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Polyoxometalates (POMs) are a remarkable class of inorganic
compounds with enormous structural and compositional
diversity and potential applications in various fields, such as
catalysis, analytical chemistry, magnetism, nanotechnology,
and medicine.'! In particular lacunary heteropolytungstates
of the Keggin and Wells-Dawson type are useful inorganic,
diamagnetic ligands allowing for encapsulation of various
multinuclear metal-oxo assemblies. Examples of such kinds of
structurally, catalytically, and magnetically interesting POMs
are the manganese-containing derivative {Mn; W4}, the
iron-containing  derivatives  {Fe,W,,),BY  (Fe ;W) 2>
[Fe,sW.),BY {Fe,gW,e),B the nickel-containing derivatives
{NigW,,},1* {Nig/NigW 1},1*) {Ni},W;}.*) and {NiyyW3,},1* and
the copper-containing derivatives  {Cu;;W5,}®  and
[Cuy WX} (X=CI, Br, I).P> Some transition-metal-con-
taining polyoxomolybdates are also known, such as
{Fe;Mo,,},% {V;)Mo,,},1) as well as {Co,sMoys) (two types
of structures containing 16 cobalt centers, in the form of four
tetramers).”!

The class of cobalt-containing POMs was pioneered by
Baker and Pope.®*®! Meanwhile a large number of POM-
based Co" complexes with nuclearities ranging from 2 to 16
has been reported.”*! Our group has reported a nona-cobalt-
containing polyanion capped by six antenna-like Co" ions in
the solid state,'" as well as several polytungstates containing
smaller numbers of cobalt ions.'"”] Very recently it was shown
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that [Co,(H,0),(PW,0;,),]"" P is a hydrolytically and oxi-
datively stable homogeneous water-oxidation catalyst.!"]

During the past decade many high-nuclearity transition-
metal-based coordination complexes with interesting elec-
tronic and magnetic properties have been prepared. Some
cobalt derivatives with nuclearities ranging from 2 to 32 are
also known.™™ It is a challenge to encapsulate high-nuclearity
magnetic cores in diamagnetic POM shells, in particular by
using conventional, soft synthesis methods. We have now
succeeded in preparing the tetrameric 36-tungsto-8-phos-
phate  [{Co,(OH);PO,},(PW,05,),]®*" (1), containing
16 cobalt(IT) centers (Figure 1).

a) . b) c)
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Figure 1. Representations of the various building blocks of 1:

a) [{Co(OH)}5(A-0-PW50;)]", b) {Co,(POL)4}*", ) {Cors(OH)y-
(PO,)4}*", d) polyanion 1, and e) the tetrahedral building units in 1
formed by connection of the four P heteroatoms of the heteropolyox-
ometalate units, the four capping P atoms of the phosphate linkers,
the four central Co atoms, as well as the four triangular Co; groups.
Color code: WOq red octahedra, CoOg violet octahedra, PO, yellow
tetrahedra, Co violet balls, P yellow balls, O red balls. Protonated
oxygen atoms are shown in pink. Images generated by Diamond
Version 3.2c (copyright Crystal Impact GbR).

Polyanion 1 was synthesized in a simple one-pot reaction
of CoCl,6H,0 with Nag[A-a-PW,0;]-7H,O in aqueous
medium at pH 8 and crystallized as a hydrated sodium—
rubidium salt, Nay,Rbg[{Co,(OH);PO,},(A-0-PWO3,),]
76H,0 (1a) in the cubic space group Fd3. Single-crystal X-
ray diffraction analysis on 1a revealed that 1 comprises a
central {Co,O,} cubane unit which is capped by four tri-
cobalt(IT)-substituted Keggin fragments [{Co(OH)};(A-a-

Angew. Chem. Int. Ed. 2011, 50, 4708 —4711


http://dx.doi.org/10.1002/anie.201100280

PW,0,)]* and four phosphate linkers, resulting in an
assembly with idealized 7, symmetry. Some other tetrameric
assemblies comprising 3d metal-containing Keggin tungsto-
phosphates capped by phosphate ions are known, such as
{F313W36}[3b'c] and {Mn14W36}.[2a]

The structure of polyanion 1 can also be viewed as a
tetrahedral {Co,(PO,),}*” core with each vertex linked to a
[{Co"(OH)};(A-a-PW,05,)]° unit. The four Co" ions in the
cubane unit are coordinated by three u;-OH groups of the
[{Co"(OH)};(A-0-PW,05,)]°" units and three p,-O atoms of
three PO, linkers. The three “outer” oxygen atoms of each
phosphate group link three [{Co™(OH)};(A-a-PW,05,)]*"
fragments by three P—O(Co) bonds. All 16 Co" ions in 1
exhibit a distorted octahedral coordination environment with
Co—O bond lengths in the range 2.053(19)-2.364(19) A.
Protonated oxygen atoms were identified by bond valence
sum (BVS) calculations."* All 12 ps-oxygen atoms bridging
Co ions in 1 are monoprotonated, whereas all the phosphate
oxygen atoms are non-protonated, supporting the polyanion
formula [{Co,(OH);PO,},(4-0-PW,0;,),]**". The total charge
of 1 is therefore 28— which is balanced in the solid state by
22 sodium and 6 rubidium countercations. The formula is
based on three different analytical methods namely single-
crystal X-ray diffraction, elemental analysis, and thermogra-
vimetric analysis (TGA). The TGA indicated the presence of
76 crystal waters in 1la (see Figure S2 in the Supporting
Information).

The field of cobalt-based single-molecule magnets
(SMMs) has been studied, ever since the first example
emerged in 2002."* Since then only a few other examples
have been reported.**#" POMs possess great potential for
stabilizing polynuclear, magnetic metal-oxo aggregates,
including SMM assemblies, as has been demonstrated
recently.™ Interestingly, even mono-lanthanide containing
heteropolytungstates can behave as SMMs.!'!

We also performed magnetic measurements on a poly-
crystalline sample of 1a dispersed in Apiezon grease. The dc
magnetic susceptibility data of 1a under an applied dc field of
1000 Oe in the 1.8-300 K temperature range are plotted in
Figure 2. At 300K, the experimental y7 value of 1la
(47.28 cm®*Kmol ™) is much higher than the expected value
(30.0 cm*Kmol ) for 16 spin-only high-spin (HS) Co" ions
(§=3/2, g=2, C=1.875 cm*Kmol ') due to a strong orbital
contribution of the Co" ions. The yT value for 1a declines
gradually with decreasing temperature and reaches a round
minimum of 40.38 cm®*Kmol™ at 45 K. Upon further cooling,
the 7 value increases rapidly, reaching a maximum of
4824 cm’Kmol™' at 5K, and then falling sharply to
45.97 cm®Kmol ' at 1.8 K. The decrease of yT above 45 K is
due to the spin-orbital coupling of the Co" ions, while the
behavior below 45 K indicates overall ferromagnetic coupling
between the Co" ions. The final decrease of ¥ T below 5 K is
associated with magnetic anisotropy, as all the Co" ions are
shielded by diamagnetic POM shells and thus no intermo-
lecular antiferromagnetic interactions are possible. The field
dependence of the magnetization at low temperatures for 1a
shows that the magnetization increases abruptly to reach
approximately 15 pg up to 10 kOe, which is consistent with the
presence of ferromagnetic interactions. Above 10 kOe, the
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Figure 2. Temperature dependence of the yT product for compound 1a
at 1000 Oe (with y being the molar susceptibility defined as M/H).
Inset: Field dependence of the magnetization of 1a at the indicated
temperatures.

magnetization curve increases in a linear fashion to reach
19.3 pp with a lack of saturation even at 70 kOe (see Figure 2,
inset). This situation is possibly indicative of magnetic
anisotropy, which is supported by the non-superposition of
the M versus H/T curves (see Figure S3 in the Supporting
Information). The experimental (y7),. of 48.24 cm*Kmol™!
at 5 K suggests an average g factor of 2.3 and is consistent with
all 16 Co" ions each with an effective spin of !/, being
ferromagnetically coupled to give a ground spin state of S =38.
This result is in line with the low-temperature field depend-
ence of the magnetization (see Figure2), in which the
magnetization reaches 19.3 up consistent with 16 high-spin
(HS) Co" ions with an effective spin of '/, for each Co" center
and a gfactor of 2.4, further indicating the presence of
magnetic anisotropy of the Co" ions.

The dynamic properties of 1a were also investigated using
temperature- and frequency-dependent ac susceptibility
measurements. The frequency dependence of both in-phase
and out-of-phase components can be observed in zero dc field
below 6 K, indicating slow relaxation of the magnetization
(see Figure 3a,b). In addition, frequency sweeping ac suscep-
tibilities were measured at different temperatures (see Fig-
ure 3c,d) and the shape and frequency dependence both
indicate that this compound is a SMM. The relaxation time of
1a, deduced from the data between 1.8 and 3.2 K follows an
activated behavior with an energy gap (4) of 26.1 K and a pre-
exponential factor (z,) of 3.5x107%s (see Figure 4). These
parameters are in the region of those reported for cobalt(IT)
SMMs.e" Fitting the data using a generalized Debye
modell'”! leads to a=0.10-0.39 (see Figure4, inset and
Table S1 in the Supporting Information), which proves that
there is essentially one dominant relaxation process present in
1a with a moderate width of the 7 distribution.

Moreover, the frequency dependence of the ac suscept-
ibility was also measured at 1.8 K in an applied dc field (see
Figure S4 in the Supporting information). With increasing
field the relaxation rate 1/ only slightly shifts on going from
zero field to 2000 Oe, indicating that there is no appreciable
quantum tunneling effect above 1.8 K.
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Figure 3. Temperature dependence of the in-phase (a) and out-of-
phase (b) components of the ac magnetic susceptibility at different
frequencies and frequency dependence of the in-phase (c) and the out-
of-phase (d) components of the ac susceptibility at different temper-
atures for 1a under zero dc field.
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Figure 4. Plot of 7 versus 1/T for 1a obtained from ac susceptibilities
between 1.8-3.2 K under zero dc field (Ml and @ represent experimen-
tal data; the solid line is the Arrhenius law). Inset: Cole—Cole plot at
2.0 K (o represents experimental data; the solid line is the fit with a
generalized Debye model.

In summary, we have synthesized the 36-tungsto-8-phos-
phate [{Co,(OH);PO,},(A-a-PW,0;,),]**~ (1) containing
16 cobalt(IT) centers by using a simple, one-pot procedure,
treating the trilacunary 9-tungstophosphate precursor [A-a-
PW,0,,]°~ with Co" ions in phosphate buffer. Polyanion 1 was
isolated as a hydrated sodium-rubidium salt Nay,Rbg-
[{Co4(OH);PO4}4(A-0-PW,O3,),]-76 H,O (1a), which was
investigated in the solid state by single-crystal X-ray diffrac-
tion, FT-IR spectroscopy, thermogravimetric and elemental
analyses, as well as magnetic measurements. Compound 1
represents the largest cobalt aggregate in polyoxotungstate
chemistry, and the first example of a cobalt-core-based POM
with SMM behavior. The synthesis of 1 demonstrates that
conventional synthetic conditions and the use of simple metal
salts can lead to the formation of high-nuclearity, magnetic
cores stabilized by POM units. Currently we are investigating
the interaction of other 3d metal ions with different trilacu-
nary POM precursors.
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Experimental Section

1a: CoCl,-6H,0 (0.39 g, 1.63 mmol) was dissolved in H,O (20 mL).
Then Nag[A-a-PW,0,,]-7H,0 (0.58 g, 0.20 mmol)""®! was added and
the mixture was stirred until a clear, purple solution was obtained.
Then Na;PO, (0.50 g, 3.0 mmol) was added in small portions while
maintaining the pHvalue at 8 with HCl,,. The resulting turbid
solution was stirred for 1 h at room temperature and then allowed to
stand at room temperature until the entire purple precipitate had
settled at the bottom of the beaker and was then removed by
filtration. Addition of a 1.0M RbCI (0.55 mL) solution to the filtrate
gave a precipitate. The mixture was kept at 30°C for 10 min, and then
filtered. The clear, dark purple filtrate was kept in an open vial at
room temperature to allow slow evaporation. After one week a dark
purple crystalline product started to appear. Evaporation was allowed
to continue until about half the solvent had evaporated. The solid
product was then collected by filtration and air dried. Yield 100 mg
15%).

IR (2% KBr pellet): #=3468 (s), 1630 (s), 1088 (w), 1068 (m),
1026 (m), 940 (s), 884 (w), 816 (m), 703 (w), 679 (W), 611 cm™ (w).
Elemental analysis (%) for Na,,Rbs[{Co,(OH);PO,},(A-a-
PW,0,,),]-76H,0 (1a), calcd: Na 3.94, Rb 4.00, P 1.93, Co 7.35, W
51.57; found Na 3.16, Rb 4.14, P 1.95, Co 7.15, W 51.30.
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