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Instruments and physical measurements

All chemicals were commercially purchased and used without any further purification.
The precursor Ki5[H,P,W1,045]-24H,0 was prepared according to the document and
confirmed by IR spectrum. IR spectra were performed using a Bruker VERTEX-70
spectrometer using KBr pellets in the region of 500-4000 cm™'. A Bruker D8 ADVANCE
apparatus with Cu Karadiation at 293 K gave birth to the experimental PXRD patterns.
TGA cures were recorded from room 25°C to 1000 °C with a heating rate of
10 °Cmin™! in flowing N, atmosphere on a NETZSCHSTA449F5 Jupiter thermal
analyzer. Elemental analyses (C, H, N) were conducted on an Elementar Vario MICRO
analyzer. Elemental analysis for P, W, Zr, K and Na were performed with a PerkinEimer
Optima 2100 DV inductively coupled plasma optical emission spectrometer. Diffuse
reflectance spectra were collected at room temperature on a finely ground sample
with a HITACHIU-4500UV-Vis-NIR spectrometer equipped with a 60 mm diameter
integrating sphere. The solution 3P NMR spectra were detected in 5 mm tubes with
'H decoupling on a n a Bruker AVANCE NEO 500 MHz NMR spectrometer operating at
500 MHz.

X-ray crystallography

The single crystal of 1 was directly fixed on a loop and kept at 150 K during data
collection on a Bruker D8 VENTURE PHOTON II CCD diffractometer with Mo Ka
radiation (A = 0.71073 A). After the data reduction, Olex2 was applied to analyze the
structures, by which it was first solved with the ShelXT structure solution program by
the utilization of direct methods and then refined with the ShelXL-2018/3 refinement
package using least squares minimisation.s>5? In the final refinement, all the non-
hydrogen atoms were refined anisotropically.>? In addition, all the atoms are refined
anisotropically in the final refinement cycle, only few harsh constraints have been
used in order to eliminate the ADP and/or NDP alerts. And some lattice water
molecules were located by Fourier map, whereas the rest lattice molecules were
determined by TGA results and element analyses. All H atoms on water molecules in
the molecular formula were directly included. Crystallographic data of 1 has been
deposited in the Cambridge Crystallographic Data Center with CCDC numbers:
2294441.

Preparation of the [N(CHs)4],K16Na19.5H10.5[{Zr(C,04),}3(PO4)(P¢W390150)]-45H,0
ZrOCl,-8H,0 (0.16 g, 0.50 mmol), oxalic acid (0.26 g, 2.00 mmol were dissolved in
20.00 mL of distilled water upon stirring. Being stirred for around 30 min, the mixture
was added in Kq[H,P,W1,045]-24H,0 (0.48 g, 0.10 mmol). The pH value of the mix-
solution was adjusted to 4.0 by 3 mol-L* KOH. Eventually, this solution was stirred and
heated to 90 °C for 2h and then filtered. The slow evaporation of the filtrate resulted
in colorless block crystals after about four days. Yield: 16.9% (0.064 g, based on
K12[H,P,W1,045]-24H,0). Elemental analysis (%) calcd. for (1): C, 1.92; H, 1.01; N, 0.22;
K, 4.98; Na, 1.92; P, 1.73; W, 57.11; Zr, 2.18. Found: C, 1.96; H, 1.06; N, 0.25; K, 4.71;
Na, 2.07; P,1.85; W, 60.55; Zr, 2.37. After about ten days, a mass of large colorless
block crystals Kg[Zr(C,04)4],-5H,0 were obtained, which are confirmed by X-ray single
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crystal diffraction (Fig. S17 and Table S4).

Figures

Fig. S1 Polyhedral / ball-and-stick representation of 1a in different directions.

Fig. S2 The three planes of three [P,W,04g]** fragments.
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Fig. S3 Structure profile of 1a.
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Fig. S4 2D layer-like framework of 1a linked by Na* ions.
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Fig. S6 The packing arrangement of polyanion 1a viewed along the c axis.
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Fig. S7 Evolution of the 3'P NMR spectra of 1 with time in 0.1 M LiCl/D,0 at ambient
temperature.
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Fig. S8 The IR spectra of compound 1.
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IR spectra have been measured. As we can see, the typical vibration bands of
[H,P,W1,045]12~ subunits appear in the region of 700-1200 cm™, where the peaks
appearing at 1139, 1084, 1017 cm™ are attributed to the vibration of P-0. The bands
located in the low-wavenumber region are attributable to v(W-0;), v(W-0y) and
v(W-0,) around 989, 929, 804 and 780 cm™, respectively.>* For the coordination
modes of the carboxylate group, the difference between the asymmetric (v,) and
symmetric (vs) carboxylate stretches is often used.> Strong absorption bands at 1693
and 1650 can be regarded as asymmetric stretching vibration carboxylate group from
the oxalate groups, whereas the peak 1362 cm™ can be regarded as symmetric
stretching vibrations of the oxalate groups.>®-2 In addition, a weak band 1084 cm= and
the band appearing at 1417 cm™ are attributed to the vibration of v(C-H) and v(C-N)
which prove the presence of organic ligand components. In the high-wavenumber
region, the bands at 3400 cm~! and 3041 cm~tare assigned to the stretching vibrations
of v(O—H) and v(C-H).
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Fig. S9 The PXRD pattern of compound 1.
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Fig. $10 UV spectra of compound 1.
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Fig. S11 TGA curve of compound 1.

TGA analysis. The TG behaviors of 1 was measured utilizing crystalline samples under
nitrogen atmosphere of 25 to 1000 °C. The TG curve of 1 exhibits three weight-loss
steps. The first weight loss of 6.57% (calcd. 6.49 %) for 1 in the temperature range
from 25 to 200 °C are attributed to the release of forty-five lattice water molecules.
The second weight loss of 4.53% (calcd 4.45%) for 1 in the temperature range from
200 to 600 °C correspond to the removal of six oxalates. The third weight loss for 1 in
the temperature after 700 °C is assigned to the loss of the [N(CHs),4]* cations, structural

water molecules, accompanied with the collapse of the POM skeleton of 1.
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Fig. S12 The IR spectra of 1 before and after proton conduction.
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Fig. S13 The PXRD pattern of 1 before and after proton conduction.
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Fig. $14 The PXRD pattern of compound 1 under different temperatures.
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Fig. $15 (a) and (b) Temperature-dependent proton conductivities of 1.
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Fig. S16 (a) The proton conductivity of 1 at 368 K with 35% RH. (b) The proton
conductivity of 1 at 368 K with 95% RH.
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Fig. S17 The structure of [Zr(C,04)4]* ions from the major product Kg[Zr(C,04)4],-5H,0.

Tables

Table S1. Crystallographic data of compound 1.

1
Empirical formula CaoH38K16N2Na19.50218P7W39Zr3
Formula weight 12321.61
Temperature / K 150
Crystal system trigonal
Space group P3,21
alAl 22.6518(5)
b[A] 22.6518(5)
c[A] 75.9558(19)
alAl 90
8lA] 90
VIA] 120
VIA3] 33751.8(17)
Zz 6
peald [g/cm3] 3.600
u [mm1] 20.458
F(000) 32259.0
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Index ranges -27<h<26,-27<k<26,-90<1<90

Reflections collected 186155

Independent reflections 39932 [Rint=0.0502, Rigma= 0.0425]
data/restraints/parameters 39932/299/2787

Goodness-of-fit on F2 1.138

R1, wR2 [I > 20(l)] 0.0399, 0.0907

R1, wR2 [all data] 0.0418, 0.0916

Table S2. Bond Valence Sum (BVS) calculations of all the W, P and O atoms in 1.

Atoms BVS value Atoms BVS value Atoms BVS value
w1 6.153 w31 6.512 022 2.070
W2 6.325 W32 6.202 023 1.802
W3 6.188 W33 6.206 024 1.914
w4 6.159 W34 6.220 025 1.915
W5 6.161 W35 6.140 026 1.901
W6 6.132 W36 6.392 027 1.904
w7 6.175 w37 6.228 028 1.994
w8 5.917 W38 5.963 029 1.862
W9 5.983 W39 6.358 030 1.570
W10 6.207 o1 1.830 031 2.045
wi1 6.120 02 1.780 032 2.174
w12 6.007 03 2.270 033 1.994
w13 6.317 04 2.437 034 1.827
w14 6.451 05 1.782 035 2.322
W15 6.363 06 1.779 036 1.708
W16 6.333 o7 2.123 037 2.127
w17 6.065 08 2.039 038 1.938
w18 6.181 09 2.049 039 2.053
w19 6.372 010 2.189 040 1.960
W20 6.022 0o11 1.754 Zrl 3.683
w21 6.148 012 1.769 Zr2 3.725
w22 6.078 013 1.886 Zr3 3.748
W23 6.133 014 1.807 P1 4.749
w24 6.254 015 1.157 P2 4.760
W25 6.222 016 1.893 P3 4.857
W26 6.131 017 2.089 P4 4.741
w27 6.319 018 2.041 P5 4.704
W28 6.421 019 1.998 P6 4.648
W29 6.025 020 1.859 P7 4934

W30 6.305 021 1.694
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Table S3. The survey of other well-documented POMs-based proton conductors.

Compounds Conductivity Temperature Relative Refs
(S cm?) (K) humidity (%) '
Cu(en),(H,0 Cu(en)]4[Cu(en Cu
[Cu(en),(H20)]2{[Cu(en)]s[Cu(en),]s{ 135 % 102 358 08 510
(en)zKNb24072H10]2}-6en-70H20
H,N(CH Na(H,0)4]NaAs,W,,(CH
[HN(CH3)oJel[Na(H0)INaAS WaalCHy 138 % 11
C00),076Rhy(N(CH;),),}-H,0
Cu -OH)(H,0)s(atz P,W130
[14|3-|(l4(l)3 )(H20);(atz)3]5[P2W150¢:] 4.42 x 10-6 208 97 s12
: 2
H,en]4[Nis(OH)s(trzS)s(en)(H,0)(B-a-
[Hzen]4[Nis(OH)s(trzS)s(en)(H,0)( 130 x 10°5 358 98 s13
PW4034)]-6H,0
CUG(TrZ)lo(HzO)4[H2$|W12040]8H20 1.84 x 10_6 368 95 S14
[Cu(debqgdc),],[HPW,040]-4H,0 3.23x 10 373 98 S15
Na,[Gd,(H,0 Gd3(H,0),-(a-
.2[ 2(H20)11]5[Gd3(H;0),-( 354 x 10-3 358 08 $16
SiW11034)5],-69H,0
Ce'"'(H,0 CelV, Cel';04(0OH
[CeH,0)eICe"; Ce™506(OH)e 2.65x 10 373 75 517
(CO3)(H20)111[(P2W160s0)]5}
Nas sHg 5[ (SObWoO WO,(OH)},{WO
s.5He.s( 9033){ 2(OH)1A{ 2} .97 x 10-2 348 75 518
RUC7H3NO4]‘36H20
K7H29[AS4W480158]'51H20 5.0x 1073 348 98
S19
C511H11[A52W21074(H20)2]'14H20 6.4 x 10_4 348 98
NagH25[(B-B-SbW,O W3RuO
16H22[(B-B 9033)6(W3 7)2 541 x 103 333 55 $20
(W4011)]-118H,0
N(CH Ki6N H Zr(C,0 P Thi
[N(CHs)a]2K16Na10.5H10.5[{Zr(C204)2}5( 1.18 x 10-2 368 95 Is
04)(P¢W350150)1-45H,0 work
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Table S4. Crystallographic data of the major product Kg[Zr(C,04)4],:5H,0.

Empirical formula
Formula weight
Temperature / K
Crystal system

Space group

alA]

b[A]

clA]

a [A]

8[A]

vIA]

VIA3]

V4

peldg/cm3]

ulmm]

F(000)

Index ranges
Reflections collected
Independent reflections
data/restraints/parameters
Goodness-of-fit on F?
R1, wR2 [I > 20(l)]
R1, wR2 [all data]

C16Kg037Zr2
1279.40

296.3
tetragonal

144

28.2397(5)
28.2397(5)
11.6394(2)

90

90

90

9282.2(4)

8

1.831

1.269

4992.0
-34<h<34, -32<k<34, -14<1<13
26181
9011[Rine= 0.0281, Rsjgma= 0.0332]
9011/19/582
1.035

0.0556, 0.1581
0.0612, 0.1656
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