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Table S1. Crystallographic parameters. *Note that formulas and formula weights are based on X-ray diffraction results. 
SiW10O36Cp*Ir SiW11O39(Cp*Ir)2Cl PW11O39(Cp*Ir)2Cl P8W48O184(Cp*Ir)4-dimer

Formula unit* 
Formula weight* (g/mol)
Crystal system
Space group (number)
a, Å
b, Å
c, Å
α, °
β, °
γ, °
V, Å3

Z
Dcalc (g/cm3)
μ (mm−1)
Radiation

Temperature (K)
F000

Θ range
Index ranges

No. of reflections collected
Unique reflections (Rint)
Data/restrains/parameters
R indexes [I>2σ(I)]

R indexes (all data)

Goodness-of-fit
(Δ/σ)max

Δρmax/min (e A−3)
CCDC number

C40H60Ir4K23O156Si4W40 

12171.34
Tetragonal

 (82)𝐼4̅
31.071(3)
31.071(3)
18.191(2)
90
90
90
14665(3)
2
2.756
17.830
Mo Kα 
(λ = 0.71073 Å)
100(2)
10618
1.492 to 25.420°
−33 ≤ h ≤ 37
−30 ≤ k ≤ 37
−18 ≤ l ≤ 16
35539
13480 (0.0511)
13480/515/652
R1

a = 0.0498
wR2

b = 0.1226 
R1 = 0.0718
wR2 = 0.1343
1.013
0.000
3.743/−3.187
2356622

C20ClIr2K5O52.6SiW11

3747.59
Monoclinic
C21/m (12)
22.395(2)
11.533(1)
27.827(2)
90
104.913(1)
90
6945.2(9)
4
3.584
22.403
Mo Kα 
(λ = 0.71073 Å)
123(2)
6539
1.515 to 27.943°
−29 ≤ h ≤ 29
−15 ≤ k ≤ 15
−36 ≤ l ≤ 36
41261
8666 (0.0372)
8666/608/501
R1 = 0.0675
wR2 = 0.1405 
R1 = 0.0722
wR2 = 0.1422
1.257
0.000
4.018/−4.354
2356623

C20ClIr2K3.4O47.63PW11

3608.34
Tetragonal
I4/m (87)
35.1781(13)
35.1781(13)
11.3965(6)
90
90
90
14103.2(13)
8
3.399
21.966
Mo Kα 
(λ = 0.71073 Å)
123(2)
12525
1.637 to 27.539°
−37 ≤ h ≤ 45
−34 ≤ k ≤ 45
−14 ≤ l ≤ 13
35955
8541 (0.0548)
8541/741/484
R1 = 0.0519
wR2 = 0.1055 
R1 = 0.0692
wR2 = 0.1119
1.077
0.003
2.426/−3.144
2356624

C40Ir4K29.8O257.31P8W48.62

15717.22
Triclinic

 (2)𝑃1̅
17.555(2)
22.843(2)
23.043(2)
65.373(1)
67.697(1)
85.608(1)
7734.8(12)
1
3.374
20.249
Mo Kα 
(λ = 0.71073 Å)
123(2)
6890
1.260 to 27.487°
−22 ≤ h ≤ 22
−29 ≤ k ≤ 29
−29 ≤ l ≤ 29
90891
35055 (0.0338)
35055/445/1897
R1 = 0.0331
wR2 = 0.0788 
R1 = 0.0453
wR2 = 0.0836
1.030
0.003
2.351/−3.162
2356625

aR1 = {Σ||Fo|−|Fc||}/{Σ|Fo|}; bwR2 = [Σw(F0
2−Fc

2)/ΣwFo
2]1/2



Table S2. BVS calculation results showing the oxidation state of W, Si, and P atoms and 
the protonation state of O atoms in IrSiW10, Ir2SiW11, and Ir2PW11.

SiW10O36Cp*Ir SiW11O39(Cp*Ir)2Cl PW11O39(Cp*Ir)2Cl
W1 5.74
W2 5.70
W3 5.90
W4 6.01
W5 5.94

Si1 3.89
O1 1.57
O2 1.92
O3 1.74
O4 1.94
O5 1.81
O6 1.57
O7 1.99
O8 1.49
O9 1.72
O10 1.77
O11 2.10
O12 1.95
O13 1.78
O14 1.88
O15 1.95
O16 1.57
O17 1.70
O18 1.91

W6 5.81
W7 5.78
W8 6.28
W9 6.14
W10 5.98

O19 1.80
O20 1.77
O21 1.77
O22 2.05
O23 1.62
O24 1.95
O25 1.66
O26 1.66
O27 1.81
O28 1.93
O29 1.75
O30 1.82
O31 1.94
O32 1.91
O33 1.61
O34 1.53
O35 1.51
O36 1.85

W1 6.01
W2 6.23
W3 5.95
W4 5.75

Si1 4.00
O1 1.94
O2 1.93
O3 1.76
O4 1.75
O5 2.16
O6 2.31
O7 2.06
O8 1.79
O9 2.12
O10 2.01
O11 1.74

W5 6.27
W6 6.35
W7 6.12

O12 1.98
O13 2.07
O14 1.97
O15 1.84
O16 1.78
O17 1.99
O18 2.07
O19 1.93
O20 1.84
O21 1.69
O22 1.68
O23 1.88

W1 6.01
W2 5.93
W3 6.24
W4 6.14

P1 4.92
O1P 1.92
O2P 1.97
O3P 1.75
O4P 1.78
O1 1.94
O2 2.00
O3 1.76
O4 1.81
O5 2.09
O6 2.12
O7 2.09

W5 6.09
W6 6.13
W7 6.14

O8 1.84
O9 2.00
O10 2.96
O11 1.84
O12 2.05
O13 2.08
O14 2.02
O15 1.77
O16 1.81
O17 2.09
O18 2.04
O19 1.81



Table S3. BVS calculation results showing the oxidation state of W, Si, and P atoms and 
the protonation state of O atoms P8W48O184(Cp*Ir)4-dimerThe BVS values of W25 and 
W26 were not calculated because some of the required oxo/aquo ligands could not be 
located.

P8W48O184(Cp*Ir)4-dimer
W1 5.93 W6 5.97 W11 5.87 W16 5.91 W21 5.96
W2 5.96 W7 5.92 W12 5.90 W17 5.93 W22 5.98
W3 5.97 W8 5.96 W13 5.90 W18 5.90 W23 5.97
W4 5.96 W9 5.89 W14 5.84 W19 5.89 W24 5.88
W5 5.96 W10 5.98 W15 5.95 W20 6.01

P1 4.91 O17 1.68 O37 2.47 O57 2.42 O77 1.60
P2 4.93 O18 1.63 O38 2.22 O58 2.38 O78 1.69
P3 4.91 O19 1.82 O39 1.95 O59 1.59 O79 1.90
P4 4.91 O20 1.95 O40 1.87 O60 1.78 O80 1.92
O1 1.88 O21 1.65 O41 1.92 O61 1.78 O81 1.96
O2 1.91 O22 1.92 O42 1.80 O62 1.58 O82 1.62
O3 1.89 O23 2.04 O43 1.83 O63 1.91 O83 1.85
O4 1.87 O24 2.08 O44 1.70 O64 1.93 O84 1.60
O5 1.93 O25 1.90 O45 1.79 O65 1.91 O85 1.84
O6 1.66 O26 1.96 O46 1.62 O66 1.61 O86 1.81
O7 1.93 O27 1.60 O47 1.89 O67 1.79 O87 1.89
O8 1.63 O28 1.85 O48 1.61 O68 1.57 O88 1.90
O9 1.86 O29 1.58 O49 1.64 O69 1.99 O89 1.91
O10 1.83 O30 1.94 O50 1.84 O70 1.91 O90 1.63
O11 1.63 O31 1.93 O51 1.65 O71 2.09 O91 1.81
O12 1.73 O32 1.87 O52 1.92 O72 2.06 O92 1.64
O13 1.74 O33 1.64 O53 1.85 O73 1.67 O93 0.95
O14 1.92 O34 1.77 O54 1.90 O74 1.76 OA 1.49
O15 1.80 O35 1.80 O55 1.83 O75 1.75 OB 0.39
O16 1.69 O36 1.55 O56 1.80 O76 1.72 OC 1.43



Figure S1. Thermal ellipsoidal (50% probability) representation of polyoxotungstate with 
Cp*Ir and some K cations in the asymmetric units of (a) K5[-SiW11O39(Cp*Ir)2Cl], (b) 
K3.75(Cp*Ir)2(OH)3)0.25[-PW11O39(Cp*Ir)2Cl], (c) K6[-SiW10O36(Cp*Ir)] and (d) 
K30.8[P8W48O184(Cp*Ir(H2O))4(WO2(H2O)2)0.6]. Green, blue, pink, grey, red, black balls 
and dark green balls represent W, Si (or P), Ir, C, O, Cl and K, respectively.



Figure S2. A room temperature powder X-ray diffraction pattern of (a) K5[-
SiW11O39(Cp*Ir)2Cl], (b) K3.75(Cp*Ir)2(OH)3)0.25[-PW11O39(Cp*Ir)2Cl], (c) K6[-
SiW10O36(Cp*Ir)] and (d) K30.8[P8W48O184(Cp*Ir(H2O))4(WO2(H2O)2)0.6]. Black and red 
lines represent observed and simulated pattern using single crystal structure, respectively.
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Figure S3. 1H NMR spectrum of (a) K5[SiW11O39(Cp*Ir)2Cl], (b) 
K4[PW11O39(Cp*Ir)2Cl] in D2O, and (c) 31P NMR spectrum of K4[PW11O39(Cp*Ir)2Cl] in 
D2O.
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Figure S4. 1H NMR spectrum of a D2O solution containing (a) [Cp*IrCl2]2, and K8[-
SiW11O39] and [Cp*IrCl2]2 with different Cp*Ir/[γ-SiW11O39]8− ratios of (b) 0.5, (c) 1.0, 
(d) 2, and (e) 4.





Figure S5. High-resolution ESI-MS of (a) - (c) K5[-SiW11O39(Cp*Ir)2Cl]. ((a) m/z 
between 600 and 1800 together with peak assignments, (b) and (c) enlarged profiles 
together with calculated profiles) and (d) - (f) K3.75(Cp*Ir)2(OH)3)0.25[-
PW11O39(Cp*Ir)2Cl] ((d) m/z between 550 and 1800 together with peak assignments, (e) 
and (f) enlarged profiles together with calculated profiles).



Figure S6. 1H NMR spectrum of a D2O solution containing K8[γ-SiW10O36]-12H2O and 
[Cp*IrCl2]2 with different Cp*Ir/[γ-SiW10O36]6− ratios of (a) 0.5, (b) 1.0, (c) 2, and (d) 4.





Figure S7. High-resolution ESI-MS of K6[-SiW10O36(Cp*Ir)]. (a) m/z between 400 and 
1800 together with peak assignments, (b) and (c) enlarged profiles together with 
calculated profiles.



Figure S8. Relationship between peak currents and scan rate of the reversible redox 
couple at -688 mV. (black) anodic current and (red) cathodic current.



Figure S9. 1H NMR of (a) K6[-SiW10O36(Cp*Ir)] in D2O, (b) K6[-SiW10O36(Cp*Ir)] 
(1 mM) in the acetate buffer (pD 4.7), (c) [Cp*IrCl2]2 (1 mM) in the acetate buffer (pD 
4.7), and (d) the acetate buffer (pD 4.7). The acetate buffer (pD 4.7) was prepared by 
mixing 1.0 M AcOH in D2O and 1.0 M AcONa in D2O to adjust pH value of a pH-
meter at 4.3 (pD = pH + 0.4).
nt.



Figure S10. (a) 1H NMR spectrum and (b) 31P NMR spectrum of 

[P8W48O184(WO2(H2O)2)0.6(Cp*Ir(H2O))4]30.8− from dimeric [P4W24O94]24− in 1.0 M of 

LiCl in D2O. The [P8W48O184(Cp*Ir)4] compound did not dissolve in D2O.



Figure S11. High-resolution ESI-MS of K30.8[P8W48O184(Cp*Ir(H2O))4(WO2(H2O)2)0.6] 
together with assignments.



Figure S12. H2 evolution activity using same amount of Cp*Ir. (black) [Cp*IrCl2]2 
dissolved in CH3CN was injected, (brown) [Cp*IrCl2]2 dissolved in H2O was injected, 
(red) K6[γ-SiW10O36(Cp*Ir)], and (blue) K6[γ-SiW11O39(Cp*Ir)2Cl]. Reaction was 
proceeded in the presence of 0.2 mol of Cp*Ir in 0.1 M formate buffer (pH 3.6, 5 mL) 
at 25 °C.



Figure S13 TG-DTA profiles of (a) K5[-SiW11O39(Cp*Ir)2Cl], (b) 
K3.75(Cp*Ir)2(OH)3)0.25[-PW11O39(Cp*Ir)2Cl], (c) K6[-SiW10O36(Cp*Ir)] and (d) 
K30.8[P8W48O184(Cp*Ir(H2O))4(WO2(H2O)2)0.6] under air flow. 



Figure S14. GC data of H2 evolution. [Cp*IrCl2]2 dissolved in CH3CN (0.2 mol of Ir, 
40 mL) was injected into 0.1 M formate buffer (pH 3.6, 5 mL) at 25 °C. 



Figure S15. GC data of H2 evolution. [Cp*IrCl2]2 dissolved in H2O (0.2 mol of Ir, 40 
mL) was injected into 0.1 M formate buffer (pH 3.6, 5 mL) at 25 °C. 



Figure S16. GC data of H2 evolution. K6[γ-SiW10O36(Cp*Ir)] dissolved in H2O (0.2 
mol of Ir, 40 mL) was injected into 0.1 M formate buffer (pH 3.6, 5 mL) at 25 °C. 



Figure S17. GC data of H2 evolution. K6[γ-SiW11O39(Cp*Ir)2Cl] dissolved in H2O (0.2 
mol of Ir, 40 mL) was injected into 0.1 M formate buffer (pH 3.6, 5 mL) at 25 °C. 


