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The novel dimeric germanotungstates [Ma(H,0),(GeWgOs4),]**~ (M = Mn?*, Cu?*, Zn?*, Cd?*) have been synthesized
and characterized by IR spectroscopy, elemental analysis, magnetic measurements, and ‘8W-NMR spectroscopy.
X-ray single-crystal analyses were carried out on Naj,[Mns(H,0)2(GeWgOss),]-38H,0 (Nas2-1), which crystallizes in
the monoclinic system, space group P24/n, with a = 13.0419(8) A, b = 17.8422(10) A, ¢ = 21.1626(12) A, g =
93.3120(10)°, and Z = 2; Nay;Cs,[Cus(H,0)2(GeWg034),]Cl-31H,0 (Nay;Cs-2) crystallizes in the triclinic system,
space group P1, with a = 12.2338(17) A, b = 12.3833(17) A, ¢ = 15.449(2) A, a. = 100.041(2)°, B = 97.034-
(2)°, y = 101.153(2)°, and Z = 1; Nay,[Zn4(H20),(GeWqO34)]-32H,0 (Nayz-3) crystallizes in the triclinic system,
space group P1, with a = 11.589(3) A, b = 12.811(3) A, ¢ = 17.221(4) A, oo = 97.828(6)°, B = 106.169(6)°, y
= 112.113(5)°, and Z = 1; Nay2[Cds(H20),(GeWy034),]+32.2H,0 (Nay,-4) crystallizes also in the triclinic system,
space group P1, with a = 11.6923(17) A, b = 12.8464(18) A, ¢ = 17.616(2) A, o = 98.149(3)°, B = 105.677-
(3)°, y = 112.233(2)°, and Z = 1. The polyanions consist of two lacunary B-a-[GeWy0s4]'°~ Keggin moieties
linked via a rhomblike M;O16 (M = Mn, Cu, Zn, Cd) group leading to a sandwich-type structure. W-NMR studies
of the diamagnetic Zn and Cd derivatives indicate that the solid-state polyoxoanion structures are preserved in
solution. EPR measurements on Naj-1 at frequencies up to 188 GHz and temperatures down to 4 K yield a
single, exchange-narrowed peak, at giso, = 1.9949, typical of Mn systems, and an upper limit of D] = 20.0 mT;
its magnetization studies still await further theoretical treatment. Detailed EPR studies on Na;;Cs-2 over temperatures
down to 2 K and variable frequencies yield g, = 2.4303 and g = 2.0567 and A = 4.4 mT (delocalized over the
Cu, framework), with |D| = 12.1 mT. Magnetization studies in addition yield the exchange parameters J; = -11
and J, = —82 cm™%, in agreement with the EPR studies.

Introduction groups V and VI (Mo, W, V, Nb, Ta) in a high oxidation
M . .

The class of polyoxometalates has been known since theState* The metal centers are usually coordinated in a
time of Berzelius, but the first structure was determined by distorted octahedral fashion by oxygen atoms and the sharing
Keggin more than a century late?. This unique class of  ©f these octahedra by edges and corners leads to a large
metal-oxygen clusters is composed of transition metals in structural variety. Incorporation of one or more tetrahedral

(e.g., PQ), trigonal-pyramidal (e.g., Asg), or ditetrahedral
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allows for further structural versatility. Mostly, the solid- analogous structural type based on two lacunary \Wells
state structure of polyoxometalates is preserved in solutionDawson ions, [M(H20)2(P,W150s6)2]*¢ (M = Co?t, CL#T,
and appropriate choice of the counterion allows for redis- Zn?").11¢ Evans et al. were the first to report on a As(V)
solution of a polyoxoanion in aqueous, organic, and mixed derivative of the Keggin type, [Z{H20),(AsWgOz4),] 10~ .11d
aqueous/organic solvents. Furthermore, polyoxoanions ex-Recently, Bi et al. described the first arsenic(V) analogues
hibit very high thermal stability in the solid state. In addition, of the Wells-Dawson type, ([M(H20)2(As;W150s¢)2]6~ (M
substitution of one or more addenda atoms by redox-active = Mn?*, C&*", Ni?*, Cl?t, Zr?t, CcPt), and the same authors
transition metal ions (e.g., Fg RW*") allows fine-tuning of extended the Keggin series by several compoundgHM®).-
the catalytic activity of polyoxoanions. These and other (AsWgOs4)]'% (M = Mn2*, Ce?*, Ni2*, Cwt, Zn?*, CPt,
properties have led to increasing attention of this class of Fe&#t).1Pd Kortz et al. reported on the first examples of
compounds worldwide. Applications of polyoxoanions in- sandwich-type silicotungstates, j{#,0)(SiWyO34)7]*?>~ (M
clude fields as diverse as catalysis, medicine, and magneto= Mn?", Cl#", Zn?*).1 These polyanions were synthesized
chemistrys—8 from the dilacunary, metastable precursprJiW;oOsq%.

At the same time it must be pointed out that the mechanism Recently, Hill and co-workers described the first examples
of formation of polyoxometalates is not well-understood and of sandwich-type species with less than four transition metals,
commonly described as self-assembly. Nevertheless, the[Fe;(NaOH,),(P.W150s6)2]16 and [Fe(FeOH)(NaOH)-
synthesis of polyoxometalates is mostly rather simple and (P,W1sOs¢)2]** 1212 The di-iron-substituted species reacts
straightforward, once the proper reaction conditions have with Cu/?" or C&" ions in agueous solution, leading to a
been identified. trisubstituted mixed-metal sandwich-type polyantbiThe

Transition-metal-substituted polyoxometalates can also bedi- and trisubstituted cobalt(ll) analogues of this polyanion
of interest for their magnetic properties. Structures that are also known? Very recently, Kortz et al. reported on the
contain more than one paramagnetic transition metal ion in first example of a trisubstituted sandwich-type polyoxoanion
close proximity may exhibit exchange-coupled spins leading based on th&-o-[PWsO34*~ Keggin fragment, [NNa(H0).-
to large spin ground staté@3° The polyoxometalate matrix ~ (PWoOsa)5] .20
may be considered a diamagnetic host encapsulating and The number of germanium-containing polyoxoanions is
thereby isolating magnetic clusters of transition metals.  very small and most of the published work is based on the

Lacunary polyoxometalates are usually synthesized from Keggin-type germanododecamolybdate, [Ge}ad]*~, and
complete precursor ions by loss of one or more MO the analogous germanotungstate, [GgW]* ." In 1977
octahedra. Reaction of a stable, lacunary polyoxometalateHerve and Teze reported on different isomers of the first
with transition-metal ions usually leads to a product with
the heteropolyanion framework unchanged. Depending upon(11) (a) Weakley, T. J. R.; Evans, H. T. jun.; Showell, J. S.; Toue

. . . . . F.; Tourrig C. M. J. Chem. Soc., Chem. Commui873 139. (b) Finke,
the coordination requirement and the size of a given
transition-metal ion, the geometry of the reaction product
can therefore often be predicted.

Phosphotungstates and silicotungstates are probably the
most intensively studied systems because they exhibit a large
variety of lacunary precursor species that can usually be
synthesized in one- or two-step procedures in high-
yleld (e.g., (X-PW1103977, )/-PW1003577, A—PW903497,
B-PW90349_, P2W1505512_, (X.-SiW110398_, ’)/-Sinoo368_, and
A-SiW034%7).3

Sandwich-type polyoxometalates based on t®a-
[XW9034]n7 (X = PV, ASV, Silv) or B-O.-[X2W15O56]127 (X
= PY, AsY) fragments and four transition-metal centers
constitute a well-known class of compouridsThe first
example of this type, [CH.0)(PWoOs4)2] 1%, was reported
by Weakley et at*2Later, Finke and Droege reported on an
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1994.
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Applications Pope, M. T., Miler, A., Eds.; Kluwer: Dordrecht, The
Netherlands, 2001.
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Pope, M. T., Eds.; Kluwer: Dordrecht, The Netherlands, 2002.

(9) Gatteschi, DAdv. Mater. 1994 6, 635.

(10) Magnetic Molecular MaterialsGatteschi, D., Kahn, O., Miller, J. S.,
Palacio, F., Eds.; Kluwer: Dordrecht, The Netherlands, 1991.
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Romero, P.; CasaRastor, NInorg. Chem1993 32, 3378. (k) Ganez-
Garca, C. J.; Borfa-Almenar, J. J.; Coronado, E.; Ouahabl|riorg.
Chem.1994 33, 4016. (I) Zhang, X.-Y.; Jameson, G. B.; O’Connor,
C. J.; Pope, M. TPolyhedron1996 15, 917. (m) Zhang, X.; Chen,
Q.; Duncan, D. C.; Campana, C.; Hill, C. Inorg. Chem.1997, 36,
4208. (n) Zhang, X.; Chen, Q.; Duncan, D. C.; Lachicotte, R. J.; Hill,
C. L. Inorg. Chem.1997 36, 4381. (0) Clemente-Juan, J. M
Coronado, E.; GalxMascars, J. R.; Gmez-Garta, C. J.Inorg.
Chem.1999 38, 55. (p) Bi, L.-H.; Wang, E.-B.; Peng, J.; Huang, R.-
D.; Xu, L.; Hu, C.-W.Inorg. Chem.200Q 39, 671. (q) Bi, L.-H.;
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monolacunary germanotungstate, [Ge®g®.*8 In 1993
Liu et al. reported on the trivanadium-substituted
[GeWoV304)"~.2° In 1994 Qu et al. reported on a series of
trisubstituted, monomeric germanotungstafea;[M 3(H>O0)s-
GeWyO37]" (n=7, M = Cr¥*; n = 10, M = Mn?", C&,
Ni2*, Cl,#").2%In the following year Meng and Liu and others
reported on the analogous monomeric polyaniog(HMO)s-
GeWy0s37]" (M = AI3H, Gat, In®t) and the dimeric species
o-[Gag(H20)3(GeWyOz7)2] 242t In the same year Meng and

Kortz et al.

Nay2[Zn 4(H20)2(GeWy034)2]-32H,0 (Nag»-3). The procedure
above was followed using 0.267 g (1.96 mmol) of ZpnGlow
evaporation of the solution resulted in single crystals suitable for
X-ray crystallography (yield: 1.9 g, 75%). IR: 946 (s), 888 (s),
837 (w), 772 (vs), 705 (s), 511 (w), 454 (w) cta Anal. Calcd
(Found) for Nay[Zn4(H20)x(GeWyO3z4)2]-32H,0: Na 4.9 (5.2), Zn
4.6 (4.9), Ge 2.6 (2.9), W 58.1 (59.3). Tungsten-183 NMRQDP
293 K) for Na[Zns(H20)x(GeWsO34)7]-32H,O: 6 —85.5 ppm
(singlet, 2W),—103.9 ppm (singlet, 4W);-107.8 ppm (singlet,
4W), —137.2 ppm (singlet, 4W);-140.1 ppm (singlet, 4W).

Liu and others reported on the analogous titanium-substituted  Na,,[Cd4(H,0),(GeWs034),]-32.2H0 (Nai-4). The procedure

speciesA-3-[Tis0x(GeWyOs7)2] 422 Recently, Craciun and
David reported on the triuranium(lV)-substituted germano-
tungstate [(UOYGeWyOaq)o]* .2 However, the proposed

above was followed using 0.359 g (1.96 mmol) of Cd@ingle-
crystalline material was obtained by slow evaporation of the above
solution (yield: 1.8 g, 70%). IR: 937 (s), 881 (s), 837 (w), 760

formulas and structures of all transition-metal-substituted (vs), 708 (s), 511 (w), 460 (w), 443 (w) cth Anal. Calcd (Found)
species mentioned above remain to be confirmed by X-ray for Nai[Cda(H20):(GeWeOs)2]-32.2H0: Na 4.7 (5.1), Cd 7.6

diffraction.
Here, we report for the first time on structurally character-

ized transition-metal-substituted germanotungstates of the

sandwich type.

Experimental Section

Synthesis.All reagents were used as purchased without further
purification.
Nay[Mn 4(H20),(GeWgO3y),]-38H,0O (Nay2-1). The following

(8.1), Ge 2.5 (2.4), W 56.2 (57.1). Tungsten-183 NMR@®D313

K) for Na;J[Cda(H20)(GeWeO3z4)2]-32.2H0: 6 —80.5 ppm (sin-
glet, 2W),—100.1 ppm (singlet, 4W);-104.2 ppm (singlet, 4W),
—118.6 ppm (singlet, 4W),;-124.4 ppm (singlet, 4W).

All elemental analyses were performed by Kanti Labs Ltd. in
Mississauga, Canada. The IR spectra were recorded on a Nicolet
Avatar FTIR spectrophotometer in a KBr pellet. THGNV-NMR
spectra were recorded on a JEOL Eclipse#4@tstrument at 16.67
MHz using DO as a solvent in 10-mm tubes. Solid samples of
Na;>-3 and Na; -4 were dissolved in BD upon addition of solid

reagents were dissolved in 40 mL of a 0.5 M sodium acetate buffer LiClO, and heating. The measurementNd, 4 was done at 40

(pH 4.8) with stirring in this order: 0.388 g (1.96 mmol) of MRl
4H,0, 0.0928 g (0.888 mmol) of GePand 2.64 g (8.00 mmol) of
Na;W0O,4:2H,0. This solution was heated to 9C for 1 h and then
cooled to room temperature. Slow evaporation of this solution
resulted in single crystals suitable for X-ray crystallography
(yield: 1.8 g, 69%). IR: 942 (s), 875 (s), 767 (vs), 709 (s), 510
(w), 463 (W), 444 (w) cm®. Anal. Calcd (Found) for Ng[Mny-
(H20)(GeWe034)7]: Na 5.4 (5.2), Mn 4.3 (4.3), Ge 2.9 (2.7), W

°C to avoid precipitation of the polyanion salt.

Magnetic measurements dfa;-1 and Na;;Cs-2 were carried
out using a Quantum Design MPMS-XL SQUID magnetometer.
Data for polycrystalline samples dfia;»-1 and Na;;Cs-2 were
collected over the temperature range 1280 K up to 7 T.
Polycrystalline powder EPR spectraé;»-1 andNa;;Cs-2were
recorded using a Bruker Elexsys-500 spectrometer at X-bafidb(
GHz) in the temperature range-800 K. High-frequency EPR

65.2 (63.6). The sample for elemental analysis was dried in an ovenexperiments were conducted on a custom-built variable frequency

at 120°C overnight.
N3.11C52[CU4(H 20)2(69W9034)2]C| -31H,0 (Nallcs-Z).The syn-

EPR spectrometer at the National High Magnetic Field Laboratory
in Tallahasseé All simulations were obtained with the Bruker

thetic procedure above was followed using 0.334 g (1.96 mmol) xSophe program. Experimental parameters were used with the

of CuChL-2H,0 instead of MnGF4H,0. Single crystals suitable
for X-ray crystallography were obtained by layering of the above
solution with a dilute CsCl solution and slow evaporation (yield:
1.8 g, 71%). IR: 941 (s), 890 (s), 846 (w), 775 (vs), 734 (s), 718
(s), 509 (w), 469 (w), 438 (w) crmt. Anal. Calcd (Found) for Na-
C3[Cus(H20),(GeWe034)7]Cl-31H,0: Na 4.3 (4.4), Cs 4.5 (4.3),
Cu 4.3 (4.5), Ge 2.4 (2.4), W 55.7 (56.4).

(17) (a) Katano, H.; Osakai, T.; Himeno, S.; Saito,Bectrochim. Acta
1995 40, 2935. (b) Wilde, W.; Baeker, C.; Lunk, H.4. Chem1989
29, 346. (c) Dorokhova, E. N.; Kazanskii, L. P.; Prokhorova, G. V.
Zh. Neorg. Khim1985 30, 2795. (d) Biquard, M.; Souchay, Rnn.
Chim. Paris1975 10, 163. (e) Biquard, MC. R. Acad. Sci. Ser. C
1975 281, 309. (f) Leyrie, M.; Herve, GC. R. Acad. Sci. Ser. C
1973 276, 911. (g) Biquard, M.; Lamache, NBull. Soc. Chim. France
1971, 1, 32.

(18) Herve G.; Tezg A. Inorg. Chem.1977, 16, 2115.

(19) (a) Liu, J. F.; Zhao, B. L.; Rong, C. Y.; Pope, M. Acta Chim. Sin.
1993 51, 368. (b) Liu, J. F.; Zhen, Y. G.; So, H. Synth. React.
Inorg. Met.-Org. Chem1998 28, 863.

(20) Qu, L. Y.; Sun, Y. J.; Chen, Y. G.; Yu, M.; Peng, Synth. React.
Inorg. Met.-Org. Chem1994 24, 1339.

(21) (a) Meng, L.; Liu, J. FChin. J. Chem1995 13, 334. (b) Meng, L.;
Zhan, X. P.; Wang, M.; Liu, J. FPolyhedron2001, 20, 881.

(22) (a) Meng, L.; Liu, J. FChin. Chem. Lett1995 6, 265. (b) Liu, J. F.;
Wang, X. H.; Ma, J. F.; Meng, L.; Yang, Q. KChem. J. Chin. U.
1999 20, 696. (c) Liu, J. F.; Wang, X. H.; Ma, J. F.; Meng, Acta
Chim. Sin.1999 57, 769.

(23) Craciun, C.; David, LJ. Alloys Compd2001, 323 743.
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appropriate spin Hamiltonian to generate the simulated spectrum.

X-ray Crystallography. Crystals of compoundsa;;Cs-2, Nay -

3, and Na;-4 were mounted on a glass fiber for indexing and
intensity data collection at 173 K on a Siemens SMART CCD
single-crystal diffractometer using ModKradiation ¢ = 0.71073

A). Direct methods were used to solve the structures and to locate
the heavy atoms (SHELXS86). Then the remaining atoms were
found from successive difference maps (SHELXL93).

A crystal of compoundNa;»-1 was mounted on a glass fiber for
indexing and intensity data collection at 200 K on a Bruker D8
SMART APEX CCD single-crystal diffractometer using MaK
radiation ¢ = 0.71073 A). Direct methods were used to solve the
structure and to locate the heavy atoms (SHELXS97). Then the
remaining atoms were found from successive difference maps
(SHELXL97).

Routine Lorentz and polarization corrections were applied and
an absorption correction was performed using the SADABS
program?® Crystallographic data are summarized in Table 1.

(24) (a) Hassan, A. K.; Pardi, L. A.; Krzystek, J.; Sienkiewicz, A.; Goy,
P.; Rohrer, M.; Brunel, L. CJ. Magn. Reson200Q 142 300. (b)
Cage, B.; Hassan, A. K.; Pardi, L.; Krzystek, J.; Brunel, L. C.; Dalal,
N. S.J. Magn. Resonl997, 124, 495.

(25) Sheldrick, G. M.SADABS University of Gdtingen:
Germany, 1996.

Gitingen,



Sandwich-Type Germanotungstates

Table 1. Crystal Data and Structure Refinement foriplEin4(H20)2(GeWeO34)2]-38H0 (Naiz-1), Nay1C[Cua(H20)(GeWs034),]Cl-31H,0
(Naqu-Z), Nalz[Zn4(H20)2(Ge\/\/9034)g]-32HZO (Na12-3), and Naz[Cd4(H20)g(Ge\N9034)g]-32.2I—k0 (Na12-4)

Nag-1 Nay1Cs-2 Na>3 Nay-4
emp formula GgHgoMnaNay20108W1g CICsCuGeHesNa110101W1g GeHggNar:0102W1eZNns CdiGeNa:0102. 18
fw 5758.9 59455 5692.6 5815.2
space group (No.) P2:/n (14) P1(2) P1(2) P1(2)
a(A) 13.0419(8) 12.2338(17) 11.589(3) 11.6923(17)
b (A) 17.8422(10) 12.3833(17) 12.811(3) 12.8464(18)
c(A) 21.1626(12) 15.449(2) 17.221(4) 17.616(2)
a (deg) 100.041(2) 97.828(6) 98.149(3)
5 (deg) 93.3120(10) 97.034(2) 106.169(6) 105.677(3)
v (deg) 101.153(2) 112.113(5) 112.233(2)
vol (A3 4916.2(5) 2231.3(5) 2189.9(9) 2268.0(6)
A 2 1 1 1
temp €C) -73 ~100 ~100 ~100
wavelength (A) 071073 071073 0.71073 071073
deatca (Mg m~3) 3.82 436 4.26 4.26
abs coeff. (mm?) 22.229 25.696 25.468 24.470
R[> 20(1)]? 0.077 0.041 0.045 0.059
Ru (all data¥ 0.138 0.101 0.099 0.143

AR = JIIFo| — |FdVY|Fol. Ry = [YW(Fe? — F)ZyW(F?)3 2.

Figure 1. Ball and stick (left) and polyhedral (right) representations of ji#hO),(GeWyO34)2]12~ (1). The color code is as follows: manganese (green),
tungsten (black), germanium (blue), and oxygen (red). This figure is also representative of the structures of the remaining three polyanions
[Cus(H20)2(GeWoOs4)2] 12~ (2), [ZNna(H20)(GeWe034)2]2 (3), and [Cd(H20)2A(GeWeOs4)2] 2~ (4).

Results and Discussion resent the first example of transition-metal-substituted ger-
_ o manotungstates of this sandwich type.
Synthesis and Structure.The four novel dimeric ger- The synthesis of [MH20):(GeWsOs2)2] 1> (M = Mn2*,

manotungstates [M(H:0)/(GeW0s4)2] "~ (1), [Cu(H0)- Cwt, Zm?*, CP*) is based on reaction of the three
(GeVeOsz)2]™* (2), [Zna(H20)(GeWeOsa)2]'*™ (3), and  components GeNaWO,, and a source of the respective
[Cda(H20)2(GeWeOsq)z] 2" (4) consist of two lacunar-o- transition-metal ions manganese(ll), copper(ll), zinc(ll), and
[GeWsOs]'*” Keggin moieties linked via a rhomblike /s cadmium(ll) in an aqueous, acidic medium. The isolated
(M = Mn, Cu, Zn, Cd) group leading to a sandwich-type yie|ds for1—4 are in the range of 7580%, which indicates
structure (see Figure 1). This structural type had first been that formation of the B-a-GeWsOs,) fragment in a heated
described in 1973 by Weakley et al. for [{d.0)- aqueous acidic medium is strongly favored. Most likely
(PWoO34)2] '~ 112 By now this Keggin-based architecture is  synthesis of this trilacunary building block is further
known for most first-row transition metals (including mixed facilitated by the presence of transition-metal ions and the
metal) and it has also been possible to substitute theformation of the dimeric polyanions—4. We were able to
tetrahedral phosphorus(V) heteroatom by arsenic(V), silicon- determine the solid-state structureslef4 by single-crystal
(IV), iron(lll), and copper(I1)!! Therefore, this structural type ~ X-ray diffraction and we discovered that the structures of
represents one of the largest transition-metal-substitutedthe zinc and cadmium derivativeNla;»-3 and Nay-4,
polyoxoanion families. However, the title polyanions rep- respectively, are isomorphous. The tungsten-oxo bond dis-
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Table 2. Selected Bond Distances (A) and Angles (deg) for j#hO0)(GeWsOs34)7]2 (1), [Cuu(H20)(GeWs034)2) 12 (2), [Zna(H20)(GeWeOs4)7] 12
(3), and [Cd(H20)(GeWsO34)2]12~ (4)

1 2 3 4
Min—O(Ge) 2.176(12) 1.9731.986(8) 2.116-2.114(9) 2.29%2.313(12)
Min—O(W) 2.079-2.097(12) 1.931(8) 2.0452.052(10) 2.2132.242(13)
Mint—O(W, M) 2.194-2.224(13) 2.4062.427(8) 2.1552.176(9) 2.296-2.294(13)
Mex—O(Ge) 2.195(12) 2.364(7) 2.104(9) 2.300(12)
Mex—OHz 2.277(16) 2.346(8) 2.098(9) 2.260(14)
Mex—O(W) 2.125-2.141(14) 1.9691.974(8) 2.050-2.116(10) 2.2292.281(13)
Mex—O(W,M) 2.177-2.185(12) 1.9661.988(8) 2.108-2.133(10) 2.28062.286(13)
Ge--Ge 5.880(2) 5.732(2) 5.817(2) 6.073(2)
Mint***Min{' 3.318(2) 3.069(2) 3.208(2) 3.478(2)
Mint***Mext 3.254, 3.270(2) 3.174, 3.176(2) 3.144,3.181(2) 3.357, 3.404(2)
Mext**Mex! 5.617(2) 5.559(2) 5.451(2) 5.798(2)
Mex—O(Ge)~Min 96.2, 96.9(5) 93.3,93.7(3) 96.5, 97.9(4) 93.4, 95.7(4)
Mint—O(Ge)~Min' 99.4(5) 101.7(3) 98.8(4) 98.1(4)
Mext—O—Mint 95.4, 96.6(5) 91.9,92.1(3) 94.3, 95.9(4) 94.3, 96.2(5)

tances and angles of all four structures are within the usualwe were able to account for all required countercations by
ranges. However, there are subtle structural differencesX-ray diffraction forNa;>-1, Na;1Cs-2, Naj»-3, andNay 4.
among polyanionsl—4, which are centered around the This indicates very good quality single crystals and most
rhomblike MiO16 (M = Mn, Cu, Zn, Cd) group (see Figure likely very stable solid-state lattices. The structure of
2). It is not unexpected that the ™MD bond lengths within Na;1Cs-2is a mixed sodiumcesium salt and interestingly
the octahedral coordination spheres of ¥nCw?*, Zn?*, 1 equiv of CsCI cocrystallized with polyoxoanich The
and Cd* are different (see Table 2). This leads to different elemental composition of all four structures based on X-ray
separations of the twdfa-GeWsOs4) fragments within each  diffraction is fully supported by the results of elemental
polyanion, which can be expressed by the distance betweemnalysis.
the two germanium heteroatoms within each polyanitn: The dimeric polyaniond—3 are very closely related to
5.880(2),2: 5.732(2),3: 5.817(2), and}: 6.073(2) A. As the silicon-containing analogues jiH,0)x(SiWoOz4)2] 2~
expected, the GeGe distance is largest for the cadmium- (M = Mn?*, Ci?*, Zr?*), which are structurally equivalent
derivative4, which reflects the larger size of the €don and also have the same chatge-However, the synthetic
compared with that of the 3d metal ions MpCw*, and procedures for the silicotungstates and the germanotungstates
Zn?*, It is also not unexpected that 2the Ge--Ge distance  are very different. Synthesis of the former was based on
is smallest, which indicates the Jatifeller distortion of the reaction of transition-metal ions with the divacant, metastable
CuGQ; octahedra. For the remaining two polyoxoanidrand y-decatungstosilicatey{SiW,¢Oz¢]® . Therefore, the reaction
3 we observe the expected regular coordination environmentsmechanism must include metal insertion, isomerizatign ([
for Mn2* (d®, high spin) and z#&" (d'9). Interestingly, the  SiW;00z6]®~ — B-0-[SiWg034%%"), dimerization, and loss
Ge--Ge distance irl and3 is in complete agreement with  of tungsten. Compared to this, the synthesis-oft appears
the size difference of the Mh and Zi#" ions. more rational and direct because it involves a one-step
Bond-valence sum calculations fbr-4 indicated that the  reaction using a source of all required elements (Ge, W, and
terminal oxygen atoms associated with two of the four Mn, Cu, Zn, or Cd) in appropriate molar ratios. No
transition-metal ions in the central plane are the only heteropolyanionic precursor is required for the synthesis of
protonation sites of the polyaniofs.In polyoxoanion 1-4, but we were interested if the same compounds could
chemistry it is highly unusual that all sodium cations can be also be synthesized from the known precufs¢GeWsOz4] .
identified because of commonly observed disorder. However, Therefore, we prepared this trilacunary polyanion according
to the procedure of Hefvand Te&’ and reacted it with
CW*, Mn?t, Zr?t, and Cd* ions using the same conditions
as for the syntheses df-4. On the basis of IR, we are certain
that indeed we obtained polyaniohs 4, which means that
the isomerizatiomA-[GeWyO34]1% — B{GeWsOs4'*" has
occurred during the course of the reaction in an aqueous,
acidic medium upon heating.
To learn more about the solution propertieslef4, we
decided to investigate them B§W-NMR. This technique
is especially adapted for the diamagnetic polyoxoani®ns
and 4. The room-temperaturé®W-NMR spectrum of3
exhibits five peaks at-85.5,—103.9,—107.8,—137.2, and
—140.1 ppm with intensity ratios 1:2:2:2:2 (see Figure 3).
For 4 we also obtained a spectrum with five peaks-80.5,

Figure 2. Ball and stick representation of the centraj®s (M = Mn2*,
Cw*, Zret, Cck) fragment of polyoxoaniong—4.

(26) Brown, I. D.; Altermatt, D Acta Crystallogr.1985 B41, 244.
(27) HerveG.; Tezg A. Inorg. Chem.1977 16, 2115.
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Figure 3. Tungsten-183 NMR spectra of N§Zn4(H20)(GeWsO34)2]-32H,0 (Nag2-3) at 293 K, top, and Ng[Cds(H20)(GeWsO34)7]-32.2H0 (Nay-4)
at 313 K, bottom.

—100.1,—104.2,—118.6, and-124.4 ppm and the expected "1

intensity ratios 1:2:2:2:2 (see Figure 3). If the dimeric,
sandwich-type structures 8fand4 with Cy, symmetry are
preserved in solution, then exactly this peak pattern is
expected. We can conclude that the solid-state structures of
both polyanions3 and 4 are preserved in solution after
redissolution. 4

Magnetic Studies.The temperature dependenceyeiT )
of Naj»-1 (see Figure 4a) shows a very small decrease exchange cpupllng constam§andJ2, whereJ; represen_ts
between 250 and 100 K fromy19 to ~18 emu K/mol G the interactions along the sides of the rhombus whjle
and then an exponential decrease down to 1.8 K. The'epresents interactions along the short diagonal of the

magnetization oNai»~1 (see Figure 4b) increases steeply nombus.

up to abow3 T and then increases linearly without reaching | "€ Heisenberg spin Hamiltonian in the presence of an
saturation up to 7 T. external magnetic field for this tetrameric cluster is given

Figure 4c shows the temperature dependencg,®fof by eq 1,
Nai1;Cs-2 over 1.8-200 K. ymT decreases exponentially up — g7= BHg(5+5+5+8) - 2355 +55+
to 50 K, reaches a saturation value~e®.94 emu K/mol G 5:5,+5-5) - 23,(5:8) ()
between 50 and 10 K, and then decreases until 1.8 K due to 4 2 4
intermolecular interactions. The magnetizatioriNa# ;Cs-2

whereg is the Bohr magnetortl is the external magnetic

reache_s s_at_uration\e P‘B_) at6 T (see Figure 4_d)' field, g is the Landeg factor, and§ (i = 1, 2, 3, 4) is the
The individual metal ions of each tetrameric®s (M spin operator of théth metal ion. The eigenvalues of this
= Mn2+, Cl.]2+) unit interact with each other via MO—M Hamiltonian are given by eq 2,

bridges. To explain the observed magnetic behavidiaaf-1
and Nay;Cs-2, the exchange scheme shown in Chart 1 is E(S', S, S, S Mg) = MggBH — J,[S'(S' + 1) —
used. _ S(Sist 1)~ SSut DI = LSS+ 1) —

The corners of the rhombus with the numbers 1, 2, 3, and 255+ 1)] (2)
4 symbolize the transition-metal ions M1, M2, Mdnd M2
(M = Mn?*, Cl?"), respectively. The interactions between whereS;3=S + S, $4=S + S, andS' = S5+ S For
the metal ions of the Dy unit can be described by two Naj»1, S=5,0< S3=<5,0< S, <5, and|S;z — S
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Figure 4. (a) Plot ofymT vs T for Nayz[Mna(H20)2(GeWeO34)2]-38H0 (Naiz-1) at 1000 G. (b) Magnetization data Nby»-1 at 1.8 K. (c) Plot ofymT vs
T for NajiCs[Cus(H20)2(GeWs034)2]Cl-31H,0 (Na11Cs-2) at 1000 G. The solid line represents the theoretical curve (see text). (d) Magnetization data of
Na;1Cs-2 at 1.8 K. The solid line represents the theoretical curve (see text).

] ' The magnetic susceptibility data By ;Cs-2was analyzed
11,2 i i 8
4l % using eq 2
1 (1,1 T
o ; 2 SI(SH + 1)(2S) + 1) exp-E /kT)
- (1,1,0) : 92
= 41 E Xm:(BkT—e)
W | (T—=6) T (25, + 1) expt-E/kT)
-8 (1,0,1), (0,0,0) ‘ n
N E 3)
-12 5 ‘ 7 T ‘ T — 5 Here,N is the Avogadro numbek the Boltzmann constant,
Jo 1 J4 T the temperature in Kelving the Weiss constant, art,
Figure 5. Plot of E/|J;1| as a function of the ratid./J; for Na;1Cs[Cus- the Spln. exghange e_ne'rgy associated W'th aspin Sfat@
(H20)2(GeWs034)7]Cl-31H;0 (Nay1Cs-2). The labels indicateYs, S4, ST) very satisfying description of the experimental data over the

for each energy level and the vertical dashed line indicates the experimentahyhole temperature range (see Flgure 4C) is obtained with
JolJ; ratio of 7.45. 1
the following set of parametersl; = —11 cn1t, J, = —82
< S < S35+ Sy whereas folNa;;Cs-2,S=1,, 0 < S5 < cm i, giso = 2.24, andd = —0.035 cm'. Figure 5 shows
1,0=S4=<1,and|Siz— S4 = F < Si3+ S the energy level diagram oE/|J;] vs JJ/J;. It can be
The total spinST of the MyO16 (M = Mn2*, CL2*) unit is noticed that, ford, / J; = 2, the ground state of the cluster
a good quantum number. The dimension of the spin is formed by both triplet and singlet spin states. Thus, in
Hamiltonian matrix for MpOss (Nay2-1) is 1296 x 1296, view of our experimental,/J; ratio (~7.5), the ground state
leading to 6 singlets, 15 triplets, 21 quintets, 24 septets, 240f the CuOs unit is a combination of spin triplet and spin
9-folds, 21 11-folds, 15 13-folds, 10 15-folds, 6 17-folds, 3 Singlet. The intermediate spin ground state results from spin
19-folds, and 1 21-fold. For GO (Nay;Cs-2) the dimension frustration.
of the spin Hamiltonian matrix reduces to ¥616, leading In fact, the rhombuslike arrangement can be viewed as
to 2 singlets, 3 triplets, and 1 quintet. being made up of two triangular units sharing a side. Hence,
The magnetization and magnetic susceptibility data analy- from a thermodynamic point of view a combined spin triplet
sis of MOy is currently underway due to the large - o OV AT T O Newvork 1993, () Kor
dimension of the spin Hamiltonian and the results will be (28) fj") Nellutia, S Stowe. A C: Dalal. N. S - van Tol J.;'B(a)ssiﬁrle' S
published elsewhere. Inorg. Chem 2004 43, 144.
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Table 3. Magnetic Parameters for NgiMn(H20)2(GeWgO34)2]-38H0 (Naiz-1) and Nai1C[Cua(H20)2(GeWyOz4)2]CI-31H0 (NaiiCs-2)

compound i 9o A (mT) ID| (mT) Ji(cm™Y) Jz (cmY)
Nayz1 giso = 1.9949+ 0.0008 20.0: 0.1
Nay;Cs-2 2.4303+ 0.0005 2.0567 0.0005 4.4:0.2 12.1+ 0.1 -11 —-82

and spin singlet ground state is equivalent to that resulting spin states foNa;»-1 range from 0 to 10, a selection of these
from two independent spin doublé. Accordingly, the states was included in simulating the overall observed EPR
magnetization data at 1.8 K (see Figure 4d) have been fit tospectrum.

eq 4 considering tw& = /. The 4 K X-band EPR spectrum &fa;:Cs-2is shown in
_ Figure 7a where th&" = 1 spin state is observed to be the
M = NgBSEy(1) ) ground state. The spectral features represent the expected

fine structure transitions for a powder spectrum ofSan=
1 spin state. The low field, broader doublet is the parallel

B<(7) = (US)[(S+ *1,) coth(S+ ,)n) — 1, coth@r/2)] (5) feature with ag value centered &, = 2.4303. The more
intense, sharper lines originate from molecules oriented

Here, Bs(n) is the Brillouin function,y = gBH/KT, and the perpendicular to the applied magnetic field. The splitting
variables/constants have their usual meaning. The agreemerietween these two lines yields the zero-field splitting
between theory and experiment is satisfactory whey= parameter|D[) and is 12.1 mT. The value associated with
2.17, in agreement with the EPR resultédé infra). This this doublet isgn = 2.0567.
result strongly supports the nature of the ground state With use of the relatiomis, = (290 + g;)/3, agiso Value
deduced by the magnetic susceptibility measurements. of 2.1811 was obtained from the EPR experiméhiBhis
EPR Studies. Variable frequency (9200 GHz) EPR value is in good agreement with the magnetization data at
studies were conducted on a polycrystalline powder sample1.8 K. Thegi, value from the best fit to thg,, T measure-
of Na;-1 over a temperature range 0f-800 K. Only one ments, however, is larger by 3%. This may be due to the
broad transition was observed at all frequencies and tem-small thermal population of the excited states. The EPR and
peratures investigated. Figure 6 showes4tK EPR spectrum  magnetization parameters were obtained at very low tem-
at 95 and 188 GHz, respectively. This indicates that the zero- perature where only the ground state should be populated
field interaction inNa;-1 is small and hidden within the  thermally.

experimental line width. The isotropgvalue forNay»-1 is A closer look at the parallel transitions reveals hyperfine
1.9949. Simulations with the Bruker XSophe EPR simulation strycture associated with interaction of the unpaired electrons
program yield a satisfactory fit and provide an estimated ith the 6365Cu nuclei. There are four Gt centers in the
zero-field splitting (D]) of 12.5-20 mT. Since the possible  molecule which would give a 13 lineif2+ 1) pattern should
both unpaired electrons be delocalized over all copper atoms.
This pattern should be observed on each of the fine structure
Na, -1 transitions. However, if the two unpaired electrons are

v = 94.698 GHz localized on two C#&" centers, the hyperfine coupling will
T=4K be reduced significantly and the expected hyperfine splitting
pattern would be 7 lines. A 7-line hyperfine splitting pattern

is in fact observed (see Figure 7b) with a hyperfine coupling
of Ay = 4.4+ 0.2 mT. All the results are summarized in
Table 3. No hyperfine structure is observed for the perpen-

. . dicular lines as the splitting would be smaller. A lower limit

32 34 38 of the electron spin-exchange dynamics has been determined
to be 4.36x 1071°Hz based on the low-temperature X-band
EPR results. At higher temperatures, the electron motion is
Na,,-1 faster and the observed dipolar interactions are averaged out

v=188.576 GHz (see Figure 7c).

T=4K The W-band EPR spectrum ®fa;;Cs-2 has also been
analyzed (see Figure 7d). The strong signal again represents
the perpendicular transitions of t& = 1 ground spin state.
Resolution of the two transitions is not observed as the zero-
field splitting is smaller than the experimental line width.
Analysis of the parallel transitions over the temperature range

. . from 2 to 100 K provides information about the sign of the

o4 o6 H(T) o8 "o D value (see Figure 7d). At 2 K, the low field transition has

Figure 6. 4 K EPR spectra of NaMn4(H20)(GeWeOs4)]-38H,0
(Nay>-1) at (a) 95 GHz and (b) 188 GHz. The sharp central peak in (a) is (29) Abragam, A.; Bleaney, BElectron Paramagnetic Resonance of
from the DPPH standard. Transition lons Dover Publications: New York, 1970.

with

DPPH

—_
Q
~

EPR Intensity (a.u)

(b)

EPR Intensity (a.u)
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Figure 7. (a) The experimental (black trace) and simulated (red trace) X-band EPR spectra®&{Cua(H20)2(GeWyOs34)2]Cl-31H0 (Na11Cs-2) at 4

K. The more intense lines are the perpendicular fine structure transitions sfilif by 12.0 mT. Partial resolution of the parallel hyperfine structure is also
observed. Experimentally deduced parameters are used in the simulation. (b) A close-up of the hyperfine structure of both parallel fineastsitioge tr

in the X-band spectrum dfla;1Cs-2 at 4 K. The parallel component of the hyperfine splitting is determined to be 4.4 mT. (c) Temperature dependence of
the X-band EPR spectrum ¢fa;1Cs-2 (d) W-band EPR spectrum &fa;;Cs-2 at 2 K. Full resolution is not observed because the zero-field splitting is
smaller than the experimental line width.

the most intensity, indicating a negatie value; that is, sistent with its low-lying states consisting of two singless (

Mst = £1 is the ground-state energy level. = 0), three triplets$= 1), and one quintet§= 2). Table
. 3 provides the spin Hamiltonian parameters for both com-
Conclusions pounds, and their interpretation is consistent with the overall
Four dimeric germanotungstates {if,0)x(GeWsOzs)5] 12 X-ray structures for polyoxoaniortsand 2.
(M = Mn?t, CW#t, Zr?t, C") have been synthesized. Our work re-emphasizes that polyoxoanions are a unique

Single-crystal X-ray diffraction revealed that the polyanions class of compounds because (a) four isostructural germano-
have a sandwich-type structure and they constitute the firsttungstate derivativesl{-4) substituted by four different
germanotungstate derivatives. This is the first report of transition-metal ions were synthesized, (b) polyanibrg
polyoxoanions containing theB{o-GeWyOs4)1%~ fragment have silico- and phosphotungstate analogues and therefore
and 1-4 also represent the first examples of structurally they represent a very large family of sandwich-type com-
characterized germanium-containing heteropolyanions. Syn-pounds which allows for comparative studies, (c) different
thesis ofl—4 was accomplished directly from the composing hetero groups result in slight changes of bond lengths and
elements in stoichiometric amounts. This shows once againangles and may also lead to different polyoxoanion charges
that a lacunary polyoxoanion precursor is not necessarily (e.g., P vs Ge), (d) incorporation of different 3d transition-
needed for the synthesis of substituted polyoxoanions if the metal ions results in slight changes of bond lengths and
reaction conditions are optimized. angles because of different coordination requirements (e.g.,
Solution®®3W-NMR studies on the diamagnetic derivatives Mn?" vs Ci#"), (e) it was also possible to incorporatd 4
3 and 4 reveal that the solid-state polyanion structure is metals in the same polyoxoanion matrix and to study the
preserved in solution. structural effects, (f) the solid-state polyoxoanion structure
EPR measurements as a function of frequency (to 188is conserved in solution, which allows for homogeneous
GHz) and temperatures down 4 K onNa;»-1 showed that catalysis applications, (g) the four paramagnetic transition-
the Mny unit is strongly exchange-coupled, with a frequency metal ions are arranged as a rhombigys metal-oxo cluster
above 188 GHz, since the spectra stay isotropgatl.9949 with spin-exchange coupling via bridging oxo-groups, (h)
+ 0.0008. We were unable to explain the temperature andthe magnetic metal-oxo cluster is structurally well-defined
field dependence of its magnetization and await further and surrounded by a diamagnetic tungsten-oxo framework,
theoretical development, as discussed in the text. EPR and(i) the metal-oxo clusters of different polyoxoanions are well-
magnetization measurements Na;;Cs-2 were fully con- isolated from each other so that intermolecular magnetic
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phenomena are essentially negligible, and (j) the complexity Chemistry Departments for allowing use of the X-ray
due to the many magnetic (spin) exchange pathways rendediffractometer. We thank Dr. L. Bi for providing the
these compounds to be good examples of spin-frustratednonatungstogermanate precursors. We also thank Dr. Hans

systems. In this regard, the magnetization analysisaef-1

van Tol (National High Magnetic Field Laboratory, Tal-

has been less satisfactory and had to be postponed to futurgahassee) for helpful discussions. Figures 1 and 2 were

investigations.
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