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a b s t r a c t

The most notable structural features of polyoxometalates (POMs) are their large molecu-

lar size and relatively low effective surface charge density. These properties endow POMs

with excellent Brønsted acidity and proton mobility, making them ideal materials for pro-

ton conductors. In this study, a series of homotrimeric complexes were successfully synthe-

sized through Ln3+/Bi3+ induced assembly of a suitable organic ligand 1-hydroxyethylidene

1,1-diphosphonic acid (HEDP): H9[La(Mo2O4)6(H2O)6(HEDP)6](LaO9H6)·18H2O (complex 1),

H9[Nd(Mo2O4)6(H2O)6(HEDP)6](NdO6H12)·15H2O (complex 2), and H9[Bi(Mo2O4)6(H2O)6(HEDP)6] (com-

plex 3). Notably, the presence of free rare earth ions in the asymmetric unit of complexes 1 and 2 is a

structural feature that results in a tighter hydrogen-bonding network in their three-dimensional stacking

structures, which in turn significantly enhances the proton conductivity. Complexes 1–3 exhibit excellent

proton conductivity, with measured values of 3.35×10–2, 3.81×10–2, and 2.37×10–2 S/cm under

98% relative humidity at 80 °C. This study establishes a promising strategy for designing molybdate

cluster-based materials with enhanced proton conduction properties.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Fuel cells, especially proton exchange membrane fuel cells

(PEMFCs), are a promising clean energy source [1–6]. The pro-

ton exchange membrane (PEM) in PEMFCs requires high proton

conductivity and chemical stability [7–11]. Although Nafion mem-

branes are widely used for their high conductivity, they lose this

property over time at high temperatures and are expensive [12–

16]. To overcome these limitations, alternative electrolytes such

as liquid crystals, inorganic oxides, and organic-inorganic hybrid

materials have been investigated for enhancing ionic conductiv-

ity, thermal stability, and durability [17,18]. Furthermore, organic-

inorganic hybrid materials can be effective electrolytes, facilitat-

ing ion/proton transport while improving conductivity and stability

[19–21].

Polyoxometalates (POMs) are considered to be a highly promis-

ing class of proton conducting materials due to their low effec-

tive surface charge density, excellent thermal stability, outstand-
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ing electron acceptance, and discrete mobile ions [22–26]. POMs

show unique advantages in the preparation of proton conducting

materials: Firstly, the oxygen atoms on the surface of POMs can act

as proton hopping sites [27–29]; Secondly, POMs can be precisely

tuned at the molecular level, thus enabling efficient proton trans-

port pathways [30–34]; Finally, POMs exhibit strong Brønsted acid-

ity and contain multiple protons (H+) or hydrogen-based counteri-

ons in their structure, earning them the name ‘proton pump’ [35].

To enhance material properties, particularly proton conductiv-

ity, researchers often incorporate organic groups into the mate-

rial design. These organic groups can either be covalently bonded

to POM frameworks or serve as counterions to form electrostatic

complexes with polymers [36–38]. Using this strategy, we achieved

precise modulation of the microstructure of the material and sig-

nificantly enhanced its chemical stability and physical properties.

In this study, a series of crystalline materials with excellent pro-

ton conductivity were successfully constructed by introducing the

synergistic assembly of phosphate ligands and metal ions. Notably

noteworthy is that the three-dimensional hydrogen bonding net-

work structure formed between the H and O atoms of the organic

ligands and the POMs provide the complexes with efficient proton
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transport channels, thus significantly enhancing their proton con-

ductivity [39–43].

Therefore, exploring new organic ligand-functionalized

POMs with hydrogen-bonding networks is crucial for ad-

vancing POMs chemistry. Inspired by these results, we

designed and synthesized a series of polymolybdates

H9[La(Mo2O4)6(H2O)6(HEDP)6](LaO9H6)·18H2O (complex 1),

H9[Nd(Mo2O4)6(H2O)6(HEDP)6](NdO6H12)·15H2O (complex 2),

and H9[Bi(Mo2O4)6(H2O)6(HEDP)6] (complex 3). Complexes 1–3 all

utilize the phosphonic acid moiety of the polydentate phospho-

nate ligand for covalent modification of the {Mo2O10} moiety. In

addition, these complexes feature an integrated hydrogen bonding

network. Interestingly, under the same experimental conditions,

the difference between rare earth ions (La3+, Nd3+) and bismuth

(Bi3+) leads to differences in the stacking structures, which in turn

affect their proton conductivity properties. Specifically, complexes

1 and 2 contain a free Ln3+ in the asymmetric unit, whereas no

free Bi3+ ions is present in complex 3. This structural difference

leads to the formation of a tighter hydrogen bonding network in

the stacking structure of complexes 1 and 2, which significantly

enhances their proton conductivity to 1.41 and 1.61 times that of

complex 3, respectively. The proton conductivity tests reveal that

complexes 1–3 are excellent proton-conducting materials with

values of 3.35×10–2, 3.81×10–2, and 2.37×10–2 ‍ ‍S/ ‍cm at 353K

and 98% relative humidity (RH).

(NH4)6Mo7O24·4H2O, NH2NH2·2HCl, CoSO4·7H2O, LaCl3·5H2O

were acidified by HEDP under hydrothermal reaction to produce

pure orange needle crystals. In addition, under the same condi-

tions 2 and 3 can be obtained by replacing LaCl3 with NdCl3·5H2O,

BiCl3·5H2O, respectively. Detailed synthesis procedures are in Sup-

porting information.

Single-crystal X-ray structural analyses reveal that complexes

1–3 crystallize in the Hexagonal crystal system with the P63/m

space group (Table S1 in Supporting information). Notably, the

asymmetric units of complexes 1 and 2 comprise an anionic frame-

work and free rare earth ions, whereas complex 3 lacks free ions.

A detailed description of the structure of 3 follows. As shown in

Fig. 1, it should be noted that polyoxoanion in complex 3 con-

sists of three {Mo4O12(HEDP)2} (Fig. 1a) building blocks linked by

one {BiO9} dodecahedron (Fig. 1b). The coordination environment

of Bi3+ is shown in Fig. 1c.

The {Mo4O12(HEDP)2} building block consists of two edge-

sharing {Mo2O10} units linked through their terminal oxygen

atoms to the P1 atoms of the {PO3} groups of the two HEDP

ligands. The P-O lengths of the {PO3} groups are in the range

of 1.506(3)-1.546(3) Å, (Table S2 in Supporting information). The

Bi center coordinates to nine oxygen atoms from three dis-

Fig. 1. (a) {Mo4O12(HEDP)2} unit of the 3. (b, c) Coordination environments of the

Bi3+ . (d) Coordination mode of Bi3+ with {Mo4O12(HEDP)2} building blocks. (e)

Asymmetric unit of complex 3. (f) The trimeric structure of 3, Color scheme for

polyhedra: Mo (blue), Bi (yellow), P (purple), C (grey), O (pink).

Fig. 2. Schematic diagram of hydrogen bonding in the 3D stacking structure of (a)

1 and (b) 3. Color scheme for polyhedra: {MoO6} (blue), Bi/La (yellow), P (purple),

C (grey), O (pink), O–H···O hydrogen bond (between {BiO9} and {Mo4O12(HEDP)2}),

green dashed line; O–H···O hydrogen bond (between HEDP and {Mo4O12(HEDP)2}),

red dashed line.

tinct {Mo4O12(HEDP)2} structural units, forming a polyoxoanion

(Fig. 1e). Specifically, Bi coordinates with one μ2-oxo bridge (O4)

and two terminal oxo ligands (O5) from a {Mo4O12(HEDP)2} build-

ing block (Fig. 1d). The observed Bi-O bond distances range from

2.474(4) Å to 2.517(3) Å. The highly symmetric anionic framework

of complex 3 assembles into an ideal equilateral triangular cluster

featuring a central Bi3+. Connecting the three molybdenum atoms

at the vertex positions of the triangle cluster results in a perfect

equilateral triangle with uniform edge lengths of 10.50 Å (Fig. 1f).

Interestingly, despite the same synthetic conditions and the fact

that complexes 1–3 shares the same anionic framework (Fig. 1e

and Fig. S1), the presence of free Ln3+ was observed in the asym-

metric units of both complexes 1 and 2, whereas free Bi3+ was

absent in complex 3. This resulted in significant differences in the

three-dimensional stacking structures of complexes 1–3 (Figs. S2

and S3 in Supporting information). Specifically, the stacking chan-

nels of 1 and 2 are filled with free Ln3+ in regular rows, whereas

the stacking structure of 3 is devoid of free Bi3+. This structural

difference directly affects how the hydrogen bonds in complexes

1–3 are connected. The {PO3} of the ligand HEDP and the {Mo2O10}

of the {Mo4O12(HEDP)2} unit build a highly ordered and contin-

uous hydrogen bonding network through intermolecular interac-

tions. However, in complexes 1 and 2, an additional hydrogen-

bonding network forms between the free hydrated Ln3+ ions in

their three-dimensional framework and the terminal oxygen atoms

of neighboring {Mo2O10} subunits. In contrast, complex 3 lacks

such interactions entirely (Fig. 2). This is also the fundamental

reason why complexes 1 and 2 possess a greater abundance of

hydrogen bonds than complex 3, which has been confirmed by

Hirschfeld surface analysis.

The Hirschfeld surface analysis of complexes 1 and 3, depicted

in Figs. 3a–f, provides insights into the intermolecular interactions

through the use of different color schemes in the dnorm and shape

index plots [44,45]. The 2D fingerprint plots for 1 indicate an

O···H/H···O ratio of 43.5 %, suggesting that there is an abundance of

hydrogen bonding interactions between the 1 molecules. Notably,

the 2D fingerprint plots of 3 present an O···H/H···O ratio of 35%,

which is 8.5 % lower compared to 1. These data indicate that the

hydrogen bonding in 3 is relatively weak, thus further confirming

the aforementioned argument. Through systematic characterisation

by powder X-ray diffraction (PXRD), FT-IR and thermogravimetric

analysis (TGA) (Figs. S5-S7 in Supporting information), we have

comprehensively characterised the phase purity, chemical structure

and thermal stability of complexes 1–3. The experimental results

show that the PXRD test patterns of complexes 1–3 are in high

agreement with the theoretical simulation results, fully confirming

their excellent phase purity.

The multiple proton transport sites on the inner and outer sur-

faces of the complexes, as well as the presence of a dense network

of hydrogen bonds in their structures, make them excellent candi-
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Fig. 3. (a) The dnorm map, (b) shape index map and (c) the 2D fingerprint plots of

1. (d) The dnorm map, (e) shape index map and (f) the 2D fingerprint plots of 3.

Fig. 4. (a) Nyquist plots of 1 under different RH at 25 °C. (b) Nyquist plots of 1

at 98% RH under different temperatures. (c) Arrhenius plots and linear fitting of

temperature-dependent proton conduction at 98%RH of 1. (d) Time-dependent con-

ductivity (σ ) at 98% RH and 80 °C.

dates for molecular-based proton conductors. Therefore, the proton

conductivity properties of 1–3 were tested at temperatures rang-

ing from 25 °C to 80 °C and humidity ranging from 60%−98% RH.

The results of the test are shown in Fig. 4 and Fig. S9 (Supporting

information). The proton conductivity of the complexes increases

considerably with increasing humidity (Fig. 4a, Figs. S9a and d).

Suggesting that the proton transport in the structure along the hy-

drogen bonding network is more efficient at higher relative humid-

ity. For this purpose, the complexes were tested for water vapour

adsorption, showing the same increasing trend in the water ad-

sorption isotherm. Fig. S8 (Supporting information) shows that the

maximum water vapor adsorption of the complexes 1–3 can reach

up to 198.5, 152.6 and 185mg/g, respectively, when the value of

P/P0 is around 0.9. In addition, all the complexes showed simi-

lar conductivity at the same RH, due to complexes 1–3 belong to

isostructure, which leads to the similarity in their proton conduc-

tion patterns.

The 98% RH was selected as the optimum humidity condition

at temperatures ranging from 25 °C to 80 °C for further investiga-

tion of the proton conductivity properties of the complexes (Fig. 4b

and Figs. S9b and e). Their proton conductivity of these complexes

increases from 2.83×10–4, 2.34×10–4, and 2.23×10–4 S/cm to

3.35×10–2, 3.81×10–2, and 2.37×10–2 ‍S/ ‍cm, respectively. This in-

crease in conductivity is attributed to the accelerated motion of

water molecules at high temperatures [46]. Moreover, complexes

1–3 exhibit high σ and possess excellent proton conductivity com-

pared to the proton conductivity of many POMs reported that have

been published in recent years (Fig. S13 and Table S4 in Supporting

information). The stability of a good proton conductor was identi-

fied as a crucial factor for its practical implementation. The sta-

bility test of complexes 1–3 was carried out at 80 °C and 98% RH

(Fig. 4d and Fig. S10 in Supporting information). The conductivity

values remained essentially the same throughout, indicating that

complexes 1–3 have stable conductivity properties. In addition, the

Hebb-Wagner direct current polarization method was used to in-

vestigate time-dependent current profiles of 1–3. At a constant

voltage of 0.1V, the resistances of 1–3 were 3.7×106, 4.97×106,

and 1.05×107 �, respectively (Fig. S12 in Supporting information).

The results verify that 1–3 mainly contribute to proton conduction

rather than other ionic conduction.

To gain deeper insights into the proton conduction mechanisms,

we systematically investigated the temperature-dependent σ by

employing the Arrhenius equation for comprehensive analysis. Two

predominant mechanisms govern proton conduction in materials:

(1) The vehicular mechanism, characterized by an activation en-

ergy (Ea) greater than 0.4 eV, and (2) the Grotthuss mechanism,

which exhibits a lower activation energy (Ea < 0.4 eV). The activa-

tion energy for proton conductionof complex 1 was calculated to

be 0.743 eV based on the slope of fitted their conductivities data of

Fig. 4c. Similarly, values of 0.762 eV and 0.78 eV were obtained for

complexes 2 and 3, respectively. The close agreement among these

activation energy values strongly suggests that proton conduction

in all three compounds proceeds follows a vehicular mechanism.

After the proton conduction tests were completed, IR and pow-

der X-ray diffraction measurements were performed on complexes

1–3. The diffraction peaks of all three compounds were found to

be consistent with those of the original samples (Figs. S4 and S5

in Supporting information), indicating that they maintained their

structural integrity.

In the 3D crystal structures of complexes 1–3, the {PO3} of

the ligand HEDP and the {Mo2O10} unit of {Mo4O12(HEDP)2} form

a highly ordered continuous hydrogen bonding network through

hydrogen bonding interactions, which constructs an effective pro-

ton transport channel. In addition, the presence of a large number

of crystalline water molecules and dissociable hydrogen protons

in the structure further facilitates the proton conduction process.

Complexes 1–3 all exhibit excellent proton conduction perfor-

mance, which is mainly attributed to the rapid proton migration

in the hydrogen bonding network where water molecules act as

proton carriers. As shown in Fig. S11 (Supporting information), we

propose a model for the possible proton conduction mechanism

of complexes 1–3, revealing the constitutive relationship between

the water molecule-mediated proton transport process and the

structural characteristics of the materials.

Notably, complexes 1 and 2 exhibit higher proton conductivity

than 3, although they are within the same order of magnitude. This

is due to the fact that complexes 1 and 2 presence of a free Ln3+

in their asymmetric units compared to complex 3, resulting in the

formation of a large number of hydrogen bonds between the coor-

dination water of Ln3+ and the {Mo2O10} unit of {Mo4O12(HEDP)2}.

This allows for easier proton transfer, which significantly improves

proton conductivity.

In conclusion, we have formed a series of homotrimeric molyb-

date clusters by selecting suitable organic ligands and by using

Ln3+/Bi3+ induced formation. The structures of complexes 1–3

were fully characterized, and their proton conduction properties

were systematically investigated. Notably, complexes 1 and 2

exhibit significantly higher σ than complex 3, which we attribute

this to differences in the 1–3 hydrogen bonding network. All

three complexes display super protonic conductivity exceeding
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10–2 S/ ‍cm, demonstrating their potential as high-performance

proton-conducting POMs materials. This work not only provides

a viable strategy for designing highly proton-conductive POMs

but also opens new avenues for the development of advanced

proton-conducting materials.
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