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Fig. S1 SEM images of Ti-MWW(P)-C (a-c) and Ti-MWW(P)-AT-24 (d-f).
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Fig. S2 29Si MAS NMR spectra of the Ti-MWW(P)-C (A), and Ti-MWW(P)-AT-24 

(B). The black line is the experimentally recorded spectra, and the red line is the 

simulated spectra with the deconvoluted components between -90 and -130 ppm 

depicted blue. 
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g. S3 FT-IR spectra in the pyridine regions of Ti-MWW(P)-C (A) and Ti-MWW(P)-

AT-24 (B) at different evacuation temperatures. 

It is observed that the signal of 1446 cm-1 is absent for Ti-MWW(P)-C, showing that 

there is little Lewis acidity in sample 1. Based on the UV-Vis, UV-Raman and XPS 

analysis (Figure. 2A, B and C), it is clear that the extra-framework “TiO6” species has 

an obviously negative effect on the framework “TiO4” species, and the Lewis acidity 

of Ti-MWW(P)-C is therefore absent. 

From the 11B MAS NMR spectra and ICP measurement (Table 1 and Figure S5), it is 

deduced that there are large amounts of B(Ⅲ) species in Ti-MWW(P)-C. It is 

mentioned that the 1380 cm-1 band in IR spectra is assigned to the stretching vibration 

of Si-O-B bond from B(Ⅲ) species 2, 3. Considering the absence of Lewis acidity as 

well as the existence of large amounts of B(Ⅲ) species, it is observed that the baseline 

of IR spectrum goes upward for Ti-MWW(P)-C in the region of over 1500 cm-1. After 

the acid treatment, the boron content of Ti-MWW(P)-AT-x is low as indicated by the 

Si/B (> 36). More importantly, the alkaline pyridine molecular could promote the 

transformation of the remaining B(Ⅲ) species to B(Ⅳ) species 3-5. Therefore, the band 

at 1380 cm-1 is absent for Ti-MWW(P)-AT-24.
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Fig. S4 Catalytic reactions of different substrate over Ti-MWW(P)-C and Ti-

MWW(P)-AT-24. 

Reaction condition in the epoxidation of propylene: catalyst 100 mg, propylene 30 

mmol, H2O2 (30 wt.% ) 30 mmol, CH3CN 25 ml, temp 323 K, time 50 min.

Reaction condition in the epoxidation of 1-hexene: catalyst 50 mg, 1-hexene 10 mmol, 

H2O2(30 wt.%) 10 mmol, CH3CN 10 ml, temp. 333 K, time 120 min.

Reaction condition in the cyclohexanone ammoximation: catalyst 150 mg, 

cyclohexanone 10 mmol, NH3·H2O (25 wt.%) 17 mmol, H2O2 (30 wt.%) 11 mmol, t-

BuOH (85 wt. %) 5000 mg, temperature 333 K, time 120 min.
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Fig. S5 11B MAS NMR spectra of Ti-MWW(P) (a) and Ti-MWW(P)-AT-24 (b).
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Fig. S6 UV-Vis spectra of Ti-MWW(P)-AT-x: Ti-MWW(P)-AT-2 (A), Ti-MWW(P)-

AT-4 (B), Ti-MWW(P)-AT-8 (C), Ti-MWW(P)-AT-12 (D), Ti-MWW(P)-AT-16 (E), 

Ti-MWW(P)-AT-24 (F). The black line is the experimentally recorded spectra, and the 

red line is the simulated spectra with deconvoluted components at 210 nm, 230 nm, and 

320 nm depicted blue.

The Ti(OSi)3OH species in Ti-MWW(P)-AT-x were quantified in UV/Vis spectra 

based on PeakFit program with the Gaussian fitting method 6. Based on the previous 

studies 7, 8, the bands at 210 nm, 230 nm, and 320 nm are assigned to Ti(OSi)4, 

Ti(OSi)3OH, and TiO2 species respectively. Hence, UV-Vis spectra of these samples 

were divided to three bands centered at around 210 nm, 230 nm, 320 nm, and their 



corresponding FWHM in each sample is at the same level as far as possible. After the 

analysis of fitting results, it is found the FWHM of bands at 210 nm, 230 nm, 320 nm 

are ~90, ~80, and ~70 respectively, followed by the gradual increase of the percentage 

of Ti(OSi)3OH species (14.0% to 40.1%) (Fig. 5D in the text).
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Fig. S7 FT-IR spectra in the pyridine regions at different evacuation temperatures over 

Ti-MWW(P)-AT-x: (A) Ti-MWW(P)-AT-2, (B) Ti-MWW(P)-AT-4, (C) Ti-

MWW(P)-AT-8, (D) Ti-MWW(P)-AT-12, (E) Ti-MWW(P)-AT-16, (F) Ti-MWW(P)-

AT-24.
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Fig. S8 29Si MAS NMR spectra of Ti-MWW(P)-AT-x: Ti-MWW(P)-AT-2 (A), Ti-

MWW(P)-AT-4 (B), Ti-MWW(P)-AT-8 (C), Ti-MWW(P)-AT-12 (D), Ti-MWW(P)-

AT-16 (E), Ti-MWW(P)-AT-24 (F). The black line is the experimentally recorded 

spectra, and the red line is the simulated spectra with deconvoluted components 

between -90 and -130 ppm depicted blue.



Table S1 A semiquantitative estimation for the number of (SiOH)4 groups in Ti-MWW

a Integrated areas of the peak (3500 and 1880 cm-1) in IR spectra.

b A(SiOH)4/A(Si-O-Si)

Sample A3500
a A1880

a ΦIR
b

Ti-MWW(P)-AT-2 20.507 23.524 0.872

Ti-MWW(P)-AT-4 22.127 21.892 1.011

Ti-MWW(P)-AT-8 16.059 22.595 0.711

Ti-MWW(P)-AT-12 21.063 24.118 0.873

Ti-MWW(P)-AT-16 16.697 21.351 0.782

Ti-MWW(P)-AT-24 15.612 21.799 0.716
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Fig. S9 Changes of conversion of 1-hexene and H2O2 with the reaction-regeneration 

cycles for Ti-MWW(P)-AT-24. Reaction conditions for the first run: catalyst 2000 mg, 

1-hexene 400 mmol; H2O2(30 wt.%) 400 mmol; CH3CN 400 mL; temp. 333 K; time 

120 min. The next catalytic runs proceed at a constant ratio of catalyst–alkene-

oxidant–solvent 
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Fig. S10 XRD pattern (A), UV-Vis spectrum (B) and 29Si 

MAS NMR spectrum (C) of the Ti-MWW-U.



Table S2 Catalytic performance for the epoxidation of 1-hexene with H2O2.

a Measured by ICP.

b Reaction conditions: catalyst 50 mg; 1-hexene 10 mmol; H2O2(30 wt.%) 10 mmol; 

CH3CN 10 mL; temp. 333 K; time 120 min.

c In mol (mol.Ti)-1.

Sample
Si

Concentrationa
Si/Tia Si/Ba

Conv.

(1-hex.)/%b

Conv.

(H2O2)/%b

Eff.

(H2O2)/%b

Sel.

(Epo.)/%b
TONc

Ti-MWW(P)-C - 29 12 0 0 0 0 0

Ti-MWW(P)-AT-24 140 44 48 51.2 60.8 84.2 100.0 284

Ti-MWW-(B) 100 55 17 12.2 24.0 50.6 100.0 82
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Fig. S11 Powder XRD patterns of Ti-MWW-(B) (a) and Ti-MWW(P)-AT-24 (b).
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Fig. S12 11B MAS NMR spectra of Ti-MCM-56-AT-C (a) and Re-Ti-MCM-56(P)-AT-

C (b). 
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Fig. S13 XRD patterns (A) and UV-Vis spectra (B) of Ti-MWW(P)-AT-x with the 

control of acid-treated time: (a) 4h, (b) 8h, (c) 20h. The Si/Ti ratio of Ti-MWW(P) in 

this batch is 60.



Table S3 Catalytic performance for the epoxidation of 1-hexene with H2O2. a

a Reaction conditions: catalyst 50 mg; 1-hexene 10 mmol; H2O2(30 wt.%) 10 mmol; 

CH3CN 10 mL; temp. 333 K; time 120 min.

b The Si/Ti ratio of Ti-MWW(P) in this batch is 60.

c Measured by ICP.

d In mol (mol.Ti)-1.

Sampleb Si/Tic Si/Bc
Conv.

(1-hex.)/%

Conv.

(H2O2)/%

Eff.

(H2O2)/%

Sel.

(Epo.)/%
TONd

Ti-MWW(P)-AT-4 86 62 10.8 18.1 59.9 100.0 113

Ti-MWW(P)-AT-8 87 57 17.3 24.3 71.3 100.0 188

Ti-MWW(P)-AT-

20
97 71 15.9 16.6 95.8 100.0 192
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Fig. S14 XRD patterns (A) and UV-Vis spectra (B) of Ti-MWW(P)-AT with the 

control of acid-treated concentration: (a) 0.5 M, (b) 1.0 M, (c) 1.5 M, (d) 2.0 M, (e) 4.0 

M.
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Fig. S15 XRD patterns (A) and UV-Vis spectra (B) of Ti-MWW(P)-AT with the 

control of acid-treated solid-to-liquid ratio: (a) 1:20, (b) 1:35, (c) 1:50.



Table S4 Catalytic performance for the epoxidation of 1-hexene with H2O2.

a Measured by ICP.

b Reaction conditions: catalyst 50 mg; 1-hexene 10 mmol; H2O2(30 wt.%) 10 mmol; 

CH3CN 10 mL; temp. 333 K; time 120 min.

c In mol (mol.Ti)-1.

C(HNO3) Si/Tia Si/Ba
Conv.

(1-hex.)/%b

Conv.

(H2O2)/%b

Eff.

(H2O2)/%b

Sel.

(Epo.)/%b
TONc

0.5 M 27 31 2.8 12.2 23.3 100.0 9

1.0 M 38 38 38.1 55.2 69.1 100.0 179

1.5 M 43 50 51.3 67.1 76.4 100.0 271

2.0 M 44 48 51.2 60.8 84.2 100.0 284

4.0 M 88 57 20.1 37.6 53.3 100.0 215



Table S5 Catalytic performance for the epoxidation of 1-hexene with H2O2.

a Measured by ICP.

b Reaction conditions: catalyst 50 mg; 1-hexene 10 mmol; H2O2(30 wt.%) 10 mmol; 

CH3CN 10 mL; temp. 333 K; time 120 min.

c In mol (mol.Ti)-1.

S/L ratio. Si/Tia Si/Ba
Conv.

(1-hex.)/%b

Conv.

(H2O2)/%b

Eff.

(H2O2)/%b

Sel

(Epo.)/%b
TONc

1:20 41 36 32.3 52.9 61.1 100.0 163

1:35 48 41 48.9 66.9 73.0 100.0 288

1:50 44 48 51.2 60.8 84.2 100.0 284
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