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The three novel, multi-nickel-substituted heteropolytungstates [NigAssW24004(H20)]Y~ (1), [NisNa(H20)a(AsWgO34)o]H ™
(2), and [NizMnaP3W40e4(H20),]*"~ (3) have been synthesized and characterized by IR, elemental analysis,
electrochemistry, and magnetic studies. Single-crystal X-ray analysis was carried out on Naye sNig 25[NigAS3Wo40g4-
(H20),]-54H,0, which crystallizes in the triclinic system, space group P1, with a = 17.450(4) A, b = 17.476(4) A,
¢ = 22.232(4) A, a = 85.73(3)°, B = 89.74(3)°, y = 84.33(3)°, and Z = 2, Nay[NisNa(H,0);(AsWoOzs),]*
30.5H,0, which crystallizes in the triclinic system, space group P1, with a = 12.228(2) A, b = 16.743(3) A, ¢ =
23.342(5) A, a. = 78.50(3)°, B = 80.69(3)°, y = 78.66(3)°, and Z = 2, and Nay7[Ni;Mn,PsW2,094(H,0)]+50.5H,0,
which crystallizes in the monoclinic system, space group P2i/c, with a = 17.540(4) A, b = 22.303(5) A, ¢ =
35.067(7) A, 5 = 95.87(3) A, and Z = 4. Polyanion 1 consists of two B-a-(NizAsWyO40) Keggin moieties linked
via a unique AsWgOys fragment, leading to a banana-shaped structure with C,, symmetry. The mixed-metal
tungstophosphate 3 is isostructural with 1. Polyanion 2 consists of two lacunary B-o-[AsWs0s4]°~ Keggin moieties
linked via three nickel(ll) centers and a sodium ion. Electrochemical studies show that 1-3 exhibit a unique and
reproducible voltammetric pattern and that all three compounds are stable in a large pH range. An investigation of
the magnetic properties of 1-3 indicates that the exchange interactions within the trimetal clusters are ferromagnetic.
However, for 1 and 3 intra- and intermolecular interactions between different trinuclear clusters are also present.

Introduction multitude of properties based on their highly alterable sizes,
shapes, charge densities, and reversible redox potentials. As
a consequence, possible applications span a wide range of
domains including catalysis, electrocatalysis, medicine,
materials science, photochemistry, analytical chemistry, and

magnetochemistr§.®

Polyoxoanions constitute a rapidly growing class of
molecular metatoxygen clusters with an enormous diversity
of structures:? These molecules also display a unique
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Incorporation of multiple transition-metal ions in lacunary ~ The first example of a sandwich-type species with fewer
polyoxoanion fragments can lead to species with various than four transition metals has been described recently by
stoichiometries and structural features combined with inter- Hill et al.8 The di-iron(lll)-substituted polyanion [RéNa-
esting catalytic and magnetic properties. Frequently novel OH,)2(P.W150s6)2] 16 is based on two WellsDawson frag-
polyoxoanions with unexpected structures are discovered,ments, and the two equivalent exterior positions are occupied
which can be traced to the fact that the mechanism of by sodium ions in the solid state. Hill et al. also showed
formation of polyoxometalates is not well-understood and that this polyanion reacts with €uor C&* ions in aqueous
commonly described as self-assembly. Therefore, it is solution, leading to a trisubstituted mixed-metal sandwich-
necessary to systematically analyze the hitherto mysterioustype polyanior?. Very recently the same authors described

equilibria of polyoxometalates to eventually design straight- the tri-iron(lll)-substituted polyanion [Ré-eOH)(Na-

forward syntheses of novel species.

OH,)(PW150s6),] 4", which surprisingly is more stable than

Within the class of polyoxoanions those species based onthe tetrairon derivative [R€OH,)2(P2W150sg)2] 2.1

trivacant Keggin or Wells Dawson fragments attract much

Recently we reported the first Keggin-based, trisubstituted,

attention. Several stable and well-characterized sandwich-sandwich-type polyoxoanion, [pla(H,O)x(PWgOz4)2] .1t
type polyoxometalates based on such fragments have beefMhe fourth position in the central plane of this polyanion is

known for some timé.These species are composed of two
B-0-[XWqO3q" (n=7, X =PY, As¥; n=8, X=SiV) or
B-a-[X 2 W150s¢]*2 (X = PV, As¥) units and four transition-
metal centers. The first example of this structural type,
[Co4(H20)2(PWoO34)2] 1, was reported by Weakley et al.,
and a few years later Finke et al. reported the first Wells
Dawson derivatives, [MH20)2(P2W150s6)2] ¢~ (M = Co?,
Cu?t, ZnPh).’2cThis series was extended to As(V) derivatives
by Evans et al. in the form of the zinc-containing, Keggin-
based [Za(H,0),(AsWy034)7]1%.7¢ Recently Bi et al. de-
scribed the first arsenic(V) analogues of the Welllawson
type, [M4(H20)2(A32W15O56)2]167 (M = Mn2+, C02+, Ni2+,
CWP?t, Zr?t, CcP").7? Also recently Kortz et al. reported the
first examples of sandwich-type tungstosilicates,(iMO).-
(SiWgO34)2]*2~ (M = Mn?*, CL#*, Zr?t).7d These polyanions

occupied by a sodium ion. Interestingly this tri-nickel-
substituted polyoxoanion is more stable than its correspond-
ing tetranickel derivative [N{H20)(PWoOz4)2]%%". This is
in agreement with Hill's observations for the tri-iron-
substituted Wells Dawson specie¥.

The nickel-containing tungstophosphates based on the
trilacunary B-PWyO34]°~ and B-P,W;:0s¢)*?~ fragments can
be subdivided into two classes: sandwich type and non-
sandwich type. The latter is represented by the monomeric,
tetra-nickel-substituted Keggin ion JAWgNi4O34(OH)s-
(H20)]?>~ and the related mono-tungsten-capped species
[Ni3(H20):PW;0039H0]7~.7* 2 Interestingly all other species
belong to the sandwich type and include the dimeric
[Ni4(H20)2(PW9034)2]1(}, [Ni4(H20)2(P2W15O55)2]1&, and
[NisNa(H0)(PWyOs4)2]*t~ and the trimeric [N§(OH)s-

were synthesized from the dilacunary, metastable precursor(H,0)s(HPQy)o(PWgO34)3] 16~ .7k 0 11a

[y-SiW1003¢)®". This example is interesting in that it under-

Recently we have demonstrated that monosubstitut&d Ni

lines once again the diversity of pathways followed by and Cd*-containing polyoxometalates are effective in the
metastable precursors. Finally, Keita et al. initiated a new ejectrocatalytic reduction of nitrates in mildly acidic aqueous
series of sandwich-type complexes based on two dissym-medial® We have also shown that for this reaction the

metrical lacunary WellsDawson ions, [M(H20)(HsAs-
W15056)2]187 (M = CU2+, Zn2+).75

(7) (a) Weakley, T. J. R.; Evans, H. T. jun.; Showell, J. S.; Toufae
F.; Tourng C. M. J. Chem. Soc., Chem. Comm@73 139. (b) Finke,
R. G.; Droege, M.; Hutchinson, J. R.; Gansow,JOAm. Chem. Soc.
1981, 103 1587. (c) Finke, R. G.; Droege, M. Vihorg. Chem1983
22, 1006. (d) Evans, H. T.; Toufrn€. M.; Tourrne G. F.; Weakley,
T. J. R.J. Chem. Soc., Dalton Tran$986 2699. (e) Finke, R. G.;
Droege, M. W.; Domaille, P. Jnorg. Chem1987, 26, 3886. (f) Wasfi,
S. H.; Rheingold, A. L.; Kokoszka, G. F.; Goldstein, A. Borg.
Chem.1987 26, 2934. (g) Weakley, T. J. R.; Finke, R. Gorg.
Chem.199Q 29, 1235. (h) Gonez-Garéa, C. J.; Coronado, E.; Bdsa
Almenar, J. JInorg. Chem1992 31, 1667. (i) CasaPastor, N.; Bas-
Serra, J.; Coronado, E.; Pourroy, G.; Baker, L. C.JVAm. Chem.
So0c.1992 114, 10380. (j) Gmnez-Gara@, C. J.; Coronado, E.; Grez-
Romero, P.; CasaRastor, NInorg. Chem1993 32, 3378. (k) Gonez-
Garca, C. J.; Borfa-Almenar, J. J.; Coronado, E.; Ouahab|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. lnorg. 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.; Gal®Mascars, 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) Kortz, U.;
Isber, S.; Dickman, M. H.; Ravot, Onorg. Chem.200Q 39, 2915.
(r) Bi, L.-H.; Huang, R.-D.; Peng, J.; Wang, E.-B.; Wang, Y.-H.; Hu,
C.-W. J. Chem. Soc., Dalton Tran001, 121. (s) Keita, B.;
Mbomekalle I. M.; Nadjo, L.; Contant, RElectrochem. Commun.
2001, 3, 267.
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catalytic effect increases with the number of incorporated
nickel centers.

Hence, we believe that multinickel and also mixed-metal
polyoxoanion derivatives are very interesting candidates for
catalytic applications. Accordingly our synthetic efforts are
aimed in the following two directions: (i) synthesis of mixed-
metal sandwich-type polyoxoanions with new and/or im-
proved catalytic properties; we decided to use N
(H20)(PWs034)2]* as a starting material and to attempt
replacement of the sodium ion by a redox-active transition
metal (e.g., MA"); (ii) synthesis of isostructural derivatives
of [NisNa(H0)2(PWoOz4)2]**", which could perhaps allow
us to fine-tune the catalytic properties. In this context

(8) (a) Zhang, X.; Anderson, T. M.; Chen, Q.; Hill, C. Inorg. Chem.
2001 40, 418. (b) Zhang, X.; Hill, C. LChem. Ind.1998 75, 519.
(9) Anderson, T. M.; Hardcastle, K. I.; Okun, N.; Hill, C. lnorg. Chem.
2001, 40, 6418.
(10) Anderson, T. M.; Zhang, X.; Hardcastle, K. I.; Hill, C.lhorg. Chem.
2002 41, 2477.
(11) (a) Kortz, U.; Mbomekalle, I. M.; Keita, B.; Nadjo, L.; Berthet, P.
Inorg. Chem2002 41, 6412. (b) Mbomekalle, I. M.; Keita, B.; Nadjo,
L.; Berthet, P.Inorg. Chem. Commur2003 6, 435.
(12) Kortz, U.; Teg A.; Herve G. Inorg. Chem 1999 38, 2038.
(13) Keita, B.; Abdeljalil, E.; Nadjo, L.; Contant, R.; Belghiche, R.
Electrochem. Commur2001, 3, 56.



Characterization of Multinickel Polyoxoanions

substitution of the heteroatom from P(V) to As(V) was an small portions over 5 min. The solution was heated to®60for
obvious choice. about 30 min in a water bath and then filtered. The green, clear

Here we report some novel polyoxoanions that we have filtrate was placed in a refrigerator (£). After several months
obtained during our research efforts along these directions.Yellow-green crystals were formed (0.30 g, yield 8%) corresponding

o : . to the polyanion [NjASsW24094(H20),]7~. IR for Naye Nio 2fNie-
In delltlotn tohstru_ctulral de;a:;:z ;N(e):fa;ionr())rveeslesnt etziee ;nagnetlc ASIMW:O0i(H,0),]-54HK0: 953 (s), 883 (vS), 854 (sh), 754 (vs),
and electrochemical prop P : 704 (vs), 514 (m) cm. Anal. Calcd (Found) for N@ Nio 4N

AssW24004(H-0),]-54H,0: As, 2.85 (2.87); W, 55.9 (57.3); Ni,
4.65 (4.53); Na, 4.80 (5.16).

General Methods and Materials.Pure water was used through- After the above product had been filtered off the filtrate was
out. It was obtained by passing through a RiOs 8 unit followed by left standing open to the air. A yellow crystalline compound (0.41
a Millipore-Q Academic purification set. All reagents were of high- g, yield 10%) of the polyanion [NNa(H,O),(AsWgOs4),]t~ was
purity grade and were used as purchased without further purification. obtained after several days. IR for MaNi sNa(HO),(AsWgOzy)2] -
Elemental analysis was performed by Kanti Labs Ltd. in Missis- 30.5H0: 953 (s), 892 (vs), 839 (sh), 726(vs), 511 (m)émAnal.
sauga, Canada. The IR spectra were recorded with KBr pellets onCalcd (Found) for Na[NisNa(H0)2(AsWg0s4)5]-30.5H0: As,

a Perkin-Elmer Spectrum One FT-IR spectrophotometer. Magnetic 2.68 (2.75); W, 59.26 (62.5); Ni, 3.15 (3.37); Na, 4.94 (5.53).
measurements were carried out on polycrystalline samples using a Synthesis of Nas[NisMn sPsW24004(H-0),]-50.5H,0 (Na-3).
SQUID magnetometer, Quantum Design MPMS-5. The-ti A 2.00 g (0.395 mmol) sample of NgNisNa(H0)2(PWeOz4)2]*
spectra were recorded on a Perkin-Elmer Lambda 19 spectropho-14H,0 (this compound was first obtained from[K,PW;gOe2]*
tometer on 2.5x 107 M solutions of the relevant polyanion.  18H,0, but recently we have described a more direct synthetic
Matched 1.000 cm optical path quartz cuvettes were used. Theprocedurelf was dissolved in 10 mLfa 1 M NaCl solution with
compositions of the various media were as follows: for pH 1 to 3, stirring in a water bath (66C). Then 80.0 mg (0.404 mmol) of

Experimental Section

0.2 M NaSO + HzSQ;; for pH 4 and 5, 0.4 M CHCOONa+ MnCl,-4H,0 was added. The solution was heated for about 10 min
CH3COOH; for pH 6 and 7, 0.4 M Naj?O, + NaOH. and then filtered hot. After several days the clear filtrate gave orange
Electrochemical Experiments.The same media as for UY crystals (1.50 g, yield 75%) that were recrystallizedrirdb M NaCl

vis spectroscopy were used for electrochemistry, but the polyanionat room temperature to obtain X-ray-quality crystals. IR for
concentration was Z 1074 M. All cyclic voltammograms were Nag7[NisMN2PsW24094(H20),]:50.5H0: 1040 (s), 1017 (m), 946
recorded at a scan rate of 10 nsv%, unless otherwise stated. (vs), 887 (s), 779 (vs), 727(vs), 589 (w), 514 (m)<cmAnal. Calcd
The solutions were deaerated thoroughly for at least 30 min with (Found) for Naz[NisMn,PsW240g4(H20),]-50.5H0: Ni, 3.05
pure argon and kept under a positive pressure of this gas during(3.19); P, 1.21 (1.32); W, 57.37 (58.2); Na, 5.08 (5.4); Mn, 1.43
the experiments. The source, mounting, and polishing of the glassy(1.49).
carbon (GC, Tokai, Japan) electrodes has been describidte X-ray Crystallography. A pale yellow, irregular crystal of
glassy carbon samples had a diameter of 3 mm. The electrochemicaNa-1 with dimensions 0.1 0.06 x 0.06 mn? was mounted onto
setup was an & & G 273 A driven by a PC with the M270  a glass fiber for indexing and intensity data collection at 123 K.
software. Potentials are quoted against a saturated calomel electrodef the 20908 unique reflectiondRf; = 0.215, Dpax = 49.46),
(SCE). The counter electrode was a platinum gauze of large surface7992 were considered observed> 20(1)). The final cycle of
area. All experiments were performed at room temperature. refinement, including the atomic coordinates, anisotropic thermal
Synthesis of Ng[A-AsWgO34]:13H;0. A 8.00 g (1.61 mmol) parameters (W, As, and Ni atoms), and isotropic thermal parameters
sample of K[H,AsW1406;]-18H,0 (synthesized according to our  (Na and O atoms), converged Rt= 0.089 andR, = 0.155 ( >
recently described procedutejvas added to 20 mL of D with 20(1)). In the final difference map the highest peak was 2.890 e
stirring at room temperature followed by addition of 8.00 g (57.0 A-3 and the deepest hole2.438 e A3,

mmol) of NaCIlQ-H,O. The solution was vigorously stirred and A colorless, irregular crystal dfla-2 with dimensions 0.14«
then cooled in an ice bath for about 2 h. The solid KEitat had 0.04 x 0.02 mn?# was mounted onto a glass fiber for indexing and
formed was isolated by filtration, and atidiig of solid NaClwas  intensity data collection at 123 K. Of the 15966 unique reflections

added to the yellow filtrate. At this point 25 mLlf @ M Na,COs (Rnt = 0.111, Pmax = 51.40), 9176 were considered observed
solution was added, resulting in slow decoloring of the solution. (| > 24(1)). The final cycle of refinement, including the atomic
After about 15 min a white precipitate started to appear, but the coordinates, anisotropic thermal parameters (W, As, Ni, andH9a1l
solution (pH 8.5) was stirred for another 30 min. Then the atoms), and isotropic thermal parameters (Na10,11 and O atoms),
precipitate was isolated by filtration and washed consecutively with converged aR = 0.070 andR,, = 0.147 ( > 2¢(1)). In the final
1 M NacCl, ethanol, and diethyl ether. The solid was air-dried, difference map the highest peak was 3.4427@ dnd the deepest
resulting in 1.85 g of NgA-AsWyO34:13H,O on the basis of hole —2.221 e A3.
infrared spectroscopy and electrochemistry, using the product A yellow, irregular crystal ofNa-3 with dimensions 0.15<
obtained by the literature method as a referefi¢B. for Nag[A- 0.10x 0.06 mn? was mounted onto a glass fiber for indexing and
ASWeOs4]-13H,0: 948(s), 848 (vs), 794(s), 703(s), 514(M)TM  intensity data collection at 123 K. Of the 22445 unique reflections
Synthesis of Nas Nio2dNi 6AS3W 24094(H0)7]*54H,0 (Na-1) (Rt = 0.187, Dmax = 49.4%), 9908 were considered observed
and Nayg[NizNa(H;0)2(AsWeO34),]-30.5H,0 (Na-2). A 0.630 g (I > 20(1)). The final cycle of refinement, including the atomic
(2.65 mmol) sample of NiGi6H,0 was added with stirring to 50 coordinates, anisotropic thermal parameters (W, Ni, P, and Na
mL of a 1 M NaCl solution. Then 4.00 g (1.47 mmol) of jA- atoms), and isotropic thermal parameters (O atoms), converged at
AsW9034-13H,0 (synthesized as described above) was added in R = 0.071 andR, = 0.137 { > 2¢(1)). In the final difference

map the highest peak was 2.630 e3Aand the deepest hole
(14) Keita, B.; Girard, F.; Nadjo, L.; Contant, R.; Belghiche, R.; Abbessi, _5 192 ¢ A3,
M.; J. Electroanal. Chem2001, 508 70. .
(15) Mbomekalle, I. M. M.; Keita, B.; Nadjo, L.; Contant, R.; Belai, N.; X-ray measurements were performed on a Nonius Kappa
Pope, M. T.Inorg. Chim. Acta2003 342, 219. CCD single-crystal diffractometer using MooKradiation ¢ =
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Table 1. Crystal Data and Structure Refinement fda-1, Na-2, and
Na-3

Na-1 Na:2 Na:3

empirical formula AsHiiNaiss — AsyHesNayo- Hi0sMnaNay 7~
Nig 25015024 NizO1008W1s  NisO14e P3Wos

fw 7896.3 5584.8 7690.9
space group (No.)P1(2) P1(2) P2/c (14)
a(A) 17.450(4) 12.228(2) 17.540(4)
b (A) 17.476(4) 16.743(3) 22.303(5)
c(A) 22.232(4) 23.342(5) 35.067(7)
a (deg) 85.73(3) 78.50(3)

f (deg) 89.74(3) 80.69(3) 95.87(3)
y (deg) 84.33(3) 78.66(3)

vol (A3) 6728(2) 4554(2) 13646(5)
z 2 2 4

temp €C) —150 —-150 —-150
wavelength (A)  0.71073 0.71073 0.71073
deaca(Mg m=3)  3.898 4.089 3.906

abs coeff (mm?) 22.191 24.137 21.087
Re[I > 20(1)] 0.089 0.070 0.071

R.° (all data) 0.155 0.147 0.137

AR = 3|IFol — IFdll/3|Fol. ® Ry = [TW(Fo? ~ FA Y w(Fo)F Y2

Figure 2. Ball and stick representation df showing 50% probability
ellipsoids and the labeling scheme for all atoms except oxygen (for clarity).

from edge-shared Nigoctahedra. The trimeric nickebxo
clusters are separated from each other by the centrak@g\W
tungstoarsenate framework. This polyoxoanion architecture
was reported for the first time by Coronado et al. for the
cobalt(Il)-containing tungstophosphate jEt0)(OH)PWos
04617 However, in this case, the central, tetrahedral
heteroatom position is occupied by an additional cobalt ion
and the surrounding metabxo fragment contains an extra
tungsten atom. The three nickel centers in each triadl of
are not equivalent, because only one of them has a terminal
water molecule. This trinickel fragment resembles that of
the recently reported tungstophosphate sN¢i(HO).-
Figure 1. Polyhedral representation df The AsQ, WGOs, and NiQ (PWQOSA)Z]l-li (N-iBPZng) With a sandwich-type structuré.
polyhedré are shown in yellow, red, and green, res’pectiv’ely. However, in this polyanion both capping fragments are
composed of 8-PWy034 Keggin moiety, whereas it both
0.71073 A). Direct methods were used to solve the structure and capping fragments are different from each other. In fact
to locate the heavy atoms (SHELXS-86). Then the remaining atoms polyanion 1 can be viewed as an intermediate in the
were found from successive difference maps (SHELXL-93). formation of the “regular” trinickel sandwich-type species
Routine Lorentz and polarization corrections were applied, and an [NisNa(HO),(AsWs034)2]**~ (2); see Figures 3 and 4.
absorption correction was performed using the DELABS progfam.  |nterestingly we were also able to obtain this polyanion from
Crystallographic data are summarized in Table 1. the filtrate of the same reaction mixture aftethad been
isolated. Polyaniof can be viewed as the arsenic-containing
analogue oNisP,W g, and like the latter it also contains a
Structures. The novel polyoxoanion [NAs3W;40q4- sodium ion in addition to the three nickel ions in the central
(H20),]*"~ (1) consists of twoB-a-(NizAsWqO40) Keggin plane of the structure. Although the arsenic(V) heteroatom
moieties linked via a unique Asy®; fragment (see Figures is larger than phosphorus(V), we were able to obtain
1 and 2). The arrangement of all three fragments with respectisomorphous crystal structures for both compoutidehis
to each other leads to a banana-shaped structure withmeans that the difference in bond lengths between@s
idealized C,, symmetry. It is also possible to view this (d = 1.65-1.74(2) A) and P-O (d = 1.51-1.56(2) A) has
polyanion as a double-sandwich structure, which emphasizes

; icti i i (17) Borras-Almenar, J. J.; Clemente-Juan, J. M.; Clemente-Leon, M.;
the existence of two distinct ;s triads which are formed Coronado, E.: Galan-Mascaros, J. R.. Gomez.Garcia, C. Bolp
oxometalate Chemistry: From Topologya Self-Assembly to Ap-
(16) Spek, A. LPLATON University of Utrecht, Utrecht, The Netherlands, plications Pope, M. T., Miler, A., Eds.; Kluwer: Dordrecht, The

1998. Netherlands, 2001; p 231.

Results and Discussion
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Figure 3. Combined polyhedral/ball-and-stick representatiorofhe
AsO4, WO, and NiGy polyhedra are shown in yellow, red, and green,
respectively. The sodium atom is shown as a blue ball and its terminal
water molecule as a red ball.

Figure 4. Ball-and-stick representation & showing 50% probability
ellipsoids and the labeling scheme for all atoms except oxygen (for clarity).

no significant effect on the surrounding metalxo frame-

work. Polyanion2 represents the first example of a trisub-

stituted tungstoarsenate with a sandwich-type structure.
The two NgOs3 clusters in polyanionl are crystallo-

of countercations in the lattice. We were able to account for
only 9.5 sodium ions by X-ray diffraction (XRD), which was
not unexpected because of disorder. However, by XRD we
also identified unequivocally the presence of a minute
amount of nickel(Il) as counterion, accounting for about 25%
of a nickel ion for each polyanion. This observation was
confirmed and the total assembly of counterions in the lattice
of Na-1 (16.5Na and 0.25Mi*) was established by elemen-
tal analysis.

As described above polyanioasand?2 resulted from the
same synthetic procedure. Most likely both species coexist
in solution as a result of interaction of Niions with the
trivacant Keggin isomer of thé\ type, JA-AsWgOz4]%.
However, due to their different solubility characteristics we
could obtain pure samples @fand2 by fractional crystal-
lization. Both polyanionsl and 2 were isolated in very
similar (low) yields, which does not allow one of them to
be considered as a minor byproduct of the other. It must be
remembered that during the original synthesisNefP,\W 15
we also obtained a byproduct, which was however the
trimeric [Nig(OH)3(H20)s(HPQy)2(PWoOs4)3] 6~ rather than
the hypothetical species [M:W24094(H20),]*"~ (which is
still unknown).

The original motivation for the work that has ledt@nd
2 was based on the idea to synthesize the arsenic-containing
analogue oNizP,W,s. Therefore, we decided to perform the
synthesis in complete analogy to that of the phosphorus-
containing polyanion. We synthesized th&AsWgOs4]®~
precursor from [HAsSW1g0s2]7~ (following our method
described recently) rather than using the procedure of Wang
and co-workerg’ Then we reacted the trilacunanp-As-
WyO34]°~ with nickel(ll) ions in aqueous acidic medium.
Both products from this reactionl(and 2) contain
[B-AsWy034)° fragments, which means that during the
course of the reaction the following isomerization must have
taken place: A-AsWoO34]®~ — [B-AsWyOs4]°". Therefore,
we have shown for the first time that th&isomer of
[AsWyO34]°~ isomerizes to thd-isomer in aqueous acidic
medium at 6(°C, which is in complete agreement with the
observations of Knoth et al. for the phosphorus anald§ue.
Recently Wang et al. have also shown th&at4sWgOs4]°~
can be transformed t@fAsWgy034)° in the solid state, under
conditions very similar to those of the P-containing
analogug™?!

graphically independent, because the entire molecule iS The mixed-metal polyanion [MNPsW54064(H,0),]27

present in the asymmetric unit. All nickel centers are
octahedrally coordinated, the nickedxygen distances are
as expected (1.952.17(4) A), and the bond lengths and
angles of the tungsteroxo frameworks are within the usual

(3) is isostructural withl (see Figure 1), although both
resulted from different synthetic procedures. The former was
synthesized by interaction dfisP,W g with 1 equiv of Mr!

ions with the original aim to substitute the sodium ion by a

ranges. Bond-valence sum calculations confirm that the st 1oy transition metal different from nickel. We have

terminal water molecules of Ni2 and Ni5 are the only
protonated oxygens df.*® This leads to a charge of 7

discovered that for manganese(ll) ions this substitution
reaction is not straightforward, because it is accompanied

for 1, which has to be balanced by the appropriate number j,y, o ynexpected rearrangement of the polyoxoanion frame-

(18) Our first structural report of the tungstophosphates{id{H,O),-
(PWoO34)2]*t was based on Ng@NisNa(H0)(PWeOsz)7]-21.25H0.11a
Recently we crystallized the slightly different hydrate;NisisNa-
(H20)2(PWg034)2]-29.5H,0, which is isomorphous witiNa-2 pre-
sented here.

(19) Brown, I. D.; Altermatt, D Acta Crystallogr.1985 B41, 244.

work, resulting in3. It is known that the incorporated sodium

(20) Knoth, W. H.; Domaille, P. J.; Harlow, R. Ilnorg. Chem1986 25,
1577.

(21) Domaille, P. Jinorganic Synthesedohn Wiley & Sons: New York,
1990; Vol. 27, p 100.
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ion plays an important stabilizing role for the tri-nickel-
substituted specidsizP,Ws. Therefore, it could be possible
that this sodium- and tri-nickel-substituted species is not
reactive enough under our rather mild reaction conditions.

Nevertheless, we have experimental evidence that somes

mixed-metal derivatives dflisP,W1g can be formed easily.
However, the substitution appears to be more facile with

some transition-metal ions than with others. A detailed study
of this phenomenon is currently in progress, and the results

will be discussed elsewhere.

Polyanion3 can be obtained within days in very good
yield, which is in marked contrast tband?2. Therefore, it
appears that the rearrangementNd§P,W 5 to 3 is rather
“clean” and probably catalyzed by manganese(ll) ions. Most
likely we isolated3 rather than [NgiMn(H,0)x(PWgOz4),] 1%~

because the former is more stable than the latter under our

reaction conditions. Nevertheless, it is very likely that
[NisMn(H20)2(PWoO3z4)2] 10 is present as an intermediate in
the formation mechanism & starting fromNizP,W ys.

The presence of four nickel(ll) and two manganese(ll) ions
in 3 could not be identified by X-ray diffraction, but it was

clearly established by a combination of elemental analysis,
electrochemistry, and magnetic measurements. The exac

distribution of the six transition-metal ions among the two
MOz triads of3 is a tricky issue, but we have experimental

evidence that each transition-metal cap consists of orfé Mn

ion and two Nf' ions. However, we cannot assign the

manganese ions to a specific position within eagOMtriad

in 3. It must be realized that within each triad there are two
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Figure 5. XmoT as a function ofl. The data corresponding to the different
compounds are represented by squamgFoWg), tilted squares 2),
triangles (), and circles ). The continuous lines represent the least-squares
fits to the data using parameters reported in Table 2. The dashed line is the
extrapolation of the low-temperature fit relative 1o

150

counting for the mean field corrections associated with
ntiferromagnetic intercluster interaction¥p represents

ﬁamperature—independent contributions mainly due to the

diamagnetism of the tungstewxo framework, andXguyster

is the intrinsic susceptibility of the trinuclear cluster. The

latter is given by the following equation:

Xcluster= gzNﬂZESI'(SI' + 1)|IB|(T

distinct positions (ratio 2:1) that each manganese ion couldjn which the mean valuéS(S; + 1)ddepends on the

occupy. The idealize®,, symmetry ofl would only be
preserved by3 if both manganese ions iB occupied the
two positions assigned as Ni2 and Ni5 in the all-nickel
derivative 1 (see Figure 2). Whether indeed different
positional isomers d8 are present is very difficult to identify
experimentally.

Magnetism. For 1—3 the temperature dependence of the
magnetization was studied in a 0.1 T field: ey T values
deduced from this study are plotted as a functionildh
Figure 5. For each compound under study, XhgT product

temperature which determines the population of the energy
levels resulting from the individual spin coupling. Assuming
that at least two of the magnetic interactions between the
three NI' ions are identical, the magnetic energy of the cluster
can be described by the following Heisenberg-type Hamil-
tonian:

H= _231(§1'é2 + éléz) - 2J2§?'A%

The eigenvalues of this Hamiltonian operator are obtained

shows a maximum which is found between 4 and 12 K. by the vector-coupling method of KamBe:
These maxima are characteristic of ferromagnetic exchange, B
interactions between the metal atoms within each trinuclear o9 = ~hlSH(Sr + 1) = $(S + 1) = §(S, + )] ~
fragment’® Moreover, for1 and 3 some intramolecular LSS5+ 1) —S(§+ 1)~ S(S+ 1)
magnetic coupling may exist between the two trinuclear , N
clusters. At lower temperature, thgoT values decrease with ~ Where s and Sy are related to the spin operatorgs S
decreasing temperature, which suggests antiferromagneticSZ tSand § =S5+ S )

interactions between neighboring polyoxoanions. At high FOr @ system of three spins of 1, there are se®n%:)
temperature, th&moT values have an asymptotic behavior COmbinations of energg, which led to

characteristic of three2] or six (1, 3) independent para- . .
magnetic ions in each compound. S (S Z% exp( E‘/kT)/Zb‘ exp(-E/kT)

For a q_uantitative analys_ig of the ma_gnetic interactions, i b = 2S/(E) + 1 anda; = bSi(E)(S(E) + 1).
the experimental susceptibility & and NisP2W1s may be By fitting the calculated to the experimendého T values,
written as it is possible to determine the magnetic parameters describing
the cluster (Table 2). Fa& andNizP,W 5 these parameters

Kot = [TIT = Tew)Xausiel + %o lead to anS = 3 ground state well-separated from the first

where Tew is the negative CurieWeiss temperature ac-  (22) Kambe, K.J. Phys. Soc. Jpri95Q 5, 48.
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Table 2. Magnetic Parameters and First Energy Levelsife8 and
NizP2Wig
(o)
NisP2Wag 2 1a 3 o o o ©

a 2.22 2.28 2.00 2.07 = A
Ji(em™Y) 45 4.2 0.33 0.19 < &2
Jz (cmrd) 45 -1.0 - 7.2 et
Tew (K) —0.40 —0.80 -0.59 -1.36 =
Xo (emumol—1) —75x10% —8x106 0 —-1.7x 1073 2
Eo(cm™) (Sr, S —27.1(3,2) —15.0(3,2) —5.9(6) —16.3(9/2,2) E
Ei(cmY) (S, &9 0(2,2;2,1) —10.4(2,1) —2.0(5) —14.6(7/2,2) % O

aFor 1, the results are related to the magnetic coupling of &ve =
3 units andXp was fixed to O since its exact value has a negligible effect o O O O O
on low-temperature data.

excited state. The CuriéWeiss temperatures are close to
that (—0.65 K) reported by Coronado and co-workers for a
closely related Nitetranuclear clusték.However, it is worth _ o H/0e o
. . . . Figure 6. Magnetizations as a function of the applied field, recorded at

noting that in more recent work these investigators have 2 K. The data corresponding to the different compounds are represented
shown that the behavior ofo T at very low temperature by squaresNisP,W;sg), tilted squares2), triangles 1), and circles§). The
may be related to an anisotropic coupling of the Mins continuous lines represent Brillouin functic_ms for thes _3 (NigPoW g, 2)_
L . or S= 6 (1) state and the lowest mean field corrections reported in the
inside the cluster rather than to a mean field correcton. oy
With this alternative explanatioiicyw appears as a parameter
describing the zero-field splitting of the local'Nspins. As  field H was replaced byH — wm), wherew is the mean
can be observed in Figure 5, thg,T maximum value is  field coefficient. For a given spin state, modelization with a
higher for NisP,W g than for 2. This difference is clearly ~ Brillouin function depends on the value of the Largiactor.
related to theJ; interaction parameters obtained from the A minimum value of this factor may be deduced from the
fitting procedure. FoNisP,W;g the experimental data are magnetization at high field since at saturatdg= gS With
satisfactorily reproduced with a single parameter, whereasthis constraint, the value of temean field coefficient was
two different parametersl; and J,, were necessary fa. determined from the low-field linear part of the magnetiza-
Moreover,J, is found to be negative, and such an antifer- tion. ForNisP,W g this attempt appears unsuccessful since
romagnetic coupling may seem surprising, but it has already the minimum value of the factor required to account for
been observed by Gladfelter and collaborators in a tetra-the low-field magnetization is 2.08, which gives = 0.
nuclear cubane structuféAccording to these investigators, However, the highest value of tigefactor (2.22) deduced
the magnetic interaction is highly sensitive to the value of from the analysis oKnoT givesw = 213 Oe/emu. In both
the Ni-O—Ni bridging angle: the interactions are ferro- cases, the calculated magnetization becomes significantly
magnetic for angles close to 9Q0vhereas they are antifer- higher than the experimental one for fields higher than 5000
romagnetic for slightly larger angles. A comparison of the Oe. For2 the minimum value of the factor deduced from
structural parameters obtained in the present study showghe high-field magnetization (2.16) leads wo= 444 Oe/
that such an explanation is satisfying: thed@—Niangles  €mu, whereas the value obtained from ¥ T products
are larger in2 than inNisP;W1s. For example, the smallest  (2.28) leads tow = 607 Oe/emu. ForNisP,Wig the
Ni—O—Ni angle in2 has a value of 95%versus 92.1in agreement is rather poor between the calculated values and
NisP,W1g, and the mean values of all the bridging angles the experimental data. These discrepancies indicate that a
are, respectively, 98%4and 96.8. However, one cannot mean field approach represented by a single parameter such
exclude partial decomposition dfa:2 upon drying, which asw or Tew is only convenient at low field. At higher field
could have significant consequences on its low-temperaturea different approach should be followed; it could require a
magnetic properties. more complex description of the antiferromagnetic interac-

The study of the field dependence of the magnetization tions or of a possible anisotropic coupling of thé' Mins in
of both compounds recordetl 2K (Figure 6) confirms the ~ the cluster.
difference existing between them. The increase of the Interpretation of the temperature dependence okl

magnetization with the applied field is faster fiP,W;; ~ Vvalues forl and 3 has to take into account possible
than for 2, whereas the saturation magnetization appearslntramolecularmteractlons between the two trimetal clusters.
higher for the latter. For both compounds, attempts were FOr1 the maximum value (16.9 emii-mol™) of the product
made to reproduce the data with a Brillouin function taking XmoT SUggests a ferromagnetic interaction, since for two
into account mean field corrections similar to those repre- independens = 3 clusters it would correspond tagfactor
sented byTcw in the analyses 0KmoT. For this purpose, of 2.38, noticeably higher than those determined for the
the experimental magnetizations were first parametrized by Single-cluster compounds. Moreover, such a value fogthe
the following equation:m = a tamri(H/B), and the applied factor would give a saturation magnetization of 14g2per
formula unit, clearly higher than the high-field data (Figure

(23) Gladfelter, W. L.; Lynch, M. W.; Schaefer, W. P.; Hendrickson, D. 6), WhICh.aI’e close to 12g per formula unit. To check this
N.; Gray, H. B.Inorg. Chem 1981, 20, 2390. hypothesis, one can try to reproduce the low-temperature data
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Figure 7. (A) Comparison of the cyclic voltammograms 0621074 M NisP,W1gand3, at pH 3 (0.2 M NaSQy + H,SQy) (scan rate, 10 mé~1; working
electrode, polished glassy carbon; reference electrode, SCE). For further details, see the text. (B) Comparison of the cyclic voltammaograéné bf 2
NisP,W1g and2, at pH 3 (0.2 M NaSQ, + H,SQy) (scan rate, 10 m\é~1; working electrode, polished glassy carbon; reference electrode, SCE). For further
details, see the text. (C) Comparison of the cyclic voltammogramsofl@+ M 2 and1, at pH 3 (0.2 M NaSQ, + H,SOy) (scan rate, 10 mys1; working
electrode, polished glassy carbon; reference electrode, SCE). For further details, see the text. (D) Comparison of the cyclic voltammogragné bf 2
1land3, at pH 3 (0.2 M NaSQ, + HSQy) (scan rate, 10 m\é~%; working electrode, polished glassy carbon; reference electrode, SCE). For further details,
see the text.

as resulting from the coupling of tw®= 3 spins, using the  single-cluster compounds. Inside a cluster, the magnetic
formalism described above. A satisfying agreement with interactions between the Nrion and both NI ions are
experiment is obtained with the parameters reported in Tabledescribed by the exchange paramelgand coupling be-

2 for temperatures lower than 15 K. This approach is not tween the two Ni ions is described by,. Examination of
convenient for higher temperature since thermal disorder the refined parameters reported in Table 2 clearly shows that
leads to a decrease of the mean spin of each cluster. Thanteraction of the Mt and Ni' ions is clearly weaker than
low- and high-field dependence of the magnetization at 2 K that of the two Nfi ions. Moreover, the antiferromagnetic
can be described by a Brillouin function corresponding to intermolecular interaction represented Ty appears stron-

an S = 6 state with mean field correctionv(= 164 Oelg ger than those found for the single-cluster complexes. This
for g = 2) but as for the previous polyanions this description strength may explain that saturation is difficult to reach in
is not satisfying at intermediate field. F8rthe maximum the study of the field dependence of the magnetization
value (15.8 emiK-mol?) of the Xm0 T product is rather low,  (Figure 6). For this sample it is impossible to reproduce the
since for two independent pn clusters a value of 24.75  data with a Brillouin function and a mean field correction.
emuK-mol~* would be expected for a high-spin configu- This suggests that at low fieltky simultaneously represents
ration with ag factor equal to 2 (and an even higher value intramolecular interactions between the two internal trimetal
in the case of ferromagnetic coupling between the trinuclear clusters of each polyanion and intermolecular interactions
clusters). As a strong coupling between the two internal between different polyanions.

clusters may be discarded, it is possible to analyze the Electrochemistry. [NisMn PsW240g4(H20)2)" (3). Fig-
experimental data in the same way as that followed for the ure 7A compares, in a pH 3 medium, the cyclic voltammo-
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grams of3 and of the original precursor used for its synthesis, Table 3. Cyclic Voltammetry Reduction Peak Potentials as a Function
NisP;W s The cyclic voltammogram of the latter species ©f PH for 1-3 andNigPoWag®

was described in a recent paper and is added here for the —Ep{first Wwave)  —Ep(second W wave)
sake of direct comparison of the two compleXEdn the compd  pH \2 v
negative potential domain, only the first two redox couples 2 g 8-;;2 8-382‘
Iocgted just before proton reduction are representeq. _The NisPaW 15 3 0738 0.882
cyclic voltammograms of the two complexes are very similar 5 0.866 1.028
in shape, with the pattern fo8 located slightly more 1 3 0.736 0.870

tively in potential. This observation might be traced t 2 090 1020
negatively in potential. This observation might be traced to 3 3 0.746 0.892
the difference in the overall negative charges of the 5 0.912 1.040

complexes. As a matter of fact, with the assumption that all .y, ing electrode, glassy carbon: scan rate, 10y reference
other factors act practically in the same way, it is expected electrode, SCE. For further details, see the tekn oxidation processes
that 3 with 17 negative charges should be more difficult to Were observed at1.058 V (pH 3) andt0.880 V (pH 5).

reduce thaiNisP,W1g with only 12 negative chargédt must 3 on the first W wave of these two compounds indicates
be noted, however, that the magnitude of this difference that these waves correspond to six-electron processes for each
might be modulated by acidobasic properties of the reducedpolyanion.

forms of the complexes. As observed previouslyNaP W g, pH Effects. To our knowledge all Ni-rich sandwich-type
these two waves are attributed to redox processes 8f W complexes in the literature except fdisP,W1g show narrow
centers. In the positive potential domain, oldyshows a  stability pH domaing®2° This led us to study the stability
wave with a peak located at1.058 V, featuring the  of 1—3 between pH 1 and 7. For this purpose, the-tixs

oxidation of Mri' centers. spectrum of each polyanion was measured and compared
[NigASzW24094(H20),]*"~ (1) and [NisNa(H0)(AsWy- with that obtained after 24 h of standing. At pH 2 the
034)2]** (2). The cyclic voltammogram a2 is also consti- maximum absorption was found at 255 nm fgrand was

tuted by two reversible waves that are located in a more broad and located between 240 and 250 nmZ@nd 3.
positive potential domain than that of its P analogue The exact energies and shapes vary slightly with the pH of
NisP.W1g as shown in Figure 7B. This observation is in the medium. This period of time is substantially longer than
agreement with results on other heteropolyanions for which necessary for electrochemical characterizations and also
the presence of As instead of P as the central heteroatonallows for eventual electrocatalytic applications to be envi-
facilitates the reduction proce&sin analogy to the case of  sioned. Typically, all three compounds were found to be
NisP,W1g, the second wave is followed by the reduction of stable from pH 2 to pH 6. FurthermonsizP,W g was stable
protons. Furthermore, controlled potential coulometric de- at least down to pH 1. Fdr, the stability domain spans from
termination at—0.730 V in a pH 3 medium confirms that pH 1 to pH 7 and might even be larger.

four electrons are consumed per molecule in the first wave, In analogy toNisP,W g polyanionsl—3 are sufficiently

as already observed previously for the P analdégitie.short, stable between pH 2 and pH 6 to be good candidates for
the electrochemical and IR characterizations as well asapplications in electrocatalysis. Furthermore, variations of
elemental analysis converge to confirm tRBa&ndNisP,W 5 the characteristics of their cyclic voltammograms as a
have the same structure. function of pH comply with what is known from current

On the basis of cyclic voltammetry, it is possible to clearly literature for'various types of heter'opolyanions. The red}Jction
distinguish1 and 2 as shown in Figure 7C. In agreement peak pqtentlal values in Table 3 illustrate such behavior for
with the difference in charges of the two polyanions, the the cyclic voltammograms of all compounds recorded at pH
more heavily negative ond, is slightly more difficult to 3 and 5. As expected, the reduction waves of thé s&nters
reduce thar2. As the two molecules are not expected to &€ driven in the negative potential direction when the pH is
have the same diffusion coefficient, the simple comparison changed from 3 to 5; concomitantly, the Maxidations also
of the peak current intensities of the respective cyclic become less positive in potential. Again, those complexes
voltammograms ofl and 2 cannot be used for an accurate containing As heteroatoms remain easier to reduce than their
determination of the number of electrons on the latter species.P @nalogues. Itis of interest to compare the electrochemical
Nevertheless, it can be easily concluded that this number ofb€havior of3 with that of the tetramanganese(ll)-substituted
electrons is larger fod. Figure 7D compares the cyclic ~Sandwich-type tungstophosphate [it;0)a(PWeOsq)2] .
voltammograms ol and3, and as expected the compound A few years ago Pope et al. studied the oxidation properties
with P as the heteroatom is more difficult to reduce than its ©f this polyanion in detail and discovered that oxidation
As analogué* These two polyanions are likely to have fairly ~occurs first at the aquated Mn centér®ur observation that
similar diffusion coefficients; therefore, their cyclic voltam-  the oxidation of3 is pH dependent supports the preliminary
mograms can be compared straightforwardly and correspondconclusion that the two manganese centers also contain a
to the same number of electrons, albeit for the potential Water ligand. This would suggest that the Mons occupy
locations. Controlled potential coulometry performed at pH tzr;e two unique, external positions B1(see Figures 1 and

(24) Keita, B.; Mbomekalle, 1. M.; Nadjo, L.; Contant, Rur. J. Inorg. Afinal point deserves.emphasis: Whatever the p'H, itlwas
Chem 2002 473. observed that the anodic to cathodic peak potential differ-
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ences for these multielectron waves were between 42 andwith which [NisMn,P;W,4044(H-0);]*"~ was isolated seems
76 mV in the present experiments. In other words, the to indicate that the two manganese ions should occupy two
relevant systems behave roughly as one-electron systemsynique positions in this polyanion structure. Although we
except for the current intensity. These complexes might be have characterized this compound by several analytical
considered as assemblies of identical moieties linked togethertechniques, we cannot identify unequivocally which of the
by a central metal layer for sandwich-type species or a moresix possible 3d metal positions of the polyanion structure
extended linkage for others. These observations suggest thaare occupied by Mt ions and also cannot rule out Mn/Ni
these centers are largely independent and are reducedlisorder. However, on the basis of electrochemistry, we
simultaneously, a feature reminiscent of the reduction of strongly believe that the two M ions occupy the two

polymers or dendrimer®:26Work in progress will elaborate
on such systems in more detalil.

Conclusion

unique and equivalent positions described as Ni2 and Ni5
in Figure 2.

The similarity of polyanion structures synthesized under
a priori very different starting conditions and containing

We have synthesized and structurally characterized two different heteroatoms in the precursor species underscores

nickel-substituted tungstoarsenates and one mixed-metal (Nithe complexity of the subtle interactions and equilibria in
Mn) tungstophosphate. The sandwich-type polyanion-[Ni aqueous solution that may result in the formation of stable
Na(H0)2(AsWg034)2]1t resulted from a successful attempt heteropolyanions. Our discovery of novel and unexpected
to prepare the As analogue of BNia(HO)x(PWgO34)2] . polyanion architectures once again reemphasizes the virtually
This result further supports the observation that for many unlimited structural variety of tungstophosphates and tung-
tungstophosphates(V) the analogous tungstoarsenates(V) arstoarsenates in aqueous solution. In addition our work
known, a similarity which is not at all true for the P and As indicates that undoubtedly single-crystal X-ray diffraction
heteroatoms being in the lower oxidation state Ill. Unexpect- remains the most powerful tool for the determination of novel
edly we also obtained the banana-shaped species [Ni polyoxoanion structures. It is expected that careful accumula-
AssW,4004(H20),]*"~ during the same synthesis, but both tion, interpretation, and comparison of all experimental
compounds could be isolated in a pure form by fractional results will be helpful in designing rational synthetic condi-
crystallization. Bulk samples of the tungstoarsenates weretions for new structures. It must also be realized that
characterized by a multitude of experimental techniques polyanions containing multiple spin clusters and/or mixed-
including elemental analysis, electrochemistry, and magnetic metal assemblies exhibit more complex magnetic properties
studies. Most likely [NdAS3W24004(H20);]*" is an inter- than observed previously for “simpler” structures, thus
mediate during the formation of [Blila(HO)x(AsWgOz4)2] L. opening the way for further theoretical and practical develop-
Unfortunately both compounds could only be isolated in low ments. Our electrochemistry studies have demonstrated that
yields, which leaves the question of what exactly the speciesthe novel compounds presented here are remarkably stable
remaining in solution are. Therefore, we continue to work in a large pH domain compared to all other known multi-
on this system to optimize the synthetic conditions and nickel heteropolyanions. Therefore, they constitute good

hopefully to get a better understanding of the mechanism of candidates for electrocatalysis studies.

formation of both tungstoarsenates.

The mixed nickeFmanganese tungstophosphate 4{Ni
Mn,P3W,40g4(H,0),]17~ is isostructural with [NiAS3Wo4-
0g4(H20),]*"~ but resulted from an attempt to prepare the
sandwich-type, mixed-metal species {Mn(H20).(PWs-
034)2]'% by reaction of the well-known [NNa(HO).-
(PWoO3z4)2]**~ with manganese(ll) ions. The very good yield

(25) (a) Flanagan, J. B.; Margel, S.; Bard, A. J.; Anson, RF1.&m. Chem.
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