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Polyoxomolybdate clusters and related fragments functioning filtrate shows the presence of the recently reported spherical
as diamagnetic frameworks for the deliberate positioning of cluster of the typg Mo1s3} .8)
various exchange-coupled paramagnetic centers have gained The structure ofla shows a centrad-Keggin core (Figure 1),
considerable interest recently for magnetocheniist®ur special which is also present in clusters of the tyddo.e},° {Mos7} ,*
attention is focused on the comparison of paramagnetic polytopesand{ Mo,3} *° containing dinuclear, dumbbell-shaped Y#eMoV
of the Platonic and Archimedean type (mainly with respect to units (Mo—Mo (single bond)= 2.584(1)-2.765(1) A). The 12
differences in their low-temperature spin ordering) where novel MoV centers of the=-Keggin unit, which is formally obtained
properties are observed especially in larger systems like thefrom the a-isomer [Md/'150,0(X"™)]@ "~ (X = P, As, Si, Sb,
{Fe"3Mor3} cluster where the 30 MeS = °, centers form an  etc.) by rotation of all four MgOy3 groups by 60, form a
icosidodecahedrohRelevant synthesis strategies, yielding pure truncated tetrahedron. Probably during the formationlafa
and uniform magnetic materials, have been describgdrein highly charged and unstabieKeggin fragment [V0Y15040] 2%~
we report the synthesis and magnetic properties of'a-Nio¥ is stabilized by interaction with four electrophilic 'NH,O)s?*
cluster system, [M6,;030(u2-OH)10Hx{ Ni" 4(H20)12} ] 14H0, 1, units, which cap fouf Moy} 3 hexagons of the Keggin cluster (see
with four Ni' centers positioned at the nucleophilic sites of an also ref 9b), thereby reducing its negative charge, but preserving
e-Keggin cluster forming a tetrahedron. The compound was its T4 symmetry. The structure can also formally be derived from
characterized by single-crystal X-ray structure analysis, FT-IR the{ Mo} -type cluster [M&1,0,4(uo-OH)12HoA{ M0V' O3} 4], 2a,°
and Raman spectroscopy as well as magnetic susceptibility containing the sameKeggin core by replacing four MO, units
measurements, and elemental analysis including TGA. with four Ni"(H,0)s?* groups, not considering the different types

The synthesis strategy applied in this work corresponds to our of protonations (see below). The intramolecularNNi distances
common procedure of initiating a type of molecular growth are 6.689(1), 6.700(5), 6.616(1), and 6.604(1) A, respectively.
process based on polyoxometalate units by increasing theirSince each octahedrally coordinated Ni center exhibits three
negative charge (and thereby the nucleophilicity). This aim can terminal HO ligands,1ahas in principle the potential for further
be achieved by the presence of reducing agents and electrophileglerivatization, e.g., intermolecular linkage through multidentate
which stabilize the product. This approach has also been ligands leading to network structures. Furthermore we were able
demonstrated to be a general method for the deliberate placemento isolate the Cb analogue oflLa.
of electrophilic mono- or polynuclear open- and closed-shell  pespite the high resolution of the crystallographic data col-
entities on the relevant nucleophilic cluster surfates. lected, the positions of the hydrogen atoms could not be located

To a solution of 3.36 g (2.72 mmol) of (NJ4[Mo7024]-4H,0 unambiguously. In order to determine the molecular formula and
and 11.25 g (45.2 mmol) of Ni(OOCG}4-4H,0 in 250 mL of the charge ofla, elemental analysis and Brown’s type bond
H,O and 40 mL of acetic acid (50%) was added 620 mg (4.76
mmol) of hydrazinium sulfate with stirring. The resulting green
solution was stirred for 10 min and then stored in an Erlenmeyer
flask (300 mL, wide necked, covered with a watch glass) in an
oil bath at 65°C for 3 days. Brownish crystals (thin plates) of
[Movlego(/tz-OH)lon{ Ni”4(H20)1z}]'14H20, 1 (1a'14H20),577
were isolated by filtration and washed several times with water
(yield 2.5 g; 60% based on Mo). (The Raman spectrum of the

(5) Anal. Calcd for M@2NisOgsHss (M, = 2506.3 g/mol): H, 2.57; Ni, 9.4;
crystal HO, 10.1; coordinated #D, 8.6. Found: H, 2.60; Ni, 9.3; 40
(TG), 18.3.

(6) Spectroscopic data (main bands) forIR (KBr pellet; v(cm™)) 1615

(m, 6(H20)), 957 (vs,»(Mo=0)), 801 (s), 763 (s), 665 (sh), 599 (sh),

527 (s) 419 (w), 399 (w); Raman (KBr dilution matri%; = 1064 nm;

v(em™b)) 976 (m,v(Mo=0)), 944 (sh), 912 (shy(Mo=0)), 776 (w),

460 (m), 292 (w), 220 (w), 164 (m).

Crystal data forl: thin brownish plates, 0.4x 0.25 x 0.1 mm,

monoclinic space grou@2/m (No. 12),a = 29.755(1) Ab = 18.0498-

(9) A, c = 12.2258(6) A8 = 111.14(1}, Z = 4, Deaca = 2.719 mg/

mm?, u(Mo Ka) = 3.69 mn1. The data were collected at 183 K using

a Siemens AXS three-circle diffractometer (MooKradiation, 4 =

0.71073 A, graphite monochromator) with 1K-CCD detectorscan
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Figure 2. yma (corrected for diamagnetism) verstigraph forl (filled
triangles, experiment; continuous curve, theory).

unusually effective ligand transmitting exchange interactions, as
has been documented for several other systems with comparable
distances between the paramagnetic cehfeBgcause of the near
equality of the Ni--Ni distances and in order to simplify the
Figure 1. View of the structure ofla in crystals of1 along the mathematical treatment, we used the Heisenberg model for spins
crystallographica axis (€-{Mo"12040H12} core in polyhedral and Mt s = 1 with a single, adjustable exchange energy (>0,
(H20)s caps in ball-and-stick presentation). corresponding to antiferromagnetic exchange), to calculate the

. weak-field magnetic susceptibility. The magnetic energies per
valence sum (BVS) calculations for the relevant O atoms had to . ster areEs =gJS(S+ 12 pwhergs (=0, 1 g 4)is thegtotalp

be performed. 122 all 12 u,-O atoms linking{ MoV} pairs show
uniform BVS values (1.05t 0.07) indicating monoprotonation.
However, inla some corresponding,-O atoms exhibit larger
BVS values (1.15 (), 1.16, 1.35 (X); the other values range
from 0.92 to 1.11), which implies a lower degree of (disordered)
protonation. The fours-O atoms spanning the cavity b exhibit
BVS values of 1.29 (8) and 0.95, respectively. This is in good
agreement witl2a, which has two disordered protons in the cavity
in addition to the 12 protons associated with theO atoms’ ; ] )
The BVS values for the Mo centers (4:86.26) clearly indicate Shown in Figure 2 are the data (triangles) for the dc
the presence of 12 Mocenters. Since the elemental analyses Susceptibility (emu/mol; Quantum Design MPMS-5) measured
and the IR spectrum df did not show the existence of any further for 0.5 T as well as the prediction of the Heisenberg model
ions (ammonium, acetate, or sulfate), it has to be concluded that(continuous curve). Above 20 K the experimental data is
lais a neutral cluster, which corresponds to the presence of 12accurately approximated by the Curi@/eiss formula for the
(10 + 2) protons. This result is in agreement with the BvS VvaluesC = 4.965 emu K moi* and® = 12.6 K, corresponding
calculations (the BVS values for the-O atoms range from 1.95  to the choiced = 6.3 K'andg = 2.23. This value fog is typical
to 2.02) and the fact that the compound is completely insoluble for octahedral NiOg-type complexes with relevant sptorbit
in water. It was also observed that there are two short contactscoupling!* The predictions of the present simplified theory remain
of neighboring units ofla (0-+-O = 2.619(1) A), which indicates ~ In excellent quantitative agreement with the experimental data
hydrogen bonding. for all temperatures down to 8 K. As a result of the energy gap
The magnetic properties dfare dominated by the exchange between the ground stat8+ 0) and excited states, the theoretical
interactions between the four Nicenters since the strong susceptibility decreases steeply to zeroTor 5 K. We believe
interaction between the 12 Mo(¥dcenters results in six  thatthis is the mechanism responsible for the sudden drop in the
MoVY—MoV dumbbells with Me-Mo single bonds, i.e., a dia-  experimental susceptibility data far < 4 K. The most likely

spin, and the corresponding multiplicity facto®; (not including
the Zeeman degeneracy facto§ 2 1), areGyo = G3 = 3,G; =
G, = 6,G, = 1. For temperatures exceedingk} the theoretical
weak-field susceptibility is very well approximated by a Curie
Weiss formulay = C/(T + ©), whereC = (8/3)Na(gus)¥ks and
the Weiss temperature is given 8y= 2J. HereN, is Avogadro’s
number,ug is the Bohr magnetorkg is Boltzmann’s constant,
andg is the spectroscopic splitting factor.

magnetice-Keggin core (cf. the susceptibility = —4.7 x 104 source for the modest discrepancy between theory and experiment
emu/mol of the diamagnetic compou2d= (NHx(CHs),)s23). in the rangeT < 8 K is the existence of a small variation in the

At room temperaturgT = 4.8 emu K mot?, which exceeds the  exchange energy for the individual NNi pairs. Another pos-
spin-only value forN = 4 uncorrelateds = 1 centersysol = sibility is the existence of a crystal field term to supplement the

NYS + 1)/2 = 4.0 emu K mot?. This difference is caused by  Heisenberg exchange interaction. The analysis of new experi-
the spin-orbit coupling characteristic for nickel(ll) complexes mental data (temperature and field dependence of the magnetiza-
with a ®A,4 ground state resulting in an increasgdactor (see tion, T down to 0.2 K and fields up to 20 T, measurements of R.
below)!2 Despite the large intramolecular distances, the Ni Modler of Ames Laboratory) can be expected to settle this
centers are coupled significantly due to the fact that the poly- remaining open issue.

oxomolybdate framework with high electron density acts as
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