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Figure S1. Low-angle XRD patterns of as-made 1V-MS-L and 1V-MS-L-cal samples.
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Figure S2a. Low-angle XRD patterns of VTi-MS-T-cal.
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Figure S2b. Low-angle XRD patterns of VAI-MS-L-cal.
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Low-angle XRD patterns of VZr-MS-L-cal (left) and VCe-MS-T-cal (right).




Figure S3. TEM images of 1V-MS-L-cal. The ordered 2D hexagonal honeycomb pores
can be observed clearly, the pores possessing a diameter of ca. 3 nm, and a wall
thickness of about 1 nm.
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Figure S4a. N2 sorption isotherms of MS-L-cal and V-MS-L-cal at 77 K.
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Figure S4b. N sorption isotherms of VTi-MS-T-cal at 77 K.
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Figure S4c. N2 sorption isotherms of VAI-MS-L-cal at 77 K.
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Figure S4d. N2 sorption isotherms of VZr-MS-L-cal at 77 K.
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Figure S4e. N2 sorption isotherms of VCe-MS-T-cal at 77 K.
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Figure S5a. 2°Si quantitative NMR spectrum of as-made MS-L.
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Figure S5b. 2°Si quantitative NMR spectrum of as-made (2.5-2.5)VAI-MS-L.
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Figure S5¢. 2’Al NMR spectrum of as-made 5AI-MS-L.
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Figure S5d. 2’ Al NMR spectrum of as-made (1-5)Al-MS-L.
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Figure S6. EPR spectra of vanadium samples with Ti/Al/Zr/Ce anchors. Power = 1mW,
Modulation amplitude =0.1G , T = 120 K.
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Figure S7. FT-IR spectra of as-made V-MS-L and V-MS-L-cal samples.

From the FT-IR spectra of as-made V-MS-L (Figure S7), the band at about 1490 cm™* comes
from the C-H bending (8c-n) vibrations of surfactant, and the bands in the region of 2800 cm'*
to 3000 cm™ are derived from the C-H stretching (vc.+) vibrations of -CHs- and -CH,- in the
surfactant; after calcination at 550 °C for 6 h, these bands disappeared, indicating total removal
of organic surfactant template. The band derived from Si-OH bond stretching vibration of the
silanol groups at 960 cm™ decreased after calcination due to condensation of silanol groups
inside the pore walls during calcination. With increasing vanadium loading, bands between
1000 and 1200 cm™* were enhanced due to the stretching vibration of V=0, [1,2] which overlaps
with the Si-O-Si asymmetric stretching vibration.[3] The FT-IR spectra of vanadium-
incorporated MCM-41 with Ti/Al/Zr/Ce anchors are all in accordance with the bands of V-MS-
L and V-MS-L-cal.
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Figure S9a. Tauc plot and corresponding edge energy of VTi-MS-T-cal samples based on
their UV-vis spectra. Eg obtained by extrapolation of the straight line (black dots).

Figure S9b. Tauc plot and corresponding edge energy of VZr-MS-L-cal samples based on

their UV-vis spectra.
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Figure S9c. Tauc plot and corresponding edge energy of VCe-MS-T-cal samples based on

their UV-vis spectra.
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Figure S10b. Effect of the nature of the Zr anchor on conversion (a) and selectivity in route
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Table S1. Porosity data derived from N2 adsorption-desorption isotherms for MS-L and V-

MS-L-cal samples.

Sample ao® Viotal® Vp© Seer’  drk® deas’ Tweae? C

P (nm) (cm*g?h) (em*g") (m’g") (m) (hm) (nm)
MS-L-cal 46 105 090 1107 30 35 11 83
1V-MS-L-cal 4.6 1.10 0.67 929 3.1 3.6 1.0 81

(a) Hexagonal lattice parameter calculated from XRD, ao = 2d100/1.732, accuracy 0.1 nm; (b) Viotal at p/po = 0.99, accuracy
+0.01 cmgL; () Vp at P/Po =0 on the adsorption plateau of t-plot, accuracy +0.01 cm3gL; (d) from BET equation at 0.05 <
p/po < 0.16, accuracy =50 m?gL; (e) pore diameter extrapolated from Horvath-Kawazoe method, accuracy 0.1 nm; (f) pore

diameter extrapolated from Broekhoff and De Boer method, accuracy +0.1 nm; (g) pore wall thickness calculated from ao-

dsds, accuracy +0.2 nm.

Table S2(a). Porosity data of VTi-MS-T-cal derived from N2 sorption isotherms.

Sample ao® Viotal” Vy* Seer?  duk®  dgas’ B:;Vg C

(nm) (cm*g?) (ecm*gt) (m?g?) (wm) (nm) (hm)
1Ti-MS-T-cal 4.3 1.07 0.62 987 28 33 10 74
(1-1)VTi-MS-T-cal 4.4 1.05 0.60 939 28 33 11 80
(2.5-1)VTi-MS-T-cal 4.4 1.13 0.58 893 28 33 11 84
(5-1)VTi-MS-T-cal 4.8 1.26 0.53 825 28 34 14 89
2.5Ti-MS-T-cal 4.4 1.23 0.58 961 28 33 11 68
(1-2.5)VTi-MS-T-cal 4.4 1.20 0.54 900 28 33 11 77
(2.5-2.5)VTi-MS-T-cal 45 1.28 0.53 879 28 33 12 81
(5-2.5)VTi-MS-T-cal 4.8 1.39 0.52 814 28 33 15 82
5Ti-MS-T-cal 4.3 1.37 0.54 952 27 32 11 62
(1-5)VTi-MS-T-cal 4.4 1.45 0.51 919 2.7 3.3 1.1 68
(2.5-5)VTi-MS-T-cal 4.4 1.38 0.50 890 28 33 11 71
(5-5)VTi-MS-T-cal 4.9 1.47 0.47 837 28 33 16 76
10Ti-MS-T-cal 4.3 1.31 0.47 939 26 31 12 51
(1-10)VTi-MS-T-cal 4.2 1.43 0.44 897 27 33 09 57
(2.5-10)VTi-MS-T-cal 4.4 141 0.45 867 27 33 11 62
(5-10)VTi-MS-T-cal 4.7 1.54 0.43 831 27 33 14 64

(a) Same as Table S1
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Table S2(b). Porosity data of VAI-MS-L-cal derived from N> sorption isotherms.

Sample a® Vi Vp° Seer’  dwk®  daas' B::g C
(nm) (m*g?) (emgh) (M?g?) (wm) (nm) (nm)
1AI-MS-L-cal 4.5 1.41 0.76 1108 32 36 09 57
(1-1)VAI-MS-L-cal 4.6 1.54 0.83 1082 33 37 09 68
(2.5-1)VAI-MS-L-cal 4.7 1.74 0.74 1044 33 37 10 79
(5-1)VAI-MS-L-cal 4.7 1.34 0.70 926 32 37 10 82
2.5AI-MS-L-cal 4.7 1.62 0.67 985 32 37 10 68
(1-2.5)VAI-MS-L-cal 4.6 1.67 0.66 975 32 37 09 80
(2.5-2.5)VAI-MS-L-cal 4.7 1.62 0.64 916 32 37 10 89
(5-2.5)VAI-MS-L-cal 4.8 1.26 0.62 852 32 36 12 90
5AI-MS-L-cal 4.9 1.57 0.56 827 32 37 12 84
(1-5)VAI-MS-L-cal 4.9 1.52 0.57 822 32 36 13 87
(2.5-5)VAI-MS-L-cal 4.8 1.45 0.53 776 32 36 12 92
(5-5)VAI-MS-L-cal 5.0 1.34 0.48 725 31 36 14 92
10AI-MS-L-cal # 1.46 0.34 652 30 35 # 86
(1-10)VAI-MS-L-cal # 151 0.34 690 30 35 # 78
(2.5-10)VAI-MS-L-cal # 1.39 0.30 672 29 34 # 74
(5-10)VAI-MS-L-cal # 0.77 0.23 640 # # # 64
Table S2 (c). Porosity data of VZr-MS-L-cal and VCe-MS-L-cal.
Sample a® Vol Vi Seer’  duk®  deas’ B:;Vg C
(m) (em®g?) (em*gh) (m?g?) (nm) (nm) (m)
2.5Zr-MS-L-cal 4.4 1.47 0.59 905 29 36 08 78
(1-2.5)VZr-MS-L-cal 4.5 1.26 0.62 907 32 37 08 80
(2.5-2.5)VZr-MS-L-cal 4.5 1.28 0.75 1009 32 37 08 79
(5-2.5)VZr-MS-L-cal 4.6 0.97 0.54 745 32 37 09 80
2.5Ce-MS-T-cal 4.3 1.08 0.58 870 28 35 08 91
(1-2.5)VCe-MS-T-cal 4.6 1.12 0.58 876 28 35 11 90
(2.5-2.5)VCe-MS-T-cal 4.5 1.19 0.54 838 28 35 10 94
(5-2.5)VCe-MS-T-cal 4.7 1.60 0.47 781 28 35 12 92

16



Table S3. 2’Al NMR analysis of as-prepared Al-MS-L and VAI-MS-L samples.

Sample Al (tet) Al (oct) Al (penta)
1AI-MS-L 100 0 0
(1-1)VAI-MS-L 100 0 0
2.5Al-MS-L 100 0 0
(1-2.5)VAI-MS-L 100 0 0
5Al-MS-L 99.2 0.8 0
(1-5)VAI-MS-L 99.5 0.5 0
10AI-MS-L 97.7 2.3 0
(1-10)VAI-MS-L 99.4 0.6 0

Table S4. 2°Si quantitative NMR analysis of as-prepared samples with V and Ti/Al/Zr/Ce

anchors.
Sample Q4 width Q3 width Q? Width
MS-L 64 8.5 31 6.5 5 6.7
2.5V-MS-L 61 8.7 33 8.4 6 6.7
25Ti-MS-T 50 8.9 42 7.8 8 6.7
2.5Al-MS-L 48 9.6 43 8.2 9 6.7
2.5Zr-MS-L 45 8.4 47 8.4 8 6.7
2.5Ce-MS-T 53 9.2 40 7.5 7 6.7
(2.5-2.5)VTi-MS-T 50 8.7 43 8.4 7 6.7
(2.5-2.5)VAI-MS-L 54 9.8 39 8.5 7 6.7
(2.5-2.5)VZr-MS-L 51 9.0 40 9.0 9 6.7
(2.5-2.5)VCe-MS-T 52 8.6 41 8.3 7 6.7

Q* (-109 ppm, silicon coordinated with four oxygen atoms), Q* (-99 ppm, each silicon atom

coordinated with three oxygen atoms and one hydroxy group), and Q? (-91 ppm, each silicon

atom coordinated with two oxygen atoms and two hydroxy groups).[4]
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Table S5a. Eg from Tauc plots of Fig.S10a.

Sample Energy (eV)
1Ti-MS-T-cal -
(1-1)VTi-MS-T-cal 3.77
(2.5-1)VTi-MS-T-cal 2.87
(5-1)VTi-MS-T-cal 2.57
2.5Ti-MS-T-cal -
(1-2.5)VTi-MS-T-cal 3.71
(2.5-2.5)VTi-MS-T-cal 3.56
(5-2.5)VTi-MS-T-cal 2.85
5Ti-MS-T-cal -
(1-5)VTi-MS-T-cal 3.79
(2.5-5)VTi-MS-T-cal 3.65
(5-5)VTi-MS-T-cal 3.36
10Ti-MS-T-cal -
(1-10)VTi-MS-T-cal 3.84
(2.5-10)VTi-MS-T-cal 3.65
(5-10)VTi-MS-T-cal 3.42
Table S5b. Eg from Tauc plots of Fig.S10b.
Sample Energy (eV)
1AI-MS-L-cal -
(1-1)VAI-MS-L-cal 2.80
(2.5-1)VAI-MS-L-cal 2.52
(5-1)VAI-MS-L-cal 2.38
2.5Al-MS-L-cal -
(1-2.5)VAI-MS-L-cal 3.24
(2.5-2.5)VAI-MS-L-cal 2.57
(5-2.5)VAI-MS-L-cal 2.46
5AI-MS-L-cal -
(1-5)VAI-MS-L -cal 3.49
(2.5-5)VAI-MS-L-cal 2.69
(5-5)VAI-MS-L-cal 2.55
10AI-MS-L-cal -
(1-10)VAI-MS-L-cal 2.84
(2.5-10)VAI-MS-L -cal 2.65
(5-10)VAI-MS-L-cal 2.56
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Table S5c. Eg from Tauc plots of Fig.S10b and Fig 10d.

Sample Energy (eV)
2.5Zr-MS-L-cal -
(1-2.5)VZr-MS-L-cal 2.90
(2.5-2.5)VZr-MS-L-cal 2.65
(5-2.5)VZr-MS-L-cal 2.55
5Zr-MS-L-cal -
(1-5)VZr-MS-L-cal 3.38
(2.5-5)VZr-MS-L-cal 2.74
(5-5)VZr-MS-L-cal 2.69
(5-2.5)VCe-MS-T-cal 2.56

Table S6a. High throughput screening of 1,2-diphenyl-2-methoxyethanol oxidation using Ti

anchoring ions.

Conversion Selectivity (%)
Catalysts Methyl Benzoin methyl
[0)
(%) Benzaldehyde benzoate Methanol ether

1Ti-MS-T-cal 0 - - - -
(1-1)VTi-MS-T-cal <1 - - - -
(2.5-1)VTi-MS-T-cal 42 77 11 0 12
(5-1)VTi-MS-T-cal 52 79 8 6 7
2.5Ti-MS-T-cal 0 - - - -

(1-2.5)VTi-MS-T-cal <1 - -
(2.5-2.5)VTi-MS-T-cal 8 100 0 0 0
(5-2.5)VTi-MS-T-cal 50 81 6 6 7
5Ti-MS-T-cal 0 - - - -
(1-5)VTi-MS-T-cal <1 - - - -
(2.5-5)VTi-MS-T-cal <1 - - -
(5-5)VTi-MS-T-cal 31 90 0 0 10
10Ti-MS-T-cal 0 - - - -
(1-10)VTi-MS-T-cal <1 - - - -

(2.5-10)VTi-MS-T-cal <1 - -
(5-10)VTi-MS-T-cal 7 100 0 0 0
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Table S6b. High throughput screening of 1,2-diphenyl-2-methoxyethanol oxidation using Zr

and Ce anchoring ions.

Conversion Selectivity (%)
Catalysts Methyl Benzoin methyl
(0)

(%) Benzaldehyde benzoate Methanol ether
2.5Zrn-MS-L-cal 0 - - - -
(1-2.5)VZr-MS-L-cal <1 - - - -
(2.5-2.5)VZr-MS-L-cal 29 100 - - 0
(5-2.5)VZr-MS-L-cal 68 89 0 6 5
5Zr-MS-L-cal 0 - - - -
(1-5)VZr-MS-L-cal <1 - - - -
(2.5-5)VZr-MS-L-cal 4 100 0 0 0
(5-5)VZr-MS-L-cal 39 94 0 0 6
2.5Ce-MS-T-cal 0 - - - -
(1-2.5)VCe-MS-T-cal 4 100 0 0 0
(2.5-2.5)VCe-MS-T-cal 20 100 0 0 0
(5-2.5)VCe-MS-T-cal 50 87 6 7 0

Table S7. Oxidation of 1,2-diphenyl-2-methoxyethanol in different solvents via vanadium

catalyst (5-1)VAI-MS-L-cal.

No. Solvent

Boiling Paint (°C)

Polarity

Conversion (%)

Selectivity to

Benzaldehyde (%6)

1 Chloroform 61 4.4 93 65
2 Benzene 80 3.0 92 79
3 EtOAC 77 4.3 83 > 905
4 Toluene 111 2.4 70 > 95
5 MeCN 82 6.2 72 89
6 CHClI; 40 3.4 69 63
7 Dioxane 101 4.8 27 72
8 THF 66 4.2 23 57
9 DMSO 189 7.2 14 49
10 Pyridine 115 5.3 <5 -
11 Ethanol (95 %) 78 4.3 <5 -
12 H20 (+MeCN) 100 10.2 (6.2) <5 -

Table S8. Recycling test of (2.5-2.5)VAI-MS-L-cal for 1,2-diphenyl-2-methoxyethanol

oxidation in acetonitrile.

Conversion Selectivity (%)
Catalysts Benzal- Methyl Benzoic Benzoin

0,

(%) dehyde benzoate Methanol acid methyl ether
(2.5-2.5)VAI-MS-L-1st 49 84 10 6 0 0
(2.5-2.5)VAI-MS-L-2 46 81 12 4 0 3
(2.5-2.5)VAI-MS-L-3rd 43 79 13 5 0 3
(2.5-2.5)VAI-MS-L-4th 39 78 14 5 0 3
(2.5-2.5)VAI-MS-L-cal® 32 76 19 0 0 5

a) After leaching in MeOH.
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