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Introduction

Since the first reports of their preparation in the early 1990s, bridged silsesquioxanes, which consist of an organic group connected to at least two trialkoxysilyl groups, [1,2] are now routinely used to prepare hybrid silicas for various applications including catalysis, [3] photovoltaics, [4] and nanomedicine. [5] Around the same time, the first syntheses of purely silicabased periodic mesoporous materials using soft templating surfactants as structuring agents were reported. [6][7][8] Soon after, this approach was extended to the preparation of mesoporous hybrid silica by mixing a monofunctional organosilane with a silica source such as TEOS. Vinyltrialkoxysilane was co-condensed with TEOS in the presence of CTAB cetyltrimethylammonium bromide) to anchor pendant vinyl groups within the generated periodic mesoporous hybrid silica; this approach was especially interesting since the material could be post-functionalized by bromination of the reactive vinyl bonds. [9] More recently, bridged organosilane precursors were used to produce a particularly interesting family of bridged silsesquioxanes referred to as periodic mesoporous organosilicas (PMOs). Similarly to the aforementioned mesoporous silica-based materials, PMOs also exhibit periodicity and uniformity of the pores within the hybrid framework. [10][11][12] This approach offers the possibility of having the organic functions distributed uniformly within the walls of the pores [13] and, in addition, facilitates the design of multifunctional hybrid materials such as PMO nanoparticles which can be used in catalysis, adsorption, drug delivery, sensing, etc. [14] Although the development, characterization and uses of PMOs have been reviewed by several authors, [15][16][17][18] many additional applications can be anticipated, based on the possibility of mixing and localizing the functionalities in the pores or in the walls, controlling the proximities of multiple organic functions, [5,19] improving the wall crystallinity, [20] as well as controlling the pore size [21- 25] and the wall thickness of the resulting materials. However, a limitation of traditional surfactant-based soft templates is the relatively small size of the pores that are typically obtained, which limits the potential applications of the resulting PMOs.

Block copolymers have already been employed to synthesize large pore PMOs. [26,27] A decade ago, it was shown that double hydrophilic block copolymers (DHBCs), when combined with oppositely charged polyelectrolytes, can form polyion complex (PIC) micelles which can direct the pore structuring of silica. In addition, owing to the reversible self-assembly of the PIC system it has also been demonstrated that the templating PIC polymers can be easily recovered and re-used. [28] Poly(ethylene oxide)-b-poly(acrylic acid) (PEO-b-PAA) doublehydrophilic block copolymers associated with an oligochitosan [OC] [29] as the micellization agents were used as efficient templates of ordered mesoporous silica materials with tunable mesostructures. Subsequently, newly synthesized mesoporous silicas were formed using aminoglycoside antibiotics as micellizing agent, thus affording mesostructured materials directly loaded with the drug. [30] We recently extended the use of such systems to synthesize PMOs from phenylene-bridged organosilane (BTEB: 1,4-bis(triethoxysilyl)benzene) using water as solvent. The PICPMO obtained with a PEO-b-PAA/OC system was a lamellar bridged silsesquioxane with a large interlamellar distance of around 15 nm. [31] By using neomycin B (NM) as a polyamine to form PIC micelles with the DHBC in a solvent mixture of H2O/n-propanol, 2D hexagonal PICPMOs could be obtained, and their application as an autonomous drug delivery system was demonstrated. A key feature of this approach is the dual role of NM.The antibiotic polyamine not only serves as a structuring agent but also as a bactericide, which could be autonomously released within an acidic medium. [32] In this study, the effects of the bridging unit on the mesostructure of the PICPMOs obtained are investigated. In particular, the materials obtained with ethylene and ethenylene bridging organics, which are well known to form PMOs, are compared to the results obtained using a previously reported phenylene bridge system [32] to determine the influence of the bridging unit on the formation of a new family of mesoporous organosilicas.

Results and Discussion

The general approach used to synthesize PICPMO materials is illustrated in Scheme 1. PIC micelles are formed using PEO-b-PAA as DHBC and NM as the polybase. BTEB, BTSE (1,2bis(triethoxysilyl)ethylene) or BTSEENE (1,2-bis(triethoxysilyl)ethenylene) are used as the organosilylated precursor. In a typical procedure, NM was mixed with PEO-b-PAA in water at room temperature. The solution pH was then reduced to about 2 by addition of an appropriate amount of 3 M HCl solution and the organosilylated precursor was added. After hydrolysis of the precursor, the solution pH was increased to 6.5 to induce both PAA-NM complexation and polycondensation of the organosilane species. A precipitate was recovered by centrifugation and dried to form an off-white powder. The structures of the as-prepared materials were evaluated by cross-sectional TEM and SEM (Figure 1), SWAXS (Figure 2) and N2 sorption analyses (Figure 3). The BTEB-based material, which has been described previously, [32] exhibits a well-defined 2D hexagonal mesostructure, with excellent organization over distances of several hundred nm (Figure 1 A1). This is clearly shown from the SWAXS spectrum (Figure 2), which exhibits welldefined peaks at 0.45, 0.79 and 0.91 nm -1 (equivalent pseudo-Bragg spacings of 14, 8 and 7 nm, respectively). With the incorporation of the ethenylene bridging group in place of the phenylene group, the as-synthesized BTSEENE-based PICPMO also exhibits an organized hexagonal-type mesophase (Figure 1 B1). The TEM image reveals some less-organized wormlike domains that consequently reduce the length scale of ordering, as also observed via SWAXS (Figure 2). The scattering pattern of the as-prepared BTSEENE-based PICPMO exhibits two relatively broad peaks at low q (0.56 nm -1 ; 0.96 nm -1 ). These peaks are assigned to pseudo-Bragg reflections from the (100) and ( 110) planes (p6mm symmetry), consistent with the ordered 2D hexagonal mesostructure observed via TEM. However, these peaks are somewhat broader than those observed for the BTEB-based material, consistent with less longrange order in the BTSEENE-based product. It should be noted that BTSEENE exists as two isomers (E and Z) and that a mixture of 80:20 is commercially available. In our work, we synthesized an E/Z:99:1 mixture (Figure S1) which is known to induce better structuring of the hybrid material, as previously reported. [22] The TEM micrograph of the PICPMO hybrid formed from BTSE (ethylene) reveals a porous material with mainly wormlike domains, consistent with a lack of long-range ordering within the material and in contrast with those observed for BTEB and BTSEENE (Figure 1 C1). The corresponding SEM image (Figure 1 C2) confirms this result, where a somewhat disordered morphology is clearly evident. These results are consistent with the single, very broad signal at q-values centered at 0.52 nm -1 in the SWAXS spectrum in Figure 2 (black diffractogram), reflecting the absence of long-range and well-defined organization. In particular, the pseudo-Bragg peak obtained from the q-values of 0.52 nm -1 corresponds to a characteristic distance of 12.0 ± 0.8 nm. From these studies, it is evident that BTSEENE PICPMO, although less organized than BTEB PICPMO, exhibits better structuring than its BTSE analogue. The very broad peak found for BTSE PICPMO compared with the SWAXS spectra of BTEB and BTSEENE PICPMOs is consistent with less organization in the former hybrid silica.

Interestingly, as already reported, at high q-values the BTEB PICPMO profile exhibits two characteristic distances of 0.76 and 0.38 nm, consistent with a molecular-scale periodicity. Indeed, it has been proposed that the distance of 0.76 nm corresponds to the spacing between the aryl moieties [20] while d = 0.38 nm is assigned to the distance between two aromatic rings, which are ordered via π-π interactions. Furthermore, the SWAXS profiles of BTSEENE and BTSE PICPMOs exhibit a specific distance at d = 0.43 nm, reflecting a molecular-scale organization of the organic functions that can presumably be assigned to the repeat distance between adjacent organic bridges. It is noteworthy that the very broad peak in the case of BTSE PICPMO indicates a less crystalline organization.

The as-prepared PICPMOs were treated with HCl to dissociate the PIC micelles in acidic medium (due to PAA neutralization); this step is expected to remove NM from the material, [29] and thus liberate the porosity within the PMOs. The resulting porosity was evaluated by performing nitrogen sorption at 77 K (Figure 3, Table 1). The texture of the BTSEbased PICPMO exhibits a Type II adsorption isotherm (Figure 3C) characteristic of nonporous materials. In contrast, nitrogen sorption performed on the BTSEENE-and BTEB-based samples (Figures 3A,3B) reveals Type IV isotherms typical of mesoporous materials, characterized by a strong uptake at intermediate relative pressure and a flat saturation plateau once the mesopores are filled. A BJH analysis of the capillary condensation processes led to mean pore sizes of 3.4 and 8.0 nm, respectively. The hysteresis loops which are observed at high relative pressure can be classically attributed to some interparticle porosity, generated by the aggregation of particles. The increase in pore size from BSEENE to BTEB is correlated with the extent of long-range ordering revealed by TEM, reflecting the complex series of equilibria that control the evolution of PICPMOs which involve pH; interactions between the DHBC, NM and condensing PMO framework; protonation of the PMO framework; etc. The decrease in the extent of ordering when changing the precursor from BTEB to BTSEENE to BTSE suggests that the use of functional bridging groups that have the ability to interact through (for example) π-π interactions, and thus play a structure-directing role on the molecular scale, favors the cooperative assembly of the hybrid system and the formation of long-rangeordered hybrid mesostructures between PIC micelles and organosilica species. In addition, the relative size/volumes of the pores in the BTEB-and BTSEENE-based materials would be expected to be influenced by the more hydrophilic character of BTSEENE compared with BTEB, presumably generating stronger interactions with the hydrophilic NM forming the core of the micelle in the former case, and as a direct consequence, reducing the size of the mesopores.

The non-closure of the sorption isotherm in the case of the BTSEENE-derived material, which is typically observed for this particular system, is noteworthy, and provides additional insights into the molecular-level structure of the material. Similar non-closure has been previously reported for polymer-based systems [33,34] and presumably arises in our system due to the presence of a significant abundance of PEO polymer segments within the mesopores of the BTSEENE-derived material. More specifically in our case, the delayed desorption of nitrogen may be interpreted as follows. Condensation of nitrogen within the pores is exothermic (ΔvapH ≈ -5.6 kJ/mol [35,36] ), and the energy released upon adsorption enables the polymer chains to flex and accommodate nitrogen within microporous domains. However, during the endothermic desorption process, the polymer chains remain rigid, trapping nitrogen within these domains, thus preventing the desorption of nitrogen as the partial pressure is reduced. Llewellyn et al. studied the calcination of MCM-41 mesophases, [37] and found that the desorption branches of the sorption isotherm closed the adsorption branches only in the case of samples calcined at high temperatures, due to the influence of residual organic species within the pores. Similar findings were reported by Boutin et al. on silylated MCM-41 materials, in which they investigated the influence of grafted organic chains on nitrogen adsorption isotherms. [38] Additionally, it can be noted that the branches of the hysteresis loop in the case of the BTSEENE-derived sample are not parallel, which is attributed to so-called "catastrophic desorption" of nitrogen from small mesopores at p/p° = 0.42. The speciation of the acid-treated PICPMO frameworks was assessed by 13 C and 29 Si solid-state NMR measurements (Figure 4). The 13 C CPMAS NMR spectrum obtained from BTSEENE PICPMO (Figure 4 blue line) exhibits a sharp signal at 146.7 ppm, characteristic of the Csp 2 site of the E-isomer ethenylene bridging functions within the hybrid matrix. [39] The BTEB PICPMO spectrum (yellow line) shows a peak at 133.8 ppm corresponding to the phenyl carbon atoms, while that of the BTSE PICPMO (black line) exhibits a peak at 5.8 ppm corresponding to the Csp 3 site in the bridged ethylene silsesquioxane matrix. Moreover, the peak at 70.3-70.5 ppm, which is present in all cases, is assigned to -CH2 groups of the PEO block of the DHBC, revealing the strong interaction of the neutral chains within the framework even after acid treatment. 29 Si CPMAS NMR spectra, also presented in Figure 4, highlight three resonances at -66.0, -74.7 and -82.9 ppm for the BTSEENE PICPMO that are attributed to T 1 (CH=CH-Si(OH)2(OSi)), T 2 (CH=CH-Si(OH)(OSi)2) and T 3 (CH=CH-Si(OSi)3) sites, respectively. In this particular case, the T 3 units are more abundant than the T 2 and T 1 units, in contrast to the BTEB PICPMO spectrum where the T 2 sites predominate. The 29 Si CPMAS NMR spectrum of the NM-free BTSE PICPMO exhibits three signals at -47.6, -58.6 and -64.8 ppm attributed, respectively, to T 1 , T 2 and T 3 sites. The different chemical shifts observed in the latter case are attributed to the change of C hybridization from sp 3 to sp 2 . Furthermore, a comparison of the 29 Si solid state NMR spectra of BTSE-and BTSEENE-based PICPMOs shows that the BTSEENE-based material exhibits more complete condensation than the BTSE-based material. The C=C double bond covalently attached to the silicon atom in the BTSEENE-based system would be expected to render the silicon site more susceptible to nucleophilic attack than in the corresponding BTSE-based material, which would result in a greater abundance of T 3 sites. In all cases, the incorporation and retention of DHBC in the material is verified by the distinct peak at around 70.3 ppm in the 13 CNMR spectra. Furthermore, the absence of the specific peaks of the NM [32] validates the elimination of the polyamine during acid washing. The absence of any peaks arising from Q n species at -90 to -120 ppm indicates that no Si-C cleavage occurred during the acid treatment.

The mass fractions (wt.-%) of DHBC, NM, organic bridging units, physisorbedchemisorbed H2O and key molar ratios, calculated from TGA and elemental analysis, are summarized in Table 2. The key parameter (N/AA) and (EO/Si) represent the molar ratio between polyamine and acrylic acid functions and between PEO chains and siliceous species, respectively. The composition of the BTEB-based PICPMO is characterized by two key molar ratios, N/AA (1.44) and EO/Si (1.33). These results confirm the presence of strong complexation between the NM and the DHBC via electrostatic interactions, together with the retention of significant quantities of the DHBC within the material. Similarly, the composition of the BTSEENE-based material indicates that significant quantities of NM are also retained within the siliceous framework (N/AA = 0.98). However, the integration of PEO blocks within the material is significantly reduced compared to the phenylene-bridged materials (EO/Si = 0.74 and 1.33, respectively), which is consistent with the reduction in the extent of long-range ordering in the case of the BTSEENE-based material.

Finally, the relatively low quantities of both NM and DHBC retained within the BTSEbased PICPMO (N/AA = 0.57; EO/Si = 0.76) are presumably responsible for the relatively short-range order observed in this material.

The apparent evolution from a well-structured BTEB PICPMO to a weakly structured BTSE PICPMO appears to occur when the rigidity and potentially favorable interactions between the bridging units decrease. In particular, we propose:

• BTEB provides both rigidity and π-π stacking interactions, which strongly favor molecularscale organization within the material; [20,21] • BTSEENE has a semi-rigid organic bridging system, which still plays a nanostructuring role; [22,25] while • BTSE is much more flexible and is thus less likely to promote well-defined ordering of the structure.

Consequently, the extent of long-range structuring follows the trend phenylene-bridged PICPMO > ethenylene-bridged PICPMO > ethylene-bridged PICPMO.

Furthermore, solid-state NMR spectroscopy demonstrated that the different organic bridging functions are covalently incorporated within the framework and exhibit no degradation under the synthesis conditions used in this work. It is noteworthy that the extent of condensation is highly dependent on the nature of the organosilane bridging units, with BTSEENE and BTSE PICPMO materials, in particular, exhibiting more extensive polycondensation compared to BTEB-derived PICPMO. This result highlights differences in the extent of the condensation reaction between the various hybrid materials, which might be related to (1) a difference in hydrolysis rates of the precursor organosilanes; and (2) an inhibition of the condensation reactions due to strong ordering and a lower flexibility of the organosilica framework induced by π-π stacking organization. The incorporation of organic functions such as C=C double bonds provides an opportunity to post-functionalize the pore walls of the PICPMOs materials using simple and efficient chemical reactions. For example, it is well-known that carbon-carbon double bonds readily react with Br2 vapor, as previously demonstrated in PMO systems, [9] via a radical reaction mechanism, owing to the facile photolytic cleavage of Br2. [40] Figure 5 illustrates the 13 C solid state CPMAS NMR spectrum of BTSEENE PICPMO before (blue line) and after exposure to gaseous Br2 for 24 h (dashed-black line). The spectrum of the brominated PICPMO hybrid clearly exhibits an intense peak at 32.5 ppm, which is assigned to the formation of C-Br species during the bromination reaction. However, the bromination of the double bonds was not complete, as revealed by the 13 C NMR spectrum (dashed-black line) with remaining C=C units revealed by the peak at around 150 ppm. A semi-quantitative analysis of the extent of bromination using thermogravimetric analysis (ESI, Figures S4 andS5) indicates that around 11 % of the -CH=CHbridges were brominated under these conditions. In addition, the absence of significant Si-C bond degradation by potential attack of the bromine on electrophilic silicon sites was confirmed by the absence of Q n species (Figure S3). The post-functionalization of BTSEENE-derived PICPMO was also characterized by EDX-HRTEM as shown in Figure 6. Elemental mapping of brominated BTSEENE PICPMO reveals the uni-form distribution of bromine atoms in the material (brown color). It is notable that the carbon atoms (red color) are also homogeneously distributed within the PMO shell, consistent with the covalent bonding of the 1,2-dibromoethylene bridging groups generated after bromination. This preliminary study shows that PICPMO can be successfully post-functionalized by bromination via a low-cost and efficient procedure under mild condition. This opens the way to the synthesis of multi-hybridized advanced materials, with a wide range of potential applications.

Conclusions

A versatile synthetic strategy for producing PICPMO hybrids using several types of organo-bridged bis-silanes has been demonstrated. The aim of this study was to demonstrate the feasibility of synthesizing PICPMOs with different bridging units, including ethenylene (BTSEENE), ethylene (BTSE) and phenylene (BTEB) organic functions. It is demonstrated that PICPMO hybrids with a defined mesostructure and intrinsic functional flexibility could be synthesized with BTEB and BTSEENE while the saturated-carbon precursor BTSE led to a nanostructured hybrid material exhibiting a wormhole pore structure.

Interestingly it was shown that the organic bridging groups can be further modified by post-treatment reactions within the solid materials while maintaining the ordered structure. In particular, the ethenylene bridging groups of PICPMO were functionalized by bromination to form brominated Csp 3 covalently bonded to the hybrid silica matrix, as demonstrated by 13 C solid state NMR studies. The possibility of functionalizing such PICPMOs by post-synthesis will pave the way to new functional hybrid silicas for many applications. For example, the inclusion of bridging organics incorporating disulfide moieties offers the possibility of preparing (bio)degradable systems for nanomedicine, in addition to applications exploiting the resulting thiol species for complexing metallic nanoparticles, complexation of heavy metals, post-functionalization of the thiols via click chemistry, etc. These will be addressed in future papers.

Experimental Section

Chemicals: The DHBC, poly(ethylene oxide)-b-poly(acrylic acid) (PEO-b-PAA, MPEO = 5000 g.mol -1 , MPAA= 790 g.mol -1 ), was obtained by atom transfer radical polymerization (ATRP) of tert-butyl acrylate with α-bromide-functionalized PEO macroinitiators (Mw= 5000 g.mol-1), with the subsequent deprotection reaction being done under acidic conditions. [40] Neomycin B (NM), an aminoglycoside antibiotic, was purchased from Aldrich and used without any further purification.

Synthesis of 99 % E-Bis(triethoxysilyl)ethenylene: [40,41] In an Arpurged and flame-dried Schlenk flask, 43 mL triethoxyvinylsilane (39 mmol) with Grubbs first generation catalyst (205 mg, 0.20 mmol) was reacted at reflux under Ar for 4 h. The final product was then recovered by fractional distillation under reduced pressure and collected as a colourless oil at 105 °C (10-2 mbar) with a yield of 91 %. 1H NMR (400 MHz, CDCl3): δ = 1.21 (t, 9H), 3.81(q, 6H), 6.64 (E-isomer 99 %; s, 1H), 6.75 (Z-isomer 1 %; s, 1H).

PICPMO Preparation:

The organosilica precursor, BTEB, BTSEENE or BTSE (1.47 mmol), was added to a mixture of DHBC (150 mg, 25.9 μmol) with an equivalent PAA content of 0.29 mmol and NM (177 mg, 0.29 mmol) in 6.6 mL of a solution of H2O:PrOH (80:20 v:v) whose pH was first adjusted to about 2 by addition of a 3 M aqueous HCl solution. These conditions promote hydrolysis of the organosilanes without formation of the PIC micelles. After completion of organosilane hydrolysis (one hour at 30 °C, with magnetic stirring at 750 rpm), the pH of the solution was increased to 6.5 by addition of a small quantity of a 3 M NaOH solution. This induces simultaneously DHBC-NM electrostatic complexation and polycondensation of the organosilane species. A precipitate was observed immediately upon increasing the pH. The medium was left whilst stirring (250 min -1 ) for 24 h at 30 °C. Finally, the resulting precipitate was recovered by centrifugation after several washings with water and dried at 40 °C for 48 h, yielding a white powder.

Removal of the Polyamine:

The general acid-washing procedure involved addition of the dried PICPMO material (50 mg) to an aqueous NaCl solution (5 mL, 1 M) at pH 2, adjusted with a HCl (3 M) solution, at 25 °C to destabilize the PIC complex. After 4 h whilst stirring at 250 min -1 , the resulting solid was collected by centrifugation (10000 min -1 , 10 min) and washed thoroughly with water. Finally, the product was dried in air at 40 °C for 48 h. Bromination: 40 mg of BTSEENE-based PMO was introduced in a small uncapped vial, which was itself placed in a 250 mL beaker. Several drops of liquid bromine were added to the beaker, without direct contact with the nanoparticles. The beaker was covered with several layers of parafilm to contain the Br2 vapor and the sample was exposed to Br2 vapor for a period of 24 h. Then the parafilm was removed and the physisorbed bromine was removed by several washings with dichloromethane, water and EtOH. The excess bromine was neutralized with a saturated sodium thiosulfate solution. After several washings with dichloromethane and EtOH, the final product was centrifuged and dried under vacuum to be finally recovered as a pale orange powder. The pale orange coloration, instead of the expected white material, suggests that a small quantity of physisorbed Br2 remained associated with the material even after extensive washing.
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 1 Figure 1. TEM (top row) and SEM (bottom row) micrographs of the BTEB-based PICPMO (A1, A2) BTSEENEbased PICPMO (B1, B2) and BTSE-based PICPMO (C1, C2).
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 4 Figure 4. Solid state 13 C and 29 Si CPMAS NMR spectra of BTEB-, BTSEENE-and BTSE-based PICPMOs.

Figure 5 .

 5 Figure 5. 13 C solid state CPMAS NMR spectra of the BTSEENE-based and the brominated BTSEENE-based PICPMOs.
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 6 Figure 6. EDX-HRTEM analysis of the brominated BTSEENE-based PICPMO.
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