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Order-to-disorder structural transformation of a 
coordination polymer and its influence on 
proton conduction 
Satoshi Horike,a,b Wenqian Chen,a Tomoya Itakura,c Munehiro Inukai,d Daiki 
Umeyama,a Hiroyuki Asakurae and Susumu Kitagawaa,d 

 

We observed an ordered-to-disordered structural 
transformation in a Cu2+ coordination polymer and 
investigated its influence on the proton conductivity. The 
transformation generated highly mobile proton carriers in 
the structure. The resulting material exhibited a conductivity 
greater than 10−2 S cm−1 at 130 °C. The structural 
transformation and the conduction mechanism were 
investigated by EXAFS, TPD-MS and NMR. 

In the last decades, much attention has been devoted to coordination 
polymers (CPs) or metal-organic frameworks (MOFs) composed of 
metal ions and bridging ligands because of their rich structures and 
functions.1-13 Notably, almost all of the reports in the literature focus 
on crystalline, ordered structures because we can design and discuss 
close relationships between the crystal structures and functions. 
However, the literature contains few reports related to amorphous, 
disordered structures in CP/MOFs.14, 15 Recently, some interesting 
observations of crystal-to-amorphous transformations have been 
reported16-18 and more unique functions are expected to be derived 
from disordered systems. In the field of solid state ionics, high ion 
conductivity is essential in electronics applications and amorphous-
state materials often exhibit higher conductivity than their 
corresponding crystalline state.19-22 This greater conductivity is 
observed in both polymer and inorganic electrolytes because the 
disordered nature results in the generation of concentrated mobile 
ion carriers in structures. Therefore, the design of structurally 
disordered CP/MOFs with mobile ion carriers is a promising 
approach to the preparation of solids with high ion conductivity. In 
this work, we propose the potential of disordered structures of 
CP/MOFs to possess fast proton (H+) conduction path. 
Transformation from ordered to disordered structures was induced 
by heating microcrystals, and the disordered state exhibits H+ 
conductivity 104 times greater than that of the crystalline state. 

We employed [ImH2][Cu(H2PO4)2Cl]·H2O (denoted as 1, ImH2 = 
protonated imidazole) as a starting compound.23 The crystal structure 
of 1 is shown in Figure 1; it has two crystallographically 
independent Cu2+ and H2PO4− ions and one independent Cl− ion. 
Both Cu2+ ions possess octahedral coordination geometry. Four 

oxygen atoms from the phosphate groups and two Cl− ions 
coordinate to the Cu2+ centres to forms 1-D chains with a formula of 
[Cu(H2PO4)2Cl]– along the b axis. Each phosphate coordinates to 
Cu2+ in both monodentate and bidentate fashion. The protonated 
imidazole (ImH2) and the water molecule are located in interspaces 
of the anionic 1-D chains running along the b axis. The guest water 
forms multiple hydrogen bonds between O atoms of phosphates 
from two neighbouring 1-D chains, and it stabilises the alignments 
of the 1-D chains via H-bonds. 

 
Figure 1. Crystal structure of 1 at −50 °C. Grey, skyblue, pink, deep-green, light-
grey and light-green represent C, N, O, Cu, P and Cl atoms, respectively. Guest 
water molecules are omitted. PO4 are displayed as polyhedra. 

We synthesised microcrystalline powder of 1 by mechanical milling 
a mixture of CuCl2, phosphoric acid and imidazole. The as-
synthesised powder of 1 was washed with ethanol and subsequently 
dried under a N2 atmosphere. The X-ray powder diffraction (XRPD) 
pattern of the powdered sample at 25 °C (Figure 2a) matches the 
pattern simulated from the single-crystal structural data. We 
attempted to remove the intercalated water to reduce the long-range 
order in the structure. Thermogravimetric analysis (TGA) of 1 shows 
a weight loss of 6 wt% at 100–120 °C; this weight loss corresponds 
to the release of the guest water molecule in 1 (calculated weight 
loss is 6 wt%). We then heated 1 at 130 °C for 6 h under vacuum and 
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obtained dehydrated 1 (hereafter denoted it as 1′). Figure 2 shows 
the XRPD pattern of 1′, which is different from that of 1; the XRPD 
pattern of 1′ indicates it is highly disordered. The TGA profile of 1′ 
shows no clear weight loss at temperatures less than 180 °C. 

 
Figure 2. (a) X-ray powder diffraction (XRPD) patterns of 1 and 1′ at 25 °C. The 
pattern simulated from single-crystal structural data is also shown. (b) Radius 
distribution functions (RDFs) of the Fourier-transformed Cu K-edge EXAFS 
spectra for 1 (black) and 1′ (pink) at 25 °C. 

Figure 3a shows Arrhenius plots of the H+ conductivity of 1 and 1′ 
under a N2 atmosphere (zero-humidity conditions); the 
measurements were performed on pelletized samples. Because 1 
starts to release its crystalline water above 70 °C, we show the 
conductivity in the range of 25 to 70 °C. 1 exhibits negligible 
conductivities (1 × 10−11 S cm−1 at 25 °C and 4 × 10−11 S cm−1 at 70 
°C). The crystal structure of 1 contains numerous hydrogen bonds 
between the anionic 1-D chains, the guest water molecules and the 
ImH2 ions; these bonds stabilise the H+ in the structure, which results 
in low H+ conductivity. The localised water in the crystal structure 
does not contribute to the H+ conductivity because of its low 
mobility. However, 1′ exhibits a conductivity of 2 × 10−7 S cm−1 at 
25 °C (Figure 3b), and the conductivity increases upon heating to 2 × 
10−2 S cm−1 at 130 °C (Figure 3c). The conductivity of 1′ is 106 
times higher than that of 1 at 70 °C. The activation energy of this 
conductivity is 1.1 eV, which indicates that both Grotthus- and 
vehicle-type hopping mechanisms contribute to the H+ conductivity 
in 1′.24 The observed H+ conductivity of 1′ at 130 °C is regarded as 
one of the highest among the known solid anhydrous H+ conductors 
such as solid acids25 and phosphoric-acid-doped 
polybenzimidazole.26, 27 

 
Figure 3. Arrhenius plots of the H+ conductivity of 1 (open circles) and 1′ (solid 
circles) under a N2 atmosphere. Nyquist plots of 1′ at (b) 30 °C and (c) 130 °C; the 
pellet thickness is 0.69 mm. 

We characterised the origin of the high H+ conductivity in 1′. The 
N–H stretching peaks of the imidazole in the IR spectrum in 1′ 
suggest that the imidazole moieties in 1′ are all protonated (ImH2 
form).28, 29 This result indicates that deprotonation of ImH2 does not 
occur via the transformation of 1 to 1′. To study the local 
coordination environment of the Cu ions in 1 and 1′, we conducted 
extended X-ray absorption fine structure (EXAFS) measurements.30 
Pseudo radial distribution functions (RDFs) of the Fourier-
transformed Cu K-edge EXAFS spectra of 1 and 1′ are shown in 
Figure 2b. We first performed an FEFF simulation for 1 using its 
single-crystal XRD data;31, 32 the peaks appearing at 1.55 and 2.0 Å 
were assigned to Cu–O and Cu–Cl, respectively. The broader peak at 
2.7 Å includes Cu–Cl, Cu–O and Cu–P. The observed RDF patterns 
of 1 and 1′ are similar, which indicates that the local coordination 
geometry of Cu2+ is unchanged during the structural transformation. 
Meanwhile, these assigned peaks in the spectrum of 1′ are slightly 
less intense than those in the spectrum of 1, which suggests that 
either the coordination number around Cu2+ decreased or the Debye–
Waller factors increased as a consequence of the statistical 
disordering of the local atomic distribution. To investigate the 
transformation from 1 to 1′, we performed TPD-MS analyses of the 
samples under a N2 atmosphere. We first observed the release of 
intercalated water at 80–120 °C, as previously described. 
Interestingly, we then observed the release of HCl from 90 to 130 °C. 
The Cl− ions of HCl originate from the bridging Cl−, and the H+ of 
HCl originates from either the H2PO4− or ImH2 moieties in 1 (Figure 
1). The distorted coordination geometry of Cu2+ facilitates the 
reaction of Cl− with the acidic proton. The ImH2 ions remain, even at 
200 °C. As a result, we suggest that the mechanism of the 
transformation from 1 to 1′ is as follows. Guest water molecules in 1 
are released at 100 °C, and the structure loses its long-range order; 
gaseous HCl is formed by the reaction between H2PO4− groups and 
neighbouring Cl− groups in the chains at temperatures below 130 °C. 
Not all of the Cl− ions in 1 are used to generate HCl, as confirmed by 
EXAFS, and half of the Cl− ions retain their coordination bond with 
Cu2+ in 1′ according to the elemental analysis results. The 
transformation in the formula of 1 to that of 1′ is proposed as 
follows: 

[ImH2][Cu(H2PO4)2·Cl]·H2O→[ImH2][Cu(H2PO4)1.5(HPO4)0.5·Cl0.5] 

One of the factors necessary for high ion conductivity in disordered 
states is the enhanced mobility of ion carriers. To investigate the 
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dynamics of H+ carriers in 1 and 1′, we collected variable-
temperature solid-state 2H NMR spectra of deuterated samples of 1 
and 1′ (Figure 4). We synthesised 1 and 1′ using imidazole-D4 and 
monitored the dynamics of imidazolium cation-D4 (ImD2) in the 
structures. These structures are identical to those of the protonated 1 
and 1′ determined by XRPD. The spectrum of deuterated 1 shows a 
broad peak, even at 80 °C (Figure 4a), which suggests that ImD2 
exhibits poor mobility; the sharp peak at 0 ppm in the spectrum of 
deuterated 1′ in Figure 4b corresponds to the highly mobile ImD2 
species.33-35 The transformation from 1 to 1′ breaks the H-bonds and 
generates the mobile ImH2 ions as H+ carriers. 

 
Figure 4. Variable-temperature solid-state 2H NMR of (a) 1 and (b) 1′, both of 
which were synthesised using imidazole-D4. From bottom to top: 25 °C, 40 °C, 
60 °C (for 1 and 1′) and 80 °C (only for 1′). 

Conclusions 
We induced the structural transformation of a Cu2+ coordination 
polymer from an ordered crystalline state to a disordered state 
using a heating process. The disordered state contains highly 
mobile H+ carriers, which results in a H+ conductivity under 
anhydrous conditions of 2 × 10−2 S cm−1 at 130 °C, which is 
substantially higher than the conductivity of the ordered state. 
This conductivity is one of the highest values reported among 
the family of solid-state H+ conductors in this temperature 
range. PXRD, EXAFS, TPD-MS and solid-state 2H NMR 
studies revealed the mechanisms of the transformation and the 
fast H+ conduction. The results highlight the superior potentials 
of disordered structures of CP/MOF for materials of solid state 
ionics. 
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