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Introduction

In recent years, the silylation technique applied for the modification of mesoporous molecular sieves has received much attention. Several authors reported that some silylating agents such as TMSCl, HMDS and BSTFA were effective to silylate Ti-MCM-41 or Ti-MCM-48, but the reaction between the agents and surface silanols should be carried out under severe conditions. 

In this study, we focus our effort on the silylation of Ti-MCM-41 with MSTFA. The silylation efficiency of this new agent was compared with that of BSTFA. On the other hand, we further silylated Ti-MCM-41 with TMSI. Different levels of silylation were obtained by varying the reaction time. TGA, FT-IR, 29Si MAS NMR and BET techniques were employed to determine the silylation degree. The silylated catalysts were applied to the epoxidation of cyclohexene with aqueous H2O2 and the effect of hydrophobicity on the epoxidation was examined. 
Experimental

Ti-MCM-41 samples were prepared by using TEOS, TBOT, and TMAOH (20wt.%). The surfactants DTMABr (C12) and CTMABr (C16) were employed to synthesize the samples TM1 and TM2, respectively. Synthesis method was the same as described by Koyano and Tatsumi [1].

The procedure for the silylation of TM2 with BSTFA and MSTFA is as follows: A solution of 1 g agents in 10 g of toluene was added to the sample (0.5 g). The mixture was stirred at room temperature for 2h, then the treated catalyst was filtered, washed with toluene and dried in air for 8 h. The characteristics of non-silylated and silylated catalysts are listed in Table 1.

A solution of 0.12 g TMSI in 60 ml of acetonitrile was added to the calcined Ti-MCM-41 (0.5 g TM1). The mixture was stirred in a closed reactor at 25 oC for a desired time, and then the treated catalyst was filtered, washed with acetonitrile (100 ml) four times and dried at 60 oC in air for 4 hours. The characterization results of the samples are presented in Table 2.
Table 1. Characteristics of non-silylated and silylated Ti-MCM-41 catalysts.
Catalyst
Silylation

  Agent
 Si/Ti
BET surface 

Area (m2/g)
Pore diameter
    (Å)
Weight loss (%)b

TM2

TM2-B

TM2-M
   -

 BSTFA

 MSTFA
 60.3 

 66.7

 69.4
1405

1213

1153
   26.1

   23.1

   22.4
17.3

9.12

6.39

 a The intensity ratio of IR band at 960 cm-1 to the band at 1090 cm-1.

 b Measured for hydrated samples at 150 oC on TGA analyzer.

Table 2. Characteristics of non-silylated and TMSI silylated Ti-MCM-41 catalysts.

Sample
Ti(wt%TiO2)
Silylation a
Time (min)
BET surface

Area (m2/g)
Pore

Diameter (Å)
Weight loss (%)b

TM1

TM1-1

TM1-2

TM1-3

TM1-4
2.10

1.94

1.88

1.85

1.85
-

12

16

26

60
1250

1130

1090

1030

990
23.0

21.1

21.0

20.0

19.0
16.5

11.1

9.12

6.44

4.13

   a Silylation conditions: TMSI 0.12 g;  catalyst 0.5 g;  acetonitrile 60 ml; and temperature 25 oC. b Measured for hydrated samples at 150 oC on TGA analyzer.
All the samples were tested by cyclohexene epoxidation with H2O2. The reaction temperature was well controlled with a thermocouple and a temperature controller. 50 mg of catalyst was dispersed in a solution containing 0.02 mole of n-hexene or cyclohexene and 20 ml solvent. When the mixture was heated to 70 oC under stirring, 0.01 mol of oxidant was introduced in one lot. The products were periodically analyzed by gas chromatography (HP 5890 GC) equipped with HP-1 capillary column and FID.

Results and discussion

It can be seen from Table 1 that the silylated samples have lower surface areas and pore volumes than the parent sample TM2, which indicate that the surface area and pore volume decreased as the silanol groups inside the pore of Ti-MCM-41 were trimethylsilylated by silylation agents. The least weight loss of TM2-M indicates that the sample TM2-M obtained by silylation with MSTFA is more hydrophobic than TM2-B prepared by silylation with BSTFA. We also determined the hydrophobicity of TMSI silylated samples on the basis of the measurement of weight loss. As shown in Table 2, the hydrophobicity is improved as the silylation time increases.
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Figure 1 shows the FT-IR spectra of samples dispersed in KBr. We observed a decrease in the IR intensity ratio, I960/I1090, of all the silylated Ti-MCM-41 samples. The SiMe3 group is easily recognized by the band at ca. 1260 cm-1 together with one or more bands in the 870 to 750 cm-1 region originated from the –CH3 rocking and the Si-C stretching vibrations [2]. The bands at 845 and 760 cm-1 can be observed in the silylated samples.
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On the other hand, the 29Si-MAS-NMR spectra exhibit two signals at -108 ppm (Q4) and -100 ppm (Q3) on the non-silylated TM-1. After silylation, a new signal at 14 ppm, which is assigned to Me3Si-(OSi), appears and its intensity increases with the hydrophobicity. As shown in Fig. 2, we found that the IR spectra intensity ratios, I1260/I1083, I845/I1083, and I760/I1083, have linear relations with the hydrophobicity, respectively, and the linear plot of 29Si-MAS-NMR signal intensity ratio of SiMe3/SiO2(Q4) against the silylation degree was also observed. This indicates that the intensity ratios of these bands are proportional to the silylation degree. 

As shown in Table 3, both the catalytic activity and selectivity to epoxide increase as the silylation degree is increased. 

Table.3. Cyclohexene epoxidation with H2O2 over non-silylated and silylated catalysts.

Catalyst
Conversion

(mol%)
TON

(mol oxide/ mol Ti h)
Selectivity (%)




Epoxide
Diol
1-ol + 1one

TM-1

TM-2  TM-3

TM-4

TM-5
13.6

15.2

18.2

26.4

31.2
5.1

13.2

18.8

25.5

37.3
13.8

16.4

26.1

31.9

33.7
18.5

19.1

26.1

29.1

29.5
67.7

64.5

47.8

39.0

36.8

TM2

TM2-B  TM2-M
14.2

24.4

32.3
4.5

13.4

31.1
13.2

22.1

36.9
17.6

15.4

17.8
69.2

62.5

45.3

Reaction time: 4h. Reaction temperature: 70 oC.

Conclusions

The Ti-MCM-41 catalysts were successfully silylated with MSTFA and TSMI.  Both the catalytic activity and selectivity to epoxide increase as the silylation degree is increased. The yield of epoxide can be promoted more than six folds, while the formation of by-products (1-ol and 1-one) was suppressed significantly.
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Fig. 1. IR spectra of Ti-MCM-41 catalysts


(a) TM2; (b) TM-2B and (c) TM2-M.





Fig. 2. Correlation between hydrophobicity 


and IR spectra or 29Si- MAS-NMR spectra .
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