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The novel polyoxometalate BRWgNisO34(OH)3(H20))>~ (1) has been synthesized and characterized by IR
spectroscopy, polarography, elemental analysis, and magnetic measurements. An X-ray single-crystal analysis
was carried out on GEH2PW;gNi4O34(OH)3(H20)e]-5H,0, which crystallizes in the orthorhombic system, space
groupPbcn with a = 24.3131(3) Ab = 21.5400(1) Ac = 19.8936(3) AV = 10418.4(2) &, Z = 8, andpcacd

= 3.767 g/cm. Structural analysis based on 14 734 independent reflections leads to a sdRutidh04% ( >

20(1)). Anion 1 consists of a NiO4 cubane fragment which is inserted into a trivacant lacuiaoy[PWgO34]°~

Keggin unit. Magnetic measurements show that the Wiiexchange interactions are ferromagnetic.

Introduction cally interesting fragment is the encapsulated rhomb-like
tetrameric MOy cluster. Another example of a Ni-substituted
polyoxotungstate is [N{OH)s(H20)s(HPOy)2(PWeO34)3],16~
which is composed of three-[PWgNi3] fragments being linked
via two phosphate ions leading to a magnetic center of nine Ni
atoms!!

Recently Coronado et al. reported the structure of the ion
[Ni3(H20)3sPW;0039H,0]"~ which consists of a monocapped

Interest in polyoxometalates is increasing worldwide due to
the enormous variety of structures leading to interesting and
often unexpected properties in fields such as magnetochemistry
catalysis, and medicinal applicatiohs. The mechanism of the
formation of polyoxometalates, however, is still not well
understood and often is described as self-assembly. This is
espeuallly true for syn.thetlctechnlques which do not allow one a-[PW,Nis] Keggin core, with the Ni triad being capped by a
to monitor the reaction well, e.g., hydrothermal synthesis. tungsten atoni?

Nevertheless, the synthesis of new compounds can often be In an attembt to maximize the number of Ni centers per
based on a rational synthetic approach and careful observation : - - . .
of the reaction path.y Polyoxor%petalates containing a certain polyo.xognlon we |nvest|§qate.d th§2|+n.teract|on of the lacunary
number of transition metal ions (e.g.,Aj Co**, Cl2*) are of Keggin ionB-o-[PWeOs " with Ni** ions further.

interest for their magnetic properties since the paramagnetic experimental Section

motifs are usually isolated from each other by the heteropoly- ) )

anion frameworks. Therefore polyoxoanions incorporating Syr;jthesns.A 2-4,2”@9 ngdp'led of ’\?"[B'fPW;OdM] (synthesggdd
paramagnetic metal ions may lead to exchange-coupled magneti@cc0rding to Domaill€ and dried at 120C for 2 days) was adde

. : ; ith stirring to a solution of 1.16 g of NiS£6H,0 in 50 mL of a 0.5
centers which are intermediate between molecular systems ancX\/'I sodium acetate buffer (pH 4.8). This solution was heated 1680
extended solid&$ o

) ) for 20 min and then cooled to room temperature. Addition of solid
The challenge has been to synthesize polyoxoanions thatcscl led to a greenish precipitate, which turned out to be a mixture of
contain a large number of transition metal ions, and the structural the light-green title compound and some not yet identified yellow
families of polyoxotungstates that have been investigated material. The solid was collected in a sintered-glass frit and, because
most are the sandwich-type Finke polyoxoanions,(f40),- of the higher solubility of the yellow compound, purification was easily
(PWo034)2]1% and [My(H20)2(PaW150s6)2]16 (M = Ni2t, achieved by numerous washings with hofOH The remaining light-
Mn2*, C?", Ci2).7"10 In all of these structures the magneti- 9réen solid was air-dried (yield: 1.16 g; 35%), and some of it was
redissolved in warm kD upon addition of solid NaCIQAfter filtration,
- B - ) . the light-green filtrate was kept in an open container at room
Be:rE{esBel?ésadg{ﬁ;:t; IDD('egértgoexnt f{_gggg|sgé/i‘rftfnel_rlecgngnrflveEr_s;]lqtg”?f temperature. After a few days, green single-crystalline needles suitable
ulrich.kortz@aub.edu.lb.
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A Cubane-Substituted Polyoxoanion

Table 1. Crystal Data and Structure Refinement for
CSQ[H2PWgNi4034(OH)3(H20)6] ’5H20

empirical formula

CePWoNi4OsgH27

Inorganic Chemistry, Vol. 38, No. 9, 1992039

Table 2. Atomic Coordinates % 10* and Equivalent Isotropic
Displacement Parameters{A 10°) for
C[H2PWoNi4O34(OH)3(H20)e] -5H.0

fw 2981.4 _ atom X y z Ueqp
cryst syst orthorhombic W) 2419(1) 1802(1) 3399(1) 22(1)
space group Pbcn
nit cell dimens a=24.3131(3) A W) 1016(1) 1837(1) 3635(1) 21(1)
u = 24.3131(3) A W(3) 1852(1) 2766(1) 4632(1) 22(1)
b= 21.5400(1) w(4) 1243(1) 2048(1) 6171(1) 22(1)
c=19.8936(3) A W(5) 2728(1) 411(1) 6065(1) 21(1)
vol 10418.4(2) A W(6) 3308(1) 1071(1) 4657(1) 23(1)
z 8 W(7) 2768(1) 2012(1) 5911(1) 23(1)
density (calcd) 3.767 MgI{TT W(8) 409(1) 1140(1) 5134(1) 21(1)
abs coeff 22.699 m W(9) 1234(1) 434(1) 6302(1) 20(1)
F(000) 10 296 Cs(1y 0 894(1) 2500 52(1)
cryst size 0.2< 0.02x 0.01 mn¥ Cs(2) 2938(1) 1373(1) 1422(1) 56(1)
6 range for data collection 1.630.36 Cs(3y 1526(2) 3376(2) 2701(2) 75(1)
limiting indices —33<h=<34-29<k=< 29, HI% iggggg *115355(11)) 8889567((11)) 2202((11))
—27<1=20 !
refins collected 70558 Ni(3) 1836(1) —458(1) 4962(1) 19(1)
indep refins 14 734R(int) = 0.2366] Ni(4) 2362(1) 144(1) 3671(1) 21(1)
abs correction SADABS P(1) 1849(2) 1083(2) 4848(2) 14(1)
refinement method full-matrix least-squaresFén :
data/restraints/params 14703/0/342 (:(tf)m 24)(;4(6) 131/22(6) 5210(7) u';izg)
goodness of fit ofF? 1.132
final Rindices [ > 20(1)] R1% = 0.0804, wR2= 0.1699 8% gggg %égéggg iggg% %gg
Rindices (all data) R¥ 0.1319, wR2= 0.2108
i 3 O(4) 1798(5) 466(6) 4472(6) 19(3)
largest diff peak and hole 5.215 ard.365 e A o(5) 562(6) 1866(7) 5789(7) 2703)
AR1= Y (|Fo| — |Fe)/3|Fol. PWR2=[YW(F> — F)¥yW(Fc?)?]Y2. 0O(6) 1070(7) 2613(7) 6755(8) 31(3)
o(7) 1206(6) 1321(6) 6691(7) 20(3)
) 0O(8) 1651(6) 144(6) 8251(7) 21(3)
I\(l)_r X-ray crystallography Were obtam.ed. Anal. C?alc_d fo&@PWQ- 0(9) 1205(6) —649(6) 4326(7) 19(3)
14034(OH)3(H20)6] - 24H,O: Cs, 8.00; W, 49.79; Ni, 7.06; P, 0.93. 0(10) 612(6) 1738(7) 4467(7) 27(3)
Found: Cs, 8.18; W, 49.37; Ni, 7.05; P, 0.93. Elemental analysis was 0O(11) 934(6) 1267(7) 8003(7) 25(3)
performed by the Service Central d’Analyse of CNRS at 69390 0O(12) 2017(6) 559(7) 6451(7) 23(3)
Vernaison, France. 8(%2) iggg(g) %ggg(? ig%g(g) 2‘11(‘31)
X-ray Crystallography. A light-green needle with dimensions 0.2 Oéng 1010E53 1031E63 3474&5; 17E33
x 0.02 x 0.01 mn# was mounted on a glass fiber for indexing and  o(16) 516(6) 645(7) 5954(7) 24(3)
intensity data collection at room temperature on a Siemens Smart-CCD  O(17) 1673(6) 1986(7) 3098(7) 25(3)
diffractometer equipped with a normal focus 2.4 kW sealed-tube X-ray O(18) 2885(6) 1289(7) 6411(7) 23(3)
source { = 0.710 73 A). Intensity data were collected in 1271 frames ~ O(19) 3070(6) 3(7) 6695(7) 29(3)
with increasingw (width of 0.3 per frame). Unit cell dimensions were 8(%(1)) gggg(g) %ggi(;) éggg(g) gg(g)
refined by a least-squares fit orel 100(1) reflections. Of the 70 558 (21) ®) (7 (7 (3)
. ) ) 0(22) 1860(7) 3568(7) 4712(7) 28(3)
reflections (Bmax = 60.72), 14 734 unique reflectionsR; = 0.23) 0(23) 393(7) 189(7) 8374(8) 30(3)
were considered observed & 20(l)) after Lp and absorption 0(24) —296(7) 1221(7) 5129(8) 30(3)
corrections. An absorption correction was performed usinG&ieABS 0(25) 1633(8) 1922(9) 8990(10) 48(5)
programi* On the basis of systematic absences and statistics of intensity O(26) 2138(7) 1408(8) 7775(8) 38(4)
distribution, the space group was determined t®ben Direct methods 0(27) 2297(6) —693(6) 4142(7) 23(3)
were used to locate the metal atoms, and then the oxygen atoms were gggg ggzgggg Zgggg 2%2% gggg
found from successive difference maps. The final cycle of refinement, 0(30) 3358(6) 581(6) 5493(7) 22(3)
including the atomic coordinates, anisotropic thermal parameters (all - o(31) 1048(7) 34(7) 7020(8) 30(3)
metal atoms and phosphorus), and isotropic thermal parameters (all O(32) 1839(7) —1337(7) 5405(8) 30(3)
oxygen atoms) converged Rt= 0.0804 andR, = 0.1699 ( > 2o(l)). 0(33) 3084(6) 2560(7) 6402(7) 28(3)
In the final difference map the deepest hole wds365 e A2 and the 8@‘5‘; 1?1?)?((2)) 255(4)1?(,)((2)) ‘é63(g);17((77)) 2252((33))
highest peak_ 5.21_5 ek Correptlons for secondary ex_tlnctlon and 0(36) 3328(6) 1798(6) 5311(7) 21(3)
anomalous dispersion were applied. Neutral-atom scattering factors were 0(37) 2492(6) ~186(7) 5533(7) 27(3)
used. Structure solution and least-squares refinements were performed 0(38) 2454(6) 2532(7) 5208(7) 26(3)
on a Silicon-Graphics Indy R5000 workstation using SteELXTL- 0(39) 1354(6) —161(6) 5710(7) 23(3)
Plus programs. Crystallographic data are summarized in Table 1, and O(40) 2324(6) 2621(7) 3900(7) 25(3)
the positional parameters are shown in Table 2. 0O(41) 518(7) 2126(7) 3103(8) 32(3)
Spectral and Magnetic Measurements.The IR spectrum was 0(42) 2896(7) —276(8) 3002(9) 39(4)
. : 0(43) 2801(7) 2106(7) 2745(8) 31(3)
recorded on a Nicolet 55Q FTIR spectr_ophotometer in a KBr pellet. O(1W) 1645(10) 1169(11) 1885(12) 66(6)
The polarogram was obtained in a sodium acetate buffer solution (1 o(2w) 624(10) 2729(11) 1647(12) 66(6)
M, pH 4.8). The magnetic measurements were carried out with a SQUID  O(3W) —205(12) 2186(13) 6782(14) 87(8)
magnetometer in the temperature range290 K up to 50 kG. O(4w) 226(7) 3131(8) 4939(8) 36(4)

aU(eq) is defined as one-third of the trace of the orthogonalizgd

Results and Discussion tensor.? Occupancy 0.5.

Structure of Csy[H :PWgNisO3z4(OH)3(H20)e]-5H20. The
novel polyoxoanionl can be described as a lacundyo-

[PWgOs4® unit which accommodates three edge-shared
NiOs octahedra leading to a complete Keggin struct@igince

the Ni triad is capped by a fourth Ni atom, the structurelof
can also be viewed as a trivacant Keggin ion which has
incorporated a NiO4 cubane unit (see Figures 1 and 2). This is

(14) Sheldrick, G. M.SADABS Siemens Analytical X-ray Instrument
Division: Madison, WI, 1995.
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Figure 3. Infrared spectrum of GBH2PWgNi Os4(OH)3(H20)e] - 24H,0
recorded in a KBr pellet.

Itis of interest to examine the coordination of Ni (see Figure
2). There are two types of Ni ions, the three of the triad (Nil,
Ni3, and Ni4) and the one capping them (Ni2). All of them are
octahedrally coordinated by oxygen atoms, and the Ni atoms
Figure 1. Polyhedral representation of {AWeNisOz4(OH)s(H20)e]*~ of the triad have one terminal ligand each (Ni@23, Ni3—

@- 032, and Ni4-042) whereas Ni2 has three terminal ligands
(011, 025, and 026). All terminal ligands are water molecules
as indicated by bond valence sum calculatith$he bond
valences for oxygens 023, 032, 042, 011, 025, and O26 are
0.31, 0.31, 0.32, 0.29, 0.34, and 0.26, respectively, strongly
suggesting diprotonation for all of them. Using the same method
allows the identification of the threes-bridging oxygens of

the cubane unit as OH groups. Summation of the bond valences
for oxygens 08, 09, and 027 leads to values of 1.08, 1.10,
and 1.01, respectively, indicating monoprotonation. Bond lengths
and angles of the cubane fragment are shown in Table 3. From
the distances of 011, 025, and 026 from each other {©11
025, 2.96 A; 011:-:026, 2.98 A; and 025-026, 2.94 A) it

can be inferred that H-bonding is present between the three
terminal HO molecules. Additional intermolecular H-bonding
interaction is indicated by the distances of O11 and 025 from
doubly bridging O atoms (WO—W) of a neighboring poly-
oxoanion (O11:-07*, 2.70 A; 025:-:040*, 2.73 A). There are
three cesium counterions in the lattice, but two of them (Csl
and Cs3) are in half-occupancy positions. The” @mns have
coordination numbers 9, 10, and 11, respectively-{Cs
3.026-3.737(21) A), and they are coordinated to oxygens of
different polyoxoanions as well as to water molecules of
hydration.

An interesting aspect of the novel polyanibiis that the Ni
Figure 2. Ball and stick representation of {FWeNi,Os{ OH)s(H;O)e]*~ atom capping the triangular Nunit has three terminal water

g) r:gg‘r’]‘g‘g bthfhe'a:rﬁgﬂgenﬁc?e?eheéie aﬁg ”‘:":ttﬁrre;“‘c’)leHC“'rii ";“:r molecules, which is a rare feature in transition metal substituted
P y R P - group olyoxometalate$’ This unusual Ni(OHh); site may give rise

shown as small crosshatched spheres. The two additional protons ard’ . - . A — <)
not represented (see text). to interesting catalytic properties @f it might also be a good

center for further structural derivatization of the B\,
the first example of a regular homometallic cubane fragment complex.
being associated with a lacunary polyoxoanion. The IR spectrum  pojarography studies df in acetate buffer indicated a first
of the cesium salt of (see Figure 3) is a good indicator of the  reduction wave at-0.85 V and a not well resolved second wave
purity of the compound in the solid state. The anion is 3t—0.97 V (vs SCE). This second wave is affected by reduction
considered to have a dinegative charge based on charge balancgf the aqueous solvent which takes place-atl V, i.e., at a
considerations, leading to an unusually low charge density. TWO potential about 200 mV more positive than the reduction
protons are assumed to be bound directly to surface oxygenpotential of the pure buffer solution.
atoms of the lacunary Keggin fragment. However, bond valence 4 4netic Properties. The results of magnetic measurements

sum calculations did not allow the assignment of specific binding for CsTH-PWeNiO(OH)(H-0)]-5H.0 are displaved in
sites for the protons; most likely they are distributed over various $[H2PWeNiaOso OH)s(HZO)e]-SHz Ispiayed

6 -
oxygen atoms? Bond lengths and angles of thea-[PWsOs.] (16) Brown, I. D.; Altermatt, D Acta Crystallogr.1985 B41, 244.

fragment are not unusual. (17) (a) Bosing, M.; Loose, |.; Pohimann, H.; Krebs, Bhem—Eur. J.
1997, 3, 1232. (b) Rodewald, D.; Jeannin, €. R. Acad. Sci., Ser.
(15) Keggin, J. FNature1933 131, 908. Ilc: Chim. 1998 1, 175.




A Cubane-Substituted Polyoxoanion

Table 3. Bond Distances (A) and Angles (deg) for the;Kiubane
Fragment of C4HPWyNi;O34OH)3(H20)s] -5H.0

Ni(1)—0(34) 2.00(2) Ni(3}-0(39) 1.997(14)
Ni(1)—0(9) 2.009(13) Ni(3)}0(9) 2.032(14)
Ni(1)—O(15) 2.023(13) Ni(3}0(37) 2.04(2)
Ni(1)—O(8) 2.043(14) Ni(3}-0(27) 2.045(14)
Ni(1)—0(23) 2.09(2) Ni(3}-0(32) 2.09(2)
Ni(1)—0O(4) 2.212(13) Ni(3)}0(4) 2.218(13)
Ni(2)—0(9) 2.021(13) Ni(4}-O(8) 2.020(14)
Ni(2)—0(8) 2.043(14) Ni(4)-0(29) 2.02(2)
Ni(2)—0(25) 2.06(2) Ni(4)-0(28) 2.03(2)
Ni(2)—0(27) 2.102(14) Ni(4)-0(27) 2.037(14)
Ni(2)—0(11) 2.11(2) Ni(4)-0(42) 2.07(2)
Ni(2)—0(26) 2.14(2) Ni(4)-0(4) 2.214(13)
O(34)-Ni(1)-0(9)  96.8(6) O(9)-Ni(3)—O(4) 83.0(5)
O(34)-Ni(1)-0(15)  86.3(6) O(37Ni(3)—0(4)  91.1(5)
O(9)-Ni(1)-O(15)  173.8(6) O(2ANi(3)—0(4)  83.9(5)
O(34)-Ni(1)-O(8)  173.8(6) O(32¥Ni(3)—0(4)  177.6(6)
0(9)-Ni(1)~0(8) 81.0(5) O(8YNi(4)-0(29)  172.5(6)
O(15)-Ni(1)-O(8)  95.3(5) O(8}Ni(4)—0(28)  96.2(6)
O(34)-Ni(1)-0(23)  89.9(6) O(29)Ni(4)—0(28)  86.1(6)
O(9)-Ni(1)-0(23)  90.4(6) O(8yNi(4)—0(27)  81.5(6)
O(15)-Ni(1)-0(23)  95.0(6) O(29yNi(4)—0(27)  95.8(6)
O(8)-Ni(1)-0(23)  95.9(6) O(28)Ni(4)—0(27) 176.0(6)
O(34)-Ni(1)-0O(4)  92.3(5) O(8YNi(4)—0(42) 97.9(6)
0(9)—-Ni(1)~0(4) 83.7(5) O(29)Ni(4)-0(42)  89.0(7)
O(15)-Ni(1)-O(4)  90.8(5) O(28)Ni(4)—0(42)  96.0(7)
O(8)—Ni(1)~0(4) 81.7(5) O(27¥Ni(4)-0(42)  87.5(6)
0(23)-Ni(1)-0(4)  173.9(6) O(8)Ni(4)-O(4) 82.2(5)
0(9)—-Ni(2)-0(8) 80.8(5) O(29yNi(4)-O(4)  90.6(6)
O(9)-Ni(2)-0(25)  94.8(7) O(28yNi(4)—0O(4)  92.3(5)
O(8)-Ni(2)-0(25)  174.5(7) O(2ANI(4)—0(4)  84.2(5)
0(9)-Ni(2)-0(27)  81.2(5) O(42¥Ni(4)—0O(4) 171.6(6)
O(8)-Ni(2)-0(27)  79.4(5) P(LO(4)-Ni(l)  124.1(8)
O(25)-Ni(2)-0(27)  96.8(7) P(LyO(4)-Ni(4)  125.1(8)
O(9)-Ni(2-0(11)  93.9(6) Ni(1}O(4)-Ni(4)  92.3(5)
O(8)-Ni(2)-O(11)  93.4(6) P(LYO@)-Ni(3)  124.1(7)
O(25)-Ni(2)-O(11)  90.1(7) Ni(1}O(4)-Ni(3)  90.6(5)
O(27)-Ni(2)-O(11) 171.8(6) Ni(4yO(4)-Ni(3)  90.6(5)
O(9)-Ni(2)-0(26)  176.0(6) Ni(4¥O(8)-Ni(1)  103.5(6)
O(8)-Ni(2)-0(26)  96.1(6) Ni(4>-O(8)-Ni(2)  100.0(6)
O(25)-Ni(2)-O(26)  88.1(7) Ni(1}O(8)-Ni(2)  96.8(6)
O(27)-Ni(2)-0(26)  95.7(6) Ni(1}O(9)-Ni(2)  98.5(6)
O(11)-Ni(2)-0(26)  88.8(6) Ni(1}O(9)-Ni(3)  102.3(6)
O(39)-Ni(3)-0(9)  95.0(6) Ni(2}-O(9)-Ni(3)  98.8(6)
O(39)-Ni(3)-0(37)  87.3(6) W(2FO(15)-Ni(1) 144.7(7)
O(9)-Ni(3)-0(37)  173.7(6) Ni(4}O(27)-Ni(3)  101.0(6)
O(39)-Ni(3)-0(27) 174.4(6) Ni(4yO(27)-Ni(2)  97.5(6)
O(9)-Ni(3)-0(27)  82.3(6) Ni(3-O(27)-Ni(2)  95.8(6)
O(37)-Ni(3)-0(27)  94.9(6)
O(39)-Ni(3)-0(32)  88.7(6)
0(9)-Ni(3)-0(32)  94.6(6)
O(37)-Ni(3)-0(32)  91.3(6)
O(27)-Ni(3)-0(32)  96.3(6)
O(39)-Ni(3)-0(4)  91.0(5)

Figures 4 and 5. Magnetization as a function of temperature a
a constant magnetic field of 1 kG exponentially decreases with

increasing temperature from 0.9g at 2 K to 0.1ug at 20 K

and then levels out to 0.01dg at higher temperatures (Figure
4). Such behavior indicates ferromagnetic interactions of the
nickel atoms in the NO4 cubane fragment. This observation
is in accordance with the dependence of magnetization on the
magnetic field as shown in Figure 5. The measurements were
done atT = 2 K and at magnetic fields from 1 to 50 kG. A

Brillouin curve is observed with a saturation value of 8:&l
at 50 kG, which is very close to the expected value f&=a

4 spin state and indicates that intercluster interaction is

negligible.

A large number of coordination complexes containing the
Ni4O4 cubane unit have been synthesized, and for many of them

magnetic properties have been repoffedowever, only a few
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Figure 4. Plot of the effective magnetic moment as a function of

temperature for GEH2PWgNisOsz4(OH)s(H20)s]-24H,0 in a constant
magnetic field of 1 kG.
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Figure 5. Plot of magnetization of GEHPWyNisO34(OH)3(H20)e]*
24H,0 at 2 K.

Ni-containing polyoxometalates have been synthesized and
investigated for their magnetic properties. Coronado’s anion,
[Ni3(H20)3PW;0039H0]7~, is structurally the one most similar
to 1, but it contains only three Ni atoms per aniBrCoronado
reported é&5= 3 ground state with intramolecular ferromagnetic
interaction of the three Ni atoms per polyoxoanion and
intermolecular antiferromagnetic interaction between poly-
oxoanions. The dimeric polyoxoanions, Jtii,0),(PWeOz4)2] 1%~

and [Niy(H20)(P2W150s6),] 16, respectively, contain four Ni
atoms like1, but they have a rhomb-like MD;s structural
motif.”~1° However, because of edge-sharing of the NiO
octahedra in both cases the-ND—Ni angles are between 90
tand 100, i.e., a range in which ferromagnetic-NNi exchange
pathways are dominafl.
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Conclusions possible to synthesize analogues of the title compound contain-
ing other first-row transition metals leading to other, analogous

We have reported a new heteropolyanion which is the first . . : :
compounds with interesting magnetic properties.

example of a cubane fragment incorporated in a lacunary
polyoxoanion. The title compound is of interest for its structural
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