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The integration of high-nuclearity lanthanide-oxo (Ln-O) clusters into polyoxotungstates (POTSs) presents
a formidable synthetic challenge due to intricate assembly mechanisms and the labile nature of lanthanide
coordination. Herein, we present an innovative alkaline-mediated templating strategy for constructing un-
precedented Ln-oxo-cluster-encapsulated POTs through the synergistic assembly of lacunary polyoxo-
tungstate precursors with in situ generated Ln-oxo clusters. This approach employs basic N-containing
ligands and selenite (SeO327) anions as synergistic structure-directing agents. Guided by this approach,
we have successfully synthesized two series of giant Ln,;-oxo-cluster-embedded polyoxotungstates,
H23K30(H20)18{[LN21(H20)g(WOe)(SeO3)6l[LN3(SeO3),].(GeW100zg)o}-solvent (1-Ln) (Ln = Eu, Gd, Tb, Dy)
and Hz7NazKz1(H20)11(MePIP){[Ln,1(H20)o(WOg)(SeOs)6l[Lns(SeO3),l2(GeWy0O3s)o}-solvent (2-Ln) (Ln =
Eu, Tb, MePIP = N-methylpiperazine). Notably, these compounds feature a rare pinwheel-shaped high-
nuclearity Ln,;-oxo-cluster-embedded polyanion, {[Ln1(H>0)e(WOg)(SeO3)gllLns(SeO3)2l2(GeW1003g)o}
({Ln27Se10GesWoy}), with a three-layered sandwich structure. Compounds 1-Eu and 2-Eu exhibit distinct
proton conduction properties due to their different packing structures. In particular, 1-Eu demonstrates a
high single-crystal proton conductivity of 1.8 x 1072 S cm™ at 98% RH and 25 °C along the [001] channel
direction, outperforming most crystalline porous materials. Additionally, 1-Eu exhibits temperature-
dependent fluorescence. The 1-Eug2sDyg7s sample can emit macroscopic white light under blue
irradiation. This work provides a feasible strategy for constructing high-nuclearity Ln-oxo-cluster-con-
taining POTs and expands their application in smart proton conductive materials and multicolor lumines-
cent systems.
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figuration, high internal quantum efficiency, narrow f-f tran-
sition and tunable photoluminescence properties.'®° At the
same time, POMs are anions with a large number of O atoms
on the surface. The electrostatic attractions between lantha-

Introduction

Polyoxometalates (POMs) have emerged as exceptional proton-
conductive materials owing to their structural diversity,

tunable dimensions/charges, excellent redox activities, and
remarkable electron and proton transfer/storage capabilities
coupled with good stability."™> Concurrently, lanthanide (Ln)-
based compounds play an important role in the field of lumi-
nescent materials due to their distinctive 4f electronic con-
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nide ions and POMs, together with the desirable hard Lewis
acid/base match, make POMs an attractive class of protecting
ligands and/or templating anions for the assembly of lantha-
nide clusters. POMs can sensitize lanthanide emission via the
excitation of the ligand-to-metal charge transfer (LMCT) bands
of the POM moieties, resulting in the intramolecular energy
transfer from O — metal excited states to the excited levels of
Ln*", Therefore, the assembly of Ln** and POMs together has
become the main target of synthesizing new multifunctional
Ln-POM materials with notable and enhanced physico-chemi-
cal features.”™*?

Over the past decade, significant advancements have been
made in the structural design and Ln-nuclearity expansion of
the Ln-containing polyoxotungstates (Ln-POTs). The lacunary
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polyoxotungstate precursors, including [XWy;]"", [XWy,]"7,
and [XWo]"™ (X = Ge, Si, Sb, P, As, Bi), have demonstrated
remarkable potential as ligands to coordinate with Ln**
cations for the design and construction of novel Ln-POTs.>*%*
Despite these advances, the field of Ln-containing polyoxo-
tungstogermanates with more than ten Ln*" centers remains
relatively underexplored, with only a limited number of
examples reported to date. Notable examples include
{Ln14Ge6W68}726 {CeZOGel()WlOO}yZ7 {C624G812W120},28
{Ln27Ge10W106})29 {Ln29Ge10W106}29 and {Ln30Ge10W106},30
which feature Lny,, Lnyy, Ln,,, Lnys, Ln,g and Lng, clusters,
respectively. Among these, {Lnz,Ge;oWips} contains the
highest nuclearity Lnj,-cluster reported thus far.>® However,
significant gaps remain in the syntheses of Ln-POTs, particu-
larly those containing Ln,;, Ln,,, Lnys, Ln,s, Ln,,, and Lnyg
clusters, which have not been reported to date. Further
research in this area is essential to expand the library of high-
nuclearity Ln-POTs and to explore their potential applications
in various fields. Traditionally, most Ln-POTs have been syn-
thesized in acidic media using hydrothermal and volatilization
methods. In these structures, Ln*" ions are typically spatially
separated by POT fragments rather than aggregating to form
high-nuclearity Ln-O clusters. In recent years, our research has
focused on developing a novel synthetic strategy to construct
giant Ln-O cluster embedded Ln-POTs under alkaline
conditions.?*° This approach involves the assembly of lacun-
ary polyoxotungstate precursors with in situ generated Ln-oxo
clusters in the presence of basic N-containing ligands. The
N-containing organic ligands play a dual role: they form weak
coordination bonds with Ln*". The weak interactions effec-
tively prevent the rapid precipitation of Ln** in alkaline
environments and facilitate the gradient release of Ln*" ions
through a thermally controlled slow-release mechanism. This
approach not only facilitates the formation of Ln-O clusters
but also offers kinetic control over cluster assembly.
Additionally, the introduction of SeO;*>” as an anionic tem-
plate effectively blocks direct coordination pathways of metal
ions,>'3* thereby significantly increasing the likelihood of
forming giant POT clusters.

Research into the properties of Ln-POTs has been largely
focused on individual properties, such as photoluminescence,
proton conduction, magnetism, Lewis acid-base catalysis, fluo-
rescence probe, electrocatalysis, photochromism and
ferroelectricity.>'>"*> However, studies on bifunctional Ln-
POTs, especially those with both tunable photoluminescence
and proton conduction properties, remain scarce.*>** This
highlights the need for further exploration into multifunc-
tional Ln-POTs.

Based on the aforementioned synthetic strategy, two series
of novel windmill-like Ln,;-oxo-cluster-embedded Ln-POTSs,
Hj3K;30(H20)15{[Ln21(H20)o(WOs)(SeOs)s][Lns(Se0s),]»
[(GeW1403g)o]}-solvent (1-Ln) (Ln = Eu, Gd, Tb and Dy) and
H,,;Na;3K,;(H,0)1;(MePIP),y{[Lny; (H,0)o(WOs)
(Se03)s][Lns(Se03),]2[(GeW;0035)s]}-solvent (2-Ln) (Ln = Eu, Tb,
MePIP = N-methylpiperazine), were successfully synthesized
under alkaline conditions. Na,SeO; was employed as the
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anionic template and N,N,N',N-tetramethylethylenediamine
and N-methylpiperazine were utilized as basic ligands. Both 1-
Ln and 2-Ln contain the {[Eu,1(H,0)o(WO)
(Se0;)s][Eus(Se03),]o[(GeW10035)s]}  ({EuzsSe10GesWoy -1  or
{Eu,,Se;oGeyWy, }-2) polyanion, which represents a giant high-
nuclearity Eu,;-oxo-cluster-embedded polyoxotungstogerma-
nate motif with a unique three-layered sandwich structure.
Notably, this giant windmill-shaped Eu,;-cluster is reported
for the first time. The {Eu,;Se;0GegWo,}-1  or
{Eu,,Se;0GesWo -2 clusters are interlinked by K'/Na' cations
to produce a 3D inorganic POM-based framework with one-
dimensional regular hexagon channels in 1-Ln and a 2D
layered structure in 2-Ln. Compounds 1-Ln exhibit bifunc-
tional properties, demonstrating both high proton conductivity
and temperature-dependent luminescence. Specifically, a high
single-crystal proton conductivity of 1.8 x 107> S cm™' was
observed at 98% RH and 25 °C along the [001] channel direc-
tion in 1-Eu. Furthermore, the 1-Eug 55Dy, 75 sample can emit
macroscopic white light under blue irradiation.

Results and discussion
Crystal structure

Single crystal X-ray diffraction analysis revealed that 1-Eu crys-
tallizes in the high-symmetry trigonal space group P-3c1
(Table S1t). The structure of 1-Eu features a Cs;-symmetric
{[Eu,1(H,0)9(WOg)(SeO3)s][Eus(SeO3), o[ (GeW10035)o]}  cluster
(denoted as {Eu,,Se;(GegWy,}-1, Fig. 1a), which represents a
giant high-nuclearity Eu,;-oxo-cluster-embedded polyoxotung-
stogermanate cluster with a three-layered sandwich structure.
The two new pinwheel-shaped clusters
{Eu3(Se03),(GeW14035)s} ({EusSes(GeW;p);}-1) serve as the top
and bottom layers (Fig. 1b), while one large “Y”-shaped
{[Eu,1(H,0)o(WO4)(Se03)s(GeW10035)3 ]} ({Eu,; WSes(GeW4)3}-1)
cluster acts as the middle layer (Fig. 1c).

The top and bottom layers are composed of Cs;-symmetric
{EusSe,(GeWy)3}-1  fragments (Fig. 1b). Within the
{EusSe,(GeWy,)3}-1 cluster, the three Eu atoms are intercon-
nected through six u3-O atoms from two SeO;>” anions,
forming a trinuclear equilateral triangular {Eu;O¢} ring cluster
(Fig. S1at and Fig. 1j). Each of the two SeO;>~ anions coordi-
nates with three Eu®* cations, thereby generating a rare Cj-
symmetric heteroatomic cage {Eu;(Se0Os),} with 11 vertices (3
Eu, 2 Se and 6 O) (Fig. S1bt and Fig. 1j). The Eu’” ions in the
{Eu;(Se0;),} cluster form nine-coordinated tricapped trigonal
prisms: four O atoms from two SeO;>~ anions and the remain-
ing five O atoms from the [x(1,8)-GeW;,035]">" cluster. The
three Eu®" ions of the {Eu,(Se0;),} cage are further encapsu-
lated by three Keggin-type dilacunary [a(1,8)-GeW;0O34]"*"
fragments, resulting in the formation of an intriguing pin-
wheel-shaped {Eu;Se,(GeWyo)3}-1 cluster (Fig. Slct and
Fig. 1b). The arrangement of the three [a(1,8)-GeW;,O34]"*~
units can be represented as an equilateral triangle. The [a(1,8)-
GeW10038]12_ cluster units are located on each of its three ver-
tices with a Ge---Ge distance of 10.9989 A (Fig. 1b).

This journal is © the Partner Organisations 2025
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Fig. 1 (a) The structure of {Eu,;Se10GesWos}-1; (b—e and g-j) views of different structural fragments in {Eu,;Se;0GegWo1}-1 and {Euy;Se;0GegWq,}-
2; (f) the simplified structure diagram of {Eu,;Se;0GegWy1}-1. Color code: Se, yellow green; Ge, orange; O, red; EuO,, (n = 7, 8, 9), pink; WOg, powder

blue.

The middle layer comprises a large Cs;-symmetric “Y”-
shaped {Eu,;WSes(GeW,0);}-1 motif, which contains a wind-
mill-like 21-nuclearity Eu-oxo cluster {Eu,;(H,0)o(WOg)(SeO3)s}
({Eu,;WSeg}) cluster and three dilacunary [a(1,8)-GeW;Og4]">~
fragments (Fig. 1c). The Cs-symmetric {Eu,;WSeq} is com-
prised of three identical “T”-shaped {Eu,Se,Os,} fragments
({Eu,Se,}) which serve as the windmill blades and a {WO}
octahedron situated at the center (Fig. S21 and 1g, 1i). In the
{Eu,Se,} cluster, four {EuOg} and one {EuO,} are edge or face-
sharing to form a pentanuclear flattened, central tetrahedron-
shaped cluster {Eus} (Fig. S2at). Two {EuO,} polyhedra are
face-sharing to form a dinuclear {Eu,0,,} cluster (Fig. S2bt),
which is linked to the {EusO,g} cluster by two u,-O oxygen
atoms, resulting in a T-shaped heptanuclear Eu-oxo cluster
{Eu,} (Fig. S2ct). The inorganic SeO;>~ ligands act as linkers
and anionic templates between the Eu®" cations and each
Se0,”” anion links three or four Eu®" cations (Fig. S2d+). There
are three types of coordination geometries in the {Eu,}: two
EuO, pentagonal bipyramids, four EuOg dodecahedrons, and
one EuO, mono-capped square-antiprism (Fig. S3bt and
Fig. 3c). Six SeO;>” anions and nine p;-O oxygen atoms link
three equivalent {Eu,} clusters, which are related by the Cj
symmetry axis, to generate a windmill-like {Eu,;WSes} cluster
(Fig. S2fY). This cluster contains a regular hexagonal hexanuc-
lear {EusO,;} ring cluster (Fig. 1h). The {WO,} octahedron is
located at the center of the {EusO,,} ring cluster and is linked
to six Eu®" via six u3-O oxygen atoms (Fig. S2et). The three dila-
cunary [a(1,8)-GeW,,0;5]'>~ fragments capture three pentanuc-
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lear {EusO,g} clusters of {Eu,;WSec} motif, respectively, result-
ing in a fascinating “Y”-shaped {Eu,;WSes(GeW,,)3}-1 frag-
ment in which the three [x(1,8)-GeW;,055]">” clusters com-
prise a large equilateral triangle with a Ge---Ge distance of
22 A (Fig. 1c and Fig. S21).

The two {EusSey(GeW,p)s}-1 fragments are orthogonally
capped above and below the “Y”-shaped {Eu,; WSes(GeW,);}-1
cluster. The  [a(1,8)-GeW;0035]">” clusters in  the
{Eu;Se,(GeW,,);} fragments capture the Eu’* cations of
{Eu,Se,} cluster by W-O-Eu bonds, giving rise to a giant wind-
wheel-shaped lanthanide-oxo-cluster-embedded sandwich
polyoxotungstogermanate {Eu,,Se;oGesWo,}-1 cluster (Fig. 1a).

It is noteworthy that the polyanion {Eu,,Se;sGeqWo,}-1
cluster can be described as a high-nuclearity Eu,,-oxo-cluster-
embedded polyoxotungstogermanate, wherein the heterome-
tal-oxo {Eu,;WSes} nanocluster is encapsulated by nine {«(1,8)-
GeW,(03} fragments and two {Eus(Se0s),} cages. The arrange-
ment of the nine {«(1,8)-GeW;,03g} fragments can be viewed
as a distorted triangular bifrustum with nine {(1,8)-
GeW,,053} clusters at the vertices (Fig. 1f). The SeO;*” ions
and the dilacunary {a(1,8)-GeW,,0s¢} fragment play crucial
roles in the formation of high-nuclearity lanthanide-oxo-
cluster-containing POTs. The polyanion {Eu,;Se;0GeqWoq}-1
clusters are interlinked by K" cations (K(3), K(5) and K(4)) to
form a 2D (6, 3) honeycomb-like layer in the ab plane. These
layers are further connected by K(9)" cations to produce a 3D
inorganic POM-based framework with 1D regular hexagonal
channels (dimensions 15.95 A x 15.95 A) that propagate infi-
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Fig. 2 (a) View of the 3D framework of 1-Eu viewed along the c-axis, showing regular hexagonal channels; (b) view of a 1D nanochannel running
along the c-axis in 1-Eu; (c) schematic diagram of the proton transport pathway constructed using POMs, HzO* and water molecules in a 1D nano-
channel in 1-Eu; (d) packing structure of the 2D layers in 2-Eu; (e) view of the MePIP molecules intercalated between the layers in 2-Eu; (f) schematic
diagram of the proton transport pathway constructed with MePIP molecules, POMs, HzO" and water molecules between the layers in 2-Eu. Color
code: Se, yellow green; Ge, orange; O, red; EuO,, (n = 7, 8, 9), pink; WOg, powder blue.

nitely along the ¢ axis (Fig. 2a and Fig. S3at). This framework
may promote good proton conduction. From the topological
point of view, the 3D framework of 1-Eu adopts a 5-connected
bnn net. Each polyoxoanion {Eu,;Se;oGesWo,}-1 acts as 5-con-
nected node, while the K* cations serve as linkers. The Schifli
symbol is (4°6*) and the shortest closed loop around the
nodes are six 4-circuits and four 6-circuits (Fig. S3b¥). The bnn
topology is rarely observed in POM-based frameworks. The co-
ordinated water molecules point away from the POM-based
framework and into the regular hexagonal channels. The guest
water molecules are suspended in the channels. There are
strong hydrogen bonds between the water molecules and the
oxygen atoms from the polyoxoanion clusters. The hydrogen
bond lengths range from 2.944(10) to 3.308(13) A and may con-
tribute to the proton conductivity properties.

Compound 2-Eu crystallizes in the triclinic space group P1.
Its asymmetric unit comprises a gigantic POM cluster
{[Eu,,04(WOs)(Se03)s][Eus(Se0s), 5[ (GeW10038)o ]}
({Eu,,Se;0GesWo, }-2), charge-balancing 21 K and 3 Na' coun-
terions, as well as two N-methylpiperazine molecules. Despite
being structurally analogous to the {Eu,,Se;oGesWo,}-1 polyox-
oanion in 1-Eu, which possesses C; symmetry, the polyanion
{Eu,,Se;10GeyWoy }-2 is devoid of such symmetry (Fig. 1d, le
and Fig. S47).

The key structural differences between 1-Eu and 2-Eu orig-
inate from two main factors: (1) counterion and organic com-
position: in 1-Eu, the {Eu,;Se;oGesWo,}-1 polyoxoanion is
exclusively stabilized by K* cations, whereas 2-Eu incorporates
a mixed counterion system including K', Na' cations and
MePIP molecules; and (2) packing structures: in 1-Eu, the K"
cations facilitate the formation of a 3D inorganic POM-based

6806 | /norg. Chem. Front,, 2025, 12, 6803-6811

framework with 1D regular hexagonal channels (Fig. 2a and
2b), whereas in 2-Eu, the K' and Na' cations link the
{Eu,,Se;0GesWo,}-2 polyoxoanions into a 2D layered structure,
with MePIP molecules intercalated between the layers (Fig. 2d,
2e and Fig. S57).

Compounds 1-Ln (Ln = Eu, Gd, Tb, Dy) and 2-Ln (Ln = Eu,
Tb) were synthesized as phase-pure microcrystalline powders,
exhibiting isostructural frameworks within their respective
series. The structural isomorphism across two series was con-
firmed by comparison of their powder X-ray diffraction (PXRD)
patterns and infrared (IR) spectra (Fig. S6-S97).

Proton conduction

The presence of numerous proton hopping sites including
terminal oxygen atoms of POTs, water molecules and nitrogen
atoms of MePIP, as well as abundant hydrogen-bonding net-
works in 1-Eu and 2-Eu, promoted us to explore their potential
applications in solid-state proton conductors (Fig. 3 and
Fig. S10t). Therefore, the proton conductivity properties of 1-
Eu and 2-Eu were investigated by alternating current (AC)
impedance measurements on a compressed pellet of the crys-
talline powder samples. The bulk conductivity was evaluated
by fitting the semicircle of the Nyquist plots.

The proton conductivities (o) of 1-Eu and 2-Eu were initially
evaluated at different relative humidities (RHs) (55%-98%) at
25 °C (Table S2t). The conductivity values of 1-Eu and 2-Eu are
1.8x107° Sem ' and 2.2 x 107* S em ™, respectively at 55% RH.
Upon increasing the RH from 55% RH to 98% RH, the conduc-
tivities increase significantly to 1.6 x 107> S em™" for 1-Eu and
4.3 x 107> S em™ for 2-Eu (Fig. 3a, 3d and Fig. S10a, S10ct).
Notably, the conductivity of 2-Eu increases by 20 times with the

This journal is © the Partner Organisations 2025
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Fig. 3 (a and b) The broken-line graphs of proton conductivity of 1-Eu and 2-Eu under different relative humidity levels at 25 °C (a) and at different
temperatures under 98% RH (b); (c) Arrhenius plots of the proton conductivities of 1-Eu and 2-Eu; (d) comparison graph of the proton conductivities
of 1-Eu and 2-Eu; (e) orientation index of the single-crystal of 1-Eu; (f) photographs of the single-crystal of 1-Eu for proton conductivity along the
[001] direction and the [010] direction. (g) comparison graph of the proton conductivity of pellet and singe-crystal samples along the [001] and [010]

direction at 98% RH and 25 °C.

increase in humidity. This indicates that the adsorption of free
water molecules within the framework could enhance the proton
conductivity of 1-Eu and 2-Eu by improving the continuity and
flexibility of the hydrogen bonding networks.

The temperature-dependent proton conductivities of 1-Eu
and 2-Eu were further examined over a temperature range of
25-85 °C at 98% RH (Table S3t). The proton conductivity values
of both compounds increase with increasing temperature. The
conductivities reach their maximum value of 6.6 x 107> S cm™"
for 1-Eu and 2.3 x 107> S em™" for 2-Eu, respectively at 98% RH
and 85 °C. These values are significantly higher than those of
most other POMs reported in the literature (Table S4t). Notably,
1-Eu exhibits one of the highest proton conductivities among
POM-based materials, regardless of the conditions — whether at
low temperature and low humidity (25 °C, 55% RH) or high
temperature and high humidity (85 °C, 98% RH). The enhanced
proton mobility at elevated temperatures arises from accelerated
reorientation kinetics of the proton carriers compared to lower
temperature conditions. Linear fitting of the temperature-depen-
dent Arrhenius equation (or = o, exp(-EJ/k,T)) reveals an acti-
vation energy E, of 0.31 eV for 1-Eu and 0.36 €V for 2-Eu under
98% RH (Fig. 3b, 3c and Fig. S10b, S10d¥). These E, values align
with the characteristic range (0.1-0.4 eV) for proton conduction
via the Grotthus mechanism wherein proton conduction occurs
through a proton hopping over the hydrogen-bonded networks.
This phenomenon is facilitated by the abundant proton carriers
in 1-Eu and 2-Eu frameworks, including water molecules, term-
inal oxygen atoms of POTs and N-containing ligands, which

This journal is © the Partner Organisations 2025

facilitate the formation of hydrogen bond proton “hopping”
networks.

The structure of 1-Eu features a continuous, robust and
dense hydrogen-bonding network formed by free water mole-
cules and terminal oxygen atoms of the POMs within the hex-
agonal channels. This extensive network enables efficient
proton transfer, thereby endowing 1-Eu with high proton con-
ductivity. In contrast, 2-Eu adopts a two-dimensional layered
structure with the water molecules and MePIP molecules inter-
calated between the layers. Although hydrogen bonds are
present among the water molecules, the terminal oxygen
atoms of POMs and the uncoordinated amino groups of
MePIP, the hydrophobic methyl groups of MePIP are exposed
on the periphery of POM clusters of 2-Eu. This arrangement
restricts the continuity of the hydrogen-bonding network,
thereby potentially impeding proton conduction. As a result, 1-
Eu exhibits higher proton conductivities than 2-Eu under iden-
tical test conditions (Fig. 2¢ and f).

The structural features of the hydrophilic 1D nanochannels
in 1-Eu prompt us to investigate the anisotropic proton con-
ductivities along the specific crystallographic directions to
further elucidate the relationship between the crystal structure
and proton conductivities.

Fortunately, an ideal columnar single crystal of 1-Eu was
oriented with a Bruker Apex-II CCDdetector diffractometer, with
the crystal faces indexed to [001], [010] and [110] (Fig. 3e and
Fig. S117). AC impedance spectroscopy measurements were per-
formed on the single crystal of 1-Eu along the [001] channel
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direction and the [010] direction perpendicular to the channel
(Fig. 3f). As shown in Fig. 3g, at 98% RH and 25 °C, the pronton
conductivity of 1-Eu along the channel direction is 1.8 x 107> S
em™', approximately 8 times higher than that along the [010]
direction (2.2 x 107> S cm™"). Notably, the conductivity along the
channel direction in the single-crystal sample exceeds that (1.6 x
1072 S cm™") measured on the compressed pellet samples under
the same conditions. These observations indicate that proton
conduction in 1-Eu is highly anisotropic, with the primary con-
ducting pathway aligned along the 1D nanochannels. To our
knowledge, only a few examples of POM-based single-crystal
proton conductors have been reported in the literature
(Table S5t). The single-crystal proton conductivity of 1-Eu is
comparable to those of various MOF materials, highlighting its
potential as a high-performance proton conductor. The relatively
high proton conductivity along the single-crystal c-axis direction
could be attributed to the O-rich POM anions and abundant
guest water molecules confined within the hydrophilic 1D hexag-
onal nanotubes as well as the coordinated water molecules.
These fragments form extensive hydrogen-bonding interactions,
creating a fast and efficient proton-transport pathway along the
channel direction.

Luminescence properties

POMs serve as highly efficient luminescent sensitizers by cap-
turing light and transferring energy to the excited states of the
Ln" ions, thereby significantly enhancing the emission inten-
sity of the Ln centers. This unique capability enables Ln-based

View Article Online
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POM materials to achieve multi-color emission, making them
highly promising candidates for applications in white LEDs,
lighting, and displays. We have synthesized two series of POM-
ligated Ln,-clusters, namely 1-Ln (Ln = Eu, Gd, Tb, Dy) and 2-
Ln(Ln = Eu, Tb), and systematically investigated their multi-
color emission properties. The luminescence properties of 1-
Ln and 2-Ln were found to be similar (Fig. 4 and Fig. S12,
S13t), thus we focused on the detailed study of 1-Ln (Fig. 4a).
Upon excitation at 395 nm, the fluorescence spectrum of 1-Eu
in the solid state at room temperature exhibits intense red
luminescence bands at 580 nm, 595 nm, 618 nm, 652 nm and
701 nm. These emissions correspond to the °Dy — "F; (J=0, 1,
2, 3, 4) transition of the Eu®" ion. The strongest emission peak
at 618 nm of 1-Eu is attributed to the D, — F, electronic tran-
sition, which confirms the absence of inversion symmetry at
the Eu®" site. This is consistent with the structural analysis.
The observed magnetic dipole transition at 598 nm (D, — "F;)
further corroborates the local coordination environment.
Furthermore, The Commission Internationale de L’Eclairage
(CIE) chromaticity coordinates of 1-Eu were determined to be
(0.667, 0.331) (Fig. 4b). Moreover, the luminescence decay
curve of 1-Eu was also obtained and fitted well by a single
exponential function as I = Aexp(—t/z) with a luminescence
lifetime 7 of 768 ps (Fig. S12ct).

The luminescence intensity of Ln-based materials is gener-
ally highly dependent on the ambient temperature due to non-
radiative relaxation, energy transfer, or crossover processes. As
shown in Fig. 4d, the temperature-dependent luminescence
spectra of 1-Eu were measured at varying temperatures ranging
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Fig. 4 (a) Room-temperature solid-state emission spectrum of 1-Eu; (b) and (c) CIE coordinates for 1-Eu, 1-Tb, 1-Dy and 1-Eu,Dy;_, with 0 < x < 1;
(d) temperature-dependent solid-state emission spectra of 1-Eu; (e) intensities of the major characteristic peaks of 1-Eu at 618 nm at different temp-
eratures; (f) exponential fitting of the intensity data in the 80 to 280 K range of 1-Eu at 618 nm.
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from 80 to 298 K. As the temperature increases from 80 K to
298 K, the intensity of all transitions decreases at an average
rate of 0.2% per Kelvin, with an intensity ratio of Igy x/Ios x Of
about 1.8 for the D, — ’F, transition (618 nm). This phenom-
enon can be attributed to the presence of thermally activated
non-radiative relaxation pathways, including phonon-assisted
energy transfer and ligand-to-metal charge transfer (LMCT)
state destabilization. This trend is associated with a general
decrease in line height, but no significant shift in peak posi-
tion, indicating the absence of major structural changes with
temperature. The temperature-dependent luminescence inten-
sity of 1-Eu can be fitted by the following equation I = —5.5 x
10° exp(7/176.9) + 5.4 x 10° (R* = 0.998) (Fig. 4e and 4f). This
model provides insights into the thermal quenching mecha-
nisms observed in europium-based materials.

In the solid state, upon excitation at 352 nm, 1-Dy exhibits
light blue luminescence with three characteristic emission
peaks for the Dy*" ion at 480, 573, and 663 nm and has CIE
coordinates of (0.288, 0.317) (Fig. 4b and Fig. S12at). These
peaks correspond to the *Fo— °H; transitions of the Dy** ion (J
=15/2, 13/2, and 11/2). Upon excitation at 485 nm, 1-Tb emits
intense yellow-green luminescence with CIE coordinates of
(0.424, 0.567), displaying a typical Tb®* emission spectrum.
The emission peaks at 545, 587, and 622 nm arise from the
transitions of Tb®" ions from the °D, excited state to the
ground state 'F; (J = 6, 5, 4, 3) of the Tb>" ions (Fig. 4b and
Fig. S12bt).

Given the isostructural frameworks of 1-Eu and 1-Dy, an
efficient strategy was developed to generate white lumine-
scence by doping different ratios of Eu** ions in 1-Dy and mod-
ulating the Ln®" ratio. By changing the ratios of Eu** and Dy*",
as confirmed by ICP, the structures 1-Eu,Dy;_, (x = 0.25, 0.40,
0.60, 0.75, 0.85, 1) are not significantly changed, as confirmed
by comparing the IR spectra and crystal cell parameters with
that of 1-Ln (Tables S6-S8 and Fig. S14). The unique Eu/Dy-
doped 1-Eu,Dy;_, samples exhibit dual emissions from Eu®**
and Dy’* ions upon excitation at 395 nm in the solid state. As
shown in Fig. 4c, the 1-Eu,Dy,_, samples display different
light emissive colors corresponding to different ratios of the
Eu®" and Dy*" ions (x = 0.25, 0.40, 0.60, 0.75, 0.85, 1). The
corresponding luminescence color coordinates are summar-
ized in Table S9.1 Notably, the calculated chromaticity coordi-
nates for 1-Eug »5Dyo 75, with CIE coordinates of (0.32, 0.32) are
very close to the standard white light (0.333, 0.333) according
to the 1931 Commission Internationale de L’Eclairage (CIE)
chromaticity diagram. Consequently, the combination of light
blue (Dy*") and red (Eu®*) emissions generates white light
emission, leading to a novel single-phased white-light emitting
material.

Conclusions

In summary, two series of giant high-nuclearity
{Eu,,Se;¢GeoWo, }-containing tungstogermanates, namely, 1-Ln
and 2-Ln, have been successfully synthesized under alkaline

This journal is © the Partner Organisations 2025
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conditions, employing Na,SeO; as the anionic template and
organic amines as basic ligands, respectively. The
{Eu,,Se;0GegWoy -1 or {Eu,;Se;0GesWo,}-2 cluster exhibits a
unique windwheel-shaped Ln,;-oxo-cluster-embedded, three-
layered sandwich structure. Notably, the giant windmill-
shaped Eu,;-cluster has been reported for the first time. 1-Ln
features a 3D inorganic framework with 1D nanochannels
based on 5-connected bnn net, whereas 2-Ln presents a 2D in-
organic-organic layered network. Notably, compounds 1-Eu
and 2-Eu display distinct proton conduction properties due to
their different packing structures. In particular, 1-Eu demon-
strates high single-crystal proton conductivity along its 1D
channels in 1-Eu. Additionally, 1-Eu exhibits temperature-
dependent fluorescence. The emission colors can be fine-
tuned by adjusting the ratio of lanthanide ions. Furthermore,
co-doping with Eu** and Dy’* ions enables the adjustment of
emission color and the achievement of white light emission.
This work introduces a series of bifunctional Ln-POTs with
high single-crystal proton conductivity and tunable lumine-
scence, offering valuable insights for the development of versa-
tile switchable materials based on high-nuclearity Ln-POTs.
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