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General considerations. All reagents used in experiments were obtained from commercial resources and used
without further purification. All solutions used in experiments were prepared with Millipore water (18.25 MQ).
Hafnium (1V) chloride (HfCls nH20) was purchased from Alfa Aesar. Hydrofluoric acid (HF), hydrochloric acid
(HCI, 36%), nitric acid (HNOs, 69%), sulfuric acid (H2SO4, 98%), phosphoric acid (HsPO4) were purchased from
Sinopharm Chemical Reagent Co. Ltd. 1-ethyl-3-methylimidazolium bromide ([EMIm]Br) was purchased from
Lanzhou Institute of Physics and Chemistry, Chinese Academy of Sciences. TppaHs was obtained following the
same process reported in our previews word with minor modified treatment.*

Synthesis of PHOS-100(Hf). The mixture of TppaHs (0.0193 g), HfCl4 (0.0242 g), HF (50 i), and [EMIm]Br
(0.3891 g) were added into a 15 mL Teflon—lined stainless steel vessel and heated at 160 <C for three days and then
cooled to 25 <C. Colorless block crystals were collected as a pure phase. During the synthesis process, F~ can adjust
the reaction kinetics to promote crystal growth and avoid rapid precipitation of amorphous products. For constructing
the final structure, F~ ions play the role of terminal coordinated ligands to fill the void coordination sites that cannot
be supplied by phosphonates groups.

Crystallographic studies. Single crystal X-ray diffraction data were collected on a Bruker D8-Venture single-
crystal X-ray diffractometer equipped with a Turbo X-ray Source (Mo—Ka radiation, A = 0.71073 A) adopting the
direct-drive rotating anode technique. The raw data of PHOS-100(Hf) was solved by a direct method and refined by
SHELXTL.2 All the atoms were refined anisotropically except hydrogen atoms. The uncoordinated guest molecules
in void space were treated by the SQUEEZE command to remove electrons belong to [EMIm]* and water molecules.

Powder X-ray diffraction. Powder X-ray diffraction patterns were measured on a Bruker D8 advance X-ray
diffractometer with Cu—Ka radiation (A = 1.54056 A) equipped with a Lynxeye one-dimensional detector. The
calculated PXRD pattern in the text comes from low temperature data, while experimental PXRD are collected at
room temperature, so there are some differences in the small angel area.

Infrared spectroscopy. Infrared spectra were collected on a Thermo Scientific Nicolet iS50 FT-IR instrument at
room temperature.

Thermal stability. Thermogravimetric analysis was performed on a NETZSCH STA 449F3 instrument in the range
of 30600 <C under a nitrogen flow with a heating rate of 10 <C/ min.

Chemical stability. The samples of PHOS-100(Hf) were soaked in aqueous solutions at variable pHs (pH = 1-14,
solution of HCI or NaOH) for 24 hours. The samples of PHOS-100(Hf) were soaked in aqua regia, oleum,
concentrated HNOs and HCI for 12 hours. Then the MOF powders were centrifuged and used for PXRD
measurements.



Sample activation and loading. 700 mg PHOS-100(Hf) were soaked in aqueous solutions of 6 M HCI, then put in
a centrifuge-tube and shake for two days; the above treatment was repeated three times; then, the samples were
washed with water and ethanol and dried in air. The result samples (50 mg) were immersed in the diluted H2SO4 (3
M) and HsPOa4 (3 M), respectively, and then stirred 30 minutes at room temperature. The final acid-loaded samples
were obtained by centrifugation and dried in air.

Proton conduction. The four samples are put into a mold with a 2.5 mm radius and compressed under 0.46 Ton
pressure to obtain four round pellets. The thickness of samples is measured by a thickness gauge is 0.75, 0.60, 0.57,
and 0.62 mm, respectively. Then the pellets were coated with silver glue on the top and bottom, connected to gold
wires, and dried in the air. The quasi-four-probe method is used to measure the proton conductivity of the pellets.
The prepared samples are ready for Alternating current (ac) impedance analyses. In these measurements, the ac
frequency ranges from 0.1 to 10® Hz, and the temperature spans from 288 to 323 K relative humidity (RH) in the
range of 45 % and 95 %. The input voltage is 300 mV. The temperature and humidity were set to a certain value and
kept for 12 hours before measurements.

Water adsorption and desorption isotherms. Adsorption/desorption isotherms for water vapor were measured
with a BELSORP-max instrument (BEL Japan, Inc.). The samples were pretreated at 100 <C under vacuum for 12
hours.

Table S1. Crystal Data and Refinement Details for PHOS-100(Hf).
PHOS-100(Hf)

Formula Ce7Hs6F18H7024Ps
M 3084.31
CCDC No. 2041165
Crystal system Orthorhombic
Space group Cmca

al/A 17.594(3)
b/A 28.869(6)
c/A 26.289(5)

o/ deg 90

B/deg 90

v/ deg 90

vV /A3 13353(4)

V4 4

Pealed / g cm™ 1.534

F (000) 5744

w(Mo Ka) /mm! 5.584

GOF on F? 1.015

R4, wR2? [[>26(1)] 0.1056, 0.3109
(AP)max, (Ap)min/ €A -5.50,10.31
R(int) 0.1180

@Ry = X[[Fo| - [Fe|| / Z[Fo. & WR2 = [Ew(Fo? - F2)? / Zw(Fo2)?]2



Table S2. Selected Bond Distances (A) for PHOS-100(Hf).

Hf1-01 2.050(16) Hf3-F4 1.95(3)
Hf1-04A 2.06(2) Hf3-F5 2.019(18)
Hf2-02 2.11(2) P1-01 1.477(18)
Hf2-07B 2.21(3) P1-02 1.54(2)
Hf2-F1 1.87(4) P1-03 1.51(2)
Hf2-F2 1.89(3) P2-04 1.53(2)
Hf3-05C 2.07(2) P2-05 1.46(2)
Hf3-06 2.108(17) P3-06 1.480(19)
Hf3-F3 1.90(2) P3-07 1.45(3)

Symmetric codes for PHOS-100(Hf): A: 1/2-x, y, 1/2-z; B: -1/2+x, 1/2+y, z; C: 1-X, 1/2-y, 1/2+z;
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Figure S2. The topological structure of PHOS-100(Hf).



Figure S3. Asymmetric building unit of PHOS-100(Hf) with atomic labeling scheme.

Weight (%)

100

90

80

70

60

PHOS-100(Hf)

50

I I I 1
250 500 750 1000
Temperature (°C)

Figure S4. TGA curve of PHOS-100(Hf).
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Figure S5. IR spectrum of four samples.
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Figure S6. N2 adsorption and desorption isotherms of PHOS-100(Hf).
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Figure S7. PXRD patterns of samples after activating and loading acidic guest molecules.
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Figure S8. PXRD patterns of samples after water adsorption/desorption measurements recorded at 25 °C.
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Figure S9. EDS spectrum collected on the marked area of PHOS-100(Hf).

Table S3. Element distribution of PHOS-100(Hf).

Element Ac % K-Ratio Wt % mol %
N 5.85 0.01041 5.14 16.05
F 26.82 0.05266 16.92 38.90
P 17.44 0.09752 23.04 31.45
S 0.05 0.00045 0.11 0.15
Cl 0.00 0.00000 0.00 0.00
Hf 21.41 0.21414 54.79 13.45




Figure S10. EDS spectrum collected on the marked area of HCI@PHOS-100(Hf).

Table S4. Element distribution of HCI@PHOS-100(Hf).

Element Ac % K-Ratio Wt % mol %
N 0.00 0.00000 0.00 0.00

F 15.73 0.03088 9.86 31.69
P 23.01 0.12868 2151 42.37
S 0.00 0.00000 0.00 0.00
Cl 1.19 0.01043 1.78 3.07
Hf 38.99 0.38988 66.85 22.87




Figure S11. EDS spectrum collected on the marked area of H.SO4@PHOS-100(Hf).

Table S5. Element distribution of H.SO4@PHOS-100(Hf).

Element Ac % K-Ratio Wt % mol %
N 0.00 0.00000 0.00 0.00

F 6.98 0.01371 3.95 17.26
P 13.56 0.07584 15.81 42.35
S 0.83 0.00712 1.44 3.73
Cl 0.00 0.00000 0.00 0.00
Hf 38.28 0.38278 78.80 36.66




Figure S12. EDS spectrum collected on the marked area of HsPO4s@PHOS-100(Hf).

Table S6. Element distribution of Hs3POs@PHOS-100(Hf).

Element Ac % K-Ratio Wt % mol %
N 0.00 0.00000 0.00 0.00

F 15.18 0.02981 6.63 23.26
P 26.13 0.14616 23.57 50.68
S 0.00 0.00000 0.00 0.00
Cl 0.00 0.00000 0.00 0.00
Hf 42.45 0.42448 69.81 26.06




140 -
—e— PHOS-100(Hf) adsorption
120 —0— PHOS-100(Hf) desorption
_ HCl@PHOS-100(Hf) adsorption
£ 1009 HCI@PHOS-100(Hf) desorption
g
< 804
)
=9
=
o 604
[
=
40
20
e se vty oy
PRSP eSS he St St
o Jeo T . : : .
0.0 0.2 0.4 0.6 0.8 1.0
P/P

Figure S13. Water adsorption (filled circles) and desorption (open circles) isotherms of PHOS-100(Hf) and
HCI@PHOS-100(Hf) at 25 °C.
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Figure S14. Water adsorption (filled circles) and desorption (open circles) isotherms of H.SO4@PHOS-100(Hf)
and HsPO4@PHOS-100(Hf) at 25 °C.
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Figure S15. Nyquist plots for the pellet of PHOS-100(Hf) at 25 °C and various RH. Up: RH increases from 45 to

95%.
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Figure S16. Nyquist plots for the pellet of HCl@PHOS-100(Hf) at 25 °C and various RH. Up: RH increases from
45 t0 95%.
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Figure S17. Nyquist plots for the pellet of H2SO4@PHOS-100(Hf) at 25 °C and various RH. Up: RH increases
from 45 to 95%; Down: The enlarged view of graph.
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Figure S18. Nyquist plots for the pellet of HiPOs@PHOS-100(Hf) at 25 °C and various RH. Up: RH increases
from 45 to 95%; Down: The enlarged view of graph.
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Figure S19. Nyquist plots for the pellet of PHOS-100(Hf) at 25 °C and various RH. Up: RH decreases from 95 to

55%.
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Figure S20. Nyquist plots for the pellet of HCl@PHOS-100(Hf) at 25 °C and various RH. Up: RH decreases from

95 to 55%.
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Figure S21. Nyquist plots for the pellet of H2SO4@PHOS-100(Hf) at 25 °C and various RH. Up: RH decreases

from 95 to 55%; Down: The enlarged view of graph.
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Figure S22. Nyquist plots for the pellet of HsPOs@PHOS-100(Hf) at 25 °C and various RH. Up: RH decreases

from 95 to 55%; Down: The enlarged view of graph.
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Figure S23. Nyquist plots for PHOS-100(Hf) at 95% RH and various temperatures. Up: Temperature increases from

15 to 50 °C.
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Figure S24. Nyquist plots for HCl@PHOS-100(Hf) at 95% RH and various temperatures. Up: Temperature

increases from 15 to 50 °C.
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Figure S25. Nyquist plots for H2SO4@PHOS-100(Hf) at 95% RH and various temperatures. Up: Temperature

increases from 15 to 50 °C; Down: The enlarged view of graph.
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Figure S26. Nyquist plots for H;PO4s@PHOS-100(Hf) at 95% RH and various temperatures. Up: Temperature

increases from 15 to 50 °C; Down: The enlarged view of graph.
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Figure S27. Nyquist plots for PHOS-100(Hf) at 95% RH and various temperatures. Up: Temperature decreases

from 50 to 15 °C.
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Figure S28. Nyquist plots for HCl@PHOS-100(Hf) at 95% RH and various temperatures. Up: Temperature
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Figure S29. Nyquist plots for H2SO4@PHOS-100(Hf) at 95% RH and various temperatures. Up: Temperature

decreases from 50 to 15 °C; Down: The enlarged view of graph.
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Figure S30. Nyquist plots for HsPO4s@PHOS-100(Hf) at 95% RH and various temperatures. Up: Temperature

decreases from 50 to 15 °C; Down: The enlarged view of graph.
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Figure S31. Plots of log (¢T) vs. 1000/T for all samples at 95 % relative humidity.

Table S7. Elemental analysis of all samples.

Sampie Element ratio Cc H N
PHOS-100(Hf) 31.66% 3.86% 3.52%
HCI@PHOS-100(Hf) 26.65% 3.85% 0.39%
H2SO4@PHOS-100(Hf) 26.66% 4.17% 0.38%
H3PO4@PHOS-100(Hf) 27.94% 3.93% 0.40%

Table S8. Calculation of doped different acidic guest molecules.

HClI@PHOS-100(Hf) | H2SO4@PHOS-100(Hf) | H3PO4@PHOS-100(Hf)

n(S/Hf) 0 0.10
n(P/Hf) 1.85 1.94
Molecules per unit 0.7 0.6




Table S9. Comparison of proton conductivity of PHOS-100(Hf) with some other representative MOFs-based proton
conductors measured under various condition.

MOFs Conditions Before | After Conditions Ref
IL@MIL-101 No ionic liquid 1.1x107 4.4x107? 50 °C 4
23% RH
Cr-MIL-88B-PSA No PSA 61073 1.58x101 | 100 °C 5
85 % RH
H2S0s (1 M) @MIL-101(Cr)-NH- | No H2SO04 4.8x10% | 1.3x101 | 90°C 6
(CH2)3SOsH 95 % RH
TEPA@ZIF-8-H2CO3 No TEPA 4.5%10® 2.08x10° | 20 °C 7
99 % RH
H2SO4@MIL-101-SOsH No H2S04 Lower 4 | 1.82 70 °C 8
orders of 95 % RH
magnitude
ImM@MOF-808 No Im Lower 1 | 3.45x102 | 65°C 9
order of 99 % RH
magnitude
[CulsCullsLa]n-NHs No NHs 4.9%<10* 1.13%102 | 100 °C 10
98 % RH
[Sr(je-H2PhIDC)2(H20)4] 2H20 water 1.91x10% | 4.76x102 | 90 °C u
98 % RH
ammonia
His@VNU-23 No His 1.54x10* | 1.79x102 | 95°C 12
85 % RH
{[Cos(p-CIPhHIDC)3(H20)3] 6H20}» | No NHs 2.47x10% | 4.25%102 | 90 °C 13
93 % RH
ImM@(NENU-3) Im-Cu@(NENU-3a) | 3.16x10* | 1.82x102 | 70 °C 14
90 % RH
Im—Fe—-MOF No Im 1.25%10* | 1.21x102 | 60 °C 15
98 % RH
Mg(terephthalate)(pyridinol) @Cs* No Cs* 8.3%106 1.61x102 | 90 °C 16
90 % RH
NHsBr@HKUST-1 No NH4Br 1.04x108 | 8.99%10* | 25°C o
99 % RH




H*@Ni(dobdc) No H* 1.4x104 | 2.2x102 | 80 °C 18

95 % RH
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