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The novel heteropolyanion [CusKa(H20)s(ct-AsWgOs3)2]8~ (1) has been synthesized and characterized by IR
spectroscopy, elemental analysis, and magnetic studies. Single-crystal X-ray analysis was carried out on {K;Na-
[CusKa(H20)s(0-AsWg033)2]-5.5H,0} » (K/Na-1), which crystallizes in the tetragonal system, space group P42;m,
with a = 16.705(4) A, b = 16.705(4) A, ¢ = 13.956(5) A, and Z = 2. Interaction of the lacunary [o-AsWgO33]*~
with Cu?* ions in neutral, aqueous medium leads to the formation of the dimeric polyoxoanion 1 in high yield.
Polyanion 1 consists of two a-AsWgOg3 units joined by a cyclic arrangement of four Cu?* and two K* ions, resulting
in a structure with C,, symmetry. All copper ions have one terminal water molecule, resulting in square-pyramidal
coordination geometry. Three of the copper ions are adjacent to each other and connected via two z3-0x0 bridges.
EPR studies on K7Na-1 and also on Nag[CuzNas(H20)q(a-AsWyO33),]+26H,0 (Nag-2) over 2-300 K yielded g values
that are consistent with a square-pyramidal coordination around the copper(ll) ions in 1 and 2. No hyperfine structure
was observed due to the presence of strong spin exchange, but fine structure was observed for the excited (ST =
3/2) state of Nag-2 and the ground state (ST = 1) of K;Na-1. The zero-field (D) parameters have also been
determined for these states, constituting a rare case wherein one observes EPR from both the ground and the
excited states. Magnetic susceptibility data show that Nag-2 has antiferromagnetically coupled Cu?* ions, with J =
-1.36 + 0.01 cm™?, while K;Na-1 has both ferromagnetically and antiferromagnetically coupled Cu?* ions (J; =
278 £0.13 cm™%, J, = -1.35 £ 0.02 cm™, and J3 = —-2.24 + 0.06 cm™1), and the ground-state total spins are
ST = 1/2 in Nag-2 and ST = 1 in K;Na-1.

Introduction make them useful in catalysis, materials science, and

. medicine38
The existence of polyoxometalates has been known for  pgjyoxoanions are formed by the early transition metals

almost 200 years, but the first structural details were only of groups V and VI in their highest oxidation states (e.g.,

recognized that this class of metaixygen cluster species  medium. The mechanism of formation of polyoxometalates
exhibits a unique variety of structures and properties that
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Structure of [CuyKa(H20)g(0-ASWeOs3)5]8

is difficult to understand, because even very large and It can be noticed that almost all transition-metal-sub-
complex structures (e.g., [A€ee(H20)36W 1460524 767)° can stituted tungstoarsenates(lll) are dimeric and of the sand-
be synthesized in one-pot reactions by interaction of the wich type. The first copper-containing derivative of this type
composing elements without the need for any polyoxoanion was structurally characterized in 1982 by Hermed co-
precursor species. Therefore, the discovery of novel poly- workers!? Single-crystal X-ray analysis of the potassium
oxoanions with completely unexpected structures and prop-salt of [Cu(H20)2(0-AsWg033)2]*? revealed a sandwich-
erties is not uncommon. In polyoxoanion chemistry it is type structure with three Ctiions linking two o-AsWgOs3]*~
usually not possible to design a multistep synthetic sequenceunits. Surprisingly, the three copper ions were not equivalent,
with its associated conditions, unlike in organic chemistry. because of a difference in their coordination geometry. The
As a result the rational synthesis and derivatization of authors identified a glide of one Asy/gubunit with respect

polyoxometalates remains a challenge. to the other which they explained to be a result of lone-pair/
The class of As(lll)-containing polyoxotungstates has been lone-pair repulsion of the two As(lll) atoms.
known for a long timé? The presence of a lone pair of elec-  Recently, Kortz et al. determined the structure of the

trons on the heteroatom does not allow the closed Kegginsodium salt of the copper-containing tungstoarsenate(lll),
unit to form, and therefore, many structures could not be NaiCus(H20)x(a-AsWg0Os3)]-32H0, and did not ob-
easily predicted. However, by using single-crystal X-ray serve the above distortidd. The polyanion [Ce(H2O)s-
diffraction the geometries of some tungstoarsenate(lll) spe- (a-AsWg033);]**~ exhibited Dz, symmetry, indicating that
cies have been revealed. It is useful to distinguish nonsub-all three copper centers were equivalent.

stituted from transition-metal-substituted and rare-earth- Some time ago, Siedle et al. reported the powder EPR
metal-substituted (lanthanides and uranium) tungstoarse-properties of the sodium salt NfCus(H20)s(0-AsWgOs3)2]

nates(lll). The first subclass is represented byAst and the mixed sodium/potassium saltsM&g §Cus(H20)s-
W1g06 "~ [ASW2106o(H20)18~, [ASW5O30ASOHT ~, [AS;Woe- (0-AsWqO33)7]. 24 However, these authors based the data
O7(H20)]*2", [As;W19067(H20)]*, and [AsWesOo17 interpretation on the polyoxoanion structure of the potassium
(H20)7]%5~ .1 The second subclass is represented by izt salt of Herveet al., not being aware of the significant

W400140C0(H20)2]%~, [As:W1sCUs0s6(H20)2] %2, [As,Co- structural differences of the Na and K salts described above.
W,006s(OH,)2]8~, [(HY2)2 WO (H0) (AsWeOs3)2] 0, [{ (CeHs- More recently, Cho and So reported that the powder EPR

SnpO} s H(ASWO33)2]°~, [M3(H20)3(0-AsWoOs3)7]*2 (M = properties of the “Hervetructure” were identical to those
Cw, Zret), [WO(HO)M,(H20)x(a-AsWeOs3),] 20 (M = reported by Siedle et &b. This would mean that the struc-
Znét, Mn?*, Ca?"), [M3(H20)3(0-AsWgOs3)2] 2~ (M = Mn?t, tural differences of the polyoxoanions in the K and Na salts
C02+), [(VO)3(Q-ASW9033)2] =" and [A&ng(Hzo){Nl- ([CU3(H20)2((1—ASW9033)2]12_ 'S} [CLE(H20)3((I-ASW9033)2]12_)
(H20)}2067].1°12 The third subclass is represented by have no effect on their EPR properties, which would
AsoLN16(H20)36W1460524 76~ (Ln = La, Ce), [AsLn,(H0)- normally be unexpected.

W,¢01091"~ (Ln = La, Ce), [Ce(H20)s-ax(ASWgO33)4AS- We thus decided (a) to reinvestigate the magnetic proper-

(WO3)24x(WOs)]?> (x < 0.5), [(HO)yiLn"(Ln",OH)- ties of the potassium salt of the tri-copper-substituted tung-
(ASWyO33)4(WO,)4]%°~ (Ln = Ce, Nd, Sm, Gd), [M(HO)10- stoarsenate(lll) in detail and (b) to incorporate more than
(Ln" ,0H)2(AsWgO33)4(WO2)4]*® ™~ (Ln = La, Ce, Gd and  three copper ions in this polyanion structure.

M = Ba, K, none), [(UQ)3(H20)sAs3W290104 %", [(UO,)3 ) .

(H20)6AS3W300105) >, [(UO2)3(H20)sAS3W26004] ", [Na- Experimental Section

(UO2)5(OH)(H20)6ASaW 40014 WO)]**7,  [K C{ Eu(H0),- Synthesis. The precursor polyanionafAsWyOs4®~ was syn-
(0-ASWgO33)} 6] *, [CsC{ Eu(H0)(a-ASWgOs3)} 4]%% 7, and thesized according to the published procedure, and the potassium
[YbAS;W,00gg(H20)g] .92 salt was isolated by addition of solid K&#216The identity of the
polyanion in the product was confirmed by infrared spectroscopy.
(9) Wassermann, K.; Dickman, M. H.; Pope, M.Angew. Chem1997, The crystalline Ng{CusNag(H20)o(a-ASWgO33)2] - 26H,0 (Nag-2)
109, 1513;Angew. Chem., Int. Ed. Engl997, 36, 1445. was synthesized according to the published procedure and then used

(10) (a) TourieC.; Revel, A.; TourheG.; Vendrell, M.C. R. Acad. Sci., ; s Aot
Ser. C1973 277, 643, (b) Rosenheim, A.. Wolff, AZ. Anor. for magnetic studie®' All other reagents were used as purchased

Allg. Chem.193Q 64, 193. (c) Gibbs, WJ. Am. Chem. Sod.885 7, without further purification.
317. { K 7Na[Cu4K 2(H 20)5((1-ASW9033)2] ‘55"'20} n (K7Na'1). A0.51

(11) (a) Jeannin, Y.; Martin-Fre, J.Inorg. Chem.1979 18, 3010. (b) S ; ;
Jeannin, Y.; Martin-Fnee, J.J. Am. Chem. S0d.981, 103 1664. (c) g (3.0 mmol) sample of CugPH,0 was dissolved in 40 mL of

Leyrie, M.; Tezg, A.; Herve G. Inorg. Chem.1985 24, 1275. (d)

Jeannin, Y.C. R. Acad. Sci., Ser. 112000 3, 295. (e) Kortz, U.; (13) (a) Pope, M. T.; Wei, X. Y.; Wassermann, K.; Dickman, M.G1.R.
Savelieff, M. G.; Bassil, B. S.; Dickman, M. HAngew. Chen2001, Acad. Sci., Ser. 11d998 1, 297. (b) Wassermann, K.; Pope, M. T.
113 3488;Angew. Chem., Int. E®001, 40, 3384. Inorg. Chem 2001, 40, 2763. (c) Kim, K.-C.; Pope, M. TJ. Chem.
(12) (a) Robert, F.; Leyrie, M.; Hefyes.; Tezg, A.; Jeannin, Y.Inorg. Soc., Dalton Trans2001, 986. (d) Kim, K.-C.; Gaunt, A.; Pope, M.
Chem.198Q 19, 1746. (b) Robert, F., Leyrie, M., Hetrv&. Acta T. J. Cluster Sci2002 13, 423. (e) Fukaya, K.; Yamase, Angew.
Crystallogr.1982 B38 358. (c) Weakley, T. J. Rnorg. Chim Acta Chem., Int. Ed2003 42, 654. (f) Kortz, U.; Holzapfel, C.; Reicke,
1984 87, 13. (d) Martin-Free, J.; Jeannin, Yinorg. Chem1984 23, M. J. Mol. Struct.2003 656, 93.
3394. (e) Sazani, G.; Dickman, M. H.; Pope, M.Ifforg. Chem200Q (14) (a) Siedle, A. R.; Padula, F.; Baranowski, J.; Goldstein, C.; DeAngelo,
39, 939. (f) Kortz, U.; Al-Kassem, N. K.; Savelieff, M. G.; Al Kadi, M.; Kokoszka, G. F.; Azevedo, L.; Venturini, E. lJ. Am. Chem.
N. A.; Sadakane, Mlnorg. Chem.2001, 40, 4742. (g) Mialane, P.; S0c.1983 105, 7447. (b) Kokoszka, G. F.; Padula, F.; Goldstein, A.
Marrot, J.; Riviee, E.; Nebout, J.; Hefves. Inorg. Chem2001, 40, S.; Venturini, E. L.; Azevedo, L.; Siedle, A. Rnorg. Chem 1988
44. (h) Mialane, P.; Marrot, J.; Mallard, A.; HErvE. Inorg. Chim. 27, 59.
Acta2002 328 81. (15) Cho, Y. H.; So, HBuUIl. Korean Chem. S0d.995 16, 243.
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Table 1. Crystal Data and Structure Refinement #fNa-1

empirical formula AsCwH,3KgNaO;75W15 temp €C) —100
fw 5351.4 wavelength (A)  0.71073
space group (No.)P42:m (113) deaica(Mg m=3) 4544
a,b(A) 16.705(4) abs coeff (mn¥) 28.966
c(A) 13.956(5) Re[l > 20(1)]  0.046
vol (A3) Ry’ (all data) 0.107

3894.5(19)
2

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

H,0, and then 4.0 g (1.5 mmol) of k-AsWgOs3] was added.
The solution was refluxed fal h and filtered after cooling. Slow
evaporation at room temperature resulted in 2.9 g of a green,
crystalline product which was isolated and air-dried (yield 73%).
IR: 974(sh), 950(s), 907(s), 888(sh), 864(sh), 788(sh), 749(s), 736-
(s), 484(w), 465(w) cmt. Anal. Calcd (Found) fof K;Na[CwK »-
(H20)6s(a-AsWg033)2]-5.5H:0} n: K, 6.6 (6.5); Na, 0.43 (0.37); W,
61.8 (61.4); Cu, 4.8 (4.9); As, 2.80 (2.67).

Elemental analysis was performed by Kanti Labs Ltd. in

Kortz et al.

Figure 1. Combined polyhedral/ball-and-stick representatioriLofThe
WOs octahedra are shown in red, and the balls represent copper (green),

Mississauga, Canada. Infrared spectra were recorded on KBr pellets, senic (blue), potassium (yellow), and water molecules (red).

using a Nicolet Avatar spectrophotometer.

X-ray Crystallography. A green, block-shaped crystal with
dimensions 0.04x 0.08 x 0.10 mn? was mounted onto a glass
fiber for indexing and intensity data collection on a Siemens
SMART-CCD single-crystal diffractometer using Maxt¢adiation
(A = 0.71073 A). Direct methods were used to solve the structure
and to locate the tungsten atoms (SHELXS86). Then the remaining
atoms were found from successive difference maps (SHELXL93).
Routine Lorentz and polarization corrections were applied, and an
absorption correction was performed using the SADABS progfam.
Crystallographic data are summarized in Table 1.

Magnetic Susceptibility MeasurementsMagnetic susceptibility
(x) measurements df;Na-1 andNay-2 were carried out using a
Quantum Design MPMS-XL SQUID magnetometer. Data for
polycrystalline samples df;Na-1 andNag-2 were collected over
1.8-200 K at 1000 G, using 66.20 and 75.35 mg masses, respec-
tively. The data were corrected for the sample holder, diamagnetism
using Klemm constant$,and temperature-independent paramag-
netism (TIP) contributions.

EPR Spectroscopy.Polycrystalline powder EPR spectra of
KsNa-1 and Nag-2 were recorded using a Bruker Elexsys-500
spectrometer at the X-band-9.5 GHz) and Q-band~34 GHz)
in the 4-300 K temperature range. Also, single-crystal EPR spec-
tra of Nag-2 were recorded at the Q-band to gain more precise

information on the magnetic parameters. W-band measurements

were conducted at the high-field electron magnetic resonance fa-
cility at the National High Magnetic Field Laboratory in Tallahas-
see!® An Oxford Instruments Teslatron superconducting magnet
sweepable between 0 and 17 T was used to apply the Zeeman field
In all experiments the modulation amplitudes and microwave power

(16) The presence of a sodium ion inNa[CwK 2(H20)s(a-AsWgOs3)2] *
3.5H,0 (K7Na-1) was confirmed by X-ray diffraction and elemental
analysis. Most likely the sodium ion originates from a small impurity
in our Kg[a-AsWyOsg] precursor, which was obtained by the addition
of solid KCI to a freshly synthesized aqueous solution of[Ma
AsWy0s3]. However, in the solid-state structurekfNa-1 this sodium
ion is not associated at all with oxygen atomsloft is located more
than 5 A away from the closest polyanion and is surrounded by six
water molecules. Two of the water molecules (trans to each other)
are terminal, and the other four are coordinated to potassium ions in
the cationic/crystal water lattice. We are convinced that the sodium
ion does not play any important role in the formationlof

(17) Sheldrick, G. M.SADABS Siemens Analytical X-ray Instrument
Division: Madison, WI, 1995.

(18) Vulfson, S. G.Molecular MagnetochemistryGordon and Breach
Science: Newark, NJ, 1998; p 241.
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Figure 2. Ball-and-stick representation of the asymmetric unit showing
50% probability ellipsoids and the labeling scheme.

were adjusted for optimal signal intensity and resolution. All EPR
spectra were simulated using Bruker's Simfonia and Xsophe
programs.

Results and Discussion

Synthesis and Structure. The dimeric polyoxoanion
[CusKo(H20)g(0-AsWg033),]8~ (1) consists of two -
AsWq033]°~ moieties linked by four Cii and two K"
ions, resulting in a sandwich-type structure with idealized
C,, symmetry (see Figures 1 and 2). The central belt of
polyanion 1 is composed of three adjacent, edge-shared
CuQy(H;0) square pyramids and a unique GUDO)
fragment which is separated from the copper triad by two
potassium ions (see Figure 3). This arrangement was some-
what unexpected because all other dimeric, sandwich-type
tungstoarsenates(lll) contain only two or three transition-
metal ions in the central belt and the vacancies between them
are usually occupied by sodium or potassium i&hs6The

(19) (a) Cage, B.; Hassan, A. K.; Pardi, L.; Krzystek, J.; Brunel, L.-C.;
Dalal, N. S.J. Magn. Resoril997, 124, 495. (b) Hassan, A. K.; Pardi,
L. A.; Krzystek, J.; Sienkiewicz, A.; Goy, P.; Rohrer, M.; Brunel,
L.-C. J. Magn. Resor200Q 142 300.



Structure of [CuyKa(H20)g(0-ASWeOs3)5]8

Figure 3. Ball-and-stick representation of the central beli.inThe color
code is the same as in Figure 1.

Figure 5. Combined polyhedral/ball-and-stick representatioriafThe
color code is the same as in Figure 1.

sodium salt of §-AsWgOz3]°~ with CL?* ions in a 1:2 ratio

in neutral, aqueous medium. We obtain&Na-1 in
crystalline form and high yield. It is of interest to evaluate
the conditions that favor formation of polyaniofhs2, and
lain aqueous solution. We have observed previously that
sodium ions play an important role in the stabilizatiorn?of

in the solid state and most likely also in solutishThe work

of Hervehas shown that substitution of sodium by potassium
ions has a subtle, but significant, effect on the polyanion
structuret® We have discovered that an excess ot'dans
combined with a low concentration of sodium ions allows
for incorporation of more than three copper ions in the
dimeric tungstoarsenate(lll) framework. Unfortunately, most
analytical techniques do not allow the trisubstituted polyanion
(2) to be unequivocally distinguished from the tetrasubstituted

Figure 4. Combined polyhedral/ball-and-stick representatior2ofThe (1) or distorted trisubstitutedLe) polyanion in the solid state
sodium atoms are shown in purple; otherwise the color code is the same as )

in Figure 1. On the basis of our observations, single-crystal XRD is the
only reliable experimental method. However, even with this
tricopper-substituted species [Blag(H20)o(a-AsWgO33)2]°~ powerful technique, it is necessary to perform a complete

(2; see Figure 4) is most closely relatedtoThe latter is data collection, because the unit cell parameters are not
derived from the former by substitution of a sodium by a sufficient. We have collected several (unpublished) X-ray
cupric ion. The structure df is also in marked contrast to ~ structures which were isomorphous, although in some cases
Herves [CusK3(H20)a(0-AsWg033),]° (1a; see Figure 5),  three and in others four copper ions were present in the
which was isolated as a potassium $#ifThey observed a  central section of the dimeric polyanion structure. Of course,
dimeric, sandwich-type polyanion incorporating three copper elemental analysis must be used to confirm the XRD results.
ions which however were not equivalent. Only two of them  The solid-state structure &f;Na-1is composed of indi-
had a terminal water molecule, resulting in square-pyramidal vidual polyoxoaniond that are connected to four neighbors
coordination, whereas the third &uion exhibited square-  via four Cul:-O3T—W3 bonds, leading to a 2D network
planar coordination. The three incorporated potassium ions(see Figures 6 and 7). The two equivalent copper centers
were also inequivalent, and interestingly, two ns had Cul and CuZlof 1 are linked to the tungsten center W3 in
only one terminal water ligand whereas the thirdikn had a cap of each of the two adjacent polyanions. At the same
no terminal ligand at all. Furthermore, the authors identified time the two symmetrically equivalent tungsten centers W3
a glide of one AsWOs; subunit with respect to the other and W3 in the two caps ofl are covalently linked to the
which they explained to be a result of lone-pair/lone-pair two equivalent copper centers Cul of each of the two
repulsion of the two As(lll) atoms. The symmetry of the additional, adjacent polyanions. This solid-state arrangement
anion was reduced tG.. is clearly a result of the unsymmetrical distribution of the
In our attempts to synthesize more copper-rich derivatives four copper ions within the belt of each polyanibnThree
of polyanion2, we decided to react a mixed potassium/ of the four Cd" ions (Cul, Cul Cu3) are adjacent on the

Inorganic Chemistry, Vol. 43, No. 1, 2004 147
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expected JahnTeller distortion (axial elongation), which has
already been observed fbliag-2.1% It is not unexpected that
also Cu3 exhibits a JahtTeller distortion, but inter-
estingly, it is an axial compression (Cti®eq, 2.020(14) A;
Cu3—-04, 1.76(3) A). This is rather unusual and is obviously
a result of the inflexible nature of the four symmetry-
equivalent O1Cu atoms spanning the equatorial plane for
Cu3. These oxygen atoms are rather fixed because they
belong to the backbone df, which is composed of two
Figure 6. Combined polyhedral/ball-and-stick representation indicating ASWyOgs3 fragments and the three copper centers Cul,; ,Cul
the connectivities of neighboring polyanions via GtQ3T—W3 bridges and Cu2. Therefore, the Cu3 atom encounters a coordination
in the lattice ofK;Na-1. The color code is the same as in Figure 1. . . . .
environment that necessarily results in long equatorial
Cu3-0 bonds, but this is compensated by a tetragonal
distortion, leading to a very short axial €EOH, bond. As
a result the unpaired electron of Cu3 is expected to occupy
the dp orbital, whereas the unpaired electron of each of the
neighboring Cul and Cuhtoms is expected to be in the
respective gy, orbital. To our knowledgel represents the
first copper(ll)-containing polyoxoanion with both forms of
tetragonal distortion (axial elongation and compression) being
present.
The equatorial bond angles around the copper ions Cul
(O—Cul-0, 85.3-91.3(7}) and Cu2 (G-Cu2-0, 89.5-
90.4(10y) are very regular and also similar to those of
Nag-2.1?" On the other hand, the bond angles around the
copper ion Cu3 (GCu3-0, 80.6-97.7(8f) are more
irregular, so its coordination geometry is best described as
rectangular pyramidal (see Figure 3). The three copper ions
Cul, Cu3, and CuTepresent a very interesting and unique
spin system connected via-oxo ligands. Furthermore, the
Figure 7. Combined polyhedral/ball-and-stick representation of the two- Cul-Cu3 diStfance- Is On.ly 2-'766(5) A’ S0 We- decided .to
dimensidnal arrangement &f;Na-1. The color code is the same as in perfgrm a_deta'IEd mvestlggtlon of the magnetlc properties
Figure 1. of 1including EPR. Interestingly, the separations of the two
arsenic atoms in polyaniorisandlaare very similar (5.34
“copper-rich” side of the ring, whereas the remaining Cu2 vs 5.33 A).
is located on the “copper-poor” side of the ring (separated |t can be noticed in Figure 2 that Cu2 exhibits a rather
from each other by the two equivalent potassium ions K3 elongated thermal ellipsoid more or less along the
and K3). The lattice ofk/Na-1 can be described as double  Cu2-OH, bond. This is a result of the disorder over three
layers ofl where the copper-rich sections of the central belt positions that are very close to each otheO5 A). We
point at each other. However, the polyanions in one layer were able to account for all significant electron density by
are arranged vertically, whereas the polyanions in the otheranisotropic refinement of Cu2 (largest difference peak and
layer are arranged horizontally, and all polyanions in the hole 2.899 and-3.434 e A®). The partial occupancy model
“vertical layer” are completely offset with respect to those was not used because the disorder is very uneven, with the
in the “horizontal layer” (see Figure 7). We expect that central position accounting for more than 90% of the electron
almost certainly the interpolyanion connectivities are broken density. The Cu2 atom is bound to the terminal water mole-
after redissolution of the crystalline salt in water, resulting cule O2CW, which is evenly disordered over two positions.
in the presence of discrete polyanions where all copper |n addition to the four copper(ll) ions, polyanidnalso
centers have terminal ligands. This is supported by the incorporates two K ions within the central belt. The
observation that the W303T (1.725(19) A) and Cu103T potassium ions K3 and Kre located in cavities separating
(2.308(19) A) bonds both have terminal character, indicating the copper ions Cul, Cu2, and Cwhd are bound to four
very weak interaction between neighboring polyanions in the oxygen atoms of the two AsWs; fragments and two
solid state. terminal water molecules (see Figures3). The potassium
It is of interest to investigate all bond lengths and angles oxygen bond lengths of the two incorporated potassium ions
within the central section ofl, especially for the three are within the expected ranges (K, 2.824-2.839(16)
adjacent copper ions (see Figure 3). The square-pyramidald; K3--:OH,, 2.81-2.82(3) A), and therefore, the potassium
coordination spheres of Cul (CtiDeq, 1.909-1.929(14) A; ions are drawn into the polyoxoanion framework much less
Cul—Oay, 2.308(19) A) and Cu2 (Cu20e, 1.953(15) A;  than the sodium ions i2 (Nal--O, 2.456-2.480(7) A;
Cu2—04, 2.553(20) A) are fairly regular and exhibit the Na2--OH,, 2.339(7)-2.494(7) A; see also Figure #&.We
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Chart 1 0.329 NagNa,Cu,(H,0) («-AsW 0O, ),] (Na,-2)
1.50

0.4

f__ o 125

g 5 1.00

< 0.16- 2

g %075
have already pointed out the stabilizing role of the three . S
incorporated sodium ions for the dimeric tungstoarsenate- NG Temperature (K)
(1), which resulted in facile synthesis and isolationés
a crystalline product in very high yield and over a large pH 0.00 0 50 100 150 200
range (3-8).% We believe that the low stability of the Temperature (K)
hypothetical t”‘pOtaSS|Umfm_cor_porated Species 3[Qu Figure 8. Temperature dependence)ef for Nag-2 atH = 1000 G. The
(H20)9(0-AsWyOs3),]°~ (1b) is indicated by (a) isolation of  inset displays the;mT vs T plot for Nag-2. Open circles represent the
Herves distorted polyaniorla and (b) isolation ofL. which experimental data, and the solid line represents the theoretical curve (see

; ' the text).
seems to be formed more easily tha. Interestingly,1 ¢ text)

also seems to be formed more easily thar{at least in our Cu—Cu distances to be equal and hence the §stem to

hands). be an equilateral triangle. For €here, eq 1 becomes
Magnetic Studies. Magnetic Susceptibility.The Hamil-
tonian for a system containing a cluster of exchange-coupled H=—2S'S,+ 55+ S-S 3)
ions, in the presence of an external fidlj is given by . )
eq 1. Following Kambezt we defineS;; =S + S andS =S +
S Then eq 3 can be rearranged as
H=-2Y J.S-S + fH-g 1 .
QTG TIGY @ 7=-AEY - (S - (-1 @)

HereJ; is the isotropic spin exchange constehis the spin ~ With eigenvalues

operator of thdth ion, 3 is the electronic Bohr magneton, T T

andg is the Landeg tensor. For the susceptibility analysis E(S .S58 =-JS(ES +1)-S(S+1) -

we neglected the hyperfine interactions with tf&<Cu S(S+1) -5 +1)] (5
nuclei, because they were not resolved in our EPR spectra,

likely because the rate of the spin exchange process is highef0r each C&" ion, since§, = $ = § = 1/2, eq 5 transforms
than the hyperfine splitting. Also neglected are the zero- INt0 eq 6. HereS' takes the values 1/21(), 1/2 () or 3/2
field splitting termsD andE, since they were much smaller (M,
than J, as verified by EPR measurements (vide infra). T T
Substitution of the eigenvalues of eq 1 into the standard Van ES)=-JS(S +1) - 9/4] (6)

Vleck equation yields the expression for the molar magnetic \yith energies 32, 31/2, and—3J/2, respectively. The molar

susceptibility ¢m), as shown in eq 2 magnetic susceptibilityyg,) for this system is then obtained
by expanding eq 2 for all these spin states. This is as given
75 ZS,]T(SqT + 1)(2S," + 1) exp(E/KT) in eq 7, in agreement with earlier stud@g?

N m

Am = Ngs? [1+ 5 exp(3I/KT)
KT—-06 —
( ) Z(ZSnT + 1) expCE/KT) Km ™ 2T — ©)| 1+ exp(3UKT) "
n
) Figure 8 shows the measured temperature dependence of

xm for Nag-2. It is seen thaym remains almost constant at

Here,N is the Avogadro numbek the Boltzmann constant,  about 0.02 emumol~! down to 60 K and then steadily
T the temperature in Kelvir® the Weiss constant, arigh increases te-0.3 emumol~* at 1.8 K. A graph of¢,Tvs T
the spin exchange energy associated with a spin Si&te  over 1.8-200 K is shown in the inset. The nearly constant
The observed magnetic data of compourddNa-1 and ymT value (~1.34 emuK-mol-?) in the temperature region
Nag-2 were analyzed using eq 2 as outlined below. 60—200 K is indicative of the admixture of bo = 1/2

(a) Theoretical Model and Susceptibility Data for andS’ = 3/2 spin states. The experimental andy,T data
(Cu?*); of Nag-2. Polyanion2 has three Clf ions arranged  have been fitted to eq 7 by treatidgg, and® as adjustable
in a triangular fashion as shown in Chart 1 with -G0u parameters. The agreement between the theoretical curve

distances Ci-Cu, = Cli—Cus = 4.696 A and Cp—Cus = (solid line in Figure 8) and measured data is quite satisfac-
4.689 A% Since the possible superexchange paths be-

tween any two C# ions of polyanion2 are the same  (21) Kambe, K.J. Phys. Soc. Jpri95Q 5, 48.

AV VAV - (22) (a) Cleac, R.; Cotton, F. A.; Dunbar, K. R.; Hillard, E. A.; Petrukhina,
(Cu—O—-W—0O-W—0—Cu), for our analysis we assume the M. A.; Smucker, B. W.C. R. Acad. Sci., Ser. 112001, 4, 315. (b)
Cage, B.; Cotton, F. A,; Dalal, N. S.; Hillard, E. A.; Rakvin, B.;

(20) Kahn, O.Molecular MagnetismVCH: New York, 1993. Ramsey, C. MJ. Am. Chem. So2003 125, 5270.
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Chart 2 0.8+
{NaK [K,Cu,(H,0)(-AsW,0, ), I}, (K.Na-1)

9733

o
o
1

% (emu-mol™)
o
N
1

m
o
[N}

1

0 40 80 120 160
Temperature (K)

tory. The best least-squares fit is achieved witls —1.36 1
+ 0.01 cm! (—1.96+ 0.01 K), giso = 2.208+ 0.001, and 0.0 —

© = —0.026+ 0.001 cm® (—0.037 + 0.001 K). This is 0 40 8 120 160
consistent withgis, = 2.208+ 0.001 obtained directly from Temperature (K)

EPR measurements (vide infra). The small magnitud® of ~ Figure 9. xm vs T plot of K;Na-1 atH = 1000 G. The inset shows the
Shows that the intercluster interactions in polyanibare  SmPeraue dependenceallfor a1 Tno open e represent e
negligible. the text).

In 2 the Cu 3¢y, orbitals, which contain the unpaired
electrons, are directed along the-80¢q vectors. Therefore,
stabilization of theS" = 1/2 andS™ = 3/2 spin states must

Table 2. Allowed Spin States and Their Energies of the {Qu Tetrad
in 1, Using Eq 10 in the Text

involve indirect electronic coupling pathways. The available > S Su Saur l B(S S Sa Sour)
indirect pathway for the magnetic exchange interactio? in % 8 8 ig 2 ?23{1§+ 332

is via six bonds involving two tungsten and three oxygen 3 0 1 1/2 0 21— Jg2
atoms of each As\WDs;; fragment. Hence, we expect the 4 0 1 1/2 1 21— 23— 32
interaction between the €liions to be very weak. This is o 0 1 3 ; :jlf%’jﬁ’jz
supported by the small magnitude of the spin exchange 7 1 0 1/2 0 321+ 33372
coupling constand ~ —1 cm . The negative sign of in- 8 1 0 172 1 332

dicates the presence of antiferromagnetic intratrimer coupling : ? ve ° gi + 33/227 92
between the three Cuions of 2. As can be noted from 11 1 1 3/2 1 —J+ 33— 32
Figure 7, the lowest value gfnT was 0.53 emuK-mol1. 12 1 1 32 2 =X U2

Thus, while we were unable to attain low enough temperature
to ascertain the expecte@ T value of 0.457 emuK-mol!
corresponding t@is, = 2.208 for theS" = 1/2 state in the
xmT VST plots of Nag-2, our conclusion is considered fairly

Foreach Ctrion S =S =% =S = 1/2, so bothS »
and S; can take the values of 0 and 1 and eq 9 takes the
form

definitive. T
E(S,S,1,.5:S551) = —J . A1) —5,(S,+1)—
(b) Theoretical Model and Susceptibility Data for (S S5 %“1 1SS 1) = S (S + 1)
(Cu?"), of K;Na-1. The four C&" ions of1 are arranged in 3/4] = J[S(S + 1) = §314(S51r T 1) — S(Ss+ 1) +
a distorted rhombus as shown in Chart 2 with—Cu 3/4] — J[S,(S, + 1) — 3/2] (10)

distances Cy#Cu = Cle—Cuy = 2.766 A, Cy—Cuy =

4.835 A, and CpCuy = Cl,—Cuy = 4.734 A. This system ~ The allowed values oy, S Seir, S' and the corre-
can be described in terms of the three exchange constant$Ponding eigenvalues, as given by eq 10, are presented in
Ji, J», andJs as shown in Chart 2. The exchange constant Table 2. The molar magnetic susceptibilityn] for this
between Cpand Cuy is set equal to zero because of the large (CUF*)a tetrad is then obtained by substituting the energies

distance (5.42 A or eight bonds). of Table 2 into eq 2, as given below:

For polyanionl the expanded spin exchange Hamiltonian 5
has the form shown in eq 8 with the spin exchange coupling "= (M)(é) (11)
constants), J,, andJ; as indicated above. k(T — ©)/\B

T = — . g1 — . .S — whereA = exp(X + 5y) + exp(5y + 22) + exp(X + 3y)
= TUSSE XS T 2USS S, 812]‘] . 8 + exp(3/ + 22 + exp(X+ 22 + exp(X+2y+22 +5
{SS] (®) exp(X + 6y + 22) + 5 exp(X + 4y + 22) andB = exp(X

By definingSiy =S+ S, S:=S+ S Su =S+ +y) + exply + 22) + 3 exp(X + Sy) + 3 exp(y + 22 +
S, andS’ = S + Sy and following the vector-coupling 4 exp(X + 3y) + 4 exp(3 + 22) + 3 exp(X + 22) + 3
method?! the eigenvalues of the Hamiltonian in eq 8 are €XP(X+ 2y +22) + 5 exp(X + 6y + 27) + 5 exp(X + 4y

found as follows: + 22) with x = J/KT, y = /KT, andz = Jg/KT.
Figure 9 shows a plot ofm vs T for K;/Na-1. It is seen
E(S.S1.525:11:5.5:S)) = —d[S51(Ssy + 1) — thatym slowly increases from about 0.02 emmol~* at 150
S.4(S,y+ 1) — S(S,+ 1)] — JZ[ST(ST+ 1) - K to ~0.04 emumol™! at 60 K and then exponentially to

~0.7 emumol~! at 1.8 K. The inset shows a plot 9f,T vs
S31(Sar T 1) =SS+ D+ S(S+ D] - T over the same temperature region. The almost constant
J3[Si1(Sip + 1) = S(S+ 1) = S(Sy + 1)] (9) ¥mT value of~2.45 emuK-mol~2 in the 60-150 K region
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indicates the joint role of botB" = 1 andS™ = 2 spin states, (a)
as discussed in the following section. The fitted curve is

shown as the solid line in Figure 9. The agreement is again
considered satisfactory. The best-fit parametersgase= .
2.5664 0.001,J; = 2.78+ 0.13 cn1* (3.994 0.19 K), J, -E /1,
= —1.354+ 0.02 cnm! (—=1.95+ 0.03 K), J; = —2.24+
0.06 cmt (—3.23+ 0.09 K), and® = —0.072+ 0.001
cm ! (—0.1044 0.002 K). Thegis, of 2.566 and theys, of
2.440 from EPR measurements (vide infra) agree with each

other within experimental error. Again, the small magnitude iy ——

of ® indicates the presence of very weak intercluster o 08 'O'i ,J'°'4 02 00

interactions. Note that the magnitudes of alalues are o

comparable, so the Gunoiety in 1 is a frustrated system (b) 1) =075

with many low-lying excited states. 4‘&
Although there is a possibility of a weak bond between 1 3,10 :

Cw; and Cugw) (Cus-Cuway = 2.766 A), only indirect 21 :

pathways are available for electronic coupling betweeff Cu 12 : °

ions of 1. The reason is that the orbitals bearing the unpaired -E 1 J; 01 12 : 6

electrons (3@, for Cuyry and Cu and 3¢, for Cw) are 8

directed along the CtOgq(ax vectors. The magnetic suscep- -2 S

tibility measurements oK;Na-1 indicate the presence of !

both ferromagnetic and antiferromagnetic interactions in the -4 n .

(Cuw?h), tetrad, the latter being dominant. The observed mag- 10 08 'O'GJ /J’O“’ 0z 00
nitudes and signs of the exchange parameigrd;, andJ; 2
Figure 10. E/J; of the 12 spin states df as a function of (aJs/J; at a

~3 ~— ~— L i

( 3, 2, and 1em™, reSpe?tlveI_y) (_:an be CorrglatEd fixed value ofJ,/J; = —0.5 and (b)J,/J; at a fixed value ofl3/J; = —0.75.

to the arrangement of the four €uons in1in the following The vertical dashed lines correspond to the experimental valudgJaf

way. andJy/Jy, respectively. Table 2 should be consulted to identify the 12 states.
Cu; is bonded to Cyand Cuy through two bonds in-

volving an oxygen atom of the AsMs; fragment with a

Cuy—0O—Cus (Cupy—0O—Cuws) bond angle of 889 Hence,

as predictetf the exchange coupling constaht(~3 cn?)

field splitting D, was obtained through EPR measurements
as discussed below. EPR spectra of b¢thla-1 andNag-2
were analyzed using the spin Hamiltonian shown in eq 12.

is positive and has a larger magnitude in comparisodsto 7= S.D-S + H-q-S 12
andJ,. Since Cy and Cy are coupled through four bonds n pH-g (12)
involving Cus and two oxygen atoms of each As®é; HereST is the total spin operatoR is the zero-field splitting

fragment,|Js| < |Ji]. J> has a smaller magnitude thanand parameter, and, 3, andH were defined earlier. The possible
Js as Cy is coupled to Cuand Cu via six bonds involving  spin states correspond to a total sin= 3/2 or 1/2 for2
two tungsten and three oxygen atoms of each AGWunit. and 0, 1, or 2 forl. Here we neglect the hyperfine structure
The presence of overall antiferromagnetic interactions in the due to the C8#% nuclei, since it is exchange-averaged as
(Cu?*)4 tetrad of1 indicates that the ground-state spin can mentioned earlier. Also, we do not considenere because
be either 0 or 1. We were unable to attain low enough the variable-frequency EPR analysis shows no other effects
temperatures to ascertain the ground spin state due to veryhat could be related to the exchange interaction. Assuming
small and similar exchange coupling constants. axial symmetry, and the high-field limiggH > D, as is

To predict the ground state, we plotted the energy (given the case here), the solution of eq 12 is straightforvi&iithe
by eq 10) as a function of variodsvalues. Figure 10a shows line centers will be given by the g factor, and each line will
a plot of E/J; as a function ofly/J; at a fixed value ofl,/J; be split into ' components. Fo§ = 1/2 andD = 0, the
= —0.5, while Figure 10b shows a plot Bf/J; as a function spectral positions will be given by
of J/J; at a fixed value ofl3/J; = —0.75. Both of these
plots indicate that for ratiods/J; = —0.75 andl,/J; = —0.5 hw = (g, 28°H,>cos 6 + g 2f°H 2 sif6)2  (13)
the ground spin state of the (&1, tetrad is a mixture of
both triplet & = 1) and singlet® = 0) states. Clearly, the ~ where6 is the angle between the magnetic field and the
S’ = 1 state results from spin frustration. This phenomenon axis of symmetry. FoiS' > 1, each of the peaks will be
has been observed previously for other copper, manganesesplit into 25" components by thé® tensor, the splitting
and iron clusterg42s varying as

EPR SpectroscopyAdditional verification of the disposi-
tion of the various spifrspin interactions, and also the zero-

(25) McCuster, J. K.; Schmitt, E. A.; Hendrickson, D. N. Magnetic
Molecular Materials Gatteschi, D., Kahn, O., Miller, J., Palacio, F.,
Eds.; NATO ASI Series; Kluwer Academic Publishers: Dordrecht,

(23) Hodgson, D. JProg. Inorg. Chem 1975 19, 173. The Netherlands, 1991; Vol. 198.
(24) Gamez-Garcia, C. J.; Coronado, E.; B&tAlmenar, J. Jnorg. Chem. (26) Abragam, A.; Bleaney, BElectron Paramagnetic Resonance of
1992 31, 1667. Transition lons Dover Publications: New York, 1970.
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v =34 GHz
T=4K

Experiment

Intensity

1.1

H(T)
Figure 11. Experimental and simulated Q-band (34 GHz) powder EPR
spectra ofNag-2 at 4 K. The numbers 2, 3, and 4 represent parallel peaks,
while the numbers '2 3, and 4 represent perpendicular peaks, and the
numbering refers to Figure 13b.

D3 cos6 — 1) (14)

Thus, for anS" = 3/2 state and a powder pattern fgfiH >
D the spectrum should consist of a triplet aroupdand
another agp, the triplet separation beind>2on theg, peak
andD on thegp peak.

Kortz et al.

1.25
Na,[Cu.Na (H,0) (a-AsW,0, ),] (Na,-2)
1.20 o Experimental data
Theoretical fit
S
» 1.15 1
3
I
1.10
1.05 T T T T
0 30 60 90
Angle (deg)

Figure 12. Comparison of the experimental angular dependend&agl

with theory for theST = 3/2 state. The solid lines represent the calculated
line positions, and the circles are experimental data from the Q-band EPR
spectra at 4 K.

the applied field direction to get maximum separation be-
tween the three fine structure peaks. X-ray diffraction
studied? confirm that this direction is the molecul@s axis.

The angular dependence of tBe= 3/2 state transitions as

a function of crystal orientation relative to the applied
magnetic field H) was carried out at 4 K. The resulting
resonance field positions were then simulated by employing

Figure 11 shows the experimental and simulated Q-banda full-matrix diagonalization method of each of the fine

(34 GHz) powder EPR spectrum d&ag-2 at 4 K. The

structure transitions of th&" = 3/2 state at each anglé)(

spectrum is characteristic of a quartet state correspondingover the range 990°. Experimentally determined spin-
to S’ = 3/2. The peak assignment is made using the energyHamiltionian parameters (tabulated in Table 3) were used

level diagram shown in Figure 13b. We note that the Zee-

man transitions of th&" = 1/2 state (labeled 1 and)lare
superimposed with peaks from thd = 3/2 state. In
conformity with eq 14, forS' = 3/2, we observe three
transitions, labeled 2, 3, and 4 on tge= 2.060+ 0.005
component and'23, and 4 on thegy = 2.243+ 0.005
component. Indeed, the triplet splitting i$Zor g, and
ID| = 2304 5 G (0.0234 0.005 cm?) for gn. These data

are listed in Table 3. The geometrical arrangement of

CuOQ, groups in polyanior? is such that their perpendic-
ular directions agree with th€; axis of the heteropoly-

in the simulation. Figure 12 provides a comparison of the
theoretical (solid curves) and experimental (open circles)
resonance fields of the quartet state transitions with respect
to the angle. At an anglé = 55 + 5° the three resonance
lines collapse to one based roughly on the 3?dbs- 1
dependence of the zero-field splitting. The agreement
between experimental and calculated line positions is con-
sidered to be satisfactory.

When the applied frequency is increased to the W-band
(~95 GHz), theg tensor components further separate,
providing more resolution and hence more information about

anion while the parallel directions are perpendicular to the the magnetic system. Because of weak spin exchange

C; axis. If g(m) represents thg matrix for a CuQ group
andg in eq 12 represents the molecutamatrix, assuming
each Cd" ion has the samg(m) and go(m) values, the
relation between them can be writtéh'*asg, = g-(m) and
oo = [g(m) + go(m)]/2. g(m) andgn(m) values can then be

interaction, eventad K (Figure 13a), the Zeeman transitions
arising from both theS" = 1/2 andS' = 3/2 states are
observed. Zeeman transitions between the spin multiplets of
1/2 and 3/2 are not observed as they are forbid@&while

the parallel component of tHe = 1/2 Zeeman transition is

calculated as 2.426 and 2.060, respectively, using thewell resolved, the perpendicular component falls partially

above-mentioned, andgp values. Theg(m) > go(m) > Qe
pattern proves that the unpaired electron resides inghed
orbital.

In our single-crystal EPR experiments Nig-2 at the
Q-band, the crystat-axis was aligned 10with respect to

under the first perpendicular fine structure line of the quartet
state. The spin Hamiltionian parameters of $he= 1/2 state
are, thereforeg, = 2.117 andyn = 2.254. Simulation of the

4 K EPR spectrum with the experimental spin Hamiltonian
parameters (lower panel of Figure 13a) is considered to be

Table 3. Spin Hamiltonian Parameters for Compourtts\a-1 and Nag-2 from EPR and Magnetic Susceptibility Measurements

EPR magnetic susceptibility
compd g i ao ID| (cm™?) Oiso J(em™)
K7Na-1 1 2.221+ 0.005 2.550t 0.005 0.073+ 0.005 2.566+ 0.001 J1=2.78+0.13
2 2.089+ 0.005 2.210t 0.005 0.016+ 0.005 J,=—1.35+0.02
Jzs = —2.24+ 0.06
Nag-2 1/2 2.117+ 0.005 2.254+ 0.005 2.208t 0.001 —1.36+0.01
3/2 2.060+ 0.005 2.243t 0.005 0.023t 0.005
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(a) 11 v =93.165 GHz
\ T=4K
Experiment
2 ;4 3 2
‘® -
c
k) 2D
c . -
- Simulation
2.85 3.00 3.156 3.30
H(T)
(b) 3 Figure 15. Variable-temperature EPR spectrakofNa-1 at the X-band
(9.5 GHz).
S" Mgr
3/2 £3/2 112
- T,
172 (=1, —— Experiment
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Figure 13. (a) Experimental and simulated W-band= 93.165 GHz) ’ T=4K
powder EPR spectra dflag-2 at 4 K. (b) Energy level diagram and the 0.9 T 110 T 111 T 112 T 113

expected EPR transitions.
H(T)

Figure 16. Experimental and simulated Q-band (34 GHz) powder EPR
spectra ofK;Na-1 at 4 K.

K. The compressed distortion can therefore be considered
as due to a static JahiTeller effect. Figure 16 shows the
34 GHz powder EPR spectrum &f;Na-1 at 4 K. The
spectrum can be analyzed as a superpositio® ef 2 and

S' = 1 spin states, and the analysis outlined in egs 13 and
14 is applicable here as well. The axial quartet pattern
centered afj = 2.20 corresponds to fine structure transitions
of the S" = 2 state, and the doublet at the largpwalue
(lower field) corresponds to the perpendicular transitions of
theS™ = 1 state. While the results are somewhat approximate,
due to a lack of knowledge of other possible excited states,
computer simulation of the Q-band spectrum (dashed line

quite satisfactory. The temperature dependence of the W-in Figure 16) agrees to within experimental error. The
band spectrum is shown in Figure 14. As the temperature ismagnetic parameters are summarized in Table 3.
lowered, the parallel peak centered at 2.117 grows in We note that they value (2.550) for thes” = 1 state of
intensity, thus confirming that the doublet spin state is in K7Na-1is unusually large for a Cti system. This might be
fact the ground state.t4 K the fine structure line intensity @ result of the fact that there are several states in close
shifts into the outermost parallel and perpendicular peaks, proximity to theS" = 2 levels, and hence, the standard notion
indicating a positive sign for thB value, and therefore that ~ of the effective spin Hamiltonian might not be valid. This
Mg = +1/2 is the lower energy state. point thus needs further investigation.

As discussed earlier, the presence of a fourtf"Gen in
1 changes the possible spin stat¥sto 0, 1, and 2. Variable-
temperature EPR spectra KfNa-1 were collected at the We have synthesized and structurally characterized the
X-band (see Figure 15) to check if the compressed distortion novel tetra-copper-substituted heteropolyaniorThe title
at its Cuy site is a result of a dynamic Jahiteller effect?’ . : : : —
Analysis of these EPR spectra shows that there is no changd®” aglpa‘;‘r'i;;n!\lmf”,:e'\"eﬂgﬂe,i’.;Ebaf,'ie';” J'\./IaEk.);b?-iaII:c'ro%\'/’, ,Ff,la(ﬂ%‘gsv S
in the EPR line positions over the temperature rang8@D Chem., Int. Ed1998 37, 2221.

Figure 14. Temperature dependence of the W-band=(93.165 GHz)
EPR spectrum oNag-2.

Conclusions
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polyanion1 represents the first tetrasubstituted member of romagnetically coupled Gt ions, whileK;Na-1 has both
the class of lone-pair-containing, transition-metal-substituted, ferromagnetically and antiferromagnetically coupled®Cu
sandwich-type polyoxoanions. It is closely related to the tri- ions. However, in both compounds the dominant antiferro-
copper-substituted derivativesandla. The former exhibits magnetic interactions result in ground-state spinSlof=
ideal D3, symmetry, whereas the latter is a distorted species 1/2 inNag-2 andS' = 1 in K;Na-1 In summary, our studies
with Cs symmetry. It seems that the ratio of TIAsSWOzs3 show that the magnetic and electronic propertiek gfa-1
plays an important role, but so do the different counterions andNay-2 are markedly different from each other, in contrast
(Na" vs K*). The latter underlines once again the important to what has been reported in the literatit&€ Moreover,
role of cations in polyanion synthesis and crystallization. these polyanions are some of the rarest ones wherein one is
With the current work we showed that the tri-copper- able to fully characterize by EPR the ground state as well
substituted specieka can be stabilized by incorporation of as the excited spin levels. We believe that this study will
an additional copper(ll) ion instead of a potassium ion, elicit further theoretical as well as synthetic investigations.
resulting in1. Our results also indicate that the dimeric,

sandwich structural type df, 1a, and2 is stabilized better ~ Acknowledgment. X-ray measurements were made dur-
by copper(ll) ions than any other first-row transition metal. N9 @ visit of U.K. to the laboratory of Prof. M. T. Pope at
Currently, we are investigating if the antimony(lll), selenium- Georgetown University. U.K. thanks the Georgetown Uni-
(IV), and tellurium(lV) derivatives ofl can also be synthe- versity Chemistry Department for allowing use of the X-ray
sized. Meanwhile, we have isolated a derivative bf  diffractometer. Figures 17 were generated by Diamond
containing five copper(ll) centers, which will be reported Version 2.1b (copyright Crystal Impact GbR).

shortly. Currently, we are in the process of investigating if Note Added after ASAP: This paper was posted ASAP
even six copper(ll) ions can be incorporated into the above on December 9, 2003, with incorrect author affiliation

structural type, which would represent the firsts@uown- indicators. The version posted on December 17, 2003,

SUbSt'tUte.d polyoxometalate. . contains the correct indicators.
The unique arrangement of the four copper(ll) centers in

1 results in a novel magnetic exchange fragment in poly-  Supporting Information Available: One X-ray crystallographic
oxoanion chemistry. Our magnetic studies support the X-ray file in CIF format. This material is available free of charge via the
structure and also provide insight into the magnetic exchangelnternet at http://pubs.acs.org.

within the Cy trimer in2 and the Cutetramer inl. Magnetic

susceptibility and EPR studies show tiNgy-2 has antifer- IC034697B
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