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1. Experimental section

1.1 Materials.

All chemicals were reagent grade and used without any further purification. Zinc oxide (ZnO) nanopowder (<
100 nm particle size, 99.99% trace metals basis) was purchased from Sigma-Aldrich. Imidazole (Im) was
purchased from Nacalai Tesque, Inc. Benzimidazole (BIm) and phosphoric acid (HsPO4, 85% in H,0) were
purchased from Tokyo Chemical Industry Co., Ltd.

1.2 Synthesis of [Zn(HPO,4)(H,PO,)]1(H,Im); (ZnPIm).

ZnPIm was synthesized via a reported method.! Zinc oxide (81 mg, 1 mmol), imidazole (136 mg, 2 mmol),
ethanol (500 pL), and phosphoric acid (205 pL, 3 mmol) were added to a mortar and ground for 30 minutes.
The obtained white precipitate was filtered and washed with ethanol three times. The product was dried at
80 °C in the oven and evacuated overnight to get the dried sample.

1.3 Synthesis of [Zn3(H,P0,)¢(H,0);1(HBIM) (ZnPBIm-H,0).

ZnPBIm-H,0 was synthesized via a reported method.? Zinc oxide (243 mg, 3 mmol), benzimidazole (118 mg, 1
mmol), and phosphoric acid (85% in H,0, 402 uL, 6 mmol) were loaded into a Teflon jar with a steel-cored 15
mm Teflon ball. The mixture was ground for 60 min in a Retch MM400 grinder mill operating at 25 Hz. The
obtained powder was then evacuated at 30 °C overnight. An anhydrous phase (ZnPBIm) was obtained by
heating under vacuum at 80 °C for 12 h.

1.4 Material characterizations. Powder X-ray diffraction (PXRD) patterns were collected using a Bruker
D8ADCANCE with CuKa anode (A = 1.5405 A). Thermalgravimetric analysis (TGA) and differential thermal
analysis (DTA) results were collected using a Rigaku Thermo plus TG 8122 apparatus with a heating rate of 10
°C min~! under flowing N,. Pt TGA pans were used to avoid any side reactions. Differential Scanning
Calorimetry (DSC) was collected using Perkin EImer model-lab system-8500 under N, atmosphere (Pt crucible,
10 K min~1). All samples were dried under vacuum before each measurement to avoid the contribution from
dehydration. The impedance measurements were performed using an Autolab PGSTAT302N plus FRA32M
module over the frequency range of 1 Hz—1 MHz with an input voltage amplitude of 30 mV in a current range
of 1 mA. Samples were filled in a liquid state and cooled down to room temperature (melt-quenching).
Crystalline sample (ca. 50 mg) was pressed at 500 kgf for 2 min using 5 mm die. The pellet was sandwiched
between two gold electrodes. All samples were measured under N, atmosphere. Collected data were analysed
using Autolab software via equivalent circuit fitting. Scanning electron microscope (SEM) images were taken
using a JEOL JSM-7610F after Pt plasma-chemical vapour deposition. Dynamic mechanical analysis and
viscosity measurement were evaluated via a rotational parallel-plate rheometer (Discovery Hybrid Rheometer
HR20 - TA instruments) under N, flow. IR spectra were obtained using a Bruker ALPHA Il FT-IR spectrometer
with a Universal ATR accessory under N,. X-ray total scattering was collected at the BLO4B2 beamline at the
Super Photon ring-8 GeV (SPring-8, Hyogo, Japan) with four CdTe and two Ge detectors covering the Q range
up to 25 A-1(61.377 keV; A = 0.2020 A). Each sample was filled in a Lindemann glass capillary with a diameter
of 2 mm and sealed inside an Ar-filled glove box. The collected scattering data was applied absorption,
background, and Compton scattering corrections then normalised to give the Faber-Ziman total structure
factor S(Q). The pair distribution function (PDF) was calculated by Fourier transforming the S(Q) with a Lorch
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modification function.3* For extended X-ray absorption fine-structure spectroscopy, each sample was mixed
with boron nitride and pressed into pellets with a diameter of 10 mm (0.5 mm thick) and sealed inside an Ar-
filled glove box. The synchrotron X-ray absorption spectra in the energy region of the Fe K-edge were collected
in transmission mode on the BLO1B1 beamline at the Super Photon ring-8 GeV (SPring-8, Hyogo, Japan).
Fourier transformation was k3-weighted in the k range of 3.0 to 14 A-L. The data processing and fitting were
performed with Athena and Arthemis software, respectively. N, adsorption isotherms were obtained using
BELSORP-miniX, MicrotracBEL Crop. 300 mg of samples were pretreated for 24 h at 70 °C before the actual
measurements.
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2. Supplementary figures and tables
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Fig. S1 PXRD of ZnPBIm and ZnPBIm-H,0.
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Fig. S2 PXRD of ZnPIm (blue) and simulated pattern from crystal structure (red).
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Fig. S3 PXRD of ZnPBIm-H,0 (blue) and simulated pattern from crystal structure (red).
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Fig. S4 TGA (black) and DTA (red) of ZnPIm under N, flow.
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Fig. S5 TGA (black) and DTA (red) of ZnPBIm under N, flow.
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Fig. S6 DSC of ZnPIm under N, flow. Blue curves represent the first heating and cooling cycles, while red curves
display the second cycles.

S6



10

Heat flow / mW mg™"

-30 0 30 60 g0 120 150 180
Temperature / °C

Fig. S7 DSC of ZnPBIm under N, flow. Blue curves represent the first heating and cooling cycles, while red
curves display the second cycles.
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Fig. S8 Powder X-ray diffraction (PXRD) patterns of ZnPIm, ZnPBIm-H,0, and ZnPIm,_,ZnPBIm-H,0, mixtures.

S7



NH bending

CH stretchings

T CC stretchings
NH stretchings

ring stretchings

Intensity / arb.units

ring bending
CH bending

ZnPIm
I 1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000

Wavenumber / cm™

Fig. S9 FTIR spectra of ZnPIm and imidazolium peaks labelling. Assignments are based on ref 6, 7.
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Fig. S10 FTIR spectra of ZnPBIm and benzimidazole peaks labelling. Assignments are based on ref 8, 9.
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Fig. S11 FTIR spectra of ZnPIm,_,ZnPBIm, where x=0, 0.1, 0.3, 0.5, 0.7, 0.9, 1.0.
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Fig. S12 TGA (black) and DTA (red) of ZnPImyZnPBImg, under N, flow.
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Fig. S13 TGA (black) and DTA (red) of ZnPImg;ZnPBImg; under N, flow.
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Fig. S14 TGA (black) and DTA (red) of ZnPImg sZnPBImg s under N, flow.
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Fig. S15 TGA (black) and DTA (red) of ZnPImg3ZnPBImg_; under N, flow.
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Fig. S16 TGA (black) and DTA (red) of ZnPImg;ZnPBImgs under N, flow.
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Fig. S17 DSC of ZnPlmgy¢ZnPBImg; under N, flow. Blue curves represent the first heating and cooling cycles,
while red curves display the second cycles.
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Fig. S18 DSC of ZnPIlmg;ZnPBImg3; under N, flow. Blue curves represent the first heating and cooling cycles,
while red curves display the second cycles.
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Fig. S19 DSC of ZnPIlmgsZnPBImgs under N, flow. Blue curves represent the first heating and cooling cycles,
while red curves display the second cycles.
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Fig. S20 DSC of ZnPImg3ZnPBImg; under N, flow. Blue curves represent the first heating and cooling cycles,
while red curves display the second cycles.
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Fig. S21 DSC of ZnPIlmg ;ZnPBImg o under N, flow. Blue curves represent the first heating and cooling cycles,
while red curves display the second cycles.
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Fig. S22 N, adsorption isotherms at 77 K of ZnPIm and ZnPIm-g. Adsorption and desorption processes are
represented by Filled and hollow symbols, respectively.
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Fig. $23 N, adsorption isotherms at 77 K of ZnPBIm and ZnPBIm-g. Adsorption and desorption processes are
represented by Filled and hollow symbols, respectively.
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Fig. $24 N, adsorption isotherms at 77 K of ZnPImg sZnPBImg s and ZnPIlmg sZnPBImg s-g. Adsorption and
desorption processes are represented by Filled and hollow symbols, respectively.
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Fig. $25 FTIR spectra of ZnPIm,_,ZnPBIm,-g where x=0, 0.1, 0.3, 0.5, 0.7, 0.9, 1.0.

Fig. $26 SEM images of ZnPImg sZnPBImg ;-g with (A) x1000 maghnification and (B) x25 magnification. Scale bars
of (A) 10 um and (B) 1 mm.
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Fig. S27 SEM images of ZnPImy ;ZnPBImg o-g with (A) x1000 maghnification and (B) x25 magnification. Scale bars
of (A) 10 um and (B) 1 mm.
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Fig. $28 Pair distribution function (PDF) and PDF peak assignment of ZnPIm-g and ZnPIm,_,ZnPBIm,-g (x = 0.1,
0.5, 0.9).
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Fig. $29 Normalized X-ray absorption spectroscopy (XAS) spectra of ZnPIm,_,ZnPBIm,-g where x =0, 0.1, 0.5,
0.9, and 1.0.
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Fig. S30 Fourier transform extended X-ray absorption fine structure (EXAFS) at Zn K-edge of ZnPIm,_,ZnPBIm,-
g wherex=0,0.1,0.5,0.9, and 1.0.
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Fig. $31 Anhydrous H* conductivity of ZnPIm,_,ZnPBIm,-g where x =0, 0.1, 0.5, 0.9, and 1.0.
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Table S1. T, and T,, of ZnPIm,_,ZnPBIm, where x =0, 0.1, 0.5, 0.9, and 1.0.

T,/ °C Tm/°C To/Tm

ZnPIm 10.8 158 0.66
ZnPImgoZnPBImg 4 11.9 151 0.67
ZnPImg7ZnPBImg 3 16.4 160 0.67
ZnPImgsZnPBlmgs 20.7 148 0.70
ZnPImg3ZnPBImg; 221 164 0.68
ZnPImg1ZnPBImgg 25.4 136 0.73
ZnPBIm 26.2 161 0.69

Table S2. Viscosity reference temperature from ref 10.

Reference temperature Viscosity / Pa:s
Practical melting temperature =1to 10!
Working point 103
Littleton softening point 1066
Dilatometric softening temperature 108 to 10°
Glass transformation temperature =103
Annealing point 102 or 1024
Strain Point 10135
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