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Glass-phase coordination polymer displaying proton conductivity 
and guest-accessible porosity 
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We describe the preparation of the crystalline and glassy state of a 

coordination polymer displaying proton conduction and guest-

accessible porosity. EXAFS and solid-state NMR analyses indicated 

that pyrophosphate and phosphate ions are the main proton 

transporters in the glass and that homogeneously distributed 5-

chloro-1H-benzimidazole in the glass provide the porosity. 

Proton-conductive solids are of considerable research interest 

given their applicability to the membranes of various 

electrochemical devices such as fuel cells.1-6 Among these 

species, those with guest-accessible porosities have attracted 

much attention recently because the porosity of these solids 

enhances the conductivity of the materials and their potential 

use as sensors and catalysts.7-12 Metal-organic frameworks 

(MOFs) and coordination polymers (CPs)13, 14 have recently 

emerged as interesting classes of proton-conductive solids 

because of their diverse crystal structures, and reasonably high 

thermal and chemical stability.10, 15-18 When mobile proton 

carriers such as water, azoles, and phosphoric acid are present 

in the pores and/or within the frameworks of relevant solids, 

fast proton conduction will be observed. Although some MOFs 

and CPs with high proton conductivity (above c.a. 10−2 S cm−1) 

have been reported,19-24 their use as, for example, electrolytes 

in fuel cells has been limited.25-27 In fact, improvements with 

respect to their conductivity, thermal durability, and forming 

ability are still required for these species to be used in the 

devices. 

Glass-phase CPs obtained by melt-quenching are some of the 

most attractive species in terms of their ability to form porous 

materials.28-34 In contrast to acid treatment, which allows 

conventional phase-separated porous glass to be obtained, the 

melt-quenching method can potentially be used to prepare 

microporous, glass-phase CPs. However, the syntheses and 

characterizations of glass-phase porous proton-conductive CPs 

have not been reported. Herein, we report the preparation of a 

porous CP in crystalline and glassy states, whereby the 

mentioned glass-phase CP was obtained from the 

corresponding crystalline state by implementation of the melt-

quenching method. The glass-phase material displayed 

anhydrous proton conductivity and adsorbed water and 

methanol. The glassy porous CP also showed high proton 

conductivity under humid conditions because of effective 

proton transport in the adsorbed water molecules. Extended X-

ray absorption fine structure (EXAFS) and solid-state NMR 

analyses clarified the packing structure and the proton-

conduction path. 

Crystalline powder sample of CP (hereafter referred to as 1) 

was synthesized from ZnO, 5-chloro-1H-benzimidazole (Clbim), 

and an H3PO4 solution (85%) via the liquid-assisted 

mechanochemical method using methanol. To solve the crystal 

structure of 1, we performed single-crystal X-ray diffraction 

measurements. The structure is two-dimensional (2D) 

frameworks composed of Zn2+, HPO4
2−, and H2PO4

−, and three 

types of uncoordinated guest molecules, namely, protonated 

Clbim, methanol, and H2PO4
− (Fig. 1a). – interactions cause 

the Clbim molecules to be stacked on top of each other at a 

mutual distance of 3.45 Å. The nitrogen sites of Clbim molecules 

act as sites of Brønsted basicity and assist the alignment of the 

hydroxyl groups of guest H2PO4
−. Four H-bond interactions exist 

among groups of three adjacent guest H2PO4
− species. The O–O 
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and N–O distances between atoms involved in H-bond 

interactions are as follows: guest H2PO4
−–guest H2PO4

−, guest 

H2PO4
−–coordinated HPO4

2−, and H2PO4
−–Clbim are 2.60 and 

2.58 Å (O14H14–O16 and O15H15–O16), 2.68 Å (O12H12–O13), 

and 2.81 Å (N2H2–O13), respectively (Fig. 1b). The distances are 

effective from the standpoint of proton conduction based on 

those of discussion for some representative proton-conductive 

solids.35 On the other hand, methanol is surrounded by chloride 

sites of Clbim and a hydroxyl group of a coordinated HPO4
−. The 

distance between the hydroxyl group of HPO4
− and that of 

methanol is 2.61 Å (O11–O1S), which indicates the presence of 

an H-bond between methanol and HPO4
−. Thermogravimetric 

analysis (TGA) profile of 1 shows a 3.6% weight loss, which 

matches well with the loss of methanol (calculated weight loss: 

3.6%; Fig. S3). The differential scanning calorimetry (DSC) 

profile of 1 shows a melting point of 148 °C (Fig. S4a). To obtain 

the activated 1 (1a), 1 was heated at 120 °C under vacuum. The 

glass-phase derivative of 1 (1g) was prepared, in turn, by melt-

quenching 1a. The powder X-ray diffraction (PXRD) pattern of 

1a displays slight differences with respect to that of 1 (Fig. S1), 

suggesting that only small changes occur in the crystalline 

structure. The PXRD pattern of 1g was broadened with respect 

to that of 1, suggesting that the structure of the former is 

amorphous. The DSC profile of 1g shows a baseline shift at 72 °C, 

supporting that 1g is in glassy state (Fig. 1c). We also confirmed 

the structural transition of 1a and 1g at 80 °C under 95% relative 

humidity (RH) condition. PXRD patterns of 1a and 1g changed to 

another crystal structures (Fig. S1). 

 
Fig. 1 (a) Crystal structure of [{Zn2(HPO4)2(H2PO4)}(ClbimH+)2•(H2PO4

−)•(MeOH)]n (1) viewed along the a axis at 223 K. (b) Hydrogen-bond (H-bond) network around guest H2PO4
− 

viewed from the c axis. H-bonds between guest H2PO4
−, guest H2PO4

−–ClbimH+, and guest H2PO4
−–coordinated H2PO4

− are drawn as green, blue, and pink dotted lines, respectively. 

(c) Differential scanning calorimetry curve of glass-form 1 (1g). [Color coding: purple, Zn; yellow, P; red, O; blue, N; black, C; green, Cl; and light pink, H.] 

We measured the water and methanol adsorption isotherms 

to confirm that the pores in 1a and 1g are guest-accessible. The 

water and methanol adsorption profiles indicate gradual 

uptakes at 25 °C, suggesting adsorption with the change of 

structures (gate opening effect).36-39 Some PXRD peaks due to 

the 2D frameworks of 1a change after methanol adsorption, 

suggesting an increase in the distance between 2D frameworks 

(Fig. S2). The maximum uptake values of water and methanol 

were 111.9 and 35.0 mL g-1 (4.1 and 1.3 molecules per unit 

formula), respectively, in the case of 1a and 118.0 and 61.5 mL 

g-1 (4.3 and 2.3 molecules per unit formula) in the case of 1g 

(Figs. 2a and S5). Hysteresis in both isotherms suggests that the 

hydroxyl groups of the 2D frameworks bind to the adsorbed 

molecules through H-bonds. 1a and 1g were not observed to 

uptake gases such as N2 and CO2. Similarly to previous 

observations made on a crystalline CP with a dual function,9 the 

porosities show specificity for water and methanol. 

We performed alternating current impedance measurements 

to investigate the proton conductivity of 1a and 1g (Fig. 2b). In 

these experiments, 1a displayed no proton conductivity (< 10−9 

S cm−1) below 110 °C; however, such conductivity increased 

linearly in the 115 °C–130 °C, reaching a value of 1.0 × 10−4 S 

cm−1 at 130 °C. Even though the conductivity of 1a is high at 

130 °C, the activation energy of this proton conductor (8.1 eV) 

is much higher than those of conventional proton-conductive 

solids (0.1–1.0 eV).40 In 1a, the main proton-hopping path 

would be the one-dimensional guest H2PO4
− chain along the a 

axis. Each guest H2PO4
− is engaged in multiple H-bond 

interactions with the adjacent guest H2PO4
−, Clbim, and 

coordinated HPO4
2−. These multiple H-bond interactions would 

hinder the rotation of guest H2PO4
−, inhibiting proton transport 

to adjacent guest HPO4
− and leading to the observed high 

proton-conduction activation energy. Therefore, 1a is an 

example whereby the multiple H-bond interactions established 

by the uncoordinated phosphates, which are essential to align 

the phosphate and allow proton transport, induce not only high 

conductivity but also high activation energy. The encapsulation 

of phosphate ions in molecules and frameworks is an important 

theme in the study of biological processes41, 42 and in the 

development of proton-conductive solids.3, 20 The system that 

we prepared is the first example of a CP comprising aligned 

uncoordinated phosphates for which proton conduction has 

been observed. In the case of 1g, proton conductivity at 130 °C 

was 1.2 × 10−6 S cm−1, and the activation energy was 1.5 eV. The 

fact that both conductivity and activation energy were lower in 

the case of 1g than in the case of 1a. It could be due to a smaller 
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number of H-bond interactions around the phosphate ions, 

leading to a less effective proton-hopping path. We also 

measured the proton conductivity of 1a and 1g at 25 °C under 

humid conditions. The CPs displayed no conductivity (1a under 

95% RH) and 1.2 × 10−4 S cm−1 (1b under 98% RH; Fig. S6). The 

high proton conductivity of 1g would be originated from 

effective proton transport in the adsorbed water molecules 

between disordered phosphates and Clbim. The guest-

accessible porosity is useful to enhance the conductivity of the 

glass CP. 

 
Fig. 2 (a) H2O adsorption isotherms at 298 K for 1a (circles) and 1g (squares). Closed and 

open circles or squares represent adsorption and desorption, respectively. (b) Arrhenius 

plots of conductivity of 1a (circles) and 1g (squares) under dry N2 atmosphere. 

To investigate the mechanism of proton conduction and the 

structures of 1a and 1g, we conducted EXAFS and solid-state 

NMR. In particular, the coordination environments and packing 

structures of the guest molecules were elucidated by EXAFS and 

solid-state NMR analyses, respectively. All radial distribution 

functions (RDFs) show a large peak at 1.6–3 Å assigned to the 

first (Zn–O) and second coordination spheres (Zn–P and Zn–O), 

as shown in Fig. S7. Although in the case of 1g the peak intensity 

decreases as a consequence of the disorder of structure, the 

peak shapes are almost identical for all three species, 

suggesting similar coordination environments. 

The 1H–31P cross polarization magic angle spinning (CP-MAS) 

NMR spectrum of 1 is characterized by three peaks due to 

uncoordinated guest H2PO4
− (0 ppm) and coordinated 

phosphate in the 2D frameworks (Q0 phosphate, 3.8 and 4.3 

ppm; Fig. 3a). The spectrum of 1a (Fig. 3b) also displays the peak 

at 0 ppm, indicating that the uncoordinated guest H2PO4
− is 

maintained in the 2D frameworks, even after the material was 

heated at 120 °C under vacuum. The spectrum of 1g includes 

two broad peaks assigned to Q0 and uncoordinated phosphate 

at 3.2 ppm and Q1 phosphate at −8 ppm (Fig. 3c).43 The 

appearance of a new peak due to Q1 would suggest that, during 

the phase transition from the melting state to glass state, most 

of two adjacent uncoordinated H2PO4
− reacted with each other 

to form a pyrophosphate ion. The pyrophosphate and the 

remaining H2PO4
− would, in turn, be the main proton 

transporter in the glassy state frameworks. 

The packing structure of Clbim molecules in 1g was 

investigated by 2D 1H−1H quantum/single quantum correlation 

(DQNMR) spectroscopy with ultrafast MAS (MAS is already 

defined). The spectra reflect the homogenous distribution of 

Clbim molecules in the 2D frameworks (Fig. S9 and S10). The 

Clbim molecules and phosphate ions are rearranged within the 

2D frameworks during the crystal-to-glass transformation via 

the molten state. The fact that 1g has the lower proton 

conductivity than 1a are attributed to a decrease in the number 

of H-bond interactions resulting from the crystal-to-glass 

transformation. The decrement would induce higher mobility of 

phosphates, leading to the lower activation energy. With 

respect to the porosity of 1g, the homogeneous distribution of 

Clbim molecules in the 2D frameworks plays a role of pillar 

molecules, leading to the porosity. 

 

Fig. 3 31P CP-MAS NMR for (a) 1, (b) 1a, (c) 1g at room temperature. 

Conclusions 

We synthesized a crystalline porous proton-conductive CP and 

a glassy state CP by melt-quenching the crystalline CP. The glass-

phase CP displayed anhydrous proton conductivity and water- 

and methanol- accessible porosity. The porosity adsorbing 

water imparts high proton conductivity to the glass-phase CP. A 

combination of EXAFS and solid-state NMR analyses allowed us 

to infer the structure and proton-conduction path of the glass. 

Clbim acts as a pillar between 2D frameworks and provides the 

guest-accessible porosity. We believe that the results provide 

an insight that may aid the development of glassy porous 

proton-conductive CPs that are potentially useful as 

membranes in electrochemical devices. 
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