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Iron ions embedded in hexagonal mesoporous silica via a simple method: implementation in mild oxidation catalysis
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Mesoporous silica monoliths containing dispersed Fe III sites have been prepared following a direct and simple synthetic method. The iron-containing materials are able to catalyze the epoxidation of cyclooctene by H 2 O 2 under mild conditions. Textural and spectrophotometric analyses reveal that, when the thermal treatment temperature of the materials increases (from 500°C to 1000°C), the pore diameter of the silica matrix decreases while the formation of small oxo-iron(III) clusters is promoted. Among the five materials obtained after treatment at 500, 700, 800, 900 or 1000°C, the one prepared at 700°C exhibits the best catalytic performances. This indicates that a compromise must be found between several parameters, such as the pore size (which decreases with calcination temperature) and the hydrophobicity of the channel surface (which is favored at higher temperature), for an optimal reactivity.

Introduction

The majority of the materials that facilitate our modern ways of life, as fibers, rubber and plastics, are derived from oxyfunctionalized compounds. [START_REF] Barnicki | Handbook of Industrial Chemistry and Biotechnology[END_REF] Thus, the industry largely relies on oxidative chemical transformation for which a variety of oxidants are used. For example, propylene oxide is produced via oxidation of propylene by Cl 2 (i.e. a toxic gas) in the chlorhydrin process. [START_REF] Cavani | [END_REF] In contrast, generation of ethylene oxide from ethylene uses O 2 and a silver-based catalyst, but requires high temperature and pressure to overcome the spin restriction of the reaction of O 2 (spin triplet) with a diamagnetic molecule. [START_REF] Bartholomew | Fundamentals of Industrial Catalytic Processes[END_REF] Metalloenzymes such as P450 or Rieske Dioxygenases offer a inspiring alternative as they catalyze chemo-and stereoselective oxidations of small hydrocarbons via the so-called reductive activation of O 2 at an abundant transition metal center embedded in a protein matrix under mild conditions. [START_REF] Meunier | [END_REF]5] The reductive activation of O 2 requires the transfer of 2 electrons and 2 protons. Thus, these enzymes can also use hydrogen peroxide to carry out the transformation of their substrate (peroxide shunt). Hydrogen peroxide is a convenient 2 electronreduced form of O 2 that is easy to use in chemical reactions while avoiding undesirable side-products. [6] With the aim to model this type of oxygenase enzymes, different iron complexes have been grafted in mesoporous silica and used in oxidation catalysis. [7][8][9][10][11][12] These systems are very elegant but required multi-step synthetic procedures to install the metal catalysts at the surface of the porous material. [13][14][15] Some of use have recently reported a simple, cheap, and mild synthetic procedure for the elaboration of mesoporous silica incorporating cobalt ions at the surface of the pores. [16] In this paper, we report that this synthetic method can be extended to the preparation of solids incorporating iron ions without structural alterations. The resulting systems can be used as catalysts for the epoxidation of cyclooctene by the benign H 2 O 2 oxidant under mild conditions.

Results and Discussion

The mesoporous silica monoliths were prepared according to the method previously reported and as detailed in the Supporting Information, with an iron(III) molar ratio of 1.67% with respect to tetramethylorthosilicate (TMOS). Briefly, TMOS was mixed with the ambiphilic block copolymer Pluronic P123. Then, an aqueous acidic solution of Fe(NO 3 ) 3 was added and the resulting solution was aged for 7 days at 23°C to give an homogenous yellow glassy monolith. Finally, the P123 surfactant was decomposed at 500, 700, 800, 900 or 1000°C to leave the yellow monolith containing Fe III ions in interaction with the silica matrix (Scheme 1). The monoliths were grinded before use. The compounds are denoted MonoFe_T (where T stands for the thermal treatment temperature) in the following. Interestingly, we observed that addition of an excess of aqueous hydrogen peroxide to the MonoFe_500 yielded a significant O 2 evolution due to H 2 O 2 disproportionation (Supporting Information, Figure S1). We reasoned that this reaction was catalyzed by the metal ions (Catalase effect) and that an oxidizing iron-oxygen species was transiently formed. [START_REF] Bertini | Biological Inorganic Chemistry: Structure and Reactivity[END_REF] To intercept such an intermediate, catalysis assays were performed in the presence of cyclooctene as an organic substrate. The amount of each reactant, i.e. a large excess of substrate and the oxidant hydrogen peroxide as limiting reactant, was chosen to favour the interception of the oxidizing species by cyclooctene (Supporting Information). These conditions match closely our regular homogenous catalytic conditions, i.e. Fe / H 2 O 2 / cyclooctene molar ratios of 1 / 20 / 800 and a concentration in Fe catalyst of 1 mM. [START_REF] Sénéchal-David | [END_REF]19] After 24 hours of reaction at 12°C, chromatographic analysis of the reaction mixture revealed the formation of cyclooctene-oxide, with no other product, except for traces. For catalytic assays performed at 12°C, the yield in epoxide observed for the MonoFe_T series (T = 500, 700, 800, 900 or 1000°C) are reported in Figure 1. It shows that the catalytic efficiency is dependent on the calcination temperature. The curve observed displays a bell-shape indicating an optimal calcination temperature around 700°C, and a significant decrease of the product yield for T ≥ 900°C. An increase of the calcination temperature can make an impact on several parameters, (i) a decrease of the polarity of the silica walls due to dehydration of the surface silanol groups; (ii) a decrease of the porous volume following a densification of the material; (iii) a modification of the metal anchoring at the silica surface leading to a modification of the Fe III ions coordination sphere; (iv) formation of Fe III oligomers or nanoparticles inside the pores. UV-Visible spectrophotometric characterization of these materials allow probing the iron species (Supporting Information, Figure S2). The shift and broadening of the ligand-to-metal charge transfer band toward lower energy with the increase of the treatment temperature suggests the formation of oligomeric Fe III species, [20] and/or the presence of Fe III species displaying a variable number of OH and Si-O ligand. Comparison with the spectrum of hematite Fe 2 O 3 , the most thermodynamically stable iron(III) oxide, indicates that this species is not formed under these conditions. This conclusion is consistent with the X-ray diffraction analysis of MonoFe_1000 which does not reveal any peak of hematite (Supporting Information, Figure S3). Thus, the increase of the calcination temperature changes the nature of the iron species to progressively lead to the formation of more condensed Fe III oligomers or to Fe III species more strongly linked to the silica matrix, which can lower the catalytic activity. Nevertheless, the most important change in the UV-visible spectrum occurs between the calcination temperatures of 700 and 800 °C, whereas the most important drop in catalytic activity is observed between MonoFe_800 and MonoFe_900. Hence, if a change of the nature and/or accessibility of the Fe III species on the catalytic activity cannot be excluded, this does not seem to be either the predominant or the only effect. Nitrogen sorption isotherms at 77 K of the MonoFe_T series were recorded and analyzed using the BET method (Figure 2). All of them exhibit a type IV isotherm, as expected for mesoporous materials. The samples treated at 500°C (MonoFe_500) and 700°C (MonoFe_700) display an H1-type hysteresis with parallel branches, which is characteristic of an homogeneous organisation of cylindrical pores. Interestingly, the samples thermally treated at higher temperature (i.e. MonoFe_800, MonoFe_900 and MonoFe_1000) are characterized by an H2-type hysteresis, whose triangle shape is characteristic of a pore-size distribution and a ill-defined geometry of the pores. The parameters (total pore volume, specific surface area and pore diameter) obtained following the BET analysis are listed in Table 1. It can be observed that the higher the temperature treatment of the MonoFe_T samples the lower these parameter values. This can be explained by the densification of the silica network at high temperature and the collapsing of mesoporosity for temperature T ≥ 800°C producing ill-defined pores and lower porous volume. This is the temperature at which silica begins to soften and melt. Interestingly, the catalytic efficiency displays a linear dependence on the pore diameter, except for the MonoFe_500 catalyst (Figure 3). Thus, the decrease in catalytic activity observed between MonoFe_700 and MonoFe_1000 appears to be related to the decrease of the pore diameter and hence to the texture of the silica matrix rather than to the nature of the Fe III species. This also indirectly shows that the catalytic activity, and thus the active species, is confined within the pores. Consistently, addition of thiocyanate in the solution after filtration of the solid at the end of the catalysis assay did not lead to the formation of the strongly colored iron(III) thiocyanate complex. [21] Therefore, the iron(III) ion are trapped in the mesoporous material and are not leached during the reactivity. At last, two assumptions can be reasonably made to explain the decrease in catalytic activity between MonoFe_700 and MonoFe_1000: a decrease of the diffusion rate in the pores as their diameter decreases or a lowered access to the Fe III species as the specific surface area decreases. In contrast, the change in behaviour observed between MonoFe_500 and MonoFe_700 must originate from another parameter. While exhibiting a smaller pore volume and specific area than those of MonoFe_500, the improved catalytic activity of MonoFe_700 is likely due to a more efficient dehydration of the surface silanols leading to a less polar pore surface facilitating the mass transfer of the apolar substrate between the solution and catalytic sites at the heart of the monolith as well as the removal of the more polar product. While it has frequently been observed that confinement affects the catalytic properties of mesoporous systems, it is difficult to propose an explanation because, generally, antagonistic effects are at play. [22] Figure 3. Plot of the catalytic efficiency (expressed as the yield in epoxide) vs the pore diameter evidencing a linear evolution between MonoFe_700, MonoFe_800, MonoFe_900 and MonoFe_1000. The red dot refers to MonoFe_500.

To further explore the catalytic properties of these systems, we then focused on MonoFe_700 which showed the best activity.

As expected, the temperature significantly influenced the reaction efficiency, with yields (% vs H 2 O 2 ) in epoxide of 14±1 %, 33±4 %, and 70±4 % at T= 12°C, 30°C and 58°C, respectively, suggesting that the reaction proceeds slowly. To confirm this hypothesis, the reaction time (at T=30°C) was increased allowing to obtain more product, up to 60% vs H 2 O 2 , after 4 days (Figure 4). Eventhough MonoFe_700 displays the best compromise between the pore diameter and the dehydration of the surface silanols (see above), the oxidation of cyclooctene appears to be slow, which may be due to limitations related to the diffusion of the apolar substrate from the bulk solution to the active centers in the polar porous material. Additionally, it can be inferred that the oxidation product has more affinity with the material than the substrate, which could also limit the overall reaction rate. However, the large excess of this latter species helps removing the product from the porous material. To evaluate the robustness of the catalyst while diminishing the limitations due to the slow reaction rate, experiments were then performed at 58°C. Four portions of H 2 O 2 (20 equiv vs Fe) were added every 24 hours, and the concentration in epoxide was determined every day (Figure 5). The evolution of the concentration of epoxide as a function of reaction time increases almost linearly (compare experimental curve in blue with theoretical one in red). This observation indicates that the catalyst is relatively robust as its initial performance is preserved along this reaction period. Finally, our catalytic system can be compared to some related mesoporous silica supported metal oxidation catalysts reported in the literature. Fang et al. reported the epoxidation of cyclohexene by oxo-hydroxo Ti IV species grafted on organically modified mesoporous silica of 3 nm pore diameter. [23] While very elegant, the elaboration of the heterogenous catalyst required a cyclooctene oxide (mM) days multi-step surface molecular engineering to install the Ti IV active species in the confined space of the templated porous silica. Additionally, this catalytic system was poorly active with hydrogen peroxide as oxidant and required the use of tert-butyl hydroperoxide instead. Cui et al. reported the oxidation of styrene catalyzed by various transition metal-substituted SBA-15 of 14 nm pore diameters. [24] The best results were obtained for reactions conducted at 100°C in DMF with the Co II -substituted system and O 2 as oxidant. However, while the styrene conversion exceeded 90%, it suffered from an epoxide selectivity of only 65%. This selectivity decreased to 50% when hydrogen peroxide was used instead of O 2 . Nozaki et al. elaborated SBA-15 of 6.6 nm pore diameter whose surface was modified by single site Fe III centers in order to catalyze the highly selective epoxidation (99%) of cyclooctene by hydrogen peroxide in MeCN at room temperature. [25] Their synthetic procedure was simple but the surface modification step required the use of a thermally unstable, home-made, iron(III) siloxide complex. In addition to a highly selective epoxidation formation, they used experimental conditions (Fe / cyclooctene / H 2 O 2 molar ratio of 1 / 1600 / 345) which are not so different from ours and allow further comparisons. They reported a TON of 131 after 4 days of reaction, corresponding to a mean TOF of 32.75 day -1 and a hydrogen peroxide conversion of 38%. As seen in Figure 5, the 56 mM epoxide concentration we determined after 4 days can be translated into a TON of 56, and then, in a mean TOF of 14 day -1 . At the same time, the hydrogen peroxide conversion is 70%. While being slightly slower our catalytic system seems to make a better use of the oxidizing agent. Regarding these confrontations with the literature, it is clear that our catalytic system possesses several assets as its synthesis only requires a simple one-step procedure with cheap reagents and it efficiently activates hydrogen peroxide to carry out mild oxidation reactions. Additionally, several ways of optimization can be readily envisioned such as the replacement of the block copolymer used as structure directing agent by an analogous one with longer chains to allow for an increase of the pore diameter. Besides, the hydrophobicity of the silica walls could be tuned either by grafting some organically modified silicon alkoxide such as such as SiMe(OMe) 3 within the pores after decomposition of the surfactant or by directly replacing some of the purely inorganic silica precursors (Si(OMe) 4 ) by organically modified ones in the starting solution. Indeed, some of us recently reported that this is an efficient and simple way to tune the hydrophobicity of the silica surface, the methyl groups remaining intact after thermal treatment above 500°C. [26] 

Conclusion

We report in this paper a direct and simple synthetic access to mesoporous silica monoliths containing dispersed Fe III sites. The iron-containing materials display catalase activity towards H 2 O 2 , suggesting the formation of a transient oxidizing species, which can be intercepted by a substrate. Our materials proved to be efficient as mild oxidation catalysts of small organic molecules by H 2 O 2 . N 2 physisorption measurements reveals that the pore diameter of the silica matrix decreases when the thermal treatment temperature increases and spectrophotometric analyses suggest that the formation of small oxo-iron(III) clusters is promoted at the same time. The thermal treatment also greatly impacts the catalytic performances of the materials but not in a monotonous manner revealing that a compromise must be found between several parameters, such as the pore size (which decreases with calcination temperature) and the hydrophobicity of the channel surface (which is favored at higher temperature), for an optimal reactivity. While not optimized yet, these materials compare well with related examples reported in the literature. Additionally, simple ways of optimization can be envisioned and will be investigated soon in our laboratory.
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Mesoporous silica monoliths containing dispersed Fe III sites have been prepared using a simple and cheap synthetic procedure. These materials are efficient as epoxidation catalysts by hydrogen peroxide under mild conditions. The textural and spectroscopic analyses of these materials reveal that the catalytic activity results from a compromise between several parameters such as the pore diameter and the hydophobicity of the silica walls. 
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 1 Scheme 1. Schematic synthetic procedure for the preparation of the Fe(III) ions loaded ordered mesoporous silica monoliths.
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Figure 1 .

 1 Figure 1. Evolution of the yield (% vs H2O2, T = 12°C) in epoxide as a function of the temperature of calcination in the MonoFe_T series.

Figure 2 .

 2 Figure 2. N2 adsorption/desorption isotherms of MonoFe_500, MonoFe_700, MonoFe_800, MonoFe_900 and MonoFe_1000.

Figure 4 .

 4 Figure 4. Evolution of the yield in cyclooctene-oxide for as a function of the reaction time at 30°C (MonoFe_700, 20 equiv. H2O2 and 1000 equiv. cyclooctene vs Fe).

Figure 5 .

 5 Figure 5. Evolution of the concentration of epoxide product obtained with the MonoFe_700 catalysts as a function of the reaction time at 58°C. Four portions of 20 equiv. H2O2 vs Fe were aded at t = 0, t = 1, t = 2 and t = 3 days.

Table 1 .

 1 Textural analysis : BET specific surface area, total pore volume, and pore diameter.

		pore volume	specific surface	pore diameter
		(cm 3 /g)	area (m 2 /g)	(Å)
	MonoFe_500	0.498	552.3	42
	MonoFe-700	0.459	473.4	41
	MonoFe_800	0.345	382.2	40
	MonoFe_900	0.232	263.5	34
	MonoFe_1000	0.194	220.8	33