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Abstract
Molecular-based crystalline conductors, with their highly ordered structures, are highly valuable for
clarifying how molecular arrangements determine electronic properties. However, conventional zero-
dimensional cluster materials generally exhibit low conductivity due to the difficulty in establishing
efficient conductive networks within their isolated systems. In this study, we constructed an electron-rich
dimeric molecular conductor by introducing the aromatic metal-cluster building block {MoIV3py3} as a
stereogenic unit while encapsulating rare-earth ions. This design enables the formation of a novel d-
π•••π-d conjugated conductive pathway between otherwise isolated clusters. Among the systems, the
hexagonal phases embedded with Sm and Eu ions exhibit the shortest π•••π contact distance (3.65 Å)
and possess the highest in-plane (ab-axis) conductivity of 3.17 × 10⁻5 S•m⁻1 and 2.94 × 10⁻5 S•m⁻1,
respectively—more than 105 times higher than that of conventional polyoxometalates. The incorporation
of rare-earth ions not only induces the formation of a semiconducting hexagonal phase and a metallic-
like tetragonal phase but also enables the modulation of anisotropic charge transport in single crystals.
This work provides an important design strategy and synthetic pathway for the tailored construction of
cluster-based crystalline materials with targeted electrical properties.

Introduction
Crystalline molecular conductors, due to their well-defined molecular structures, are of great importance
in elucidating the relationship between structural characteristics and the electronic properties of
materials, and in uncovering novel physical phenomena1,2. Currently, leading crystalline conductive

materials rely on the continuous linkage forming conductive pathways3,4. However, isolated cluster
materials have remained underexplored in the field of electrical conductivity. This is primarily because
the inherent challenge of establishing an effective conductive network in such discrete systems leads to
insulating behavior, thus rendering them less attractive for electronic applications. Therefore, developing
conductive materials from discrete clusters presents a compelling direction5,6.

Polyoxometalates (POMs) are a typical example of clusters, and as electron reservoirs, they have
garnered significant attention due to their unprecedented versatility in terms of shapes, large sizes,
molecular/electronic structures and bonding, as well as unique physicochemical properties7.
Nonetheless, analogous to the poor conductivity observed in most metal-organic frameworks (MOFs),
POMs are widely considered electrical insulators, which significantly restricts their applications in POM-
based nanoelectronics (POMtronics)8,9. The primary reason is that conventional polyoxometalates are
fully oxidized d0-systems: their periphery is occupied by inert M=O double bonds10, which prevents
effective connection with organic ligands to form d–π conjugation and, consequently, limits the
construction of electron-transport networks11. A common strategy is to introduce organic molecular

conductors and form POM-containing radical salts, such as TTF-based POM materials12. This
conduction mode predominantly depends on the highly conductive organic ionic component to form an
electron-transport pathway (ETp)13. However, this strategy does not actually rely on the intrinsic
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conductivity of the POM clusters, thus failing to the full exploitation of their unique electronic structure.
The one-dimensional (1D) stacking of these organic ions14 further induces pronounced anisotropy in
conductivity (aa≪cc)15,16. In addition, although rare-earth elements are widely exploited in magnetism,

optics, catalysis, and energy, their potential for tuning the electrical conductivity of crystalline materials
remains largely unexplored.

Herein, unlike the conventional strategy of constructing radical salts, we enhanced the intrinsic
conductivity of the POM clusters and, by establishing a distinctive d–π···π–d networks between the
clusters and organic ligands. By exploiting π···π conjugation between the aromatic rings at the two ends
of the linear dimeric cluster, we realized d–π···π–d 3D conductive frameworks jointly constructed by the
organic ligands and the clusters. Moreover, the tunable anisotropy of electrical conductivity arises from
the Ln2+/Ln3+ redox shuttle along the c-axis and π···π interactions along the a-axis, both governed by the
endohedral Ln3⁺ dimers, which also exert significant influence on the electronic structure. It represents a
significant advance for constructing robust cluster-based conductive networks that fully exploit the
unique electronic structure of polyoxometalate clusters. Moreover, the anisotropy of electrical
conductivity can be tuned by the Ln2+/Ln3+ redox shuttle along the c axis and π···π interactions along the
a-axis, both of which are modulated by the endohedral Ln3+ dimers and their influence on the electronic
structures.

Scheme 1  Design innovation of crystalline molecular-cluster conductive networks: A comparative
illustration between conventional systems and the present work. Left: Typical molecular‑cluster crystals
exhibit only 1D π···π interactions (σc: 1D interactions), lack effective electronic transfer pathways (ETp;
σa: no ETp), and display charge transport limited by the packing of counterions and clusters. Right: In this

work, a d‑π···π‑d conductive network was constructed, achieving three key advancements—enhanced
conductivity, tailorable electrical anisotropy (σa/σc), and tunable semiconductor-to-conductor switching.
Through the synergistic assembly of quasi-aromatic metal clusters, π-aromatic rings, and Ln dimeric belt
motifs, forming through-space d-π···π-d charge transport channels. Coupled with MoIV/MoVI and LnII/LnIII

redox shuttles, this network facilitates d-π···π-d transport along the ab direction (σab) and redox-mediated
conduction along the c direction (σc), thereby overcoming the charge-transport limitations of
conventional systems.

Results and Discussion
Self-assembly of quasi-aromatic clusters

The coordination geometry of building blocks is one of the important parameters in controlling the
dimensionality of resulting framework structure17,18. The metallic crown-like {MoIV

3-py3}, with the π-

aromatics perpendicularly coordinated to the triangular plane of metal–metal bonded MoIV
3, will be an

opportunity to make interconnections in multi-directions. Such quasi-aromatic building blocks were
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formed via precursor [MoIV
3O2(O2CCH3)6(H2O)3]2+ in the mixture of pyridine and water under

solvothermal conditions19. Moreover, the triangular {MoIV
3-py3} units, which are intrinsically d–π

conjugated and storing six electrons, exhibit both π- and quasi-aromaticity20,21. They are expected to
modulate the electronic structure of the POM cluster, thereby enhancing its intrinsic conductivity.

In contrast to conventional fully-oxidized POMs with endohedral main group heteroatoms X such as P, Si
via strong covalent bonds 22, the trans effect exerted by the coordinated aromatic rings (MoIV-py, 2.2 Å

vs. MoVI=O, 1.7 Å) markedly strengthens MoIV
3-µ3-O bonding (MoIV

3-µ3-O, 2.0 Å vs. MoVI
3-µ3-O, 2.3 Å) and

eludes MoIV
3-µ3-O-X covalent bonding23-25. Nevertheless, the MoIV

3–μ3-O can engage in weak

coordination bond with central LnIII ions. The clusters are archetypal dimers, assembled by capping both
ends of the redox-active {Ln2P9MoVI

6} belt with a quasi-aromatic {MoIV
3-py3} unit. This structure

establishes an intramolecular conductive pathway and endows the clusters with molecular conductor
properties. The crystalline phases were selectively tuned via partially oxidative aggregation with H3PO3

and LnCl3, yielding a hexagonal phase for La–Gd (Fig. S1, left) and a tetragonal phase for Sm–Tb (Fig.
S1, right). Both phases are constructed from metal clusters of the same general formula of
[Ln2@MoIV

6MoVI
6(PO4)2(HPO3)7O26py6]6− with C3h symmetry in the hexagonal phase (Fig. 1a and Fig. S1,

left; Supplementary Video 1) and Cs symmetry in the tetragonal phase (Fig. 1f and S1, right;

Supplementary Video 2).

The clusters with endohedral 10-coordinated LnIII atoms crystallize into hexagonal phase and those with
9-coordinated LnIII atoms crystallize into tetragonal phase (Scheme 1 and 2). As illustrated in Scheme 2,
the longest Ln···Oa distance in 8–11 (2.84(2)–2.96(2) Å) is significantly longer than that in 1–7
(2.450(12)–2.695(9) Å) because of the reduced coordination number requirement. This elongation
breaks the C3h symmetry in the former, and resulting in the lower crystallographic Cs symmetry observed

in 8–11, thus significantly differentiate the connectivity mode among the quasi-aromatic {MoIV
3O4py3}

SBUs via π···π interactions, and forming hexagonal and tetragonal conjugated MoIV
3 phases.

Interestingly, the sixfold and fourfold symmetry phases are also similarly exits in Mo metallenes26.

Scheme 2 Synthetic route and photographs of [Ln2@MoIV
6MoVI

6(PO4)2(HPO3)7O26py6]6− crystals
showing a rare-earth-induced hexagonal-to-tetragonal phase transition. Scale bars, 0.15 mm. Color code:
MoIV, red purple; Ln, olive; P, pale brown; O, red; C, gray. The crystals were directly imaged from the
mother liquor without prior isolation or selection.

The chemical bonding states of MoIV were confirmed by strong triangular MoIV(d2)-MoIV(d2) metal–
metal bonds (2.498(3)–2.536(3) Å) and X-ray photoelectron spectroscopy (XPS) (Fig. 2c, 2d and S5,
Table S5) that reveals two intense peaks at binding energies of 233.5 and 230.4 eV, corresponding to
3d3/2 and 3d5/2 of MoIV, respectively. Most remarkable is the quasi-aromatic metal–metal bonded {MoIV-

py}3d-π···π-d conjugated systems (Mo-N, 2.187(16)–2.234(17) Å) interconnected by the strong
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triangularly metal–metal bonded MoIV
3 units, which are essential to constitute long-range electron

transport.

2D aromatic {MoIV
3-py3} π-stacked layers

Fig. 1. Assembly of d-π···π-d conductive networks in molecular-cluster crystals, directed by lanthanide
ions, modulated by their coordination environment (geometry, coordination number, and symmetry). (a, f)
Coordination environments of the lanthanide ion in the hexagonal phase (10-coordinate, C3h symmetry)
and the tetragonal phase (9-coordinate, Cs symmetry), respectively, with Eu–Oa bond lengths labeled
(2.45 Å in the hexagonal phase and 2.28 Å in the tetragonal phase). Color shading highlights the
structural features of the lanthanide coordination units. (b) Primary structural building units of the
hexagonal-phase clusters assembled in an antiparallel-sandwich arrangement. (c) Further assembly into
Kagome-type d-π···π-d conjugated layers in the hexagonal phase. (d) 3D crystalline network with acs
topology constructed from the hexagonal phase. (e) Assembly features of the quasi-aromatic {MoIV

3O4}

cluster units in the tetragonal phase, exhibiting a 30° antiparallel displaced and edge-tilted-T π···π
stacking configuration. (g) d-π···π-d conjugated layer structure formed in the tetragonal phase. (h) Finally,
3D crystalline network with cfu topology constructed from the tetragonal phase. Color code: MoIV, red
purple; MoVI, teal; Ln, olive; P, pale brown; O, red; C, gray; antiparallel-sandwich stacked py, magenta; edge-
tilted-T stacked py, sky blue; mono 30° antiparallel-displaced py, light green; dual 30° antiparallel-
displaced py, orange; lattice py, yellow. H atoms are omitted for clarity.

Replacing the terminal MoV,VI=O groups in conventional POMoV,VIs by electron-rich MoIV
←py π-

conjugated systems in aromatic POMoIVs makes possible to constitute π···π stacking supramolecular
frameworks in POMs, and thereby dramatically enhances their electrical conductivity. The present work
confirms that this methodology is feasible, and thus paves a new avenue to make multidimensional
electroconductive cluster materials. As shown in Fig. 1b, in the hexagonal phase, each crown-like {MoIV-

py}3 building unit interacts with the surrounding three {MoIV-py}3π-conjugated systems through

antiparallel-sandwich py···py π-stacking interactions, forming extended MoIV
3 bilayer in the ab plane (Fig.

1c; Supplementary Videos 3 and 5). The π···π distance ranges from 3.65 Å (5-Sm and 6-Eu) to 3.86 Å (2-
Ce), and reveals strong π⋯π interactions between antiparallel arranged py ligands, which together with
the triangular Mo-Mo and Mo-N bonds provide highly efficient 2D ETp networks. While the tetragonal
{MoIV

3-py3} conjugating layer in 8–11, is composed of antiparallel-displaced py⋯py and C-H⋯py (edge-

tilted-T) π-stacks (Fig. 1b, 1e and Supplementary Videos 4 and 6)27. It is noteworthy that the tetragonal
symmetric MoIV

3 conjugating layers showed smaller interlayer distance of ~3.13 nm compared with

those of sixfold symmetric MoIV
3 conjugating layers of 3.23~3.28 nm, indicating intrinsically higher

electrical conductivities (Table S4).

Due to the stereo {MoIV
3-py3} SBU, the π···π stacking along ab-directions via the three coordinated py

rings, rather than 1D π-stacking as MOFs, that guided anisotropic growth of conjugated MoIV
3 layer in 2D
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plane that crystallize into plate morphology (Scheme 2). It is well known that 2D graphene analogue
materials feature strong in-plane covalent bonds and weak interlayer π···π interactions. On the contrary,
our bilayer MoIV

3 showed unique in-plane covalent bonds (coordinate and metal–metal bonds) and π···π

interactions, and strong interlayer covalent bonds.

According to the crystal structures, the hexagonal MoIV
3 clusters possesses acs topology (Fig. 1d), while

cfu topology for the fourfold symmetry phase (Fig. 1h). A sideview of hexagonal phase clearly shows the
zig-zag Kagome layers constructed by the six-connected {MoIV

3-py3}2 clusters, thus performed a

Kagome lattice. As shown by the side of view of the topological nets, the MoIV-MoIV/MoIV-
py/LnIII

2@MoVI(HPIII)7PV
2O49 bonds and py···py π-stacking interactions, contribute to ETp along both ab

plane and c-axis.

Due to the extended d–π···π–d conjugation along the ab plane, these {Ln2(MoIV
3py3)2} clusters

preferentially crystallize into hexagonal or tetragonal plate-like morphologies (see Scheme 2 and Fig. S3).
TEM provides distinct morphology of conjugated {Ln2(MoIV

3py3)2} clusters. As shown in Fig. 2f, the TEM
images of hexagonal 4-Nd nanosheets similarly showed lattice fringes with the fringe space distance of
1.63 nm on (002) reflection. While for tetragonal 9-Eu, the TEM images distinctively show the sideview
along different directions of the 2D cluster-conjugated layers (Fig. 2i).

Fig. 2 Structural characterization of {Ln2(MoIV
3py3)2} clusters through XRD, XPS, and electron

microscopy. (a, b) Experimental and simulated powder X-ray diffraction (PXRD) patterns for
{Ln2(MoIV

3py)2} clusters in the hexagonal (a) and tetragonal (b) phases, demonstrating phase purity and

structural agreement. (c, d) XPS analysis confirming the MoIV state. (e–j) Field emission transmission
electron microscopy (FETEM) images and FFT patterns displaying the crystallinity and lattice structure
of the hexagonal (e-g) and tetragonal (h-j) phases.

Enhanced electrical conductivity

Fig. 3. Electrical conductivity characterization of {Ln2(MoIV
3py3)2} materials: (a) Typical I–V curves

showing the single-crystal conductivity of P63/m symmetric 1–7 along the a-axis, acquired using the
two-probe method. (b) Typical I–V curves showing their conductivity along the c-axis. (c) Summary of
single-crystal conductivity (a- and c-axis), HOMO–LUMO gaps, and π‑stacking distance of the aromatic
clusters. (d, e) Arrhenius representation of the pellet electrical conductivity for hexagonal 6-Eu (d) and
tetragonal 9-Eu (e), measured via the van der Pauw method.

As illustrated in Fig. 1, the quasi-aromatic [MoIV
3O4py3] incomplete cubane unit can serve as highly

stable 6e-redox active units via the reversible cleavage/reformation of the triangular MoIV–MoIV bonds.
Inspired by the 3D electron transport network of the clusters, the electrical conductivity was measured
on grown single crystals by two-probe method at ambient temperature. The electro-conductivity of the
crystals was confirmed by measuring the single-crystal conductivity along a- and c-axis, respectively. As
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shown in Fig. 3c, the σa values exhibit a strong correlation with the π···π stacking distance along the ab
directions. Specifically, 5-Sm and 6-Eu, which possess the shortest π···π distance (3.65 Å), also display
the highest σa values of 3.17×10⁻5 S·m⁻1 and 2.94×10⁻5 S·m⁻1, respectively—approximately 105-fold

higher than those of conventional metal-oxygen clusters (e.g., TBA3[PMo12O40], σ < 10⁻9 S·m⁻1)28.
Meanwhile, the σc values align well with the HOMO–LUMO gaps of the clusters. For instance, 6-Eu, with

the narrowest HOMO–LUMO gap (2.09 eV), exhibits the highest σc value of 2.47×10⁻5 S·m⁻1. The

anisotropic ratio of 1.1 (σa/σc) for single-crystal conductivity of 6-Eu reveals virtually isotropic electrical
conductivities as expected for the 3D electron transport pathways. This is quite different from most
conductive MOFs that are characteristic of remarkably anisotropic charge transport29-31.

The tailorable anisotropic conductivity (σa/σc) provides a versatile platform for diverse device

applications. The crystals with σa/σc > 1 are optimal for in-plane (2D) electron transport, whereas those
with σa>σc are advantageous for interlayer transport in vertical devices. For the nearly isotropic
conductivity (σc ≈ σa) observed in 6-Eu renders it suitable for 3D integrated circuits, meanwhile,
simplifies device fabrication by eliminating the need for strict crystalline orientation control.

For the hexagonal and tetragonal phases, the temperature-dependent electrical conductivity were
studied on their respective Eu species in the temperature range of 250~315 K in pellet samples with van
der Pauw method. The conductivity values showed excellent reproducibility during heating and cooling
cycles, and 9-Eu, which has a smaller HOMO-LUMO gap (1.51 eV), exhibits higher electro-conductivity (σ
= 1.46×10-6 S m-1). Both the hexagonal and tetragonal symmetric phases were confirmed to be
semiconducting (Fig. 3d and 3e). The Arrhenius fit to the data revealed an activation energy Ea of just 65
meV for 6-Eu which is among the smallest Ea reported for semiconducting molecular crystals, MOFs or

coordination polymers32. While the activation energy of 9-Eu was 133 meV. The activation energies
correspond to the hopping energy barriers based on the nearest neighbor hopping mechanism. The
larger intrinsic activation energy of 9-Eu may be attributed to more variety of π-stacking modes. It is also
implied that the comprehensive π-conjugations composed with antiparallel and T-shaped π-stacking
aromatics are of a more efficient strategy serving as long range electron transfer, which has been
extensively employed by the microbes forming electrically conductive pili to construct a continuous
pathway for long-range extracellular electron transport33,34.

Electronic structures and bonding

The in-plane interactions of hexagonal and tetragonal conjugation of {Ln2(MoIV
3py3)2} clusters were

confirmed by the independent gradient model (IGM) method to provide a visual understanding of the
interactions present in the systems35. The van der Waals (vdW) interactions dominated in the conjugated
{MoIV-py}3 layers as the green-colored fields among the clusters (Fig. 4a). While, in addition to the strong

π···π interactions, C-H···O hydrogen bonding interactions (blue clumps) which are stronger in the
tetragonal systems, are also of significance in stabilizing the {MoIV-py}3-conjugated layers (Fig. 4b).
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Fig. 4. Colored isosurfaces (isosurface value = 0.006) showing IGM (independent-gradient-model)
analysis of multiple MoIV–π conjugations: (a) the dimer of 6-Eu under hexagonal symmetry, and (b) the
pentamer of 9-Eu under tetragonal symmetry, in which green clumps denote van der Waals interactions
and blue clumps denote hydrogen bonds; (c) Energy-level diagram and frontier-orbital plots for the
{Ln2MoIV

6MoIV
6P9} cluster series. (d) Electronic band structure and partial density of states (PDOS) of 6-

Eu. (e) Schematic representation of the k-point path in the Brillouin-zone used for 6-Eu at the GGA level
of theory. (f) Density of states (DOS) of the tetragonal 11-Tb.

The HOMO-LUMO gaps of Ln2POMoIVs play a significant role in electronic conductivity performances, in
agreement with the fact that cluster pillars markedly contribute to the ETp pathways along c-axis. To
gain a deeper understanding of the electronic structures and bonding patterns, we performed the first-
principles density functional theory (DFT) calculations on [Ln2MoIV

6MoVI
6(PO4)2(HPO3)7O26py6]6- at the

SDD/def2-TZVP/6-311G* level of theory. The SMD implicit solvation model was employed to account for
charge compensation in the calculations of the polyanion clusters. Both the C3h-symmetric 6-Eu (4f6)

and Cs-symmetric 9-Eu (4f6) clusters exhibit the lowest LUMO energy levels dominated by vacant 4f

orbitals and hence the smallest band gaps (6, 2.09 eV; 9, 1.51 eV). The electronic structures benefit for
EuIII to receive HOMO electrons to achieve the stable 4f7 electron configurations, and to serve as a
EuIII⇋EuII redox pair to promote ETp36, which account for their good conductive performance.

Density of electronic states (DOS) and band structures based on periodic DFT calculations were
performed on the {Ln2(MoIV

3py3)2} clusters. The EF of 6-Eu is located on the VBM side, indicative of a p-
type semiconductor (Fig. 4d). The indirect band gap (Eg) is calculated as 0.86 eV. The sharp peak in DOS

across EF of 11-Tb indicates that the quasi-aromatic {MoIV
3-py3} SBUs increase the concentration of

charge carriers for charge transport that reduced the band gap (Fig. 4f)37,38. Both the VBM and CBM for
6-Eu and 11-Tb are mainly originated from O, C, N and MoIV from partial DOS calculations, suggesting
that {MoIV

3O4py3} units contribute to the narrow bandgap. Thus, the ETp route is conformed to be d-π-π-d

in the MoIV
3 conjugating layer (Fig. 4d, 4f and S9). We also note that the Fermi level of 6-Eu lies inside a

bandgap, suggesting semiconductive behavior with uniform antiparallel-sandwich π-stacking. In
contrast, tetragonal 11-Tb should exhibit metallic behavior in ab plane constructed by triangularly
metal–metal bonded MoIV

3 and comprehensive π-interactions, as evidenced by the bands crossing the

Fermi level (Fig. 10)39. This metallic-like transport behavior can be bioinspired by the proposition that the
electrically conductive pili constructed through comprehensive π-stacking interactions, possess metallic-
like conductivity, enabling long-range extracellular electron transfer in microbial systems34. The
tetragonal systems are of more compact packing (Fig. 1c, 1g and S9) that contributed to higher electrical
conductivity.

Remarkably, the hexagonal packing displays ultra-flat bands along the whole Brillouin zone with the
valence-band maximum (VBM) bandwidth of merely 0.8 meV and conductance-band maximum (CBM)
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bandwidth of 47.8 meV. The ultra-flat band is 246 meV below EF, which lies very near for p-type

semiconductors40. Kagome lattice has been reported to be a dominant topological structure in inorganic

flat band materials except for mott insulators related to exotic physical properties41-43. The ultra-flat
bands across the entire reciprocal space, in accordance with the isotropic ETp property of single-crystal
conductivities for 6-Eu. Such ultra-flat bands at EF found in cluster-based crystalline materials for the

first time, may add more exotic physical properties that remain uncovered44.

Conclusion
This study constructs a novel electron-rich molecular crystalline conductor by embedding rare-earth ions
into an aromatic {MoIV

3-py3} cluster framework. The rare-earth ions guide the formation of extended

d‑π···π‑d conjugation pathways, effectively overcoming the intrinsic low conductivity of isolated cluster
systems. Remarkably, the choice of rare-earth ion induces distinct electronic phases—semiconducting
(hexagonal) and metal-like (tetragonal)—while enabling anisotropic conductivity tuning in single crystals.
This work not only provides a synthetic strategy for rationally constructing extended conjugated
conductive networks in molecular crystals but also showcases the ability to precisely regulate the
electronic structure. It offers a clear material design approach and a feasible synthetic pathway for the
future on-demand design of molecular functional crystals with tailored conductive, semiconducting, or
even metal-like behaviors.

Methods
Synthesis of trinuclear {MoIV

3O2} cluster precursors

[Mo3O2(O2CMe)6(H2O)3]ZnCl4·8H2O as the precursor was prepared according to the procedure in

previous work.45,46 A mixture of Na2MoO4·H2O (15.0 g), zinc powder (7.5 g), and acetic anhydride (250

mL) was placed in a 500 mL round-bottom flask and heated at 138 °C under reflux with stirring for 48 h.
After the reaction was complete, the mixture turned entirely red and was allowed to cool to room
temperature, during which a significant amount of red solid formed. The red solid was collected by
filtration, and dissolved in 400 mL of hydrochloric acid solution (~1.0 mol L⁻1; prepared from
concentrated HCl/H2O, 1:10 v/v). The resulting solution was filtered again, and the clear filtrate was left
to evaporate slowly in air, yielding red block-shaped crystals.

Synthesis of hexagonal-phase {Ln2(MoIV
3py3)2} cluster crystals

The MoIV precursor [Mo3O2(O2CMe)6(H2O)3]ZnCl4·8H2O (0.11 g, 0.1 mmol) and LaCl3 (5.9 mg, 0.024
mmol) and 80% H3PO3 solution (52 μL, 0.43 mmol) were added in a 20 mL Teflon-lined autoclave
containing 4.8 mL of pyridine, 1.2 mL of water, which were sealed in a stainless-steel and heated under
autogenous pressure to 120 °C for 12 h. Then, the mixture was cooled to room temperature at a rate of
1.4 K h⁻1 that produced dark red hexagonal crystals 1-La. (>30% yield based on Mo). The preparation
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process other hexagonal-phase {Ln2(MoIV
3py3)2} clusters is similar to that of 1-La, except that LaCl3 was

replaced by their corresponding lanthanide chlorides for 2-Ce through 7-Gd.

Synthesis of tetragonal-phase {Ln2(MoIV
3py3)2} cluster crystals

The MoIV precursor [Mo3O2(O2CMe)6(H2O)3]ZnCl4·8H2O ((0.128 g, 0.13 mmol), TbCl3·6H2O (10.3 mg,

0.028 mmol) and 80% H3PO3 solution (69 μL, 0.57 mmol) were added in a 20 mL Teflon-lined autoclave
containing 6 mL of pyridine, 2 mL of water, added in a 20 mL Teflon-lined autoclave containing 4.9 mL of
pyridine, 1.1 mL of water, which were sealed in a stainless-steel and heated under autogenous pressure
to 115 °C for 12 h. Then, the mixture was cooled to room temperature at a rate of 1.4 K h-1 that produced
small dark red square crystals. Crimson square crystals of 11-Tb were harvested (<10% yield based on
Mo). The preparation of the other tetragonal {Ln2(MoIV

3py3)2} crystals was carried out using a procedure

similar to that for 11-Tb; however, the differences were not limited to the substitution of TbCl3·6H2O with
the corresponding lanthanide chlorides. To drive the reaction to completion and facilitate the hexagonal-
to-tetragonal phase transition, the temperature was raised to 120 °C for the Sm, Eu, and Gd analogues.
Meanwhile, the H2O/pyridine solvent ratio was adjusted from 2:8 for 11-Tb to 2.3:7.7 for 10-Gd, 2.4:7.6
for 9-Eu, and 2.6:7.4 for 8-Sm, respectively. The duration of the constant-temperature step increased
progressively for 10-Gd (19 h), 9-Eu (22 h), and 8-Sm (23 h) to accomplish their respective phase
transitions, consistent with the effects of lanthanide contraction.

X-ray Crystallography

The X-ray single crystal data for 1-La and 5–11 were collected on an XtaLAB Synergy-R single-crystal
diffractometer (RIGAKU Oxford Diffraction) at 100 K, while 2–4 were collected on a BRÜKER D8 Venture
single-crystal diffractometer using MoKα radiation. All structures were solved by intrinsic phasing
method using SHELXT.47 All non-hydrogen atoms were refined anisotropically using weighted full-matrix
least-squares on F2, and refinements were carried out using SHELXL-2019/348 within the graphical

interface Olex2-1.549. CCDC-2307759 (1-La), CCDC-2307760 (2-Ce), CCDC-2307761 (3-Pr), CCDC-
2307762 (4-Nd), CCDC-2307763 (5-Sm), CCDC-2307764 (6-Eu), CCDC-2307765 (7-Gd), CCDC-2307766
(8-Sm), CCDC-2307767 (9-Eu), CCDC-2307768 (10-Gd), CCDC-2307769 (11-Tb), contain the
supplementary crystallographic data for this paper.

Electronic Property Measurements

Pressed pellets of POM samples were prepared by loading powders into a pressing die with an inner
diameter of 3×3 mm and applying a pressure of approximately 400 MPa using a hydraulic pump for 15
min. Both the temperature-dependent electrical conductivity in the range of 250~315 K and Hall effect
measurement at ambient temperature were performed by a physical property measurement system
(PPMS) based on van der Pauw method with pellet samples. For grown single crystals, DC electrical
conductivity was measured in air using two-probe technique. A stabilized DC power supply was used to
supply current, and the electrical resistance (R) of the samples was measured with a high-impedance
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electrometer (Keithley, 6517B). The dimensions of grown single crystals were determined after the
measurement using a stereo-microscope (Nikon SM2800). Linear I–V curves were obtained by supplying
the current and measuring the corresponding voltage. The DC conductivity (σ) was calculated using the
well-known relation σ = d/RA, where d is the thickness of sample and A is the cross-sectional area.

DFT calculations

DFT calculations on single molecular HOMO and LUMO were performed using the GAUSSIAN 16
program package50 and crystal structure parameters. DFT calculations were carried out using the
PBE1PBE functional51,52. We have used the Stuttgart/Dresden (SDD) basis set with effective core

potentials on Ln atoms53, def2-TZVP basis set54 on Mo and 6-311G* basis set55 on other atoms for the
calculations. In these calculations, the solvent effects were taken into account by the solvation model
density (SMD)56. The natural atomic orbital (NAO) analysis were calculated by the NBO 3.1 module
embedded in Gaussian 16 program50. The analysis of frontier molecular orbitals and spin densities were

performed by Multiwfn 3.857-60, which is a multifunctional wavefunction analysis program. The LOL
(localized orbital locator) - π delocalization analysis for 1–11 were performed using Multiwfn 3.8
package. And the independent gradient model (IGM) analysis were presented using the Multiwfn and
VMD packages. For density of state (DOS) and band structure were calculated by performed using the
projected augmented wave (PAW) method61 as implemented in the Vienna Ab Initio Simulation Package
(VASP) 6.3.062. The Perdew−Burke−Ernzerhof form of the generalized gradient approximation (PBEGGA)

was employed as the exchange-correlation functional63. The cutoff energy for plane-wave expansion
was taken as 490 eV. The convergence criteria for total energy was 10–5 eV. The k-point sampling of
Brillouin zone was performed by using Monkhorst-Pack grids of 4 × 2 × 4 for hexagonal structures and 2
× 2 × 2 for tetragonal structures, respectively65. The vdW correction was incorporated with PBE-D3

method for the non-valent interactions.65

Data availability

The crystallographic data reported in this paper are tabulated in the supplementary materials and
archived at the Cambridge Crystallographic Data Centre under reference numbers CCDC 2307759–
2307769 (1-La to 11-Tb). All other relevant data supporting the findings of this study are presented in
the paper or the supplementary materials.
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Scheme
Scheme 1 and 2 is available in the Supplementary Files section.
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Figure 1

Assembly of d-π···π-d conductive networks in molecular-cluster crystals, directed by lanthanide ions,
modulated by their coordination environment (geometry, coordination number, and symmetry). (a, f)
Coordination environments of the lanthanide ion in the hexagonal phase (10-coordinate, C3h symmetry)
and the tetragonal phase (9-coordinate, Cs symmetry), respectively, with Eu–Oa bond lengths labeled
(2.45 Å in the hexagonal phase and 2.28 Å in the tetragonal phase). Color shading highlights the
structural features of the lanthanide coordination units. (b) Primary structural building units of the
hexagonal-phase clusters assembled in an antiparallel-sandwich arrangement. (c) Further assembly into
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Kagome-type d-π···π-d conjugated layers in the hexagonal phase. (d) 3D crystalline network with acs
topology constructed from the hexagonal phase. (e) Assembly features of the quasi-aromatic {MoIV

3O4}

cluster units in the tetragonal phase, exhibiting a 30° antiparallel displaced and edge-tilted-T π···π
stacking configuration. (g) d-π···π-d conjugated layer structure formed in the tetragonal phase. (h) Finally,
3D crystalline network with cfu topology constructed from the tetragonal phase. Color code: MoIV, red
purple; MoVI, teal; Ln, olive; P, pale brown; O, red; C, gray; antiparallel-sandwich stacked py, magenta; edge-
tilted-T stacked py, sky blue; mono 30° antiparallel-displaced py, light green; dual 30° antiparallel-
displaced py, orange; lattice py, yellow. H atoms are omitted for clarity.

Page 19/23



Figure 2

Structural characterization of {Ln2(MoIV
3py3)2} clusters through XRD, XPS, and electron microscopy. (a,

b) Experimental and simulated powder X-ray diffraction (PXRD) patterns for {Ln2(MoIV
3py)2} clusters in

the hexagonal (a) and tetragonal (b) phases, demonstrating phase purity and structural agreement. (c, d)
XPS analysis confirming the MoIV state. (e–j) Field emission transmission electron microscopy (FETEM)
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images and FFT patterns displaying the crystallinity and lattice structure of the hexagonal (e-g) and
tetragonal (h-j) phases.

Figure 3

Electrical conductivity characterization of {Ln2(MoIV
3py3)2} materials: (a) Typical I–V curves showing the

single-crystal conductivity of P63/m symmetric 1–7 along the a-axis, acquired using the two-probe
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method. (b) Typical I–V curves showing their conductivity along the c-axis. (c) Summary of single-crystal
conductivity (a- and c-axis), HOMO–LUMO gaps, and π‑stacking distance of the aromatic clusters. (d, e)
Arrhenius representation of the pellet electrical conductivity for hexagonal 6-Eu (d) and tetragonal 9-Eu
(e), measured via the van der Pauw method.

Figure 4
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Colored isosurfaces (isosurface value = 0.006) showing IGM (independent-gradient-model) analysis of
multiple MoIV–π conjugations: (a) the dimer of 6-Eu under hexagonal symmetry, and (b) the pentamer of
9-Eu under tetragonal symmetry, in which green clumps denote van der Waals interactions and blue
clumps denote hydrogen bonds; (c) Energy-level diagram and frontier-orbital plots for the
{Ln2MoIV

6MoIV
6P9} cluster series. (d) Electronic band structure and partial density of states (PDOS) of 6-

Eu. (e) Schematic representation of the k-point path in the Brillouin-zone used for 6-Eu at the GGA level
of theory. (f) Density of states (DOS) of the tetragonal 11-Tb.
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