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Figures
Fig. S1. The ball-and-stick representation of 1a. 
Fig. S2. (a) The polyhedral/ball-and-stick representation of 1a. (b) The ball-and-stick representation 
of 1a. (c) The side view of 1a. (d and e) The simplified diagram of 1a. (Si, yellow; Ta, sea blue and 
green; O, red and lavender).
Fig. S3. The ball-and-stick representations of {cis-P4Ta6} (a), {trans-P4Ta6} (b), {Ln-As4Ta6} (c), 
{Se4Ta6} (d), {Ln-Se4Ta6} (e), {Ni2-P4Ta6} (f), {Cd-P4Ta6} and {Zn-P4Ta6} (g). Color code: sea 
blue spheres: Ta; lavender spheres: µ3-O spheres; red spheres: O; yellow spheres: P, As, Se; green 
spheres: Ln, Ni, Cd, and Zn.
Fig. S4. The isosceles tetrahedron consists of Ta atoms in different positions. 
(∠Ta23Ta22Ta24=50.292°, ∠Ta21Ta22Ta24=58.762°, 
∠Ta23Ta22Ta21=54.256°,∠Ta22Ta24Ta23=75.130°, ∠Ta21Ta24Ta23=63.172°, 
∠Ta22Ta24Ta21=57.118°,∠Ta22Ta21Ta24=64.120°, ∠Ta23Ta21Ta24=58.106°, 
∠Ta22Ta21Ta23=75.969°,∠Ta22Ta23Ta21=49.774°, ∠Ta21Ta23Ta24=58.723°, 
∠Ta22Ta23Ta24=54.578°.)
Fig. S5. The isosceles tetrahedron consists of Ta atoms in different positions. 
(∠Ta17Ta18Ta16=54.391°, ∠Ta17Ta18Ta19=58.749°, 
∠Ta16Ta18Ta19=49.859°,∠Ta18Ta17Ta16=75.528°, ∠Ta18Ta17Ta19=63.362°, 
∠Ta16Ta17Ta19=57.407°,∠Ta18Ta16Ta19=54.183°, ∠Ta17Ta16Ta19=58.732°, 
∠Ta18Ta16Ta19=54.183°,∠Ta18Ta19Ta16=75.957°, ∠Ta18Ta19Ta17=57.889°, 
∠Ta17Ta19Ta16=63.863°.)
Fig. S6. The isosceles tetrahedron consists of Ta atoms in different positions. 
(∠Ta12Ta14Ta11=62.472°, ∠Ta12Ta14Ta13=74.885°, 
∠Ta11Ta14Ta13=57.727°,∠Ta14Ta12Ta11=59.226°, ∠Ta14Ta12Ta13=54.770°, 
∠Ta11Ta12Ta13=50.648°,∠Ta12Ta11Ta14=58.302°, ∠Ta14Ta11Ta13=63.702°, 
∠Ta12Ta11Ta13=75.700°,∠Ta14Ta13Ta11=58.570°, ∠Ta12Ta13Ta11=53.652°, 
∠Ta14Ta13Ta12=50.345°.)
Fig. S7. The packing arrangements of polyoxoanion 1a along the a(a), b(b) and c(c)-axis, 
respectively. And simplified 2D packing scheme for 1a along the a(d), b(e) and c(f)-axis, 
respectively.
Fig. S8. Polyhedral views of the 3D stacking for 1a along the a(a), b(b) and c(c)-axis, respectively. 
And simplified 3D packing scheme for 1a along the a(d), b(e) and c(f)-axis, respectively.
Fig. S9. ESI-MS spectra corresponding to the intact cluster of 1.
Fig. S10. Expanded region of the group of signals observed in the negative ESI mass spectrum of 1 
illustrating the 6– charge state in a), 5– in b) and 4– in c).
Fig. S11. Nyquist plots for 1 under different RHs at 25 °C. The solid lines are the best fits.
Fig. S12. The equivalent circuit is used for fitting. 



Fig. S13. Fitted data of 1 under different temperatures at 95% RH. (a): 25°C; (b): 35°C, (c): 45°C; 
(d): 55°C; (e):65°C, and (f): 75°C.
Fig. S14. Nyquist plots for 1 under different temperatures at 75% RH. The solid lines are the best 
fits.
Fig. S15. Nyquist plots for 1 under different temperatures at 80% RH. The solid lines are the best 
fits.
Fig. S16. Nyquist plots for 1 under different temperatures at 85% RH. The solid lines are the best 
fits.
Fig. S17. Nyquist plots for 1 under different temperatures at 90% RH. The solid lines are the best 
fits.
Fig. S18. PXRD of 1 calculated (black), crystalline sample (red), and after the proton-conductive 
measurement (blue).
Fig. S19. Void analysis of 1.
Fig. S20. In situ IR spectra of 1 under different water vapor pressure. 
Fig. S21. Schematic diagram of hydrogen bonding networks consisting of water molecules inside 
the pore channels.
Fig. S22. IR spectrum of 1.
Fig. S23. TG curve of 1.

Experimental

Materials and Methods. All other chemicals were commercially purchased and utilized without 
undergoing additional purification. The potassium salt of the K8[Ta6O19]·17H2O and Na10[A-α-
SiW9O34]·18H2O precursor was synthesized according to the procedures outlined in the existing 
literature and its identity was verified through IR spectroscopy.1,2 IR spectra of all compounds were 
obtained using a Bruker VERTEX 70 IR spectrometer with KBr pellets in the range of 4000–500 
cm–1. Thermogravimetric analysis (TGA) analyses was conducted using a NETZSCH STA 449 F5 
Jupiter thermal analyzer under a flowing N2 atmosphere with a heating rate of 10 °C min–1. Powder 
X-ray diffraction (PXRD) data were conducted using an X-ray powder diffractometer (Bruker, D8 
Advance) using Cu Kα radiation (λ = 1.5418 Å) collected with the angular range (2) from 5° to 
45° at room temperature. ICP analyses were achieved on a PerkinElmer Optima 2000 ICP-OES 
spectrometer. The proton conduction data was collected by impedance phase gain analyzers 
Solartron 1296. 

Syntheses of Li7KNa11H6[Si2Ta24(O2)20O52(OH)9]·85H2O (1). K8[Ta6O19]·17H2O (2.805 g, 
1.397mmol) was dissolved in 150 mL of H2O. Subsequently, 30 mL 30% H2O2 solution was added. 
This was followed by the sequential addition of 7 mL 1M HCl and 3.345 g Na10[A-α-
SiW9O34]·18H2O. The suspension was agitated until a yellow clear solution was achieved, and 10 
mL 6 M LiCl solution was added finally. The resulting solution was maintained at a temperature of 
90 °C in a water bath for 3 h, followed by cooling to room temperature and subsequent filtration. 
Slow evaporation at room temperature led to the formation of colorless lamellar crystals for 
compound 1 after approximately one week. (yield: 8.60 % based on K8[Ta6O19]·17H2O). IR (KBr 
pellets, cm‒1): 3402 (br), 1643 (s), 951 (s), 891 (s), 844 (s), 741 (w), 515 (s).

X-ray crystallographic. The appropriate single crystal of compound 1 was affixed to the loop for 



data collection at 150 K. Indexing and data collection was performed on a Bruker D8 VENTURE 
PHOTON II diffractometer, employing Mo Kα radiation (λ = 0.71073 Å). Direct methods 
successfully located the tungsten atoms, and the remaining atoms were revealed through successive 
Fourier syntheses. Refinements were conducted through full-matrix least-squares on F2 utilizing the 
SHELXL-2018 software suite for all the data.3 In the final refinement, all the non-hydrogen atoms 
except those water O atoms were refined anisotropically. Most lattice water molecules were located 
by using a Fourier map, and the remaining lattice water molecules were determined by TGA results. 
All hydrogen atoms on water molecules could not be well located from the electron density map, 
which were directly included in the molecular formula.

Proton conduction experiments. AC impedance measurements were carried out Solartron 
Analytical ModuLab 1296 at frequencies ranging from 1 Hz to 10 MHz. The relative humidity was 
monitored with a STIK Corp CIHI-150BS3 incubator. The samples were pressed into a cylindrical 
compact of crystalline powder sample (~1 mm thickness × 3 mm diameter). Two silver electrodes 
were fastened to both edges of the pellet, forming four end terminals (quasi-four-probe method). 
Each humidity equilibrium and the thermal equilibrium were preserved for 1 h. The ZsimpWin 
software was utilized to model the equivalent circuit of the impedance data. The proton conductivity 
(σ) and activation energy (Ea) were calculated by the following two following equations:
σ = d/RS   (1)
σT = σ0exp(−Ea/kBT)    (2)
where d is the thickness (cm) of the slice, S is the electrode area (cm2), R is the resistance (Ω), σ0 is 
the pre-exponential factor, T represents the absolute temperature, and kB is the Boltzmann constant 
(kB = 8.63 × 10−5 eV/K).

Table S1. Summary of heteropolyoxoniobate.

Year Compounds Ref.

1 K12[Ti2O2][SiNb12O40]·16H2O
2

2002

Na14[H2Si4Nb16O56]·45.5H2O

4

3 Na16[SiNb12O40]·4H2O
4

2004

Na16[GeNb12O40]·4H2O

5

5 Na12[Ti2O2][SiNb12O40]·xH2O
6 Na12[Ti2O2][GeNb12O40]·xH2O
7 Na10[Nb2O2][SiNb12O40]·xH2O
8

2005

Na10[Nb2O2][GeNb12O40]·xH2O

6

9 2006 Na15[(PO2)3PNb9O34]·22H2O 7

10 2007 Li13K[SiNb12(OH)2O38]·17H2O 8

11 2007 K10[Nb2O2][GeNb12O40]·11H2O 9

12 2011 K10[Nb2O2(H2O)2][SiNb12O40]·12H2O 10

13 2011 Cs13Na[SiNb18O54]·22H2O
14 Rb12Na2[SiNb18O54]·25H2O
15 K10Na2[H2SiNb18O54]·33H2O

11



16 2011 [Cu(en)2]3.5[Cu(en)2(H2O)]{[VNb12O40(VO)2][Cu(en)2]}·1

7H2O

12

17 2012 {[Cu6L6(H2O)3][Nb10V4O40(OH)2]}2·13H2O 13

18 2012 K14Na[GaNb18O54]·28H2O
19 K14H[AlNb18O54]·31H2O
20 Rb15[GaNb18O54]·35H2O
21 Cs13Na2[GaNb18O54]·20H2O

14

22 2012 [Cu(en)2]3{[Cu(en)2][H2V4Nb6O30]}·12H2O
23 [Cu(1,2-dap)2]4[H2V4Nb6O30]·16H2O
24 [Cu(1,2-dap)2][Na2(H2O)9][H6V4Nb6O30]·15H2O

15

25 2012 [Cu(en)2]3{[Cu(en)2][H6SiNb18O54]}·22H2O 16

26 2013 TMA9[PV2Nb12O42]·19H2O 17

27 2013 Na4[Cu(en)2(H2O)2]5[Na6Ge8Nb32O108H8(OH)4]·41H2O 18

28 2013 (C2N2H10)6[(GeOH)2Ge2Nb16H2O54]·25H2O

29 [Cu(en)2(H2O)2]5K10[K(GeOH)2Ge2Nb16H3O54]2·38H2O

19

30 2013 (TMA)9[V3Nb12O42]·18H2O 20

31 2013 Rb13[GeNb13O41]·23H2O

32 Cs10.6[H2.4GeNb13O41]·27H2O

33 Cs18H6[(NbOH)SiNb12O40]2·38H2O

21

34 2014 TMA5[H2TeNb5O19]·20H2O 22

35 2014 [Cu(en)2]4[PNb12O40(VO)6]·(OH)5·8H2O

36 [Cu(enMe)2]4[PNb12O40(VO)6]·(OH)5·6H2O 

23

37 2014 {Ni(en)3}5H{VVNb8VIV
8O44}·9H2O

38 (H2en)Na2[{Zn(en)2(Hen)}{Zn(en)2(H2O)}2{PNb8VIV
8O44

}]·11H2O
39 Na{Cu(en)2}3{[Cu(en)2]2[PNb8VIV

8O44]}·11H2O

24

40 2014 {Cu(en)2}6{GeNb12VIV
2O42}·20H2O

41 {Cu(en)2}3K2Na4{GeNb12VIV
2O42}·23H2O

42 {Cu(en)2}6{SiNb12VIV
2O42}·18H2O

43 {Cu(en)2}3K2Na4{SiNb12VIV
2O42}·19H2O

25

44 2015 TMA9[PSb2Nb12O40]·28H2O
45 TMA9[PNb14O42]·26H2O
46 TMA10[H5PNb12O40]·30.5H2O

26

47 2015 (TMA)9H3Nb9P5O41·28H2O 27

48 2015 [Cu(en)2(H2O)][Cu(en)2]4{AsNb9V7O44}·8H2O
49 [Cu(en)2(H2O)][Cu(en)2]4H{AsNb8V8O44}·11H2O
50 {VV(H2O)6}0.5{CoII(en)2}4{SNb8VIV

8VV
1.25O45.25}(OH)4.25·

28



3H2O

51 2016 [Co-(pn)2]4[HPNb10VIV
2O40(VIVO)4]·17H2O 

52 [Co-(pn)2]4[HPNb10VIV
2O40(VIVO)4]·17H2O

29

53 2016 Na9H4[VNb12O40{NbO(CO3)}2]·37H2O

54 [Nb24O76V4]12−

55 [V3Nb24O76]17−

30

56 2016 [Cu(dap)2]4[AsNb12O40(VO)4](OH)·7H2O 31

57 2017 H13[(CH3)4N]12[PNb12O40(VVO)2·(VIV
4O12)2]·22H2O 32

58 2017 Na28K16H10[Li8⊂Nb114O316]

59 Na17K12H12[Li3K⊂Nb81O225]

60 H4Na6K22Cs4[H4Nb52O150]

61 Na11H25[Cu(H2O)4]{[Cu(en)2]3(K⊂H3Cu3Nb78O222)}

62 Na4K2H16[Cu(en)2]0.5{[Cu(en)2]9.5(K⊂H3Cu4(en)Nb78O222)
}

33

63 2017 Na14K7H5{As4Cu4[Cu(H2O)]12Nb28O109}·37.5H2O 34

64 2017 K3Na2H9(H2en)2[Fe3Nb25O76]·17H2O 35

65 2017 [CuII(C2N2H8)2]4[CuII(C2N2H8)2(H2O)2]2[PNb12O40VVVIVO
2]·(OH)2·11H2O

36

66 2017 K4[{Cu(en)2(H2O)}4{Cu(en)2}(H2Te2Nb24O72)]·8H2O 37

67 2017 H[Cu(en)2(H2O)]8[Cu(en)2(H2O)2]2{K4[Cu(en)2]2[Cu(en)2(
GeNb18O54)]2}[Nb3W3O19]·32H2O

38

68 2017 [Cu(en)2]4[Cu(en)2(H2O)2]2[SiNb12V2O42]·14H2O

69 [Cu(en)2]2[Cu(en)2(H2O)]4[SiNb12V2O42]·4H2O

70 [Cu(en)2(H2O)2]4[Cu(en)2(H2O)]2[SiNb12V2O42]·11H2O

39

71 2019 K6[H{Cu(phen)}12(H2O)2(Te5Nb15.5Cu0.5O57)2]·48H2O

72 {[{Cu(phen)}6(H2O)]2[Cu(en)2]3(HTe10Nb31CuO114)}·52H
2O

73 {[Cu(en)2][Cu(en)2(H2O)][Cu(1,10-phen)][Cu(1,10-
phen)(H2O)]Nb6O19}

40

74 2020 K2Na2H16(H2O)4[Cu(en)2]2[Cu(en)2(H2O)]4{[Cu(en)2]6[Si
Nb18O54]3}∙34H2O

41

75 2020 K3[Nb2O2][H7SiNb12O40]·16H2O

76 [Cu(en)2]9[(VNb12V1.69Nb0.31O42en0.31)2]·20.69H2O

42



77 2020 [{Cu(en)(H2O)4}{Cu(en)2(H2O)}{Cu(en)2(H2O)2}]1.5[H8Si
Te8Nb15O64]·6H2O

43

78 2020 H16K24Na26[Cu3(en)6][(β-H4Nb52O150)2]·88H2O 44

79 2020 K6Na17[H3{Co(H2O)3}2(P4Nb9O40)2] 24H2O 45

80 2020 (CN3H6)8K4{[Cu(phen)]5[Nb6O19][As2Nb6O22]}2·24H2O 46

81 2021 K20Na19[H18.5{Cu(en)2}2(H4Cu2Nb72O205)]2·77H2O 47

82 2021 H4K(CN3H6)2{[Cu4(2,2-
bipy)4(H2O)2][TeNb9V2O37]}·29H2O 

83 H0.5K5Na2.5{[Cu(en)H2O]3[TeNb9V3O39]}·10H2O 

84 K3Na5{[Cu(1,3-dap)H2O]3[TeNb9V3O39]}·11H2O 

48

85 2021 H4Na8K6[Sb2Nb24O72]·30H2O 49

86 2021 K2H[Cu(phen)(H2O)]4[Cu(phen)]2[(LiNb8Te4O40)]·34H2O 50

87 2021 H9KNa2(H2O)10[Co(H2O)2(SiNb18O54)]·15H2O 51

88 2021 [Cu(en)2]2{[Cu(en)2]2K4Ba2(H2O)13(SiNb18O54)}2⋅3en⋅52H
2O

89 H6[Cu(en)2]2{[Cu(en)2]2NaBa2(H2O)7(SiNb18O54)}2⋅3en⋅5
0H2O 

52

90 2022 H5[Cu(H2O)(en)2]2[Cu(H2O)2(en)2]{[Cu(en)2(H2O)]2Eu(H2

O)3Te6Nb18O64(OH)4}·7H2O 
53

L=1,10-phenanthroline;13 1,2-dap=1,2-diaminopropane;15 en=ethylenediamine;18, 28, 33, 35, 37−43, 47, 52, 

53 enMe = 1,2-diaminopropane;23 pn = 1,2-diaminopropane;29 dap = 1,2- diaminopropane;31 1,10-
phen =1,10-phenanthroline hydrate;40 phen = 1,10-phenanthroline;46, 50 2,2’-bipy = 2,2’-
bipyridine;48 1,3-dap = 1,3-diaminopropane;48 

Table S2. Summary of heteropolyoxotantalate and corresponding synthetic methods.

Year Compounds Synthetic 
method

Reagents and Precursor Ref.

2016 [Ti2Ta8O28]8− Hydrothermal 
(140°C for 16 
h),
postprocessing

hydrous tantalum oxide (83 
% w/w), TMAOH·5H2O, 
titanium isopropoxide

54

2016 [Ti12Ta6O44]10− Hydrothermal 
(150°C for 16 
h),
postprocessing

hydrous tantalum oxide (83 
% w/w), TMAOH·5H2O, 
titanium isopropoxide

54

2017 [P4(TaO2)6O25]12− 80 °C for 3 h K8[Ta6O19]·17H2O, H2O2, 
H3PO4

55

2017 [P4(TaO2)6O24]10− 80 °C for 3 h K8[Ta6O19]·17H2O, H2O2, 55



H3PO4

2019 [Ln(H2O)6{H4(TaO2)6As4O2

4}]3−

90 °C for 3 h K8[Ta6O19]·17H2O, H2O2, 
NaAsO2, Ln(NO3)3·6H2O

56

2020 [Se4(TaO2)6(OH)4O17]4− 60 °C for 3 h K8[Ta6O19]·17H2O, H2O2, 
Na2SeO3

57

2020 [Ln(H2O)6(TaO2)6Se4(OH)3

O18]2−

stirring K8[Ta6O19]·17H2O, H2O2, 
Na2SeO3, LnCl3·6H2O, CsCl

57

2022 [Ni2(H2O)10{P4Ta6(O2)6O24}

]6–

90 °C for 1 h K8[Ta6O19]·17H2O, H2O2, 
NiCl2·6H2O, H3PO4, CsCl

58

2022 [Zn(H2O)4{P4Ta6(O2)6O24}]
8–

90 °C for 1 h K8[Ta6O19]·17H2O, H2O2, 
ZnSO4·7H2O, H3PO4, CsCl

58

2022 [Cd(H2O)4{P4Ta6(O2)6O24}]
8–

90 °C for 1 h K8[Ta6O19]·17H2O, H2O2, 
CdCl2, H3PO4, CsCl

58

2023 [Cu(en)2(H2O)2]2[Cu(en)2][

P2O7Ta5O14]–

80 °C for 3 d Na8Ta6O19∙24.5H2O, 
Na4P2O7∙10H2O, en, 
CuCl2∙2H2O

59

2023 [Cu(en)2(H2O)2][Cu(en)2(H2

O)]{[Cu-

en)2]1.5[(P2O7)Ta5O14]}

80 °C for 3 d Na8Ta6O19∙24.5H2O, 
Na4P2O7∙10H2O, en, 
CuCl2∙2H2O

59

2023 [Cu(en)2]{[Cu-

en)2]2[(P2O7)Ta5O14]}

80 °C for 3 d Na8Ta6O19∙24.5H2O, 
Na4P2O7∙10H2O, Na2TeO3, 
en, CuCl2∙2H2O

59

en=ethylenediamine59

Table S3. Crystallographic data and structure refinements for 1.

1

Empirical formula KNa11O158.5Si2Ta24

Formula weight 7226.97

Temperature / K 150

Crystal system triclinic

Space group P-1

a [Å] 19.495(5)

b [Å] 19.844(6)

c [Å] 21.896(7)

α [o] 73.755(10)

β [o] 81.216(7)

γ [o] 66.588(8)



V [Å3] 7455(4)

Z 2

ρcalcd [g cm-3] 3.219

μ [mm–1] 17.730

F(000) 6376.0

‒23 ≤ h ≤ 23

‒23 ≤ k ≤ 23Index ranges

‒26 ≤ l ≤ 26

Reflections collected 155083

Independent reflections 26519
[Rint = 0.0828]

data/restraints/ parameters 26519/60/1736

Goodness-of-fit on F2 1.019

R1, wR2 [I > 2σ(I)] 0.0437, 0.1111

R1, wR2 [all data] 0.0560, 0.1222

Largest diff. Peak/hole/e Å‒3 4.05/-3.02

Table S4. Selected bond lengths (Å) of 1.

Bond Length Bond Length Bond Length
Ta16-O100 2.013(12) Ta16-O36 1.988(11) Ta7-O70 2.010(11)
Ta1-O101 2.026(13) Ta20-O36 1.935(11) Ta9-O70 2.002(11)
Ta21-O102 2.129(12) Ta12-O37 2.102(11) Ta17-O71 1.985(12)
Ta23-O102 2.172(12) Ta15-O37 2.201(11) Ta19-O72 2.000(13)
Ta3-O103 2.062(12) Ta19-O38 1.917(11) Ta23-O73 1.984(12)
Ta21-O104 2.017(11) Ta20-O38 2.013(11) Ta24-O73 1.983(11)
Ta22-O104 1.937(12) Ta21-O39 2.168(11) Ta13-O75 1.982(11)
Ta24-O105 1.989(13) Ta22-O39 2.155(11) Ta8-O76 2.135(11)
Ta1-O106 1.931(12) Ta23-O39 2.159(11) Ta9-O76 2.195(11)
Ta2-O106 2.023(12) Ta24-O39 2.189(11) Ta11-O78 1.997(12)
Ta4-O107 1.986(14) Ta11-O40 1.996(11) Ta2-O79 2.100(11)
Ta7-O110 1.984(12) Ta13-O40 1.990(11) Ta3-O79 2.155(12)
Ta23-O111 1.992(12) Ta10-O41 1.962(11) Ta23-O80 2.065(11)
Ta4-O113 1.996(13) Ta11-O41 1.945(11) Ta2-O82 2.009(12)
Ta6-O114 1.982(12) Ta10-O42 2.045(11) Ta4-O82 1.943(12)
Ta22-O116 1.995(13) Ta12-O42 1.908(11) Ta17-O83 1.940(12)
Ta3-O118 1.999(13) Ta6-O43 2.008(11) Ta19-O83 1.996(12)
Ta1-O120 1.990(12) Ta10-O43 1.906(11) Ta14-O84 1.997(12)
Ta3-O120 1.979(12) Ta16-O44 1.997(11) Ta4-O85 1.997(12)
Ta11-O122 1.973(12) Ta2-O45 1.893(11) Ta18-O86 2.005(12)



Ta7-O123 1.998(13) Ta5-O45 2.021(11) Ta1-O88 2.113(12)
Ta18-O126 2.004(12) Ta4-O46 1.962(11) Ta4-O88 2.153(12)
Ta8-O128 1.985(13) Ta5-O46 1.944(11) Ta1-O89 2.179(12)
Ta6-O132 2.005(13) Ta17-O47 1.989(11) Ta2-O89 2.187(12)
Ta8-O133 1.998(14) Ta18-O47 1.971(11) Ta3-O89 2.139(11)
Ta3-O134 1.981(12) Ta14-O48 1.942(11) Ta4-O89 2.161(11)
Ta2-O135 1.993(15) Ta15-O48 1.947(11) Ta24-O90 2.052(12)
Ta9-O136 2.004(12) Ta20-O49 2.010(11) Ta24-O91 1.983(14)
Ta2-O137 1.977(13) Ta23-O49 1.916(11) Ta22-O93 2.156(12)
Ta21-O140 1.986(15) Ta16-O50 1.973(11) Ta24-O93 2.116(12)
Ta22-O141 1.991(13) Ta19-O50 2.013(11) Ta19-O94 1.982(12)
Ta1-O146 1.971(13) Ta13-O51 1.988(11) Ta23-O95 1.991(12)
Ta11-O15 2.204(11) Ta18-O52 2.123(12) Ta9-O96 2.005(12)
Ta12-O15 2.124(11) Ta19-O52 2.132(12) Ta12-O97 1.973(13)
Ta13-O15 2.172(11) Ta8-O53 1.925(11) Ta21-O98 2.043(12)
Ta14-O15 2.172(11) Ta10-O53 1.972(11) Ta24-O98 1.918(12)
Ta1-O152 1.962(14) Ta6-O54 2.176(11) Si1-O101 1.622(13)
Ta21-O155 1.986(14) Ta7-O54 2.117(11) Si1-O103 1.631(12)
Ta5-O16 1.926(11) Ta15-O55 1.907(11) Si1-O108 1.627(13)
Ta9-O16 2.006(11) Ta18-O55 2.015(12) Si1-O85 1.648(12)
Ta16-O18 2.158(10) Ta5-O56 1.992(12) Si2-O90 1.624(13)
Ta17-O18 2.198(10) Ta6-O56 1.921(12) Si2-O69 1.641(12)
Ta18-O18 2.154(10) Ta20-O57 2.036(12) Si2-O80 1.638(11)
Ta19-O18 2.189(11) Ta21-O57 1.886(12) Si2-O108 1.617(13)
Ta15-O20 1.987(11) Ta20-O58 1.942(11) O44-O100 1.513(16)
Ta16-O20 1.923(11) Ta22-O58 1.979(11) O51-O75 1.502(16)
Ta13-O22 2.154(10) Ta16-O59 2.168(11) O60-O71 1.514(17)
Ta14-O22 2.133(10) Ta17-O59 2.138(11) O63-O84 1.531(16)
Ta9-O24 1.901(11) Ta17-O60 1.966(12) O68-O97 1.526(17)
Ta10-O24 2.021(11) Ta6-O61 1.982(11) O72-O94 1.496(17)
Ta5-O26 1.987(11) Ta8-O61 1.974(11) O78-O122 1.503(17)
Ta7-O26 1.929(11) Ta7-O62 1.987(12) O86-O126 1.534(17)
Ta15-O28 1.954(10) Ta8-O62 1.994(11) O91-O105 1.534(19)
Ta17-O28 1.965(10) Ta14-O63 1.999(12) O95-O111 1.510(17)
Ta10-O29 1.962(11) Ta3-O64 1.922(11) O96-O136 1.501(16)
Ta13-O29 1.987(11) Ta5-O64 2.003(11) O107-O113 1.529(19)
Ta13-O31 1.947(10) Ta12-O65 1.983(11) O110-O123 1.497(17)
Ta15-O31 1.990(10) Ta14-O65 1.996(11) O114-O132 1.508(17)
Ta6-O33 2.155(11) Ta11-O66 2.088(11) O116-O141 1.510(18)
Ta7-O33 2.181(11) Ta12-O66 2.113(11) O118-O134 1.535(18)
Ta8-O33 2.186(11) Ta11-O67 2.002(12) O128-O133 1.546(18)
Ta9-O33 2.141(11) Ta14-O67 1.972(12) O135-O137 1.498(19)
Ta18-O35 1.929(11) Ta12-O68 1.990(12) O140-O155 1.52(2)



Ta20-O35 1.974(11) Ta22-O69 2.005(11) O146-O152 1.508(19)

Table S5. Summary of polyperoxo-polyoxometalate.

Year Compounds Ref.

1 1997 (H3Cs5.6K3.1Li0.3)[P2W12(NbO2)6O56]·11H2O 60

2 2010 Cs6.5K0.5[GeW9(NbO2)3O37]·6H2O 61

3 2011 Cs5K[AsW9(NbO2)3O37]·7H2O 62

4 K12[Zr2(O2)2(α-SiW11O39)2]·25H2O

5 K12[Zr2(O2)2(α-GeW11O39)2]·25H2O

6 K10.5Rb1.5[Hf2(O2)2(α-SiW11O39)2]·21H2O

7 K18[Zr6(O2)6(OH)6(γ-SiW10O36)3]·59H2O

8

2011

K18[Hf6(O2)6(OH)6(γ-SiW10O36)3]·59H2O

63

9 2012 Na6Li24{[W5O21]3[(UVIO2)2(μ-O2)]3} 64

10 K5Na4[P2W15O59(TaO2)3]·17H2O

11

2012

Cs3K3.5H0.5[SiW9(TaO2)3O37]·9H2O

65

12 2014 K4Na4[H6P2W12Nb4O59(NbO2)2]2·48H2O 66

13 Cs3[H9P4Ta6(O2)6O25]·9H2O 55

14

2017

(CN3H6)6[H4P4Ta6(O2)6O24]·4H2O

15 2019 Cs3[Ln-(H2O)6{H4(TaO2)6As4O24}]·7H2O 56

16 Na24[CeIV
6(O2)9(GeW10O37)3]·100H2O

17

2019

Na24[Ce6(O2)9(SiW10O37)3]·∼100H2O

67

18 Cs2KH[(TaO2)6Se4(OH)4O17]·10H2O

19

2020

CsK[Ln(H2O)6(TaO2)6Se4(OH)3O18]·11H2O

57

20 Cs3H3[Ni2(H2O)4{P4Ta6(O2)6O24}]·7H2O

21 Cs3NaH4[Zn(H2O)4{P4Ta6(O2)6O24}]·13H2O

22

2020

Cs3NaH4[Cd(H2O)4{P4Ta6(O2)6O24}]·8H2O

58

23 2022 CsK[Ln(H2O)6Se4(TaO2)6(OH)3O18]·nH2O 68

Table S6. Bond angles (°) for Op−Ta−Op in 1.

Bond Angle Bond Angle
O146-Ta1-O152 45.1(6) O51-Ta13-O75 44.5(5)
O135-Ta2-O137 44.3(5) O63-Ta14-O84 45.0(5)
O118-Ta3-O134 45.4(5) O44-Ta16-O100 44.3(5)
O107-Ta4-O113 45.1(5) O60-Ta17-O71 45.1(5)
O114-Ta6-O132 44.4(5) O86-Ta18-O126 45.0(5)
O110-Ta7-O123 44.2(5) O72-Ta19-O94 44.2(5)
O128-Ta8-O133 45.7(5) O140-Ta21-O155 44.9(6)



O96-Ta9-O136 44.0(5) O116-Ta22-O141 44.5(5)
O78-Ta11-O122 44.5(5) O95-Ta23-O111 44.5(5)
O68-Ta12-O97 45.3(5) O91-Ta24-O105 45.4(5)

Table S7. Assignment of peaks of 1 in negative mode mass spectrum.

Species Sim. m/z Exp. m/z
[KH27Si2Ta24(O2)20O52(OH)9]6− 1013.40 1013.42
[KLiH26Si2Ta24(O2)20O52(OH)9]6− 1014.40 1014.43
[KLi2H25Si2Ta24(O2)20O52(OH)9]6− 1015.40 1015.43
[KNaH26Si2Ta24(O2)20O52(OH)9]6− 1017.06 1017.09

[KNaLiH25Si2Ta24(O2)20O52(OH)9]6− 1018.06 1018.09
[K2H26Si2Ta24(O2)20O52(OH)9]6− 1019.72 1019.75
[K2LiH25Si2Ta24(O2)20O52(OH)9]6− 1020.72 1020.75
[K2Li2H24Si2Ta24(O2)20O52(OH)9]6− 1021.72 1021.76
[K2NaH25Si2Ta24(O2)20O52(OH)9]6− 1023.38 1023.41
[K2NaLiH24Si2Ta24(O2)20O52(OH)9]6− 1024.39 1024.42
[K3H25Si2Ta24(O2)20O52(OH)9]6− 1026.05 1026.07
[K3LiH24Si2Ta24(O2)20O52(OH)9]6− 1027.05 1027.07
[K3Li2H23Si2Ta24(O2)20O52(OH)9]6− 1028.05 1028.07
[K3NaH24Si2Ta24(O2)20O52(OH)9]6− 1029.71 1029.74
[K3NaLiH23Si2Ta24(O2)20O52(OH)9]6− 1030.71 1030.74
[K3NaLi2H22Si2Ta24(O2)20O52(OH)9]6− 1031.71 1031.74
[K3NaLi3H21Si2Ta24(O2)20O52(OH)9]6− 1032.71 1032.74
[K4LiH23Si2Ta24(O2)20O52(OH)9]6− 1033.37 1033.40
[K4Li2H22Si2Ta24(O2)20O52(OH)9]6− 1034.38 1034.40
[K4Li3H21Si2Ta24(O2)20O52(OH)9]6− 1035.38 1035.40
[K4NaLiH22Si2Ta24(O2)20O52(OH)9]6− 1037.04 1037.07
[K4NaLi2H21Si2Ta24(O2)20O52(OH)9]6− 1038.04 1038.06
[K4NaLi3H20Si2Ta24(O2)20O52(OH)9]6− 1039.04 1039.08
[K5LiH22Si2Ta24(O2)20O52(OH)9]6− 1039.70 1039.73
[K5Li2H21Si2Ta24(O2)20O52(OH)9]6− 1040.70 1040.72
[K5Li3H20Si2Ta24(O2)20O52(OH)9]6− 1041.70 1041.73
[K5Li4H19Si2Ta24(O2)20O52(OH)9]6− 1042.70 1042.72
[K5NaLiH21Si2Ta24(O2)20O52(OH)9]6− 1043.36 1043.39
[K5NaLi2H20Si2Ta24(O2)20O52(OH)9]6− 1044.37 1044.39
[K5NaLi3H19Si2Ta24(O2)20O52(OH)9]6− 1045.37 1045.39
[K6Li2H20Si2Ta24(O2)20O52(OH)9]6− 1047.03 1047.06
[Na2H27Si2Ta24(O2)20O52(OH)9]5− 1217.48 1217.42
[K3Na2Li3H21Si2Ta24(O2)20O52(OH)9]5− 1244.26 1244.18
[K3Na2Li4H20Si2Ta24(O2)20O52(OH)9]5− 1245.46 1245.38
[K4NaLi3H21Si2Ta24(O2)20O52(OH)9]5− 1247.45 1247.37
[K4Na2Li4H19Si2Ta24(O2)20O52(OH)9]5− 1253.05 1252.98
[K5Li6H18Si2Ta24(O2)20O52(OH)9]5− 1254.25 1254.18
[K5NaLi4H19Si2Ta24(O2)20O52(OH)9]5− 1256.24 1256.17



[K5Na3H21Si2Ta24(O2)20O52(OH)9]5− 1259.76 1259.83
[K5NaLi2H22Si2Ta24(O2)20O52(OH)9]4− 1567.05 1567.10
[K6Li2H22Si2Ta24(O2)20O52(OH)9]4− 1571.05 1571.10
[K5Na2Li3H20Si2Ta24(O2)20O52(OH)9]4− 1574.55 1574.59
[K5Na2Li4H19Si2Ta24(O2)20O52(OH)9]4− 1576.05 1576.10
[K5Na2Li6H17Si2Ta24(O2)20O52(OH)9]4− 1579.06 1579.08
[K5Na2Li8H15Si2Ta24(O2)20O52(OH)9]4− 1582.06 1582.08
[K5Na3Li6H16Si2Ta24(O2)20O52(OH)9]4− 1584.59 1584.10
[K5Na5LiH19Si2Ta24(O2)20O52(OH)9]4− 1587.53 1587.56
[K5Na5Li2H18Si2Ta24(O2)20O52(OH)9]4− 1589.03 1589.04

Table S8. Data of proton conductivity σ (S·cm−1) of 1 at various RH conditions under 25℃ RH.

T (℃) 1
75 1.23×10−7

80 1.44×10−5

85 3.92×10−5

90 6.54×10−5

95 8.13×10−4

Table S9. Data of proton conductivity σ (S·cm−1) of 1 at various temperature conditions under 95% 
RH.

T (℃) 1
25 8.13×10−4

35 1.11×10−3

45 1.67×10−3

55 2.61×10−3

65 3.21×10−3

75 3.63×10−3

Table S10. A comparison of the proton conductivity of 1 and all polyoxotantalates-based crystalline 
conducting materials.

POMs-based crystalline 
conducting materials

Proton 
conductivity 
(S cm−1)

Relative
Humidity

Temperature
(°C)

Ea
(eV)

Ref.

8.13×10−4 95% 251

3.63×10−3 95% 75

0.2
9

This 
work

9.24×10−4 85% 25K12Na14H7.4[Fe10.7Ta1.3O8(OH)8(
H2O)2(Ta6O19)6]·114.5H2O 2.61×10−2 85% 85

0.5
0

69



4.67×10−6 98% 25H[CoIII(en)3]3[CoIII(en)2O](C2O4

){(Ta6O19)2[CoII(C2O4)(H2O2)]2[
CoIII(en)(H2O)]2}·41H2O

1.10×10−3 98% 85

0.6
8

70

8.05×10−4 98% 25[CoIII(en)3]4C2O4{Ta6O19[CoIII(e
n)]}2·66H2O 5.76×10−2 98% 85

0.8
5

70

9.90×10−5 98% 25H2[Cu(en)2(H2O)2]{[Cu(en)2]4[
Cu(en)(Ta6O19)]2}14H2O 1.04×10−2 98% 75

0.5
6

71

3.69×10–5 90% 25[Ni2(H2O)10{P4Ta6(O2)6O24}]6–

1.22×10–3 90% 85

0.3
9

58

9.16×10–7 98% 25H2[Co(en)3]3Ta6O19

2.67×10–3 98% 85

0.4
2/1.
828

72

6.32×10–7 98% 25Na2(H2O)6H2[Co(en)3]2Ta6O19

6.18×10–4 98% 85

0.6
6

72

Table S11. A comparison of the proton conductivity of 1 and some other recent representative 
POMs-based crystalline conducting materials.

POMs-based crystalline 
conducting materials

Proton 
conductivity 
(S cm−1)

Relative
Humidity

Temperature
(°C)

Ea
(eV)

Ref.

8.13×10−4 95% 251

3.63×10−3 95% 95

0.29 This 
work

5.73×10−6 98% 25 0.60H6[Cu(en)2]8[Ge12O6(OH)8Nb38

O120]·34H2O 3.04×10−4 98% 85

73

8.92×10−6 98% 25 0.47H8[Cu(en)2]7[Ge12O8(OH)4Nb38

O120]·28H2O 1.62×10−4 98% 85

73

1.12×10−3 55% 30Na16H22[(B-β-
SbW9O33)6(W3RuO7)2(W4O11)]·
118H2O

5.41×10−3 55% 60

0.40 74

4.90×10−3 75% 25Na5.5H6.5[(SbW9O33)2{WO2(OH
)}2{WO2}RuC7H3NO4]·36H2O 2.97×10−2 75% 75

0.31 75

1.19×10−4 98% 25[Cu(en)2(H2O)]2[Cu(en)2]10H97[
Dy10Nb190]7– 3.75×10−3 98% 85

0.54 76

[(AsW9O33)6{W2O5(H2O)(DL-
Ala)}2{W3O6(H2O)(DL-
Ala)}2{W2O5(DL-Ala)}]

2.83×10−4 75% 65 0.54 77

1.30×10−3 98% 25[As4W48O168]36−

5.00×10−3 98% 75

0.26 78

[As2W21O77(H2O)3]22− 8.20×10−5 98% 25 0.39 78



6.40×10−4 98% 75

4.68×10−6 98% 25H4[Cu(en)2]4{K4(H2O)2[Cu(en)2

]5[Cu5(trz)2(en)4(OH)2][Dy2Cu2(
en)2(CO3)3(H2O)2(OH)3][Dy(H2

O)4][DyNb23 
O68(H2O)4]2}ꞏ60H2O

3.42×10−3 98% 85

1.03 79

6.94×10−4 98% 35H{La4(L)2(H2O)21[Zr3(OH)3(P
W9O34)2]}ꞏ15H2O 2.13×10−3 98% 85

0.24 80

5.99×10−4 98% 35H{Ce4(L)2(H2O)21[Zr3(OH)3(P
W9O34)2]}ꞏ15H2O 2.35×10−3 98% 85

0.28 80

1.78×10−3 98% 35H{Pr4(L)2(H2O)21[Zr3(OH)3(PW

9O34)2]}ꞏ15H2O 7.53×10−3 98% 85

0.30 80

8.13×10−5 75% 25{[Co(en)2(SO3)][Te4Nb24O79]}20

– 3.05×10−4 75% 60

0.28 81

9.67×10−5 98% 25{[Cu(en)2]10[Nb68O182(OH)8(H2

O)10]}12– 5.71×10−3 98% 75

0.53 82

7.61×10−6 98% 25[Co(H2O)6]2{[Co(H2O)4]4[WZn3

(H2O)2(ZnW9O34)2]} 3.55×10−4 98% 85

0.24 83

{[P2W15Nb3O62]2(4PBA)2((4PB
A)2O)}16–

7.78×10−2 98% 90 0.66 84

{[W14CeIV
6O61]([W3Bi6CeIII

3(H2

O)3O14][BiW9O33]3)2}34–

2.40×10−3 90% 25 0.68 85

9.10×10−3 85% 25{[Na(NO3)(H2O)]4[Al16(OH)24(
H2O)8(P8W48O184)]}16– 4.50×10−2 85% 85

0.32 86

3.30×10−3 98% 30[Na6(H2O)12]4[K42Ge8W72O272(
H2O)60]14– 6.80×10−3 98% 80

0.52 87

4.00×10−5 98% 30[La27Ge10W106O406(OH)4(H2O)24

]59– 1.50×10−2 98% 85

0.42 88

1.95×10−7 75% 30[CeIII(H2O)6]{[CeIV
7CeIII

3O6(OH
)6(CO3)(H2O)11][(P2W16O59)]3}1

6–
1.50×10−5 75% 100

0.36 89

6.43×10–5 80% 25{[Na(H2O)4]NaAs2W22(CH3CO
O)2O76Rh2(N(CH3)2)2}8– 3.23×10–4 80% 65

0.36 90

5.40×10–8 95% 45Cu6(Trz)10(H2O)4[H2SiW12O40]·
8H2O 1.84×10–6 95% 95

0.34 91

3.24×10−4 98% 25[La3(H2O)22][P2W15Ta3O62]

1.26×10−2 98% 95

0.36 92

1.20×10−3 70% 35[{AsIII
5O4(OH)3}2(P8W48O184)]32

− 1.20×10−2 70% 85

0.61 93



Table S12. Data of proton conductivity σ (S·cm−1) of 1 at various temperature conditions under 75% 
RH.

T (℃) 1
25 1.23×10−7

35 5.63×10−7

45 3.27×10−6

55 1.40×10−5

65 3.42×10−5

75 8.31×10−5

85 1.26×10−4

Table S13. Data of proton conductivity σ (S·cm−1) of 1 at various temperature conditions under 80% 
RH.

T (℃) 1
25 1.44×10−5

35 3.70×10−5

45 5.43×10−5

55 8.43×10−5

65 1.23×10−4

75 1.74×10−4

85 2.40×10−4

Table S14. Data of proton conductivity σ (S·cm−1) of 1 at various temperature conditions under 85% 
RH.

T (℃) 1
25 3.92×10−5

35 8.68×10−5

45 1.28×10−4

55 1.83×10−4

65 2.83×10−4

75 3.80×10−4

85 5.00×10−4

Table S15. Data of proton conductivity σ (S·cm−1) of 1 at various temperature conditions under 90% 
RH.

T (℃) 1
25 6.54×10−5

35 1.30×10−4

45 2.03×10−4

55 3.04×10−4



65 3.86×10−4

75 4.77×10−4

85 6.36×10−4

Table S16. Selected hydrogen bond distances for 1.

D–H···A d(D···A)(Å) D–H···A d(D···A)(Å)
O(6W)–H···O54 2.9380(154) O(31W)–H···O52 2.8121(148)
O(7W)–H···O31 2.7607(123) O(33W)–H···O98 2.7395(248)
O(10W)–H···O52 2.7517(120) O(38W)–H···O96 2.7596(156)
O(11W)–H···O8 2.7763(145) O(40W)–H···O33 2.7893(182)
O(13W)–H···O55 2.8085(156) O(43W)–H···O39 2.6880(178)
O(17W)–H···O74 2.7688(128) O(46W)–H···O42 2.7690(177)
O(19W)–H···O91 2.6195(136) O(47W)–H···O49 2.6908(198)
O(23W)–H···O48 2.7421(161) O(54W)–H···O56 2.7981(254)
O(26W)–H···O71 2.8674(206) O(58W)–H···O48 2.8489(360)
O(30W)–H···O47 2.7390(135)

Table S17. BVS values for Ta and Si atoms in 1.

Atoms BVS value Atoms BVS value Atoms BVS value
Ta1 5.43 Ta10 5.13 Ta19 5.32
Ta2 5.39 Ta11 5.35 Ta20 5.01
Ta3 5.26 Ta12 5.39 Ta21 5.32
Ta4 5.40 Ta13 5.28 Ta22 5.29
Ta5 5.11 Ta14 5.32 Ta23 5.22
Ta6 5.27 Ta15 5.03 Ta24 5.34
Ta7 5.33 Ta16 5.33 Si1 3.90
Ta8 5.32 Ta17 5.31 Si2 3.97
Ta9 5.30 Ta18 5.32

Table S18. BVS values for O atoms in 1.

Atoms BVS value Atoms BVS value Atoms BVS value
O100 0.78 O20 1.83 O61 1.71
O101 1.76 O22 1.09 O62 1.65
O102 1.07 O24 1.81 O63 0.81
O103 1.66 O26 1.81 O64 1.79
O104 1.72 O28 1.80 O65 1.66
O105 0.83 O29 1.73 O66 1.23
O106 1.72 O31 1.76 O67 1.67
O107 0.84 O33 2.06 O68 0.83
O108 2.01 O35 1.84 O69 1.75



O110 0.84 O36 1.79 O70 1.59
O111 0.82 O37 1.08 O71 0.84
O113 0.81 O38 1.79 O72 0.81
O114 0.85 O39 2.05 O73 1.68
O116 0.82 O40 1.64 O75 0.85
O118 0.81 O41 1.83 O76 1.03
O120 1.68 O42 1.75 O78 0.81
O122 0.87 O43 1.83 O79 1.14
O123 0.81 O44 0.81 O80 1.64
O126 0.80 O45 1.84 O82 1.73
O128 0.84 O46 1.83 O83 1.76
O132 0.79 O47 1.70 O84 0.81
O133 0.81 O48 1.87 O85 1.75
O134 0.85 O49 1.79 O86 0.79
O135 0.82 O50 1.64 O88 1.12
O136 0.80 O51 0.83 O89 2.05
O137 0.86 O52 1.14 O90 1.70
O140 0.84 O53 1.86 O91 0.84
O141 0.83 O54 1.09 O93 1.11
O146 0.87 O55 1.81 O94 0.85
O15 2.05 O56 1.82 O95 0.83
O152 0.89 O57 1.83 O96 0.79
O155 0.84 O58 1.79 O97 0.87
O16 1.78 O59 1.07 O98 1.72
O18 2.01 O60 0.88

Table S19. Calculated and found analyses of Na, K, Li, Si, and Ta with massic ratios in 1.

Na (%) K (%) Li (%) Si (%) Ta (%)

calcd 3.20 0.49 0.61 0.71 54.96

found 3.15 0.46 0.65 0.67 54.75



Fig. S1. The ball-and-stick representation of 1a. Color code: sea blue and green spheres: Ta; 
lavender spheres: µ4-O spheres; red spheres: O; yellow spheres: Si.

Fig. S2. (a) The polyhedral/ball-and-stick representation of 1a. (b) The ball-and-stick representation 
of 1a. (c) The side view of 1a. (d and e) The simplified diagram of 1a. (Si, yellow; Ta, sea blue and 
green; O, red and lavender).



Fig. S3. The ball-and-stick representations of {cis-P4Ta6} (a), {trans-P4Ta6} (b), {Ln-As4Ta6} (c), 
{Se4Ta6} (d), {Ln-Se4Ta6} (e), {Ni2-P4Ta6} (f), {Cd-P4Ta6} and {Zn-P4Ta6} (g). Color code: sea 
blue spheres: Ta; lavender spheres: µ3-O spheres; red spheres: O; yellow spheres: P, As, Se; green 
spheres: Ln, Ni, Cd, and Zn.

Fig. S4. The isosceles tetrahedron consists of Ta atoms in different positions. 
(∠Ta23Ta22Ta24=50.292°, ∠Ta21Ta22Ta24=58.762°, 
∠Ta23Ta22Ta21=54.256°,∠Ta22Ta24Ta23=75.130°, ∠Ta21Ta24Ta23=63.172°, 
∠Ta22Ta24Ta21=57.118°,∠Ta22Ta21Ta24=64.120°, ∠Ta23Ta21Ta24=58.106°, 
∠Ta22Ta21Ta23=75.969°,∠Ta22Ta23Ta21=49.774°, ∠Ta21Ta23Ta24=58.723°, 
∠Ta22Ta23Ta24=54.578°.)



Fig. S5. The isosceles tetrahedron consists of Ta atoms in different positions. 
(∠Ta17Ta18Ta16=54.391°, ∠Ta17Ta18Ta19=58.749°, 
∠Ta16Ta18Ta19=49.859°,∠Ta18Ta17Ta16=75.528°, ∠Ta18Ta17Ta19=63.362°, 
∠Ta16Ta17Ta19=57.407°,∠Ta18Ta16Ta19=54.183°, ∠Ta17Ta16Ta19=58.732°, 
∠Ta18Ta16Ta19=54.183°,∠Ta18Ta19Ta16=75.957°, ∠Ta18Ta19Ta17=57.889°, 
∠Ta17Ta19Ta16=63.863°.)

Fig. S6. The isosceles tetrahedron consists of Ta atoms in different positions. 
(∠Ta12Ta14Ta11=62.472°, ∠Ta12Ta14Ta13=74.885°, 
∠Ta11Ta14Ta13=57.727°,∠Ta14Ta12Ta11=59.226°, ∠Ta14Ta12Ta13=54.770°, 
∠Ta11Ta12Ta13=50.648°,∠Ta12Ta11Ta14=58.302°, ∠Ta14Ta11Ta13=63.702°, 
∠Ta12Ta11Ta13=75.700°,∠Ta14Ta13Ta11=58.570°, ∠Ta12Ta13Ta11=53.652°, 
∠Ta14Ta13Ta12=50.345°.)



Fig. S7. The packing arrangements of polyoxoanion 1a along the a(a), b(b) and c(c)-axis, 
respectively. And simplified 2D packing scheme for 1a along the a(d), b(e) and c(f)-axis, 
respectively.

Fig. S8. Polyhedral views of the 3D stacking for 1a along the a(a), b(b) and c(c)-axis, respectively. 
And simplified 3D packing scheme for 1a along the a(d), b(e) and c(f)-axis, respectively.



Fig. S9. ESI-MS spectra corresponding to the intact cluster of 1.

Fig. S10. Expanded region of the group of signals observed in the negative ESI mass spectrum of 1 
illustrating the 6– charge state in a), 5– in b) and 4– in c).

Fig. S11. Nyquist plots for 1 under different RHs at 25 °C. The solid lines are the best fits.

Fig. S12. The equivalent circuit is used for fitting.

In the electrical equivalent circuit (see above), Rs is the ohmic resistance of the bulk/grain, Rp is 



the charge transfer resistance at the grain boundary/electrode interface (two identical charge transfer 
resistances connected in series) and CPE1 is a constant phase element used for imperfect capacitors, 
Wo1 is inductance representing the effect of the external circuit.

Fig. S13. Fitted data of 1 under different temperatures at 95% RH. (a): 25°C; (b): 35°C, (c): 45°C; 
(d): 55°C; (e):65°C, and (f): 75°C.

Fig. S14. Nyquist plots for 1 under different temperatures at 75% RH. The solid lines are the best 
fits.



Fig. S15. Nyquist plots for 1 under different temperatures at 80% RH. The solid lines are the best 
fits.

Fig. S16. Nyquist plots for 1 under different temperatures at 85% RH. The solid lines are the best 
fits.



Fig. S17. Nyquist plots for 1 under different temperatures at 90% RH. The solid lines are the best 
fits.

Fig. S18. PXRD of 1 calculated (black), crystalline sample (red), and after the proton-conductive 
measurement (blue).



Fig. S19. Void analysis of 1.

Fig. S20. In situ IR spectra of 1 under different water vapor pressure.

Fig. S21. Schematic diagram of hydrogen bonding networks consisting of water molecules inside 
the pore channels.



Fig. S22. IR spectrum of 1.

Fig. S23. TG curve of 1.
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