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ABSTRACT 

Constructing continuous hydrogen-bonded networks within confined microenvironments 

remains a critical challenge for developing high-performance crystalline proton conductors. 

Herein, we demonstrate a ligand isomerism-directed spatial packing strategy to construct two 

{P4Mo6}-based cobalt frameworks. Employing the linear bridging ligand 4,4’-bipyridine 

drives the formation of a densely packed three-dimensional (3D) coordination framework 

(CoPom-3D), severely restricting solvent-accessible free volume. Conversely, the chelating 

2,2’-bipyridine blocks multi-directional extension, yielding one-dimensional (1D) 

coordination chains (CoPom-1D). Crucially, these 1D chains assemble into a 3D 

supramolecular architecture via strong π-π interactions, creating robust nanoconfined 

environments. Although capturing fewer lattice water molecules and possessing a lower 

intrinsic proton concentration than its 3D counterpart, this unique nanoconfinement profoundly 

alters the local hydrogen-bond topology, promoting a more dynamic hydrogen-bond 

environment. Under identical conditions of 50 °C and 95% RH, CoPom-1D exhibits a proton 

conductivity of 1.92 × 10-3 S cm-1, approximately 17 times that of CoPom-3D (1.12 × 10-4 S 

cm-1). Arrhenius analysis yields an apparent activation energy of 0.11 eV for CoPom-1D, 
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compared with 0.49 eV for CoPom-3D. Together with the pronounced humidity dependence 

and the short water–framework O···O contacts, this low barrier is consistent with a 

predominantly Grotthuss-type proton-hopping contribution. The nanoconfined environment is 

proposed to facilitate local hydrogen-bond reorganization, although the microscopic water 

dynamics and solvent-reorganization energy were not directly measured. These findings 

underscore that regulating supramolecular nanoconfinement and promoting carrier mobility, 

rather than merely maximizing coordination dimensionality or structural proton density, 

provides a highly rational approach for optimizing proton transport mechanisms in 

polyoxometalate-based materials. 

Keywords: polyoxometalates, proton conductivity, supramolecular nanoconfinement, ligand 

isomerism, Grotthuss mechanism 

INTRODUCTION 

Proton-conducting materials (PCMs) are essential components in clean-energy conversion 

technologies, such as proton-exchange membrane fuel cells (PEMFCs), hydrogen sensors, and 

electrochemical devices.[1–3] Their ability to efficiently transport protons under humid 

conditions allows high power density and compact design in next-generation energy systems.[4] 

Despite significant progress, a major challenge remains: achieving high proton conductivity 

while maintaining long-term structural integrity under conditions such as moderate 

temperatures and high relative humidity.[5–7] Many polymeric electrolytes exhibit excellent 

conductivity but suffer from limited structural definition, making it difficult to elucidate 

proton-transport pathways at the molecular level.[8–10] In contrast, crystalline proton-

conducting materials offer well-defined and ordered structures, enabling the direct 

visualization of proton transfer pathways and facilitating a fundamental understanding of 

structure-property relationships that is inaccessible in amorphous systems.[11–13] 

Consequently, balancing flexible hydrogen-bond networks that facilitate proton mobility with 

rigid frameworks that provide mechanical and chemical stability poses a significant 

challenge.[14,15] Specifically, the rational design of confined pore microenvironments that can 

thermodynamically anchor water molecules while maintaining continuous, low-energy 

hydrogen-bonded pathways to govern specific transport mechanisms remains a formidable task. 

Within the realm of crystalline proton conductors, polyoxometalate (POM)-based hybrid 

materials have emerged as a promising class of structurally well-defined platforms for 

constructing hydrated hydrogen-bond networks and regulating proton-transfer pathways.[16] 
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Representative POM-functionalized and POM-pillared frameworks have demonstrated that the 

incorporation of POM units can improve water retention, establish connected proton-

conducting pathways, and support appreciable proton conductivity under humid 

conditions.[17,18] These representative studies establish the broader feasibility of employing 

POM units as structural platforms for constructing hydrated proton-conduction pathways. 

Beyond proton conduction, POM-based molecular, composite, catalytic, and extended-

framework materials exhibit substantial structural and functional diversity.[19–23] By 

integrating the chemical robustness of inorganic modules with the structural diversity of 

organic linkers, these hybrid systems can establish well-defined pore environments and 

continuous hydrogen-bonding channels while maintaining structural stability within a single 

framework.[24–27] Among the most versatile building blocks for such assemblies are POMs, 

which are discrete, anionic metal-oxide clusters formed by early transition metals (e.g., Mo, W, 

V).[28,29] Their intrinsic characteristics, including high negative charge density, redox 

flexibility, and oxygen-rich surfaces, provide multiple proton-donor and acceptor sites, 

enabling their incorporation into charged frameworks.[30–32] The abundant oxo groups 

generate extensive hydrogen-bond networks that facilitate both Grotthuss (proton-hopping) 

and vehicular (diffusion-assisted) transport mechanisms.[33,34] Moreover, the redox and 

thermal stability of POMs ensure their structural integrity during hydration-dehydration 

cycles.[35–37] These features make POM-based hybrid materials a highly promising platform 

for designing structurally stable proton conductors that operate efficiently under mild 

conditions.[38–40] Among various POM clusters, the {P4Mo6} unit is particularly attractive 

because of its high negative charge density and oxygen-rich surface.[41–44] These features 

provide multiple proton-accepting and hydrogen-bonding sites that can anchor water molecules 

and contribute to the formation of hydrated proton-transfer environments. This view is 

supported by structurally related phosphomolybdate-based proton conductors. For example, 

two-dimensional frameworks constructed from hourglass-type {M[P4Mo6]2} units contain 

hydrated structural environments and exhibit appreciable proton conductivity under humid 

conditions.[9,45,46] Similarly, {P4Mo6}-based coordination compounds containing transition-

metal nodes and lattice or coordinated water demonstrate that hydrated phosphomolybdate 

architectures can support water-assisted proton transport.[21,37] These representative studies 

illustrate how hydrated phosphomolybdate frameworks can provide suitable structural 

environments for proton transport, without establishing an identical water arrangement or 

transport pathway in the present system.[47] Recent POM-based materials provide additional 

evidence that confined structural environments can promote connected hydrogen-bond 
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networks and reduce barriers to proton transport. In particular, controlled self-assembly of 

metal-oxo units has been used to generate confined proton-conduction pathways with enhanced 

transport performance. These findings support nanoconfinement engineering as an effective 

approach for regulating local water environments in crystalline POM systems.[48] Recent 

studies have demonstrated that changes in coordination connectivity, including guest-induced 

dimensional crossover and post-synthetic or water-induced structural transformations, can 

modify framework organization and proton-conduction behavior in crystalline coordination 

materials.[49,50] In particular, positional isomerism of pyridyl ligands has been shown to 

regulate coordination modes, framework dimensionality, supramolecular assembly, and 

ultimately proton-conduction behavior.[51] These findings identify linker geometry and 

framework connectivity as key structural design parameters for regulating proton-transport 

environments and structure–property relationships. 

However, discrete {P4Mo6} clusters, despite their intrinsic proton-activity, are often 

water-soluble and lack continuous pathways for long-range proton transport.[52,53] To 

circumvent this issue, the conventional strategy is to bridge these clusters into high-

dimensional (e.g., three-dimensional, 3D) coordination frameworks.[54] While such 3D 

architectures offer structural robustness, an overemphasis on multi-directional coordination 

bonds can result in densely packed lattices. Such dense packing severely restricts the available 

free volume, expels solvent molecules, and consequently disrupts the continuity of the 

hydrogen-bonding networks.[55,56] More importantly, even if such dense frameworks 

inherently possess a high concentration of potential proton sources, the lack of continuous, 

dynamic transport channels paralyzes efficient proton hopping. To address the limitations 

inherent in dense coordination frameworks, we hypothesized that constructing supramolecular 

nanoconfined environments—rather than simply increasing coordination dimensionality or 

indiscriminately increasing proton density—represents a more effective approach.[57] In this 

context, cobalt ions, due to their flexible coordination geometries, serve as versatile connectors 

for linking {P4Mo6} units,[58] while bipyridine ligands provide a unique opportunity to 

regulate spatial packing and framework free volume through ligand isomerism. Specifically, 

linear 4,4’-bipyridine (4,4’-bpy) typically acts as a bridging ligand that promotes highly 

compact framework extension.[59] The chelating coordination mode of 2,2′-bpy occupies 

adjacent coordination sites on the secondary cobalt centers and limits the availability of these 

sites for multidirectional metal–ligand propagation, thereby suppressing dense 3D covalent 

extension.[60,61] In contrast, the spatially separated nitrogen donors of linear 4,4′-bpy allow it 
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to bridge different metal centers and promote extended framework connectivity. Related 

studies on bipyridine-based systems and ligand-isomerism-controlled coordination polymers 

have demonstrated that ligand geometry and coordination mode can regulate network 

connectivity and structural dimensionality.[62–64] In the present system, this ligand-

isomerism-directed dimensional regulation favors the formation of 1D coordination chains, 

which subsequently assemble into a 3D nanoconfined supramolecular architecture.  

Related structural-regulation strategies have also been demonstrated in crystalline proton-

conducting frameworks. The assembly of multiple types of cages can generate crystalline 

porous architectures containing one-dimensional nanoscale channels and proton-conducting 

functionality, whereas ligand-directed assembly of [Mo2O2S2]2+ units can produce interlocked 

supramolecular architectures with efficient proton conduction.[60,65] These examples indicate 

that controlling cage organization, framework connectivity, and supramolecular interlocking 

provides effective means of regulating proton-conducting environments. In the present system, 

ligand isomerism represents another example of structure-guided regulation of covalent 

connectivity and supramolecular organization, leading to distinct proton-transport 

environments.  

Guided by this isomerism-directed spatial-packing strategy, we successfully synthesized 

and structurally characterized two new {P4Mo6}-based cobalt frameworks, CoPom-3D and 

CoPom-1D (Figure 1), by employing 4,4’-bpy and 2,2’-bpy as structure-directing ligands, 

respectively. Although both compounds are constructed from the same fundamental hourglass-

type [Co(P4Mo6O31)2]10- building unit, the distinct coordination behaviors of the bipyridine 

isomers generate markedly distinct internal microenvironments. As anticipated, CoPom-3D 

assembles into a fully connected, densely packed 3D coordination framework that severely 

restricts solvent-accessible space. Here, coordination dimensionality refers to the 

dimensionality of the metal–ligand network generated through coordination bonds, whereas 

supramolecular nanoconfinement describes the higher-order organization of these coordination 

motifs through noncovalent interactions and the nanoscale interchain spaces created by this 

assembly. Reduced coordination dimensionality is therefore not itself the origin of the 

enhanced proton transport in CoPom-1D. Rather, the chelating 2,2′-bpy ligand suppresses 

dense multidirectional covalent extension, yielding 1D coordination chains that subsequently 

assemble through π–π interactions into a 3D supramolecular architecture containing 

nanoconfined interchain voids. These confined regions provide a supramolecularly confined 

microenvironment that supports connected water-mediated hydrogen-bonding interactions and 
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may facilitate low-barrier proton transfer. Thus, dimensionality regulation serves as a structural 

strategy of enabling supramolecular nanoconfinement rather than as an intrinsically beneficial 

structural endpoint. 

Most importantly, this isomerism-induced structural variation exerts a pronounced impact 

on the resulting proton transport mechanisms. Under identical conditions (50 °C, 95% RH), the 

nanoconfined CoPom-1D exhibits a significantly higher proton conductivity (1.92 × 10-3 S·cm-

1) than the densely packed CoPom-3D (1.12 × 10-4 S·cm-1). Activation-energy analysis yields 

a barrier of 0.49 eV for CoPom-3D, consistent with a high-barrier, spatially localized proton-

transfer process limited by poorly connected hydrogen-bonding pathways, whereas an ultralow 

value of 0.11 eV was obtained for CoPom-1D. This exceptional value is consistent with the 

proposition that the supramolecular nanoconfinement enforces a highly ordered water 

arrangement, significantly lowering the solvent reorganization energy and thereby supports a 

highly efficient Grotthuss-type transport pathway. These results strongly suggest that 

regulating supramolecular nanoconfinement and spatial packing density—rather than merely 

maximizing framework dimensionality— is the key to facilitating highly efficient proton-

transport behavior in {P4Mo6}-based hybrid materials. 

EXPERIMENTAL SECTION 

Materials and Physical Measurements 

All solvents and reagents were purchased from commercial sources and used as received 

without further purification. Powder X-ray diffraction (PXRD) patterns were recorded over a 

 
Figure 1. Schematic illustration of the ligand-isomerism-directed hydrothermal synthesis of the 
{P4Mo6}-based cobalt frameworks, CoPom-3D and CoPom-1D, employing 4,4’-bpy and 2,2’-bpy as 
structure-directing ligands, respectively. Ju
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2θ range of 5–50° on a Bruker D8 ADVANCE X-ray diffractometer equipped with 

monochromatized Cu-Kα radiation (λ = 1.5418 Å). Fourier transform infrared (FT-IR) spectra 

were collected in the range of 4000−400 cm-1 using a Bruker Tensor II spectrometer with 

samples prepared as KBr pellets. Thermogravimetric analysis (TGA) was performed on an 

SDT 650 synchronous thermal analyzer under an air atmosphere from room temperature to 

800 °C at a heating rate of 10 °C min-1. Inductively coupled plasma optical emission 

spectrometry (ICP-OES) measurements were carried out using an Agilent 5110 ICP-OES 

spectrometer. Proton conductivity measurements were conducted using a Solartron 1260 

impedance/gain-phase analyzer equipped with a 1296 dielectric interface over a frequency 

range of 0.5 Hz to 1 MHz with an applied AC voltage of 100 mV. Single-crystal X-ray 

diffraction (SCXRD) data were collected on a Bruker D8 diffractometer with 

monochromatized Mo-Kα radiation (λ = 0.71073 Å). The structures were solved and refined 

using the SHELX programs[66] incorporated within the Olex2 graphical user interface.[67]  A 

summary of the crystallographic data and refinement parameters for CoPom-3D and CoPom-

1D is provided in Table S1. 

Synthesis of Compounds 

(C10H9N2)2[Co(C10H8N2)(H2O)2]2[Co(H2P4Mo6O31)2]·7H2O (CoPom-3D): This 

compound was synthesized using a protocol modified from that reported for 

[Co@{Co16Mo16}].[40] Briefly, Co(CH3COO)2 (0.5 mmol, 0.088 g), MoO3 (0.5 mmol, 0.073 

g), and 4,4’-bpy (0.4 mmol, 0.063 g) were dissolved in a mixed solvent containing 1 mL of 

aqueous tetrabutylammonium hydroxide (40 wt% in water), 4 mL of distilled water, and 4 mL 

of ethanol. The resulting mixture was stirred magnetically at room temperature for 30 min. 

Subsequently, the pH of the solution was adjusted to 3.5 by the addition of 0.2 mL of 85 wt % 

H3PO4 and stirring was continued for an additional 2 hours. The mixture was then transferred 

into a 25 mL Teflon-lined stainless-steel autoclave and heated at 180 °C for 5 days. Upon 

cooling naturally to room temperature, clear light-yellow block crystals were obtained (0.105 

g, yield: 77% based on Mo). Elemental analysis (ICP-OES, wt%) found: P 7.13, Co 5.18, Mo 

33.76; calculated: P 7.30, Co 5.20, Mo 33.90.  

[Co(C10H8N2)2(H2O)]4[Co2(H2O)4(P4Mo6O31)2]·5H2O (CoPom-1D): This compound 

was synthesized using a procedure identical to that described for CoPom-3D, except that 2,2’-

bpy (0.4 mmol, 0.062 g) was used instead of 4,4’-bpy. Upon naturally cooling to room 

temperature, clear light-orange block crystals were obtained (0.152 g, yield: 88% based on Mo). 
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Elemental analysis (ICP-OES, wt%) found: P 5.71, Co 8.22, Mo 27.19; calculated: P 5.86, Co 

8.36, Mo 27.22. 

Synthesis Strategy and Condition Optimization 

The synthesis of CoPom-3D and CoPom-1D was achieved via a hydrothermal self-

assembly strategy based on the in-situ generation of {P4Mo6} POM building units from MoO3 

and H3PO4, following a protocol modified from a previously reported method.[40] Phase purity 

and crystallinity were found to be highly sensitive to both the initial pH and reaction 

temperature. Systematic experiments revealed that a narrow pH window of 3.4 - 4.0 and a 

temperature of 180 °C are required for the successful isolation of both compounds. To examine 

whether the target compounds could be obtained under milder conditions, parallel exploratory 

reactions for CoPom-3D and CoPom-1D were performed using water-bath heating at 90 °C. 

Under the tested conditions, neither reaction yielded single crystals suitable for single-crystal 

X-ray diffraction. Thus, direct substitution of the 180 °C hydrothermal treatment with 90 °C 

water-bath heating is insufficient for obtaining the target single crystals using the present 

reaction protocol. This result does not rule out the development of a lower-temperature 

synthetic route through further optimization of the reaction conditions. Further details are 

provided in the supporting information.  

RESULTS AND DISCUSSION 

Crystal Structures and Spatial Packing Analysis 

Single-crystal X-ray diffraction analysis reveals that CoPom-3D and CoPom-1D 

crystallize in the orthorhombic Cmce and monoclinic C2/c space groups, respectively (Table 

S1). Despite their distinct crystallographic symmetries, both compounds share the same 

fundamental inorganic building unit: the hourglass-type [Co(P4Mo6O31)2]10- building block, 

which is constructed from two {P4Mo6} clusters bridged by a central cobalt ion through six μ-

O bridges. In CoPom-3D, the secondary cobalt centers are coordinated by linear 4,4’-bpy 

ligands, oxygen atoms from coordinated water molecules, and terminal oxygen atoms from 

adjacent phosphate groups (Figure 2). This coordination mode drives the extended 

connectivity in three orthogonal directions, yielding a fully connected, densely packed 3D 

coordination framework (Figure 2). Notably, the molecular formula of CoPom-3D contains 

protonated 4,4’-bipyridine counterions (C10H9N2+) alongside seven lattice water molecules, 

theoretically endowing it with a high intrinsic concentration of potential proton carriers. 
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However, this extensive cross-linking leaves minimal free volume within the lattice, severely 

restricting the formation of continuous hydrogen-bonded water networks and effectively 

immobilizing these carriers, despite the presence of 7 lattice water molecules per formula unit.  

The Co–O and Co–N bond lengths are 2.021(4)–2.198(4) Å and 2.164(8)–2.179(8) Å, 

respectively, while the O–Co–O bond angles range from 82.89(18)° to 180.0°. The 180.0° 

value is imposed by crystallographic symmetry and therefore has no associated ESD. Within 

the {P4Mo6} core, the Mo–O bond lengths are 1.675(4)–2.318(3) Å, and the Mo–O–Mo and 

P–O–Mo bond angles are 81.67(12)–114.16(16)° and 123.8(2)–137.3(3)°, respectively (Tables 

S2 and S3). 

In contrast, within CoPom-1D, the 2,2’-bpy ligands coordinate in a chelating mode to 

Co(II) ions, occupying adjacent coordination sites on the cobalt centers (Figure 2). These 

cobalt centers are further coordinated by oxygen atoms from a {PO4} group and coordinated 

water molecules (Figure 2), forming distorted octahedral geometries. Similar to CoPom-3D, 

the relevant bond lengths and angles in CoPom-1D—including the Co–O, Co–N, and Mo–O 

bond lengths are 1.942(14)–2.214(12) Å, 2.090(15)–2.174(14) Å, and 1.666(11)–2.306(9) Å, 

respectively. The O–Co–O, Mo–O–Mo, and P–O–Mo bond angles range from 27.8(9)° to 

 
Figure 2. Structural representations of the coordination architectures derived from the hourglass-type 
[Co(P4Mo6O31)2]10− building unit and bipyridine isomers. The linear 4,4′-bipyridine linker drives the 
formation of a densely packed 3D coordination framework (CoPom-3D), whereas the chelating 2,2′-
bipyridine ligand yields 1D coordination chains that further assemble into a 3D supramolecular 
architecture containing nanoconfined interchain voids (CoPom-1D). Color scheme: Mo, green; Co, 
pink; P, yellow; O, red; N, blue; C, gray; and H, white. 
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180.0°, 81.9(4)° to 113.7(4)°, and 125.1(6)° to 139.9(7)°, respectively. The 180.0° value is 

imposed by crystallographic symmetry (Tables S4 and S5). Because the chelating 2,2’-bpy 

ligands effectively blockade multiple coordination sites on the secondary cobalt centers, they 

prevent multi-directional covalent extension. As a result, the structural connectivity propagates 

only along one crystallographic direction via POM-Co linkages, generating 1D infinite 

coordination chains (Figure 2). Crucially, these low-dimensional chains assemble into a robust 

3D supramolecular architecture driven by strong hydrogen-bonding interactions and π-π 

stacking between adjacent bipyridine rings.  

Beyond providing the supramolecular interactions that assemble the 1D chains into a 3D 

architecture, the π–π-stacked bipyridine groups may also indirectly regulate the proton-

conduction microenvironment by defining relatively rigid aromatic interfaces around the 

interchain voids. Compared with these less hydrophilic aromatic regions, the oxygen-rich 

{P4Mo6} surfaces provide more polar hydrogen-bonding and proton-accepting sites. This 

chemical contrast may preferentially localize confined water near the oxygen-rich POM 

surfaces, while the surrounding aromatic boundaries restrict the dimensions and 

configurational space of the hydrated region. Such confinement would not necessarily 

immobilize the water molecules. Rather, it may maintain close water–framework contacts 

while still permitting local water reorientation and exchange of hydrogen-bonding partners. A 

spatially constrained but locally reorganizable hydrogen-bonding environment may reduce the 

extent of local hydrogen-bond rearrangement associated with successive proton-transfer events 

and thereby contribute to the low apparent activation barrier of CoPom-1D. Because the 

orientation and dynamics of the confined water and the associated solvent reorganization 

energy were not directly measured, this interpretation remains a structure-supported 

mechanistic model. 

In CoPom-1D, the lattice-water oxygen atom forms short O···O contacts of 2.595(13), 

2.715(18), 2.806(24), and 2.873(13) Å with neighboring framework oxygen atoms, together 

with a longer contact of 3.059(19) Å. These distances are consistent with plausible local 

hydrogen-bonding interactions and indicate closely spaced proton-donor and proton-acceptor 

sites within the nanoconfined region. Related POM-based proton conductors have 

demonstrated that framework connectivity and local hydrogen-bonding environments can 

substantially influence proton conductivity and the proposed transport mechanism.[68,69] The 

short O···O contacts observed in CoPom-1D do not independently prove the existence of a 

continuous or dynamically operating proton-conduction pathway. Nevertheless, when 
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considered together with the pronounced humidity dependence and low activation energy, they 

provide structural evidence supporting a proton-transfer process consistent with a 

predominantly Grotthuss-type contribution. Structural parameters indicate that these water 

clusters are thermodynamically anchored to the framework via extensive hydrogen-bonding 

interactions, rather than merely being physically trapped. In contrast, the highly congested 

coordination framework in CoPom-3D provides insufficient free volume, precluding the 

formation of continuous hydrogen-bonded pathways. This structural contrast illustrates how 

limiting dense multidirectional covalent extension can enable the formation of a 

supramolecular architecture containing nanoconfined interchain spaces. The resulting 

nanoconfined environment in CoPom-1D may support better-connected water-mediated 

hydrogen-bonding interactions than the densely packed CoPom-3D framework. This structural 

organization is consistent with the enhanced proton conductivity and low apparent activation 

energy of CoPom-1D, although the microscopic solvent mobility and solvent-reorganization 

energy were not directly measured.: intentionally blocking covalent dimensionality can 

paradoxically yield superior supramolecular porosity and highly ordered solvent 

microenvironments. The resulting nanoconfined environment in CoPom-1D has significant 

implications for proton transport, suggesting that enhanced hydrogen-bond continuity and 

solvent mobility can effectively outcompete a high static concentration of protons and solvent 

molecules in governing macroscopic proton transport and minimizing solvent reorganization 

energy. 

Physicochemical Characterizations 

To confirm the phase purity and structural integrity of the synthesized compounds, powder 

X-ray diffraction (PXRD) and Fourier-transform infrared (FT-IR) spectroscopy were 

performed. The experimental PXRD patterns of both CoPom-3D and CoPom-1D match well 

with the simulated patterns generated from their respective single-crystal data (Figures S1 and 

S2). Minor variations in peak intensities are typical of preferred orientation effects in 

crystalline powders and do not indicate structural impurities. This excellent agreement 

confirms that the bulk synthesized samples are of high phase purity. Correspondingly, the FT-

IR spectra of both compounds exhibit highly similar absorption profiles due to their identical 

inorganic building units and structurally related isomeric ligands (Figures S5 and S6). Taking 

CoPom-1D as a representative example, a broad absorption band in the region of 3560-3059 

cm-1 is assigned to O–H stretching vibrations of coordinated and hydrogen-bonded water 

molecules. The peaks observed at 2920-2850 cm-1 are attributed to C–H stretching vibrations 
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of organic ligands. A strong band near 1650 cm-1 corresponds to ν(C=N)/ν(C=C) stretching 

vibrations of the coordinated bipyridine ligands, confirming successful metal-ligand 

coordination. The intense bands in the range 1100-1000 cm-1 are assigned to asymmetric P–O 

stretching vibrations from phosphate groups, while absorptions below 800 cm-1 are 

characteristic of Mo=O and Mo–O–Mo vibrations (Figure S6), indicating the preservation of 

the {P4Mo6} POM framework. 

To further evaluate the structural stability and water tolerance of the frameworks, 

systematic hydration–dehydration–rehydration cycle experiments were performed and 

monitored via PXRD and FT-IR. Specifically, the samples were immersed in deionized water 

at room temperature for 24 hours to achieve full hydration (or rehydration), while dehydration 

 
Figure 3. Structural stability and thermal profiles of the synthesized frameworks. (a, c) PXRD patterns 
of CoPom-3D and CoPom-1D, respectively, recorded during hydration–dehydration–rehydration 
cycles, confirming their structural robustness. (b, d) TGA curves of CoPom-3D and CoPom-1D, 
respectively, illustrating their distinct water-release behaviors. 
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was carried out by heating the samples at 150 °C for 24 hours in a vacuum oven. As shown in 

Figure 3a and 3c, the PXRD patterns remain essentially unchanged after these rigorous 

treatments, with no observable peak shifts or formation of impurity phases. This clearly 

demonstrates that both frameworks maintain their crystallinity and structural integrity, 

confirming excellent water stability and reversible structural behavior. FT-IR spectra (Figures 

S9 and S10) further support these observations. The broad O–H stretching band (3000–3600 

cm-1) decreases significantly after dehydration and is fully restored upon rehydration, 

indicating reversible water uptake, while the characteristic bands in the fingerprint region 

remain unchanged, confirming the preservation of the coordination skeleton. 

Having established the phase purity and structural robustness of the frameworks, 

thermogravimetric analysis (TGA) was subsequently employed to elucidate the distinct thermal 

behaviors and water microenvironments that directly govern proton transport. The TGA curve 

of CoPom-3D exhibits an initial weight loss of approximately 4.03% below 200 °C, 

corresponding to the removal of seven lattice water molecules (calc. 3.71%) (Figure 3b). A 

second weight loss step of about 2.37% (200–300 °C) is attributed to the release of four 

coordinated water molecules from the cobalt coordination sphere (calc. 2.12%). At higher 

temperatures (300–530 °C), a significant weight loss of 19.7% occurs, corresponding to the 

decomposition of the organic bipyridine ligands (calc. 18.5%). The transient mass fluctuation 

near 600–700 °C is attributed to the temporary reduction of metal species by local 

carbonaceous residue, followed by their complete re-oxidation in the air atmosphere. Above 

700 °C, the curve stabilizes, indicating the formation of stable metal oxide residues (mainly 

consisting of molybdenum, cobalt, and phosphate oxides), with an experimental residual mass 

of 70.24% (calc. 69.86%). In contrast, for CoPom-1D, an initial weight loss of 2.17% below 

150 °C corresponds to the removal of five lattice water molecules (calc. 2.13%), and a further 

3.69% loss (150–330 °C) is attributed to the release of eight coordinated water molecules (calc. 

3.41%) (Figure 3d). At higher temperatures (330–600 °C), a significant weight loss of 28.5% 

is observed, corresponding to the decomposition of the organic bipyridine ligands (calc. 29.5%). 

Above 600 °C, the mass generally stabilizes, indicating the formation of stable metal oxide 

residues, leaving a final residue of 63.96% (calc. 63.77%). It should be noted that the 

termination temperatures for the dehydration processes slightly differ between the two 

compounds (~300 °C for CoPom-3D and ~350 °C for CoPom-1D).  

The distinct dehydration behaviors observed in the TGA profiles offer valuable insights 

into the water microenvironments within the two frameworks. The lattice water in CoPom-1D 
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is released below 150 °C, whereas that in CoPom-3D is released below 200 °C. This earlier 

release indicates lower thermal retention of lattice water in CoPom-1D under the applied TGA 

conditions and may be consistent with less strongly constrained framework–water interactions. 

Because TGA is a temperature-programmed measurement, it does not directly quantify 

equilibrium water-binding energies, molecular residence times, water diffusion, reorientation 

rates, or proton-carrier mobility. 

Structurally, the short O···O contacts and nanoconfined void geometry maintain close 

proximity between the lattice water molecules and the oxygen-rich framework sites.[70] 

Within this confined environment, less strongly anchored water molecules may undergo local 

reorientation and exchange hydrogen-bonding partners more readily, without requiring long-

range translational diffusion. The framework may therefore help maintain the spatial 

connectivity of the water-mediated hydrogen-bond network while permitting local hydrogen-

bond reorganization. Such local reorganization may reduce the extent of hydrogen-bond 

rearrangement associated with successive proton-transfer events. The pronounced humidity 

dependence and low activation energy of CoPom-1D are consistent with this interpretation, 

although the molecular dynamics of the confined water were not directly measured in the 

present study. 

Consequently, this system highlights a structural trade-off between a higher static 

concentration of potential proton carriers in CoPom-3D and a nanoconfined hydrogen-bond 

environment in CoPom-1D that is consistent with more facile local reorganization and lower-

barrier proton transfer. The subsequent electrochemical impedance measurements evaluate 

how these contrasting structural environments affect macroscopic proton conductivity. 

Proton Transport Behavior and Mechanistic Insights 

The presence of extensive oxygen-rich frameworks and confined lattice water molecules 

in both compounds motivated an in-depth investigation into their solid-state proton-transport 

properties. Following a standard evaluation protocol, powdered samples were pressed into 

dense pellets (3 mm in diameter) under a pressure of 0.5 MPa for 30 seconds. Both sides of the 

pellets were coated with silver paste to ensure optimal electrical contact. Proton conductivity 

was then measured using AC impedance spectroscopy over a frequency range of 0.5 Hz to 1 
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MHz under controlled temperature and relative-humidity conditions, as detailed in the 

Supporting Information.  

 

 

 

 

 

Figure 4. Nyquist plots of the synthesized frameworks under controlled humidity and temperature 
conditions. (a, b) Humidity-dependent Nyquist plots of CoPom-3D and CoPom-1D, respectively, 
recorded at 50 °C. (c, d) Temperature-dependent Nyquist plots of CoPom-3D and CoPom-1D, 
respectively, recorded at 98% RH. The inset in each panel shows the equivalent circuit Rs + (Rp ∥ CPE) 
used for fitting the impedance spectra. Ju
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Initially, humidity-dependent impedance measurements were conducted at 50 °C (Figures 
4a and 4b). As the relative humidity increased from 45% to 95%, both compounds exhibited a 
dramatic enhancement in proton conductivity, underscoring the indispensable role of adsorbed 
water molecules in mediating proton transfer within the solid-state matrix. Under 50 °C and 
95% RH, CoPom-1D exhibits a proton conductivity of 1.92 × 10-3 S cm-1, placing it within the 
10-3 S cm-1 range reported for several representative POM-based crystalline proton conductors, 
although direct quantitative ranking is limited by differences in measurement conditions 
(Table S6). CoPom-1D exhibits competitive proton conductivity within the reported {P4Mo6} 
family under relatively mild conditions and has the lowest activation energy among the 
representative materials included in Table S7. As summarized in Table S7, CoPom-1D 
exhibits a proton conductivity of 1.92 × 10⁻³ S cm⁻¹ at 50 °C and 95% RH, which is within the 
10−3 S cm−1 range reported for several representative {P4Mo6}-based proton conductors. 
Although higher proton conductivities have been reported under more demanding temperature 
and humidity conditions, CoPom-1D displays competitive proton conductivity under relatively 
mild measurement conditions. In comparison, CoPom-3D exhibits a much lower conductivity 
of 1.12 × 10−4 S cm−1 under the same conditions. Because these conductivity values were 
measured under different experimental conditions, Table S7 is intended to provide contextual 

benchmarking rather than a strict ranking of proton-conduction performance. The activation-
energy values listed in Table S7 further show that CoPom-1D has the lowest apparent 
activation energy among the representative materials compared. This conductivity comparison 
supports a relationship between the nanoconfined interchain environment and the enhanced 
proton-transport performance of CoPom-1D: the highly dynamic nanoconfined water network 
in CoPom-1D effectively compensates for the lower static proton concentration and densely 
packed water molecules in CoPom-3D.  

 

Figure 5. Schematic illustration of the proposed proton-transport pathways. The nanoconfined 
CoPom-1D architecture is consistent with a localized Grotthuss-type proton-transfer pathway, whereas 
in the densely packed CoPom-3D framework, minimal free volume and poorly connected hydrogen-
bonding pathways restrict local proton transfer and prevent the formation of an efficient long-range 
transport pathway. 
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The superior performance of CoPom-1D over CoPom-3D can be attributed to several 

synergistic factors (Figure 5), rooted in their distinct structural and microenvironmental 

characteristics. First, regarding structural channels and nanoconfinement, the markedly 

different conductivity values are consistent with the spatial packing analysis. CoPom-3D is a 

densely packed 3D coordination framework where multi-directional covalent extension 

severely restricts the available free volume, effectively trapping its intrinsic protons and leaving 

minimal space for solvent accommodation and reorganization. In sharp contrast, while 

CoPom-1D is constructed from 1D coordination chains, its specific supramolecular packing 

(driven by π-π stacking and hydrogen bonding) creates expansive, nanoconfined interchain 

voids. This unique confinement architecture allows for the formation of robust and continuous 

water networks, which are essential for long-range proton transport via efficient hopping. 

Second, the electrochemical results directly corroborate the water-microenvironment 

analysis derived from our TGA studies. CoPom-1D therefore contains fewer lattice water 

molecules and lacks the protonated bipyridinium species present in CoPom-3D, establishing a 

lower static inventory of water and potential proton-donating species; however, this 

compositional difference alone does not directly describe the microscopic mobility or 

hydrogen-bond reorganization of confined water. In solid-state conductors, the kinetically 

advantageous mobility of water clusters in CoPom-1D compensates for its lower static carrier 

concentration, facilitating more rapid reorganization of the hydrogen-bond network. 

Conversely, the tightly bound water and intrinsic protons in the rigid 3D framework of CoPom-

3D experience significant steric restriction, leading to sluggish proton mobility and lower 

macroscopic conductivity. These results indicate that the static inventory of lattice water and 

potential proton-donating species is not the sole determinant of conductivity in this pair of 

materials; hydrogen-bond connectivity and local proton-transfer accessibility also play 

important roles. 

Finally, temperature-dependent conductivity measurements were performed to further 

elucidate the proton-transport mechanisms (Figure 4c and 4d). As expected, the conductivity 

in both frameworks increases with temperature, indicating a thermally activated proton-transfer 

process. The relatively high activation energy of CoPom-3D (0.49 eV), together with its 

minimal free volume and poorly connected hydrogen-bonding pathways, is consistent with a 

high-barrier proton-transfer process. Local proton hopping between neighboring donors and 

acceptor sites may occur, but long-range transport is strongly limited by the discontinuity of 

the available proton-transfer pathways. Under these structural constraints, translational 
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diffusion of H3O+ or larger hydrated protonic species is unlikely. The low proton conductivity 

of CoPom-3D is therefore attributed to limited hydrogen-bond connectivity and restricted local 

proton-transfer accessibility, rather than to a dominant vehicular mechanism. In contrast, the 

very low Ea of 0.11 eV for CoPom-1D strongly suggests a low barrier, hopping-dominated 

proton-transport pathway that is consistent with Grotthuss-type proton transfer. The superior 

performance of CoPom-1D over CoPom-3D can be attributed to several synergistic structural 

factors (Figure 5). CoPom-3D is a densely packed 3D coordination framework in which 

multidirectional covalent extension severely restricts solvent-accessible free volume and limits 

the formation of connected hydrogen-bonding pathways. In contrast, CoPom-1D is constructed 

from 1D coordination chains that further assemble through π–π stacking and hydrogen bonding 

into a supramolecular architecture containing nanoconfined interchain regions. These confined 

regions provide short water–framework O···O contacts and a better-connected local hydrogen-

bonding environment, which are consistent with more accessible proton transfer under humid 

conditions. Temperature-dependent conductivity measurements yielded apparent activation 

energies of 0.49 eV for CoPom-3D and 0.11 eV for CoPom-1D. The value obtained for 

CoPom-1D is lower than those of the representative {P4Mo6}-based proton conductors 

summarized in Table S7. Because the literature values were obtained for different materials 

and under different measurement conditions, this comparison is intended to provide contextual 

benchmarking rather than a strict ranking. More importantly, CoPom-1D and CoPom-3D 

contain the same fundamental hourglass-type {P4Mo6} building unit and were evaluated using 

the same experimental protocol. Their markedly different apparent activation energies 

therefore indicate that ligand-directed spatial packing and the resulting proton-transfer 

environment influence the energetic requirements for macroscopic proton conduction.  

The low apparent activation energy of CoPom-1D is consistent with the combined 

influence of the oxygen-rich {P4Mo6} surface and the nanoconfined interchain environment. 

The terminal and bridging oxygen sites of the {P4Mo6} cluster provide numerous proton-

accepting and hydrogen-bonding sites, while the confined interchain regions contain short 

water–framework O···O contacts that provide plausible local proton-transfer connections. This 

spatial arrangement may help maintain close donor–acceptor proximity and facilitate local 

hydrogen-bond reorganization, thereby reducing the extent of structural rearrangement 

required during successive proton-transfer events. Collectively, these structural features are 

consistent with a low-barrier, predominantly Grotthuss-type contribution to proton transport. 

Because the microscopic proton-transfer free-energy landscape and confined-water dynamics 
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were not directly measured, this explanation is presented as a structure-supported mechanistic 

interpretation rather than direct proof of the origin of the 0.11 eV activation energy. Despite its 

lower lattice-water content and the absence of protonated bipyridinium species, CoPom-1D 

exhibits approximately 17-fold higher proton conductivity than CoPom-3D under identical 

conditions (50 °C, 95% RH), together with a substantially lower apparent activation energy 

(0.11 eV vs. 0.49 eV). These observations suggest that, for this material pair, proton 

conductivity is influenced more by hydrogen-bond connectivity and local proton-transfer 

accessibility than by the static amount of lattice water or proton-donating species. Instead, the 

nanoconfined interchain geometry and short water–framework O···O contacts support a better-

connected water-mediated hydrogen-bonding environment, while the electrochemical results 

are consistent with hydrogen-bond connectivity and the ease of proton transfer playing more 

consequential roles under the measurement conditions. The microscopic mobility of the 

confined water was not directly measured. Proton transfer through water-mediated hydrogen-

bond networks involve coupled changes in the proton position and the local coordination and 

orientation of surrounding water molecules. Previous ab initio and molecular-simulation 

studies have shown that nanoconfinement can modify hydrogen-bond connectivity and proton-

transfer pathways.[71–74] However, these effects depend strongly on pore geometry and 

interfacial chemistry rather than universally enhancing water mobility.  

In CoPom-1D, the nanoconfined interchain geometry, oxygen-rich {P4Mo6} surfaces, and 

short water–framework O···O contacts provide a structural basis for maintaining closely 

spaced proton-donor and proton-acceptor sites. This spatial organization may reduce the extent 

of local hydrogen-bond rearrangement required during successive proton-transfer events and 

is therefore consistent with the low apparent activation energy and pronounced humidity 

dependence. Nevertheless, neither the microscopic reorientation dynamics of the confined 

water nor the solvent-reorganization energy was directly measured or calculated in the present 

study. The proposed role of water-network reorganization should therefore be regarded as a 

structure-supported and literature-supported mechanistic interpretation rather than direct 

experimental evidence for the dynamic behavior of confined water in CoPom-1D. 

Consequently, the substantially higher conductivity of CoPom-1D despite its lower 

lattice-water content indicates that the static inventory of lattice water and potential proton-

donating species alone does not determine conductivity in this pair of materials. Instead, 

hydrogen-bond connectivity and the kinetic accessibility of proton transfer appear to play more 

consequential roles. To evaluate the short-term operational stability of CoPom-1D, its proton 
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conductivity was measured periodically at 2 h intervals over a 12 h period under constant 

conditions of 50 °C and 95% RH. As shown in Figure S17, the conductivity remained 

essentially constant throughout the measurement period, with only minor fluctuations and no 

systematic decrease. This result demonstrates stable proton-conduction performance over 12 h 

under the investigated conditions and is consistent with the retention of the water-mediated 

proton-transport pathway. To place the proton-transport behavior of CoPom-1D in a broader 

context, comparison with recently reported {AlMo14O44}-based supramolecular proton 

conductors provides a useful benchmark. The two reported {AlMo14O44}-based compounds 

exhibit proton conductivities of 3.89 × 10⁻² and 4.76 × 10⁻² S cm⁻¹, respectively, at 85 °C and 

98% RH, with activation energies of 0.56 and 0.55 eV. Their proton transport was assigned 

predominantly to a vehicular mechanism. Because these conductivity values were obtained 

under different experimental conditions, the comparison is not intended to establish superior 

proton conductivity. Instead, it highlights the mechanistic distinction between the reported 

vehicular systems and CoPom-1D. Although CoPom-1D exhibits a lower conductivity (1.92 

× 10⁻³ S cm⁻¹ at 50 °C and 95% RH), it shows a markedly lower activation energy (0.11 eV). 

Together with the short water–framework O···O contacts observed in the crystal structure and 

the pronounced humidity dependence of proton conductivity, this low activation energy is 

consistent with the proposed Grotthuss-type proton-transfer pathway in the nanoconfined 

environment.[74] The present design principle can be placed in the broader context of related 

crystalline proton conductors. In porous nonmetal organic frameworks, proton conductivity has 

been shown to depend strongly on water uptake within one-dimensional polar pore channels, 

illustrating how pore chemistry and confined hydration can regulate proton transport.[75] In 

POM-based materials, controlled self-assembly has likewise been employed to generate 

confined proton-conduction pathways, while recent reviews identify hydrated transport 

microenvironments and continuous hydrogen-bond networks as recurring design 

principles.[16,48] These precedents place the present ligand-isomerism-induced 

nanoconfinement strategy within a broader class of structure-guided design strategies for 

regulating proton transport, without implying that its specific structural mechanism is 

universally applicable. Overall, these results indicate that, in this pair of materials, hydrogen-

bond connectivity and carrier mobility can outweigh the static number of potential proton 

carriers in governing macroscopic proton conductivity. 
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CONCLUSION 

In summary, we have successfully constructed two new {P4Mo6}-based cobalt frameworks 

through a ligand-isomerism-directed hydrothermal assembly strategy. By employing linear 

4,4’-bpy and chelating 2,2’-bpy as structure-directing agents, the identical anionic hourglass-

type [Co(P4Mo6O31)2]10- building units were transformed into a densely packed 3D 

coordination framework (CoPom-3D) and a 3D supramolecular architecture assembled from 

1D coordination chains (CoPom-1D), respectively. Comprehensive structural and thermal 

analyses reveal that although CoPom-1D possesses a lower lattice water content and lacks the 

intrinsic protonated ligands found in CoPom-3D, its unique supramolecular nanoconfinement 

facilitates a more flexible and dynamically reorganizable hydrogen-bond network. As a result, 

CoPom-1D exhibits a superior proton conductivity of 1.92 × 10-3 S·cm-1 at 50 °C and 95% RH, 

which ranks among the highest for POM-based crystalline conductors and is nearly an order of 

magnitude higher than that of the dense CoPom-3D framework (1.12 × 10-4 S·cm-1). The 

markedly different apparent activation energies of CoPom-1D and CoPom-3D indicate a 

strong relationship between ligand-directed spatial packing and the energetic requirements for 

macroscopic proton transport. The structural and electrochemical results are consistent with a 

predominantly Grotthuss-type contribution in CoPom-1D, although direct characterization of 

proton and confined-water dynamics will be required to establish the microscopic mechanism 

conclusively. These findings suggest that suppressing dense multidirectional covalent 

extension, creating supramolecularly confined proton-transport microenvironments, and 

regulating water-mediated hydrogen-bonding environments may provide broadly applicable 

design principles for improving POM-based proton conductors. 
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TOC Graph 

 

Ligand isomerism dictates framework dimensionality and proton transport pathways. The 1D 

structure enables superior proton conduction via a Grotthuss mechanism, whereas the 3D 

framework exhibits lower conductivity due to localized, sterically hindered proton hopping. 
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