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Section S1 Experimental Methods 

1.1 Materials and General Methods 

All commercially obtained reagents, including (NH4)6Mo7O24·4H2O, TiCl4, H2O2, KOH, and HCl were purchased 

from Aldrich and used without further purification. Elemental analyses (Ti, Mo, K) were performed on a PLASMA-

SPEC (I) ICP atomic emission spectrometer. Thermogravimetric analysis (TGA) of the samples was performed 

using a Perkin-Elmer TG-7 analyzer heated from room temperature to 800 °C under nitrogen at the heating rate of 

10 °C min-1. FT/IR spectrum was performed in the range 4000-400 cm-1 using KBr pellets on an Alpha Centaurt 

FT/IR spectrophotometer. The surface photovoltage (SPV) spectroscopy was carried out on a lab-made instrument, 

which constitutes a source of monochromatic light, a lock-in amplifier (SR830-DSP) with a light chopper (SR540). 

Diffuse reflectance UV-vis spectra were measured from 200 to 600 nm on a Varian Cary 500 UV-vis NIR 

spectrometer equipped with a 110 mm diameter integrating sphere at room temperature. A barium sulfate (BaSO4) 

pellet was used as the standard with 100% reflectance. Energy dispersive X-ray (EDX) spectra and elemental 

mapping were obtained from a JEOL JSM 4800 F scanning electron microscope. The photocurrent (I-t) and Mott-

Schottky curves were recorded in the CHI660c electrochemistry station with Xenon lamp as the light source under 

ambient conditions. 

1.2 X-ray Crystallography

The data collections was performed on a Bruker D8-Venture diffractometer with a Turbo X-ray Source (Mo Kα 

radiation, λ = 0.71073 Å) adopting the direct drive rotating anode technique and a CMOS detector at 173 K. The 

data frames were collected using the program APEX-3 and processed using the program SAINT routine in APEX-3. 

The structure was solved by direct method and refined by the full-matrix least-squares on F2 using the SHELXL-

2014 program.1 The diffused electron densities resulting from these residual solvent molecules were removed from 

the data set using the SQUEEZE2 routine of PLATON3 and refined further using the data generated. The restrained 

SIMU, SADI instructions were used to make the structures more reasonable. The formula unit was obtained through 

a combination of elemental analyses and thermogravimetric characterization. Deposition Number CSD: 2068105 

contains the supplementary crystallographic data for this paper. These data are provided free of charge by the joint 

Cambridge Crystallographic Data Centre and Fachinformationszentrum Karlsruhe Access Structures service 

www.ccdc.cam.ac.uk/structures.

1.3 Bond valence sum (BVS) analysis: 

The BVS values (Vi) of titanium and molybdenum atoms in 1 were calculated using the following equation:4,5

                                                             Vi =          
∑exp(

ro - rij

B
)

where ro and rij are the bond valence parameter and the bond length between atoms i and j, respectively, while B 

is a constant value of 0.37 Å.

http://www.ccdc.cam.ac.uk/structures


3

Section S2 Supplementary Figures 

Figure S1. The crystal of 1 under an optical microscope.

Figure S2. The polyhedron and metal-based skeleton conversions of 1 with different perspectives. Color codes: 

MoO6/MoO7 polyhedra, blue/sky blue; TiO7 polyhedra, green.

Figure S3. The structure of 1 viewed along with different perspectives in space-filling mode.
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Figure S4. The three-dimensional supramolecular packing along the a-axis of 1.

Figure S5. The three-dimensional supramolecular packing along the b-axis of 1.

Figure S6. The three-dimensional supramolecular packing along the c-axis of 1.
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Figure S7. Ball-and-stick views of the {Mo12Ti4} building blocks with different perspectives. Color code: blue 

ball, Mo; green ball, Ti; red ball, O.

Figure S8. View of the detailed coordination configuration of Mo-O and Ti-O in polyhedron. Color codes: Mo-O 

polyhedra, blue; Ti-O polyhedra, green.

Figure S9. View of the different coordination modes of Ti ions in the reported (a) 1 and (b) {Ti4-1}.
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Figure S10. Ball-and-stick views of the [Mo7O25]n- degraded into [Mo5O21]n- building blocks. Color code: blue ball, 

Mo; green ball, Ti; red ball. O. 

 
Figure S11. Ball-and-stick views of the formation of {Mo12Ti4}. Color code: blue ball, Mo; green ball, Ti; red ball, 

O.
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Figure S12. Ball-and-stick views of the formation of {Mo42Ti12}. Color codes: Color code: blue ball, Mo; green 

ball, Ti; red ball. O.

Figure S13. The FT-IR spectrum of 1. The peaks at 940 cm-1, 843 cm-1, and 788 cm-1 may be assigned to stretching 

vibrations of terminal Mo=O bands, antisymmetric stretching vibrations of Mo-O-Mo bridges, and bending 

vibrations of Mo-O-Mo bridges, respectively. The peaks at 708 cm-1 and 649 cm-1 are assigned to the bending 

vibrations of Ti-O-Ti bridges and there is also a tiny peak at about 587 cm-1, which is attributed to the presence of 

antisymmetric stretching vibrations Ti-O-Ti bridges.6-8
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Figure S14. Simulated and experimental PXRD patterns of 1.

Figure S15. UV−vis absorption spectra of 1 in H2O. UV−vis absorption spectra of 1 in aqueous solution exhibit 

consistent absorptions at about 206 nm, and their absorption profiles remain almost unchanged for 12 hours, 

confirming the good stability of 1 in H2O.
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Figure S16. The EDX spectrum of 1. The Mo, Ti, O and K elements are contained in 1.

Figure S17. Elemental mapping of Mo, Ti, O and K in 1.

Figure S18. The full-scan X-ray photoelectron spectrum (XPS) spectra of 1.
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Figure S19. Dark-field STEM of 1.

Figure S20. The TG curve of 1.The TG curve exhibits that the weight loss of 6.9% at 25-150 °C and 5.3% at 150-

278 °C correspond to the loss of crystalline water  and coordination water in 1, respectively, thus indicating the 

number of crystalline water in 1 is 31 and the structure of 1 can be maintained up to 275 °C.
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Figure S21. The plot of the Tauc’s plot of the absorption spectra of 1.

Figure S22. The Mott-Schottky curves of 1. The Mott-Schottky curves show that the slopes in the linear region are 

positive, which indicates that 1 is an n-type semiconductor.

Figure S23. The reaction mechanism of photocatalytic benzaldehyde.
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Figure S24. The reaction mechanism of photocatalytic benzaldehyde.

Figure S25. The FT-IR spectra of 1 before and after catalytic reaction.
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Figure S26. The XRD patterns of 1 before and after catalytic reaction.



14

Section S3 Supplementary Tables

Table S1. Collected Examples of molybdenum titanium-oxo clusters.

Compounds MoTi Nuclearity Ref.

[K8(H2O)8][Ti12(O2)6(OH)12Mo42O124(O2)18(H2O)17] Mo42Ti12 54 this work

[Mo2Ti2O4(OMe)6(OiPr)6] Mo2Ti2 4 9

[Mo6Ti6O22(OiPr)16(iPrOH)2] Mo6Ti6 12 9

[(n-C4H9)4N]2[HCp*TiMo5O18] Mo5Ti 6 10

[Mo4Ti4O10(OEt)6(OiPr)8(BA)2] Mo4Ti4 8 11

[H2Mo4Ti4(μ2-O)6(μ3-O)4Bz10] Mo4Ti4 8 11

[H2Mo4Ti6(μ2-O)6(μ3-O)4Bz14(OiPr)4] Mo4Ti6 10 12

[MoV
4TiIV

4O10(OC2H5)14(C6H5COO)2] Mo4Ti4 8 13

[MoV
4MoVI

2TiIV
4O16(OCH3)16] Mo6Ti4 10 13

[{Mo2Ti4O8(OEt)10}2] Mo4Ti8 12 14

Table S2. Collected Examples of polyoxometalates build up by lacunary building blocks. 

Lacunary 
building blocks Compounds Ref.

[Mo5(O2)2O17]8- [Mo42O124(O2)18Ti12(O2)6(OH)12(H2O)17]8- This work

[PMo9O34]9- [{PMo9O34TiO}2]14- Chem. Commun., 2020, 56, 1097-
1100 (Our previous work)

[SiW9O34]10- Ag14(DPPB)4(CH3CN)9[Ag24(Si2W18O66)3]20- Angew. Chem. Int. Ed., 2024, 63, 
e202317341

[B-α-SbW9O33]9- [Sb15Tb7W3O29(OH)3(DMF)(H2O)6(SbW8O30)(SbW9O33)5]27- Angew. Chem. Int. Ed., 2022, 61, 
e202210019

[A-α-PW9O34]9- [{(B-α-
PW9O34)Co3(OH)(H2O)2(O3PC(O)(C3H6NH3)PO3)}2Co]14-

Angew. Chem. Int. Ed., 2023, 62, 
e202303290

[A-α-PMo9O34]9- [A-α-PMo9O31(py)3]3-
Angew. Chem. Int. Ed., 2021, 60, 

6960-6964

[SiW9O34]10- [Ag7(Si3W27O96)]13- Angew. Chem. Int. Ed., 2020, 59, 
16361-16365

[P2W17O61]10- [P2W17O57(PO3C21H14N3)(PO4C24H41)]10- Angew. Chem. Int. Ed., 2019, 58, 
18281-18285

[Nb7O22]9- [Nb24O72H8]16- J. Am. Chem. Soc., 2018, 140, 34, 
10803–10813

[α-P2W15O56]12- [CoII
9(H2O)6(OH)3(p-RC6H4AsVO3)2(α-PV

2WVI
15O56)3]25− J. Am. Chem. Soc., 2017, 139, 

14501-14510

[P2W12O48]14- [{γ-P2W12O48Mn4(acac)2(OAc)}6]42- Angew. Chem. Int. Ed., 2016, 55, 
9630-9633

[A-α-
GeW9O34]10-

[Zr24O22(OH)10(H2O)2(W2O10H)2(GeW9O34)4(GeW8O31)2]32-
J. Am. Chem. Soc., 2014, 136, 

7637−7642
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[γ-SiW10O36]8- [{Zn(OH2)(μ3-OH)}2{Zn(OH2)2}2{γ-HSiW10O36}2]8- Angew. Chem. Int. Ed., 2010, 49, 
6096-6100

[α-PW11O39]7- [{(α-PW11O39H)Ln(H2O)3}2]6- Cryst. Growth Des., 2009, 9, 10, 
4362-4372

Table S3: Crystal data and structure refinement for 1.

Empirical formula Mo42K8O209Ti12H62

Mr (g mol-1) 8323.57

Crystal system monoclinic

Space group P21/n

a/Å 17.3790(9)

b/Å 36.587(2)

c/Å 39.015(2)

α/° 90

β/° 93.9210(10)

γ/° 90

Volume/Å3 24750(2)

Z 4

ρcalcg/cm3 2.234

μ/mm-1 2.643

F(000) 15565.0

Radiation Mo Kα (λ = 0.71073)

2Θ range for data collection/° 2.742 to 50.078

Independent reflections 43613 [Rint = 0.0727, Rsigma = 0.0796]

Goodness-of-fit on F2 1.019

Final R indexes [I>=2σ (I)] R1a = 0.0811, wR2b = 0.2008

Final R indexes [all data] R1 = 0.1369, wR2 = 0.2381

aR1 = Fo–Fc/Fo, bωR2 = {ω[(Fo)2–(Fc)2]2/ω[(Fo)2]2}1/2.
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Table S4: BVS values for Mo atoms in 1.

BVSMolybdenum atom

Mo(VI)

Assigned Oxidation States

Mo1 6.054 VI

Mo2 6.064 VI

Mo3 6.077 VI

Mo4 5.903 VI

Mo5 6.156 VI

Mo6 5.550 VI

Mo7 5.598 VI

Mo8 5.776 VI

Mo9 5.411 VI

Mo10 6.030 VI

Mo11 5.720 VI

Mo12 5.716 VI

Mo13 5.450 VI

Mo14 5.552 VI

Mo15 5.687 VI

Mo16 6.074 VI

Mo17 6.413 VI

Mo18 5.486 VI

Mo19 6.085 VI

Mo20 6.033 VI

Mo21 6.147 VI

Mo22 5.937 VI

Mo23 6.089 VI

Mo24 5.472 VI

Mo25 6.098 VI

Mo26 5.729 VI

Mo27 5.674 VI

Mo28 5.659 VI

Mo29 6.152 VI

Mo30 6.308 VI

Mo31 5.772 VI

Mo32 5.370 VI

Mo33 5.682 VI

Mo34 6.188 VI

Mo35 6.287 VI

Mo36 6.270 VI

Mo37 6.086 VI

Mo38 5.924 VI
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Mo39 6.355 VI

Mo40 5.588 VI

Mo41 5.528 VI

Mo42 5.550 VI

Table S5: BVS caculations for the Ti sites in 1.

BVSTitanium atom

Ti(IV)

Assigned Oxidation States

Ti1 4.130 IV

Ti2 4.430 IV

Ti3 4.439 IV

Ti4 4.400 IV

Ti5 4.337 IV

Ti6 4.340 IV

Ti7 4.429 IV

Ti8 4.389 IV

Ti9 4.474 IV

Ti10 4.309 IV

Ti11 4.426 IV

Ti12 4.455 IV

Table S6: Effect of time on the oxidative of benzyl alcohol.[a]

Catalysts Substrate T (°C) Reaction time (h) Conversions 
(%)[b]

Selectivities 
(%)[b]

1 OH 65 12 99 91.5

1 OH 65 24 99 96.4

1 OH 65 36 99 96.8

1 OH 65 48 99 90.1

1 OH 65 60 99 92.1

[a] Reaction conditions: Mo42Ti12 (1) (3.0 mol%), benzyl alcohol (0.21 mmol), H2O2 (1.63 mmol), H2O (3 mL),T (65 °C).

[b] Conversion and Selectivity were calculated from gas chromatography.
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Table S7: Recycling experiments of catalyst.[a]

Catalysts Substrate T (°C) Reaction time (h) Run time Conversions (%)[b] Selectivities (%)[b]

1 OH 65 24 1 99 96.4

1 OH 65 24 2 99 95.9

1 OH 65 24 3 99 94.5

1 OH 65 24 4 99 93.6

1 OH 65 24 5 99 92.2

[a] Reaction conditions: Mo42Ti12 (1) (3.0 mol%), benzyl alcohol (0.21 mmol), H2O2 (1.63 mmol), H2O (3 mL),T (65 °C), t 
(24 h).

[b] Conversion and Selectivity were calculated from gas chromatography.

Table S8. A comparison of the oxidation of benzyl alcohol of 1 and those of some other representative POM, 

POM-based materials.

Catalyst substrate Oxidant solvent Light T(°
C) t/h

Conv.

(%)

BAD

 Sel.(%)

BZA

Sel.(%)
Ref.

Mo42Ti12                             
(50mg)

BA  
(0.2mmol) H2O2 H2O no 65

12/

24
99

91.5/

96.4
- This

work

Mo42Ti12                     
(5mg)

BAD 
(1mmol) H2O2 H2O

AM 
1.5 55 12 92.6 - >99 This

work

K4[SiW12O40]             
(30mg)

BA  
(0.1mmol) O2 CH2Cl2

365n
m

R.T
. 12 40±5 99±1 - 15

[Ag][Ag4L3][SiW12
] (30mg)

BA  
(0.1mmol) O2 CH2Cl2

365n
m

R.T
. 12 99±1 - 99±1 15

Bi4Ti3O12         
(10mg)

BA   
(0.1mmol) O2 BTF >360n

m
R.T

. 5 35.5±5
0.4

99.8 ± 
0.1 - 16

[Ti19Bi2]         
(100mg)

BA    
(40umol) O2 MeCN AM 

1.5
R.T

. 12 100 >99 - 17

TMADT(W10O32)    
(0.012mmol)

BA     
(1mmol) O2 MeCN Vis 25 12 51.2 40.7 10.5 18

[Cu1.5(DPNDI)1.5H1

.5P2W18O62]       
(10mg)

BA

(0.5mmol)
H2O2

EtOH/H2
O

white 
LED

R.T
. 16 75 99 - 19

PMo12-ZnIn2S4 
(5mg)

BA  
(0.2mmol) Ar H2O

λ > 
420 
nm

R.T
. 5 96.1 98.2 - 20

[TBA-Q-Al]     
(20mg)

BA  
(0.5mmol) O2 MeCN

420-
430n

m

R.T
. 24 100 - >99 21

[W10O32][Cp3Zr3] 
(1mol%)

BA  
(0.2mmol) O2 BTF 385n

m
R.T

. 12 97 >99 - 22



19

ZnSiF6PW12 
(0.005mmol)

BA     
(1mmol) Air MeCN

320-
780n

m

R.T
. 11 67 85 - 23

PW12-PUCNS 
(20mg)

BA  
(0.1mmol) O2 H2O

UV-
Vis 20 2 58.3 99.5 - 24

[Te2Mo12{Ru(C6H6
)}]/ 

{PW9}/{PMo12}/{S
iW12} (3mg)

BA

(0.5mmol)
O2 MeCN white 

LED
R.T

. 24 98/91/6
5/60

96/56/10
0/67 - 25

CsPbBr3/Ni4P2-
0.19 (10mg)

BA 
(0.05mmol

)
O2 MeCN >400n

m
R.T

. 6 98 99 - 26

Mg2Al–Zn4(PW9)2/ 
K-Zn4(PW9)2 
(0.01mmol)

BA     
(1mmol) H2O2 MeCN - 60 6 95/ 100 13/        

92 - 27

HPW/AC-COIMI-
HPW(5)  (30mg)

BA     
(4mmol) H2O2

MeCN/ 
H2O

- 90 6 58.6/ 
91.3

70.1/  
90.4 - 28

(TBA)5PMoV2                                      
(100mg)

BA   
(0.01mol) O2

MeCN/ 
H2O

- 170 4 93 >99 - 29

[TMGHA]2.4H0.6P
W (0.03mmol)

BA   
(10mmol) H2O2 MeCN - 90 6 69.8 91.8 - 30

HPW/ILPW/PIPA1

3 (0.13mmol)
BA   

(10mmol) H2O2 H2O - 95 6 48/59/9
6 67/80/86 - 31

NH2MIL88B(Fe)-
PMo12 (20mg)

BA     
(1mmol) TBHP DMF - 100 8 87 >99 - 32

APMo/49%APMo
@Alrp (100mg)

BA     
(4mmol) H2O2 MeCN - 80 10 46/81 79/100 - 33

Im-PW/GO   
(600mg)

BA    
(40mmol) H2O2 H2O - 90 7 90.1 99.2 - 34

PMoV2@UiO-66-
NH2  (20 mg)

BA     
(1mmol) H2O2

solvent-
free - 90 4 95 100 - 35

PTA@MMS   
(5umol)

BA      
(1mmol) H2O2 MeCN - 90 15 57.3 97 - 36

{[Cd(bix)2][VIV
8VV

7]2} (0.005mmol)
BA  

(0.5mmol) O2 MeCN - 120 10 >99 100 - 37

[(CH3)3NC12H25]2N
a5PW11O39    
(0.2mmol)

BA   
(10mmol) H2O2

solvent-
free - 60 6 78.3 75.5 - 38
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Table S9: The study of experimental mechanism.[a]

Entry Substrate Additive Light Conversions 
(%)[b]

Selectivities 
(%)[b]

1
O

isopropanol AM 1.5G 87.6 99

2
O

Ammonium 
oxalate AM 1.5G 89.3 99

3
O

1,4-benzoquinone AM 1.5G 67.3 99

[a] Reaction conditions: Mo42Ti12 (1) (0.3 mol%), benzaldehyde (1 mmol), H2O2 (16.3 mmol), H2O (3 mL),T (55 °C), t (12 h).

[b] Conversion and Selectivity were calculated from gas chromatography.

Table S10: Recycling experiments of catalyst.[a]

Catalysts Substrate T (°C) Reaction time (h) Run time Conversions 
(%)[b]

Selectivities 
(%)[b]

1
O

55 12 1 92.6 99

1
O

55 12 2 92.4 99

1
O

55 12 3 91.5 99

1
O

55 12 4 91.2 99

1
O

55 12 5 90.2 99

[a] Reaction conditions: Mo42Ti12 (1) (0.3 mol%), benzaldehyde (1 mmol), H2O2 (16.3 mmol), H2O (3 mL),T (55 °C), t (12 h).

[b] Conversion and Selectivity were calculated from gas chromatography.
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