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Abstract:

 Titania containing cubic MCM-48 mesoporous materials were synthesized successfully at room temperature by a modified Stöber method. The integrity of the cubic mesoporous phase was retained even at relatively high loadings of titania. The TiO2-MCM-48 materials were extensively characterized by a variety of physico-chemical techniques. The physico-chemical characterization indicate that Ti4+ ions can be substituted in framework tetrahedral positions. The relative amount of Ti4+ ions in tetrahedral position was dependent on the order of addition of the precursor. Even at relatively high loadings of titania, no distinct bulk phase of titania could be observed indicating that the titania nanoclusters are well dispersed on the high surface area mesoporous material and probably exist as amorphous nanoclusters. The TiO2-MCM-48 materials were found to exhibit 100% selectivity in the cyclohexene oxidation at room temperature in the presence of tert-butylhydroperoxide (t-BHP) as the oxidant. The results suggest that room temperature synthesis is an attractive option for the preparation of TiO2-MCM-48 materials with interesting catalytic properties.




Keywords:


titanium dioxide; MCM-48; cubic mesoporous materials; cyclohexene; epoxidation








1. Introduction

The report of M41S series of periodic mesoporous materials in 1992 spurred excitement and brought a dramatic transformation in the field of porous materials [1,2]. The availability of these types of mesoporous materials, also helped push new frontiers in several interdisciplinary fields, notably catalysis [3], adsorption towards remediation of aqueous pollutants [4], and drug delivery [5]. The discovery has also led to the development of a series of periodic mesoporous materials from prominent groups worldwide, heralding a new era towards the development of porous materials with interesting pore geometries and topologies [6,7,8,9,10].

The M41S series of mesoporous materials comprises of three types, MCM-41, MCM-48, and MCM-50. Among these materials, the cubic MCM-48 material is an interesting material [11,12]. This is because MCM-48 consists of two continuous intersecting network of pores that leads to effective molecular trafficking of reactant(s) and product(s), thus minimizing clogging of pores and leading to enhanced catalytic reactivities in comparison to the uni-dimensional set of pores that occur in TiO2-MCM-41 [13]. Although, MCM-48 is a favorable support material, literature reports regarding its use is lower in comparison to MCM-41. This is because the synthesis of the cubic MCM-48 phase is challenging and is formed only in a narrow range of conditions and is very sensitive to small deviations in the experimental conditions. In addition, the synthesis can be laborious and can take several days [14]. We had reported a facile method for the rapid and reproducible synthesis of MCM-48 [15]. The advantages of this method are that a readily available and common cationic surfactant, cetyltrimethylammonium bromide (CTAB) can be used as the surfactant, thus avoiding the need for the use of specialized gemini surfactants [16], the synthesis can be conducted at room temperature, and the cubic phase can be formed in thirty minutes.

Titanium supported mesoporous materials have attracted the attention of several researchers [17,18,19]. In particular, the oxidation of aromatics [20,21], oxidation of alkenes [22,23,24,25,26,27,28] and unsaturated alcohols [29], and oxidation of thioethers [30] have been successfully demonstrated using titania supported on mesoporous substrates such as MCM-41, SBA-15, MCM-48, etc. In contrast to the use of MCM-41 and SBA-15, studies involving MCM-48 as a support to disperse titania nanoclusters for oxidation reactions are relatively scarce.

Titania based MCM-48 materials have been utilized for selective oxidation of styrene [31], 2,6-di-tert-butylphenol [32,33], methyloleate [34], and cyclohexene [25,35,36,37,38,39]. TiO2-MCM-48 prepared by a hydrothermal method was examined for the catalytic oxidation of cyclohexene. The results suggest that the corresponding alcohol, diol, ketone, and epoxide were formed with a selectivity of only 4.7% for cyclohexene oxide [35]. In another study, TiO2-MCM-48 prepared by hydrothermal method and without any sodium ions exhibited higher activity (initial rate being four times higher) for the oxidation of cyclohexene in comparison to a material prepared using sodium ions [36]. However, the paper did not identify the products formed and the selectivity was not reported. TiO2-MCM-48 was prepared by a hydrothermal method and the oxidation of cyclohexene was carried out under solvent free conditions in the presence of tert-butylhydroperoxide (t-BHP) as the oxidant. The results indicate that the predominant product was cyclohexene oxide [37]. In another study, TiO2-MCM-48 was prepared by a hydrothermal method at 150 °C for 20 h and using a gemini surfactant. The oxidation of cyclohexene was chosen as a test reaction and the turnover frequency was found to be 5.1 (h−1) [38]. The epoxidation of cyclohexene with aqueous hydrogen peroxide over mesostructured Ti(Cp)2Cl2-grafted TiO2-MCM-48 was examined in another study [39]. It was observed that the TiO2-MCM-48 catalyst exhibited higher activity in comparison to TiO2-MCM-41. Gemini surfactants were used for the preparation of high quality TiO2-MCM-48 mesoporous materials by a hydrothermal method and TiOx layers were grafted onto the MCM-48 matrix. The turnover number was found to be ~27 after 2 h for the oxidation of cyclohexene [40].

The literature reports pertaining to TiO2-MCM-48 indicate that synthesis methods involve long preparation times and all previous synthetic procedures were conducted under hydrothermal conditions at temperatures >110 °C. It is attractive to pursue synthetic methods for the preparation of TiO2-MCM-48 mesoporous materials at room temperature. However, the synthesis of TiO2-MCM-48 is quite challenging at room temperature. This is because the hydrolysis rates of the titania and silicon alkoxides are significantly different because of differences in the partial charge of the central metal atom, i.e., Ti4+ and Si4+. The partial charges of Ti4+ and Si4+ in titanium isopropoxide and tetraethyl orthosilicate are ~+0.61 and +0.32, respectively. This means that titanium isopropoxide undergo hydrolysis at almost twice the rate of tetraethyl orthosilicate. The differences in the rate of the hydrolysis lead to challenges in the reproducible preparation of TiO2-MCM-48. Thus, the preparation of TiO2-MCM-48 is extremely challenging in comparison to the siliceous form of MCM-48 (which in itself is extremely sensitive to the experimental parameters). In this work, we diligently examined the various factors affecting the synthesis, and optimized conditions for the reproducible synthesis of TiO2-MCM-48. In a previous study, we reported the photocatalytic production of hydrogen using TiO2-MCM-48 [41].

Hence, our present work is guided by the following factors: (i) use of a relatively facile method, i.e., room temperature synthesis method for the preparation of TiO2-MCM-48 catalysts thus minimizing synthesis procedures that are quite time-intensive; and (ii) lack of exploration of catalytic oxidation of organics using TiO2-MCM-48 mesoporous catalysts prepared at room temperature. Thus, the present work is expected to provide guidance towards the reproducible room temperature method for the preparation of TiO2-MCM-48 mesoporous materials with different titania loadings and their catalytic performance for oxidation of cyclohexene.



2. Results and Discussion


2.1. Physico-Chemical Characterization

As stated earlier, the reproducible and facile synthesis of titania based MCM-48 at room temperature is challenging and hence we examined four different methods for the preparation as discussed in the Experimental Section based on our previous experience [41]. The synthesis method is based on a modified Stöber synthesis developed by us for the preparation of MCM-48 [15]. Figure 1 shows the powder XRD data for the calcined TiO2-MCM-48-200 materials prepared by the four different methods. The diffractograms show XRD patterns typical of the cubic phase with Ia3d symmetry. The presence of a strong peak near 2θ = 2.5° due to d211 diffraction planes and in particular the presence of a weak d220 reflection peak near 3.2° is indicative of the presence of the cubic phase. In addition, four additional reflections are seen in the 2θ range of 4° and 6°, suggesting the high quality of the cubic phase. The results suggest that the rapid and facile synthesis method developed by us previous for the synthesis of MCM-48 [15] can be successfully extended to the preparation of TiO2-MCM-48. One can also notice that there are some differences in the Full Width at Half Maxima (FWHM) in the four materials. The FWHM of the diffraction peak is a measure of the size distribution of the unit cell. The two materials, TiO2-MCM-48-B-200 and TiO2-MCM-48-D-200 show relatively smaller FWHM in comparison to the other two materials, TiO2-MCM-48-A-200 and TiO2-MCM-48-C-200. In addition to changes in the FWHM, one can also notice that the preparation methods A and B leads to a relative higher intensity of the d211 diffraction plane in comparison to methods, C and D. These differences can be attributed to variations in the order of addition of the precursors, which cause minor changes in the unit cell volume and in the FWHM (i.e., size distribution of the unit cell). Figure 1B shows the long range XRD of all the TiO2-MCM-48-200 materials prepared by the four methods. No peaks due to bulk titania are observed, indicating that the titania nanoclusters are well dispersed and perhaps amorphous and/or crystalline with small crystallite sizes (<3 nm), thus precluding their detection from XRD studies. A broad peak centered at 2θ near 25° can be observed in this material. This peak is assigned to the amorphous silica support.

Figure 1. XRD patterns of TiO2-MCM-48-200 materials (A) short and (B) long range.
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In summary, the powder XRD studies indicate that high quality cubic phase can be formed at room temperature in as little as four hours. The absence of any peaks due to bulk titania indicate that the titania nanoclusters are amorphous and/or have small crystallite sizes (<3 nm).

We were also interested in preparing TiO2-MCM-48 materials with different titania loadings in order to check if the room temperature synthesis method developed by us can be extended to high loadings of titania. For this purpose, method B (which exhibited the highest specific surface area) was adapted for the preparation of TiO2-MCM-48 materials. The XRD data of TiO2-MCM-48 materials with different loadings, ranging from Si/Ti = 200 to Si/Ti = 10 is shown in Figure 2. As shown in Figure 2, all materials form the cubic phase, evident from the presence of the small peak near 2θ = 3.2°, that is due to d220 diffraction planes. In addition, there are subtle differences in the FWHM and the relative intensity of the peak near 2θ = 2.5°, that is due to d211 diffraction planes. These differences can be attributed to the variation in the loading of titania that affects the volume and the size distribution of the unit cell. The inset in Figure 2 shows the long range XRD of TiO2-MCM-48-B-10, i.e., the material with the highest titania loading. The results indicate that even at such high loadings, no peaks due to anatase phase of titania can be seen. This indicates that once again, that the titania nanoclusters are well dispersed on the MCM-48 support. Our results indicate that the intensity of the d211 diffraction plane does not monotonically decrease with titania loading suggesting that there are variations in the dispersion of titania in the MCM-48 matrix with increased loadings. The long range XRD of other materials are also similar and are not hence shown. In summary, the powder XRD results indicate that one can prepare TiO2-MCM-48 mesoporous materials with relatively high loadings of titania (e.g., Si/Ti = 10) without destroying the periodicity of the cubic, MCM-48 mesophase even at room temperature. Also, the titania species are well dispersed and perhaps amorphous in nature. Raman studies of these materials also indicate the absence of peaks due to titania indicating the well dispersed and amorphous nature of the titania nanoclusters.

Figure 2. The short range powder XRD patterns of TiO2-MCM-48 materials prepared by method B. The inset shows the long range XRD of TiO2-MCM-48-B-10.
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Nitrogen adsorption experiments were carried out for all the TiO2-MCM-48 materials at 77 K. Figure 3 presents the nitrogen physisorption isotherms of all TiO2-MCM-48-200 mesoporous materials. The isotherms belong to type IV class of porous materials. This shows the mesoporous nature of pores in these materials. At low relative pressure values (P/P0 < 0.2), monolayer adsorption of nitrogen molecules takes place. At relative pressure (P/P0) values in the range of 0.2 and 0.35, there is a relatively large inflection. This can be attributed to capillary condensation of nitrogen within the mesopores of the MCM-48 material and suggests the presence of highly ordered and periodic mesoporous nature in these materials. One can also notice that the position of the inflection in all the cubic phased mesoporous materials in this study is similar. This suggests that the pore sizes of these materials are nearly the same as indicated in Table 1. The specific surface area of the materials ranges from 1200 m2/g to 1687 m2/g whereas the pore diameter (estimated by using the BJH equation to the desorption isotherm) is nearly 21 Å. The pore volume in this set of materials were found to be >0.7 cm3/g.

Figure 3. Nitrogen isotherms of TiO2-MCM-48-200 materials.
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Table 1. Summary of physico-chemical properties of TiO2-MCM-48 mesoporous materials.


	Catalyst
	Si/Ti ratio (Synthesis gel)
	Si/Ti ratio (AAS)
	Ratio of Titet4+/Tioct4+
	Specific Surface Area (m2/g)
	Pore Volume (cm3/g)
	Pore Diameter (Å)





	TiO2-MCM-48-A-200
	200
	189
	1.61
	1241
	0.71
	22



	TiO2-MCM-48-B-200
	200
	239
	1.23
	1687
	0.98
	21



	TiO2-MCM-48-C-200
	200
	177
	1.51
	1200
	0.88
	23



	TiO2-MCM-48-D-200
	200
	223
	1.39
	1436
	0.75
	21



	TiO2-MCM-48-B-100
	100
	87
	1.60
	898
	0.53
	20



	TiO2-MCM-48-B-50
	50
	47
	1.23
	1280
	0.65
	21



	TiO2-MCM-48-B-25
	25
	20
	1.53
	1563
	0.82
	21



	TiO2-MCM-48-B-10
	10
	13
	0.91
	1563
	0.82
	24










The isotherms of TiO2-MCM-48 mesoporous materials prepared with different titania loadings (Si/Ti = 100, 50, 25, and 10) were similar in nature to the materials with Si/Ti ratio of 200 and are hence not shown. The specific surface area of these materials are in general high, excepting for TiO2-MCM-48-100, that reproducibly and consistently showed lower specific surface area (near 900 m2/g) for reasons unknown at this moment and beyond the scope of this investigation. The pore volumes were in general high (>0.7 cm3/g) excepting for TiO2-MCM-48-100, whereas the pore sizes were fairly uniform and nearly 21 Å irrespective of the loading of titania. A summary of the textural properties is shown in Table 1.

The variations in the physico-chemical properties can be understood as follows. In method A, the titania precursor is added at the very end. In this method, hydrolysis and condensation of silica has already been initiated and a silica-surfactant mesophase has been pre-formed prior to the addition of the titania precursor. Since the composition of the synthesis mixture prior to addition of the titania precursor is an optimized and reported procedure by us previously [15], the addition of an ethanolic solution of the titania precursor at the very end does not significantly affect the quality of the cubic phase. Thus, as indicated previously, a relatively high intensity of the d211 plane can be observed for TiO2-MCM-48-A-200 as shown in Figure 1. However, some of the titania nanoclusters can occlude the mesopores because they can precipitate (albeit slowly) under the experimental conditions employed. This results in a relatively lower specific surface area and pore volume. Method D is similar to method A, excepting that titanium alkoxide is used without any dilution. In such a situation, rapid hydrolysis of the titania precursor under the experimental conditions (of high pH) results in occlusion of pores by the titania nanoclusters. This lowers the phase contrast between the pores and the pore walls and hence the relative intensity of the d211 plane is lower as indicated in Figure 1. The pore volumes obtained in methods A and D seem similar with values of ~0.7 cm3/g, while there seems to be differences in the specific surface areas, which are not fully clear at this moment. In method B, titanium alkoxide is added to the cationic surfactant first. This situation is akin to the Evaporation-Induced Self-Assembly (EISA) process. The interactions between the titania oligomers and the CTAB surfactant results in the formation of a hybrid titaniatropic phase of the type, Ti–OH+…X−…CTAB+, where X− represents bromide ions in this work. The silica precursor (negatively charged since the solution pH is ~10.5) interacts with the already formed and well-organized titaniatropic mesophase through the cationic surfactant. Hence, in this method, a highly periodic mesostructure is formed as indicated by powder XRD studies and the specific surface areas are relatively large. In method C, the formation of the titaniatropic mesophase is presumed to be relatively slower in comparison to method B. This is because pre-hydrolysis of titanium alkoxides in polar solvents such as ethanol promotes solvation as explained by us previously [42]. It seems that the titaniatropic mesophase undergoes reorganization through evaporation of the solvent as explained by us in a recent review [43]. This results in a relatively lower quality cubic phase as noted by the fact that the intensity of the d211 plane is lower in the material prepared by method C in comparison to method B. In summary, the results suggest that pre-hydrolysis of titanium alkoxide in ethanol (methods B and D) is less preferable since they result in materials with relatively lower textural properties.

Table 1 lists the Si/Ti ratios in the synthesis gel and the actual Si/Ti ratios in the products determined by AAS analyses. The amounts of titania in materials prepared by methods A and C are higher in comparison to methods B and C, indicating that changes in the order of addition also cause variations in the actual amount of titania incorporated onto the cubic MCM-48 matrix. In summary, AAS results indicate that the Si/Ti ratios determined by AAS to be close to the theoretical values, indicating good incorporation of most of the titania precursor on the mesoporous silica support.



Transmission Electron Microscopic (TEM) studies were conducted for selected mesoporous materials and are shown in Figure 4.

Figure 4. Representative TEM images of (A) TiO2-MCM-48-B-200 (left) and (B) TiO2-MCM-48-B-10 (right). The bar scale is 50 nm.
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Figure 4 shows representative TEM images of TiO2-MCM-48-B-200 and TiO2-MCM-48-B-10 with Si/Ti ratios of 200 and 10. The materials exhibit long-range ordered cubic-typed pore structure of MCM-48. The incorporation of titania did not influence the morphology and the integrity of the pore structure even at high loadings, and is thus consistent with the results obtained from powder XRD studies. A low magnification image of a representative cubic MCM-48 material is shown in Figure S1 indicating the nearly spherical shapes of the mesoporous materials. The bicontinuous and interpenetrating network of pores in MCM-48 poses unique and inherent challenges in imaging the cubic materials from our experiences. A relatively high magnification of a representative titania containing material is shown in Figure S2. The TEM images do not indicate the presence of any crystalline phase of titania in the TiO2-MCM-48-B-10 material suggesting that the titania nanoclusters are perhaps amorphous. In addition, our TEM images do not indicate the presence of any large and aggregated titania particles in the TiO2-MCM-48-200 set of materials. Our results are consistent with previous reports by Gies et al. [44]. In their work, despite relatively high loadings of titania, (13–16 wt. %), no large titania particles could be observed from their TEM studies. Our TEM data is consistent with UV-Vis Diffuse Reflectance Spectra (DRS) results that are discussed later. The absence of peaks near 370 nm due to bulk titania is a further confirmation of the absence of large titania crystals [44]. In summary, TEM studies indicate that the titania species are well dispersed on the cubic mesoporous support and probably are amorphous in nature.

Electron Spin Resonance (ESR) studies were conducted in order to better understand the geometry of the titania species. The TiO2-MCM-48 mesoporous materials were illuminated in the presence of methanol as the sacrificial hole scavenger to suppress charge-carrier recombination. Figure 5 shows the ESR spectra of Ti-MCM-8 materials prepared by method B after UV irradiation at 77 K for 10 min. The ESR spectra were measured in the dark at 4.5 K. The samples were ESR silent prior to irradiation. A strong signal near g = 2.004 is observed in all spectra and is this is due to organic radicals (predominantly •CH2OH with a ratio of 1:2:1) formed by the reaction of the photogenerated holes in TiO2-MCM-48 materials with methanol. The ESR spectra of TiO2-MCM-48 mesoporous materials with Si/Ti ratio of 200 indicate the presence of Ti3+ species (Figure 5) with g┴ = 1.951 and g║ = 1.910. We have previously observed two sets of ESR signals (signal A and B) in TiO2-MCM-48 materials prepared by first impregnating MCM-48 with titanium isopropoxide and then calcining at 550 °C [13]. Signal A with g┴ = 1.952 and g║ = 1.902 was attributed to titanium atoms in tetrahedral coordination in accordance with prior literature [45]. In addition, signal B, with g┴ = 1.988 and g║ = 1.957 was attributed to titanium atoms in distorted octahedral coordination. The presence of broad (albeit weak) signals in this study with g values similar to previous reports indicates the presence of titanium ions predominantly in tetrahedral coordination at low titania loadings (Si/Ti = 200) [46,47,48]. The presence of fairly broad and weak peaks precludes us from clearly observing the presence of titanium ions in octahedral coordination. Thus, we performed Diffuse Reflectance Spectroscopic (DRS) studies.

Figure 5. ESR spectra of TiO2-MCM-48-200 materials prepared by four different methods.
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The UV-Vis DRS spectra of the TiO2-MCM-48-200 materials are shown in Figure 6A–D. Peaks in the 210 to 230 nm range have been previously attributed to ligand-to-metal charge-transfer (LMCT) from O2− to Ti4+ due to the presence of tetrahedrally coordinated Ti4+ ions [13,41], whereas the presence of octahedrally coordinated Ti4+ ions (or highly dispersed titania nanoparticles) can be discerned from the appearance of a peak in the 280 to 310 nm range. In order to identify the relative ratios of the Ti4+ ions in tetrahedral and octahedral coordination, the DRS bands were de-convoluted using Origin Pro 9.0 software (OriginLab Corporation, Northampton, MA, USA). The peak centers were fixed at 220 and 280 nm, respectively, for Ti4+ ions in tetrahedral and octahedral geometry. The relative ratios of Ti4+ ions in tetrahedral and octahedral coordination was then estimated by calculating the peak intensity from the baseline to the top of the peak center with width fixed at 220 ± 10 nm and 280 ± 10 nm in TiO2-MCM-48-A-200, TiO2-MCM-48-C-200, and TiO2-MCM-48-D-200 as reported by us previously [49]. In TiO2-MCM-48-B-200, the peak center with width was fixed at 220 ± 10 nm and 300 ± 10 nm. This suggests that slightly larger sized titania nanoparticles are formed in this material in comparison to the remaining three materials. Table 1 provides a summary of the ratio of Titet4+/Tioct4+ for TiO2-MCM-48-200 mesoporous materials. The ratio of Titet4+/Tioct4+ in TiO2-MCM-48-A-200, TiO2-MCM-48-B-200, TiO2-MCM-48-C-200, and TiO2-MCM-48-D-200 was estimated to be 1.61, 1.23, 1.51, and 1.39, respectively, suggesting that the method of preparation modulates the amount of Ti4+ ions that can be incorporated into the framework tetrahedral positions in the cubic MCM-48 material.

Figure 6. UV-Vis DRS of TiO2-MCM-48-200 materials prepared by four different methods. The bold black line shows the original UV-Vis spectra whereas the red and blue bold lines indicate the de-convoluted spectra.



[image: Catalysts 05 01603 g006 1024]







The UV-Vis DR spectra of TiO2-MCM-48 with different loadings are shown in Figure 7 below. In general, one notices that there is a slight red shift in the onset of absorbance with increase in titania loading and also the obvious fact that there is also an increase in the absorbance values with increase in titania. De-convolution of the peaks indicate that the ratio of Titet4+/Tioct4+ in TiO2-MCM-48-10 is significantly lower in comparison to the rest of the four samples suggesting that formation of small sized titania clusters at such high loadings (i.e., Si/Ti = 10). The titania clusters are fairly small in size and are probably amorphous too and are thus not seen in powder XRD studies.

Figure 7. UV-Vis DR spectra of TiO2-MCM-48-materials with different titania loadings.
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2.2. Catalytic Studies

Oxidation reactions have been carried out using microporous TS-1 catalysts [22,46,47]. In contrast to crystalline TS-1 catalysts, the atomic ordering of the pore walls in mesoporous MCM-41 and MCM-48 type materials are amorphous. This often results in conversions and selectivities quite different in the mesoporous materials. TiO2 containing mesoporous materials show catalytic activity for selective oxidation of organics using hydrogen peroxide or tert-butylhydroperoxide (t-BHP) under relatively mild conditions. In the present study, we examined the oxidation of cyclohexene using the TiO2-MCM-48 materials prepared in this study. Preliminary catalytic experiments indicated that a molar ratio of cyclohexene: t-BHP = 1:1 was ideal. In addition, the optimal reaction temperature was found to be 25 ± 5 °C, and dichloroethane was the best solvent under the experimental conditions in this study. Control experiments with siliceous MCM-48 and a Degussa P25 indicate no conversion of cyclohexene even after 24 h of reaction indicating that well dispersed titania is essential for oxidation of cyclohexene.

Our initial catalytic experiments were carried out with the materials with low titania loadings since it has been reported that spatially isolated and tetrahedrally coordinated Ti4+ show relatively high activity [50]. We found that the catalytic activity for the oxidation of cyclohexene to be in the order, TiO2-MCM-48-B-200 > TiO2-MCM-48-A-200 > TiO2-MCM-48-C-200 > TiO2-MCM-48-D-200 as indicated in Figure 8.

Figure 8. Conversion of cyclohexene over various TiO2-MCM-48-200 catalysts.
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Interestingly, all catalysts showed exclusive and 100% selectivity for the formation of cyclohexene oxide, contrary to a previous report in which other products have been identified [38]. The turnover number (moles of cyclohexene converted/mol Ti) after 12 h of reaction at room temperature was estimated to be 59, 32, 28, and 21 for TiO2-MCM-48-B-200, TiO2-MCM-48-A-200, TiO2-MCM-48-C-200, and TiO2-MCM-48-D-200 catalysts, respectively. The activity of TiO2-MCM-48-B-200 (turnover number = 59 after 12 h) seems to be better than the activity of microporous TS-1 (turnover number = 47 after 24 h) previously reported under similar conditions [38], suggesting that the room temperature synthesis of TiO2-MCM-48 materials is attractive for catalytic oxidation reactions. The ratio of Titet4+/Tioct4+ was calculated to be 1.61, 1.23, 1.51, and 1.39 for TiO2-MCM-48-B-200, TiO2-MCM-48-A-200, TiO2-MCM-48-C-200, and TiO2-MCM-48-D-200, respectively, suggesting that the relative amount of Titet4+ alone does not dictate the trends in catalytic activity. Indeed, Tuel and Hubert-Pfalzgraf have suggested that the coordination of the titania species may not be the only factor, and that other parameters such as dispersion and particle size of the titania nanoparticle may also play a vital role [51]. This is supported by the fact that Hutter et al. found that well dispersed titania nanodomains on TiO2-SiO2 are active for the epoxidation of cyclohexene [52]. Thus, our results are consistent with previous reports and that the presence of nanoclusters of titania do not necessarily decrease the catalytic performance (at least at low loadings of titania). Figure S3 shows a plot of specific surface area and ratio of Titet4+/Tioct4+ as a function of turnover number. It seems that the high activity of TiO2-MCM-48-B-200 is due to the relatively high specific surface area and pore volume of this material in comparison to the rest of the materials and hence the high dispersion of titania seems to be responsible for enhancing its activity. No strong correlation seems with the relative amount of Titet4+ as stated previously.

The recycling studies with TiO2-MCM-48-B-200 indicate a modest decrease in activity after two cycles. Powder XRD analysis of the spent catalyst indicates that the cubic phase is still preserved and the textural properties do not seem to be compromised. We also found that the turnover number of the catalyst decreased progressively with increase in the amount of TiO2 loading. The turnover number was calculated to be 13, 3, 3, and 2.5 for TiO2-MCM-48-B-100, TiO2-MCM-48-B-50, TiO2-MCM-48-B-25, and TiO2-MCM-48-B-10, respectively, suggesting that the decrease in dispersion of titania was perhaps responsible for the decrease in catalytic activity. Interestingly, contrary to a previous report [53], we did not see any change in the selectivity towards the formation of cyclohexene oxide at high loadings of titania.

In summary, our catalytic results indicate that high selectivity and good activity can be obtained with titania nanoparticles dispersed on a cubic MCM-48 mesoporous support for the epoxidation of cyclohexene even at room temperature.




3. Experimental Section


3.1. Chemicals Used

The materials used for the synthesis of TiO2-MCM-48 are ethanol (absolute 200 Proof, AAPER), tetraethyl orthosilicate (Si(OEt)4, 98%, Alfa Aesar, Ward Hill, MA, USA), titanium(IV) isopropoxide (Ti-(iOPr)4, 98%, Alfa Aesar), cetyltrimethylammonium bromide (CTAB, 98%, Alfa Aaser), aq. Ammonia (Alfa Aesar). Deionized water was used throughout the studies. For the catalytic studies cyclohexene (99%, Acros, New Jersey, NJ, USA), dichloroethane (Acros), tert-butylhydroperoxide, and nonane (99%, Acros) as an internal standard were used.



3.2. Synthesis of TiO2-MCM-48 Mesoporous Materials

A scheme for the four different methods for the preparation of TiO2-MCM-48 is shown in Table 2 below.

Table 2. Preparation of TiO2-MCM-48 by different methods.


	Method A
	Method B
	Method C
	Method D





	CTAB (1.2 g)
	CTAB (1.2 g)
	CTAB (1.2 g)
	CTAB (1.2 g)



	H2O (50 mL)
	Ti-(iOPr)4
	Ti-(iOPr)4 (Stock) *
	H2O (50 mL)



	C2H5OH (25 mL)
	H2O (50 mL)
	H2O (50 mL)
	C2H5OH (25 mL)



	NH3 (6 mL)
	C2H5OH (25 mL)
	C2H5OH (25 mL)
	NH3 (6 mL)



	Si(OEt)4 (1.8 mL)
	NH3 (6 mL)
	NH3 (6 mL)
	Si(OEt)4 (1.8 mL)



	Ti-(iOPr)4 (Stock)*
	Si(OEt)4 (1.8 mL)
	Si(OEt)4 (1.8 mL)
	Ti-(iOPr)4





* Preparation of stock solution: For Si/Ti = 200, 70 µL of Ti (iOPr)4 was dissolved in 10 mL of ethanol. This served as the stock solution. One milliliter of this stock solution was used for preparing TiO2-MCM-48 with a Si/Ti ratio of 200.






In a 120 polypropylene beaker, 1.2 g (3.3 mmol) of CTAB were added to 50 mL of deionized water and CTAB was allowed to dissolve fully by stirring rapidly for a few min. Then, 25 mL of ethanol were added to the CTAB solution. To this mixture, 6 mL (0.09 mmol) of aqueous ammonia and the silica precursor, TEOS 1.8 mL were added. The titanium precursor (Ti-(iOPr)4 was dissolved in 10 mL of ethanol and served as the stock solution. In method A, 1 mL of the stock solution of Ti-(iOPr)4 was added at the very end as shown in Table 2. In method B, the required amount of Ti-(iOPr)4 solution (without dilution) was added to the CTAB solution as indicated in the Scheme below. In method C, the stock solution of Ti-(iOPr)4 was added after the addition of CTAB. In method D, Ti-(iOPr)4 (without dilution) was added to Si(OEt)4 solution. After the addition of all the ingredients, the mixture was stirred for 4 h at 300 rpm at room temperature and the resulting TiO2-MCM-48 was recovered by filtration, dried in an oven overnight, and then calcined at a heating rate of 3 °C/min at 550 °C for 6 h to remove the organic template. The mesoporous material, TiO2-MCM-48 prepared with a Si/Ti ratio of 200 by method A is named as TiO2-MCM-48-A-200. Other materials prepared in this work are named in a similar manner.



3.3. Characterization Techniques

Powder X-ray diffraction (XRD) measurements were done using a Rigaku Ultima IV X-ray diffractometer (Rigaku Corporation, Tokyo, Japan) with Cu Kα radiation (λ = 1.5408 Å) at room temperature. The diffractometer was typically operated at 1.76 kW (Voltage = 44 kV and Current = 40 mA) and scanned with a step size of 0.02°. The low angle regions were scanned from 2θ = 2°–6° with a step size of 0.02°. Wide angle XRD measurements were also made for selected mesoporous materials in the 2θ range of 20°–75°.

The nitrogen physisorption studies were done at 77 K using Nova 2200e analyzer (Quantachrome Instruments, Boynton Beach, FL, USA). The materials were dried in an oven at 373 K for overnight prior to the day of analysis. The materials were then degassed at 373 K extensively before the study. The Brunauer-Emmett-Teller (BET) equation was used to calculate the specific surface area from the adsorption data obtained at relative pressure P/P0 values between 0.05–0.30. The total pore volume of TiO2-MCM-48 mesoporous materials were calculated from the amount of nitrogen adsorbed at highest relative pressure ratio P/P0 ~ 0.99. The pore size distribution was calculated by analyzing the N2 isotherm using the Barrett-Joyner-Halenda (BJH) method and by applying the BJH equation to the desorption isotherm.

Transmission electron microscopic (TEM) images were acquired using a FEI Tecnai G2 F30 instrument (FEI, Hillsboro, TX, USA) at an accelerating voltage of 200 kV. The materials for TEM studies were prepared by first sonicating ~2 mg of TiO2-MCM-48 in 10 mL of ethanol for at least 30 min. One drop of this dispersion was carefully deposited on a carbon coated copper grid (200 mesh). The grid was allowed to dry at room temperature overnight before TEM analysis.

The Electron Spin Resonance (ESR) experiments were conducted in the X-band (continuous wave) using a Bruker Elexsys E580 spectrometer (Bruker, Billerica, MA, USA). This instrument was equipped with an Oxford CF935 helium flow cryostat and a ITC-5025 temperature controller (Oxford Instruments, Oxfordshire, UK). The mesoporous materials were dispersed in water-methanol mixture and were purged with argon gas to remove oxygen. The suspension was then illuminated at 77 K using a 300-W Xe UV lamp source (ILC) (Newport Corporation, Santa Clara, CA, USA). The EPR spectra were then recorded immediately at 5 K immediately after illumination. The g factors were calibrated by comparison to a coal standard, with g = 2.00285 ± 0.00005.

The UV-Vis diffuse reflectance spectra were recorded using a Cary 100 Bio UV-Visible spectrophotometer (Varian Inc., Palo Alto, CA, USA). This instrument was equipped with a praying mantis diffuse reflection accessory (Harrick Scientific). A Si-MCM-48 material was used for baseline correction and the DR spectra were recorded at room temperature.

A Thermo Jarrell Ash Atomic Absorption (Thermo Jarrell Ash Corporation, Franklin, MA, USA) Spectrophotometer was used to determine the titanium content present in the calcined TiO2-MCM-48 materials prepared by different methods and different Si/Ti ratios after dissolution of the materials in HF:HNO3 solution. The silica was carefully filtered, and the supernatant solution was diluted to known volumes. The solutions were analyzed for Ti4+ ions.

The catalytic reactions were performed as described in the following manner. In a typical catalytic reaction, 19.3 mL of dichloroethane (DCE) was added to a single-neck round bottom flask. To this, tert-butylhydroperoxide (t-BHP, 0.32 mL, 2 mmol) in decane was added and reaction mixture was stirred for 15 min. Then, 0.06 g of the TiO2-MCM-48 catalyst, nonane (0.2 mL), and cyclohexene (0.2 mL, 2 mmol) were added, respectively. The suspension was refluxed at room temperature (25 ± 5 °C) for various intervals of time. After the completion of the reaction, the catalyst was recovered, washed with acetone, and dried in an air oven at 80 ± 10 °C. The supernatant solution (after separation of the catalyst) was injected into a GC-MS (Shimadzu QP 5000, Shimadzu Corporation, Kyoto, Japan). The GC was equipped with a silica column (J&W Scientific, Folsom, CA, USA, 122-5532, DB-5ms equivalent to a (5% phenyl)methyl polysiloxane, 30 m × 0.25 mm). The yield of the product (cyclohexene oxide) was determined using the internal standard method. After the catalytic reaction, the suspension was centrifuged and the catalyst was recovered. This was then washed with acetone and then subsequently dried in air, and tested for recycling experiments.




4. Conclusions

Room temperature synthesis of titania supported cubic MCM-48 mesoporous materials were successfully demonstrated. It was found that the order of addition of the titania precursor modulated the relative amount of Ti4+ ions in tetrahedral and octahedral coordination. The results indicate that the titania nanoclusters are well dispersed in the high surface area mesoporous matrix and no bulk phase of titania was detected even at relatively high titania loadings. The titania supported MCM-48 materials show excellent selectivity towards the formation of cyclohexene oxide from cyclohexene at room temperature using tert-butylhydroperoxide as the oxidant.
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