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Experimental details
Materials
Cr(NO3)3·9H2O, KOH, KCl, H3BO3, Na2SiO3·nH2O, Na2WO4·2H2O, Nb2O5, conc. HCl, conc. 
HNO3, hydrogen peroxide, distilled water (H2O), ethanol, acetonitrile (CH3CN), methanol 
(CH3OH), formic acid, and diethyl ether were purchased from Kanto Chemical Co. Inc. Biphenyl, 
malononitrile, and benzalmalononitrile were purchased from TCI Co. Ltd. Ta2O5 was purchased 
from FUJIFILM Wako Pure Chemical Corporation. All chemicals were used without further 
purification. [Cr3O(OOCH)6(H2O)3](OOCH)·nH2O,1 [Cr3O(OOCH)6(H2O)3](NO3),2 
K5[BW12O40]·nH2O,3 K5[SiW11Nb(O2)O39],4 and K5[SiW11Ta(O2)O39]·18H2O5 were synthesized 
according to literature methods.
Characterization
Elemental analysis was performed by combustion analysis (vario MICRO cube, Elementar) for C 
and N, inductively coupled plasma optical emission spectrometry (ICP-OES) (ICP-OES720, 
Agilent Technologies) for P and W, X-ray fluorescence (XRF) analysis (EDXL300, Rigaku) for 
Nb and Ta, and atomic absorption spectrometry (AAS) (Hitachi, ZA3000) for K and Cr. Prior to 
the ICP-OES and AAS measurements, conc. HNO3 (3 mL) was added to ca. 10 mg (accurately 
weighed) of the compounds to dissolve the solid completely into water (50 mL). FT-IR spectra 
were recorded by the KBr pellet method with a JASCO FT-IR 4100 spectrometer (JASCO) 
equipped with a TGS detector. Thermogravimetry-differential thermal analysis (TG-DTA) was 
conducted with a Thermo Plus 2 thermogravimetric analyzer (Rigaku) with α-Al2O3 as a reference 
under a dry N2 flow (100 mL min−1) in the temperature range of 298–773 K and an increasing 
rate of 10 K min−1. Powder XRD (PXRD) patterns were measured with a D8 advance X-ray 
diffractometer (Bruker) by using Cu Kα radiation (λ = 1.54056 Å, 40 kV–40 mA) in the range of 
3–50o. Cell parameter refinement was performed by the Pawley method.6 H2O, CH3OH, and 
CH3CN (298 K) sorption isotherms were measured using a volumetric gas sorption apparatus 
Belsorp-max (MicrotracBEL Corp.). N2 (77 K) adsorption isotherms were measured using a 
volumetric gas sorption apparatus Belsorp-mini II (MicrotracBEL Corp.). Prior to the 
measurements, about 0.1 g of the compounds (accurately weighed) were treated under vacuum at 
298 K for > 3 h to remove the water of crystallization. (Ad)sorption equilibrium was judged by 
the following criteria: ±0.3% of pressure changes in 500 s. Time courses of CH3OH sorption were 
measured with a Thermo Plus 2 thermogravimetric analyzer (Rigaku Corporation) with α-Al2O3 
as a reference at 303 K under a N2 flow (30 mL min−1) saturated with CH3OH vapor. Prior to the 
measurements, about 10 mg of the compound was treated under a dry N2 gas flow at 303 K to 
remove the water of crystallization. No significant changes were observed among the rates and 
equilibrium amounts of different runs. In situ IR spectra under CH3OH vapor were recorded on a 
FT/IR-6600 (JASCO) by transmission method with a sample-coated Si disk. On one side of the 
Si disk (20 mmφ × 0.5 mmt), samples suspended in diethyl ether were dropped and air dried. Prior 
to the measurements, the Si disks were treated under vacuum for 10 min and exposed to CH3OH 
vapor (10 kPa) at 298 K. Then, the pressure was reduced to 50 Pa to remove the physisorbed 
CH3OH molecules. Note that the signal-to-ratio of each spectrum in Fig. 4b varied among the 
three samples because the background may change depending on the sample dispersion and how 
the Si disk is set in the IR cell holder. The absolute intensity of the y-axis in Fig.4b (absorbance) 
semi-quantitatively reflects the amount of CH3OH sorbed on the sample.
Computational details 
Electronic structure calculations were performed with the density functional theory (DFT) with 
CAM-B3LYP functional.7 The employed basis sets were jun-cc-pV(D+d)Z for O, cc-pVDZ for 
B and Si, and SBKJC-VDZ effective core potential for Nb, Ta, and W.  The geometries were 
taken from the crystal structures. All calculations were performed with the Gaussian16 program8 
and the natural charges were computed using the NBO 7.0 program.9



Table S1 Crystallographic data of 1_POM 
Compound 1_BW12 1_SiW11Nb 1_SiW11Ta
Empirical formula C6H38BK4Cr3W12O69 C6H34SiK4Cr3NbW11

O67

C6H38SiK4Cr3TaW11
O69

Formula weight 3743.60 3633.91 3757.98
Temperature (K) 153 153 153
Wavelength (Å) 0.71073 0.71073 0.71073
Crystal system Orthorhombic Orthorhombic Orthorhombic
Space group Pnma Pnma Pnma
a (Å) 24.3679(4) 24.4216(4) 24.4565(4)
b (Å) 15.9691(2) 16.0494(2) 16.0527(4)
c (Å) 16.9507(2) 17.0259(2) 17.0555(4)
α (o) 90 90 90
β (o) 90 90 90
γ (o) 90 90 90
Volume (Å3) 6596.11(16) 6673.31(17) 6695.9(3)
Z 4 4 4
F(000) 6444 6348 6476
θ range (o) 4.844 to 60.864 4.784 to 60.962 4.776 to 60.908
Reflections collected 39997 44291 41684
GoF on F2 1.175 1.055 1.069
R1

a [I > 2σ(I)] 0.0637 0.0658 0.1052
wR2

b
 [I > 2σ(I)] 0.1684 0.1732 0.2644

a R1 = ∑||Fo|–|Fc||/∑|Fo|; b wR2 = [∑w(Fo
2–Fc

2)2/∑w(Fo
2)2]1/2.



Table S2 Catalytic results in Knoevenagel condensation reactiona

Entry Catalysts Conversion / % Yieldb / % Selectivityc / %
1d Cr-H + SiW11Ta 49 32 65
2d Cr-H + SiW11Nb 29 18 51
3d Cr-H + BW12 16 12 73
4 1_SiW11Ta (2nd run) 35 22 63
5 1_SiW11Nb (2nd run) 29 16 55
6 1_BW12 (2nd run) 19 11 57
7 1_SiW11Ta (3rd run) 40 25 63
8 1_SiW11Nb (3rd run) 32 21 65
9 1_BW12 (3rd run) 22 10 43

aReaction conditions: 0.01 mmol catalyst, 1.0 mmol benzaldehyde, 1.0 mmol malononitrile, 10 
mg biphenyl, 1 mL CH3CN, 353 K. bYield of benzalmalononitrile. cSelectivity to 
benzalmalononitrile. dPartial dissolution of catalysts was observed during the reaction. 



Table S3 Natural population analysis of 1_BW12

Atomic Number Natural Charge Atomic Number Natural Charge
W1 2.16758 O28 –0.83136
W2 2.17225 O29 –0.83382
W3 2.1643 B30 1.48173
W4 2.16093 W31 2.16758
W5 2.16787 W32 2.1643
W6 2.18454 W33 2.16093
W7 2.17287 W34 2.16788
O8 –0.83449 W35 2.18454
O9 –0.83106 O36 –0.83449
O10 –0.6724 O37 –0.66499
O11 –0.67293 O38 –0.83106
O12 –1.14089 O39 –0.6724
O13 –0.8378 O40 –0.67293
O14 –0.65843 O41 –0.8378
O15 –1.147 O42 –0.65843
O16 –0.82315 O43 –0.83064
O17 –0.83064 O44 –0.65738
O18 –0.65738 O45 –0.83618
O19 –0.83618 O46 –0.82495
O20 –0.65725 O47 –0.83465
O21 –0.82495 O48 –0.8344
O22 –0.83589 O49 –1.13899
O23 –0.83465 O50 –0.83136
O24 –0.84254 O51 –0.83382
O25 –0.8344 O52 –0.66499
O26 –1.13899 O53 –0.65965
O27 –0.82197



Table S4 Natural population analysis of 1_SiW11Nb

Atomic Number Natural Charge Atomic Number Natural Charge
Nb1 2.09449 O28 –0.85481
O2 –1.28671 O29 –0.86014
O3 –1.27594 O30 –0.84092
O4 –0.86907 O31 –0.66765
O5 –0.83863 O32 –0.65381
O6 –0.84427 O33 –0.67892
O7 –0.84415 O34 –1.27837
O8 –0.83686 O35 –1.27324
O9 –0.84897 O36 –0.66261
O10 –0.8811 O37 –0.65613
O11 –0.85162 O38 –0.65832
O12 –0.64968 O39 –0.84196
O13 –0.64257 Si40 2.60442
O14 –0.85167 W41 2.17337
O15 –0.84503 W42 2.16578
O16 –0.85718 W43 2.17761
O17 –0.87551 W44 2.17708
O18 –0.84543 W45 2.1579
O19 –0.8365 W46 2.17002
O20 –0.84326 W47 2.17203
O21 –0.83872 W48 2.1633
O22 –0.84813 W49 2.1738
O23 –0.86381 W50 2.17913
O24 –0.84149 W51 2.18878
O25 –0.8452 O52 –0.82135
O26 –0.67611 O53 –0.65059
O27 –0.6613



Table S5 Natural population analysis of 1_SiW11Ta

Atomic Number Natural Charge Atomic Number Natural Charge
O1 –0.65605 O28 –0.67423
O2 –0.65204 O29 –0.66062
Ta3 2.14444 O30 –0.85485
O4 –1.27746 O31 –0.86495
O5 –1.27668 O32 –0.8416
O6 –0.87799 O33 –0.66629
O7 –0.83942 O34 –0.65347
O8 –0.84516 O35 –0.67841
O9 –0.84403 O36 –1.27819
O10 –0.83646 O37 –1.27356
O11 –0.84822 O38 –0.66054
O12 –0.88673 O39 –0.65599
O13 –0.85248 O40 –0.88194
O14 –0.64758 O41 –0.84229
O15 –0.64222 Si42 2.60484
O16 –0.85216 W43 2.17314
O17 –0.84505 W44 2.16959
O18 –0.85694 W45 2.17765
O19 –0.88118 W46 2.1775
O20 –0.84624 W47 2.1629
O21 –0.83624 W48 2.16992
O22 –0.84321 W49 2.17215
O23 –0.83909 W50 2.1669
O24 –0.84822 W51 2.17372
O25 –0.86355 W52 2.18441
O26 –0.84028 W53 2.18873
O27 –0.84429



Fig. S1 IR spectra of (a) [Cr3O(OOCH)6(H2O)3](OOCH)·nH2O, (b) K5[BW12O40]·nH2O, (c) 
1_BW12, and (d) 1_BW12 after reaction.



Fig. S2 IR spectra of (a) [Cr3O(OOCH)6(H2O)3](OOCH)·nH2O, (b) K5[SiW11Nb(O2)O39], (c) 
1_SiW11Nb, and (d) 1_SiW11Nb after reaction.



Fig. S3 IR spectra of (a) [Cr3O(OOCH)6(H2O)3](OOCH)·nH2O, (b) K5[SiW11Ta(O2)O39]·18H2O, 
(c) 1_SiW11Ta, and (d) 1_SiW11Ta after reaction.



Fig. S4 TG-DTA analysis of 1_BW12.



Fig. S5 TG-DTA analysis of 1_SiW11Nb.



Fig. S6 TG-DTA analysis of 1_SiW11Ta.



Fig. S7 ORTEP drawing of 1_BW12 showing thermal ellipsoids at the 50% probability level. 
Color codes: W: blue; B: pink; O: red; Cr: violet; K: purple; C: grey; H: light grey.



Fig. S8 ORTEP drawing of 1_SiW11Ta showing thermal ellipsoids at the 50% probability level. 
Color codes: W/Ta: blue; Si: light green; O: red; Cr: violet; K: purple; C: grey; H: light grey.



Fig. S9 PXRD patterns of 1_BW12. (a) Calculated, (b) experimental, and (c) after catalytic 
reaction. 



Fig. S10 Experimental (open circles) and calculated (solid line) PXRD patterns of as-synthesized 
1_BW12 by the Pawley method. The difference between the experimental and calculated data was 
shown under the patterns.



Fig. S11 PXRD patterns of 1_SiW11Nb. (a) Calculated, (b) experimental, and (c) after catalytic 
reaction.



Fig. S12 Experimental (open circles) and calculated (solid line) PXRD patterns of as-synthesized 
1_SiW11Nb by the Pawley method. The difference between the experimental and calculated data 
was shown under the patterns.



Fig. S13 PXRD patterns of 1_SiW11Ta. (a) Calculated, (b) experimental, and (c) after catalytic 
reaction. 



Fig. S14 Experimental (open circles) and calculated (solid line) PXRD patterns of as-synthesized 
1_SiW11Ta by the Pawley method. The difference between the experimental and calculated data 
was shown under the patterns.



Fig. S15 Experimental (open circles) and calculated (solid line) PXRD patterns of 1_BW12 after 
catalytic reaction by the Pawley method. The difference between the experimental and calculated 
data was shown under the patterns.



Fig. S16 Experimental (open circles) and calculated (solid line) PXRD patterns of 1_SiW11Nb 
after catalytic reaction by the Pawley method. The difference between the experimental and 
calculated data was shown under the patterns.



Fig. S17 Experimental (open circles) and calculated (solid line) PXRD patterns of 1_SiW11Ta 
after catalytic reaction by the Pawley method. The difference between the experimental and 
calculated data was shown under the patterns.



 
Fig. S18 H2O (square, 298 K), CH3OH (circle, 298 K), CH3CN (triangle, 298 K), and N2 
(diamond, 77 K) sorption isotherms of 1_BW12. Solid and open symbols indicate the sorption and 
desorption branches, respectively. The P0 values are 3.169 kPa,10 16.958 kPa,11 and 12.186 kPa12 
for H2O, CH3OH, and CH3CN, respectively, and actually measured for N2.



 
Fig. S19 H2O (square, 298 K), CH3OH (circle, 298 K), CH3CN (triangle, 298 K), and N2 
(diamond, 77 K) sorption isotherms of 1_SiW11Nb. Solid and open symbols indicate the sorption 
and desorption branches, respectively. The P0 values are 3.169 kPa,10 16.958 kPa,11 and 12.186 
kPa12 for H2O, CH3OH, and CH3CN, respectively, and actually measured for N2.



Fig. S20 H2O (square, 298 K), CH3OH (circle, 298 K), CH3CN (triangle, 298 K), and N2 
(diamond, 77 K) sorption isotherms of 1_SiW11Ta. Solid and open symbols indicate the sorption 
and desorption branches, respectively. The P0 values are 3.169 kPa,10 16.958 kPa,11 and 12.186 
kPa12 for H2O, CH3OH, and MeCN, respectively, and actually measured for N2.



Fig. S21 Time courses of Knoevenagel condensation catalyzed by 1_SiW11Ta (green), 
1_SiW11Nb (purple), 1_BW12 (brown), and blank test (gray) at 298 K. Reaction conditions: 0.01 
mmol catalyst, 1.0 mmol benzaldehyde, 1.0 mmol malononitrile, 10 mg biphenyl, and 3 mL 
ethanol.
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