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An isopolyoxomolybdate-based POM is coordinated to trivalent cerium ions to afford an hybrid complex namely, 

[Ce(dmso)8][Ce(η2-NO3)2(dmso)4(α-Mo8O26)0.5][Mo6O19]. The original electrostatic environment created around the CeIII by 

its coordination to the isopolyoxomolybdate core induces a complex single-molecule magnet behavior. 

Introduction 

Polyoxometalates (POMs) constitute a large class of metal-

oxygen oxo-clusters which are important candidates for the 

design and the synthesis of new hybrid organic-inorganic 

compounds. Their original structural features
1
 induce 

remarkable physical properties. Indeed, POMs have a wide 

range of applications including catalysis
2
, electronic semi-

conductors
3
, non-linear optics

4
, biological and medical 

properties
5
, magnetic properties

6
, especially molecular 

magnetic properties.
7
 In this regard, Dolbecq et al. reviewed a 

wide range of POMs and showed the relationship between 

POM structural properties and their applications areas.
8
 The 

Mo-based Lindquist anions, [Mo6O19]
2-

, are among the smallest 

members of the POMs family
9
 and can be easily converted to 

octaoxomolybdate cluster [Mo8O26].
4- 10,11

 In this context, some 

hybrid materials based on hexaoxomolybdate anions 

[Mo6O19]
2-

 and octaoxomolybdate anions [Mo8O26]
4-

 have been 

employed as inorganic building blocks for the construction of 

supramolecular arrays with various organic ligands.
12,13

 

 The incorporation of lanthanide ions in polyoxometalates
14

 

is an important topic in the domain of supramolecular 

chemistry, because of their multiple coordination modes, their 

high oxophilic character and their multiple physical 

applications, such as magnetism
15

, conductivity
16

 or 

luminescence.
17-19

 Such applications result from the synergy 

between the properties of the lanthanides ions and the POM 

units.
20

 In this regard, many strategies have been explored to 

prepare and characterize lanthano-polyoxometalates 

derivatives presenting magnetic properties. It has been 

reported that lanthanide cations can link to POMs by terminal 

or bridging oxygen atoms to afford building blocks that can be 

interconnected by hydrogen bonds and Van der Waals 

interactions to provide original hybrid frameworks.
21 

More 

specifically an effective strategy is to synthesize original POM 

species using vacant polyoxoanions as inorganic multidentate 

building blocks in order to integrate transition metal or 

lanthanide metal ions. This leads to diverse lacunar POMs with 

interesting magnetic properties.
15,21

 Several investigations 

involving high-dimensional supramolecular assemblies based 

on lacunary Keggin
22

, lacunary Wells-Dawson 
23

 and Anderson 
24 

polyoxoanions have also been reported.
15,21,25-28

 

 Incidentally, POM have been found to be an original way to 

obtain single-molecule magnets (SMM).
29 

SMM are a class of 

molecules that present intriguing magnetic properties. Their 

nanometric size give rise to quantum effects on their magnetic 

properties
30

 and SMMs are considered as promising 

candidates for the development of molecular spintronics
31,32

 

high-density magnetic memories and quantum computing 

devices.
33-35 

Lanthanides-based SMM
36-40 

are currently an 

emerging field as the strong magnetic anisotropy of 

lanthanides ions is an asset to create molecular nanomagnets. 

As a consequence, combination of POM and lanthanide ions 

has afforded nice example of SMMs. For instance, Aldamen et 

al
7
 have reported the structure and magnetic properties of the 

sodium salt of the [ErW10O36]
9- 

which shows an SMM behavior. 

Last, a particularly beautiful example of solvent influence on 

magnetic properties of Dy-based Polyoxotungstate has been 

reported.
41

 

In the present work, polyoxomolybdate anions have been used 

as building blocks and associated with Ce
III

 ions. This affords 

the first SMM based on polyoxometalate–containing cerium 

complex. 

Experimental 
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Materials and General Methods. 

All chemicals of reagent grade were purchased from 

commercial sources and used without further purification. The 

[(C4H9)4N]2[Mo6O19] salt was synthesized as described by Hur 

et al.
42

 EDS measurements were carried out with a Hitachi TM-

1000, Tabletop Microscope version 02.11 (Hitachi High-

Technologies, Corporation Tokyo Japan) with EDS analysis 

system (SwiftED-TM, Oxford Instruments Link INCA). The 

detector is a Silicon drift detector, with an energy resolution of 

165eV which allows detecting the element from Na to U. The 

samples were assembled on carbon discs, stuck on an 

aluminum stub fixed at 7mm from EDX beam, with an angle of 

measurement of 22°. The Fourier transform infrared (FT-IR) 

spectra were recorded from KBr pellets in the range 4000-400 

cm
-1

 on a Shimadzu FTIR-8400 spectrometer. X-ray powder 

patterns have been collected using a Panalytical X'Pert Pro 

diffractometer with an X' Celerator detector. The typical 

recording conditions were 40kV, 40mA for Cu-Kα (λ=1.542Å), 

the diffractograms were recorded in θ/θ mode in 60 min 

between 5° and 75° (8378 measurements) with a step size of 

0.0084° and a scan time of 3600s. The calculated patterns 

were produced using Powdercell and WinPLOTR software 

programs.
43,44

 Figure S1, presents experimental and simulated 

powder X-ray diffraction patterns for compound 1 that 

confirms the purity of the sample. Magnetic measurements 

were performed on pellets in order to avoid in-field crystallites 

orientation. Alternating and direct (ac and dc) magnetic 

measurements were performed with a MPMS Quantum Design 

SQUID magnetometer between 2 and 300 K. All measurements 

were corrected for the diamagnetic contribution of the sample 

and the sample holder. 

 

Synthesis of [Ce(dmso)8][Ce(η2-NO3)2(dmso)4(α-Mo8O26)0.5] 

[Mo6O19] (1) 

[Ce(dmso)8][Ce(η2-NO3)2(dmso)4(α-Mo8O26)0.5][Mo6O19] (1) has 

been synthesized by mixing DMSO solutions of Ce(NO3)3.6H2O 

(1mmol; 0.433g) with [(C4H9)4N]2[Mo6O19] (0.2 mmol; 0.273g). 

hexaoxomolybdate can be converted into to 

octaoxomolybdate polyoxoanion when heated.
45 

In our case 

the mixture is heated under stirring at 333 K for 2 hours 

without any addition of acidic moieties. This later points are 

found to be particularly important as shortest heating time
14

 

and/or addition of phtalic acid
14

 has been found to hamper the 

creation of the octaoxomolybdate moiety. The reaction 

solution is then allowed to slowly diffuse through 2-propanol. 

Yellow crystals of 1 were collected in 75 % yield based on Mo, 

from tube reactions.  

Elemental Anal. Calcd (%) for C24 H72 Ce2 Mo10 N2 O50 S12 

(2830.8): C 10.17, H 2.56, N 0.98; found 10.09, H 2.98, N 1.05 

Ce, 9.96; Mo, 34.10 ; S, 13.68 %. EDS Mo/S ratio Calcd: 3.50 

Found: 3.29. IR (cm
-1

): 3013 (vw), 2914 (vw), 2850 (vw), 1630 

(s), 1383 (w), 1010 (s), 960 (ep), 944 (s), 913(s), 840(s), 796 (w), 

716 (s), 659 (w), 556 (w), 520 (w), 476 (vw), 438 (vw). 

 

X-ray Crystallographic study 

A single crystal of 1 was mounted on a Bruker- Nonius FR590 

Kappa CCD single-crystal diffractometer equipped with 

graphite-monochromated Mo Kα radiation (λ = 0.71073Å) at 

223(2) K. Data reduction and cell refinement were performed 

with Denzo and Scalepack programs.
46

 The structure was 

solved by direct method using SIR-2004 program
47

 and refined 

by full-matrix least-squares on Fo using the SHELXL-97 

program.
48

 The non-hydrogen atoms were refined 

anisotropically. Crystal data collection and refinement 

parameters of compound (1) are given in Table S1. 

Results and discussion  

Crystal Structure Description of [Ce(dmso)8][Ce(η2-NO3)2 

(dmso)4(α-Mo8O26)0.5][Mo6O19] 

 

 Structural analyses reveal that [Ce(dmso)8][Ce(η2-NO3)2 

(dmso)4(α-Mo8O26)0.5][Mo6O19] crystallizes in the monoclinic 

system with P21/n space group (Table S1). 

Figure 1. Representation of 1 with cerium atoms as purple balls and molybdenum 

atoms as green balls. 

 The asymmetric unit is made of one uncoordinated cationic 

complex [Ce(dmso)8]
3+

, one Lindqvist-type anion [Mo6O19]
2- 

and one anionic molecular moiety [Ce(η2-NO3)2(dmso)4(α-

Mo8O26)0.5]
1-

. Symmetry operations within the unit cell 

generate a [(Ce(η2-NO3)2(dmso)4)2(α-Mo8O26)1] supramolecular 

compound where the (α-Mo8O26)
4- 

POM, acts as a bidentate 

ligand and is coordinated to cationic cerium complex Ce1 

through two terminal oxygen atoms. Each of the Ce1 is then 

nine-coordinated by four oxygen atoms from two nitrate 

molecules, four oxygen atoms from four dimethylsulfoxide 

molecules and one oxygen atom from (α-Mo8O26)
4- 

(Figure 1). 

Continuous Shape Measurements (CSM)
49-51

 highlight that Ce1 

ions do not possess a well-defined symmetry of their 

surroundings (Table S2). The nine-coordinated atoms adopt a 

distorted spherical tricapped trigonal prism coordination 

environment (D3h site symmetry). On the contrary, Ce2 atoms 
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are 8-coordinated, and clear biaugmented trigonal prism is 

observed (C2v symmetry) (Figure S2). The Ce−O bonds lengths 

are in the range 2.391(4) Ǻ -2.653(4) Ǻ (Table S3). 

Going into details, the two Mo-based POMs adopt different 

topologies. The uncoordinated [Mo6O19]
2-

 polyanion is a 

compact arrangement of six octahedra [Mo6] that share 

common edges and one common vertex. Three kinds of 

oxygen atoms are found, depending on their coordination in 

the moiety. A central oxygen atom Oc is hexacoordinated by all 

the molybdenum ions. Twelve double-bridging oxygen, O(µ2), 

link the Mo ions two by two. Finally each Mo ion is capped by a 

terminal oxygen Ot. Consequently, the Mo−O bond lengths fall 

into three classes: Mo–Ot bond lengths range from 1.672 (6) to 

1.690 (4) Å, Mo-O(µ2) range from 1.901 (4) Å to 1.944 (4) Å, 

while Mo-Oc range from 2.305 (3) to 2.324 (3). On the other 

hand, the α-isomer of the octaoxomolybdate cluster [α-

Mo8O26]
4-

 is made of six edge-sharing [MoO6]
6- 

octahedra that 

forms an equatorial ring with the poles capped by two 

[MoO4]
2-

 tetrahedra. As for the first Mo-based POM, the 

oxygen atoms within [Mo8O26] could be divided into three sets, 

namely, terminal oxygen atoms Ot with Mo−Ot distances of 

1.691(4) Å – 1.720(4) Å, double bridging oxygen atoms with 

Mo-O(μ2) distances of 1.885 (3) Å – 1.926(3) Å, and triple 

bridging oxygen atoms with Mo-O(μ3) 1.767(3) Å – 2.581(3) Å. 

All these Mo˗O distances are in the range expected for the 

octahedrally coordinated Mo atoms of polyoxomolybdate 

clusters with small differences resulting from the distortion 

from the Oh geometry, in agreement with in literature.
52,53

 

 The crystal packing of 1 is made of layers of [Mo6O19]
2-

 and 

[(Ce(η
2
-NO3)2(dmso)4)2(α-Mo8O26)] alternatively spaced in the 

(ac) plane (Figure S3) with the counter-cation [Ce(dmso)8]
3+

 

regularly distributed in the interspaces. Supramolecular 

interactions tailor the 3D arrangement of all the moieties 

(Table S4). 

 

Magnetic measurements 

 

 On the magnetic point of view, the two crystallographically 

different cerium atoms are expected to have very different 

behaviors. On one hand Ce1 atoms are part of trimeric entities 

in which two Ce1 ions are linked via the Mo-based POM that 

acts as a diamagnetic bridge. Even if metallic diamagnetic 

bridges are known to be able to transmit magnetic 

interactions,
54,55

 the long Ce1-Ce1 distance (> 12 Å) may 

precludes the observation of such interactions. On the other 

hand, Ce2 atoms are uncoordinated and fully solvated 

moieties that are packed in between the trimers together with 

an additional and uncoordinated diamagnetic Mo-based POM. 

 Minute modification of the environment of magnetic 

molecules can strongly affect their magnetic behavior.
56,57

 A 

feature that is also visible when molecule are grafted onto 

surfaces.
58,59

 Trivalent lanthanides ions are probably the most 

affected
29,36,39,40,60,61

 as their magnetic properties are strongly 

linked with the electrostatic distribution of their first or second 

coordination sphere.
62-67 

For the particular case of the Ce
III 

ion, 

it belongs to the “oblate” lanthanides, i.e. ions for which the 

free-ion electronic density is “oblate” and consequently is 

stabilized by an axial crystal-field.
66

 Such stabilization of the 

magnetic sublevels possibly induces magnetic slow relaxation 

and so single-molecule magnet behavior.  

 In the title compound, all Ce
III

 coordinating atoms are 

oxygens (Table S3). Ce2 atoms are 8-coordinated and all 

ligands atoms are dimethylsulfoxide molecules. It seems 

reasonable to anticipate that all coordinating oxygens 

generate a quite similar electrostatic potential. This picture is 

far from an asset for the stabilization of an oblate electronic 

density. On another hand, Ce1 atoms are nine-coordinated by 

oxygen atoms that belong to significantly different moieties 

and are not expected to generate an isotropic electrostatic 

potential on the lanthanide ions. Four oxygen atoms belong to 

negatively charged nitrate anions and cap Ce1 from one side. 

On the opposite side of the coordination polyhedron the 

oxygen atom of the POM moiety is likely to be charged 

because of the four negative charges of the POM. In the 

middle of these two extremes, neutral DMSO molecules 

complete the coordination sphere. On the electrostatic point 

of view, such geometry around the Ce
III

 is then close to a 

sandwich-type coordination that may be favorable for the 

observation of SMM behavior on oblate ions.
66 

Figure2. Frequency dependence of the out-of-phase component of the magnetization 

of 1 measured from 0 Oe (red) to 1800 Oe (blue) with a 200 Oe step at 2K. 

 From the best of our knowledge, if anisotropy of molecules 

based-on Ce
III

 has already been observed and studied in 

details,
68,69

 only two Ce
III

-based single molecule-magnets are 

reported. The first one is a Zn
II
-Ce

III
-Zn

II 
trinuclear complex 

(“Zn-Ce-Zn”) where the Ce
III

 ion is sandwiched by two phenoxo 

oxygen donors.
70

 The second one is a mononuclear compound 

where a Ce
III

 ion is coordinated by two 1,4-bis(trimethylsilyl)-

cyclooctatetra-enyldianion (“CeCOT”) that thus also present a 

sandwich-like coordination.
71

 

 Static magnetic measurements have been conducted and 

as observed for CeCOT, the χMT value at 300K is significantly 

lower (1.25 emu.K.mol
-1

) than the expected one for two Ce
III

 

ions (1.6 emu.K.mol
-1

). The χMT value decreases monotonically 

as the temperature is lowered (Figure S4). This is a 

consequence of the progressive depopulation of the Stark sub-

levels as commonly seen on this kind of compounds.
 
Such 

decrease is commonly simulated by considering appropriate 
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crystal-field parameters.
72-76

 However this procedure has not 

been applied here as the two drastically different crystal-fields 

around the two Ce
III

 ions would let to overparametrization of 

the monotonic decrease. 

 On the dynamic point of view, no ac signal is observed in 

zero field but a very small dc field (200 Oe) is enough to show 

magnetic slow relaxation as previously observed on CeCOT 
71

 

(Figure 2 and S5). 

Figure 3. Frequency dependence of the in-phase (top) and out-of-phase component of 

the magnetization of 1 (bottom) measured with 200 Oe (left) and 1400 Oe dc field 

(right) from 1.8 K (blue) to 4 K (red). 

 On the basis of the structural and electrostatic 

considerations made above, one can assign this slow 

relaxation pathway (SR1) to Ce2. As observed on CeCOT, 1 also 

presents double-peaked χM” vs frequency curves below 3K 

(Figure 2 and S6). Another relaxation pathway (SR2) is then 

observed and attributed to Ce2. Cole-Cole plots
77

 confirm this 

finding as low temperature fits were possible only if two 

relaxation times were considered (Figure 4 and S7). As a 

consequence, normalization of the plots over χT, the 

isothermal susceptibility, indicates that only part of the sample 

is relaxing according to each of these modes as χM’ /χT is far 

from zero for SR1 and for SR2 (Table S5 and S7). 

Figure 4.Normalized Cole-Cole diagrams of 1 between 1.8 K (blue) and 3.2K (red) in 200 

Oe (circles) and 1400 Oe (squares) dc field. Lines represent the best fits at 2K as 

calculated with an extended Debye model. 

 As the static field is raised, another and fast relaxation (FR) 

pathway is seen for a dc field of 1400 Oe. It is not possible to 

unambiguously assess the origin of this relaxation mode and 

none of CeCOT and Zn-Ce-Zn have been investigated for such 

high dc field. However, only one peak in χM” vs frequency 

curves is observed together with almost zero χM’ /χT values in 

Cole-Cole plots (Figure 4 and S7, Table S8). This tends to 

support the hypothesis of a contribution of a unique cerium 

center, probably Ce2. In fact, the unfavorable electrostatic 

coordination environment of Ce1 probably makes it silent on 

the dynamic point of view. 

Figure 5. Relaxation time of 1 (τ) plotted against T-1 extracted from the 1400 Oe 

(squares) and 200 Oe measurements. For this last field the two different regimes are 

represented as circles (SR1) or triangles (SR2). The dashed line represents the best fit of 

SR1 regime considering Raman processes while the straight lines consider an Orbach 

process. 

 All three relaxation modes were tentatively analyzed 

considering a thermally activated (Orbach) magnetic relaxation 

(Figure 5). Energy barrier for spin reversal are 24.4 K, 4.4 K and 

9.1 K with corresponding τ0 values of 2.56 10
-7

s, 2.09 10
-5

s and 

1.12 10
-6

s for SR1, SR2 and FR respectively (Table S5 and S6). 

These values are closely comparable with the one of CeCOT 

and Zn-Ce-Zn. The curvature in the Arrhenius plots suggests a 

possible influence of direct or Raman processes.
61,65

 In the 

present case very weak influence of direct process is observed. 

Reliable fitting of the relaxation time is obtained only on SR1 

and a Raman process is identified with a variable exponent n=2 

(with 27.12 K and 1.29 10
-7 

s).  

Conclusions 

As a conclusion we report here the first SMM based on 

polyoxometalate-containing cerium complex. This compound 

is made of an original Ce-POM-Ce trimer and one fully solvated 

Ce
III 

ion. It shows a complex single-molecule magnet behavior 

with almost three different relaxation pathways. By analogy 

with a previously reported compound the low field relaxation 

modes (SR1 and SR2) are attributed to Ce1, the cerium ions 

linked to the Mo-based POM. Another and faster regime (FR) is 

observed for higher field. In this compound the POM moiety is 

an asset as it permits the creation of original coordination 

environment for the lanthanide and so favors its magnetic 
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slow relaxation. Moreover, one can anticipate that the peculiar 

redox properties of POMs maybe a useful way to permit the 

redox–switching of magnetic behavior of lanthanide-based 

SMM
41,78

 on such family of compounds. Last, this class of 

compounds maybe a nice playground to investigate new kind 

of interaction between light and magnetic properties as 

recently reported.
79
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