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a b s t r a c t

Three sandwich-like [Ln2Fe2(B-α-FeW9O34)2]
10− clusters (Ln2Fe4, Ln=Dy (1), Ho (2), and Y (3)) were ob-

tained by reacting Na9[B-α-SbW9O33], Ln2O3, FeCl3·6H2O and KH2PO4. The [B-α-FeW9O34]
11− units were

formed via the in situ conversion of lacunary polyoxometalates (POM) [B-α-SbW9O33]
9− and the Ln3+

ions were generated from the slow dissolution of Ln2O3, both of which play important roles in the syn-

thesis of Ln2Fe4. Ln2Fe4 is the first 3d-4f cluster assembled from d-metal heteroatom-containing POM.

The Dy2Fe4 cluster exhibits single-molecule magnet properties with an 80 K energy barrier in an opti-

mal DC field. Cyclic voltammetry tests and controlled-potential coulometry experiments show that the

polyoxometalate Fe heteroatom in clusters 1–3 is also electrochemically active.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Heterometallic 3d-4f cluster compounds have attracted

widespread interest due to their interesting optical, electrical,

magnetic, and catalytic properties resulting from the contribution

of 3d and 4f electrons [1–9]. Considerable efforts in this field have

resulted in the fabrication of a large number of 3d-4f clusters

with fascinating structures, and unique physical and chemical

properties based on various organic ligands. In these clusters, the

organic ligands play an important protecting and bridging role

in the separation and preparation of cluster structures [10–12].

3d-4f Clusters protected by inorganic ligands have higher thermal

stabilities and unique rigid structures compared to 3d-4f clusters

protected by organic ligands [13,14].

Lacunary polyoxometalates (POMs) are a class of inorganic mul-

tidentate ligands with well-defined vacant sites and high negative

charges. These are commonly used to prepare stable metal oxy-

gen clusters or cluster-of-cluster aggregates due to their high nu-

cleophilicity and high reactivity [15–19]. Several 3d metal clus-

ters based on the trivacant POM {XW9O34} (heteroatom x=P, Si,

Sb) have been reported [20–29]. However, the synthesis of POM-

based 3d-4f clusters remains challenging due to the coordination

competition between 3d metal ions and 4f ions in inorganic POM

ligands. Moreover, the strong reaction between 4f ions and the
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oxygen-rich POM makes precipitation easy but crystallization dif-

ficult [13,14,30–34]. Therefore, reducing the reaction rate of lan-

thanide ions with POMs may be an effective strategy for the

synthesis of POM-based 3d-4f clusters [35–37]. In this study, we

have obtained three {FeW9O34}-based 3d-4f clusters, formulated—

Na8K2[Fe2Ln2(H2O)4(B-α-FeW9O34)2]·nH2O (Ln2Fe4, where Ln=Dy

and n=17 for cluster 1; Ln=Ho and n=15 for cluster 2; and

Ln=Y and n=14 for cluster 3). These clusters have classical

sandwich-type structures, where the [(B-α-FeW9O34)
11−] unit is

generated via the transformation of the [(B-α-SbW9O33)
9−] pre-

cursor (Figs. 1a and b). Ln2Fe4 is the first 3d-4f cluster assembled

from POMs containing d-metal heteroatoms. Interestingly, Dy2Fe4
exhibits single-molecule magnet (SMM) behavior with a high en-

ergy barrier.

Clusters 1–3 were synthesized from Na9[B-α-

SbW9O33]·19.5H2O, Ln2O3 (Ln=Dy/Ho/Y), FeCl3·6H2O and KH2PO4

under hydrothermal conditions (details in Supporting informa-

tion). Single-crystal X-ray diffraction analysis showed that the

isomorphic clusters 1–3 crystallized in the triclinic crystal system

with a P-1 space groups (Table S1 in Supporting information). The

valence bonding theory calculations of the three clusters (Tables

S2-S4 in Supporting information) and the Mössbauer spectrum of

cluster 3 indicate that the Fe ions are all high-spin Fe3+ (Fig. S3,

Tables S5 and S6 in Supporting information) [38]. As shown in

Figs. 1c and d, anion cluster 1 [(B-α-FeW9O34)2Fe2Dy2(H2O)4]
10−

exhibits a classic sandwich structural unit, which can be observed
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Fig. 1. The structures of (a) [B-α-SbW9O33]
9− unit; (b) [B-α-FeW9O34]

11− unit. (c, d)

Ball-and-stick/polyhedral view of [(B-α-FeW9O34)2Fe2Dy2(H2O)4]
10− . (e) The metal

core of 2Dy3+ and 4Fe3+ ions in cluster 1. (f-h) The coordination geometries of

DyO8/FeO6/FeO4. Color key: W/WO6, blue; Fe/FeO6/FeO4, green; Dy/DyO8, purple;

Sb, black and O, pink.

as a [Fe2Dy2(H2O)4]
12+ unit sandwiched by two inorganic [(B-α-

FeW9O34)
11−] ligands. The [(B-α-FeW9O34)

11−] unit is formed via

the in situ transformation of the [(B-α-SbW9O33)
9−] precursor. The

Ln2Fe4 described in this study is the first 3d-4f cluster containing a

trilacunary [(B-α-FeW9O34)
11−] unit [39–43]. The formation of the

[(B-α-FeW9O34)
11−] species was investigated using single-crystal

structure analysis, infrared spectroscopy, and energy dispersive

spectroscopy (Figs. S1, S4-S6 in Supporting information). The metal

core Fe4Dy2 in cluster 1 has exactly two tetrahedral structures

with shared edges, with Fe···Fe distances of 3.1301(33)–3.3196(29)

Å and Fe···Dy distances of 3.4987(22)–3.7597(26) Å (Fig. 1e,

Fig. S18 and Table S12 in Supporting information). Continuous

shape measurement (CShM) using Alvarez’s SHAPE program (Table

S8 in Supporting information) [44,45] shows that Dy3+ in the

[Fe2Dy2(H2O)4]
12+ unit is 8-coordinated with triangular dodeca-

hedral geometry (Fig. 1f), which is different from that reported

for Fe4Dy2 [46–50]. The Dy-O length is between 2.243(12) Å and

2.514(15) Å (Table S7 in Supporting information). Six-coordinated

Fe3+ has a classical octahedral geometry (Fig. 1g) with an Fe-O

length of 1.991(10) Å–2.048(10) Å, whereas 4-coordinated Fe3+

in [(FeW9O34)
11−] has a special tetrahedral geometry (Fig. 1h)

with an Fe-O length of 1.834(10) Å–1.856(10) Å (Table S2). Clus-

ters 2 and 3 have the same coordination pattern and similar

bond lengths and bond angles as cluster 1 (Tables S3, S4, S7

and S8 in Supporting information). Based on elemental analysis,

thermogravimetric analysis (Fig. S2 in Supporting information),

ion chromatography, and charge balance theory, there are 8 Na+

and 2 K+ counter cations. As shown in Figs. S7 and S8 (Sup-

porting information), the [(B-α-FeW9O34)2Fe2Dy2]
10− anions are

connected through hydrated Na+ and K+ counter ions to form a

two-dimensional framework. The minimum asymmetric units of

clusters 1-3 are shown in Figs. S9-S11 (Supporting information).

Fig. 2. χmT vs. T in the range of 2–300 K under an applied field of 1000 Oe for

clusters 1–3. Inset: Enlarged view of the upturn of χmT (cluster 1).

The use of insoluble lanthanide substances also plays a key role

in the formation of clusters 1–3. Clusters 1–3 can be obtained us-

ing insoluble lanthanide salts such as Ln2(CO3)3 and Ln2(SO4)3 to

replace Ln2O3 (Ln=Dy, Ho and Y). However, such clusters can-

not be obtained using soluble LnCl3 or Ln(NO3)3 salts. Ln2O3 can

slowly release Ln3+ ions under mild acidic conditions (pH 5.5) and

medium-high temperature hydrothermal conditions (140 °C). The
low equilibrium concentration of Ln3+ ions during the reaction can

effectively slow the reaction rate between Ln3+ and POMs to pre-

vent precipitation. Therefore, combining in situ POM transforma-

tion with the slow release of Ln3+ ions might be an effective syn-

thetic strategy for the synthesis of POM-based 3d-4f clusters.

The variable-temperature magnetic susceptibilities (χmT) of

clusters 1–3 were measured between 2 K and 300 K under a

1000 Oe applied magnetic field. The relevant magnetic data ob-

tained from these measurements are listed in Table S9 (Support-

ing information). The experimental χmT values for clusters 1–3 at

300 K (33.05, 32.20 and 5.63 cm3 K/mol, respectively) are smaller

than the expected values (45.83, 45.63 and 17.50 cm3 K/mol, re-

spectively), which may be due to antiferromagnetic interactions

in the clusters [51]. As shown in Fig. 2, with decreasing temper-

ature, the χmT values of clusters 2 and 3 gradually decrease to

21.69 cm3 K/mol and 1.09 cm3 K/mol at 2 K, respectively, mainly

due to the thermal depopulation of the excited states at the mJ

sublevels of the Fe3+ and Ho3+ ions. The χmT values of cluster 1

gradually decreased to 25.22 cm3 K/mol at 9 K followed by a sud-

den rebound to 25.99 cm3 K/mol at 2 K. This indicates that the

presence of weak dipole interactions and/or ferromagnetic interac-

tions between Dy3+ and Fe3+ below 9 K, including the decrease

above 9 K can be attributed to the thermal depopulation of the

excited states at the mJ sublevels of the Fe3+ and Dy3+ ions [52].

Fitting the χm
−1-T data individually in the appropriate tempera-

ture interval for these three clusters according to the Curie-Weiss

law gives C=34.77 cm3/mol, θ =−17.57 K (1); C=34.57 cm3/mol,

θ =−16.87 K (2); and C=34.45 cm3/mol, θ =−1554.21 K (3) (Figs.

S12-S14 in Supporting information), which further indicates the

presence of antiferromagnetic interactions. As shown in Figs. S15-

S17 (Supporting information), the inter-cluster magnetic interac-

tions are negligible due to the long distances. Cluster 3 has only

Fe-Fe magnetic interactions, whereas cluster 1 (2) has Fe-Fe and

Fe-Dy (Fe-Ho) magnetic interactions (Fig. S18 in Supporting infor-

mation). Therefore, the difference in χmT values between isomor-

phic clusters 1, 2 and 3 can be attributed to the contribution of

Fe-Dy (Fe-Ho) magnetic interactions (Fig. S19 in Supporting infor-

mation). The field-dependent magnetization curves of 1–3 at 2 K

are shown in Fig. S20 (Supporting information). The experimental

values at 7 T are much smaller than their theoretical saturation
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Fig. 3. (a) In-phase susceptibility (χ ’) and (b) out-of-phase susceptibility (χ”) vs. v

under zero Oe DC field for 1. (c) Cole-Cole plots for AC susceptibilities under zero

DC field. The colored solid lines are the best fit to the generalized Debye model. (d)

Arrhenius plots of lnτ vs. T–1 for 1 under zero DC field.

values. Furthermore, the M vs. H/T curves at different temperatures

are not superimposed on a single master curve (Fig. S20, Table S9),

which suggests the existence of significant magnetic anisotropy

and/or low-lying excited states [53].

AC susceptibility measurements of clusters 1–3 were performed

to explore their dynamic magnetic properties at indicated frequen-

cies under zero DC field and a 3 Oe AC field at 2 K. As shown in

Figs. S21 (Supporting information), the out-of-phase susceptibilities

(χ") of clusters 2 and 3 exhibit temperature dependence at 100–

1500 Hz, but no significant peaks are observed due to the quantum

tunneling effect. The in-phase susceptibilities (χ ’) and the out-of-

phase susceptibilities (χ") of cluster 1 exhibit obvious temperature

dependence, and the out-of-phase susceptibilities (χ") have obvi-

ous peaks at 0.1–1500 Hz. The AC magnetic susceptibility of cluster

1 was further tested at the specified temperatures in the frequency

range of 0.1–1000 Hz under zero DC field and a 3 Oe AC field. Figs.

3a and b show the frequency dependence plots of χ ’ and χ”. A se-

ries of single frequency-dependent peaks were observed between 2

K and 9 K, indicating the SMM behavior of cluster 1. The Cole-Cole

plots were fitted using the generalized Debye model (Fig. 3c). The

large α values under zero DC field indicates the presence of multi-

ple relaxation processes (Table S10 in Supporting information) [54].

The lnτ vs. T−1 plots are almost linear when T > 7 K, which can

be fitted by considering only the Orbach relaxation process using

Arrhenius’ law (τ = τ 0exp(Ueff/kBT)). The obtained parameters are

Ueff/kB = 43.68 K and τ 0=1.4×10−6 s, which is consistent with the

reported ranges for other SMMs (10−6–10−11 s). However, when T

< 7 K, the lnτ vs. T−1 plots deviate from linearity, indicating the

presence of other magnetic relaxation processes. Combining the

Obrach and quantum tunneling of magnetization (QTM) relaxation

processes using the equation τ−1 = τ 0
−1 exp(−Ueff/kBT)+ τQTM

−1

gives the best fit (R2 =0.99865), where τQTM is the rate of QTM.

The fit gives τ 0 =6.4×10−7 s, τQTM =6.0×10−3 s, and Ueff/kB
= 50.24 K (Fig. 3d). To slow relaxation, the AC magnetic sus-

ceptibilities were measured under specific DC fields at 2 K. Un-

der DC fields from 1000 Oe to 4000 Oe, the out-of-phase AC

signal values increased significantly compared to those at 0 Oe

(Fig. S22 in Supporting information), indicating that QTM is sup-

pressed. Simultaneously, the frequency corresponding to the peak

of the AC signal effectively decreases after applying the field and

remains stable above 2500 Oe (Fig. S23 in Supporting informa-

Fig. 4. (a) In-phase (χ ’) and (b) out-of-phase susceptibility (χ”) vs. v at indicated

temperatures under a 2500 Oe DC field for cluster 1. (c) Cole-Cole plots for AC

susceptibilities under a 2500 Oe DC field. The colored solid lines are the best fit to

the generalized Debye model. (d) Arrhenius plots of lnτ vs. T–1 for cluster 1.

tion). The AC susceptibilities of cluster 1 were measured under

an optimal 2500 Oe DC field. The temperature-dependent and

frequency-dependent out-of-phase susceptibilities (χ") are signif-

icantly higher than that at zero field. The peak frequency is lower,

and the peak temperature is slightly higher under the same fre-

quency conditions. The Cole-Cole plot obtained by fitting the same

generalized Debye model shows a semicircular shape (Fig. 4 and

Fig. S24 in Supporting information). Similarly, the lnτ vs. T−1 plot

is almost linear in the high-temperature region; considering only

the Orbach relaxation process fitted according to Arrhenius’ law:

Ueff/kB =64.55 K, and τ 0 =1.7×10−7 s. In the low-temperature re-

gion, the lnτ vs. T−1 plot deviates from linearity. As shown in

Fig. 4d, combining the Obrach, direct and Raman relaxation

processes using the equation τ−1 = τ 0
−1exp(-Ueff/kBT)+AT+CTn,

results in τ 0 =9.3×10−8s, Ueff/kB =80.21 K, A=1.97 K−1 s−1,

C=1.51×10−3 s−1 K−n, n=6.6 (R2 =0.99762). If the QTM relax-

ation process is also considered, the fitted τQTM =−8.05×1014 s,

suggesting that QTM can be considered completely suppressed at

2500 Oe [33,55].

POMs are redox reversible and maintain high structural stability

while rapidly gaining and losing multiple electrons [56]. The cyclic

voltammograms and controlled-potential coulometry experiments

showed that the isomorphic clusters 1-3 have three redox pro-

cesses, peak shapes, and potentials similar to those of the Fe6W18

cluster, which indicates the gradual reduction of the four FeⅢ cen-

ters. Based on the peak reduction currents, the three redox pro-

cesses are correspond to the two-electron process, the one-electron

process and the one-electron process, respectively (Figs. S25 and

S26 in Supporting information). Clusters 1-3 are structurally sim-

ilar to the reported cluster Fe6W18, which have only two Fe ions

replaced by lanthanide ions at the periphery of the sandwich part

[43]. Therefore, the Fe heteroatoms in clusters 1–3 (Ln2Fe4) can

participate in the electrochemical redox process, whereas the Fe

heteroatoms in the Fe6W18 cluster are electrochemically inert. No-

tably, among the POMs containing d-metal heteroatoms, only a few

heteroatoms exhibit electrochemical activity [57]. The stability of

cluster 1-3 in solution was confirmed by ESI-MS (Figs. S27-S29 in

Supporting information).

In summary, three {FeW9O34}-based 3d-4f clusters were ob-

tained via a strategy that employs the slow release of lanthanide

ions. The sandwich-like Ln2Fe4 clusters are the first 3d-4f clus-
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ters assembled from POMs containing d-metal heteroatoms. The in

situ formation of [B-α-FeW9O34]
11− and the slow release of Ln3+

play important roles in the formation of Ln2Fe4. Interestingly, the

Dy2Fe4 cluster exhibits single molecule magnet properties with an

80 K energy barrier under an optimal DC field. The assembly of la-

cunary polyoxometalate-based 3d-4f SMMs is currently in progress.
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