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Herein, we report for the first time polyoxometalate (POM)-
based single-molecule magnets with mononuclear transition 
metal cores. The mononuclear Fe(III)-, Co(II)-, and Mn(III)-
containing POMs have successfully been synthesized from a 
trivacant lacunary Keggin-type silicotungstate precursor 10 

TBA4H6[A-α-SiW9O34]·2H2O (TBA = tetra-n-
butylammonium), and the highly distorted octahedral 
geometries of the incorporated metal cations resulted in the 
magnetic anisotropies and the single-molecule magnet 
behavior with mononuclear paramagnetic metal ions under 15 

the applied dc field.  

Single-molecule magnets (SMMs) have been of considerable 
interest because of their novel properties and potential 
applications in high-density magnetic information storages and 
quantum computation devices.1 Following the discovery of the 20 

SMM behavior of Mn12 cluster,2 most efforts have been devoted 
to develop multinuclear clusters with large magnetic ground spin 
states to achieve large energy barrier for magnetic relaxation.3 In 
addition, after the first report of slow magnetic relaxation of the 
mononuclear lanthanoid complex with large magnetic anisotropy 25 

by Ishikawa and coworkers,4 various lanthanoid-based single-ion 
magnets (SIMs, or SMMs with mononuclear paramagnetic metal 
ions) have recently been developed.5 In contrast, transition metal-
based mononuclear SMMs have not been reported until last 
several years. Because orbital angular momentum of transition 30 

metal complexes is easily quenched by the ligand fields, design 
of coordination geometries of transition metal cations is the 
crucial factor for development of mononuclear SMMs. Therefore, 
transition metal complexes with low coordination numbers and 
low symmetries have been designed to achieve large anisotropies 35 

required for mononuclear SMMs.6,7 
 Molecular anionic metal-oxide clusters of early transition 
metals, polyoxometalates (POMs), are attractive materials in 
numerous fields.8 We have utilized lacunary POMs as well-
defined and controllable coordination ligands for constructing 40 

various metal cores with various coordination geometries which 
display unique catalytic, photocatalytic, and magnetic 
properties.9,10 Most importantly, lacunary POMs are promising 
ligands for designing SMMs because various coordination 
geometries of the incorporated metal cations can be formed by 45 

utilizing the unique properties of the coordination sites, such as 
multiple hydrogen bonding networks and protonation behavior. In 

addition, undesired intermolecular magnetic interactions can be 
prevented by the bulkiness of POM ligands. Based on the above-
mentioned idea, we have successfully developed several SMMs 50 

with unique properties by using a divacant lacunary 
silicotungstate [γ-SiW10O36]8– as the multidentate ligand; for 
example, the SMM properties of homo- and hetero-dinuclear 
lanthanoid cores could be controlled by simply changing the 
coordination geometries of the lanthanoid cations.10 Although a 55 

few mononuclear lanthanoid-based SMMs11 as well as various 
multinuclear SMMs12 have been reported by using POMs as the 
macro ligands, there is no report on POM-based transition metal 
mononuclear SMMs, to the best of our knowledge. 
 Herein, we report for the first time POM-based SMMs with 60 

mononuclear transition metal cores. The mononuclear Fe(III)-, 
Co(II)-, and Mn(III)-containing POMs (IM) have successfully 
been synthesized from an organic solvent soluble trivacant 
lacunary silicotungstate TBA4H6[A-α-SiW9O34]·2H2O (Fig. 1),13 
and the highly distorted octahedral geometries of the incorporated 65 

metal cations could be stabilized by intramolecular multiple 
hydrogen bonding networks (Fig. 2, Fig. S1), resulting in the 
magnetic anisotropies and the SMM behavior under the applied 
dc field. It should also be noted that this is the first example of 
the SMM with the mononuclear octahedrally coordinated Fe(III) 70 

complex. 
 A mononuclear Fe(III)-containing POM (IFe) was synthesized 
by the reaction of Fe(acac)3 (acac = acetylacetonato) with two 
equivalents of the trivacant lacunary silicotungstate TBA4H6[A-
α-SiW9O34]·2H2O in the mixed solvent of acetone and water 75 

(96/4 v/v) (see ESI† for the detailed procedure). Single crystals of 
IFe suitable for X-ray crystallographic analyses were obtained by 
recrystallization from the mixed solvent of 1,2-dichloroethane 
 

 80 

Fig. 1 Schematic representation of the formation of the mononuclear 
transition metal-containing POMs IM (M = Fe(III) (IFe), Co(II) (ICo), and 
Mn(III) (IMn)) from the trivacant lacunary silicotungstate TBA4H6[A-α-
SiW9O34]·2H2O in organic media.  
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Fig. 2 a) Polyhedral and b) ball-and-stick representations of the anion 
parts of IM. Orange, gray, red, and blue spheres represent M (M = Fe(III) 
(IFe), Co(II) (ICo), and Mn(III) (IMn)), tungsten, oxygen, and silicon atoms, 5 

respectively. c) Schematic representation of the angles (φ) between the 
axial (O19 and O19*) and equatorial oxygen atoms (O1, O2, O1*, and 
O2*) of the octahedrally coordinated metal cations.  

and diethyl ether. Similarly, mononuclear Co(II)- and Mn(III)-
containing POMs (ICo and IMn) were synthesized by using 10 

Co(acac)2 and Mn(acac)3, respectively. Single-crystal X-ray 
analyses revealed that the anion structures of IFe, ICo, and IMn 
were essentially isomorphous S-shaped dimers consisting of one 
metal cation (Fe(III), Co(II), and Mn(III)) and two sandwiching 
[A-α-SiW9O34]10– units (Fig. 2, Fig. S1, Table S1, ESI†). The 15 

incorporated metal cations possessed six-coordinate distorted 
octahedral geometries, and these metal cations were coordinated 
by four oxygen atoms of W–O (O1, O2, O1*, and O2*) and two 
axial oxygen atoms of W–O–Si (O19 and O19*) at the lacuna of 
[A-α-SiW9O34]10– units. The axial Mn1–O19 and Mn1–O19* 20 

coordinations in IMn were elongated due to the Jahn–Teller 
distortion (2.223 Å, Table S2, ESI†). Other coordination sites of 
[A-α-SiW9O34]10– units remained vacant, and the hydrogen 
bonding networks between the oxygen atoms of the lacuna were 
observed; for example, O1···O3*, 2.67 Å; O2···O6*, 2.69 Å; 25 

O5···O6, 2.71 Å in IFe (Fig. 2, Fig. S1, Table S2, ESI†). 
Additionally, water molecules (O35 and O35*) existed at the 
lacuna and hydrogen bonding networks were observed between 
the water molecules and the oxygen atoms (O4, O5, O4*, and 
O5*) at the lacuna of [A-α-SiW9O34]10– units. The unique 30 

mononuclear transition metal-containing lacunary structures were 
likely stabilized by these multiple hydrogen bonding networks. 
 Because of the hydrogen bonding networks and the unique 
structure of lacuna, the coordination geometries of the 
incorporated metal cations were considerably distorted from the 35 

ideal octahedral geometries. The angles (φ) between the axial and 
equatorial ligands were significantly smaller than 90° (Fig. 2c, 
75.8° for IFe, 73.0° for ICo, and 73.4° for IMn).14 These distortions 
were ideal for large anisotropies required for SMMs. Seven TBA 
cations were crystallographically assigned in accordance with the 40 

results of the elemental analyses. The bond valence sum (BVS) 
values of W (6.01–6.20), Si (3.94–3.99), Fe (2.90), Co (2.02), and 
Mn (3.08) of IFe, ICo, and IMn indicate that the respective valences 
are +6, +4, +3, +2, and +3 (Table S3, ESI†). The above-
mentioned data of the number of TBA cations and valences of 45 

metal cations indicate the presence of ten (for IFe and IMn) and 
eleven (for ICo) protons per each anion. The BVS values of O3 
(O3*) (0.53 and 0.50), O5 (O5*) (0.52 and 0.50), O6 (O6*) (0.90 
and 0.88) of IFe and IMn indicate that protons are located on these 
oxygen atoms at the lacuna to form the aqua (O3, O5, O3*, and 50 

O5*) and hydroxo (O6 and O6*) ligands (Table S3, ESI†). POMs 
IFe and IMn are actually isostructural. The BVS values of O3–O6 
(0.70–0.85) of ICo indicate that these oxygen atoms are hydroxo 
ligands. In addition, the BVS values of O1 and O2 (O1* and 
O2*) (1.34 and 1.48) of ICo suggest that three out of four 55 

equatorial oxygen atoms coordinating to Co(II) are protonated 
(Table S3, ESI†). The transition metal cations were completely 
discrete from each other and separated at least by 14 Å due to the 
bulky [A-α-SiW9O34]10– ligands and TBA cations, indicating the 
absence of an undesired intermolecular magnetic exchange 60 

pathway.  
 The cold-spray ionization (CSI) mass spectrum of IFe in 1,2-
dichloroethane showed the two signal sets centered at m/z 6423 
and 3333, which agreed well with the simulated patterns for 
[TBA8H6Fe(SiW9O33)2]+ (m/z 6423) and 65 

[TBA9H6Fe(SiW9O33)2]2+ (m/z 3333), respectively (Fig. S2, ESI†). 
Similarly, the CSI-mass spectra of ICo and IMn showed the signal 
sets assignable to [TBA8H7Co(SiW9O33)2]+ (m/z 6427) and 
[TBA9HCo(SiW9O31)(SiW9O32)]2+ (m/z 3307) for ICo, and 
[TBA8H6Mn(SiW9O33)2]+ (m/z 6422) and 70 

[TBA9H6Mn(SiW9O33)2]2+ (m/z 3332) for IMn (Fig. S2, ESI†).   
 All the above-mentioned results, elemental analyses, and TG-
DTA data show that the formulas of IFe, ICo, and IMn are 
TBA7H10[Fe(A-α-SiW9O34)2]·2H2O·C2H4Cl2, TBA7H11[Co(A-α-
SiW9O34)2]·2H2O·C2H4Cl2, and TBA7H10[Mn(A-α-75 

SiW9O34)2]·3H2O, respectively (C2H4Cl2 = 1,2-dichloroethane). 
 The direct current (dc) magnetic susceptibilities of the 
polycrystalline samples of IFe and IMn under the external field of 
0.1 T showed that the χT values at 300 K were 4.35 and 
3.11 cm3 K mol–1, respectively, and these values were close to 80 

those of the spin-only values for high-spin Fe(III) 
(4.37 cm3 K mol–1; S = 5/2, g = 2.00) and Mn(III) 
(3.00 cm3 K mol–1; S = 2, g = 2.00) (Fig. S3, ESI†). In contrast, 
the χT value of ICo at 300 K was 2.87 cm3 K mol–1 and larger 
than the spin-only value for high-spin Co(II) (1.87 cm3 K mol–1; S 85 

= 3/2, g = 2.00), indicating the presence of considerable 
contribution of the orbital angular momentum (Fig. S3, ESI†). 
Upon cooling, these χT values significantly decreased and 
reached up to the values of 3.58 (IFe), 1.58 (IMn), and 1.97 
cm3 K mol–1 (ICo) at 1.9 K, indicating the presence of zero-field 90 

splitting. Next, low-temperature magnetization data of IFe, ICo, 
and IMn between 1.9 and 10 K were measured under the external 
fields ranging from 1 to 7 T. The difference in M vs HT–1 plots 
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Fig. 3 Low-temperature magnetization data for a) IFe and b) ICo collected 
in the temperature range of 1.9–10 K under the external field of 1–7 T. 
Solid lines represent the best fits obtained with PHI program. 5 

under the different external fields indicates the presence of 
magnetic anisotropy in IFe and IMn (Fig. 3a and Fig. S4, ESI†). 
The magnetization data were fitted by using PHI program15 
adopting the anisotropic Hamiltonian (H) given by the following 
Equation (1) with the parameters of the axial (D) and transverse 10 

(E) magnetic anisotropies and isotropic Landé g-factor (g): 
 
    𝐻   =   𝐷 𝑆!! − 𝑆(𝑆 + 1) 3 + 𝐸 𝑆!! − 𝑆!! + 𝜇!𝑔𝐒𝐇   (1) 
 
 The best-fit parameters were as follows: D = –1.20 cm–1, E = 15 

3.41×10–3 cm–1, g = 1.90 for IFe; D = 95.2 cm–1, E = 7.18 cm–1, g 
= 2.13 for ICo; D = –5.28 cm–1, E = 1.19×10–3 cm–1, g = 2.08 for 
IMn. The small differences in the M vs HT–1 plots of ICo were 
probably due to the large E value (Fig. 3b). The D and E values 
of ICo were comparable to those of the previously reported SMMs 20 

with octahedrally coordinated Co(II) (Table S6, ESI†).16 The 
electron spin resonance (ESR) spectrum (X-band) of the 
polycrystalline sample of ICo at 4.2 K showed that gx, gy, and gz 
values were 3.31, 6.76, and 1.88, respectively (Fig. S5, ESI†). 
The pattern of g values is characteristic of high spin octahedral 25 

Co(II) complexes with positive D values (easy-plane anisotropy), 
supporting the analysis of the magnetization data.16–18

 
 The alternating current (ac) magnetic susceptibilities of IFe and 
ICo were investigated under the different external dc fields in the 
range of 0–0.5 T to reveal their SMM behavior (Fig. S6, ESI†). 30 

Although negligible out-of-phase signals (χ'') were observed 
under the zero external dc field probably because of quantum 
tunneling of magnetization (QTM), peaks of χ'' appeared under 
the external dc field. Under the external dc field of 0.1 T, the 
maximum values of the relaxation time were observed. Therefore, 35 

the ac magnetic susceptibility measurements were carried out 
under the external dc field of 0.1 T in the temperature range of 
1.9–10 K (Fig. 4). The ac magnetic susceptibilities of IFe and ICo 
showed the strong temperature- and frequency-dependence and 
are characteristic of the SMM behavior, indicating the presence 40 

of slow magnetic relaxation process. The Cole-Cole plots in the 
form of χ'' vs in-phase signal (χ') were generated from the ac 
magnetic susceptibility data and fitted using the generalized 
Debye model (Fig. S7, ESI†). The α values were in the range of 
0.03–0.08 (IFe) and 0.05–0.07 (ICo), and the small α values 45 

support a single relaxation process (Table S4 and Table S5, ESI†,  
 

 

 
Fig. 4 Frequency dependence of a) χ' and b) χ'' for IFe, and c) χ' and d) χ'' 50 

for ICo collected in the temperature range of 1.9–10 K under the external 
dc field of 0.1 T. 

α value represents distribution of relaxation times, α = 0 for the 
Debye model). The magnetization relaxation times (τ) were 
evaluated from the frequency of maxima in χ'' of the frequency 55 

dependence of χ'' (Fig. 4), and lnτ values were plotted as a 
function of T–1 (Fig. S8, ESI†). The fit for the Arrhenius equation 
(lnτ (τ = τ0exp(Ueff/kBT)) vs T–1) afforded the parameters of 
thermal energy barrier for magnetization relaxation (Ueff) and pre-
exponential factor (τ0): Ueff = 9.2 K (6.4 cm–1), τ0 = 3.3×10–6 s for 60 

IFe, and Ueff = 19.3 K (13.5 cm–1), τ0 = 8.2×10–6 s for ICo. These 
results support the SMM behavior of IFe and ICo.16 In addition, 
the ac magnetic susceptibility of IMn showed the temperature- and 
frequency-dependent χ' and χ'' under the external dc field of 0.1 
T, which are characteristic of the SMM behavior (Fig. S9 and Fig. 65 

S10, ESI†).19 
 These compounds are the first examples of mononuclear 
transition metal-containing POMs showing SMM behavior under 
the applied dc field. In particular, there is no report on SMMs of 
octahedrally coordinated mononuclear Fe(III) complexes, and it 70 

should also be noted that there is only one report on the SMM 
with the mononuclear Fe(III) complex, to the best of our 
knowledge.6e The transition metals in the POMs reported herein 
possessed the highly distorted octahedral coordination geometry 
which breaks the degeneracy of octahedral symmetry, resulting in 75 

the large magnetic anisotropy and the SMM behavior with one 
paramagnetic metal ion. 
 This work was supported in part by a Grant-in-Aid for 
Scientific Research from the Ministry of Education, Culture, 
Science, Sports, and Technology of Japan (MEXT). Ms. Yumi 80 
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acknowledged for their help with ESR measurements. 
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