzed by nitrogen physisorption. The isotherms were determined at 77.35 K. According to the results of the thermogravimetric analysis, the activation of the materials was performed at 100 °C for 12 h under secondary vacuum. The specific surface area of the materials was determined using the BET model. The αs model was used for evaluating the presence of micropores and deriving the corresponding micropores volume, using Aerosil200 as reference. found with PMO-1. It can be deduced that PMO-3 has only one population of mesopores, as confirmed by Figure III-39 (f) where the BJH plot of the material is illustrated. Interestingly, the mean pore diameter is centered at 3.9 nm, which corresponds to one of the two pore sizes found for PMO-2. From the sorption analysis, it can be deduced that if PMO-1 and PMO-3 are mesoporous materials, with uniform, monomodal pore diameters related to the structuration of the materials, then PMO-2 has two different populations of uniform mesopores. More importantly, these two populations of mesopores are found together in PMO-2, which exhibits a bimodal pore size distribution. This interpretation is consistent with the specific surface area obtained with PMO-3, 723 m 2 .g -1 . Indeed, if PMO-2 has a bimodal mesoporosity, its surface area should lie between those found for PMO-1 and PMO-3, which is precisely the case.

d. Small and Wide-Angle X-ray Scattering (SWAXS)

In order to determine the structure of the pores revealed by N2 physisorption, Small and Wide-Angle X-ray Scattering (SWAXS) measurements were carried out. The SAXS spectrum of PMO-1, shown in black in Figure III-41, exhibits four well defined pseudo-Bragg peaks in the low q region, at 6.4x10 -2 , 11.2x10 -2 , 12.9x10 -2 and 19.6x10 -2 Å -1 .

This corresponds to q0, √3q0, √4q0, √9q0, respectively, from a 2D-hexagonal mesostructure (p6mm symmetry) with a lattice parameter a=11.3 nm (a = 4π/√3/q0). The apparent wall thickness, calculated from the lattice parameter a and the pore diameter determined via nitrogen adsorption (5.8±0.5 nm), is 5.5±0.6 nm.

In contrast, the SAXS spectrum of PMO-2 (red in Figure III-41) is more complex. Three peaks at 6.4x10 -2 , 11x10 -2 and 13x10 -2 Å -1 are assigned to Bragg reflections from the (100), ( 110) and ( 200) planes under P6mm symmetry, clearly demonstrating the 2D-hexagonal structure with the same lattice parameter as PMO-1 (11.3 nm). However, an additional low-q signal observed at 3.9x10 -2 Å -1 (q0, corresponding to a characteristic distance of 16 nm) suggests the presence of a second uniform pore network, as also observed via TEM (see Part B.2.e.). This bimodal material has a first wall thickness, calculated from the lattice parameter of the P6mm space group and the pore diameter determined via nitrogen adsorption (5.8 ± 0.5 nm), at 5.5 ± 0.5 nm associated with the 2D-hexagonal phase, together with a larger wall thickness (pore diameter=3.9 nm) exceeding 12 nm associated with the second phase.

The SAXS spectrum of PMO-3 (blue in Figure III-41) displays a relatively strong, broad peak at 5.7x10 -2 Å -1 (q0, corresponding to a characteristic distance of 11 nm), together with a weaker peak at around 0.17 Å -1 (3q0). The shape of the scattering profile suggests the presence of an additional broad peak (or peaks) at around 0.1 Å -1 . On the basis of these data alone, it is not possible to unambiguously identify the symmetry of the uniform pore network in PMO-3, since the results are consistent with either 2D-hexagonal or cubic symmetry. However, FFT analysis of the TEM data from PMO-3 (see Part B.2.e.) suggests that the symmetry is 2D-hexagonal.

On this assumption the corresponding lattice parameter is a=12.7 nm (a = 4π/√3/q0). Hence, the apparent wall thickness, based on the pore diameter deduced from the BJH analysis (3.9 nm), is ~8.8 nm (assuming hexagonal symmetry), which is significantly thicker than for PMO-1.

It should also be noted that in the WAXS region (high q values), characteristic distances at d=7.6 Å and 3.8 Å (q value of 0.8 and 1.7 Å-1, respectively) are observed for all samples, consistent with a crystalline-like framework with a molecular-scale periodicity. The first peak corresponds to the lamellar repetition of the aryl moieties in organosilane fragments, whereas the second is assigned to the distance between the phenylene bridges, which are ordered via π-π interactions. 94,99

e. Structure determination by microscopy

In order to confirm the previous analyses, transmission electron microscopy (TEM) images were taken. Samples were prepared by microtome with a nominal thickness of around 70 nm. These data are entirely consistent with the SWAXS and N2 physisorption data presented above.

The textural properties of the materials are gathered in The SAXS pattern for PMO-1 (Figure III-41) indicates that the pores within the sample have 2D-hexagonal symmetry, consistent with results previously reported for such materials in several studies. 93,188 In addition, the N2 sorption data indicate that there is essentially no microporosity in the sample, suggesting that the various aging and consolidation steps generates well ordered, uniform mesoporosity with few micropores.

b. PMO-3: hexagonal suggested monomodal porosity

The mixing sequence used to prepare PMO-3 is the reverse of that for PMO-1, insofar as the P123 solution is rapidly added to neat BTEB, albeit with only 1/3 of the quantity of surfactant being used. Under these conditions, the BTEB:P123 ratio is increased three-fold compared to PMO-1 and the entire quantity of BTEB is essentially unhydrolyzed when the reactants are fully mixed. It would be expected that the more hydrophobic BTEB species would penetrate further into the hydrophobic (PO)70 core of the micelles prior to hydrolysis commencing. Subsequent hydrolysis of the BTEB species should then lead to repartitioning of the BTEB moieties between the corona (H-bonding with EO groups) and hydrophobic core (where both solubilization of the phenyl groups and H-bonding with the PO groups can occur). Under such conditions, the formation of well-organized supramolecular structures such as those discussed above 104 would be less favorable, leading to poorer long range ordering in the evolving PMO.

In addition, the higher concentration of BTEB would be more likely to promote some condensation and formation of small oligomers, which would also inhibit the formation of wellorganized supramolecular structures. Due to the lower quantity of P123 used to prepare PMO-3 compared to PMO-1, it is also evident that more silane species would be associated with each P123 micelle in the case of PMO-3. During subsequent condensation at 35 °C to form the PMO network, the deeper initial penetration of BTEB precursors into the core of the self-assembled P123 aggregates would be expected to lead to a single population of smaller pores in the aged material compared to PMO-1. In addition, the larger quantity of silane precursor associated with each P123 aggregate would be expected to lead to thicker walls in the final product, as is observed. (blue in Figure III-45).

It is evident from a comparison of the SAXS patterns of PMO-1 and PMO-3 that the uniform pore network in PMO-3 is not as ordered as that in PMO-1 (with only a single, broad peak being clearly observed, Figure III-41). This suggests that the hydrolyzed BTEB precursor is not as well organized in PMO-3 prior to condensation commencing, compared to PMO-1, as discussed above.

c. PMO-2: bimodal porosity PMO

The addition sequence in the case of PMO-2 is similar to that of PMO-3. In a first step, an aliquot of the acidic P123 solution is added to neat BTEB, and hence the initial reactions occurring would be equivalent to those occurring in the case of PMO-3, with penetration of BTEB into the micelle core, H-bonding of partially hydrolyzed BTEB with both EO and PO groups, etc. However, after 5 min, an additional aliquot of acidic P123 solution was added in the case of PMO-2, to yield a final BTEB:P123 ratio comparable to that in the case of PMO-1.

Since the extent of condensation under these conditions is limited, 7 it would be anticipated that some of the now-hydrolyzed BTEB species associated with the initially added P123 aggregates in the PMO-2 system would re-partition into the unoccupied P123 species incorporated during addition of the second aliquot. However, unlike the conditions prevailing immediately after the Here, a different approach was adopted to obtain a material with bimodal porosity but with one of the pore populations being functional. More specifically, a first population of pores would be generated using a conventional SDA, while a second population would result from the degradation of a dendrimer template bearing both condensable and cleavable functions within its structure. On the pores created by the degradation of the dendrimer, localized pendant functions are expected to be present. The generated functional groups will thus be gathered in a confined space. These SDA directed materials will be referred to as "PMOs" (Figure III-46).

In addition, to study the behavior of the dendrimer under simpler conditions, the condensation of the precursors in the absence of SDA has been investigated. These materials will be called 

Triethoxysilylated dendrimer from PAMAM

In order to achieve the above objectives, new triethoxysilylated dendrimers must be created.

Thiophosphohydrazone dendrimers, which were kindly supplied by Dr. Anne Marie CAMINADE (LCC-Toulouse) were chosen for preliminary tests. The triethoxysilylated thiophosphohydrazone was successfully synthesized (Appendix 2), but unfortunately, the preliminary experiments to prepare PMOs under acidic conditions 188 were not reproducible and organized porosity could not be obtained in a routine manner.

In addition, only limited quantities of the thiophosphohydrazone dendrimer were available, thus limiting the scale on which experiments could be undertaken. The synthesis involves a tedious step-by-step reaction with unstable reagents that are difficult to procure, and which can only be transported under costly, carefully-controlled conditions to comply with relevant chemical transport safety legislation. To avoid these issues, the synthesis of a new dendrimer based on a cleavable acylhydrazone function was explored. Nevertheless, the resulting dendrimer appeared to cleave too readily under mild conditions to be easily controlled and was poorly soluble in common organic solvents. Finally, a different approach using PAMAM-derived dendrimers was investigated, which is developed below. available. The new approach described here takes advantage of the commercial availability of different generations of the dendrimer. Indeed, the conventional PAMAM dendrimer will be used as a starting point, and will be modified by a linker bearing a cleavable function and an alkyne moiety to further introduce the triethoxysilylated groups 193,194 

a. Dissymmetric cleavable linker

A dissymmetric linker was thus synthesized around the disulfide function. The disulfide moiety was chosen for its potential to be readily cleaved under reducing conditions or by enzymatic catalysis. 125,[195][196][197] In addition, the cleavage releases a thiol function which can be of great interest particularly due to its capacity to coordinate a large variety of metals such as gold, copper, mercury, etc. or to react with other reagents (such as alkene via a thiol-ene click reaction) to provide opportunities for post-functionalization. The application fields for materials derived from PAMAM disulfide dendrimers or bearing pendant thiol function can range from drug delivery system, 122,198 to environment remediation, 199 catalysis, 120 etc.

Hence, the commercially available bis(hydroxyethyl)disulfide was used as a starting point for the synthesis. This molecule will be dissymmetrically functionalized with a propargyl moiety on one side. The propargyl function can further facilitate the addition of a triethoxysilyl function via a CuAAC click reaction. The second part of the molecule will then be grafted with an acrylate function. A key benefit of this approach is that complete functionalization of the terminal amine can easily be achieved via a Michael addition, as used in the PAMAM synthesis.

Moreover, the reaction enables the dendrimer to be grown by the equivalent of half a generation which doubles the number of active groups compared to the full starting generation 

b. PAMAM cleavable dendrimers

The linker was subsequently grafted onto the PAMAM dendrimer. PAMAM G0 dendrimer was synthesized according to the literature, 203 while PAMAM G3 was purchased from Sigma-Aldrich.

Figure III-50: Grafting of the acetylenic linker S-S onto the PAMAM G0 dendrimer

The grafting procedure typically used was informed by the protocols used for the PAMAM dendrimer synthesis 203 (Figure III-50) and involves a Michael addition. An excess of acetylenic linker S-S bearing the acrylate function was dissolved in dry methanol. To this solution was added, at 0 °C, the PAMAM dendrimer in dry methanol. The reaction mixture was then stirred at room temperature for three days to yield the desired product. However, due to the excess of acetylenic linker S-S used, the crude reaction product required purification.

For the purification of acetylenic PAMAM G0, tests were performed using silica thin layer chromatography (TLC) but none of the conditions attempted resulted in the migration of the PAMAM-functionalized dendrimer, even with a very polar solvent mixture of ethyl acetate and methanol. Hence, the purification of the G0 was performed via a neutral alumina pad. The unreacted acetylenic linker S-S was recovered after elution with a mixture of cyclohexane/ethyl acetate (80/20), while the pure acetylenic PAMAM G0 was subsequently recovered after elution with a mixture of methanol/ethyl acetate (95/5). The final reaction yield was 66 %. On the contrary, the acetylenic PAMAM G3 does not migrate on either silica or alumina TLC plates, presumably because of the higher quantity of amide groups present which leads to stronger interactions between the product and the stationary phase. Separations using reverse C18 silica plates were also attempted, but none of the conditions tested enabled the product to migrate. As a consequence, the crude reaction product was washed several times with pentane to remove the excess of acetylenic linker S-S and the purified product was recovered as a yellow oil. This approach takes advantage of the miscibility of the acetylenic linker S-S in pentane as well as the poor solubility of the dendrimer in the solvent. The washing method was found to be slightly less efficient than the purification by alumina pad used in the case of the G0 analogue. Indeed, at high G3 product concentrations, some residual acetylenic linker S-S can be observed by 1 H NMR spectrum, although the concentration of the reactant is very low (typically 1-3 % based on the integrated intensities of the characteristic 1 H NMR signals). The PAMAM starting material. A highly silylated dendrimer is thus obtained, with 32 and 128 triethoxysilyl functions for the G0 and G3 dendrimer, respectively.

Bis-(triethoxysilylpropyl)amine azidoethane 2 was prepared in our laboratory in four steps according to the procedure previously described by our group. 193 .53, 1.45, 2.43, 2.88 and 4.35 ppm). No traces of the azide precursor were evident. well-known to render a single isomer. 204 However, different conformers have been previously described in the case of PAMAM dendrimers. 205,206 Indeed, the dendrimer has been shown to be composed of an inner region with voids and a periphery characterized by significant steric crowding. Hence, the branches can back-fold to some extent to fill the voids within the inner region of the dendrimer. H-bonding, π-π interactions, and electrostatic repulsions in the periphery can prevent such back-folding. 129 Nevertheless, in our model, such interactions are not present, and back-folding is thus likely. The presence of two different environments around the branches could explain the two types of signals, which might arise from back-folded and non-back-folded branches. The interpenetration on the branches of a dendrimer into the core of another dendrimer to form dendrimer "oligomers" is also possible. In order to test the assumption of interaction between branches and dendrimer core, the 1 H NMR spectrum of the product was recorded in both deuterated chloroform and methanol to see if one of the solvents relieves the constraint of the back-folding. However, no significant differences were observed in either case. It can be assumed that the expanded conformer corresponds to a local minimum of energy but that the dendrimer is more stable in the back-folded form. However, it must be noted that such modelling has a number of intrinsic limitations, such as the neglect of solute-solvent interactions. In addition, due to the complexity of the structure, it is reasonable to question whether or not a global minimum energy structure was identified by this simple approach, even though the back-folded structure was obtained after an extended series of iterations. Despite the limitation of this type of modelling, the results are consistent with the potential formation of back-folded branches or dendrimer "oligomers" by branch-core interactions. The THF was intended to solubilize the hydrophobic periphery of the acetylenic PAMAM G0 while the methanol swells the inner hydrophilic region. However, the reaction was not reproducible. In order to facilitate the evaporation of the solvent, dichloromethane (DCM) was finally chosen as solvent. Indeed, the dendrimer tends to swell with solvent and the latter typically remains entrapped in the dendrimers. However, the presence of residual solvent interferes with the formation of the SDA micelles in the subsequent steps of material synthesis.

DCM was thus selected due to its low vapor pressure and easy evaporation. The signal of the aromatic triazole proton is also evident at 7.66 ppm. The representative 1 H

PAMAM-derived gels in the absence of SDA

The previously described PAMAM Si(OEt)3 G0 and G3 precursors were subsequently transformed into gels via sol-gel processing (Step 1 in Figure III-58).

Neutral fluoride catalysis (TBAF) was used in THF as solvent, to ensure that the TBAF and the reagent were solubilized. The gels obtained were subsequently treated with dithiothreitol (DTT, Two types of material were synthesized. The first, synthesized from the pure PAMAM Si(OEt)3, will enable the functions affected by the DTT treatment to be clearly identified. A second type of material, prepared from a mixture of PAMAM Si(OEt)3 dendrimer and BTEB, was also synthesized. In the case of the G0 dendrimer, a G0/BTEB ratio of 1/48 was used, while for the G3 system, the ratio was 1/384. These ratios were chosen in order to maintain a molar ratio of one bis(triethoxysilyl) moiety of the dendrimer to six BTEB. The excess of BTEB precursor was designed to consolidate the structure. Indeed, the cleavage of the disulfide bond and the departure of a large part of the organic backbone could conceivably lead to the collapse of the structure. Our aim is to demonstrate the concept of controlled degradation of the dendrimer in a silica network, to generate tailored porosity.

The materials obtained were studied by various methods, including NMR, FTIR spectroscopy, Raman spectroscopy, etc. It is also important to note that the decreased quantity of organic components within the gel was evident during the measurement. In particular, since the quantity of carbon present in the sample was very low, signals arising from the polymer constituent of the probe began to dominate the acquired spectrum, indicating that longer accumulation time (to improve the S/N) was pointless. 

 G3 gels

The gels obtained with the third generation of dendrimer were also analyzed by 13 C solid state NMR spectroscopy. In order to compare the evolution of the condensation between the two materials, a mathematical fitting was performed on the data. Knowing that the cross-polarization effect enhances the intensity of the signals from silicon atoms with neighboring protons, 207,208 care must be taken with such interpretations. Hence, although the CP-MAS measurement cannot be considered quantitative, it is reasonable to compare two samples starting from the same materials and bearing identical organic groups near the silicon. In addition, in the case of bridged silsesquioxanes, the CP-MAS analysis is quite representative of the proportions and similar studies have been previously reported. 209 Spectra were hence fitted with a mixture of Lorentz and Gaussian functions. The result of the fitting are gathered in Figure III-69 and Table III-2, verifying in both cases that the T 3 species are predominant. Nonetheless, T 1 species are observed after treatment but not before. Even by constraining the software to model the contribution of a potential T 1 moiety before treatment, the latter appears with zero intensity in the fitted data. This observation, together with the increase in the abundance of T 2 sites compared with the T 3 sites, demonstrated that the treatment affected the condensation process and cleaved the Si-O-Si bond to some extent. However, according to the contribution of each T-silicon to the condensation and the proportions involved, it can be considered that the extent of condensation does not evolve significantly.

Indeed, if we consider that each T 1 contributes 0.33 Si-O-Si groups to the Si-O-Si network; each T 2 contributes 0.67 and each T 3 contributes 1.0, then the extent of condensation in the materials before and after treatment is 0.94 and 0.87, respectively. The gels prepared from PAMAM G0 (SiOEt)3 and BTEB were analyzed in the same way. The According to the proportions mixed, a theoretical ratio of 17% of aliphatic silicon should be found. As seen in Table III-3, the fittings are consistent with the expected relative quantities of PAMAM/BTEB. Indeed, 20.7 % of aliphatic silicon are found before treatment and 18 % after treatment. In addition, as the quantity of Q n silicon is nearly constant, it appears that the DTT treatment does not enhance the Si-C cleavage. Here again, T 2 and T 3 species are predominant before and after degradation. Using the same hypothesis as previously mentioned regarding the contribution of each T n species to the Si-O-Si network, the extent of condensation before cleavage is 0.71, compared to 0.73 after cleavage. Hence, the extent of condensation can be assumed constant. The spectra were fitted (Figure III-73) using the procedure described above to monitor the evolution of the condensation before and after DTT treatment. The results of this fitting are gathered in Table III-4. Before DTT treatment, T 1 , T 2 and T 3 species were all identified, although the intensity of the T 1 signal was very weak. After DTT treatment no T 1 species could be found. A slight increase in the extent of condensation is thus observed. However, in both cases, T 3 species are predominant which confirm the high extent of condensation of the material. By applying the approach above, the extent of condensation is 0.89 before DTT treatment and 0.91 after DTT treatment. This observation is consistent with a constant extent of condensation before and after DTT treatment. Similarly, the 29 Si NMR spectra of the gels prepared from G3 PAMAM-derived dendrimer and BTEB are presented in Figure III-74. The spectra show the presence of at least three signals at -62.2, -70.6 and 78.9 ppm before DTT treatment and -61.6, -70.4 and -78.9 ppm after treatment. These values correspond to T 1 , T 2 and T 3 silicon species linked to aromatic groups.

 G3 gels

Since the BTEB precursor is present in high concentration, the predominance of these peaks is not surprising. Although no aliphatic T n species could be readily identified, those can be obscured by signals arising from the aromatic species. Furthermore, as no Q n species are observed, the material did not suffer silicon-carbon bond cleavage. III-5. In both cases, T n species linked to aliphatic and aromatic species could be identified. The proportion of aliphatic species found in the materials is 16 and 18 % before and after treatment, respectively, which is consistent with the proportion of dendrimer introduced with a ratio of six BTEB for one bistriethoxysilyl moiety of the dendrimer. In addition, it can be seen in Table III-5 that the proportion of the T n species does not vary significantly with the DTT treatment. Indeed, the extent of condensation is calculated at 0.81 before and 0.79 after treatment, indicating that it is not impacted significantly by the DTT treatment. For a clearer attribution of the bands, the following convention will be applied in the discussion below:

• ν : stretching

• δ : Scissoring

• ρ : Rocking

• τ :Twisting

• ω : wagging

i. Precursors study

A FTIR study have been undertaken in order to identify the dominant bands of relevance to our system. Since a key moiety formed during cleavage of the dendrimer is the -SH group, the spectrum of DTT was recorded to identify the position of the SH stretching mode, which was observed at 2567 cm -1 as a weak band. In addition, as some of the gels were prepared with BTEB, its FTIR spectrum was recorded ( 1734 cm -1 . In addition, the PAMAM G0 and G3 dendrimers also exhibit the expected amide vibrations around 1650 and 1530 cm -1 . In the case of the PAMAM G0 and G3 Si(OEt)3 dendrimers, the ethoxy vibrations are also visible around 1100 cm -1 . However, no signal related to the disulfide bond can be observed. 
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These analyses involving the model molecules enabled the bands of interest in the materials to be identified, together with the most appropriate spectroscopic method for their characterization. Particular attention will be paid to the following aspects and the corresponding bands:

• Loss of carbonyl and amides of the PAMAM core: decrease in intensity of the C=O stretching band (1730 cm -1 ), amide I (1650 cm -1 ), and amide II (1530 cm -1 ) via infrared spectroscopy.

• Decrease in the quantity of CH2 corresponding to the loss of the PAMAM core:

Symmetric and antisymmetric stretching modes of CH2 (2820 and 2940-2910 cm -1 ) via FTIR and Raman spectroscopy.

• The cleavage of the disulfide bond and release of the thiol function: decrease in the intensity of the disulfide S-S stretching mode (510 cm -1 ) and C-S stretching mode (642 cm -1 ) together with the appearance of the thiol S-H stretching mode (2570 cm -1 ) via Raman spectroscopy.

ii. G0 PAMAM gels

For materials prepared from G0 PAMAM-derived dendrimer, FTIR samples were prepared in KBr pellets with 1.2 mg of sample and 300 mg of KBr. The resulting pellets were dried at 65 °C for 24-72 hours to remove water absorbed in the KBr. Higher temperatures were not used, due to the potential risk of damaging the dendrimer skeleton.

 Pure PAMAM G0-derived gels

The material obtained by hydrolysis-condensation of the pure PAMAM-derived dendrimer before (in blue Unfortunately, the amide band could not be seen clearly in this case either, due to the residual water present in the material and the BTEB band. However, the reduced intensity of the ester mode clearly indicates that cleavage has occurred. The spectra in the region between 2400 and 3100 cm -1 were normalized against the C-H stretching mode at 3045 cm -1 . However, the S-H stretching band, ν(S-H) does not appear clearly. The CH3 stretching bands, νas(CH3) and νs(CH3), at 2972 and 2887 cm -1 , respectively, demonstrate the presence of ethoxy groups before and after treatment. This observation is concordant with the results previously obtained by FTIR and confirms the fact that no conclusion can be drawn concerning the loss of CH2 associated with the PAMAM core.

iii. G3 PAMAM gels

The gels prepared using pure G3 dendrimer, were also analyzed by FTIR. Here, the materials before and after DTT treatment were analyzed without KBr pellet preparation, using an ATR accessory.

 Pure PAMAM G3 gels

The FTIR spectra of gels prepared from pure dendrimer were normalized against the Si-O-Si modes. Indeed, as discussed in Part C.2.a.ii., the extent of condensation does not evolve significantly with DTT treatment (extent of condensation, 0.89 and 0.91 before and after DTT treatment, respectively). The previous analyses are all consistent with a loss of the inner part of the PAMAM-derived dendrimer. Indeed, the decrease in the intensity of the ester C=O stretching mode and of the amide modes is seen in all IR spectra. In the samples where hydrolysis was complete, the small decrease observed in the intensities of the CH2 bands in both the Raman and IR spectra is consistent with the removal of the dendrimer core. In addition, the decrease in the intensity of the disulfide stretching mode is also striking in all samples. To conclude, even though the thiol S-H band was observed only in a single case, the overall study leads to the conclusion that significant cleavage of the disulfide linkages has been successfully achieved.

In summary, both NMR and IR-Raman measurements are consistent with the partial cleavage of the disulfide bond and the loss of the inner part of the dendrimer on the materials.

Indeed, due to the low specific surface areas of the samples, N2 sorption data were difficult to obtain. No physisorption (and hence no isotherms) was observed for either samples. Similarly, no organization of the porosity could be detected by SAXS, which is consistent with the TEM observations. The lack of organization is not surprising, as there is no obvious driving force that might lead to large-scale dendrimer organization. Regardless, additional analyses are required to confirm these observations.

 PAMAM G0/BTEB gels

In the case of gels prepared from a mixture of BTEB and PAMAM G0 Si(OEt)3 dendrimer, a type IV isotherm, representative of a mesoporous material, was observed by N2 physisorption (Figure III-98). The curves, before and after DTT cleavage are characterized by a strong uptake at intermediate relative pressure, followed by plateaus. The small slope of the adsorption isotherms reveals inhomogeneities in the pore size distributions. A small increase in the quantity of micropores is observed at low relative pressure after DTT treatment. In addition, the saturation plateaus obtained increase from around 140 cm 3 /g before treatment to 370 cm 3 /g after treatment. These observations are consistent with more significant porosity after DTT treatment, mainly resulting from increased mesoporosity but with additional contributions from the generation of micropores. Indeed, the specific surface area increases from 361 to 817 m²/g.

It is also noteworthy that although the average pore size does not change significantly, the pore volume increases significantly after DTT treatment from 0.18 to 0.59 cm 3 /g (Table III-8). The TEM images of microtomed samples show porosity before and after treatment (Figure III-99). In the literature, gels obtained from BTEB typically exhibit mesoporosity. 90 In addition, BTEB gels synthesized in our laboratory under conditions similar to those used with the dendrimer also exhibited (unorganized) mesoporosity. Hence, the porosity observed before DTT cleavage (7-15 nm according to TEM) could arise from gelation of the BTEB precursor in THF. After DTT cleavage, a significant porosity is evident, with a relatively narrow pore size distribution around 10 nm. This value is slightly higher than the expected size of an isolated dendrimer (around 6 nm, according to Chem3D modelling studies). The data also indicate the absence of organization, which is confirmed by the SAXS measurements. In addition, owing to the lack of porosity within the materials, N2 physisorption measurements were unsuccessful, which is consistent with the observed TEM data. Similarly, no organized porosity was observed by SAXS.

 PAMAM G3/BTEB gels

As observed for the corresponding G0 system, materials prepared from PAMAM G3/BTEB via sol-gel processing exhibit significant porosity. The N2 physisorption data display type IV isotherms, characteristic of mesoporosity (Figure III-101). A similar behavior to the G0 system is observed, with slow uptake occurring at medium relative pressures, consistent with a broad pore size distribution. The G0/BTEB and G3/BTEB systems exhibit similar BJH pore size distributions before DTT treatment, suggesting that the porosity, in both cases is mainly influenced by the gel domains arising from BTEB hydrolysis/condensation. As shown in Table III- Microporosity contributes significantly to the measured specific surface area of 846 m²/g. On the contrary, after DTT cleavage, the inner part of the dendrimer containing the voids leading to micropores is removed, with associated generation of mesopores. The physisorption isotherm is then characterized by a lesser uptake at low relative pressure (decrease of the microporosity) followed by a more significant uptake at intermediate relative pressure (increase of the mesoporosity). The hysteresis loop is also more pronounced. As similar specific surface areas (793 m²/g after DTT treatment) are observed, it is evident that the loss of surface area arising from the micropores and the increase in surface area associated with the generation of mesopores are comparable.

Gel PAMAM G3 Si(OEt) microporosity is observed at low relative pressure after DTT treatment. Moreover, a significant increase in the position of the saturation plateau is evident. Indeed, the plateau increases from 400 cm 3 /g to 550 cm 3 /g after DTT treatment. A significant increase in the specific surface area from 929 m²/g to 1268 m²/g is also observed. The material obtained is consequently highly porous but not organized. We conclude that the treatment with DTT enhanced the porosity of the solid by generating mesopores via cleavage of the inner part of the dendrimer.

The high porosity of the solid and the absence of organization is supported by the TEM images Nevertheless, a specific surface area of 579 m²/g is obtained. These observations were confirmed by SAXS data, where no periodicity was evident. do not exhibit the expected C=O stretching band around 1700-1730 cm -1 , as previously observed with a dilution rate of 1/48. As the system has been diluted two-fold in BTEB, it is concluded that the modes arising from the dendrimer might be too weak to be visible in the FTIR spectrum.

In summary, the previous analyses confirm that the dendrimer was cleaved at the ester function during the PMO synthesis under these conditions. In addition, no structural ordering was observed, even at high BTEB/dendrimer ratios. Other conditions were thus tested to address the issues highlighted here.

b. PMOs obtained using acidic catalysis and block copolymer SDA

Although the acidic conditions used for the PMO synthesis can possibly cleave the ester of the PAMAM G0 Si(OEt)3, an experiment involving the synthesis of PMO in the presence of hydrochloric acid was performed. This approach seeks to take advantage of the use of a neutral block copolymer, which is expected to interfere with the PAMAM amine and amide functions to a lesser extent. In addition, block copolymer micelles are neutral and generally larger than those obtained with cationic surfactants such as CTAB. The micelle should thus be less As expected, given the low concentration of dendrimer used, no features associated with the dendrimer could be observed by either solid state NMR or FTIR spectroscopy. The reaction solvent was recovered and evaporated to identify the presence of cleaved fragment of dendrimer. However, only small quantities of residues were collected, and the characteristic functional groups of the residue could not be identified.

In order to clearly identify the characteristic functional groups, the same experiment will be repeated at a ratio 1/48 of dendrimer/BTEB in future experiments. Indeed, at that concentration, the vibrational spectrum of the material can be probed. In addition, pressure experiments can be carried out on the current sample to determine whether the dendrimer is sufficiently stable to act as a template. Indeed, the first porosity would result in a first rupture point and the porosity arising from the dendrimer would also result in a second rupture point on the elasticity curve.

c. PMO using neutral catalysis and block copolymer as SDA

To avoid the cleavage of the dendrimer at the ester function under acidic or basic conditions, the PMO was also synthesized via neutral catalysis with sodium tetrafluoroborate (NaBF4).

P123 was used to avoid the interactions with the dendrimer, as described above. Here, an aqueous solution of P123 and NaBF4 was prepared prior to dropwise addition of the triethoxysilane precursor mixture. A Si/H2O/P123/NaBF4 ratio of 1/1600/0.14/0.54 was used.

The approach was inspired by the procedures described by Inagaki 188 and Aida. 228 The material was finally characterized as synthesized (step 1 in The absence of organization in the materials obtained could be explained by major changes in the composition of the surfactant solution. Indeed, P123 is known to form 2D-hexagonal mesophases in water under the acidic conditions described by Inagaki. 188 However, the acidic catalyst was replaced by a neutral fluoride catalyst in the present case. As the mesophase formation is a very sensitive process, the change of catalyst and consequently of pH might conceivably explain the absence of organization.

Although acidic synthesis conditions seem to be the most promising at present, the template effect of the dendrimer remains to be investigated. However, nucleophile catalysis is still an interesting option, provided appropriate conditions for forming a stable SDA mesophase can be identified.

role of the dendrimer as template before cleavage of the ester bond. DTT cleavage of the disulfide must also be investigated.

If future characterization data obtained from the PMO prepared under acidic conditions reveal that the latter was cleaved at the ester bond before acting as a template, other experiments must be performed using less acidic or even neutral conditions. As few examples of PMOs formed in neutral conditions have been described to date, identifying conditions suitable for obtaining SDA mesophases under such conditions might be challenging.

In general, the materials obtained by cleavage of the disulfide bond and release of the thiol moieties can conceivably be applied in a wide range of application fields, as described at the beginning of this Chapter. Nevertheless, environment remediation by water purification and Au I or Au 0 catalysis are currently planned. Catalysis properties could be enhanced by the proximity effect generated in the confined pore obtained by dendrimer cleavage. Diffusion effects may also play an important role especially in the case of PMOs.

Part D: Conclusion

In this chapter, we first demonstrated the possibility of creating a bimodal mesoporosity using a single organosilane precursor and a single SDA. The new procedure described takes advantage of the differing affinities of hydrolyzed and unhydrolyzed BTEB for the different regions within the SDA micelles, thus influencing the precursor partitioning. Careful control of the hydrolysis rate and proportion of SDA led to tunable mesoporosity.

In a second part of this chapter, the synthesis of a new type of PAMAM-derived dendrimer bearing both hydrolysable and cleavable functions, was described. The post-synthesis cleavage of the inner part of the dendrimer is ensured by a disulfide moiety located on the periphery of the dendrimer, which leads to the formation of thiol functions localized in the pores. Initially performed with G0dendrimer, the procedure can be extended to higher generations (e.g. G3 dendrimer). Gels containing these cleavable dendrimers were successfully prepared and the cleavage of the inner part of the dendrimer was demonstrated by infrared and Raman spectroscopy. The creation of thiol pendant function which are localized in the pore was confirmed by Raman spectroscopy on PAMAM G3 gels.

In addition, initial attempts to produce PMOs with dendrimer embedded within the wall were also undertaken. It is anticipated that cleavage of the dendrimer would release thiol functions in confined space within the wall. At this stage, only the synthesis of PMOs under acidic conditions led to organized porosity. However, due to the possibility of cleavage of the dendrimer at the ester function under these conditions, the structuration resulting from the dendrimer templating effect must be verified. The cleavage of the disulfide bond to release the thiol moieties also remains to be studied.

In summary, different approaches to synthesize monomodal or dual porosity in organosilica network have been described. Among these methods, one approach also enables localized functional groups to be generated. The materials obtained exhibit significant potential for several applications in diverse areas including chromatography, environment remediation, catalysis, etc.

minutes later, the remaining surfactant solution was quickly added. After 1 h of reaction, the reacting mixture was heated up to 35 °C for 24 h and then to 100 °C for an additional 24 h. The white solid obtained was recovered by centrifugation, washed with water until the pH of the supernatant reached 6. 29 Si NMR (300MHz, CP-MAS, ppm): -62.7 (T 1 ), -71.5 (T 2 ), -79.5 (T 3 ).

IR (cm -1 ): 1039 (ν(Si O Si)), 914 (δ(Csp 2 -H))

Synthesis of hydroxyethyl-(propargyloxyethyl)disulfide 201

In a flame dried round bottom flask, propargyl bromide (114 mmol, 12.5 g, 0.5 eq), bis(2-hydroxyethyl)disulfide at 90 % (227 mmol, 37.6 g, 1 eq) and dry THF (350 mL) were mixed under an inert atmosphere. The solution was placed in an ice bath at 0 °C. Sodium hydride powder (170 mmol, 4.8 g, 0.75 eq) was then added in three aliquots over 3 h at 0 °C.

After overnight reaction at room temperature, the reaction was quenched by the dropwise addition of water. The salts were removed by filtration over celite and the solvent was evaporated. Finally, the crude reaction product was purified by successive silica column chromatography, initially with a gradient mixture of DCM/ethyl acetate as eluent, followed by more meticulous purification with cyclohexane/ethyl acetate.

Formula: C7H12O2S2

Molecular weight: 192.03 g/mol Yield: 18% (3.82g, 19.9 mmol) Appearance: yellowish oil 

Thiophosphohydrazone dendrimer triethoxysilane G0

The reaction was carried out with G0 thiophosphohydrazone dendrimer (C≡CH) 12 (40.4 mg, 12.6 µmol) in THF (0.6 ml), bis-(triethoxysilylpropyl)amine azidoethane (75.0 mg, 151.5 µmol) in THF (0.6 mL) and a solution of diisopropylethylamine (55 µl, 303 µmol) and CuI (1.9 mg, 7.6 µmol) in THF (0.6 mL).

Formula: C396H684N63O102P9S6Si24

Molecular weight: 9105.33 g/mol Yield: quantitative (115 mg, 12.6 mmol) Appearance: brown pasty solid 13 C NMR (100 MHz, CDCl3, δ, ppm): 155.85, 151.33, 144.48 (triazole), 143.54, 138.96, 132.28, 128.38 (triazole), 123.62, 122.40, 121.46, 115.45, 62.45, 58.42 (ethoxy), 57.07, 54.26, 49.04, 33.04 (Me), 20.42, 12.40 (ethoxy) 

PAMAM S-S triethoxysilane G0

The reaction was performed with G0 PAMAM S-S (C≡CH)16 (62.1 µmol, 150 mg) in THF (3.3 mL), bis-(triethoxysilylpropyl)amine azidoethane (496 µmol, 241 mg) in THF (3.3 mL) and a solution of CuI (24.8 µmol, 4.9 mg) and distilled diisopropylethylamine (992 µmol, 170 µL) in methanol (3.3 mL). Due to the larger quantities used, the microwave irradiation time was increased to 20 min.

Synthesis of PAMAM G3/BTEB gel and DTT treatment

Synthesis of the gel

In a flame dried Schlenk flask, the solution of G3 PAMAM Si(OEt)3 (3.1 µmol, 168 mg, 1 eq) was mixed with BTEB (1.2 mmol, 480 µL, 48 eq). The mixture was evaporated to obtain a PAMAM G3 Si(OEt)3 solution in BTEB. The resulting mixture was dissolved in dry THF

(1.8 mL) under nitrogen. Water (2.7 mmol, 50 µL, 1 eq/Si) was added followed by TBAF (1 M in THF) (55 µmol TBAF, 55 µL solution, 0.08 eq/Si). The mixture gelled within a few minutes.

The material was then aged for 3 days. After aging, the light green solid was crushed. One third was washed three times with water then washed three times with acetone and dried under vacuum overnight to obtain a light green powder. The remaining wet power was used for DTT cleavage. 

DTT cleavage

Two third of the wet solid obtained was suspended in water (10 mL). In order to outgas the solvent, five freeze/pump/thaw cycles were performed. An excess of DTT (396 µmol, 61.0 mg, 1 eq/max quantity of S-S) was then added under an inert atmosphere. The reaction was stirred at room temperature for 3 days. After cleavage, the solid was washed three times with water, three times with acetone and dried under vacuum overnight.

pH, with ethanol twice and with acetone once. The powder was finally dried under vacuum overnight.

This manuscript focused on different approaches for constructing organized functional silsesquioxanes, including (a) oligomeric silsesquioxanes with structure defined at the molecular scale; and (b) templated organosilicas organized at the mesoscale via a structure directing agent. All silsesquioxane precursors were designed to be functional or functionalizable. The main achievements and perspectives will be summarized hereafter.

In the first chapter of this manuscript, the preparation of new bi-functional Janus-type T4 tetrapods with naphthyl luminescent moieties and thiol functions for metal nanoparticle modification was discussed. The Janus-type T4 structures were synthesized from T4

tetrasilanolates. Since preliminary attempts to modify the silanolate function by hydrolysis, reduction or fluorination were unsuccessful, the T4 cycle was grafted by condensation of a chlorosilane. Furthermore, due to the limited range of commercially available chlorosilanes, naphthyl-based ethoxy-and chloro-silanes were synthesized. The chlorosilane was condensed on the vinyl T4 tetrasilanolates to generate a Janus-type T4 silsesquioxane structure. The functionalization of the organic face of the T4 cycle by a thiol-ene reaction and subsequent reduction of the thioacetate enabled a bi-functional platform to be obtained. Owing to the two targeted functions on the tetrapod, i.e. a naphthyl luminescent group and a thiol for coordinating metal nanoparticles, the Janus-type T4 silsesquioxane can be expected to find applications in sensing, imaging, etc. In addition, due to the capacity of the naphthyl group to organize by π-π interactions, self-assembled network can also be considered. New types of Janus-type tetrapods, including those based on the styryl T4 tetrasilanolate, can also be prepared to study the influence of the proximity of the aromatic part of the molecule to the T4 cycle on the properties of this interesting system.

In the second chapter, a new family of cage silsesquioxanes obtained by direct synthesis from styryl trimethoxysilane with tetrabutylammonium fluoride as a catalyst was described. T8, T10

and T12 cage silsesquioxanes with styryl groups linked to the cage via the phenylene moiety were isolated and characterized. The former two crystallized readily and their structures were confirmed by single crystal X-ray diffraction. Furthermore, a T18 cage silsesquioxane was isolated for the first time. Careful interpretation of the corresponding NMR spectra enabled the particular T18 isomer obtained to be identified among the nine possible T18 cage isomers in this system.

In addition, a T8 compound with fluoride encapsulated within the cage was identified and characterized, (IR, NMR, MS, X-ray diffraction). 29 Si NMR studies contributed to a better understanding of the interactions between the silicon atoms and fluoride anion and revealed a fluxional covalent interaction between them, observed through a coupling constant JSi-F of In the final chapter, another type of silsesquioxane network organized by the use of templates was studied. A new PMO exhibiting two distinct hexagonal mesopore networks was prepared using a single bridged silylated precursor and a single structure directing agent. The co-existence of the two porosities, which is a more complex system than a simple mixture of two PMOs, relies on the migration of the silylated precursor into different domains of the surfactant micelle, depending on its extent of hydrolysis.

Furthermore, the use of dendrimers as alternative structure directing agents was explored to create functional mesopores within an organosilica matrix. New G0 and G3 PAMAM-based dendrimers bearing triethoxysilylated functions on their periphery and internal cleavable disulfide moieties were synthesized and used to prepare organosilicas via sol-gel processing.

The controlled cleavage of the dendrimer enabled mesopores to be generated and functional thiol groups to be localized on the surface of the pores. The cleavage of the disulfide bond was confirmed by solid state NMR and infrared/Raman spectroscopy. In addition, the recovery and reuse of the dendrimer can be considered but is yet to be demonstrated. Preliminary attempts to create PMOs with bimodal porosities, with the first resulting from surfactant extraction and the second from the cleavage of dendrimers within the PMO's walls, were undertaken. Although one of the conditions tested gave rise to an organized network, complementary analyses must be performed to confirm the templating role of the dendrimer. Hence, the PAMAM-derived diisopropylethylamine (DIPEA) at 40 °C for 24 hours. As the dendrimer is sensitive to basic medium, an adapted protocol was attempted using microwave heating. 3 The reaction was thus carried out at 60 °C for 10 min with CuI (5 mol%), and DIPEA (2 equivalents). A stoichiometric quantity of the azide 2 was introduced to avoid an excess of reactants and the necessity for a purification step. Indeed, the resulting product being highly hydrolysable, purification must be avoided. réaction d'hydrothiolation (thiol-ène) suivie de la réduction du thioacétate introduit, permet d'obtenir un T4 silsesquioxane Janus bifonctionnel (Figure 1). En effet, les fonctions thiol apportent la possibilité de modifier la surface des nanoparticules métalliques alors que la face naphtyle, groupe polyaromatique, apporte des propriétés de luminescence. Il est important de noter que la synthèse étape par étape du tétrapode garantit un parfait contrôle de la structure de ce T4 Janus bifonctionnel. (autour de 250 Hz). 12 Des analyses complémentaires sont actuellement en cours de réalisation afin de mieux comprendre ce système. 

3 .

 3 Synthesis of tailor-made chlorosilanes a. Synthesis of naphthyldimethylchlorosilane from ViMe2SiCl or HMe2SiCl b. Synthesis of naphthyldimethylethoxysilane from ViMe2SiOEt or HMe2SiOEt 1 3
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 2 Figure 2: T8, T10 and T12 cage silsesquioxanes
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 3 Figure 3:T8-F cage silsesquioxane
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 4 Figure 4: Development of bimodal porosity using SDA and dendrimer degradation
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Figure I- 2 :

 2 Figure I-2: General reaction for silsesquioxane synthesis

Figure I- 3 :

 3 Figure I-3: Different structures of oligomeric silsesquioxanes

Figure I- 5 )

 5 Figure I-5). They then demonstrated the possibility of producing completely condensed structures from silanol-containing oligomers by the corner capping reaction of the Cy7T7(OH)3 with a trichlorosilane. This reaction results in a new type of fully condensed T8R7R' polyhedral silsesquioxane (2 in Figure I-5) bearing two different organic moieties. The development of high-yielding syntheses of T7 trisilanol 10 and the variety of chlorosilanes available opened the way to the production of an extensive range of T8R7R'polyhedral silsesquioxanes 11 with tunable R' function.

Figure I- 5 :

 5 Figure I-5: Partially condensed POSS and the resulting structure obtained by corner-capping

Figure I- 6 )

 6 can be used for the synthesis of double decker structures (4 in Figure I-6) and tetra-functional double decker silsesquioxanes (5 in Figure I-6).

Figure I- 6 :

 6 Figure I-6: Double decker tetrasilanol and the resulting structures formed following reaction with chlorosilanes

Figure I- 8 :

 8 Figure I-8: Ladder type silsesquioxanes synthesized from T4 silanol

Figure I- 9 :

 9 Figure I-9 : Synthetic route developed by Kuroda's group for the synthesis of gecko-type silsesquioxanes 36

  Figure I-11) was synthesized and used in a condensation reaction with another T4 silanolate (cyclic silanolate in Figure I-11) to obtain the Janus T8 cage.

Figure I- 10 :

 10 Figure I-10: Synthetic route developed by Laine's group for the synthesis of Janus T8 cage silsesquioxanes 38

Figure I- 11 :

 11 Figure I-11: Synthetic route developed by Unno's group for the synthesis of Janus T8 cage silsesquioxanes 39

Figure I- 13 :

 13 Figure I-13 : Conventional synthesis of T4 silanol

Figure I- 14 :

 14 Figure I-14 : Synthesis of a T4 silanol though the hydrolysis of a hydridosilane

Figure I- 16 :

 16 Figure I-16 : T4 silsesquioxane isomers

  Figure I-17) while the all cis-tetrasilanol, all trans-tetrasilanol and cis,trans,cis-tetrasilanol each given rise to a single signal (respectively, b, e and d in Figure I-17). As the chemical

Figure I- 18 :

 18 Figure I-18: Reaction conditions leading to trisilanols and tetrasilanols

Figure I- 19 )

 19 Figure I-19)where the terminal silanols are distant, and hence unable to facilitate the

Figure I- 19 :

 19 Figure I-19: Cyclization of linear tetrasiloxane to form the T4 silanols 66

Figure I- 20 :

 20 Figure I-20: Plausible cyclization mechanism for the formation of all-cis, cis,cis,trans and cis,trans,cis T4

  in Figure I-16) and the cis,trans,cis isomer (8 in Figure I-16) were preferentially isolated. Based on this observation, they suggested that Si-O-Si bond cleavage occurred during the reaction, followed by the formation of a dimer and further rearrangement (Figure I-21).

Figure I- 21 :

 21 Figure I-21 : Formation of all-cis and cis,trans,cis tetrasilanol from all-cis tetrasilanolate 67

  no mixed T4 silsesquioxane obtained by recombination is seen (Figure I-22). Based on these observations, Unno suggested a mechanism involving a hypervalent silicon intermediate, consistent with that proposed by Shimada's group 66 (Figure I-23).

Figure I- 22 :

 22 Figure I-22: Stereoisomerization of all-cis-[PhSi(OH)O]4 and all-cis-[iBuSi(OH)O]4 and the corresponding mixture 71

Figure I- 23 :

 23 Figure I-23: Proposed mechanism of stereoisomerization of T4 silanol through a hypervalent intermediate 71

  ). It was demonstrated that the more stable form is not the all-cis T4 (6in Figure I-16), which is the main isomer obtained by direct synthesis, but instead the cis,cis,trans T4 (7 in Figure I-16). The reaction mixture is thus not reaching thermodynamic equilibrium.

  Figure I-24: Condensation reaction of T4 silanol with a chlorosilane 58

  one isomer was obtained (Figure I-25). Relying on Feher's works, the high stability of the T4 fluorosilane under ambient conditions was also highlighted. Nonetheless, the T4 fluorosilane suffers from isomerization in the presence of water.

Figure I- 25 :

 25 Figure I-25 : Fluorination of T4 silanols with BF3.Et2O 77

Figure I- 26 :

 26 Figure I-26: Reactivity of the fluorosilanes

Figure I- 27 :

 27 Figure I-27 : Synthetic routes for the reduction of a silanol to a hydrido-silane

Figure I- 28 :

 28 Figure I-28 : Possible functionalization of hydrido-silane

Figure

  Figure I-29: T7(O -)3 silanolate functionalization by nucleophilic substitution 95

  ). However, the post-functionalization can be realized either on the Si-O-SiMe2 face, mainly by hydrosilylation reaction (Entry 1-6 in TableI-4 and Figure I-31), or on the Si-C face via a wide range of possible reactions including Suzuki, Sonogashira, Heck coupling reactions or by nucleophilic substitution (Entry 7-9 in Table I-4 and Figure I-31). The variety of reaction conditions used for the post-functionalization highlights the improved stability of the tetrapod silsesquioxane compared to the T4 silanol. This stability transforms the Janus tetrapod into a tunable molecule for diverse applications. As shown in TableI-4, it has already been used for a significant range of application, including self-organizing systems; chromophores and photoexcitation; water-repelling coatings; etc.

Figure I- 33 :

 33 Figure I-33: Convention for specifying the functionalization of T4 cyclosiloxanes

Figure I- 34 :

 34 Figure I-34 : Synthesis of styryl T4 tetrasilanolate and tetrasilanol

Figure I- 35 :

 35 Figure I-35: Synthesis of styryl T4 tetrasilanolate

Figure I-36: 1 H

 1 Figure I-36: 1 H NMR spectrum of the styryl T4 tetrasilanolate: a) crude product; b) after pentane washing (CD3OD) The 1 H NMR spectrum of the washed product exhibited sharp signals corresponding to the expected styryl chemical shifts at 7.65 and 7.36 ppm for the aromatic ring, and 6.71, 5.77 and 5.19 ppm for the vinylic protons (b in Figure I-36). These results are consistent with those reported in the literature. 47

29

  Figure I-38: IR spectrum of the styryl T4 tetrasilanolate

Figure I- 39 :

 39 Figure I-39: Hydrolysis of styryl T4 tetrasilanolate to styryl T4 tetrasilanol

Figure

  Figure I-40 : 29 Si NMR spectrum (Acetone D6) of the styryl T4 tetrasilanol obtained using the first conditions tested with acetic acid

Figure I- 41 :

 41 Figure I-41: Acids tested for the hydrolysis of the T4 silanolate

Figure I- 42

 42 Figure I-42 : 29 Si NMR spectrum (Acetone-D6) of the styryl T4 tetrasilanol obtained under optimized conditions (Entry 8 in TableI-5) 

Figure I- 43 :

 43 Figure I-43: Synthesis of thiopropyl T4 tetrasilanolate

Figure

  FigureI-44 : 29 Si NMR spectrum of the thiopropyl T4 tetrasilanolate (CD3OD)

  Figure I-46).

Figure I- 46 :

 46 Figure I-46 : Nucleophilic substitution on vinyl T4 tetrasilanolate

Figure

  Figure I-49: 19 F NMR spectrum of the fluorination reaction product obtained with the vinyl T4 tetrasilanolate (CDCl3)

Figure I- 50

 50 Figure I-50: 29 Si NMR spectrum of the fluorination reaction product obtained with the vinyl T4 tetrasilanolate (CDCl3)

Figure I- 51 :

 51 Figure I-51: Condensation reaction of dimethylchlorosilane on vinyl T4 tetrasilanolate

Figure I- 53 :

 53 Figure I-53: Heck coupling of bromonaphthalene on the dimethylvinylchlorosilane

Figure I- 54 :

 54 Figure I-54: Hydrosilylation reaction of 2-vinylnaphthalene on dimethylchlorosilane

Figure

  Figure I-56 : 1 H NMR spectrum of the purified dimethyl((naphthyl)vinyl)ethoxysilane (CDCl3),

Figure I- 57 :

 57 Figure I-57: Hydrosilylation reaction of 2-vinylnaphthalene on dimethylethoxysilane

Figure I-58 : 1 H

 1 Figure I-58 : 1 H NMR spectrum of the purified dimethyl((naphthyl)ethyl)ethoxysilane (CDCl3)

  Acetyl chloride was used as a chlorinating agent, following the literature 121 (Figure I-60). The reaction was conducted with neat reagents under reflux for 16 hours. The excess of acetyl chloride was then evaporated and the product was kept under inert conditions during the reaction and subsequent work up.

Figure I- 60 :

 60 Figure I-60 : Chlorination of the dimethyl((naphthyl)ethyl)ethoxysilane

Figure

  Figure I-61 : 1 H NMR spectrum of the dimethyl((naphthyl)ethyl)chlorosilane (CDCl3)

Figure I- 62

 62 Figure I-62: 29 Si NMR spectrum of the synthesized dimethyl((naphthyl)ethyl)chlorosilane (CDCl3)

  be functionalized on the Si-C face, as shown by the proposed synthetic pathway in Figure I-63. Following the condensation step to graft the naphthyl group on the structure, a thiol-ene reaction with thioacetic acid would introduce the protected thiol moiety. The deprotection of the latter would release the thiol function for subsequent use to modify the metal nanoparticle surface.

Figure I- 63 :

 63 Figure I-63: Synthetic pathway to the bifunctional Janus T4 tetrapod

Figure I-64: 1 H

 1 Figure I-64: 1 H NMR spectrum of naphthyl vinyl T4 silsesquioxane (CDCl3)

Figure I- 65

 65 Figure I-65: 29 Si NMR spectrum of naphthyl vinyl T4 silsesquioxane (CDCl3)

  Figure I-66: IR spectrum of naphthyl vinyl T4 silsesquioxane

Figure I- 67 :

 67 Figure I-67: Thiol-ene reaction on the naphthyl vinyl T4 silsesquioxane

Figure I-68: 1 H

 1 Figure I-68: 1 H NMR spectrum of naphthyl thioacetate T4 silsesquioxane (CDCl3)

Figure

  Figure I-69: 29 Si NMR spectrum of naphthyl thioacetate T4 silsesquioxane (CDCl3)

  Figure I-70 : FTIR spectrum of naphthyl thioacetate T4 silsesquioxane

Figure I- 71 :

 71 Figure I-71 : Deprotection of the naphthyl thioacetate T4 silsesquioxane to form the naphthyl thiol T4 silsesquioxane

Figure

  Figure I-72 : 1 H NMR spectrum of naphthyl thiol T4 silsesquioxane (CDCl3)

Figure

  Figure I-73 : 29 Si NMR spectrum of naphthyl thiol T4 silsesquioxane (CDCl3)

Figure

  Figure I-75.

Figure I- 75 :

 75 Figure I-75: Naphthyl thiol T4 silsesquioxane tetrapod

1 H

 1 NMR (400 MHz, CDCl3, δ, ppm): 7.74 (m, 1H, Hnapht), 7.67 (m, 2H, Hnapht), 7.54 (s, 1H, Hnapht), 7.38 (m, 2H, Hnapht), 7.25 (dd, 1H, J1= 8.5 Hz , J2= 1.5 Hz, Hnapht), 5.93 (m, 3H, Hvinyl), 2.80 (t, 2H, J=8.5 Hz, Napht-CH2-CH2-Si), 1.03 (t, 2H, J=8.5 Hz, Napht-CH2cm -1 ) : 3056 (Cnapht-H), 1600 (Cnapht-Cnapht), 1043 (Si-O-Si), 841(Si-Me) HRESI-MS (M + H): obtained 1201.41 m/z expected 1201.41

1 H

 1 NMR (400 MHz, CDCl3, δ, ppm): 7.70 (m, 3H, Hnapht), 7.55 (s, 1H, Hnapht), 7.39 (m, 2H, Hnapht), 7.25 (dd, 1H, J1= 8.5 Hz , J2= 1.5 Hz, Hnapht), 2.96 (t, 2H, J=8.5 Hz, S-CH2-CH2-Si) , 2.79 (t, 2H, J=8.5 Hz, Napht-CH2-CH2-Si), 2.29 (s, 3H, S-(C=O)-CH3), 1.04 (m, 4H, J=8.5 Hz, Napht-CH2-CH2-Si & S-CH2-CH2-Si)), 0.20 (s, 6H, SiMe2) 13 C NMR (100 MHz, CDCl3, δ, ppm): 195.66 (S-(C=O)), 142.16(Napht), 133.68 (Napht), 131.94 (Napht), 127.88 (Napht), 127.62 (Napht), 127.47 (Napht), 127.03 (Napht), 125.82 (Napht), 125.48 (Napht), 125.00 (Napht), 30.69 (S-(C=O)-CH3), 29.43 (Napht-CH2-CH2-Si), 24.37 (CH2-S-(C=O)), 19.77 (Napht-CH2-CH2-Si), 15.34 (Si-CH2-CH2-S), 0.33 (SiMe2) 29 Si NMR (80 MHz, CDCl3, δ, ppm): -71.58 (T4 cycle), 10.53 (SiMe2) IR (ν, cm -1 ) : 3055 (Cnapht-H), 1687 (C=O), 1600 (Cnapht-Cnapht), 1053 (Si-O-Si), 842 (Si-Me), 624 ((C=O)-S) HRESI-MS (M + Na): obtained 1527.42 m/z, expected 1527.38 m/z

1 H

 1 NMR (400 MHz, CDCl3, δ, ppm): 7.71 (m, 3H, Hnapht),7.54 (s, 1H, Hnapht),7.39 (m, 2H, Hnapht),7.25 (m, 1H, Hnapht), 2.76 (t, 2H, J=8.5 Hz, Napht-CH2-CH2-Si), 2.62 (m, 2H, S-CH2-CH2-Si), 1.59 (t, 1H, SH), 1.03 (m, 4H, J=8.5 Hz, Napht-CH2-CH2-Si & S-CH2-CH2-Si)), 0.17 (s, 6H, SiMe2) 13 C NMR (100 MHz, CDCl3, δ, ppm): 141.99 (Napht), 133.67 (Napht), 131.96 (Napht), 127.97 (Napht), 127.65 (Napht), 127.45 (Napht), 126.93 (Napht), 125.94 (Napht), 125.47 (Napht), 125.11 (Napht), 29.79 (CH2-SH), 29.44 (Napht-CH2-CH2-Si), 20.39 (Si-CH2-CH2-S), 19.80 (Napht-CH2-CH2-Si), 0.36 (SiMe2) 29 Si NMR (80 MHz, CDCl3, δ, ppm): -71.90 (T4 cycle), 10.44 (SiMe2) IR (ν, cm -1 ) : 3051 (Cnapht-H), 2570 (SH), 1600 (Cnapht-Cnapht), 1047 (Si-O-Si), 842 (Si-Me) HRESI-MS (M + NH4): obtained 1354.38 m/z, expected 1354.39 m/z In the first chapter of this manuscript, we discussed the synthesis of one type of oligomeric silsesquioxane based on the T4 tetrasilanolate. Here we will present the synthesis of a different group of oligomeric silsesquioxanes: the cage silsesquioxanes. Although it has been mentioned that cage silsesquioxanes can be synthesized by condensation of T4 tetrasilanols with other chlorosilanes or silanols (Chapter I, Part A. 2.c.), this chapter will present the direct synthesis of a new family of cage silsesquioxanes from a trialkoxysilane precursor.

Figure II- 1 :

 1 Figure II-1: Structure of T8, T10 and T12 cage silsesquioxanes

  concerning the hydrolysis of RSiX3 compounds (X= Cl, OMe, OEt) emerged. The latter described the synthesis of cage silsesquioxanes with structures that were not always well-understood. In 1980, an X-ray diffraction study of the phenyl-T12 structure demonstrated that the molecule was composed of four 5-silicon-atom and four 4-silicon-atom rings. The structure of the cages was thus not necessarily prismatic. In addition, there are two possible isomeric structures that can be envisaged for T12. T8, T10 and T12 cage silsesquioxanes, shown in Figure II-1, are thus the core of the cage silsesquioxane family.

Figure II- 2 :

 2 Figure II-2: Flowchart showing steps involved in the separation of mixtures of Tn cage silsesquioxanes 6

  ). Cages up to T20 could be identified by mass spectrometry. In this paper, Agaskar also mentioned the possibility of obtaining different Tn isomers with the same stoichiometry. Although this idea arose earlier for the T12 structure, Agaskar proposed the structure of the isomers up to T18. He assumed that the cycle size could vary from 4-silicon-atom rings to 6-silicon-atom rings, which are the most stable cycles. Consequently, as mentioned above, it appeared that T12 could lead to two isomers, T14 to four isomers, T16 to seven isomers and T18 to nine isomers. The possible T18 isomers are presented in FigureII-3, where the 4-silicon-atom rings are represented in blue, the 5-siliconatom rings in purple and the 6-silicon-atom rings in red.

Figure II- 3 :

 3 Figure II-3: Possible isomers of T18. Straight lines represent the Si-O-Si bond,while the notation a b refers to the number "b" of rings containing "a" silicon atoms (4<a<6)6 

Figure II- 4 .

 4 Figure II-4. Typically, trialkoxysilanes or trihalogenosilanes are mixed with a solvent, then water in stoichiometric quantities and a catalyst are added to hydrolyze the silane. The Si-X groups (X = OR, Cl) are thus transformed into more reactive silanol (Si-OH) species, with the release of the corresponding alcohol or hydrogen halide. The second step involves the formation of oligomers by condensation. The Si-OH moieties react with other Si-OH or Si-X to form Si-O-Si bridges and release water molecules or X-H.

  Basic catalysis (Figure II-5): Under basic conditions using NaOH, ammonia, triethylamine, etc., the hydrolysis step starts with the addition of the hydroxide on the silicon, leading to a pentavalent intermediate. The silanol is formed after elimination of an alkoxy leaving group. During the condensation step, the hydroxide anion deprotonates a first silanol, and the attack of the resulting silanolate on another silicon results in the formation of a pentavalent intermediate. The siloxane is then recovered after water elimination. • Nucleophilic catalysis (Figure II-5): This option presents the advantage of working under neutral condition, due to the use of fluoride-ion salts such as NBu4F. In the case of fluoride-catalyzed hydrolysis, the successive addition of fluoride anion and water lead to pentavalent and hexavalent intermediates. After release of an alcohol and of the fluoride catalyst, the silanol is obtained. The fluoride also catalyzes the condensation by a similar process involving a hexavalent intermediate.

Figure II- 5 :

 5 Figure II-5: Catalysis mechanisms for hydrolysis and condensation reactions

Figure II- 6 :

 6 FigureII-6: Synthesis of styrenyl-substituted cages by cross-metathesis (for clarity, only the T8 cage is shown)

Figure II- 7 :

 7 Figure II-7: X-ray crystal structure of octaphenyl T8-F (grey= carbon, purple = silicon, red = oxygen, blue = nitrogen, fluorine =yellow) 46

Figure II- 9 :

 9 FigureII-9: Synthesis of styrenyl-derived T8-F cage with the organic linked to the cage by the vinyl moiety.50 

Figure II- 10 :

 10 Figure II-10: Traditional synthetic route to T8-F (a) and alternative route via fluoride insertion (b) 36

Figure II- 11 :

 11 Figure II-11: Synthesis of mixed T8-F by fluoride-catalyzed rearrangement 53

  Bassindale's group attempted to extend the encapsulation to other anions, including chloride, bromide, iodide and hydroxide, via the use of the corresponding tetrabutylammonium salt (Figure II-12). Nevertheless, no reaction occurred except in the case of tetrabutylammonium hydroxide, where a T 3 signal could be observed in 29 Si NMR together with other signals.

Figure II- 12 :

 12 Figure II-12: Attempted synthesis of cage silsesquioxanes with other encapsulated anions 50

Figure II- 13 :

 13 Figure II-13: Relative total energy of the fluoride anion -T8 cage couple and T8-F cage compared to the lone T8 cage, obtained by computational study 54

Figure II- 14 :

 14 Figure II-14: Approach for extracting of the fluoride ion from the T8 cage 50

Figure II- 15 ,

 15 Figure II-15, is composed of two types of silicon atoms: four belonging to one 5-silicon-atom ring and two 4-silicon-atom rings as well as eight belonging to two 5-silicon-atom rings and one 4-silicon-atom ring. This leads to two signals of relative intensity 1:2 in the corresponding 29 Si NMR spectrum (Figure II-16).

Figure II- 15 :

 15 FigureII-15: D2d isomer of the T12 cage

Figure II- 17 :

 17 Figure II-17: Electrochemically-induced surface modification by octaphenyl T8-F 74

  Figure II-18: Cage silsesquioxane organization around Cu 2+ ions 79

Figure II- 19 :

 19 Figure II-19: Formation of porous silica materials from single-corner-modified T8 cage 81

Figure II- 20 :

 20 Figure II-20:Periodic mesoporous organosilica from triethoxysilylated T8 cages 83

Figure II- 21 :

 21 Figure II-21: T8 cage functionalized on one corner by a styryl function

  addition, the proximity of different π-conjugated branches can facilitate the formation of excimers.54,109 New devices benefit from these properties, notably for the creation of sensors.54,109 Figure II-22 presents an example of a fluoride-sensitive device which takes advantage of the anion encapsulation within cages bearing electron-withdrawing groups.

Figure II- 22 :

 22 Figure II-22: Proposed mechanism of fluoride capture by anthracene functionalized T8 cage and its influence on the electroluminescent properties 54

Figure II- 24 :

 24 Figure II-24: Possible functionalization of a styryl derived POSS

Figure

  Figure II-25: Structure of the different styrenyl and styryl silsesquioxanes, illustrating the accessibility of the "inner" and "peripheral" vinyl groups (for clarity, the only the T8 cages are shown in this figure)

1 .

 1 New T8, T10 and T12 styryl functionalized silsesquioxane cages Silsesquioxane cages bearing styryl functional groups were synthesized using tetrabutylammonium fluoride as a catalyst (Figure II-26), following the protocol of Bassindale's group (cf Part A.3.a).

Figure

  FigureII-26: Synthesis of T8, T10 and T12 styryl-cage silsesquioxanes 

  Si NMR spectroscopy (Figure II-27), which interestingly revealed the presence of various sharp signals in the range of the chemical shifts expected for T 3 species, superimposed on a broad background. These sharp signals indicate the formation of molecular structures and/or oligomers which may be attributed to cages linked to aromatic species.

Figure

  Figure Si NMR spectrum of the crude reaction product after TBAF removal (CDCl3)

  Figure II-28: MALDI mass spectrum of the crude reaction product after TBAF removal

  1 m/z for an expected 1263.2 m/z. Similarly, T10 appeared at 1574.2 for an expected 1573.2 m/z and the T12 cage at 1884.1 m/z for an expected 1883.3 m/z, with the m/z difference of 310-311 again being observed between the peaks for Tn and Tn+2 cages.

Figure

  Figure II-29: X-ray crystal structure of the styryl-T8 cage(grey= carbon, yellow = silicon, red = oxygen, white=hydrogen) 

Figure

  Figure II-30: Inequivalent styryl T8 cages overlaid

Figure

  Figure II-31: X-ray crystal structure of the styryl T10 cage(grey= carbon, yellow = silicon, red = oxygen, white=hydrogen) 

1 H

 1 NMR spectroscopy was used to further characterize the three structures (Figure II-32). The styryl-T8 1 H NMR spectrum shows characteristic signals at7.70 -7.72 (doublet) and 7.39 - 7.41 ppm (doublet) arising from the aromatic ring, together with clusters at 6.67 -6.74 (doublet of doublets), 5.77 -5.82 (doublet) and 5.27 -5.30 ppm (doublet) associated with the vinylic moiety, with the expected 2:2:1:1:1 intensity ratios. The corresponding signals in the case of the styryl-T10 silsesquioxane are shifted upfield to 7.55 -7.57 and 7.28 -7.30 ppm for the aromatic protons, although the positions of the signals arising from the vinylic protons(6.63 - 6.70 ppm, 5.74 -5.78 ppm and 5.25 -5.28 ppm) are shifted less upfield than those of the aromatic signals (Table

Figure

  Figure II-32: 1 H NMR spectra of the styryl-functionalized T8 (blue), T10 (red) and T12 (green)

For 29

 29 Si NMR spectroscopy, the structures all exhibit different chemical shifts. T8 and T10 silsesquioxanes are both symmetrical molecules, and hence a single sharp peak is observed for each of these cage silsesquioxanes. The silicon atoms belonging to the three 4-silicon-atom rings of the T8 cage result in a single signal at -78.19 ppm (Figure II-34). In contrast, silicon atoms of the T10 structure belonging to one 5-silicon-atoms ring and two 4-silicon-atom rings, exhibit a significant shift compared to the signal from the corresponding T8 structure. In particular, the T10 spectrum yields a single signal at -79.59 ppm (Figure II-34). In contrast, the T12 silsesquioxane, as mentioned previously, may exist as two isomers: one with D6h symmetry and the other with D2d symmetry (Figure II-34). Similarly to literature reports 26,27, 38-40 the product obtained in this work is the D2d molecule since two types of silicon atoms can be identified (Figure II-34). The silicon atoms belonging to one 5-silicon-atom ring and two 4-silicon-atom rings give rise to a signal at -79.45 ppm (light green silicon atoms, Figure II-34), while those belonging to two 5-silicon-atom rings and one 4-silicon-atom ring are attributed to the signal at -81.29 ppm (turquoise-silicon atoms, Figure II-34). These observations are consistent with multiple reports for such cage silsesquioxanes (Part A.5.a.)

  Figure II-35, while the corresponding band positions and assignments are summarized in TableII-9.All peak positions and full-widths at half-maximum (FWHM) were obtained by fitting the spectral profiles with a cubic spline baseline function together with Gaussian functions for the individual peaks. The spectra exhibit the typical features expected for cage silsesquioxanes and styryl moieties. Peaks may be broadly assigned on the basis of the vibrational modes expected for these respective chemical groups. Only minor differences are evident in the positions and FWHM of peaks arising from the styryl species in the T8, T10 and T12 systems, suggesting that the local environments of the styryl species are similar in all three systems. It is also evident that the FWHM of peaks arising from the organic moieties are typically lower than those associated with the silsesquioxane core, suggesting that the organic moieties are less disordered.It is evident fromFigure II-35 that the spectral profile of the T8 cage (with exclusively 4 3

Figure

  FigureII-35: IR spectra (650-1650 cm -1 ) of styryl-functionalized T8, T10 and T12 cage silsesquioxanes

  from a T18 cage adduct (Figure II-36). Indeed, the mass of T18 cages is expected at 2790.4 m/z. Here, the peak observed at 2812.4 corresponds to the T18 + Na expected at 2813.4 m/z. It should be noted that this peak is also observed, albeit with low intensity, in the MALDI mass spectrometry data illustrated in Figure II-29, consistent with its presence in the mixture of cage products initially obtained.

FigureFigureFigure

  Figure II-36: MALDI mass spectrum of the T18 cage silsesquioxane

  (see Part A.1.).The 29 Si NMR spectrum of the T18 silsesquioxane exhibits five distinct signalsat -77.40, -78.35, -79.13, -79.18, and -79.35 ppm (see detailed discussion below). The isomers suggested by Agaskar exhibit between four and seven non-equivalent silicons. Figure II-39 shows the different isomers and the distribution of non-equivalent silicons in each case. Among these isomers, two of them possess five non-equivalent silicon atoms, namely structures c and h.

Figure

  FigureII-39: Possible T18 isomers, including the number of non-equivalent silicon atoms and the proportions of each. The notation a b refers to the number "b" of rings containing "a" silicon atoms (4<a<6)6 

Figure

  Figure II-40: Two possible T18 isomers with five non-equivalent silicon atoms

Figure

  Figure II-41: Detailed structure of isomer h of the T18 cage system

Figure

  Figure C NMR spectrum of the styryl T18 cage silsesquioxane(CDCl3) 

  removed by washing with water, and the residual water associated with the product was then directly evaporated without removing the remaining TBAF. The crude product obtained after evaporation of the solvent was characterized by1 H and 29 Si NMR and MALDI mass spectrometry, which revealed again the presence of different silsesquioxane species but with different proportions compared to those obtained in Part B -Figure II-45.

Figure 2 (

 2 Figure Si NMR spectrum of the crude reaction product (CDCl3)

Figure

  Figure II-47: MALDI mass spectrum of the crude reaction product obtained from the modified cage silsesquioxane synthesis

FigureAppendix 2 .

 2 Figure II-48: Single crystal X-ray structure of the styryl-functionalized T8-F cage (grey= carbon, light yellow = silicon, red = oxygen, white=hydrogen, magenta = fluoride, blue = nitrogen)

  expected at m/z of 1240.19 and that of the T8-F cage with its tetrabutylammonium counter ion at 1501.48. However, the corresponding peak is observed at 1283.20 m/z in Figure II-49. This mass corresponds to the T8-F with a sodium counter ion, indicating that a counter ion exchange occurs during the ionization process. Regardless, the T8-F cage is unambiguously observed.

FigureFigure

  Figure II-49: MALDI mass spectra of the styryl T8-FThe FTIR spectrum (Figure II-50) of T8-F exhibits the characteristic bands related to the styryl moieties, including the C=C and C-C ring stretching at 1628 and 1600 cm -1 , respectively. In addition, the narrow band at 1079 cm -1 corresponding to the Si-O-Si stretching band confirms the presence of a well-defined cage silsesquioxane and not of a polymer. The sharpness of this peak, compared to that of the corresponding T8 material, is striking and suggests that the T8 cage in styryl-functionalized T8-F is in a more symmetrical environment than in the corresponding styryl T8.

  C, 29 Si and 19 F NMR and the observed signals compared to those of the corresponding T8 cage. The 1 H NMR spectrum of the T8-F shows a spectrum singularly different to that of the T8 system, particularly with respect to the chemical shifts of the aromatic protons (Figure II-51).In particular, the latter are shifted from7.72-7.70 and 7.41-7.38 ppm for T8 to 7.75-7.73 and 7.32-7.30 ppm for T8-F. The vinylic signals are impacted by the presence of fluoride to a lesser extent and shift from6.70-6.63, 5.76-5.71 and 5.23-5.20 ppm for T8 to 6.74-6.67, 5.82-5.77 and 5.30-5.27 ppm for T8-F.

Figure

  Figure II-51: Expanded view of the 1 H NMR spectra of the styryl T8-F and T8 (CDCl3)

Figure

  Figure II-52: 1 H NMR spectrum of the styryl T8-F (CDCl3)

Figure

  Figure II-53: 13 C NMR spectrum of the styryl T8-F (CDCl3)

Figure

  Figure II-54: 19 F NMR spectrum of the styryl T8-F (CDCl3) Finally, Figure II-55 presents the 29 Si NMR spectrum of T8-F. The silicon atoms of the cages appear in the form of two signals at -81.48 and -81.52 ppm. The signals appear upfield by 3.3 ppm compared with the corresponding signal for T8 (-78.19 ppm). This behavior is characteristic of the differences between the T8 and T8-F systems. 49 Interestingly, to our knowledge, this is the first time that two signals have been observed for such a family of T8-F cages. The observation of these two signals might be due to the influence of the fluoride on the chemical environment within the cage. This hypothesis will be discussed in more depth in the next Section.

Figure

  Figure Si -{ 1 H} NMR spectrum of the styrylT8-F (CDCl3) 

  F NMR ( 29 Si -{ 19 F} in Figure II-56), the spectrum now shows the disappearance of the 2.33 Hz coupling constant. The lone 1 H coupling constant of 5.89 Hz can then be observed. Finally, when a double decoupling of 1 H and 19 F was undertaken ( 29 Si -{ 1 H, 19 F} in Figure II-56), only a singlet is then observed, demonstrating that the 29 Si NMR signals from the silicon atoms on the cage are influenced by both the proximal protons on the aromatic rings and the fluoride anion. In addition, the success of the decoupling experiments precludes the possibility that the two peaks could arise from spatial interactions. Indeed, fluoride decoupling only affects scalar interactions but not spatial interactions. The two peaks observed are consequently resulting from a coupling constant and not from two chemical shifts, which precludes any possibility of two different silicon atoms being observed in the liquid 29 Si NMR experiment.

Figure

  Figure Si NMR study of the styryl T8-F (CDCl3) with different decoupling sequences applied

F

  is a fluxional covalent interaction (Figure II-57), and that on the time scale of the NMR measurement an average value of these interactions is observed, resulting in a low coupling constant.

Figure II- 57 :FigureFigure

 57 Figure II-57: Possible fluxional covalent bonding representation for T8-F. Black and grey lines = Si-O-Si bond; red line = covalent bond at a particular time, t; black dashed line = future covalent bond at time t+δt, where δt is small compared to the time scale of the NMR experiment

Figure

  Figure II-60: 1 H NMR spectra of the crude reaction product before and after CaCl2 treatment (CDCl3)

  H NMR and the spectra of the reaction product before and after CaCl2 treatment are presented in Figure II-60. Before the treatment, several silsesquioxanes are present (Figure II-60 bottom spectrum). These cannot be readily distinguished, probably due to the fluoride interaction still occurring with the different silsesquioxanes formed. However, after CaCl2 treatment, T8, T10 and T12 cages silsesquioxanes were identified by 1 H NMR spectroscopy. No evidence for T8-F could be found (Figure II-60 top spectrum).

  this Section, we demonstrated the synthesis of a new styryl-functionalized silsesquioxane cage, the T8-F, by tuning the work-up treatment. The structure was determined by single crystal X-ray measurement. Liquid 29 Si NMR studies show evidence of a fluxional behavior of the fluoride anion towards the eight silicon atoms of the cage, with an unprecedented JSi-F coupling constant of 2.33 Hz being observed for this fluoride-containing T8 cage. Further studies involving variable-temperature liquid and solid-state NMR experiments are underway to refine our understanding of this interaction. Moreover, removal of the fluoride from the cage was also attempted. Although the mechanism of formation of T8-F compared to T8 is not yet fully understood, previous studies and the work reported herein indicate that the fluoride continues interacting with the Si sites until it is completely removed or entrapped within the T8 cage. Despite the successful fluoride anion

Figure

  

Figure II- 62 : 1 .

 621 Figure II-62: Convention for specifying the functionalization of T8-F, T8 and T10 cage silsesquioxanes

The 1 H

 1 NMR spectrum (Figure II-64), shows the total disappearance of the signal arising from the vinylic proton and consequently, indicates the completion of the reaction. The signals of the aromatic protons are shifted from 7.73 and 7.31 ppm in the T8-F cage to 7.72 and 7.09 ppm in the triethoxysilylated functionalized T8-F cage. The formation of CH2 arising from thefrom the propyl moiety can be observed at 2.57, 1.71 and 0.74 ppm as well as the ethoxy group at 3.80 and 1.22 ppm. It should be noted that the singlet observed at 1.7 ppm, together with that from the CH2 of the T8-F branch, arises from AIBN. In addition, the ammonium counter ion is still visible at 2.26, 0.80 (one CH2 with the terminal CH3) and 0.68 ppm. The integration of the signals is consistent with the proposed product obtained.The 13 C NMR spectrum also confirmed the disappearance of the vinylic protons and the appearance of aliphatic CH2 species.

Figure

  Figure II-64: 1 H NMR spectrum of the triethoxysilylated functionalized T8-F cage (CDCl3)

Figure

  Figure II-65: 19 F NMR spectrum of the triethoxysilylated functionalized T8-F cage (CDCl3)

Figure

  Figure Si NMR spectrum of the triethoxysilylated functionalizedT8-F cage (CDCl3) 

Figure

  Figure II-67: FTIR spectrum of the triethoxysilylated functionalized T8-F cage

Figure

  Figure II-68: MALDI mass spectrum of the triethoxysilylated functionalized T8-F cage

Figure II- 69 ,

 69 Figure II-69, the reaction was catalyzed with TBAF (Part A.2) in THF using water to initiate the sol-gel reactions.

Figure II- 69 :Figure- 21 . 9 FigureFigure

 69219 Figure II-69: Synthesis of the functionalized T8-F hybrid silica gel

FigureFigure

  Figure Si CP {19 F} -MAS solid state NMR spectrum of the T8-F gel

Figure

  Figure II-75: TEM micrograph of the gel obtained from triethoxysilylated T8-F cages

Figure

  Figure II-76: Synthetic route to triethoxysilylated T8 cage (a) and T10 cages (b) via thiol-ene reaction

Figure

  Figure II-77: 1 H NMR spectrum of the triethoxysilylated functionalized T8 cage (CDCl3)

Figure

  Figure II-78: 1 H NMR spectrum of the triethoxysilylated functionalized T10 cage (CDCl3)

  During acquisition of the MALDI-MS spectrum, a cation exchange process occurs, resulting in substitution of the tetrabutylammonium (TBA) ion by a sodium ion. The observed m/z is thus characteristic of (M+Na) (rather than the expected (M+TBA)).

13 C 9 29

 139 NMR (75 MHz, CP-MAS, δ, ppm): 140.5 (Car), 137.8 (CHar), 127.3 (CHar), 58.6 (residual ethoxy), 35.4, 24.0, 13.0 19 F NMR (565 MHz, SP-MAS, δ, ppm): -25.-S.Li and A. Ba, Spectrochim. Acta Part A Mol. Biomol. Spectrosc., 2008, 70, 

Figure III- 1 ).

 1 The beginning of the condensation process is reflected in the appearance of colloids in the solution. This colloidal mixture is referred to as a "sol" (FigureIII-1). Further polycondensation leads to the formation of a wet gel (FigureIII-1).

Figure III- 1 :

 1 Figure III-1:Steps of the sol-gel process11 

  are spread in three subcategories: ❖ Cationic (Figure III-2): the ionic head group bears a positive charge. This class gathers the most frequently used surfactants, among them the quaternary ammonium salts such as cetyltrimethylammonium chloride or bromide (CTAC, CTAB) or Adogen®. ❖ Anionic (Figure III-2): the polar part is negatively charged. A wide variety of surfactants belongs to this sub class such as carboxylates, phosphates, sulfonates and sulfates (i.e. sodium dodecylsulfate, sodium dodecylbenzenesulfonate, sodium stearate, etc.) ❖ Zwitterionic (Figure III-2): the water-soluble part contained both positive and negative charges, for instance, the amidosulfobetaine-16. The charges can be either permanent or pH-dependent.

Figure III- 4 :

 4 Figure III-4 : Typical micellar structures depending on the value of the packing parameter 42

Figure III- 5 :

 5 Figure III-5 : Self-assembly of block copolymer surfactants and the corresponding micellar structures 50

Figure III- 6 :

 6 FigureIII-6 : Common periodic mesoporous mesophases51,58 

Figure III- 7 :

 7 FigureIII-7 : Interactions between the silica precursor and the surfactant leading to mesophase formation. S refers to the surfactant; I to the inorganic species; and X a counter ion. H-bonding interactions are symbolized via a dashed line and the solvent molecules as a triangle where relevant59 

(

  third row of Figure III-7).

Figure III- 8 :

 8 Figure III-8: Possible pathways of self assembly 59

Figure III- 9 )

 9 : the inorganic precursors, typically tetraethoxysilane (TEOS) or tetramethoxysilane (TMOS), are mixed with an organoalkoxysilane. Both reactants are injected simultaneously into the surfactant solution for subsequent hydrolysis-condensation. The SDA is then removed by extraction to avoid the degradation of the organic moieties by calcination.

Figure III- 9 :

 9 Figure III-9: Synthetic routes towards organic-inorganic hybrid materials 72

  organosilicas with the surfactant is controlled by charge/H-bonding interactions (Part A.3.a.), and the introduction of an organic group can also change the distribution of charge around the interface and hence modify the interactions. The kinetics of formation of the silica network should also be considered in relation to the thermodynamics of formation of the surfactant mesophase.

Figure III- 12 :

 12 Figure III-12:Parameters enabling the control of the PMO structure

Figure III- 13 :

 13 Figure III-13:Alternative pathways for production of PMOs 109

Figure III- 14 :

 14 Figure III-14: Dual porosity possibly observed in PMS 126

  Similarly, bimodal porosity was obtained by successive addition of BTEB and 1,2-bis(triethoxysilyl)ethene (BTSEENE)) (Figure III-17). In this case, Durand et al. demonstrated that BTSEENE mesoporous nanorods grow onto mesoporous spherical BTEB nanoparticles to produce multipods with bimodal porosity. 137

Figure III- 17 :

 17 Figure III-17 : PMO multipods exhibiting bimodal porosity 137

Figure III- 18 :

 18 FigureIII-18 : Differences between linear polymers, hyperbranched polymers and dendrimers145 

Figure III- 19 :

 19 Figure III-19 : Representative scheme of a dendrimer structure

Figure III- 20 :

 20 Figure III-20: Divergent synthesis of dendrimers 143

Figure III- 23 :

 23 Figure III-23: Synthetic route to PAMAM dendrimer 154

Figure III- 24 :

 24 FigureIII-24: Synthetic route to the thiophosphohydrazone dendrimer157 

"

  Figure III-25: Two types of dendrimer effect 161

Figure

  FigureIII-26: Size exclusion in dendrimer loading: an example with ferrocenyl dendrimers72,163 

  (Figure III-28): the surface of the mesoporous silica is usually modified by 3-aminopropyltriethoxysilane (APTES).

  This stage is followed by step-by-step growth of the dendron on the organic function of the modified silica.

Figure

  FigureIII-28: Step-by-step growth of dendrimer on a modified silica72 

Figure

  Figure III-29: Post condensation of an alkoxysilylated dendrimer 176

Figure

  Figure III-30: Carbosilane dendrimers and dendron used for the synthesis of the first xerogel prepared from dendrimer 181

  Figure III-34: Addition procedure for the PMOs

The 13 C

 13 NMR spectra of all materials show similar profiles (Figure III-35) and reflect the presence of the phenylene bridging group at 133.6 ppm as well as small quantities of unreacted ethoxy groups at 59.2 and 18.6 ppm.

Figure

  Figure III-35: 13 C solid state CP-MAS NMR spectra of PMO-1, PMO-2 and PMO-3

FigureFigure

  Figure Si solid state CP-MAS NMR spectra of PMO-1, PMO-2 and PMO-3

Figure

  FigureIII-38: Thermogravimetric analysis ofPMO-1 (a);PMO-2 (b); and PMO-3 (c) 

Figure

  Figure III-39: Nitrogen physisorption isotherms of PMO-1 (a); PMO-2 (b); PMO-3 (c);and the corresponding BJH plots ofPMO-1 (d);PMO-2 (e); andPMO-3 (f) 

Figure

  Figure III-40: Nitrogen adsorption isotherms at low relative pressure for PMO-1, PMO-2 and PMO-3.

Figure

  Figure III-41: SWAXS patterns forPMO-1 (black),PMO-2 (red) andPMO-3 (blue) 

Figure

  Figure III-42: TEM micrographs of PMO-1 (a); PMO-3 (b) and PMO-2 (c,d). (Size bar: 100 nm).Inset: Fourier transforms of selected regions, highlighting pore symmetry

  Figure III-42 (a) for PMO-1 with a lattice parameter of 11.5 ± 0.5 nm measured in TEM. On the contrary, Figure III-42 (d) reveals a second population of uniform pores which appear less organized than those in Figure III-42 (c). A characteristic distance between bright sphere of 17.0 ± 1 nm is measured. The wall thickness of these latter pores is substantially higher than that observed for either PMO-1 or PMO-3. Both TEM images and the corresponding FFT data (inset to Figure III-42 (d)) are consistent with a hexagonal symmetry. 51 Interestingly, both porosities can be found in the same particle which suggests that the different porosities are interconnected (Figure II-43).

Figure

  Figure II-43: TEM micrographs of PMO-2, particle with both porosity (Size bar: 100 nm).

Figure

  Figure III-44: SEM micrographs of PMO-1 (a); PMO-2 (b) and PMO-3 (Size bar: 5 µm)

  formed in biphasic systems by the controlled hydrolysis of BTEB. These are stabilized by H-bonding and π-π stacking to form well-organized supramolecular species without condensation between the hexasilanol species. Such organized supramolecular species would further self-assemble by EO-silsesquioxane, H-bonding interactions and subsequent condensation to form the PMO network. This network formation would thus be expected to proceed mainly within the corona region and in close proximity to the hydrophobic (PO)70 core, thus establishing the size of the pores in the evolving PMO network and during the subsequent aging/consolidation steps at 35 and 100 °C. (black in Figure III-45).

  addition of the first P123-solution aliquot (where the BTEB is unhydrolyzed and relatively hydrophobic), significant hydrolysis of BTEB would have occurred by the time of the addition of the second aliquot. Hence the conditions prevailing during re-partitioning resemble those for PMO-1, where the BTEB species interacting with unoccupied P123 micelles would be much more hydrolyzed. Hence, the BTEB species would be expected to partition into the corona region of P123 micelle added in the second aliquot and to further self-assemble. During subsequent consolidation of the structure via condensation at 35 °C, a bimodal pore-size distribution would thus be established, with the pore sizes resembling those observed for PMO-1 and PMO-3 (red in Figure III-45).Part C: Dendrimers as co-templates for PMOs synthesisIn the previous section, we demonstrated the possibility of creating bimodal organized porosity by taking advantage of the affinity of the partially or completely hydrolyzed bridged silane precursors for the micelle core or corona.

"

  gels" (Figure III-46).

Figure

  Figure III-46 : Development of bimodal porosity using SDA and dendrimer degradation

Figure III- 47 :

 47 Figure III-47 : Schematic representation of the grafting of cleavable linkers to PAMAM

  . The synthetic route to the linker is presented in Figure III-48.

Figure III- 48 :

 48 Figure III-48: Synthetic route to the disulfide linker

Figure

  Figure III-49: 1 H NMR spectrum of the acetylenic S-S linker (CDCl3)

Figure

  Figure III-51 presents the 1 H NMR spectrum of the Acetylenic PAMAM G0 and the

Figure

  Figure III-51: 1 H NMR spectrum of the acetylenic PAMAM G0 (CDCl3)

Figure III- 53 :

 53 Figure III-53: Synthesis of PAMAM G0 Si(OEt)3

Figure

  Figure H NMR spectrum of the PAMAM G0 Si(OEt)3 (CDCl3) 

Figure

  Figure III-55: Expanded view of the 1 H NMR signals from the two different conformations of the branches of PAMAM G0 Si(OEt)3 (CDCl3)

Figure

  Figure III-56: Dendrimer PAMAM G0 Si(OEt)3 modelling, expanded structure (a) back-folded structure (b). The steric energies calculated using standard parameters in Chem3D are included. C: black, H: white, O: red, N: blue, S: yellow, Si: purple

Figure

  Figure III-57: 1 H NMR spectrum of the PAMAM G3 Si(OEt)3 (CDCl3)

Figure III- 59 ) 2 in

 592 Figure III-59) to reduce the disulfide bond and cleave the inner part of the dendrimer (Step 2 in Figure III-58). The cleavage of the disulfide results in the formation of pendant thiol functions in the cavities formed by the removal of the PAMAM dendrimer. The thiol functionsare thus located in a confined space. However, as the dendrimers are not amphiphilic SDAs, the porosity is not expected to be organized.

Figure

  Figure III-58:Synthetic pathway to porous gel with pendant functions

Figure

  Figure III-59: Mechanism of disulfide cleavage by dithiothreitol (DTT)

  Figure III-60 and Figure III-61 present the structures expected before and after cleavage of the disulfide bond for pure G0 PAMAM organosilica and G0 PAMAM-BTEB organosilicas, respectively.

Figure

  Figure III-60: Schematic structure of the gel prepared from the pure PAMAM Si(OEt)3 before and after cleavage, illustrating the cleaving of the dendrimer core (wavy bond = Si-O-Si)

Figure

  Figure III-64 presents the 13 C NMR spectra of the gel prepared from pure G0 PAMAM-derived dendrimer before (a) and after (b) DTT treatment. Despite the absence of visible signals associated with the amide carbon atoms, the signals at 144 and 124 ppm arise from the triazole ring and can, as expected, be found before and after DTT treatment. The broad signal cluster corresponding to the PAMAM aliphatic moiety can be observed between 52.2 and 10.6 ppm before DTT treatment and between 54.6 and 11.8 ppm after DTT treatment. The relatively poor signal-to-noise ratio (S/N) of the spectra after DTT treatment (b in Figure III-64) makes it difficult to determine the signal positions for the latter sample. In addition, due to the numerous signals present in this region, the various PAMAM signals cannot be unambiguously attributed. It is noteworthy that the intensity of the aliphatic signals decreases significantly after the DTT treatment, with the contribution of triazole signals becoming comparable to that of the aliphatic moiety. These observations are consistent with the cleavage of the inner part of the PAMAMderived dendrimer. Indeed, the triazole component, as well as some propyl and ethyl moieties, are the only organic components that should remain after the cleavage of the disulfide bond (Figure III-60). Moreover, the presence of the signals at around 10.6 and 11.8 ppm in both spectra (attributable to Si-CH2) indicates that no cleavage occurred at the silicon atoms of the dendrimer.

FigureFigure

  Figure III-64: 13 C CP-MAS NMR spectra of the pure G0 PAMAM-derived gel a) before DTT treatment, b) after DTT treatment

13 CFigureFigureFigure

 13 Figure III-66: 13 C CP-MAS NMR spectra of the pure G3 PAMAM-derived gel a) before DTTT treatment, b) after DTT treatment

Figure

  Figure III-69: Signal fitting treatment of the 29 Si NMR spectra of the gels prepared from pure PAMAM G0 (SiOEt)3 a) before DTT treatment, b) after DTT treatment

29 1 Q

 1 Figure III-70: 29 Si CP-MAS solid state NMR spectra of PAMAM G0 (SiOEt)3 and BTEB gel a) before DTT treatment, b) after DTT treatment

Figure

  Figure III-71: Signal fitting treatment of the 29 Si NMR spectra of the gels prepared from PAMAM G0 and BTEB a) before DTT treatment, b) after DTT treatment

FigureFigure

  Figure III-72 presents the29 Si NMR spectra of the G3 PAMAM-derived dendrimer gels before and after DTT treatment. The expected T n silicon species linked to aliphatic carbons are observed. The spectra exhibit a predominance of T 3 silicon species at -65.6 ppm and -65.7 ppm before and after DTT treatment, respectively, with T 2 and T 1 species being hardly distinguishable. The result is consistent with a high degree of condensation of the network. In addition, as no Q type silicon species are observed, no silicon-carbon bond cleavage occurred.

Figure

  Figure III-73: Signal fitting treatment of the 29 Si NMR spectra of the gels prepared from pure PAMAM G3(SiOEt)3 a) before DTT treatment, b) after DTT treatment

Figure

  Figure III-74: 29 Si CP-MAS solid state NMR spectra of PAMAM G3 and BTEB gel a) before DTT treatment, b) after DTT treatment

Figure

  Figure III-75: Signal fitting treatment of the 29 Si NMR spectra of the gels prepared from PAMAM G3 (SiOEt)3 and BTEB a) before DTT treatment, b) after DTT treatment

Figure

  FigureIII-78: Disulfide precursors 

Figure

  FigureIII-79 : Infrared spectra of PAMAM G0 Si(OEt)3 and its precursors in the range 400 to 1900 cm-1 

Figure

  FigureIII-81: Dithiothreitol (DTT) and bis(hydroxyethyl)disulfide Raman spectra in the range 200 -3100 cm-1 

Figure III- 82 )FigureFigure 1 Figure

 821 FigureIII-82: FTIR spectra of PAMAM G0 gels before and after DTT cleavage in the range 400 to 1900 cm-1 

Figure

  Figure III-86: FTIR spectra of PAMAM G0 and BTEB gels before and after DTT cleavage in the range 1400-1900 cm -1

FigureFigure

  Figure III-88: Raman spectra of PAMAM G0 and BTEB gels before and after DTT cleavage in the range 200-1800 cm -1

FigureFigure

  FigureIII-90: FTIR spectra of PAMAM G3 gels before and after DTT cleavage in the range 650 to 1900 cm-1 

Figure

  Figure III-98: N2 physisorption isotherms of gels prepared from PAMAM G0 Si(OEt)3/ BTEB before (a) and after DTT cleavage (b)

Figure

  Figure III-99: TEM images of gels prepared from PAMAM G0 Si(OEt)3 and BTEB before (a) and after DTT cleavage (b) -Size bar: 100 nm

Figure

  Figure III-100: TEM images of gels prepared from pure PAMAM G3 Si(OEt)3 before (a) and after DTT cleavage (b) -Size bar: 100 nm

Figure

  Figure III-101: N2 physisorption isotherm of gels prepared from PAMAM G3 Si(OEt)3 and BTEB before (a) and after DTT cleavage (b)

9 ,

 9 the pore volume of the G3/BTEB gel also increases after DTT treatment (from 0.31 to 0.54 cm 3 /g), which is consistent with the loss of the inner part of the dendrimer. In addition, the saturation plateau is more elevated after DTT cleavage (350 cm 3 /g after cleavage; 300 cm 3 /g before cleavage, Figure III-101). Before cleavage, micropores arising from the cavities found in the G3 dendrimer are present. This feature can explain the relatively high microporosity and lower mesoporosity of the material before DTT treatment.
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  As observed for all gels templated with the dendrimer, SAXS measurements do not reveal the presence of any organization within the material. However, mesoporosity was observed by TEM. Indeed, before DTT treatment (a in Figure III-102) pores ranging in diameter from 2 to 5 nm are observed, increasing to 5 to 11 nm after DTT treatment (b in Figure III-102). The increase in pore diameter is consistent with the increased mesoporosity observed by N2 physisorption.

Figure

  Figure III-102: TEM images of gels prepared from PAMAM G3 Si(OEt)3/ BTEB before (a) and after DTT cleavage (b) -Size bar: 100 nm

Figure

  Figure III-104: N2 physisorption isotherm of materials prepared using basic conditions (Procedure 1, dilution 1/48) before DTT cleavage (a) and after DTT cleavage (b)

(

  Figure III-105) and SAXS measurements (not shown).

Figure

  Figure III-105: TEM of materials prepared using basic conditions (Procedure 1, dilution 1/48) before DTT cleavage (a) and after DTT cleavage (b) -size bar: 100 nm

Figure

  Figure III-106: Expanded view of the FTIR spectra of materials prepared using basic conditions (Procedure 1, dilution 1/48) as synthesized, after CTAB extraction and after DTT treatment

Figure

  Figure III-107: Dendrimer restoration by esterification of the monopropargyl disulfide alcohol

Figure

  Figure III-108: N2 physisorption isotherm of materials prepared using basic conditions and CTAB with Procedure 1 (a) and Procedure 2 (b)

Figure

  Figure III-109: TEM of materials prepared using basic conditions and CTAB with Procedure 1 (a) and Procedure 2 (b)-size bar: 100 nm-

Figure

  FigureIII-111: SAXS pattern of the PMO prepared using acidic conditions and P123 as SDA

Figure

  Figure III-112: TEM micrographs of the PMO prepared using acidic conditions and P123 as SDA -size bar: 100 nm

  Figure III-103), i.e. before surfactant extraction and dendrimer cleavage.329Here again, the characteristic functional groups of the dendrimer could not be characterized by NMR or FTIR spectroscopy, due to the high dendrimer dilutions used.The material obtained was analyzed by N2 physisorption measurement. Despite a high specific surface area of 649 m²/g, the isotherm reveals the absence of organization of the organosilica (a in Figure III-113). Indeed, no saturation plateau was observed, and a significant uptake is visible at high relative pressure. This type of isotherm is generally representative of aggregates.

Figure

  Figure III-113: N2 physisorption isotherm (a) and TEM image -size bar: 100 nm-(b) of material prepared under neutral conditions with P123 as SDA

4 (

 4 5 and then returned to the vessel in 53.5 mL of water at 100 °C for further aging and structural consolidation for 3 days. The resulting solid was then recovered by centrifugation, washed once with water, three times with acetone and dried under vacuum to afford 839 mg of white powder. The resulting material (550 mg) was extracted in an acidic solution of ethanol (4.3 mL of concentrated HCl in 143 mL of ethanol). The hybrid silica was finally recovered by centrifugation, washed with water until the pH of the supernatant reached 6.5, then washed with acetone (three times) and dried under vacuum to obtain 443 mg of white powder. 13 C NMR (300MHz, CP-MAS, ppm): 132.6 (aromatics), 58.3 (CH3-CH2-O), 16.In a first Schlenk vessel, Pluronic P123 (1.46 g, 218 µmol) was dissolved at 35 °C in water (53.5 mL) under strong agitation (1400 rpm). Concentrated HCl (310 µL, 3.5 mmol HCl) was added to the previous solution and the resulting mixture was then cooled to 0 °C. In a second flame dried Schlenk flask, BTEB (1.5 g, 3.73 mmol) was added and cooled to 0 °C under magnetic stirring (750 rpm agitation). 18 mL of the surfactant solution was then poured into the flask containing BTEB and the agitation speed was immediately increased up to 1400 rpm.After 1 h, the temperature of the reaction mixture was increased to 35 °C for 24 h, and then to 100 °C for an additional 24 h. The white solid obtained was recovered by centrifugation, washed with water until the pH of the supernatant reached 6.5 and then returned to the vessel in 53.5 mL of water at 100 °C for further aging and structural consolidation for 3 days. The resulting solid was then recovered by centrifugation, washed once with water, three times in acetone and dried under vacuum to afford 764 mg of white powder. The resulting material (550 mg) was extracted in an acidic solution of ethanol (4.3 mL of concentrated HCl in 143 mL of ethanol). The hybrid silica was finally recovered by centrifugation, washed with water until the pH of the supernatant reached 6.5, then washed with acetone (three times) and dried under vacuum to obtain 451 mg of white powder.

  , S-CH2-CH2-OH),3.81 (t, 2H, J=6.4 Hz, CH2-O-CH2-CH2-S),2.93 (t, 2H, J=6.4 Hz, CH2-O-CH2-CH2-S), 2.89 (t, 2H, J=5.8Hz, S-CH2-CH2-OH), 2.46 (t, 1H, J=2.4 Hz, All solvents and diisopropylethylamine were carefully distilled. Cuprous iodide was dried with P2O5 prior to use.In a flame dried microwave tube, a solution of CuI (5 mol%) and diisopropylethylamine (2 eq/alkyne) in distilled solvent was added, under an inert atmosphere, to a triethoxysilylpropyl)amine azidoethane (1 eq/alkyne) in distilled solvent was injected into the reaction mixture. The mixture was stirred under microwave irradiation at 60 °C (200 W) for 10 min. The completion of the reaction was verified by 1 H NMR spectroscopy and the solvent was evaporated under reduced pressure.

1 H

 1 NMR (400 MHz, CDCl3, δ, ppm): 7.68 (s, 12H, Htriazole), 7.61 (m, 18 H, CHAr & CH=N-N), 7.03 (m, 36 H, CHAr), 6.83 (d, 24H, J=8.9 Hz, CHAr), 5.05 (s, 24H, O-CH2-Ctriazole), 4.34 (t, 24H, J=6.4 Hz, Ctriazole-CH2-CH2), 3.76 (quad, 144H, J=7 .0 Hz , Si-O-CH2-CH3), 3.20 (d, J=10.0 Hz, 18 H, Me), 2.85 ( t, 24H, J=6.4 Hz, Ctriazole-CH2-CH2), 2.42 (t, 48H, J=8.4 Hz, N-CH2-CH2-CH2-Si), 1.45 (quint, 48H, J = 8.4 Hz, N-CH2-CH2-CH2-Si), 1.16 (t, 216H, Si-O-CH2-CH3), 0.50 (t, 48H, J = 8.4 Hz, N-CH2-CH2-CH2-Si)

  1722 (C=O), 1637 (amide I), 1146-1016 (Si-O-Si)

2. 44

 44 Hz through29 Si liquid NMR studies. Additional experiments are currently underway to better characterize the phenomenon. Finally, the T8-F was functionalized for the first time (via a thiol-ene reaction) to create a new triethoxysilylated T8-F cage. The latter was hydrolyzed and condensed to obtain a new T8-F-based material, in which the fluoride was shown to remain encapsulated. The characterization of this new material, whose properties have not previously been investigated to our knowledge, could give rise to interesting low-k materials, sensors, etc.

Figure 2 : 1 H

 21 Figure 2: 1 H NMR spectrum of the triethoxysilylated thiophosphohydrazone dendrimer (CDCl3)

Figure 1 :

 1 Figure 1: T4 silsesquioxane tétrapode bifonctionnel
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Figure 2 :

 2 Figure 2: Synthèse de silsesquioxane cage de type T8, T10 et T12

Figure 3 :

 3 Figure 3: Isomère obtenu du silsesquioxane cage de type T18

Figure 4 :

 4 Figure 4: T8-F styryle

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table I -

 I 

2 : Relative composition of diastereomers in equilibrium mixture and their free-energy differences 66

Table I -

 I 

3 : Fluorination of different silanols with BF3. Et2O 77

Table I

 I 

	Entry	Functionalization on the Si-C face	Functionalization on the Si-O-SiMe2	Application	Ref
			face		
	1	Condensation SiClMe2H Hydrosilylation	None	Self organization Water repellency	57
	2	Condensation SiClMe2(CH2Cl) Hydrosilylation	None	Self organization Water repellency	97
	3	Condensation SiClMe2H Hydrosilylation	None	Self organization Liquid crystal	72,98
	4	Condensation SiClMe2H Hydrosilylation	None	Liquid crystal	99
	5	Condensation SiClMe2H Hydrosilylation	None	separation Ionic liquid gel	100
		Condensation SiClMe2H			
	6	Hydrosilylation	None	Fluorescent dye	101
		Esterification			
	7	Condensation SiClMe3	Suzuki, Heck, Sonogashira, substitution Nucleophilic	Nonlinear Optical Photoexcitation Chromophores	102-105
	8	Condensation SiClMe3 Condensation SiClMe2Vi	Heck Sonogashira	Liquid crystal	73
	9	Condensation SiClMe3	Suzuki	Chromophores Photoexcitation	106

-4 and Figure I-31 gather the structures and respective applications. Although a reasonable number of tetrapod molecules have been described, few papers report their synthesis.

Figure I-31: Existing functional Janus tetrapod silsesquioxanes

Table I -

 I 

4: Synthesis of functional Janus tetrapods and their applications

Table I -

 I 

5 : Reaction conditions tested for the hydrolysis of T4 tetrasilanolate to produce T4 tetrasilanol

Table I -6 gathers

 I 

	Entry	T4 tetrasilanolate	Solvent	Reactant	Additive	Conclusion
	1	Vinyl	Acetone	Allyl bromide	ø	No reaction occurred
	2	Vinyl	Methanol Allyl bromide	ø	No reaction occurred
	3	Vinyl	THF	Allyl bromide	ø	No reaction occurred
	4	Vinyl	THF	Allyl bromide 18-crown-6 No reaction occurred
	5	Vinyl	ø	Allyl bromide	ø	No reaction occurred
	6	Vinyl	Methanol Methyl iodide	ø	No reaction occurred
	7	Styryl	Methanol Methyl iodide	ø	No reaction occurred
	8	Styryl	Methanol Methyl iodide 15-crown-5 No reaction occurred
	tested in methanol which solubilizes the T4 salt, and in methanol or THF with crown ether
	(specifically 18-crown-6 or 15-crown-5, respectively, for K + and Na + ) to sequester the metal
	counter ion (Entries 2, 4 6-8 in Table I-6). Again, no reaction was observed.

the reaction conditions tested for the nucleophilic substitution reactions. The procedure was performed under an inert atmosphere with dry solvents. Two activated halogen compounds were used as models: methyl iodide and allyl bromide. In addition, the reactions were held at 60 °C from 16 to 72 hours. Acetone was first tested as a solvent (Entry 1 in Table

I-6

), but no reaction was observed. Tetrahydrofuran (THF) and neat conditions were attempted without any success (Entries 3 & 5 in Table

I-6

). To improve the solubility, the reaction was

Table I -

 I 

6 : Reaction condition tested for the nucleophilic substitution on T4 tetrasilanolate

13 C NMR (100 MHz, CH3OD, δ, ppm): 137

  

	Har), 6.72 (dd, 1H, J1=17.6Hz, J2= 10.9 Hz, Ph-CH-CH2), 5.78 (dd, 1H, J1=17.6Hz, J2= 1.1
	Hz, Ph-CH-CH2), 5.20 (dd, 1H, J1=10.9 Hz, J2= 1.1 Hz, Ph-CH-CH2)
		.90 (Car-CH-CH2), 137.16 (Ph-CH=CH2),
	136.13 (Si-Car), 134,80 (Si-Car-CHar), 124.67 (CHar-C-CH=CH2), 113.37 (Ph-CH=CH2)
		and trimethoxy(4-
	vinylphenyl)silane (1.5 mL, 5 mmol) with isopropanol as a solvent.
	Formula: C32H28Na4O8Si4	Molecular weight: 744.87 g/mol
	Yield: 81% (754.7 mg, 1.01 mmol)	Appearance: white powder

29 Si NMR (80 MHz, CH3OD, δ, ppm): -53.93 IR (ν, cm -1 ) : 1627

  

	(Cvi=Cvi), 1600 (C-C ring), 985 (Si-O-Si)

1 H NMR (400 MHz, CH3OD, δ, ppm):

  

	2.50 (m, 2H, HS-CH2), 1.67 (m, 2H, HS-CH2-CH2),
	0.73 (m, 2H, CH2

-Si) 13 C NMR (100 MHz, CH3OD, δ, ppm): 32

  

	.79 (HS-CH2), 30.41(HS-CH2-CH2), 13.99
	(CH2-Si)

29 Si NMR (80 MHz, CH3OD, δ, ppm): -41.97 IR (ν, cm -1 ) : 2923

  

	(CH2), 976 (Si-O-Si)

1 H NMR (400 MHz, CDCl3, δ, ppm):

  

	7.81 (m, 4H, Hnapht), 7.68 (m, 1H, Hnapht), 7.46 (m,
	2H, Hnapht), 7.16 (d, 1H, J=19.2 Hz, Napht-CH-CH), 6.57 (d, 1H, J=19.2 Hz, Napht-CH-
	CH), 3.76 (q, 2H, J=6.9 Hz, O-CH2-CH3), 1.24 (t, 3H, J=6.9 Hz, O-CH2-CH3), 0.31 (s, 6H,
	SiMe2)

Appearance: colorless oil 1 H NMR (400 MHz, CDCl3, δ, ppm):

  

		mmol, 2.2 mL, 0.5 mol%) was added
	dropwise. The completion of the reaction was verified by 1 H NMR after 10 min. The solvent
	and the excess of silane were evaporated under reduced pressure after 1 h of reaction. Finally,
	the crude product was purified by silica flash column chromatography with a
	cyclohexane/DCM gradient up to 80/20. After separation and solvent evaporation, the product
	was recovered as an oil.	
	Formula: C16H22OSi	Molecular weight: 258.44 g/mol
	Yield: 40 % (4.0 g, 15.5 mmol)	
		7.77 (m, 3H, Hnapht), 7.63 (s, 1H, Hnapht), 7.40 (m,
	3H, Hnapht), 3.71 (q, 2H, J=17.5 Hz, O-CH2-CH3), 2.84 (t, 2H, J=8.8 Hz, Napht-CH2-CH2-
	Si), 1.22 (t, 3H, J=17.5 Hz, O-CH2-CH3), 1.06 (t, 2H, J=8.8 Hz, Napht-CH2-CH2-Si), 0.15
	(s, 6H, SiMe2)	

13 C NMR (100 MHz, CDCl3, δ, ppm): 142

  

	.50 (Napht), 133.77 (Napht), 131.99 (Napht),
	127.89 (Napht), 127.65 (Napht), 127.47 (Napht), 127.08 (Napht), 125.89 (Napht), 125.48
	(Napht), 125.05 (Napht), 58.40 (O-CH2-CH3), 29.25 (Napht-CH2-CH2-Si), 18.67 (O-CH2-
	CH3), 18.31 (Napht-CH2-CH2-Si), -1.95 (SiMe2)

29 Si NMR (80 MHz, CDCl3, δ, ppm): 16.70 IR (ν, cm -1 ) : 3056

  

	(Cnapht-H), 1600 (Cnapht-Cnapht), 1043 (Si-O-Si), 841(Si-Me)
	ESI-MS (M -ethoxy): obtained 213.1 m/z, expected 213.1 m/z

1 H NMR (400 MHz, CDCl3, δ, ppm):

  

	7.82 (m, 3H, Hnapht), 7.68 (s, 1H, Hnapht), 7.48 (quin,
	3H, J=7.5 Hz, Hnapht), 7.40 (d, 1H, J= 8.1 Hz, Hnapht), 2.96 (t, 2H, J=8.4 Hz, Napht-CH2-
	CH2-Si), 1.33 (t, 2H, J=8.4 Hz, Napht-CH2-CH2-Si), 0.47 (s, 6H, SiMe2)

13 C NMR (100 MHz, CDCl3, δ, ppm): 141

  

	.33(Napht), 133.73 (Napht), 132.09 (Napht),
	128.08 (Napht), 127.69 (Napht), 127.50 (Napht), 126.94 (Napht), 126.03 (Napht), 125.74
	(Napht), 125.25 (Napht), 29.33 (Napht-CH2-CH2-Si), 20.81 (Napht-CH2-CH2-Si), 1.17
	(SiMe2)

29 Si NMR (80 MHz, CDCl3, δ, ppm): 31.61 IR (ν, cm -1 ): Not performed due to the corrosive nature of the product ESI-MS (M -Cl): obtained

  

	213.11 m/z expected 213.1 m/z
	(M): obtained 248.1 expected 248.1 m/z

  -1, only a few T10 and T12 compounds, prepared by direct synthesis, have been reported, compared to the corresponding T8 systems.

	Entry	Organic Group	Cages described	Ref
	1	-H	T8 T10	14-16
	2	-i-Bu	T8 T10	17
	3	Octyl	T8 T10	17
	4	-CH=CH2	T8 T10 T12	18-22
	5	-CH-CH=CH2	T8 T10 T12	17,23
	6	-(CH2)3-NH2	T8 T10 T12	24,25
	7	-Ph	T8 T10 T12	4,17,21
	8	-C6H4-(4-SiMe3)	T8 T10 T12	26
	9		T8 T10 T12	27,28

Table II -

 II 

1: Existing T10 and T12 cage silsesquioxanes obtained by direct synthesis.

  Table II-3 presents some typical shifts of the T8, T10 and T12 systems.

	Organic group	T8 shift	T10 shift	T12 shift	Reference
		(ppm)	(ppm)	(ppm)	
	Phenyl	-78.3	-79.6	n.a	42,57
	4-Methylbenzene	-78.0	-79.6	n.a	26
	4-Nitrobenzene	-79.2	-80.9	-80.3 & -82.2	26
	4-Trimethylsilylbenzene	-78.4	-79.5	-79.4 & -81.5	26
	Aminopropyl	-66.5	-68.4	-67.3 & -70.8	27
	Azidopropyl	-67.0	-68.9	-68.7 & -71.4	38
	Propylmethacrylate	-66.8	-68.6	-68.4 & -71.1	39
	4-(nitrobenzene)propyloxy	-68.7	-68.6	-68.3 & -71.0	

40 n.a: not available

Table II-3: Some examples of 29 Si chemical shifts of T8, T10 and T12 silsesquioxanes
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Table II -

 II 

5: Enhanced catalytic activity of a catalyst functionalized T8 towards the Suzuki Miyaura reaction 105

Table II -

 II 

7:

1 

H chemical shifts in the solution NMR spectra of the

T8, T10 and T12 cages (d, doublet; dd, double doublet; m, multiplet) 

13 C NMR (Figure II-33) reveals similar spectra for all three structures. Table II-8 gives the chemical shifts of the signals related to the different cages. Two distinct sets of signals are observed in the case of the T12, as expected given the presence of two different styryl environments in this case.

Table II -

 II 

8: Positions of

13 

C signals in the solution NMR spectra of the T8, T10 and T12 systems

Table II -

 II 10: Characteristic atom distances and angles for styryl-functionalized T8 and T8-F structures

  The 29 Si NMR without any decoupling ( 29 Si in Figure II-56) shows the presence of a complex signal profile consisting of a triplet of doublets. Two coupling constants can be extracted from this spectrum: a first coupling constant of 5.89 Hz and a second one of 2.06 Hz. After 1 H decoupling ( 29 Si -{ 1 H} in Figure II-56) the only remaining coupling constant is that of2.33 

1 H decoupling -29 Si NMR with 19 F decoupling -29 Si NMR with double decoupling (both 1 H and 19 F)

Table III -1.

 III 

		PMO-1	PMO-2	PMO-3
			1 st population	2 nd population	
	BET specific				
	surface area	1040	952		723
	(m²/g)				
	BJH pore size (nm)	5.8	5.8	3.9	3.9
	SWAXS				
	periodicity	11.3	11.5	16.1	11.5
	(nm)				
	Wall thickness (nm)	5.5	5.7	>12	7.6-9.1
	Pore volume (des., cm 3 /g)	1.04	n.a.		0.38

Table III-1: Textural properties of PMO-1, PMO-2 and PMO-3

Table III -

 III 

4: 29 

Si solid state NMR spectra fitting of signal positions and proportions for the gel prepared from pure PAMAM G3 (SiOEt)3

Table III -

 III 

	Function	Band	Vibration mode	Band (cm -1 )	Ref
				IR	RAMAN	
	Ethoxy group	CH3	Asym. Stretching	2985-2976 m	2979 s	222
		CH2	Asym. Stretching	2931-2928 w 2940-2930 s	222
		CH3	Sym. Stretching	2897-2887 w	2889 s	222
		CH2	Sym. Stretching	2854-2850 m	2875 m	222
	Aromatic ring	C-H	Stretching	3067	3068-2818	137,224
		C=C	Stretching	1590	1590	137,224
			Ring breathing		977	224
			In plane ring		671	225
			deformation		634	
			Out of plane ring	524		225
			deformation			
	Silsesquioxane	Si-C	Stretching	1198	1120	137,224
		Si-O-Si	Stretching	1120-1060		
	precursor					

6 (continued)

: Wavenumber of vibration of the organic moieties of interest in the PAMAM dendrimer 137 Table III-7: Wavenumber of key modes of the organic moieties of interest in the BTEB precursor

Table III -

 III 10: Textural properties of PMO based on N2 physisorption and SAXS analysis

H NMR (400 MHz, CH3OD, δ, ppm):7.66 (d, 

2H, J=8.1Hz, Har),7.36 (d, 2H J=8.1Hz, 

Si NMR (80 MHz, CDCl3, δ, ppm): -81.50 (d, J = 2.33 Hz) IR(ν, cm -1 ): 1628 (C=C), 1600 (C-C ring), 1079 (Si-O-Si) MALDI-MS: calculated (M+Na): 1282.18; found: 1283.20 NB: During acquisition of the MALDI-MS spectrum, a cation exchange process occurs, resulting in substitution of the tetrabutylammonium (TBA) ion by a sodium ion. The observed m/z is thus characteristic of (M+Na) (rather than the expected (M+TBA)).

branches & N-CH2-CH2-(C=O)), 2.56 (m, PAMAM branches), 2.47 (m, PAMAM branches & N-CH2-CH2-(C=O) & HC≡CH2-O), 2.36 ( t, 8H, J=5.6 Hz, PAMAM branch)13 C NMR (100 MHz, CDCl3, δ, ppm): 173.15, 172.56, 172.45, 79.49, 75.24, 68.11, 67.99, 62.49, 60.22, 58.24, 52.84, 52.42, 51.82, 49.83, 49.16, 41.38, 38.32, 37.30, 33.76, 33.76 IR (ν, cm -1 ): 3282 (≡C-H), 1729 (C=O), 1643 (amide I), 1533 (amide II) MALDI-MAS: Data acquisition was unsuccessful

C NMR (75 MHz, CP-MAS, δ, ppm): 133.4 (aromatic BTEB), 58.9 (residual ethoxy), 17.4 (residual ethoxy), 29 Si NMR (60 MHz, CP-MAS, δ, ppm): -61.1, -70.5, -78.1 IR (ν, cm -1 ): 1153-1020 (Si-O-Si)

C NMR (75 MHz, CP-MAS, δ, ppm): 174.7 (amide),

144.2 (triazole), 133.5 (aromatic BTEB), 29 Si NMR (60 MHz, CP-MAS, δ, ppm): -61.6, -70.4, -78.9 IR (ν, cm -1 ):1146-1016 (Si-O-Si) 

H and19 F cross polarization magic angle spinning (CP-MAS)

Si and13 C solid state NMR measurements were recorded on a Varian VNMRS-300 MHz apparatus at room temperature,
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In the Part B, the synthesis and characterization of styryl-functionalized T8, T10, T12 and T18 cages was described. However, it was also found that slight changes in the work-up technique may lead to a different product, the T8-F, together with the T10, T12 and larger cages discussed above.

Figure II-45: Synthetic routes to different styrenyl-and styryl-functionalized T8-F silsesquioxanes Similarly, in the case of the T10 cage, the 1 H NMR spectrum (Figure II-78) shows the disappearance of the vinyl signal and the appearance of the CH2 generated by the hydrothiolation of the latter at 2.82 and 2.71 ppm. The aromatic signals are shifted from 7.56 and 7.29 ppm in the styryl T10 to 7.50 and 7.08 ppm in the triethoxysilylated functionalized T10 cage. The signal from the triethoxysilyl propyl moiety can been seen with an excess of reactant at 3.82 and 1.23 ppm for the ethoxy and 2.56, 1.72 and 0.74 for the CH2. The signal arising from AIBN can still be observed at 1.74 ppm. A slight broadening of the signals due to polymerized by-products can also be observed.

The expected 29 Si NMR signals are observed at -45.59 for the triethoxysilyl group and -79.56 ppm for the T10 cage. The latter chemical shift falls within the range of expected values for T10 cages functionalized with aromatic moieties (see Part A.5.a.).

Although purification is required to obtain the final products, these preliminary experiments demonstrate that the thiol-ene reaction is successful for T8 and T10 cages, in addition to the T8-F system.

Synthesis of the T8-F cage silsesquioxane

The procedure was similar to that used for the Tn cages synthesis. Water (480 µL, 26.2 mmol) was added to a solution of trimethoxy (4-vinylphenyl)silane (11.1 mL, 52.5 mmol) in DCM (1.2 L) The latter is followed by the dropwise addition of the TBAF solution in THF (30 mL, 30 mmol). The reaction mixture was held at 30 °C for 48 h. The resulting crude product was washed three times with water and the solvent was evaporated. The crude product was taken up in toluene. The resulting precipitate was then filtered and washed with toluene. The octastyryl T8-F was obtained as a white powder.

Formula: C80H92O12Si8NF

Molecular weight: 1503.29 g/mol Yield: 26% (2.56 g, 1.71 mmol) Appearance: white powder 1 H NMR (400 MHz, CDCl3, δ, ppm): 7.75 -7.73 (d, CHar, 16H, J= 8.0 Hz), 7.32 -7.30 (d, CHar, 16H, J= 8.0 Hz), 6.74 -6.67 (dd, CHvi, 8H, J1= 17.7 Hz, J2= 10.8 Hz), 5.82 -5.77 (dd, CHvi, 8H, J1= 17.7 Hz, J2= 0.8 Hz), 5.30 -5.27 (dd, CHvi, 8H, J1= 10.8 Hz, J2= 0.8 Hz),

1.92 (t, N-CH2, 8H, J = 7.5 Hz, J= 7.5 Hz), 1.01 (quint, N-CH2-CH2, 8H, J = 7.5 Hz), 0.80 (m, N-CH2-CH2-CH2, 8H, J= 7.5 Hz), 0.73 (t, N-CH2-CH2-CH2-CH3, 12H, J = 7.5 Hz) 13 C NMR (100 MHz, CDCl3, δ, ppm): 137.58 (Car), 137.41 (Car), 137.13 (CHvi), 134.11 (CHar), 125.00 (CHar), 113.59 (CH2 vi), 58.30 (N-CH2-CH2), 23.43(N-CH2-CH2), 19.50 (N-CH2-CH2-CH2-CH3), 13.75 (N-CH2-CH2-CH2-CH3).

19 F NMR (380 MHz, CDCl3, δ, ppm): -25.17 The "multivalency effect" describes the fact that dendrimers behave differently from the classical linear polymer but whatever the generation of the dendrimer, the effect will be constant. This outcome is due to the proximity between the different terminal group, thus leading to cooperative effects in restricted spaces.

The "generation effect" is characteristic of the dendrimer behaving differently from the linear polymer and between generations. This can have either a positive or negative impact on the desired properties and targeted applications. Indeed, the "dendritic effect" can also prove to have a positive impact up to a certain generation and a negative impact beyond this range.

Despite the phenomena being not fully understood, it seems to be due to the dendrimer generation, the flexibility, the properties of the terminal group, etc. 160 Due to the "dendrimer effect" and because of their well-defined structure, the dendrimers have attracted much attention and are used in variety of fields.

d. Silica based materials with dendrimers

In this manuscript, dendrimer integration into silica-based materials will be studied.

Consequently, this section will provide a brief overview of dendrimer-silica-based materials.

As mentioned in Part A.4., silica-based materials can be modified by organic functions using various strategies. The approaches adopted are often similar to those used in the case of the corresponding PMS systems, although the size and the structure of the dendrimers required to achieve specific architectures can be somewhat different. 72,162 

i. Dendrimer loading in mesopores

Although this technique is seldom used in many fields because of significant problems with leaching, it is notable that materials in which dendrimers have been loaded in pores have been prepared. However, the loading strongly depends on the size of the dendrimer, and hence, on its generation. Figure III-26 highlights the steric hindrance which can be observed in dendrimer loading. The generation must thus be carefully chosen. Our approach exploits the competition between the rates of:

• BTEB hydrolysis/condensation

• diffusion, solubilization and partitioning of the unhydrolyzed and hydrolyzed BTEB sol-gel precursor within the three-phase regions of the self-assembling P123 SDA.

A mechanism describing the evolution of porosity within this system is proposed.

Figure III-33: 1,4-bis(triethoxysilyl)benzene Despite these common features, striking differences are evident. In the case of PMO-1 (a in Figure III-39), the hysteresis loop is characterized by two parallel branches, which is consistent with materials exhibiting well-organized mesoporosity. Interestingly, the high steepness of the uptake is an indication that the mesoporosity is extremely homogeneous. This is confirmed by the BJH pore size distribution determined using the desorption branch of the sorption isotherm (d in Figure III-39), where a very narrow peak centered at around 5.8 nm can be seen. In terms of pore volume, the capillary condensation process corresponds to about 50 % of the overall pore volume, which indicates that this material is essentially mesoporous, with very limited amorphous domains. This is confirmed by the high specific area obtained for this material, 1040 m 2 .g -1 (Table III-1).

In the case of PMO-2 (b in Figure III-39), whereas the saturation plateau is still present, the uptake at intermediate relative pressure is less pronounced. Indeed, the saturation plateau is located at around 380 cm 3 .g -1 which is one half of the saturation plateau obtained for PMO-1.

It can be deduced that this material is not as mesoporous as the material prepared using the synthetic pathway of PMO-1. Also, the specific surface area is 952 m 2 .g -1 , quite close to that obtained for PMO-1. This is consistent with the fact that the sorption isotherms for both samples are very similar at low relative pressure as shown in Figure III-40. It can be deduced that PMO-1 has a larger population of mesopores, favoring larger amounts of condensed sorbate. In other words, the pore walls are likely thicker in the case of PMO-2. Additionally, the uptake at intermediate relative pressure is not very steep, which is an indication that the material has mesopores of different sizes. More importantly, the shapes of the hysteresis loops are very different. In the case of PMO-2, the hysteresis branches are no longer parallel, and two desorption regimes can be distinguished. The shape of the hysteresis loop can be interpreted by determining the pore size distribution using the BJH method, obtained using the desorption branch. In Figure III-39 (e) two peaks can be seen, which are attributed to two populations of mesopores with average diameters of 3.9 nm and 5.8 nm. It is noted that in this material, the latter pore diameter is identical to that found in PMO-1. Therefore, the data indicate that PMO-2 exhibits bimodal mesoporosity, whereas PMO-1 exhibits uniform, monomodal mesopores. 188

In the case of PMO-3 (c in Figure III-39), the saturation plateau is very close to that found with PMO-2 (at around 350 cm 3 .g -1 ). Again, a significant difference can be seen in the shape of the hysteresis loop. The branches are not parallel and there is only one desorption step, as

Proposed mechanism

A notable feature of the different morphologies observed in this study is that they are obtained simply be varying the addition sequence of reactants at 0 °C during the initial 5 min of reaction at that temperature, without changing precursors and using a single surfactant. A consistent processing regime is applied to all three systems, which involves aging of the initial structures at 35 °C for 24 h, followed by an additional aging step at 100 °C for a further 24 h. As previously discussed, the 29 Si NMR data indicate that the extent of condensation is essentially identical in all three samples. Hydrolysis is expected to be relatively fast under these conditions, with only minimal condensation expected (estimated pH ~1.2). 7 These observations suggest that the basis for the observed morphologies is largely established at 0 °C by the complex interplay between the key reaction parameters :

• hydrolysis of BTEB,

• π-π stacking,

• solubilization and partitioning of the hydrolyzed and unhydrolyzed BTEB within the various domains 192 of the self-assembled (2D-hexagonal) P123,

• H bonding between EO (and PO) groups in the P123 chains,

• etc.

Subsequently, increasing the reaction temperature to 35 °C would lead to a significant increase in the rate of the relatively slow condensation step. As a consequence, the formation of the hybrid silica networks from the kinetically stable structures initially established at 0 °C will be accelerated. The network will be further consolidated by aging for an additional 24 h at 100 °C.

The key differences in the processes occurring during the initial mixing step at 0 °C are explored in more detail below and summarized schematically in PMO-1 was prepared under conditions reported in earlier studies, i.e. by dropwise addition of the BTEB precursor to an acidic P123 solution. 188 The BTEB:H2O:HCl:P123 mole ratio is 1:800:0.95:0.07 after complete mixing of the reagents, and hence water is in large excess at all times during the reaction. A simple calculation suggests that the pH is around 1.2, so hydrolysis is expected to be relatively fast and condensation relatively slow, 7 as indicated above. It would be anticipated that the BTEB molecules would be rapidly hydrolyzed under the prevailing conditions, generating hydroxylated intermediates that would be less hydrophobic than the initial BTEB species. Consequently, they would be expected to accumulate outside of the hydrophobic core of the self-assembled P123 structures and within the corona region. This can be explained by the competition between H-bonding of the silanol groups attached to the hydrophilic (EO)20 P123 groups and solubilization of the phenylene species within the hydrophobic ((PO)70) core. 

Conclusion

PMOs with uniform, organized 2D-hexagonal monomodal and bimodal porosity have been prepared under acidic conditions from BTEB, using a simple approach involving a single SDA (Pluronic P123). In contrast to earlier reports, the method described herein does not require the use of multiple precursors or co-SDAs and does not involve decomposition of the bridging organic species to generate the bimodal mesopore network (Part A.6.). Instead, the addition sequence of the reactants and SDA is controlled to exploit the competition between key process parameters: hydrolysis, π-π stacking, solubilization/partitioning of the hydrolyzed and unhydrolyzed BTEB within the various domains of the self-assembled P123, H-bonding between EO and PO groups in the P123 chains, etc., at 0 °C. Subsequent aging at 35 to 100 °C consolidates the silsesquioxane networks to generate the observed products.

The approach outlined opens up new possibilities for producing functional materials with uniform, well organized bimodal pore networks that retain the functionality of the bridging organic species within the walls of the materials. As discussed in Part A.6., many potential applications for such materials can be envisaged that would be greatly enhanced, including catalysis (controlled diffusion rates of reactants and products of different dimensions); chromatography (enhanced double-size exclusion); and controlled delivery of bioactive species (tailored release profiles of mixtures of pharmaceuticals); etc. Both structures were confirmed by 13 C NMR and IR spectroscopies. Indeed, FTIR spectra revealed the presence of the characteristic ≡C-H stretching mode at 3287 cm -1 and C=O stretching mode at 1732 cm -1 for both G0 and G3 acetylenic PAMAM.

c. PAMAM condensable dendrimers

The silylated groups were grafted onto the acetylenic PAMAM dendrimer by a Huisgen CuAAC cycloaddition in the presence of copper iodide as a catalyst. Key features of this reaction include quantitative yields, mild reaction conditions and regioselectivity ensured by The product structure was further confirmed by IR spectroscopy, with the disappearance of the acetylenic C-H stretching mode at 3287 cm -1 and the appearance of the C-Oethoxy stretching vibration around 1075 cm -1 . The carbonyl signal of the grafted linker remains unchanged.

It is noteworthy that this approach also benefits from the possibility of recovering the inner part of the dendrimer (Figure III-62). In order to comprehensively probe the structure of the materials, both FTIR and Raman spectroscopic measurements were performed. Experimental conditions for the measurements are given in the Analytical Techniques.

First, FTIR and Raman measurements were performed to probe the vibrational dynamics of the system. Due to the fact that Raman is sensitive to variations in the polarizability tensor and infrared to changes in dipole moment during the vibration, the two techniques provide complementary information about the structure of molecules n as (CH 3 )

n as (CH 2 )

Wave number (cm -1 ) Absorbance (A.U.)

Figure III-83: FTIR spectra of PAMAM G0 gels before and after DTT cleavage in the range 2600 to 3200 cm -1

The same material was then characterized by Raman spectroscopy. In order to compare the materials before and after DTT cleavage, the spectra were normalized using the intensities of the triazole bands, since the triazole moiety is the only one that is present before and after cleavage. The following triazole bands were normalized in the range 200 -1800 cm -1 (Figure

III-84):

• N-N stretching mode: ν(N-N) at 1028 cm -1

• N=N stretching mode: ν(N=N) at 1228 cm -1

• N=N and C=N stretching mode: ν(N=N) and ν(C=N) at 1296 cm -1

• In plane ring stretching mode at 1343 cm -1

• C-N stretching mode: ν(C-N) at 1460 cm -1

• C=C stretching mode: ν(C=C) at 1555 cm -1

Within the range 2400 -3100 cm -1 , no normalization was possible as all bands appearing in this region can be affected by the DTT treatment. Wavenumber (cm -1 )

n s (CH 3 )

n as (CH 2 )

Figure III-91: FTIR spectra of PAMAM G3 gels before and after DTT cleavage in the range 2600 to 3200 cm -1 The same normalization procedure involving the triazole moiety and CH stretching modes as used for the G0 dendrimer gels was applied in the case of the Raman spectra of the samples. In In the case of the corresponding Raman spectra, the data were normalized on the C=C stretching band of the BTEB, using the same approach as in the case of the G0-dendrimer/BTEB gel. which shows an expanded view of the 250 to 700 cm -1 region of the spectrum. In the range 2400-3100 cm -1 , the presence of ethoxy groups precludes a discussion of the loss of CH2 associated with the PAMAM core, as previously observed. In addition, the band corresponding to the S-H stretching mode is not evident.

c. Characterization of the porosity of the materials

The gels obtained from the PAMAM Si(OEt)3 dendrimer were characterized by TEM, N2 physisorption and SAXS to determine their textural properties. N2 physisorption measurements

were carried out after one to three days of outgassing at 60 °C under reduced pressure, depending on the duration of outgassing required by the material. Although TGA revealed no significant degradation of the material before 250°C, a relatively mild temperature was chosen to avoid degradation of the dendrimer. 226,227 i. G0 PAMAM gels In order to consolidate the framework and promote organization of the material, BTEB was used as co-precursor with the PAMAM triethoxysilylated dendrimer with a SDA. Tests were performed using the G0 dendrimer. A mixture of PAMAM G0 Si(OEt)3 and BTEB was thus prepared, which was then added to a surfactant solution. It was noted that solvent trapped in the dendrimer strongly affects the pre-formed surfactant mesophase during the addition step.

Hence, a careful procedure was implemented to remove the solvent. Since the dendrimer is a paste, BTEB was added to a solution of the dendrimer in dry dichloromethane, and the precursors were stirred in solution to improve the homogeneity of the mixture. The solvent was then evaporated under agitation. The resulting dendrimer solution in BTEB was dried overnight under dynamic vacuum at 40°C. Finally, a minimum of five freeze/pump/thaw cycles were applied to the mixture to remove as much solvent as possible.

The dried, nearly-solvent-free precursor mixture was then used to produce materials via sol-gel processing, in the presence of a SDA, under basic, neutral or acidic conditions.

impacted by the presence of the dendrimer. In order to increase the prospects of obtaining an organized structure, the quantity of BTEB used in the synthesis was significantly increased (PAMAM G0 Si(OEt)3/BTEB = 1/384).

The procedure used was adapted from a protocol of Inagaki. 188 An aqueous solution of P123 and hydrochloric acid was prepared. The dried, solvent-free triethoxysilane precursor mixture was added dropwise to the SDA solution at 0 o C, using a Si/H2O/P123/HCl ratio of 1/1600/0.14/1.6.10 -3 . The resulting material was then characterized as synthesized (step 1 in 

Conclusions and perspectives

In summary, new degradable, triethoxysilylated dendrimers have been successfully synthesized: the thiophosphohydrazone dendrimer which is degradable at the divergence point and the PAMAM-derived dendrimers which is cleavable on its periphery. This work mainly focused on the PAMAM-derived dendrimers obtained by grafting of a disulfide cleavable linker on the commercially available PAMAM dendrimers. G0 and G3 PAMAM-derived dendrimers were successfully obtained.

Both Further characterization studies remain to be completed on the PMO formed under acidic conditions to elucidate the composition of key organic moieties in this system, and to verify the

Synthesis of bimodal PMOs from BTEB and P123

PMO-1 (monomodal porosity PMO, Inagaki's protocol):

In a Schlenk vessel, Pluronic P123 (1.46 g, 218 µmol) was dissolved at 35 °C in water (53.5 mL)

under strong agitation (1400 rpm). Concentrated HCl (310 µL, 3.5 mmol HCl) was added to the previous solution and the resulting mixture was then cooled to 0 °C. BTEB (1.5 g, 3.7 mmol)

was added dropwise to the cold solution. After 1 h of reaction, the reacting mixture was heated to 35 °C for 24 h and then to 100 °C for an additional 24 h. The white solid obtained was recovered by centrifugation, washed with water until the pH of the supernatant reached 6. 29 Si NMR (300MHz, CP-MAS, ppm): -62.0 (T 1 ), -71.0 (T 2 ), -79.4 (T 3 ).

IR (cm -1 ): 1036 (ν(Si-O-Si)), 914 (δ(Csp 2 -H)).

PMO-2 (bimodal porosity PMO, alternative procedure):

In a first Schlenk vessel, Pluronic P123 (1.46 g, 218 µmol) was dissolved at 35 °C in water (53.5 mL) under strong agitation (1400 rpm). Concentrated HCl (310 µL, 3.5 mmol HCl) was added to the previous solution and the resulting mixture was then cooled to 0 °C. In a second flame dried Schlenk flask, BTEB (1.5 g, 3.73 mmol) was added and cooled to 0 °C under magnetic stirring (750 rpm agitation). 20 mL of the surfactant solution was then poured into the flask containing BTEB and the agitation speed was immediately increased up to 1400 rpm. Five

Synthesis of (propargyloxyethyl)(ethylacrylate)disulfide

In a flame dried Schlenk flask, a solution of hydroxyethyl-(propargyloxyethyl)disulfide (19.8 mmol, 3.8 g, 1 eq) in dry chloroform (31 mL) was prepared under an inert atmosphere.

Triethylamine (60 mmol, 8.0 mL, 3 eq) was added to the solution. The solution was placed in an ice bath and the Schlenk flask was purged with nitrogen for 15 min. Acryloyl chloride (60 mmol, 2.4 mL, 3 eq) was added dropwise. The injection was followed by the appearance of salts and the reaction mixture turned orange. After 24 h at 25 °C, the reaction mixture was filtered over celite and the solvent was evaporated. The crude reaction product was purified with a silica pad eluted with a 90/10 mixture of cyclohexane/ethyl acetate. The solvent was evaporated under reduced pressure and the product was recovered as a colorless oil. 

Formula

General route to acetylenic PAMAM dendrimers

In a flame dried Schlenk flask, a solution of (propargyloxyethyl)(ethylacrylate)disulfide (4 eq/NH2) in dry methanol was prepared under an inert atmosphere. The solution was placed in an ice bath. A solution of PAMAM-(NH2)n (1 eq) in dry methanol was added dropwise at 0 °C. The syringe was washed with dry methanol and the reacting mixture was returned to room temperature. After 3 days of reaction at 25 °C, the solvent was evaporated. The subsequent purification step was dependent on the dendrimer generation and is described hereafter.

PAMAM S-S propargyl G0

The reaction was performed with (propargyloxyethyl)(ethylacrylate)disulfide (8.1 mmol, 2.0 g) in dry methanol (0.4 mL) and PAMAM-(NH2)8 G0 (0.5 mmol, 247 mg) in dry methanol (0.8 mL + 0.7 mL washing).

The crude reaction product was purified with a neutral alumina pad eluted with an 80/20 mixture of cyclohexane/ethyl acetate. The product was recovered after elution with a 95/5 mixture of ethyl acetate/methanol. A yellow oil was obtained and dried under vacuum. 48, 172.40, 79.48, 75.04, 68.19, 62.53, 60.32, 58.28, 52.94, 49.26, 41.49, 38.56, 38.43, 37.22, 32.70. 68.35, 64.11, 60.31, 58.37 (ethoxy), 57.07, 54.18, 49.29, 48.94, 41.24, 38.62, 37.18, 33.84, 32.69, 20.33, 18.31 (ethoxy), 7.82. 

Formula

IR (ν, cm

PAMAM S-S triethoxysilane G3

The reaction was carried out with G3 PAMAM S-S (C≡CH)64 ( 3 40, 144.46 (triazole), 123.52, 68.64, 68.41, 64.42, 62.54, 60.38, 58.43 (ethoxy), 57.10, 54.36, 48.97, 41.32, 38.74, 20.44, 18.43 (ethoxy), 

Synthesis of PAMAM G0 gel and DTT treatment

Synthesis of the gel

In a flame dried Schlenk flask, the solution of G0 PAMAM Si(OEt)3 (118.5 µmol, 762.5 mg, 1 eq) resulting from the click reaction described above was evaporated. The pasty G0 PAMAM Si(OEt)3 was then dissolved in dry THF (1.3 mL) under nitrogen. Water (1.89 mmol, 34 µL, 16 eq) was added followed by TBAF solution (1 M in THF) (38 µmol TBAF, 38 µL solution, 0.32 eq). The mixture formed a gel within a few minutes. The material was then aged for 3 days.

After aging, the dark green solid was divided into two parts. One third was crushed, washed three time with water then washed three times with acetone and dried under vacuum overnight to yield a green powder. The remaining two thirds were treated in situ for DTT cleavage. 

DTT cleavage

The remaining solid was suspended in water (10 mL). In order to outgas the solvent, five freeze/pump/thaw cycles were performed. An excess of DTT (1.89 mmol, 290 mg, 2 eq/max quantity of S-S) was then added under an inert atmosphere. The reaction was stirred at room temperature for 3 days. After cleavage, the solid was washed three times with water, three times with acetone and dried under vacuum overnight. 

Synthesis of PAMAM G0/BTEB gel and DTT treatment

Synthesis of the gel

In a flame dried Schlenk flask, the solution of G0 PAMAM Si(OEt)3 (40.3 µmol, 260 mg, 1 eq) resulting from the click reaction was mixed with BTEB (1.9 mmol, 780 µL, 48 eq). The mixture was evaporated to obtain a G0 PAMAM Si(OEt)3 solution in BTEB. The mixture was dissolved in dry THF (3.0 mL) under nitrogen. Water (4.5 mmol, 81 µL, 1 eq/Si) was added followed by TBAF (1 M in THF) (90.3 µmol TBAF, 90 µL solution, 0.08 eq/Si). The mixture formed a gel within a few minutes. The material was then aged for 3 days. After aging, the green solid was crushed, washed three time with water then washed three times with acetone and dried under vacuum overnight to obtain a green powder. DTT cleavage 10 mL of water was outgassed by five freeze/pump/thaw cycles. 400 mg of the previously obtained solid was added to the outgassed solvent. DTT (348 µmol, 54 mg, 1.5 eq/expected quantity of S-S) was then added under an inert atmosphere. The reaction was stirred at room temperature for 5 days. After cleavage, the solid was washed three times with water, three times with acetone and dried under vacuum overnight.

Synthesis of PAMAM G3 gel and DTT treatment

Synthesis of the gel

In a flame dried Schlenk flask, the solution of G3 PAMAM Si(OEt)3 (13.2 µmol, 719 mg, 1 eq) resulting from the click reaction was evaporated. The pasty greenish G3 PAMAM Si(OEt)3 was then dissolved in dry THF (1.2 mL) under nitrogen. Water (16.9 mmol, 300 µL, 640 eq) was added, followed by TBAF (1 M in THF) (34 µmol, 35 µL, 2.5 eq). The mixture formed a gel in a few minutes. The material was then aged for 3 days. After aging, the green solid was crushed.

The powder was split into two parts. One third was washed three times with water then washed three times with acetone and dried under vacuum overnight to obtain a green powder. The remaining two thirds of the wet powder were treated for DTT cleavage. 

DTT cleavage

Two thirds of the wet solid obtained was suspended in water (10 mL). In order to outgas the solvent, five freeze/pump/thaw cycles were performed. An excess of DTT (1.7 mmol, 261 mg, 1 eq/max quantity of S-S) was then added under an inert atmosphere. The reaction was stirred at room temperature for 3 days. After cleavage, the solid was washed three times with water, three times with acetone and dried under vacuum overnight. 

Synthesis of PAMAM G0 PMO under basic conditions

In a flame dried Schlenk flask, a solution of G0 PAMAM Si(OEt)3 (24.4 µmol, 157 mg) was evaporated together with BTEB (2.4 mmol, 942.6 mg, 96 eq). The mixture was dried overnight under reduced pressure. The remaining solvent was then further evacuated by five freeze/pump/thaw cycles.

Procedure 1:

In a round bottom flask, CTAB (0.42 mmol, 154 mg, 1.2 eq/Si) was mixed with water (66 mL).

NH4OH (2.6 mmol, 194 µL, 3.7 eq/Si) was added and the mixture was stirred under strong agitation (~900 rpm) at room temperature until the solution became translucent. The silane (305.7 mg of the previously prepared 1/48 dendrimer/BTEB silane mixture) was added dropwise at room temperature. The reaction was heated at 50 °C overnight under strong agitation. The solid obtained was washed with water until pH = 7 and dispersed again in an acidic solution of ethanol (1.6 mL of concentrated HCl in 5 mL of ethanol) and stirred at 60 °C for 3 days to extract the CTAB. The material was recovered, washed with water until neutral pH, with ethanol twice and with acetone once. A white powder (157.9 mg) was finally dried under vacuum overnight.

Procedure 2:

In a round bottom flask, a solution of ammonia (18.5 mmol, 2.9 mL, 8.0 eq/Si) was prepared in water (4.8 mL). CTAB (0.28 mmol, 101 mg, 0.12 eq/Si) was added and the mixture was stirred under strong agitation (~1400 rpm) at room temperature until the solution became translucent.

The silane (516.5 mg of the previously prepared 1/48 dendrimer/BTEB silane mixture) was added dropwise at room temperature. The reaction was stirred for 35 min at room temperature (1400 rpm). The agitation speed was reduced at 500 rpm and the reacting mixture was heated at 80 °C. After 35 min the agitation was stopped, and the mixture reacted overnight under static conditions. The solid obtained was washed with water until pH = 7 and dispersed again in an acidic solution of ethanol (7.5 mL of concentrated HCl in 53.0 mL of methanol) and stirred at 80 °C for 2 days to extract the CTAB. The solid was recovered, washed with water until neutral

General synthesis procedure for PAMAM G0 PMO under acidic and neutral conditions

In a flame dry Schlenk flask, a solution of G0 PAMAM Si(OEt)3 (9.28 µmol, 23.2 mg) was evaporated together with BTEB (3.5 mmol, 1.4 mL, 384 eq). The mixture was dried overnight under reduced pressure. The remaining solvent was then further evacuated by five freeze/pump/thaw cycles.

In a Schlenk vessel, Pluronic P123 (563 mg, 96.5 µmol, 0.14 eq/Si) was dissolved at 35 °C in water (20.5 mL) under strong agitation (1400 rpm). After complete dissolution of P123, the catalyst was added to the surfactant solution and the resulting mixture was then cooled to 0 °C.

The 1/384 dendrimer/BTEB silane mixture (585 g, 3.7 mmol) was added dropwise to the cold solution. After 1 h of reaction, the reacting mixture was heated to 35 °C for 24 h and then to 100 °C for an additional 24 h. The white solid obtained was recovered by centrifugation, washed with water until the pH of the supernatant reached 6.5 and then returned to the vessel in 20.5 mL of water at 100 °C for further aging and structural consolidation for three days. The resulting solid was then recovered by centrifugation, washed once with water, twice in ethanol, once in acetone and dried under vacuum to afford a white powder.

For the acidic catalysis, HCl 35% (127 µL, 1.2 mmol HCl, 1.6.10 -3 eq/Si) was added. 296 mg of white powder was recovered.

For the neutral catalysis, NaBF4 (42.0 mg, 0.38 mmol, 0.54 eq/Si) was used to obtain 259 mg of white powder.

Conclusion and perspectives

materials before cleavage could be used for drug delivery applications. Similarly, the same material after disulfide cleavage, with thiol functions localized within mesopores could be applied in a wide range of application fields including water remediation, catalysis, etc. As thiophosphohydrazone dendrimers undergo degradation under basic conditions, 1 this dendrimer appeared to be a suitable starting model for the synthesis of PMOs with degradable dendrimers embedded into the walls. Indeed, the dendrimer would play the role of template and its degradation on the phosphoester bond would result in the creation of pores.

Appendices

A thiophosphohydrazone dendrimer, 1, bearing alkyne terminal functions was synthesized according to the procedure previously described in the literature 2 (Figure 2). The latter was converted into a triethoxysilylated thiophosphohydrazone dendrimer via a CuAAC click reaction (Figure 1). Bis-(triethoxysilylpropyl)amine azidoethane, 2, (Figure 1) was chosen to increase the quantity of silylated groups on the dendrimer and favor the formation of a strong organosilica network. Although the reaction has already been described for grafting polymers onto the dendrimer, the procedure was modified. Indeed, the reported procedure involves the use of copper iodide, and

The possible degradation of the dendrimer was monitored by 31 P-{ 1 H} NMR. Minor degradation was observed on the base of the branch signal at 64.55 ppm, with the core signal at 8.37 ppm remaining unchanged. A 29 Si NMR signal appeared at -45.16 ppm which is consistent with the values obtained for triethoxysilanes. 13 C NMR, MALDI-MS and IR analyses were also performed and are consistent with those expected for the desired product.

This dendrimer was subsequently used to form gels and PMOs via sol-gel processing. However, due to the lack of material and the poor reproducibility of the reactions, another model was studied (Chapter 3, Part C).

Analytical techniques

Nuclear Magnetic Resonance:

• Liquid NMR Liquid 1 H, 13 C-{ 1 H}, 19 F-{ 1 H} and 31 P-{ 1 H} NMR spectra were recorded on a Bruker Avance 400 MHz spectrometer in deuterated chloroform, methanol, or dimethyl sulfoxide at room temperature and at concentrations of around 10 mg/mL. Chemical shifts (δ) were calibrated against the signal of tetramethylsilane as internal standard.

The corresponding abbreviations for the multiplicity of the NMR signal were "s" for singlet, "d" for doublet, "t" for triplet, "q" for quadruplet, "quint" for quintuplet, "dd" for doublet of doublets, "m" for multiplet, etc. 

X-Ray diffraction crystallography:

Crystal evaluation and data collection were performed on a Rigaku Oxford Diffraction Gemini-S diffractometer with sealed-tube Mo-K radiation using the CrysAlis Pro program (Rigaku Oxford Diffraction, 2017). The data collections were carried out at 175 K. The integration of the data frames was done with the same program using default parameters.

Lorentz and polarization effects were also corrected, and the empirical absorption correction was done using spherical harmonics employing symmetry-equivalent and redundant data.

The crystal structures were solved using the ab-initio iterative charge flipping method with parameters described by Van der Lee 1 and using the Superflip program. 2,3 The structural models were refined against |F| using full-matrix non-linear least-squares procedures as implemented in CRYSTALS 3 on all independent reflections with I>2(I). Complete data were collected up to 1 Å resolution, because data beyond that resolution were mostly below the 2(I) threshold.

When the vinyl groups on the cluster surface of the structure (T8 and T8-F) were poorly identified in the electron density map, the fragments were modelled with soft distance restraints on the double and single bond. The distances used for this modelling were taken from the mean values found for 15 vinylbenzyl entries in the Cambridge Structural Database 4 (data collection temperature between 160 and 190 K, R-factor below 0.07, and heaviest element Cl). Thermal similarity restraints were also applied to the carbon atoms in the vinyl groups for modelling.

The Squeeze procedure 5 was used to model the contributions of the solvent electron density to the total scattering. The atoms of the remaining solvent molecules were refined with isotropic atomic displacement parameters. Many of the H atoms were located in a difference map but repositioned geometrically. The H atoms were initially refined with soft restraints on the bond lengths and angles to regularize their geometry (C---H in the range 0.93-0.98 Å) and Uiso(H) (in the range 1.2-1.5 times Ueq of the parent atom). Then, the positions were refined with riding constraints 6 and other hydrogen atoms were positioned geometrically.

The Root-mean-square deviation of atomic position values of the clusters were calculated using Mercury. 7 Voids were also calculated using contact surface maps with a probe of 1.2 Å radius and a grid spacing of 1 Å. These voids give an estimate of the volume that could be filled by solvent or guest molecules. 

Mass spectrometry:

The high-resolution mass spectra (Q-TOF ESI) were obtained on a Waters Synapt G2-S apparatus (University of Montpellier). MALDI-MS spectra were acquired using a Bruker

RapifleX spectrometer with a dithranol/sodium trifluoroacetate matrix.

Fourier transformed infrared and Raman spectroscopy:

All infrared spectra were obtained at room temperature on a Perkin Elmer Spectrum 100 with a Gladia attenuated total reflectance (ATR) accessory between 650 and 4000 cm -1 , with the exception of those measurements carried out in KBr pellets (Chapter 3, Part C where indicated). The latter spectra were obtained using a Bruker F66 vacuum spectrometer equipped with a KBr pellet holder or a diamond ATR accessory. Baseline and ATR corrections were applied in these cases. Due to the spectral cutoff of the diamond, data between 2100 and 2600 cm -1 were set to zero. 

Small-and wide-angle X-ray scattering (SWAXS):

The small-and wide-angle X-ray scattering (SWAXS) experiments were conducted by Dr.

Guillaume TOQUER (CEA, Marcoule), using a Guinier-Mering set-up coupled to a 2D image plate detector. The X-ray source was a molybdenum anode, delivering a high energy monochromatic beam (λ = 0.71 Å, E = 17.4 keV) and providing structural information over scattering vectors q ranging from 0.02 to 2.5 Å -1 . The region between the sample and the image plate was purged with flowing helium, to avoid air absorption. The data acquisition time was 3600 s and the glass capillaries used to hold the samples (Higenberg) had a thickness of 2 mm.

The image azimuthal average was determined using FIT2D software from ESRF (France), and data corrections and radial averaging were performed via standard procedures.

N2 nitrogen physisorption:

Nitrogen physisorption isotherms were determined at 77. 

Transmission electron microscopy (TEM):

Transmission electron microscopy (TEM) images were obtained on a JEOL 1400 P+ microscope operating at 120 kV with a LaB6 source. Samples were prepared by microtomy with a nominal thickness of around 70 nm when indicated, or by deposition onto a grid (lacey carbon film, copper, 300 mesh). Fast-Fourier transform (FFT) analyses of selected regions of the TEM images were obtained using ImageJ software (Version 1.52a). The images were recorded under the supervision of Franck GODIARD (Université de Montpellier).

Scanning electron microscopy (SEM):

Scanning electron microscopy (SEM) measurements were carried out using a Hitachi S4800 apparatus on platinum metalized samples. The measurements were performed by Didier COT at the Institut Européen des Membranes (Montpellier).

Thermogravimetric analyses (TGA):

TGA analyses were performed by Joris VEZZANI (Ecole National Supérieure de Chimie de Montpellier) on a TA instruments Q 50 apparatus instrument with a heating rate of 10 °C.min -1 under an air flow of 60 mL.min -1 . The material decomposition was studied from 25 °C up to 800 °C.

Microwave:

Microwave reactions were conducted in a CEM Discover apparatus with a maximum power of 200 W. Reaction vessels were sealed with a Teflon cap.

Flash column chromatography:

Flash chromatography was carried out in a Buchi Reveleris X2 flash chromatography system, equipped with evaporative light-scattering detection (ELSD) and 254-nm light source. The eluents used are indicated in the relevant Experimental sections of the thesis. 

Résumé :

Les silsesquioxanes, famille de silice hybride organique-inorganique, peuvent s'organiser soit en structures moléculaire parfaitement définies soit en réseaux polymériques. Dans cette thèse, la préparation de ces structures diverses est réalisée comme suit : (1) synthèse de silsesquioxanes oligomériques organisés à l'échelle moléculaire à partir de précurseurs monosilylés (2) création de réseaux de silsesquioxanes organisés à l'échelle mésoscopique via des précurseurs organosilylés pontés.

Premièrement, la synthèse de tetrasilsesquioxanes fonctionnels de type Janus qui comportent des fonctions luminescentes et complexantes sur des faces opposées, est décrite. Ces structures cycliques sur mesure seront utilisées pour la modification de la surface de nanoparticules de métal, propriété particulièrement attractive pour des applications en imagerie, détection ou catalyse… De même, des silsesquioxanes cages (T8, T10, T12 et le premier isomère de T18 isolé) dotés de groupes styryles sont également préparés et caractérisés. De plus, une cage T8 possédant un ion fluor encapsulé a été obtenue et a permis une étude inédite des interactions Si-F. La fonctionnalisation et l'intégration de cette cage dans un réseau de silice sont explorés.

Deuxièmement, l'organisation à l'échelle mésoscopique est étudiée avec un intérêt particulier pour la formation contrôlée de pores dans des réseaux de silsesquioxanes. Des organosilices mésoporeuses périodiques organisées à l'aide d'un tensioactif sont synthétisées en utilisant un unique organosilane ponté et en s'appuyant sur la répartition préférentielle du silane dans les différents domaines de la micelle selon son degré d'hydrolyse. D'autre part, des dendrimères polysilylés comportant des groupes dégradables sont préparés et leur capacité à créer des pores fonctionnels par clivage de la partie interne du dendrimère est démontrée.

Abstract:

Silsesquioxanes, which are a family of organic-inorganic hybrid silicas, can organize either in carefully controlled structures or polymerized networks. In this thesis, we approach the synthesis of such versatile structures in the following: (1) from monosilylated precursors to prepare oligomeric silsesquioxanes organized at the molecular scale and (2) from bridged organosilane precursors to obtain silsesquioxane networks organized at the mesoscale.

Firstly, the synthesis of well-defined functional Janus tetrasilsesquioxanes with luminescent and coordinating functions on opposite faces is described. These tailored cyclic structures will be used for the modification of metal nanoparticle surfaces, which is particularly attractive for various applications such as imaging, sensing, catalysis, etc. Similarly, styryl-functionalized cage silsesquioxanes, including T8, T10, T12 and the first isolated T18 isomer, are prepared and fully characterized. In addition, T8 silsesquioxane with fluoride encapsulated within the cage (T8-F) is also synthesized and characterized. For the first time, the Si-F interaction is investigated as well as the functionalization of the T8-F and its integration into silica networks.

Secondly, organization at the mesoscale is investigated, with particular focus on the controlled formation of pores in silsesquioxane networks. Surfactant templated bimodal periodic mesoporous organosilicas are synthesized from an organosilane precursor with bridging organic units, taking advantages of preferential partitioning of silanes within the various domains of block copolymer surfactant micelles. In addition, polysilylated dendrimers bearing degradable groups are prepared and their ability to generate functionalized pores by cleavage of the inner part of the dendrimer was demonstrated.