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Two 3d-4f-5d heterometallic cluster-containing polyoxometalates, formulated as Nay;{(SbWg0s33)4
[LasWgMO15(H,0)3(CH3C00)4],}-nH,0 (abbreviated as LagM,, M =Co/Mn) were synthesized and struc-
turally characterized. Single-crystal X-ray diffraction analyses reveal that the polyanions of LagCo, and
LagMn, consist of the uncommon 3d-4f-5d clusters {LagW1,Co,} and {LagW;Mn,}, which are encapsu-
lated by four trilacunary Keggin tungstoantimonates to form the parallelogram-shaped title compounds.
Additionally, the polyanions can be extended into a two-dimensional (2D) frame by the linkage of periph-
eral Na* ions. The inner space of the 2D layer was filled with water molecules and thus an H-bonded
network was formed, which is expected to exhibit a fascinating proton conductivity. The study of water-
assisted proton conduction demonstrated that LagCo, and LagMn, were temperature- and humidity-
dependent proton conductors, respectively, and the proton conductivities could reach 1.3 x 10-2 and
2.3 x 1072 S/cm at 65 °C and 90% RH conditions.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Polyoxometalates (POMs) are a class of anion metal oxygen
clusters composed of early transition-metal, and have brought re-
markable advances in catalysis, magnetism, biomedicine, materi-
als science, and nanotechnology [1-12]. Generally, saturated POM
clusters can be transformed into lacunary building blocks by re-
moval of one or more {XOg} octahedra under given conditions.
The terminal oxygen at the lacunary site has strong nucleophilic
nature because of its improved charge density. Therefore, lacu-
nary POM derivatives are ideal candidates to coordinate with elec-
trophilic transition (3d) or rare-earth (4f) metals [13]. However,
their utilization is still limited isometallic cluster-incorporation
POM derivatives, such as the representative high-nuclear 3d or
4f cluster-incorporation species {MnggP3y W04} [14], {FeogPgWyg}
[15], {Co1s(PWg)4} [16], {Nips(SiWg)s}, [17] {Cupo(PgWag)} [18],
{Cez()GE]OW]Oo} []9] and {Ln27Ge10W106} (Ln: La, Ce) [20]

The 3d-4f or 4d-4f heterometallic aggregates occupy a special
place among POM-based molecular materials not only because of
their inherent contributions of electrons, but also owing to the in-
creasing exchange phenomenon between the 3d/4d and 4f centers
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[21-26]. Notably, most heterometallic aggregates-containing POM
complexes (HMPOMs), especially for discrete molecular clusters,
were restricted to binary mixed systems. From the viewpoint of
POM structure, although dimeric or trimeric HMPOMs have been
widely communicated, there are only four tetrameric HMPOMSs
(Fig. S1 in Supporting information) [27-30]. To our knowledge,
no examples of POM-based trinary heterometallic aggregates have
been reported so far. Therefore, it is a challenge to explore suit-
able synthetic conditions to incorporate 3d-4f-5d or 4d-4f-5d het-
erometallic aggregates into POM ligands.

The Lewis basicity of oxygen atom can form cation-cationic
interactions with Lewis acidity of 3d or 4f centers, and thus
act as hydrogen bond receptors to result in the excellent
proton conductivity [31]. As a continuous interest in 3d-4f-
POM systems [23,24,29], we herein present the synthesis
and characterization of two unprecedented 3d-4f-5d HMPOMs
Na22[(SbW9033)4{La3W6MO18(H20)8(CH3COO)4}2]~nH20(abbreviated
as LagCoy, n=60; LagMn,, n=75), which have remarkable fea-
tures: (1) Comprise a distinct 3d-4f-5d aggregate {LagW,M,}
(M =Co/Mn), showing a structure novel for the polyanion chem-
istry of heterometallic clusters; (2) Display an unusual parallel-
ogram tetrameric structure with dimension of ca. 2.3 x 1.8 x 2.6
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Scheme 1. The synthetic route of LagM;, highlightling the different processes of LagCo,, {SbyW,¢Co,} and {LazCo,}.

nm3 (Fig. S3 in Supporting information); (3) Represent the first
Mn-4f heterometallic cluster in tungstoantimonate chemistry (Fig.
S2 and Table S1 in Supporting information) [29,30,32-37]; (4)
Show excellent proton conductivity at 65 °C and 90% RH.
Trilacunary tungstoantimonate ([SbWg033]°~) was chosen as
the POM building block because it offers a well-known affin-
ity towards 3d or 4f electrophiles. More importantly, the pres-
ence of lone-pair electrons can prevent the formation of a fully
closed saturated structure, which is in favor of forming high poly-
meric compounds [38]. As shown in Scheme 1, LagCo, and LagMn,
were synthesized by the subsequent addition of LaCl3-7H,0 and
CoCl,-6H,0 or MnCl,-4H,0 into the in-situ formed [SbWgO33]%~
solution. Notably, the same reaction leads to the formation of com-
plex {Sb,W,3Co,} (Scheme 1 and Fig. S4 in Supporting informa-
tion) without addition of La3+ [39]. Furthermore, a small amount
of {LazCo,} (Scheme 1 and Fig. S4) [30] and {Sb,WyCo,} [39] can
be also isolated after the crystallization of LagCo,. We also found
that the more La3* is added, the less {LazCo,} is formed. Luckily,
the three compounds can be easily distinguished by their differ-
ent colors (Scheme 1 and Fig. S4). However, LagMn, is exclusively
formed in the La/Mn system, indicating that the metal ion may
play an essential role in regulating composition of the structure,
which in turn guides the formation of HMPOMs. To some extent,
the successful synthesis of LagCo, and LagMn, may “open” a syn-
thetic route to a new class of heterometallic clusters, giving access
to novel building blocks that can be universally used to assemble
clusters with a remarkable range of structures and properties.
Single-crystal structural analyses reveal that the polyanions of
LagCo, and LagMn, are isostructural and crystallize in the same
monoclinic space group C2/c (Table S2 in Supporting informa-
tion). Therefore, only the structure of the polyanion of LagMn;,
is described in detail. As shown in Fig. 1, this cluster can be
viewed as a tetrameric Keggin polyoxotungstate, in which a huge
3d-4f-5d heterometallic cluster {[LasWgMnOg(H,0)g(CH3C00)4],}
({LagW1,Mn, }, Fig. 1c) are wrapped by four inorganic ligands (two
{B-B-SbWy03} (Fig. 1a) and two {«-A-SbWg0s33} (Fig. 1b)). The
four Keggin fragments are linked to each other in a parallelogram-
like manner (Fig. 1d and Fig. S3), in which the two identical
fragments are located at the opposite vertex position. Each {8-
B-SbWq¢033} fragment is linked to {LagWi,Mn,} core by four W-
O-W bridges and two Mn-O-W bridges, while two additional La-
O-W bridges are required between {w-A-SbWgO33} cluster and
{LagW1,Mn,} core (Figs. S5 and S6 in Supporting information).
The {LagW,Mn,} core contains two MnOg octahedra (Fig. 1e), two
{Wg0O,s} clusters (Fig. 1f) and two {La30,4} species (Fig. 1g), re-
sulting the first observation of 3d-4f-5d heterometallic cluster in
POM chemistry. All the W and Mn atoms have octahedral coor-
dination of oxygen atoms, while the La atoms exhibit three dif-
ferent coordination geometries, nine-coordination tricapped trig-
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Fig. 1. The structure of (a) {8-B-SbWy033}, (b) {er-A-SbWg033}, (c) {LagW1pMn,},
polyanion in (d) LagMn;, (e) {MnOg}, (f) {Wg0O,5} and (g) {La30,4}. Code: {WO¢},
blue/green octahedra; C, gray spheres; O, red spheres; Sb, gray-purple spheres; W,
green spheres; Mn, rosy spheres; La, violet spheres.

onal prism (Fig. S7a in Supporting information), ten-coordination
double-capped tetragonal antiprism (Fig. S7b in Supporting infor-
mation), and nine-coordination single-capped tetragonal antiprism
(Fig. S7c¢ in Supporting information), respectively. Notably, LagMn,
represents the first example of Mn-4f mixed-cluster in tungstoan-
timonate chemistry.

The structure of the polyanion of LagMn, can be
also described as comprising two dimeric half-units
[(SbW033),{La3WMnO,; (H,0)g(CH3C00)4}]17~ (Fig. S5),
in which two trilacunary tungstoantimonate fragments are
supported on the unprecedented heterometallic complex
[La3WgMnO,(H;0)g(CH3C00)4]+  through one corner-shared
{MnOg} octahedra, four W-O-W bridges and two La-O-W bridges.
Two half-units are fused together via two La centers, and the
apparent 180° rotation of the half-unit leads to a staggered
tetragon.

Bond valence sum (BVS) calculations (Table S3 in Support-
ing information) [40] indicate that the Sb, W, La, Co and
Mn atoms in compound LagCo, and LagMn, are all in the
+3, +6, +3, +2 and +2 oxidation state, respectively. Further-
more, the BVS calculations for all oxygen atoms in LagCo,
and LagMn, enable us to identify the presence of the eight
terminal aqua ligands with values of 0.28-0.38. The result-
ing [(SbWg033)4{La3WMO15(H,0)3(CH3C00)4}, 1?2~ (M= Co/Mn)
polyanions are perfectly charge-balanced with 22 sodium cations,
in agreement with the results of elemental analysis.

In LagM,, polyanions can be extended into a 2D metal frame-
work if the peripheral Na* ions are regarded as linkers (Fig. S9
in Supporting information). In addition, there are a large num-
ber of crystal water molecules in and between the 2D planes
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Fig. 2. (a, b) Impedance spectra of LagM; at 25 °C with 45%-90% RHs. (c, d) Impedance spectra at 90% RH with 25-65 °C. (e, f) Arrhenius plots of proton conductivity for

LagM; under 90% RH.

(Fig. S10 in Supporting information). Therefore, a hydrogen-bonded
network would be formed by abundant water molecules, coun-
tercations and polyanions, used for proton transmission. Simul-
taneously, the unique “pseudoliquid pase” behavior of POMs
[41] was also its unique advantage as a proton conductive material.
Herein, the proton conductivity of LagM, was investigated by AC
impedance measurement using compacted pellets of the crystalline
powder samples at relative humidity (RH) and temperature in a
range of 45%—90% and 25-65 °C, respectively. Figs. 2a and b show
the real (Z') and imaginary (-Z”) spectra of LagM, in the RH range
of 45%—90% at 25 °C. Proton conductivity (o) of LagCo, increased
from 2.3 x10~% S/cm to 3.2 x 10-3 S/cm when RH was increased
from 45% to 90%. Under the same conditions, o of LagMn, was
increased from 3.8 x 104 Sjcm to 2.6 x 10~3 S/cm, which was in
the same order of magnitude as that of LagCo,. Similar conduc-
tivity was to be expected due to isomorphous crystals and similar
void ratio of LagCo, (28.1%) and LagMn, (27.8%). The water vapor
adsorption tests of LagM, showed positive interrelationships be-
tween water adsorption and RH (Fig. S11 in Supporting informa-
tion). At 298K and P/Py=0.90, the water vapor adsorption capac-
ity of LagM, reached 74 cm3/g and 83 cm?3/g, respectively. When
maximum adsorption capacity was reached, proton conductivity
also reached the maximum value, indicating that there was pos-
itive interrelationship between water adsorption and proton con-
duction. Furthermore, as shown in Figs. S12 and S13 (Supporting
information), PXRD peaks of as-synthesized compound before and
after proton conductivity measurement were basically in agree-
ment with the corresponding simulated peaks, indicating that the
structure of LagM, remained intact during the measurement.

Temperature-dependent conductivity measurements were car-
ried out in temperatures ranging from 25 °C to 65 °C under
90% RH. Upon rising temperature to 65 °C, conductivity increased
to 1.3x1072 and 2.3x10°2 S/cm for LagCo, and LagMn,, re-
spectively (Figs. 2c and d). The elevated conductivities were at-
tributed to the acceleration of water molecular motion at high
temperatures [42]. Notably, at 65 °C and 90% RH, the conductiv-
ities of LagM, show excellent conductivity among reported POM
conductive materials [43,44]. According to the Arrhenius equation
(0 T=0pexp(—Ea/k,T)), activation energy (E;) at 90% RH for LagCo,
and LagMn, were calculated to be 0.324eV and 0.327eV (<0.4eV)
(Figs. 2e and f), respectively, suggesting that conduction proceeds
were mainly dominated by Grotthuss mechanism [45,46], and pro-
tons were hopping along conductivity pathway.

In summary, we report the construction of two unprecedented
HMPOMs, in which four trilacunary tungstoantimonate building
units are efficiently linked by the rare hybrid 3d-4f-5d cluster
{LagW13M,} (M=Co/Mn) to form a parallelogram tetrameric ar-
chitecture. In our case, polyanion LagMn, represents the first het-
erometallic 3d-4f cluster in tungstoantimonate chemistry. More
importantly, the new compounds are of interest in their excel-
lent proton conductivity due to their 2D layer filled with water
molecules, which is favorable to form an H-bonded network. The
fact that 3d, 4f and 5d metals can be simultaneously incorporated
into the lacunary POM structure extends the work to the system-
atic study of other 4f or 5f ions into this multicomponent system
in order to achieve a better understanding of the interaction be-
tween lacuanry POM clusters and 3d/4f/5f centers.
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