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The MnII (1) and NilI (2) members of the family [M4(H20)2(P2W15056)2]16 (M = Co", Cu", Zn") have been 
synthesized and characterized by X-ray single-crystal analysis (for 1) and magnetic measurements. These compounds 
are isostructural to the CuI1 and ZnI1 derivatives (Na,6[Mn4(H20)2(P2Wl5o~6)2].53H~o (l), triclinic, Pi, a = 
14.31(3) A, b = 14.675(4) A, c = 20.363(9) A, a = 83.44(3)", 6 = 80.61(7)', y = 73.85(6)", Z = 1; Nal6[Ni4- 
(H20)2(P2W15056)2].52H20 (2), triclinic, Pi, a = 13.73(2) A, b = 13.79(1) A, c = 21.52(7) A, a = 90.7(2)", 6 
= 96.5(2)", y = 119.1(1)", Z = 1) and comprise a rhomblike M4O16 group (M = MnII, Ni") encapsulated between 
two fragments of the trivacant Dawson-Wells polyanion [PZw15056] 12-. The crystal structure of the MnI1 derivative 
has been solved and compared with that of the CuI1 and ZnI1 derivatives. The MnI1 derivative exhibits antiferromagnetic 
Mn-Mn exchange interactions ( J  = -0.7 cm-l, J' = -0.2 cm-l) and an S = 0 ground state. In turn, the Nil1 derivative 
shows ferromagnetic exchange interactions within the Ni4O16 entity ( J  = 8.3 cm-l, J' = 3.5 cm-l) and an S = 4 
ground state, the highest spin state reported in a heteropoly complex. These magnetic properties are discussed in 
connection with the structure and compared with those of other tetranuclear clusters of manganese and nickel, as 
well as with the copper derivative of the same series. 

Introduction 

One of the abilities of the polyoxometalate anions is that of 
acting as ligands accommodating magnetic clusters of transition 
metal ions between diamagnetic moieties of these molecular metal 
oxides.' This characteristic, exhibited in particular by polyoxo- 
metalates structures that are deficient in one or more MO6 
octahedra, together with the possibility of assembling these 
complexes, can be exploited in order to isolate clusters containing 
increasing numbers of exchange-coupled spins, which is one of 
the most exciting goals in molecular magnetism. 

In this frame, the trivacant heteropoly ligands [PW9034l9- 
(derived from the Keggin structure2) and [P2W15056]l2- (derived 
from the Dawson-Wells structure') have given rise to a rich variety 
of compounds showing magnetic nuclearities of three,4s5 four,6s7 
five,* six,9 and nine.1° Among them, the polyoxometalates 
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formulated as [ M ~ ( H Z O ) ~ ( X W ~ O ~ ~ ) ~ ] ~ ~  (X = P, As; M = Co", 
Cu", Zn", Mn") and [M4(H20)2(P2W150~6)2]16 (X = P; M = 
Co", CuII, Zd1) constitute two extensive series of compounds in 
which a tetranuclear magnetic cluster M4016 is encapsulated 
between two trivacant heteropoly fragments. This heteropoly 
framework guarantees an effective magnetic isolation of the 
cluster, imposing at the same time a rhomblike geometry for 
which interesting situations of orbital orthogonality or spin 
frustration are favored. Thus, the Co*I clusters exhibit ferro- 
magnetic exchange interactions, while in the CuI1 clusters these 
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interactions are antiferromagnetic, although spin frustration gives 
rise to a ground state which contains the intermediate spin S = 
1. 

With the aim of extending theses series to other magnetically 
interesting ions, we have recently undertaken the investigation 
of NiII and MnII complexes with the Keggin fragment. In the 
former case an unexpected polyoxotungstate containing a 
triangular Ni cluster with ferromagnetic exchange interactions 
has been obtained," while for the manganese member the usual 
polyoxoanion structure containing an antiferromagnetic Mn4016 
cluster has been found.7e We have also found that, in the the CulI 
systems, the Keggin derivative is less stable than the Dawson 
derivative, giving rise (at T I 60 "C) to a Keggin-reconstituted 
heteropolyanion formulated as [ P W I ~ C U Z ( H ~ O ) ~ O ~ ~ ] ~ -  which 
contains pairs of CuO6 octahedra sharing edges or a vertex.12 Up 
to now, in the Dawson series only the Cur1 and, very recently, the 
ZnlI derivatives have been structurally characterized.6fsg With 
the aim of enlarging this second series, and answering some of 
the questions which arose when the structure of the Cu" derivative 
was solved, we report here the synthesis, X-ray structure, and 
magnetic characterization of the MnlI and Ni" members of this 
series (hereafter abbreviated as 1 and 2, respectively). 
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Table 1. Crystallographic Data for 
N ~ I ~ [ M ~ ~ ( H ~ O ) ~ ( P Z W I ~ ~ S ~ ) Z ~ . ~ ~ H ~ ~  (1) 

chem formula M ~ ~ P ~ W ~ O O I ~ ~ H I ~ O N ~ I ~  fw 9009.72 
a = 14.31(3) A 
b = 14.675(4) A T = 2 2 O C  
c = 20.363(9) A 
ct = 83.44(3)' 
p =  80.61(7)' 
y = 73.85(6)" 
V = 4042(8) As 
z = l  

a R E E111301 - IFcll/cIFol. 

space group (No.) PI (2) 

X = 0.710 73 A 
pcpld = 3.679 g cm-3 
p = 221.994 cm-1 

R , ( F ~ ) ~  = 0.093 
R(F~)'  = 0.071 

Rw = (cw(lFoI - IFc1)2/x&dz)1/z. 

was determined to be Pi (No. 2).14 All calculations were performed on 
a VAX computer using MolEN.I5 The structure was solved by direct 
methods using MULTANL6 and was developed with successive full-matrix 
least-square refinements and difference Fourier syntheses, which showed 
all the remaining atoms. Only the 8584 reflections with I t  341) were 
used in the refinements. Atomic parameters and selected bond distances 
and angles for 1 are given in Tables 2-4, respectively. (In order to facilitate 
structural comparisons we have chosen a labeling scheme analogous to 
that used in the structure of the CUI1 and ZnI1 derivatives.) A remarkable 
feature in the structure solution is that, as in the CulI and ZnI1 derivatives, 
we found two complete and identically oriented Wls frameworks partly 
overlapping in the E map of the highest figure of merit. As Weakley and 
Finke,6' we introduced the averaged coordinates of each couple of 
equivalent W atoms in the two sets. Once this was done, successive 
Fourier differences showed all the Mn, P, 0, and Na atoms (the Na 
atoms are distributed on 20 sites with refined occupancy factors ranging 
from 0.4 to 1). Finally, up to 50 water molecules were also found by 
successive Fourier differences (thermal analysis indicates, as in the CuI1 
derivative, the presence of 53 molecules of water). 

Spectral and Magnetic Measurements. IR spectra were recorded on 
a Perkin-Elmer 882 IR spectrophotometer. The magnetic measurements 
were carried out on crystalline powder samples with a magnetometer 
(905 VTS, SHE Corp.) equipped with a SQUID sensor. The temperature 
range was 2-300 K, and the magnetic field was 0.1 T. The experimental 
susceptibility data were corrected in order to obtain an approximately 
constant value of the xmT product at  high temperatures (above 200 K). 
These corrections account for diamagnetism of the samples and 
temperature-independent paramagnetism (TIP) contributions. 

Structural Results 

Crystal Structure of Nala[Mn4( H20)2(PzW1S0~)2].53H20 ( 1 ). 
The [Mn4(H20)2(P2W150~6)~]1~anion has thegeneral structure 
proposed earlier for the [ M ~ ( H ~ O ) Z ( P ~ W I J O S ~ ) ~ ] ~ ~  series and 
confirmed recently by Weakley and Finke for the Curl and Zn" 
derivatives6fsg (Figures l a  and 2): Two ( Y - P ~ W I ~ O ~ ~ - ~ ~  units each 
share seven oxygen atoms (one with P2) with a central set of four 
edge-sharing MnO6 octahedra. The four Mn atoms lie in the 
same plane and form a centrosymmetric regular rhomblike cluster 
with sides of 3.288(7) and 3.291(6) A, a shortest diagonal of 
3.352(7) A, and angles between Mn atoms very close to 60 and 
120" (Figure lb). The anion has a charge of -16, since two 
water molecules (070) are coordinated to two Mn atoms, all the 
other oxygens (01-056) being oxide ions. Other structural 
features andcomparisons with the series [M4(H20)2(PW9034)z]10- 
have been very clearly established by Weakley and Finke.6f-g 
Nevertheless, there are some new interesting features that are 
worthwhile to compare with the CUI] and Zn" congeners in order 
to answer some of the questions arisen when its structure was 
solved: 

(1) The most important difference between the CuII complex, 
on one hand, and the MnI1 and Zn" complexes, on the other, is, 
as expected, the absence of Jahn-Teller distortions in the MO6 

(14) International Tables for Crystallography; Hahn, T., Ed.; D. Reidel 
Pub. Co.: Dordrecht, The Netherlands, 1983; Vol. A (Space Group 
Symmetry). 

(1 5 )  MolEN, An Interactive Structure Solution Procedure. Enraf-Nonius, 
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(16) Main, P.; Germain, G.; Woolfson, F. MULTAN-11/84, a System of 
Computer Programs for the Automatic Solution of Crystal Structures 
from X-Ray Diffraction Data. University of York, 1984. 

Experimental Section 

Synthesis. Both compounds were synthesized by a modification of the 
method reported by Finke et al." for the ColI and ZnI1 salts of the series 
[M~(H~O)~(P~WI~O~~)Z]~~: 2.5-mmol amount of NiCIy6H20 (0.5943 
g) was added to 50 mL of a 1 M solution of NaCI, and then 4 g of 
N a 1 ~ P ~ W 1 5 0 5 ~ 1 8 H ~ 0  (prepared according to ref. 6e) were slowly added 
to this green solution, which was heated at 60 OC during several minutq 
until the solution became transparent. Slowly cooling of this solution 
gave pale green rhomblike prismatic crystals that were recrystallized 
from water at room temperature. These crystals are stable in open air. 
The MnI1 derivative was synthesized by a similar method, using 2.5 mmol 
of MnCly4HzO (0.4948 g) and heating at T <  50 OC (the use of the MnI1 
and NilI nitrates gives similar results). The orange solution was warm 
filtered thorough paper and allowed to crystallize at room temperature, 
resulting in the formation of orange rhombic prismatic crystals. These 
crystals, very soluble in water, were also recrystallized in water at room 
temperature. In contrast to the nickel compound, the orange manganese 
crystals partially decompose and lose crystallinity when extracted from 
their mother liquor and stand in open air. The IR spectra of both 
compounds are very similar and closely resemble those showed by the 
Co", Cu", and ZnII derivatives of the same series.& After the compounds 
were dried several weeks at room temperature, the weight loss at 200 OC 
corresponds to 53 and 52 water moleculesfor the MnIIandNiIIcompounds, 
respectively (compared to 53 and 46 in the CUI] and Co" derivatives, 
respectively). Anal. Calcd for N~I~[M~~(Hz~)z(P~W~~O~~)Z].~~HZO: 
Mn, 2.44; W, 61.22; Hz0, 10.60. Found: Mn, 2.44; W, 61.81; H20, 
10.63. Anal. Calcd forNal6[Ni4(H2O)z(P2w,5o56)2].52H20: Ni, 2.61; 
W, 61.24; H20,  10.40. Found: Ni, 2.78; W, 61.86; HzO, 10.35. 

X-ray Crystallography. An orange crystal of the manganesecompound 
having approximate dimensions of 0.97 X 0.54 X 0.24 mm3 was taken 
directly with its mother liquor, sealed in a Lindemann glass capillary, and 
mounted on an Enraf-Nonius CAD4 diffractometer equipped with a 
graphitecrystal, incident beam monochromator. Preliminaryexamination 
and data collection were performed with Mo Ka radiation. Cell constants 
and an orientation matrix for data collection were obtained from least- 
squares refinement, using the setting angles of 25 reflections. During 
data collection three standard reflections were measured every 1 h and 
showed no significant decay. Lorentz, polarization, and a semiempirical 
absorption correction ($-scan method)l3 were applied to the intensity 
data. Other important features of the crystal data are summarized in 
Table 1 and Table S3 of the supplementary material. The space group 

G6mez-Garcfa, C. J.; Coronado, E.; Ouahab, L. Angew. Chem., Int. Ed. 
Engl. 1992, 31, 649. 
G6mez-Garcia. C. J.; Coronado, E.; G6mez-Romero, P.; Casafi-Pastor, 
N. Inorg. Chem.,1993, 32,89-93. 
North, A. C. T.; Philips, D. C.; Mathews, F. S. Acta Crystallogr., Sect. 
A 1968, 24, 351. 
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Table 2. Positional and Thermal Parameters for Na1s[Mn4(H20)2(P2W,5o~~)2].53H20 (1) 

G6mez-Garcia et al. 

atom X Y z B. (A2) atom X Y z B. (A21 
w1 
w 2  
w 3  
w 4  
w 5  
W6 
w 7  
W8 
w 9  
w10 
w11 
w12 
W13 
W14 
W15 
Mnl 
Mn2 
P1 
P2 
Na 1 
Na2 
Na3 
Na4 
Na5 
Na6 
Na7 
Na8 
Na9 
NalO 
0 1  
0 2  
0 3  
0 4  
0 5  
0 6  
0 7  
0 8  
0 9  
010  
0 1  1 
012  
013  
014  
0 1 5  
016  
017 
018 
019 
020  
021  
022  
0 2 3  
024  
025  
026  

0.9709( 1) 
0.8163(1) 
0.7563( 1) 
0.96380(9) 
0.8 136( 1) 
0.5811(1) 
0.5213(1) 
0.6882( 1) 
0.89916(9) 
0.83452(9) 
0.68387(9) 
0.45345(9) 
0.39293(9) 
0.55828(9) 
0.76908(9) 
0.4559(3) 
0.6056(3) 
0.7503(6) 
0.6079(5) 

-0).096( 1) 
0.029(2) 

-0.179(2) 
-0).261(2) 
-0.194(3) 

0.005(2) 
-0.196(3) 
0.000 
O.OOl(3) 
0.410(2) 
1.085(2) 
0.838(1) 
0.744(2) 
0.804(2) 
0.941 (2) 
0.900( 2) 
0.775(2) 
0.988( 1) 
0.948( 1 ) 
0.850(2) 
0.683(1) 
0.631 (2) 
0.749(1) 
0.805(1) 
0.642(1) 
0.758( 1) 
1.083(2) 
0.836(2) 
0.470(2) 
0.434(2) 
0.656(2) 

0.684( 1) 
0.949( 1) 
0.936( 1) 
0.507(2) 

l.OOO(2) 

0.13719(9) 
-0.00244(9) 
0.17349(9) 
0.19959(8) 
0.06224(8) 
0.10192(8) 
0.27440(9) 
0.42593(9) 
0.39094(8) 
0.37593(8) 
0.23640(8) 
0.27557(8) 
0.45199(8) 
0.60062( 8) 
0.5641 5(8) 
0.3472(3) 
0.48 19(3) 
0.2355(5) 
0.4270( 5) 

-0.237(1) 
-0.145(2) 

0.224(2) 
-0.1 19(2) 
0.359(2) 
0.329(2) 

-0.1 18(2) 
0.500 
0.363(2) 
0.988(2) 
0.103(2) 

-0.123(1) 
0.162(2) 
0.163(1) 
0.018(2) 
0.149(2) 
0.044(2) 
0.134( 1) 
0.268( 1) 
0.007( 1) 
0.034( 1) 
0.196( 1) 
0.303(1) 
0.203(1) 
0.229( 1) 
0.332(1) 
0.179(2) 

-O.042( 1) 
0.992(2) 
0.286(2) 
0.491(2) 
0.432(2) 
0.073(1) 
0.308( 1) 
0.082(1) 
0.155(1) 

0.13269(7) 
0.19125(7) 
0.069 18(7) 
0.30526(6) 
0.36249(7) 
0.29430(7) 
0.17527(7) 
0.1 1176(6) 
0.17 3 3 l(6) 
0.43600(6) 
0.49285(6) 
0.42439(6) 
0.30584(6) 
0.24399(6) 
0.30691 (6) 
0.5857(2) 
0.5312(2) 
0.2301(4) 
0.3764(4) 
O.lOO(1) 
0.077(2) 

-O.126( 1) 
0.499(1) 

-0.068(2) 
-O.009( 1) 

0.036(2) 
0.500 
0.824( 1) 
0.508(2) 
0.092( 1) 
0.1 89( 1) 

0.178(1) 
0.153(1) 
0.059( 1) 
0.108(1) 

0.127( 1) 
0.277( 1) 
0.227( 1) 
0.1 15(1) 
0.068( 1) 
0.2911(9) 
0.245( 1) 
0.203(1) 
0.314(1) 
0.415(1) 
0.679(1) 
0.122(1) 
0.039( 1) 
0.139( 1) 
0.347( 1) 
0.246( 1) 
0.349(1) 
0.223(1) 

-0.010(1) 

0.221 (1) 

1.75(3) 
1.84( 3) 
1.86(3) 
1.36(3) 
1.42(3) 
1.53(3) 
1.66(3) 
1.60(3) 
1.45(3) 
1.07(2) 
1.02(2) 
1.05(2) 
1.27(3) 
1.34(3) 
1.23(2) 
1.5(1) 
1.23(9) 
1.3(2) 
1.0(2) 
2.7(4) 
7.5(8) 
5.9(7) 
7.2(7) 

W 1 )  
9.3(9) 
8(1) 
4.5(7) 

10(1) 
12(1) 
3.0(5)* 
1.5(4)* 
2.7(5)* 
1.9(4)* 
2.3(4)* 
3.0(5)* 
4.0(6)* 
1.7(4)* 
1.7(4)* 
1.8(4)* 
1.6(4)* 
2.2(4)* 
1.3(4)* 
0.8(3)* 
1.5(4)* 
0.9(3)* 
2.4(5)* 
2.0(4)* 
2.3(4)* 
2.8(5)* 
2.6(5)* 
2.6(5)* 
1.8(4)* 
1.1(3) * 
1.6(4)* 
2.1(4)* 

027  
0 2 8  
029  
0 3 0  
0 3  1 
0 3 2  
0 3 3  
0 3 4  
035  
036  
037  
0 3 8  
0 3 9  
040  
0 4  1 
042  
0 4 3  
0 4 4  
0 4 5  
046  
047  
048  
049  
050  
0 5  1 
052  
0 5 3  
0 5 4  
055  
0 5 6  
0 7 0  
0101 
0102 ' 0103 
0104 
0105 
0106 
0107 
0108 
0109 
0110 
0111 
0112 
0113 
0114 
0115 
0 1  16 
0 1  17 
0118 
01 19 
0120 
0121 
0122 
0124 
0125 

0.583(2) 
0.822(2) 
0.901 ( 1) 
0.771 (2) 
0.488(1) 
0.546( 1) 
0.641( 1) 
0.830(1) 
0.943(2) 
0.692(1) 
0.388(2) 
0.289(2) 
0.508(2) 
0.854(2) 
0.692(1) 
0.532(1) 
0.650(1) 
0.805( 1) 
0.577(1) 
0.367( 1) 
0.477(2) 
0.680(2) 
0.834(1) 
0.444(1) 
0.505(2) 
0.747(1) 
0.574(1) 
0.692(1) 
0.636(1) 
0.605(1) 
0.461(2) 
0.060(3) 
0.404(3) 
0.938(3) 
0.138(3) 
0.302(5) 
1.102(4) 
0.260(5) 
0.144(3) 
0.408(5) 
0.528(4) 
0.164(5) 
0.166(4) 
0.041 (4) 
1.093(2) 
0.28 l(5) 
1.226(5) 
0.894(5) 
1 $01 5( 3) 
0.421 (4) 
0.646(4) 
0.776(3) 
1.123(4) 
0.821 (5) 
0.785(4) 

0.372(1) 
0.436( 1) 
0.268( 1) 
0.150(1) 
0.809( 1) 
0.657(1) 
0.5 12( 1) 
0.481(1) 
0.377( 1) 
0.151(1) 
0.201(2) 
0.487( 1) 
0.685(2) 
0.629(2) 
0.350( 1) 
0.380( 1) 
0.482(1) 
0.272( 1) 
0.219(1) 
0.347( 1) 
0.5 17( 1) 
0.630( 1) 
0.453( 1) 
0.502(1) 
0.655( 1) 
0.462(1) 
0.634( 1) 
0.621 (1) 
0.471( 1) 
0.336(1) 
0.193(2) 
0.432(3) 
0.529(3) 

-0.196(3) 
0.665(3) 
0.047(5) 

-0.085(4) 
-0.070(4) 
0.440( 3) 

-0.059(4) 
0.331 (4) 
0.305(5) 
0.404(4) 
0.901(4) 

-0.459(2) 
0.226( 5) 
0.034(5) 
0.234(5) 
0.574(3) 
0.878(4) 

-0.17 l(4) 
-0).321(3) 
4.106(4) 

0.323(5) 
0.547(3) 

0.137(1) 
0.103( 1) 
0.373(1) 
0.426( 1) 
0.652( 1) 
0.758(1) 
0.173( 1) 
0.228( 1) 
0.461 (1) 
0.555(1) 
0.466( 1) 
0.269( 1) 
0.186(1) 
0.289( 1) 
0.404(1) 
0.357( 1) 
0.316(1) 
0.495( 1) 
0.455( 1) 
0.368( 1) 
0.25 1 (1) 
0.246( 1) 
0.357( 1) 
0.569( 1) 
0.319(1) 
0.485( 1) 
0.517(1) 
0.375(1) 
0.631(1) 
0.538( 1) 
0.601(1) 
0.306(2) 
0.1 lO(2) 
0.312(2) 
0.230(3) 
0.377(4) 
0.363(3) 
0.343(3) 
0.0 1 5( 2) 
0.382(3) 

-0).014(3) 
0.387(4) 
0.490(3) 
0.495(3) 
0.103(2) 
0.286(4) 
0.224(4) 

-0.299(4) 
0.392(2) 
0.275(3) 
0.273(3) 
0.119(2) 
0.202(3) 
0.625(4) 

-0.145(3) 

2.0(4)* 
2.0(4)* 
1.5(4)* 
1.8(4)* 
1.4(4)' 
1.4(4)* 
1.3(4)* 
1.4(4)* 
1.8(4)* 
0.8(3)* 
2.4(5)* 
2.1(4)* 
3.3(5)* 
2.3(4)* 
1.1(3)* 
1.2(4)* 
1.5(4)* 
1.1(3) * 
1.2(4)* 
1.4(4)* 
1.8(4)* 
1.9(4)* 
1.3(4)* 
0.8(3)* 
2.0(4)* 
1.3(4)* 
0.9(3)* 
1.6(4)* 
1.1(3)* 
1.5(4)* 
3.0(5)* 

8(1)* 
7(1)* 

10(1)* 
17(2)* 
12(2)* 
16(2)* 
9(1)* 

15(2)* 
13(2)* 
17(2)* 
12(2)* 
11(2)* 
5.4(8)* 

17(2)* 
17(2)* 
17(2)* 
8(1)* 

13(2)* 
12(2)* 

13(2)* 
18(3)* 
11(1)* . 

7 ~ *  

a Starred B values are for atoms refined isotropically. Anisotropically refined atoms are given in the form of the isotropic equivalent displacement 
parameter defined as (4/3)[a2B(l,l) + b2B(2,2) + cZB(3,3) + &(cos y)B(1,2) + ac(cos 8)8(1,3) + bc(cos a)B(2,3)]. 

octahedra for the Mn" and ZnI1 derivatives. Thus, while in the 
CuII complex the axial distances (2.31(4)-2.61(4) A) are 
significantly larger than the equatorial ones (1.89(3)-2.08(4) 
A), in the MnII and ZnII compounds these distances are more 
homogeneous: axial distances range from 2.13(2) to 2.24(2) in 
1 (2.08(2) to 2.19(2) A in the ZnlI complex), whereas the 
equatorial ones range from 2.05(2) 8, to 2.26(2) A in 1 (2.02(3) 
to 2.20(2) A in the ZnI1 complex). This feature, already observed 
in the [M4(H2O)2(XW9034)2]lb series, shows the ability of the 
trivacant polyoxotungstate fragments to accommodate magnetic 
clusters of different transition metals presenting, or not, structural 
distortions. 

(2) This absence of the Jahn-Teller effect implies other 
structural differences, already advanced by Weakley and Finke, 
that are now confirmed. These are as follows. 

(i) Although the displacements of the W atoms from the mean 
plane in the six W belt (W10-W15) closest to the M4OI6 cluster 
are of the same nature, they are bigger in the CUI] complex: W 10 
and W13 move toward the metallic cluster (0.007-0.015,0.011- 
0.012, and 0.034-0.047 A in the MnII, Zn", and CUI] complexes, 
respectively), whereas W11, W12, W14, and W15 move away 
from the metallic cluster (0.001-0.010,0.002-0.010, and 0.005- 
0.034 A in the MnII, Zn", and CuI1 clusters, respectively). In the 
other six W belt (W4-W9) we observe the same effect (0.001- 
0.003, 0.003-0.012, and 0.018-0.034 A in the Mn", Zn", and 
CuIIclusters, respectively). It seems clear that these displacements 
are due to the presence of the central M4Ol6 cluster and, 
consequently, they are bigger in the Cutl compound as a result 
of the Jahn-Teller distortions in the Cu4OI6 cluster. In all cases 
the four mean planes formed by three W (Wl-W3), six W (W4- 
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w1-01 
W1-04 
W1-05 
W1-06 
W 1-08 
W1-09 
w2-02 
W1-04 
W2-05 
W2-07 
w2-010 
w2-011 
W3-03 
W3-04 
W3-06 
W3-07 
W3-012 
W3-013 
W4-08 
W4-014 
W4-017 
W4-024 
W4-025 
W4-029 
W5-010 
W5-014 
W5-018 
W5-023 
W5-025 
W5-030 
W6-011 
W6-015 
W6-019 
W6-023 
W6-026 
W6-031 
W7-012 
W4-015 
W7-020 
W7-026 

W7-032 
W8-013 
W8-016 
W8-021 

W8-028 
W8-033 

W9-016 
W9-022 
W9-024 
W9-028 
w9-034 
W10-029 
W10-035 
W10-041 

W7-027 

W 8-027 

W9-09 

1.67(2) 
2.36(2) 
1.90(2) 
1.91(3) 
1.85(2) 
1.84(2) 
1.7 l(2) 
2.37(2) 
1.91(2) 
1.88(3) 
1.91(2) 
1.88(2) 
1.68(3) 
2.40( 2) 
1.96(2) 
1.94(3) 
1.83(2) 
1.87(2) 

2.33(2) 
1.69(2) 
1.87(2) 
1.95(2) 
1.77(2) 
1.95(2) 
2.37(2) 
1.74(2) 
1.90(2) 
1.83(2) 
1.85(2) 
1.96(2) 
2.34(2) 
1.72(2) 
1.89(2) 
1.90(2) 
1.77(2) 

2.3 3 (2) 
1.74(3) 
1.95(2) 
1.91(2) 
1.77(2) 

2.36(2) 
1.73(2) 
1.86(2) 
1.93(2) 
1.79(2) 
2.03(2) 
2.3 7 (2) 
1.73(2) 
1.90(2) 
1.89(2) 
1.79(2) 
2.07(2) 
1.72(2) 
2.37(2) 

2.00(2) 

2.00(2) 

2.01(2) 

W10-044 
W10-049 
W10-052 
W 1 1-030 
W 1 1-036 
W11-041 
W 1 1-044 
W 1 1-45 
W11-056 
W12-031 
W 12-037 
W 12-042 
W 12-045 
W 12-46 
W12-053 
W 13-032 
W 13-038 
W 13-042 
W 13-046 
W 13-047 
W13-055 
W14-033 
W14-039 
W 14-043 
W14-047 
W14-048 
W14-051 
W 15-034 
W 15-040 
W 15-043 
W 15-048 
Mnl *-Mn2* 
Mn2-Mn2* 
W 15-049 
W 15-054 
Mnl-050 
Mnl-05 1 
Mnl-053 
Mnl-054 
Mnl-056 
Mnl-070 
Mn2-050 
Mn2-050* 
Mn2-052 
Mn2-053 
Mn2-055 
Mn2-056 
P1-04 
P1-014 
P1-015 
P1-016 
P2-04 1 
P2-042 
P2-043 

Mnl *-Mn2 
P2-050 

1.93(2) 
1.86(2) 
1.78(2) 
1.99(2) 
1.67(2) 
2.32(2) 
1.95(2) 
1.92(2) 
1.82(2) 
2.03(2) 
1.70(2) 
2.34(2) 
1.90(2) 
1.86(2) 
1.8 1 (2) 
2.08(2) 
1.7 1 (2) 
2.33(2) 
1.96(2) 
1.88(2) 
1.74(2) 
2.05(2) 
1.70(2) 
2.38(2) 
1.89(2) 
1.9 l(2) 
1.76(2) 
2.06(2) 
1.72(2) 
2.32( 2) 
1.91 (2) 
3.288(7) 
3.3 52( 7) 
1.9 l(2) 
1.77(2) 
2.23(2) 

2.17(2) 
2.08(2) 
2.16(2) 
2.24(2) 
2.26(2) 
2.24(2) 
2.05(2) 
2.1 5 (2) 

2.13(2) 
1.54(2) 
1.53(2) 
1.55(2) 
1.49(2) 
1.54(2) 
1.56(2) 
1.52(2) 
1.55(2) 
3.29 1 (6) 

2.1 l(2) 

2.12(2) 

a Numbers in parentheses are estimated standard deviations in the 
least significant digits. 

W9), six W (W 10-W 1 9 ,  and four M, respectively, remain almost 
parallel (dihedral angles less than lo). 

(ii) A second difference deals with the geometry of the three 
metal atoms from the M4O16 cluster capping the trivacant 
fragment [PZw15056] 12-: In the Cu1I derivative, the copper atoms 
are asymmetrically placed with respect to the normal through P2 
to the cluster plane. This situation can be easily seen from the 
three different P2-Cu distances (3.05(1), 3.19(1), and 3.22(1) 
A). On the contrary, in the Mn" and Zn" derivatives, where 
there are not distortions in the MO6 octahedra, the three metallic 
atoms that cap the trivacant fragment are symmetrically placed 
with respect to the P2 atom and, consequently, the three P2-M 
distances are almost equal within experimental error, 3.329(9), 
3.329(8), and 3.335(9) A in 1 and 3.27( l) ,  3.26( l),  and 3.29( 1) 
A in the ZnlI complex, confirming, thus, that the Jahn-Teller 
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Table 4. Selected Bond Angles (deg) between W, Mn, and P atoms 
for Nai6[Mn4(H2O)z(PzW15056)21*53H20 (1)o 
w 2-w 1 -w 3 
Wl-W2-W3 
w 1-w 3-w 2 
w5-w4-w9 
W4-W5-W6 
w5-w6-w7 
W6-W7-W8 
W7-W8-W9 
W4-W9-W8 
Wll-Wl0-Wl5 
w10-w11-w12 
Wll-Wl2-Wl3 
w 12-w 13-w 14 
W13-Wl4-Wl5 
Wl&W15-W14 
Mn2-Mnl-Mn2* 
Mn 1 *-Mn2-Mn 1 
Mnl-Mn2-Mn2* 
Mnl *-Mn2-Mn2* 

59.88(4) 
60.06(4) 
60.06(4) 

120.34( 5 )  
119.95(4) 
120.08( 5 )  
119.89(5) 
120.28( 5 )  
119.47(5) 
119.96(5) 
119.85(4) 
119.84(5) 
119.91(5) 
120.07(4) 
120.37(5) 
61.3(1) 

118.7(2) 
59.4( 1) 
59.3( 1) 

w 1-P 1 -w2 58.5(1) 
w 1-P 1 -w3 58.7(1) 
w 2-P1 -w3 58.3(1) 
W4-Pl-W5 56.3(1) 
W5-Pl-W6 62.9( 1) 
W6-Pl-W7 56.q 1) 
W7-Pl-W8 63.6(1) 
W 8-P 1 -W9 57.0( 1) 
W9-Pl-W4 63.2(2) 
Mn 1-P2*-Mn2* 59.2(2) 
Mn 1-P2-Mn2* 59.2(2) 
Mn2-P2-Mn2* 60.4(2) 
WlO-P2-W11 57.3(1) 
Wll-P2-W12 63.0(1) 
W 12-P2-W 13 57.2( 1) 
W13-P2-W14 62.3(1) 
W14-P2-W15 57.2(1) 
W15-P2-W10 62.3( 1) 

a Starred atoms are related by the inversion symmetry operation (-x, 
-Y, -2). 

070 c) a \ Mn2 

039 

0 -0 036 

018 

03d W 
07 0 2  

b 

Figure 1. (a) ORTEPdrawing of halfof the [Mn4(H20)2(P2W15056)2]16 
anion (l), showing 50% probability ellipsoids and the labeling scheme. 
(b) Central tetrameric unit Mn4O16 showing the bridging oxygen atoms 
and their numbering scheme. (Atoms marked with an asterisk are related 
by the inversion symmetry operation: -x, -y, -2). 

distortions in the Cu4O16 cluster are responsible for this unsym- 
metrical arrangement of the P2 atom in the CuI1 derivative. 

(3) Additionally, we can also note that in all compounds both 
P atoms of the trivacant polyoxotungstate are significantly 
displaced, in the same sense, from the mean plane of their 
corresponding W belts: P1 is displaced away from the M4016 
cluster 0.179, 0.185, and 0.194 A in the Mn", Zn", and CU" 
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Figure 2. (a) ORTEP drawing of the [ M ~ ( H ~ O ) ~ ( P ~ W ~ S O S ~ ) ~ ] ~ ~  anion. (b) Polyhedral representation of the same anion. Each octahedron locates 
a W atom approximately in its center and an oxygen atom in each vertex. The MO6 octahedra are represented in black. P atoms are located in the 
four central tetrahedra. The two circles in the Mn4O16 cluster locate the water molecules (070) coordinated to Mnl and Mnl*. 

derivatives,17 respectively, whereas P2 is displaced toward the 
M4O16 cluster 0.222,0.183, and 0.186 A in the Mn", Zn", and 
CUI* derivatives, respectively. The small differences in the 
displacements of the P1 atom in all compounds are expected, 
since P1 atom is very far from the central cluster. However, the 
displacements of the P2 atom indicate that they are not only due 
to the presence/absence of Jahn-Teller distortions in the M4016 
cluster but also to the size of M. This is confirmed by the distance 
between the mean plane of W atoms (W 10-W 15) and the central 
cluster: 2.949, 2.888, and 2.893 A for the Mn", Zn", and CU" 
derivatives, respectively (note that the ionic radii are 0.80,0.74, 
and 0.69 A, respectively). Moreover, the P2-050 distances are 
equal for the three compounds within experimental error 
( 1 .54( 2)-1.5 5 (2) A). 
(4) As in the Zn" and CU" derivatives, in the MnlI compound 

the bond distances along any sequence of trans-directed bonds 
M n - O - W ~ ~ , l t P  are alternatively short and long 
although the differences decreases as we move away from the 
central cluster (average distances of 2.12,1.78,2.05, 1.79,1.99, 
and 1.86 A). This observation confirms that the deviations are 
produced by the change in the valence sums18 when replacing 
three WvI atoms of one cap by three MI1, as suggested by Weakley 
and Finke.6f.B 

Despite the usual problems shown by the plyoxometalates 
salts to locate all cations and water  molecule^,^^ in 1 all the 16 
Na+ counterions and up to 50 watef molecules have been located 
by difference Fourier maps (thermal analysis indicates 53 water 
molecules). In any case, the number of water molecules, as in 
many other polyoxometalates, depends largely on the drying and 
synthesis conditions and varies from one sample to another. 

(17) The values obtained for the CuI1 and ZnlI derivatives are calculated 
from the atomic coordinates of these compounds given in ref 6f,g. 

(18) Brown, I. D.; Altermatt, D. Acta Crystallop., Sect. B 1985,41, 244. 
(19) As pointed out in footnote 13 of ref 6f, the usual disorder in cations and 

water molecules prevents us to be sure of their numbers and multiplicities 
in the X-ray structure determination. In the Cull derivative only 4 of the 
14 Na+ and 18 of the 53 water molecules could be located. 

20' 
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Figure 3. Plot of the product a T  for the Mnl* derivative (1) at H = 0.1 
T. The solid line represents the best fit to eq 4. 

Magnetic Results 
Magnetic Properties of the Manganese Cluster. For 1 the 

product of the magneticsusceptibility times the temperature (XmT) 
versus the temperature has a constant value of ca. 16.5 
emu-KemoP from room temperature to ca. 100 K (Figure 3). 
This value is slightly smaller than the expected value for four 
noninteracting MnI1 ions (17.5 emu.K-mol-'). Between 100 and 
ca. 30 K XmTdrops softly, and below 30 K xmTdropsvery sharply 
to reach a value of ca. 2.5 emu-K.mol-l at  2 K. This behavior 
is indicative of antiferromagnetic exchange interactions between 
the MnI1 ions in the Mn4016 cluster, leading to a nonmagnetic 
S = 0 ground state. A similar behavior has been very recently 
observed in the manganese derivative of the [M4(HzO)2- 
(PW9034)2] 10- series.7~ 

Magnetic Properties of the Nickel Cluster. For 2 a different 
behavior is observed (see Figure 4): Upon cooling, the product 
XmT gradually increases from aproximately 5.2 emu-Komol-1 at  
300 K to aproximately 6.6 emu-Komol-l at  70 K. Below this 
temperature XmT increases more sharply to reach a maximum 
of ca. 10 emu*K*mol-1 at 12 K, and finally it decreases to a value 
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0 50 100 150 200 250 300 
T(K) 

Figure 4. Plot of the product xmT for the NiI1 derivative (2) at H = 0.1 
T. The solid line represents the best fit to eq 5 .  

of ca. 9 emu.K.mol-1 at  2 K. This behavior agrees with the 
presence of ferromagnetic exchange interactions between the four 
Nill atoms leading to an S = 4 ground state for the cluster. 

Analyses of the Magnetic Interactions. Owing to the isotropic 
ground states of the interacting ions (6A1 and JA2 for octahedral 
MnII and Nil1, respectively) the magnetic exchange interactions 
can be described by a Heisenberg-type Hamiltonian: 

where J a n d  Jr refer to the magnetic exchange interactions of the 
sides and shortest diagonal of the rhomb according to the 
numbering scheme 

A 

L 

The eigenvalues for the above hamiltonian can be derived from 
the vector coupling method of Kamb6:Z0 

E(S,S’,Sr9 = - J [ S ( S  + 1) - S’(S’+ 1) - S”(S”+ l)] - 
J ’ [ S r ( S r  + 1) - S,(S, + 1) - S4(S4 + I)] ( 2 )  

where S = S’ + S”, with S‘ = S2 + S4 and S” = S1 + S3, and 
S1 = S2 = S3 = S 4  = S I 2  for MnII and 1 for Ni”. The magnetic 
susceptibility per mole of tetrameric cluster is given as shown in 
eq 3. The values for Ei and the coefficients ai and bi are 
summarized in Tables S1 and S2 (supplementary material) for 
both s = s / 2  and s = 1 tetranuclear clusters. 

The magnetic data of 1 have been fitted to eq 4, where the first 
term refers to the susceptibility of the cluster and the second one 

to  that of a paramagnetic MnI1 contribution. In this expression 
(1 - c) and c are the molar fractions of the Mn4 clusters and s 
= 5 / 2  monomeric entities, respectively. 

A very satisfying description of the magnetic data over the 
whole temperature range (solid line in Figure 3) has been obtained 
from the following set of parameters: g = 2.0, J = -1.2 cm-’, J‘ 

(20) Gladfelter, W. L.; Lynch, M. W.; Schaefer, W. P.; Hendrickson, D. N.; 
Gray, H. B. Znorg. Chem. 1981, 20, 2390. 

-_ 
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J’/J 
Figure 5. Energy diagram of the different spin states of the NiI1 tetramer 
(as a plot of Ei/J versus Jr/.J). Numbers on the lines correspond to the 
total spin values. The vertical line corresponds to the experimental J’/J 
value found for the present complex (=0.42). 

= -0.2 cm-1, and c = 0.4 ( approximately 40% of paramagnetic 
MnII). This percentage indicates that the compound contains 
approximately one isolated MnII ion per Mn4016 cluster (note 
that the total number of MnIl ions per mol is 4). The presence 
of this large amount of paramagnetic MnI1 may be related with 
the instability of the compound. One can imagine for example 
a progressive decomposition of the polyoxoanion structure 
releasing paramagnetic species (monosubstituted or trisubstituted 
Dawson-Wells fragments, Mnrl counterions, etc.).21 

The two types of exchange parameters are antiferromagnetic 
and very close to those previously reported (J  = -1.7 cm-I, J’ = 
-0.3 cm-l)’efor the Keggin derivative [M~~(HzO)Z(PW~O&] 
in agreement with the quasi-identical structural features of the 
Mn4O16 entity in both compounds, independently of the poly- 
oxotungstate ligand (see Table 5). The weak values of these 
exchange parameters are comparable to those reported in other 
MnII clusters with near 90° superexchange paths.22 

The magnetic data for 2 have been fitted to the following 
equation: 

where mean field corrections have been introduced in the 
susceptibilityofthenickel(I1) cluster to account for the intercluster 
interactions. 

A close agreement with the experiment in the overall tem- 
perature range has been obtained from ferromagnetic intracluster 
Ni-Ni interactions, J = 8.3 cm-’ and J’ = 3.5 cm-l, and weak 
antiferromagnetic intercluster interactions, 8 = - 0.65 K (solid 
line in Figure 4). The energy diagram for this kind of cluster is 
shown in Figure 5 in the case of ferromagnetic exchange 
interactions in the sides of the rhomb. As can be seen, the ground 
spin state is the ferromagnetic one, S = 4, when both kinds of 
interactions are ferromagnetic or when the ferromagnetic 
interaction J is larger than the antiferromagnetic one (J’IJ > 
-1). For dominant antiferromagnetic interactions along the 
diagonal of the rhomb, intermediate spin states are observed. 
Thus, in the range -2 < J’/J < -1, the cluster has an S = 3 
ground spin state, while, for values of J’/J < -2, the ground spin 
state is a mixture of spin states with S = 2, 1, and 0. In the 
present case the two interactions are ferromagnetic (J’ /J= 0.42, 

(21) The presence of paramagnetic impurities does not imply the existence 
ofa MnI’asacounterionreplacing twoNa+ions(asin theCd1derivative). 
It seems more probably that a partial decomposition of the tetramer 
gives rise to mono- and trisubstituted Dawson-Wells structures, which 
will be responsible of the paramagnetic impurities, but leaving the total 
number of Mn” ions equal to four per mol. This decomposition does not 
take place in the single crystal used for the structure determination as 
it was sealed with its mother liquor in a Lindemann glass capillary. This 
reorganization of the substituted Keggin and Dawson-Wells structures 
has already been observed in other related compounds. 

(22) Smit, J. J.; Nap, G. M.; de Jongh, L. J.; van Ooijen, J. A. C.; Reedijk, 
J. Physica 1979, 97B, 365. 
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Table 5. Selected M-M Distances and M-0-M Angles within the Tetrameric Clusters M4016 of the Series [M4(H20)2(XW9034)2]1& (M = 
Co", Mn", Cull, X = P; M = Zn", X = As; M = CuI1/Fe1I1, X = FelI1) and [M4(H20)2(P2W15056)2]~~ (M = Mn", Zn", and Cur[) 

G6mez-Garcia et al. 

distances (A) angles (deg) 

M d(1-2) d( 1 *-2) d(2-2*) a B Y e w ref 
CO" 3.164 3.192 3.304 100.5 93.8 97.0 92.6 102.6 6d 
ZnII 3.243 3.248 3.455 99.6 96.5 103.5 94.8 101.2 6d 
Mn" 3.290 3.292 3.446 99.6 91.6 95.5 91.3 100.5 7e 
CU" 3.247 3.259 3.080 97.7 89.2 97.6 89.6 98.3 6f 
CuIIFeIlI 0 3.127 3.144 3.079 91.4 102.4 101.6 100.6 91.0 9 
MnlIb 3.287 3.289 3.352 99.8 94.3 96.4 95.2 99.2 this work 
Zn" b 3.181 3.198 3.25 98.9 93.7 96.4 93.5 98.2 6g 
CUI1 b 3.196 3.216 3.054 95.3 91.8 97.4 90.3 94.0 6f 

a In this compound the cluster is formed by two Cu" (2 and 2*) and two Fell1 atoms (1 and l*). In the series [M4(H20)2(P2W15056)2]16. In the 
related trimeric cluster Ni3013 in the compound &Na[Ni3(H20)3PW10039H20]-12H20 the distances (A) and angles (deg) are" d(1-2) = 3.178, 
d(2-3) = 3.177, d(1-3) = 3.172, a = 100.7, f l  = 92.0, 6 = 92.3, 0 = 91.9, w = 100.4, and 6 = 101.0 (see scheme below). The distances and angles 
are displayed in the scheme below, where small circles locate oxygen atoms and the metallic centers 1 * and 2* are related to 1 and 2, respectively, 
by the inversion center in the tetrameric center: 

clusiet 

vertical line in Figure 5), so that the S = 4 state is the ground 
spin state being separated from the first excited state (S  = 3) by 
4 5  (33.2 cm-I). 

Although the related tetrameric NiI1 cluster of the [M4- 
(H20)2(PW90&]1&series has not been obtained, theseexchange 
parameters can be compared to those obtained in a similar 
trinuclear cluster encapsulated between a trivacant Keggin 
fragment [PW&le and a [wo6]  octahedron ( J  = J' = 2.9 
cm-l).'l In both cases the NiO6 octahedra are sharing edges in 
a similar way leading to similar Ni-0-Ni angles and Ni-Ni 
distances (in fact, the Ni3Ol3 cluster can be seen as a fragment 
of the Ni4016 cluster). As can be seen in Table 5, the 
polyoxometalate fragments impose M-0-M angles ranging from 
94 to 100'. These angles are in the range in which the Ni-Ni 
ferromagnetic exchange pathways are dominant (90 f 14'). In 
this context it should be noted that other nickel ferromagnets are 
known. But in contrast with compound 2, all these complexes 
show a cubane-type framework and significant intercluster 
interactions. It is interesting that despite the structural differ- 
ences, the rhomblike cluster has an exchange coupling similar to 
those reported in the cubane clusters (3-1 1 cm-I). Finally, the 
smaller (absolute) value of J' compared to J (in both Mn and Ni 
compounds) may be related to the larger M-M distance for the 
diagonal of the rhomb (3.35 A compared to 3.29 A for the side 
of the rhomb). This situation is reversed for the Cu compound 
as a consequence of the Jahn-Teller distortion of the CuO6 sites, 
which are axially distorted in such a way that the long axes of 
the four octahedra are parallel; as a result, the M-M distance 
for the diagonal of the rhomb is shorter (3.05 A compared to 
3.20-3.22 A for the side of the rhomb) and a stronger value of 
J' compared to J is observed (J' /J  = 3.6). 

Conclusions 

We have reported here two new members (M = Nitrand Mn") 
of the series [ M ~ ( H ~ O ) ~ ( P Z W ~ ~ O ~ ~ ) ~ ]  16. The solved structure 
of the MnlI derivative, a new example of this series where no 
Jahn-Teller distortions for the M sites are present, has allowed 
us to confirm the changes induced into the polytungstate 
framework as a result of the Jahn-Teller distortions found by 
Weakley and Finke in the cu4016 entity. 
On the other hand, the rigidity imposed by the polytungstate 

ligand has guaranteed the typical rhomblike geometry for the 
M4Ol6 entity, emphasizing once more the ability of these ligands 
to isolate magnetic tetramers with very unusual geometries, which 
often favor ferromagnetic exchange interactions and, conse- 
quently, high ground spin states. This is the case of the N P  
compound, which exhibits a ferromagnetic ground spin state S 
= 4, which is the largest one reported in a heteropoly complex. 
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