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Section 1: Supplementary Experiments 

NMR analysis 

1
H NMR (400 MHz, DMSO-d6): δ 9.33 (s, 2H, C−H), δ 14.3 (s, 2H, N−H). 

13
C NMR (100 MHz, 

DMSO-d6): δ 143.16, δ 39.39. 

Temperature-dependent powder XRD patterns for a pressed cylindrical dense pellet: 

Temperature-dependent powder XRD patterns for a pressed cylindrical dense pellet of 1 was 

recorded in an argon atmosphere from 25 °C to 160 °C on a powder X-ray diffractometer (X'Pert 

PRO, PANalytical) using Cu Kα radiation (λ = 1.5406 Å). The cylindrical dense pellet was prepared 

by uniaxial pressing of fine powders of 1 in a 10 mm diameter metal die under 20 kN (corresponding 

to a pressure of 255 MPa) for 1 min. Measurements were done in a high-temperature oven chamber 

(HTK 1200N, Anton Paar) using a coin-like metal sample holder. The heating element installed is a 

Kanthal APM (Cr: 22%; Al: 5.8%; Fe: rest) and the thermocouple is a Pt-10%Rh-Pt sensor (type 

S). The sample was stabilized at each measurement temperature (accuracy: ±1 °C) for about 20 

min before each measurement. The temperature ramp between two consecutive temperatures was 

2 °C min
−1

. Each measurement consisted of a θ−2θ scan from 10° to 50° with a step size of 0.052° 

and a scan speed of 0.039° s
−1

. 

Comparison of moisture absorbing property: 

Certain amounts of 1 and 85% H3PO4 were weighed in dry and clean beakers and then placed on a 

dry plate in a closed pot with plenty of water filled at the bottom of the pot to compare the respective 

gain of weight at room temperature after 48 h. The air in the closed system could be considered near-

ly fully humid. It was found that 1 was not hygroscopic without detectable gain of weight (accuracy 

of the balance used: ± 0.1 mg) while 85% H3PO4 showed obvious increase of weight (∆m/m × 100% 

= 
        

          
      = 9.79%) indicating its strong moisture absorbing property. 

 

 

 

 



4 

 

Section 2: Supplementary Infrared, Thermal and Structural Analysis 

Infrared analysis 

The absence of both of the O−H stretching bands between 3400 and 3800 cm
−1

 and the H−O−H 

bending band at around 1650 cm
−1

 in the FT-IR spectrum (Fig. S1) confirms the very low water 

content of 1.
[S1−S3]

 The ultra-low water content may also be further indicated by the material’s ultra-

low ionic conductivity of 3.21 × 10
−10

 S cm
−1

 at 65 °C in the ordered crystalline state (Fig. 11). The 

bands at 3230, 3163 and 2941 cm
−1

 are associated with N−H stretching.
[S4,S5]

 The peak at 3136 cm
−1

 

is attributed to the C−H stretch of the triazole ring.
[S6]

 In addition, the bands at 1533 and 943 cm
−1

 

are assigned to the ring stretching and N−H out-of-plane bending of the 1,2,4-triazolium cations, 

respectively.
[S6]

 The peaks at 1354, 1262, 1221, 1193, 1165, 1138, 1064, 1040, 1023, 903, 805, 740 

and 659 cm
−1

 are associated with the CF3(CF2)3SO3
−
 anions.

[S7−S11]
 For instance, the sharp 

absorption bands at around 1262 and 1193 cm
−1

 may correspond to the SO3 asymmetric stretching 

vibration.
[S7,S8]

 This spectral feature is characteristic for a sulfonate anion strongly involved in 

a hydrogen bond.
[S9]

 The peaks at 1064, 1040 and 1023 cm
−1

 are attributed to the SO3 symmetric 

stretching vibration of sulfonate anions.
[S7,S10]

 The peak at 1221 cm
−1

 may be due to the 

perfluorobutyl functional groups of 1.
[S7,S11] 

Thermal analysis 

The relatively large ΔSIIIII of 26.0 J K
−1

 mol
−1

 (Fig. 3) implies that the ions in 1 have a large 

extent of orientational freedom in Phase II. Assuming that the configurational entropy is the most 

dominant contribution for solid-solid phase transitions, the entropy change can be approximated 

according to Equation (S1): 

                                                                                                                                       (S1) 

where R is the universal gas constant (8.314 J mol
−1

 K
−1

), and n1/n2 is the ratio of the number of 

orientational freedoms of constituent molecules in the high and low temperature phases, 

respectively.
[S12,S13]

 A ratio of 22.8 is obtained for ΔSIIIII and this value is considered to account for 

the change in the number of orientations of all ions at TIIIII. Moreover, compared with imidazolium 
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methanesulfonate (Tmp = 188 °C, TIII = 174 °C),
[S14]

 1 exhibits a similar melting point but a much 

lower solid-solid phase transition temperature (TIIIII = 76.8 °C, TIII = 87.2 °C). 

During the cooling scan, three corresponding exothermic peaks were recorded in the DSC trace 

(Fig. 3). Firstly, 1 crystallizes at around 176.8 °C with a sudden release of latent heat, which is 

similar to some reported plastic crystals.
[S15,S16]

 The crystallization results in a slightly increased 

sample temperature in the dynamic DSC experiment as a loop in the cooling curve is seen at the 

crystallization temperature. Furthermore, each of the two reversible heat anomalies at 

76.8 °C/47.2 °C and 87.2 °C/86.6 °C (on heating/cooling) displays a well-shaped peak on the DSC 

curve and a temperature hysteresis, proving the transformations of phase III  phase II and phase II 

 phase I are both first-order solid-solid phase transitions.
[S17]

 DSC tests of 1 in the form of a 

pressed dense pellet (Fig. S6) or at a lower heating/cooling rate of 2 °C min
−1

 for fine powders (Fig. 

S7) are consistent with the DSC traces for fine powders of 1 recorded at 5 °C min
−1

 (Fig. 3). 

Variable-temperature powder XRD analysis 

To characterize the low temperature transitions at 76.8 °C and 87.2 °C as shown in the DSC trace 

(Fig. 3), fine powders of 1 were heated from 25 °C to 160 °C and the structural features were 

monitored by temperature-dependent powder XRD. As shown in Fig. 4, several diffraction peaks 

disappear or appear during the two endothermic transitions. When the sample was heated from 25 °C 

to 73 °C, the powder XRD patterns were basically the same. From 74 °C to 78 °C, two large 

reflections at 2θ = 17.9° and 23.8° as well as some minor reflections at 2θ = 11.4°, 12.5°, 14.2°, 

16.2°, 18.5°, 22.7°, 27.6°, 33.9°, 34.6°, 37.5° and 43.6° become weaker and disappear completely 

before 77 °C or 78 °C. In particular, two major reflections at 2θ = 29.7° and 35.8° diminish quickly 

and disappear completely at around 80 °C, indicating clearly a transformation between two different 

crystalline structures and a likely increase in space group symmetry. These changes confirm the first 

endothermic transition (phase III  phase II), whose onset temperature is 76.8 °C and peak 

temperature is 78.4 °C, to be a solid−solid phase transition. This phase transition is accompanied by 

an evident entropy change, ΔSIIIII, of 26.0 J K
−1

 mol
−1

. 
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Meanwhile, starting from 74 °C, several new reflections emerge at 2θ = 13.8°, 16° and 19.5° and 

grow sharper and stronger at 85 °C while the weak diffraction peaks at 2θ = 17.4° and 32.3° vanish 

at about 82 °C. From 81 °C to 85 °C, obvious diffraction peaks at 2θ = 21.9°, 27.4° and 32.9° begin 

to arise. In addition, weak diffraction peaks at 2θ = 16.5°, 16.7° and 29.3° begin to appear at 82 °C. 

From 85 °C to 160 °C, the powder XRD patterns of the sample remain almost the same except a 

gradual shift in the peak positions toward lower 2θ values with increasing temperature due to 

continuous minor structural changes (i.e. thermal expansion of the lattice). Therefore, the second 

endothermic transition (phase II  phase I) at 87.2 °C in the heating scan of DSC trace is proved to 

be another solid−solid phase transition, though with a smaller entropy change, ΔSIII, of 5.35 J 

K
−1

 mol
−1

. The slight difference in onset temperatures of lattice transformation and thermal 

transition should be related to the different heating methods for powder XRD and DSC 

measurements.
[S14]

 The sharp reflections suggest that 1 possess long-range-ordered structures in 

phase I, II and III. While all of the diffraction peaks belong to the room temperature (phase III) 

powder XRD pattern completely disappear in phase I (the highest temperature solid phase), the 

powder XRD patterns of phase I are observed to be simpler, implying a more symmetric lattice 

system and phase I as a plastic phase.
[S12,S14,S15,S17−S23]

 The reduction of diffraction peaks in phase I 

indicates the presence of dynamic rotational disorder which leads to the plastic properties. In 

addition, the increased rotating motion of ions increases the thermal factors of the atoms in the 

lattice and prevents diffraction in the high-2θ-angle region (e.g., 2θ > 35° above 82 °C as shown in 

Fig. 4).
[S23]

 

Furthermore, Fig. S9 compares the powder XRD patterns of a pressed cylindrical dense pellet and 

fine powders of compound 1 at 25 °C. The pellet was formed by uniaxial pressing of fine powders. 

While the fine powders show relatively clear and well resolved Bragg reflections with a weak dif-

fuse background, the dense pellet shows an increase in intensity of the diffuse scattering background 

and an alteration in peak intensities, which might indicate the disorder.
[S24,S25]

 When the temperature 

goes up to 160 °C (Fig. S10), the fine powders exhibit disorder as evidenced by the amorphous type 

diffraction which underlies the peaks.
[S24]

 Meanwhile, the pellet displays simpler powder XRD 

patterns (vs. Fig. S9a and S10b) with remarkable alteration in peak intensities and some peaks 
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missing, again suggesting stronger rotational disorder in the plastic phase (phase I), which corre-

sponds to the increased ionic conductivity (Fig. 11). 

Single-crystal XRD analysis 

The geometry of the anion (Fig. 7) is not linear as one may expect for a n-butyl chain as can be 

seen by the torsion angles along the chain (e.g., S6−C10−C13−C16 = −162.1(2)° at −173 °C and 

−170.5(6)° at 27 °C; C10−C13−C16−C19 = −162.6(3)° at −173 °C and −174.6(12)° at 27 °C). 

It was also attempted to record single-crystal XRD data above 27 °C and above the transition 

temperatures of phase III  phase II and phase II  phase I. Above 27 °C, the thermal motion of 

the perfluorobutyl chains increased further and made the structure refinements of very poor quality. 

Above the transition temperature of phase III  phase II, it was evident that the recorded diffraction 

patterns were no longer of single crystals so no structural information could be obtained. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



8 

 

Section 3: Supplementary Figures 

 
Fig. S1. FT-IR spectrum of powders of compound 1 recorded on a Bruker VERTEX 70 FT-IR 

spectrometer with an ATR accessory at room temperature. The inset is the complete IR spectrum, 

showing the absence of the H−O−H bending band of water at ~1650 cm
−1

. 

 

 

 

 
Fig. S2. Raman spectra of 1 in the form a pressed thin-film pellet (top curve) and 1H-1,2,4-triazole 

in the form of a plate (bottom curve) at 30 °C. Data were recorded on a WITec Project system using 

a 785 nm excitation laser line. No traces of 1H-1,2,4-triazole have been detected in the Raman 

spectrum of 1. 
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Fig. S3. Thermogravimetric analysis (TGA) of 1 recorded in a nitrogen atmosphere (60 mL min

−1
) at 

a heating rate of 5 °C min
−1

. The onset temperature of weight loss was used as the decomposition 

temperature (Td). The one-step weight loss process also confirms the high purity of 1. 

 

 

 

 
Fig. S4. TGA trace of 1 recorded in an air atmosphere (60 mL min

−1
) at a heating rate of 10 °C 

min
−1

, indicating that compound 1 is thermally stable in air. 
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Fig. S5. Polarized optical microscopic images for powders of compound 1 placed between two glass 

plates during reheating from room temperature (phase III) to phase I, excluding the possibility of 

partial melting of 1 at around 77 °C and 87 °C. The heating rate was 10 °C min
−1

. Pictures were 

taken of the instant images shown on a Sony Trinitron monitor by using an iPhone 4S camera. 
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Fig. S6. DSC curves of 1 in the form of a pressed dense pellet with a diameter of 5 mm (sample 

mass: 45.37 mg). The onset temperatures and entropy changes for each phase transition are given. 

The heating/cooling rate was 2 °C min
−1

. The pellet is expected to have better contact with aluminum 

hermetic pans during DSC measurements than fine powders. The sudden release of latent heat 

during the solidification is also seen for 1 in the form of a pressed dense pellet. 

 
Fig. S7. DSC curves of 1 in the form of fine powders (sample mass: 19.47 mg) at a heating/cooling 

rate of 2 °C min
−1

. The onset temperatures and entropy changes for each phase transition are given. 

Similar to Fig. 3 and Fig. S6, the sudden release of latent heat during the solidification is also seen 

for 1 at a lower cooling rate. Again, the crystallization results in a slightly increased sample 

temperature in the dynamic DSC experiment as a loop in the cooling curve is seen at the 

crystallization temperature. 



12 

 

 
Fig. S8. SEM images of a plate, which was formed by natural solidification of melts of 1 in air. 

Images were acquired at different temperatures under a vacuum of around 3.0 Torr (i.e. ~400 Pa) 

with an acceleration voltage of 25.0 kV. Slip planes and steps on the fracture of the plate at (a) 25 °C, 

(b) 82 °C and (c) 121 °C, corresponding to phase III, II and I, respectively. (d) Slip planes appearing 

at the surface of the plate at 28 °C. The holes are probably due to gas bubbles. 
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Fig. S9. Powder XRD patterns of (a) a pressed cylindrical dense pellet and (b) fine powders of 

compound 1 at 25 °C. The cylindrical dense pellet was prepared by uniaxial pressing of fine powders 

of 1 in a 10 mm diameter metal die under 20 kN (corresponding to a pressure of 255 MPa) for 1 min. 

Measurements were done in a high-temperature oven chamber (HTK 1200N, Anton Paar) with Ar 

atmosphere. The overall shift to higher 2θ values (also in Fig. S10) for peak positions of fine 

powders compared with those of the pressed dense pellet is most likely due to the error of height 

adjustment before measurement. The same X-ray diffractometer (X'Pert PRO, PANalytical) using 

Cu Kα radiation (λ = 1.5406 Å) was employed. Measurements were done in the same high-

temperature oven chamber (HTK 1200N, Anton Paar) with argon atmosphere. Step size: (a) 0.052°; 

(b) 0.026°. Scan speed: (a) 0.039° s
−1

; (b) 0.011° s
−1

.  
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Fig. S10. Powder XRD patterns of (a) a pressed cylindrical dense pellet and (b) fine powders of 

compound 1 at 160 °C after the measurements at 25 °C shown in Fig. S9. The overall shift to higher 

2θ values for peak positions of fine powders compared with those of pressed pellet is most likely due 

to the error of height adjustment before the measurement. It is clear that the reflections of fine 

powders of 1 include all of those of the pressed dense pellet of 1 with remarkable alteration in peak 

intensities and even some peaks missing (marked by red dashed line) in the latter. The fine powders 

exhibit disorder as evidenced by the broad amorphous type diffraction which underlies the peaks. 

The same X-ray diffractometer (X'Pert PRO, PANalytical) with Cu Kα radiation (λ = 1.5406 Å) was 

used. Measurements were done in the same high-temperature oven chamber (HTK 1200N, Anton 

Paar) with argon atmosphere. Step size: (a) 0.052°; (b) 0.026°. Scan speed: (a) 0.039° s
−1

; (b) 0.011° 

s
−1

. 
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Fig. S11. View of the crystal structure of 1 at −173 °C showing the hydrogen bonds between one 

1,2,4-triazolium cation and three neighbouring perfluorobutanesulfonate anions (symmetry codes: 
i
 

−1+x,−1+y,z; 
ii 

x,−1+y,z; 
iii 

−1+x,y,z). 
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Fig. S12. View of the packing in the crystal structure of 1 at 27 °C (C: grey; H: white; F: green; N: 

blue; O: red; S: yellow). 
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Fig. S13. Variable-temperature FT-IR spectra of 1 in the temperature range of 82−190 °C: (a) 

82−120 °C; (b) 140−160 °C; (c) the evolution of the IR spectrum of the sample when the 

temperature reached 165 °C for 3, 9, 11, 15, and 20 min; (d) the IR spectra of the sample when it 

was heated at 165 and 170 °C for 3 and 7 min, respectively; (e) the evolution of the IR spectrum of 

the sample when the temperature reached 170 °C for 7, 10, 15, 20 and 25 min; (f) 170−190 °C. The 

sample was thermally equilibrated at each temperature for at least 15 min (unless otherwise specified) 

prior to the measurements. The heating rate was 1 °C min
−1

 between two consecutive temperatures. 

Note that the IR spectra of the crystal of 1 at temperatures ≤ 160 °C were stable and did not change 

with time. As from 165 °, the sample was no longer a single crystal (Fig. S17 and S18). 
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Fig. S14. FT-IR spectrum of 1-methylimidazolium perfluorobutanesulfonate at room temperature 

without exhibiting sharp vibrational modes at around 1419 and 1396 cm
−1

.
[S26]
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Fig. S15. FT-IR spectrum of 1,2,4-triazolium benzenesulfonate at room temperature, showing sharp 

vibrational frequencies at 1422 and 1390 cm
−1

.
[S26]
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Fig. S16. Images of the single crystal recorded during variable-temperature FT-IR measurements at 

60, 70, 80, 82, 85, 90, 120, 140, 150 and 160 °C, respectively. From 28 °C to 70 °C, the heating rate 

was 5 °C min
−1

 between two consecutive temperatures and was adjusted to 1 °C min
−1

 from 70 °C 

onwards. The sample was thermally equilibrated at each temperature for at least 15 min prior to the 

measurements. Images were taken by using the FT-IR imaging microscope (with a 15× objective 

lens) of Varian 670-IR FT-IR spectrometer. The crystal was in the central square. 
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Fig. S17. The evolution of the optical microscopic images of the sample when the temperature 

reached 165 °C for 4, 7, 9, 11, 15, and 20 min. Images were taken by using the FT-IR imaging 

microscope (with a 15× objective lens) of Varian 670-IR FT-IR spectrometer. The sample, which 

was a crystal in the central square at the beginning, spreaded to its surroundings as if it flows. 

Together with Movie S1 showing the dynamic changes of the crystal of 1 heated at 165 °C, the 

morphological changes upon heating from 160 °C to 165 °C may indicate a thermal-induced plastic 

flow. The seemingly "melting" process shown in the supplementary movie (Movie S1) is actually 

not a melting process. The exclusion of the "melting" is supported by the DSC (Fig. 3, Fig. S6 and 

S7) and temperature-dependent powder XRD (Fig. S18) measurements for 1 as well as visual 

observations for a bulk sample of 1 during heating. 
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Fig. S18. Temperature-dependent powder XRD patterns of powders of 1 from 160 °C to 185 °C in 

an argon atmosphere. The powders were used as synthesized (after purification) without being 

further ground into fine powders. The sample was stabilized at each measurement temperature 

(accuracy: ±1 °C) for about 20 min prior to the measurement. The temperature ramp between two 

consecutive temperatures was 5 °C min
−1

. Measurements were carried out on a powder X-ray 

diffractometer (X'Pert PRO, PANalytical) using Cu Kα radiation (λ = 1.5406 Å). Each measurement 

consisted of a θ–2θ scan from 5° to 60° with a step size of 0.052° and a scan speed of 0.048° s
−1

. 

Clearly, the sample began to lose its crystallinity at 165 °C. At temperatures ≥ 170 °C, it can be 

considered to be an amorphous material, implying the greatly increased disorder. Note that 1 melts at 

around 181 °C. Importantly, visual observation confirms that 1 is still solid before 181 °C. 
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Fig. S19. OCV at 25 °C versus time evaluated using the following electrochemical cell: H2, 

Pt/C|pressed pellet of powders of 1|Pt/C, air. The gases were both dry. The powders were used as 

synthesized (after purification) without being further ground into fine powders. The fact that the 

OCV values were almost constant over 4000 seconds demonstrates the stability of the material in the 

dry hydrogen/air fuel cell environments. It should be noted that after grinding into fine powders, 

better OCV profiles are expected as evidenced in Fig. 14b, which is likely due to the resulting 

denser pellet as the elelectrolyte for fuel cells. 
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Section 4: Supplementary Table 

Table S1. Fitting slopes of the polarization curves shown in Fig. 14a. 

T/°C Slope/(MΩ cm
2
)
a
 R

2 b
 σ/(S cm

−1
)
c
 

120 0.31262 0.958 3.1988 × 10
−7

 

130 0.17139 0.99021 5.8346 × 10
−7

 

140 0.09599 0.99658 1.0418 × 10
−6

 

150 0.05885 0.99886 1.6992 × 10
−6

 

160 0.05267 0.99698 1.8986 × 10
−6

 

170 0.05209 0.99929 1.9198 × 10
−6

 

180 0.01097 0.99806 9.1158 × 10
−6

 

a
 Slope = resistance × area, where area = 0.5 cm

2
. 

b
 R

2
: correlation coefficient. 

c
 σ = d/slope, 

where the thickness, d, of the cylindrical pellet is 0.10 cm. 

 

We show that the direct current (DC) ionic conductivity of the pellet of the material in an 

operating fuel cell determined from the polarization curve agrees well with the alternating current 

(AC) ionic conductivity for a similar pellet of the POIPC 1. This may be considered as additional 

proof that the material has significant proton conductivity, so that protonic conductivity constitutes 

the majority of the ionic conductivity in the lower plateau region (phase I, 100−155 °C). The reasons 

are explained as follows:  

(a) Qualitatively, the very high open circuit voltage (OCV) (as high as 1.05 V at 150 °C) of our 

POIPC material provides evidence of long-range proton conduction. If we look at the principle of 

fuel cells, proton transfers across the "membrane" between anode and cathode is a vital process for 

the operating of fuel cells. As the OCV is high (approaching the theoretical value), that means the 

fuel cell reactions happen with long-range proton transfers from the anode to the cathode to 

complete the net reaction of "H2 + 1/2 O2  H2O". As the perfluorobutanesulfonate anions are 

unlikely to contribute to the current during fuel cell operation, the current should be contributed by 

the cations. No matter whether the cations move with 1,2,4-triazole as a vehicle for protons (vehicle 

mechanism), or the protons themselves hop (Grotthuss mechanism or structural diffusion), they both 

result in proton conduction. Hence, high OCV values are strong evidence of protonic conductivity 

and protons (including 1,2,4-triazolium cations) as the conducting species. 

(b) It is well know that there are typically three factors influencing the fuel cell polarization curves: 

kinetic loss, ohmic loss (cell resistance), and mass transport loss.
[S27]

 During the fuel cell test, the 

polarization curves were measured from 120 °C to 180 °C by linear sweep voltammetry at a scan 

rate of 10 mV s
−1

, using the following electrochemical cell: H2, Pt/C|cylindrical dense pellet of 

compound 1|Pt/C, air. The pellet had a diameter of 13 mm and a thickness of 1.0 mm. As the 

electrodes are gas diffusion electrodes and the current densities are very low, the mass transport can 

be neglected. From the low AC ionic conductivity (Fig. 11), we know that the resistance of the pellet 

as a thin film electrolyte constitutes the absolute majority part of the cell resistance (pellet, anodes, 

cathodes, lines and so on). While the resistance of the 1.0 mm thick pellet can be as high as a few 

tenths of mega ohm, even the electrochemical reaction resistance (i.e. charge transfer resistance Rct, 

which contributes to the kinetic loss) can be neglected when we consider the large resistance of the 

pellet film and the high open circuit voltage of the single fuel cells. Therefore, we may 

approximately estimate the DC ionic conductivity from the slopes of the polarization curves as 

shown in Fig. 14a and Table S1. It was then found that the obtained DC ionic conductivity agrees 

well with the AC ionic conductivity for a similar pellet of the material, confirming the dominate 

proton conductivity of the material. 
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Section 5: Supplementary Movie 

Movie S1. The plastic flow of a crystal at t = ~3 min when it was heated at 165 °C. 
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