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The magnetic properties of the compounds gH{ VO(H20)} { Mo(u-H20)2(1-OH)MO0} 3{ MO15(MONO),0s5-
(H20)2}3]‘65H20, 1a, (NHzMez)lg(NH4)6[{VO(H20)}6{ MO(u-HzO)z(,u-O)MO}:;{ M015(M0NO)2O53(H20)2}3]'

14H,0, 1b, and Na(NHa)1o[{ Fe(H:0)2} 6 Mo(1-H20)2(1t-OH)Mo0} 3 { MO15(MONO)0s6(H20)2} 3] 76H:0, 2, have

been investigatedla, 1b, and2 contain giant cluster anions composed of three transferableligands bridged

by cationic centers which can be exchanged for other metal centers (this means that metal centers can be placed
deliberately on the surface of large clusters serving as models for metal oxides). Six of these paramagnetic
centers (V(IV) inla/lb and Fe(lll) in2) are arranged to form a trigonal prism. The analysis of the magnetic
susceptibility data reveals an efficient exchange pathway between the centers located within the trigonal face of
this prism mediated by the large and electronically unusuajsMigands. In the case of the vanadium(IV)
compounds a remarkably strong antiferromagnetic coupling within the triangled/(distances> 650 pm) is
observed, ca. 190 cm for 1aand ca. 160 cm' for 1b, with the Hamiltonian defined ad = J5<;S-S. The
measurement of the anisotropic susceptibility of compoliadillowed us to determine for the first time the
elusive antisymmetric exchange param&geexpected to be generally operative in spin frustrated systems. The
electronic structure of the giant cluster anionslef 1b, and2 as well as, for the purpose of comparison, those

of the compounds (N { MoOz} o H12M015(MONO),0sg(H,0).} 2] -33H,0, 3, Nag[{ MoO2} { H12M015(M0O),0s¢-

(H20),} 2]°58H,0, 4, and (NHMey)s[H2H12(M0oV'O3)4M0Y1,04q], 5, have been investigated by photoelectron
spectroscopy and extended ¢kel calculations.

Introduction polymers, or resins, but in this case it is difficult to achieve
monodispersed and easily characterized particles. Perhaps the
most challenging approach is that of making giant molecular
species which can be characterized with the usual approaches
of molecular chemistry. This route has previously been
followed for high nuclearity metal clustefsand now suitable
methods are being followed for obtaining similar results with
transition metal oxo clustefs All the synthetic strategies must
ted design ingenious methods of avoiding the growth of the
aggregates. . . particles, which otherwise would form the bulk metal oxides
There_ are Se"e"’." different chem|c_al app_roaches for the or hydroxides, of large dimensions. It is therefore necessary
synthesis of magnetic nanoclusters. It is possible to embed thethat at some stage the growth of the developing particles is
particles in protecting media, like proteinic shells or micelles, blocked by the presence of unreactive groups on the periphery
of the particles themselves. This can be achieved either with
the presence of suitable ligands or with the formation ef®I

The magnetic properties of large spin clusters, which eventu-
ally can give rise to magnetic nanoclusters, i.e. magnetic
particles of nanometer dimensions, are attracting increasing
interest! There are several good reasons for this, ranging from
attempts to validate quantum theory to design new magnetic
refrigerators, over developing models for biomineralization and
the functioning of ferritin to determining the nature of interstellar

T University of Florence.
* University of Bielefeld.

§ Max-Planck-Institut, Stuttgart. bonds with low nucleophilicity. The latter approach has long
® Abstract published idvance ACS Abstractddarch 1, 1996. been known, since it is the basis of the formation of the well-
(1) (a) Gatteschi, D.; Caneschi, A.; Pardi, L, SessoliSRiencel994 known polyoxometalate®.For a long time this was limited to

265 1054. (b) Gatteschi, DAdv. Mater. 1994 6, 635. (c) Jena, P. 0 i . . .
Physics and Chemistry of Finite Systems: From Clusters to Metals d° ions, which do not form giant species and are not
Kluwer Academic Publishers: Dordrecht, The Netherlands, 1992.

(2) (a) Leggett, A. JJ. Phys Rev. B 1984 30, 1208. (b) Awschalom, D. (3) Schmid, G.; Klein, NAngew Chem, Int. Ed. Engl. 1986 25, 910.
D.; DiVincenzo, D. P.; Smyth, J. FSciencel992 258 414. (c) (4) (a) Taft, K. L.; Lippard, S. JJ. Am Chem Soc 199Q 112, 9629. (b)
Balcells, L.; Tholence, J. L.; Linderoth, S.; Barbara, B.; Tejad&, J. Schake, A. R.; Vincent, J. B.; Li, Q.; Boyd, P. D. W.; Folting, K;
Phys B 1992 89, 209. (d) Barbara, B.; Sampaio, L. C.; Wegrowe, J. Huffman, J. C.; Hendrickson, D. N.; Christou, [Borg. Chem 1989
E.; Ratnam, B. A.; Marchand, A.; Paulsen, C.; Novak, M. A 28, 1915. (c) Goldberg, D. P.; Caneschi, A.; Lippard, SJ.JAm
Tholence, J. L.; Uehara, M.; Fruchart, D. Appl. Phys 1993 73, Chem Soc 1993 115 9299. (d) Lippard, S. JAngew Chem, Int.
6703. (e) Mann, S.; Frankel, R. B. Biomineralizatior-Chemical Ed. Engl. 1988 27, 344. (e) Heath, S. L.; Powell, A. KAngew
and Biochemical Perspeets Mann, S., Webb, J., Williams, R. J. Chem, Int. Ed. Engl. 1992 31, 191. (f) Taft, K. L.; Papaefthymiou,
P., Eds.; VCH: Weinheim, Germany, 1989; p 389. (f) Meldrum, F. G. C.; Lippard, S. JSciencel993 259 1302.

C.; Heywood, B. R.; Mann, SSciencel992 257, 522. (g) Ziolo, R. (5) (a) Pope, M. T.; Mler, A. Angew Chem, Int. Ed. Engl. 1991, 30,
F.; Giannelis, E. P.; Weinstein, B. A.; O’Horo, M. P.; Ganguly, B. 34. (b) Pope, M. T.; Mler, A., Eds.Polyoxometalates: From Platonic
N.; Mehrotra, V.; Russell, M. W.; Huffman, D. F&ciencel992 257, Solids to Anti-Retrairal Activity; Kluwer Academic Publishers:
219. Dordrecht, The Netherlands, 1994.

0020-1669/96/1335-1926$12.00/0 © 1996 American Chemical Society



Giant Clusters with Unusual Structures Inorganic Chemistry, Vol. 35, No. 7, 1994927

It is tempting to describe these clusters formally as inorganic
equivalents of small proteins, in which the molybdenum moieties
have a structural function, providing the shape of the cluster
and leaving the space available for the magnetically active sites.
However, they may also have a more important role, by
transmitting the magnetic interaction between thactive
centers. In order to clarify the relative roles of the various
moieties we investigated in detail the magnetic properties of
1a, 1b, and2, performing also photoelectron spectroscopy and
extended Hakel MO calculations in order to elucidate the
electronic structure of these giant cluster anions.

Experimental Section

The compounds (Npbi[MosAVO)s(NO)sO174 OH)s(H20)1¢] -65H0,’
la, (NHzMez)ls(NH4)5[M057(VO)6(NO)50177(H20)18]'14H20,7 1b,
Nag(NH4)12[MO57F%(NO)50174(OH)3(H20)24]’76H20,6 2, (NH4)12[M035-
(NO)40103(H20)16]-33H20,7 3, Nag[M0360112(H20)16]-58H20,8 4, and
(NHzMey)e[H2M016(OH)12040],° 5, have been prepared as previously
described. Microcrystalline samples were satisfactorily analyzed.

Photoelectron Spectroscopy.Photoelectron spectra @b, 2, 3, 4,
and5 were measured with a Leybold-Heraeus LHS-10 spectrometer
with Mg Ka radiation for the core level as well as AlokKand He Il

Figure 1. Polyhedral representation of the cluster aniond@{1b) radiation for the valence band spectra. The radiation of the excitation
and2. The OVQ(OH,) octahedra inla (1b) and the FeQ{OH,), sources was nonmonochromatic, and the electron pass energies were
octahedra ir?, respectively, are shown with broken lines, {téo(u- 50 eV for XP and 10 eV for UP spectra. In addition, valence band

H.O).(«-OH)Mo} moieties with crosses, the pentagonal Mo(N@)O
bipyramids are randomly dotted, and the Ma@tahedra have a regular
pattern of dots; the view is approximately along théS§ axis.

and Mo 4p spectra of a molybdenum foil, the surface of which was
cleaned by argon ion sputtering, were measured for purposes of
comparison. Since the cluster compounds are insulators, surface
. ) . ) . charging of several electron-volts occurred. A charging correction for
interesting from the magnetic point of view, but recently new the Xp spectra was estimated from the surface carbon contamination
classes of polyoxometalates containing magnetic centers mainlyc 1s peak, the binding energy of which was seEgo= 285 eV. This
oxovanadium(lV) ions have been reported. leads to binding energies of 286.5 and 286.8 eV for the intrinsic C 1s
In this context some of us showed how polyoxometalates can peaks arising from the (iMe,)* cations inlb and5, respectively.

be used also in a different way to produce large spin cluéters. The difference 0.3 eV gives an estimate for the error in binding energies
By using large quasi-preorganized building blocks of polyoxo- associated with the calibration procedurt_a._ The cry;tal water of the
metalates as ligands toward magnetic metal centers, it Wascompounds evaporates under UHV conditions. During the measure-

. A . . ments the samples were cooled with liquid nitrogen. For collecting
possible to obtain giant clusters of the following formufds: He Il spectra the samples were flooded with low energy electrons. In

NH VO(H.O Mo(u-H.O -OH)Mo} .- order to facilitate comparison of XP and UP valence band spectra the
(NH:[{ VO(H,0)} of Mo(u-H;0),(u-OH)Mo} 5 UP spectra were shifted so that the top of the valence bands of XP and

{Mo,5(MONO),05(H,0),} 5] -65H,0 (1a) UP spectra coincided.
Magnetochemistry. The magnetic susceptibility was measured

(NHZMe2)18(NH4)6[{ VO(HZO)} 6{ MO(,u-HZO)Z(,u-O)MO} . using a Metronigue Ingenierie SQUID Magnetometer with an applied

field of 10 kOe. The low temperature datadivere collected wittH
{M0,5(MONO),054(H,0),} 3]-14H,0 (1b) = 1 kOe to avoid saturation effects. The experimental data were

corrected for diamagnetic contributions and temperature-independent
Nay(NH,),,[{ Fe(H,0).} { Mo(u-H,0),(u-OH)Mo} ;- paramagnetism based on the results obtained for comp8uisee

M MoN H 7 2 Results and Discussion). The magnetic anisotropgtofvas deter-
{Mo;(MONO),Ose(H;0)z} 5] 76H,0 (2) mined by gluing about 20 crystals (ca. 100 mg) on a thin glass support

In these clusters with molecular masses of the anion larger with the 001 face parallel to the support. The susceptibility was then
than 9 kDa, that means of the order of small proteins, the six measured with the field applied parallel and perpendicular to the unique
metal centers (oxovanadium(1V) or iron(lll)) and three formally € axis. As the compound crystallizes in a hexagoRékmmq space
cationic{ Mo(u-H,0)(«-OH)Mo} ** moieties (in the case dfb group, only these two directions are required to determine the magnetic
theu-OH groups are deprotonated) connect thregMgands, anisotropy.

{MoV'15(MoNO)3*,0sg(H20),} 2%, as shown in Figure 1. The  Results and Discussion

molybdenum(VI)-based polyoxometalates act as embedding .
agents for the “active site”, containing six oxovanadium(IV) Structures. The structures afa, 1b, and2, the cluster anions

and six iron(lll) centers, respectively (see Figure 1). The ©Of which haveDs, symmetry, have been previously repoftéd
formulation of the structure is based on the following investiga- 2nd briefly described in the Introduction. The most interesting
tions: single-crystal X-ray diffraction studies as well as IR/ feature, and a very delicate one for the description of the

Raman, UV/vis/near-IR, ESR spectroscopy, XPS, redox titra- magnetic properties, is that at Ie_ast three_ different types of
tions with MnQ;~, bond valence sum calculations, elemental molybdenum centers are present in these giant clusters. Struc-

analyses, and thermogravimetric studiés. tural evidence suggests that the cationic fragmehi® (-
H,0),(«-OH)Mo} °" contain formally molybdenum(V) centers.
Vi 3+
(6) Miller, A.; Plass, W.; Krickemeyer, E.; Dillinger, S.;"Bge, H.; On the other hand the fragmen{3vio"'1s(MoNO)*";0se-
Armatage, A.; Proust, A.; Beugholt, C.; Bergmann Aigew Chem,
Int. Ed. Engl. 1994 33, 849. (8) Krebs, B.; Stiller, S.; Tytko, K. H.; Mehmke, Eur. J. Solid State
(7) Miller, A.; Krickemeyer, E.; Dillinger, S.; Boge, H.; Plass, W.; Inorg. Chem 1991, 28, 883.
Proust, A.; Dloczik, L.; Menke, C.; Meyer, J.; Rohlfing, R.Anorg (9) Kahn, M. I.; Muler, A.; Dillinger, S.; Bmge, H.; Chen, Q.; Zubieta,

Allg. Chem 1994 620, 599. J. Angew Chem, Int. Ed. Engl. 1993 32, 1780.
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Figure 2. Ball-and-stick model of the cluster anionsIH (1b) and2 ) ) ) .
with an illustration of the trigonal prism formed by the paramagnetic Figure 3. Representation of the Mo 3d core level signals in the XP
metal centerd/ (for meta-metal distances see text). The position of ~SPectra of (a4, (b) 5, (c) 3, (d) 1b, and (e)2. Solid curves correspond

the threg Mo(u-H,0),(1-OH)Mo} pairs on the horizontal mirror plane  t0 the best fits with one line for each spin-orbit component in cases a
is indicated by broken lines. and b, and two lines in cases-e. In the latter cases, a vertical bar

indicates the position of the shoulder corresponding to a component

(H,0):}20-, which are also present in (NHA{M0oOz} {Hi»  With lower binding energy.
Mo15(MoNO),0Osg(H20),} 2] -33H,0, 3, contain only diamagnetic
centers (molybdenum(VI) centers and (MoNOWnits). How-
ever, since the accurate description of the valences on the variou
metal centers is of paramount importance for the understanding
of the magnetic properties, we performed photoelectron spec-
troscopy measurements, the results of which are described
below.

The six magnetic centeid, oxovanadium(IlV) inlaand1b

Information about the oxidation states of the molybdenum
atoms can be derived from the Mo 3d core level signals, which
are composed of the gdspin—orbit components at lower and
the 3@, ones at higher binding energies. In the casd ahd
5 (Figure 3a,b) each spirorbit component consists mainly of
one line with peak maxima at 233.0 and 232.3 eV, respectively.
In agreement with the expectation of an increasing binding

and iron(lll) in 2, are assembled in two layers of three. These egergy (\;Vi,th irrl1¢reasing ?xti)?jatigglnumbfer, V(‘j’hiCT) iSI indeed
define a trigonal prism with metaimetal distances of 655.9 ~ °Pserved in other oxomolybdat€s, Eg is found to be larger

(1a), 654.3 (Lb), and 640.2 pm3) in the triangular faces, and for 4 than for5. The resolution of the XP spectra is, however,
960.2 (a), 958.7 (b), and 897.4 pm 2) in the vertical too small to resolvg the_ peaks due to the molybdenum(V) and
rectangular faces (see Figure 2). The trigonal prism is linked monbdenum(VI)' sites irb. ]
by the three transferable Mpligands located above the three ~ The Mo 3dy; signals oflb, 2, and3 (Figure 3c-e) reveal a
rectangular faces. Along the edges of the trigonal facesthe ~ Main line at about 233.G40.3) eV. The high binding energies
centers are connected by—-®o(VI)—O bridges, therefore — are typ|cal for molybdenum(VI) centers, which is indeed the
forming two M —O—Mo—0O 12-membered ringsV( = Fe and OX|dat|_o_n state of most of the molybdenum atoms in the clusters.
V). The connection of1 centers belonging to different triangles I addition, a weak feature at ca. 1.7 eV lower binding energy
occurs through a seven atom-®lo(VI) —O—Mo(V)—O—Mo- occurs_%2 An unambiguous interpretation of .the spectra is
(V1) —O bridge (cf. Figures 1 and 2). complicated by the fact that after prolongeq |r.rad|at|on Wlt'h
Photoelectron Spectroscopy. Photoelectron spectra have ~ X-fays the spectra broaden toward the low binding energy side
been measured fatb, 2, and 3 in order to understand their  Which corresponds to the progressive reduction of molybdenum-
unusual electronic properties. Since it is in general difficult to (V1) to molybdenum(V) under UHV conditions. Tt value
separate the contributions to the photoelectron spectra arisingorresponding to this nonintrinsic molybdenum(V) component
from the different kinds of metal sites we also investigated the IS only 1.2 eV smaller in binding energy than that corresponding
cluster compounds NE MoO2} of H12M015(M0O),0s5(H20)2} 2] to the main componer_n. Therefore, the shoulder at Iow_bm_dlng
58H,0, 4, where only Mo(V) sites are present, as well as g(NH ~ €nergy seen already in the spectra soon after the beginning of
Me)e[H2H12(M0Y!03)4aM0V 1,049, 5, where the major part of the measurements is considered as intrinsic and attanted to
the molybdenum atoms are in the oxidation state. the molybdenum atoms from the (MoND)groups. This
The spectra show for the O 1s core level signals either a @SSignment is supported by comparison of the Mo 3d signals
broadened single line3@nds) or a double peak structure with ~ Of 3and4. The 3d; line of 4 does not reveal the low binding
a main component and a sidepeak with less intensity at higher€nergy shoulder seen in the spectrunBof
binding energy 1b, 2, and4). TheEg values which correspond For 1b and 2 six molybdenum(V) sites arising essentially
to the main components range from 530.8 to 531.6 eV as from the { Mo(u-H20),(u-OH)Mo} ** moieties are present in
observed in other oxomolybdat¥s.The sidepeak observed at
about 2 eV higher binding energy arises presumably from (11) Wagner, C. D., Riggs, W. M., Davis, L. E., Moulder, J. F., Muilenberg,

surface-adsorbed water molecules and/or from other surface G- E., EdsHandbook of X-Ray Photoelectron Spectroscdprkin-
Elmer Corporation: 1978.

contaminations. (12) For a quantitative analysis the Mo 3d spectra were fitted to lines of
mixed Lorentziar-Gaussian line shapes. The intensity rat{@sk,)/
(10) Patterson, T. A.; Carver, J. C.; Leyden, D. E.; Hercules, D.JM. 1(3ds12) were fixed at the theoretical value of 1.5, and the known-spin

Phys Chem 1976 80, 1700. orbit splitting of 3.2 eV was used.
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Figure 4. Valence band region of the photoelectron spectradof  Figure 5. Valence band region of the photoelectron spectra (&l K
(bottom, a and b) anfl (top, ¢ and d) excited with nonmonochromatic  radiation) of (a)3, (b) 1b, and (c)2. For easier comparison the spectra
Al Ko radiation (a and c) and He Il radiation (b and d). In the XP have been aligned to equal O 2s binding energies.

spectra also the band at 23 eV corresponding to the O 2s levels is

included. and the above intensity ratios one obtains an average number

of 4.4 Mo 4d electrons per molybdenum centerdin This
analysis demonstrates that the electronic structure and chemical
bonding of the cluster compound are characterized as expected
by strong covalent interactions between Mo 4d and O 2p orbitals
as is also seen from the overlap of the Aklind He Il valence

addition to the 45 molybdenum(VI) and six Mo centers from
the (MoNO¥$* groups. The binding energy difference between
molybdenum(V) and molybdenum(VI) sites again is not large
enough to allow the resolution of such a small molybdenum-

V) fractlon'ln' the present >.(P spectra. . band spectra (Figure 4). Whereas the A kspectrum is
For describing the essential features of the electronic structuredominated by the Mo 4d partial density of states, the He Il

of the compo_unds we should refer to the valence ban_d SIOecnaspectrum mainly reflects the O 2p partial density of states.
of 4 and5 (Figure 4). For4 the Al Ko spectrum basically p d lent int ti bet ¢ it tal d
consists of a broad band with a width at half height of 4.5 eV ronounced covalent Interactions between fransttion meta
The integrated intensity for the valence band features i.s eve.nomItalIS and O 2p orbitals, leading to a strong deviation of the
larger thgn the corres >cl)ndin O 2s intensity (ratio: 1.17). On actual charge at the metal site from the formal oxidation state,
thegother hand. from thF:e atomgi]c hotoionizat?gn croés éec%i%')ns are a general feature of the electronic structure of oxides with
o ' OmIc pnof : .’ transition metal centers having high oxidation numbers (cf. the
it is expected that the partial intensity corresponding to O 2pin

5
the valence band is less than 20% of that corresponding to Oca_?ﬁz On:c?;?nc?t? ngsz(\;?r)zpednggp?‘e{ﬁlga A)\I Kvalence band
2s (oozplooz¢ = 0.19 for Al Ka radiation). This evidences vious di ' v

that the major part of the XP valence band spectrum is due to spectra oft and5 is.’ the significantly .increased photoemissipn
the photoemission of Mo 4d electrons. In order to obtain a observed at energies above the main band for the latter (Figure

more quantitative estimate for the total numimgrof Mo 4d ?gl.at?/lfacrnsar?;?dézr{?tlrsigustﬁ)?\ni;nlzjtl?eel;l?nI:hsepicl(;gﬁe?rutms
electrons in occupied molecular orbitals we measured the y 9 P )

valence band spectra dfand molybdenum metal relative to It is concluded that the additional electrons arising from the
the respective peaks corresponding to Mo 4p electrons. Themolybdenum(V) centers enter molecular orbitals Of. predomi-
intensity ratioslsy/lvg are 2.36 for4 and 2.49 for metallic Eirglz Meon;l:i Chsrggtoe;e:ns??rllleb;gd ;?é;inggﬁgi tgclﬁwm
molybdenum. Taking equal photoionization cross sections in inding gyl ' v pectru

- . . of 4. Its nature is not completely clear, but it may correspond
molybdenum andh, ng(4) is estimated according to to a certain amount of molybdenum(V) created under UHV

(I/lve)Mo] conditions and irradiation with X-rays.
Ny(4) = n(Mo)f—2—v2 1 Widths and shapes of the peaks observed in the XP valence
d d
(|4p/|VB)[4] band spectra olb, 2, and 3 (Figure 5), where most of the

molybdenum centers are in the formgb oxidation state, are
very similar to those ofl. In all three caseslb, 2, and3, in
addition to the main band also a second band with small intensity
at lower binding energies is found. It seems reasonable to assign
these bands to the highest occupied levels arising from the
(MoNO)3* orbitals in3 as well as from the additional M(3d)

It is assumed that the valence band spectrum of molybdenum
is entirely due to photoemission from 4d orbitals as the
photoemission cross section for 5s electrons is small. The factor

lon Tozsl 02
f=1-F~1- LIS 2)
VB Oo2¢lve (14) Reinert, F.; Kumar, S.; Steiner, P.; Claessen, Rfnely S.Z. Phys

B 1994 94, 431.

takes into account the O 2p contribution to the valence band (15) Karlsson, K.; Gunnarsson, O.; JepsenJCPhys Condens Matter

. 1 . . 1992 4, 895.
spectrum of4. With a 4¢58 configuration for molybdenum (16) A partial reduction of molybdenum(VI) to molybdenum(V) may also

be the reason for the rather large line width and asymmetry of the
(13) Yeh, J. J.; Lindau, IAt. Data Nucl Data Tables1985 32, 1. Mo 3d spectrum oft.




1930 Inorganic Chemistry, Vol. 35, No. 7, 1996 Gatteschi et al.

O(2p) (M= Fe, V) and Md (4d)—0O(2p) antibonding levels in T T
1b and 2 (see below). But again, one must be aware of the

possibility of a reduction of molybdenum(VI) sites during the

rather long measuring times (about 15 h) required for a 20
reasonable signal-to-noise ratio with the present equipment. In
the case oflb the time dependence of the valence band spectra
was investigated in more detail. In fact a certain increase in
intensity of the band at low binding energy and a concomitant
pronounced broadening of the Mo 3d lines is observed after
long measuring times. But even a valence band spectrum [ | .
collected within 1 h, a time where no changes in the signal 12 b .
corresponding to Mo 3d were observed, indicated already the
presence of a band with low intensity above the main part of
the valence band. Also the He Il spectraldf reveal such a
band!” The fraction of the various sites is too low to allow a
more detailed investigation of its nature. For this purpose
resonant photoemission studies with excitation energies at the
transition metahp—nd threshold could be helpful.

Magnetic Properties. The treatment of the raw magnetic
data ofla, 1b, and2 encounters some difficulties, because there
are only a few magnetic centers embedded in giant cluster anions
with a molecular weight larger than 9 kDa. Furthermore, the
large number of molybdenum(VI) centers in these moieties
results in a nonnegligible temperature independent paramagnetic
(TIP) contribution!® In order to tackle these problems we used
3 as a standard to estimate the diamagnetic and TIP contributions
to the overall molecular susceptibility @g, 1b, and2. This is o 100 200
possible since the cluster anion ®tontains two of the Mg
ligands also composinga, 1b, and 2, which are linked by TEMPERATURE (K)
diamagnetic (Mo@)*" centers. Therefore we measured the Figyre 6. Temperature dependence of the product of the magnetic
susceptibility of3, which has a molecular weight of 6401 Da, susceptibility with temperature f& (a), 1a (b), andlb (c). The solid
and found a susceptibility of 1 x 10~3 emu motL, practically lines represent the calculated values using a dwoedel (see text)
independent of temperature. Compared to the diamagneticwith the following parametersg = 2.05,J = 1.2 cnt*, andJ' = 0.05
susceptibility expected according to Pascal’s corrections the C_““f;gs{%;gtﬁiﬂ;;ﬁi Cglycﬁ??%r:lﬁ-ﬁfgzghg ﬁlrf]‘gsgin
measured value for Com_pou_ﬂdzlearly shows the presence Of parts b and c are ’the calculated values, taking into account the
a rather large TIP contribution. The measured susceptibility 5ntisymmetric exchange (see text).
of 3, scaled for the ratio of the molecular weighta/3, 1b/3,
and2/3, respectively, was used to calculate the susceptibilities -1 k at 2.3 K. A similar behavior is obtained fdtb (see
of 13, 1b, and2, corrected for diamagnetic contributions, shown Figure 6c), except that the leveling gT occurs at the value of

(@)

| LI B AR N S N |

10

R TR VWU S N T U W N AN SO SN

AT (emu K mol)

{c) .

in Figure 6. 0.65 emu mot! K, and the further decrease starts at ca. 50 K
The room temperature value pf for the iron(lll) compound to reach the value of 0.43 emu mdIK at 2.3 K.

2(27.7 emu moat! K) corresponds well with the value expected | the cluster anions ofla, 1b, and 2 there are several

for six uncoupled iron(lll) centers (26.25 emu mblK), magnetic centers: six molybdenum(V) and six vanadium(IV)

showing that the correction we used is meaningful. The (iron(lll)), assuming that the NO groups are covalently bound

corresponding,T value for 1a (1.2 emu mot* K) is much to their molybdenum centers yielding diamagnetic groups (see

smaller than expected for six uncoupl®e- > spins (2.25emu  Figure 7). The molybdenum(V) centers are linked in pairs to
mol~! K) indicating strong antiferromagnetic coupli&g).For each other, the{Mo(u-H20)(u-OH)Ma}® moieties, with
2 theyT value (see Figure 6a) decreases slowly on decreasingye|atively short metat metal distances, forming bridges between
the temperature down to ca. 80 K, and below this temperaturethe Moy, ligands. The comparison with simple comparable
much more rapidly, reaching 4.6 emu mbK at 2.5 K. The  compounds suggests that all these pairs are diamagrtice
susceptibility seems to go through a maximum in this range of to extremely strong antiferromagnetic exchange interactions. In
temperature. fact, this view is confirmed by the room temperature magnetic
The xT behavior observed fota (see Figure 6b) is quite  data for2, which corresponds to six very weakly coupled iron-
different, decreasing smoothly down to 80 K. Between this (lIl) centers. We can therefore safely assume that the magnetic
temperature and ca. 40 K it is substantially constant at ca. 0.7 properties of the two giant cluster anions must be dominated
emu mof?! K, the value expected for two uncoupl&= 1/, by theM centers (iron, vanadium; cf. Figure 2).
spins. Below 30 KyT decreases rapidly, reaching 0.5 emu The arrangement of the magnetic centdrss very interest-
ing, because it corresponds to two equilateral triangles. It is
(17) The detailed shapes of the He Il spectra of the compounds should bewell known that in the presence of antiferromagnetic interactions
treated with some caution as the spectra are sensitive to the parameterguch an arrangement gives rise to spin frustration effédthe

%fmtfsﬂv?,g?kgun' Therefore these spectra will not be compared further gyin ground states for the individual triangles, composed of three

(18) Carlin, R. L.MagnetochemistrySpringer Verlag: New York, 1986.
(19) This result is consistent with the fact that the ESR spectra reported (20) Muller, A.; Krickemeyer, E.; Penk, M.; Wittneben, V.; Biog, J.
earlier for compoundda and 1b (cf. ref 7 and Miller and Plass: Angew Chem, Int. Ed. Engl. 199Q 29, 88.
Muller, A.; Plass, W.J. Mol. Struct 1994 321, 215) turned out to be (21) Vannimenus, J.; Toulouse, G.Phys C: Solid State Phys1977, 10,
due to an impurity owing to the preparation procedure. L537.
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be considered as very satisfactorily. Actually only the value
of J can be meaningfully obtained, whileremains substantially
undefined, because it is expected to give sizable effects only
below 4 K. The small value o} is not unexpected for two®d
ions which are rather far apart from each otfer.

The situation is different in the case bd and even more so
for 1b, where the two-parameter fit is not satisfactory. There
is no doubt, as seen for the experimental data, that a strong
antiferromagnetic coupling operates within the two triangles,
with J of ca. 190 cm? from la and ca. 160 cm' for 1b.
Compared with the corresponding value for the iron derivative,
and for the constants usually observed in oxovanadium(IV)
clusters, this value is abnormally high?® In factJ values of
ca. 20 cmi! were reported for @As—O bridges?® Further,
the inclusion ofJ is not sufficient to really fit the low
temperature data, as shown in Figure 6b,c where the solid lines
represent the calculated values with the best fit parameters:
=1.97,J= 195 cnr!, andJ = 2.6 cn1! for laandg = 1.85,
J=158 cn7?!, andJ = 3.3 cnt!for 1b. In particular, forlb,
it is apparent that the experimenjdl does not tend to zero at
0 K, which is not in agreement with the diamagnetic ground
state predicted by this model. Assuming that the inter-triangle
exchange interaction is negligible also in the case of V(IV) spins
we can consider the effects of the antisymmetric exchange in
the three spin system. The Hamiltonian takes the form

H= ZGU-[S x S] (3)

whereG; is a vector, which usually is taken as a parameter. Its
physical origin is the admixture of excited states into the ground
state through spinorbit coupling. To the second order in
perturbation theory it is given B%%7

Figure 7. Demonstration of the open shell 3d centers of the cluster Gij =G — Gj 4)
anions ofla (1b) and2 (for metal-metal distances see text): (a) view
approximately along and (b) view perpendicular to thes§ axis. with

— 1 — 5/ 1 i . -1 ~
S=1Yo0r threeS_ 1/2 interacting spins, are expegted to be G = ZzAn inmi|Li|giigi|Hex|ging (5)
two degeneraté& = Y/, states, in the limit of only isotropic o

exchange present, which can be referred t¢@a% In this
notation it is clear that there is some form of orbital degeneracy where the sum is over all excited stateg] separated by an
in the ground state of the frustrated triangle, and therefore the energy A, from the ground stateg[] A, is the spir-orbit
system must be unstable towards perturbations which removecoupling constant anleis the electron exchange Hamiltonian.
the degeneracy. For isolated triangles this can be brought aboutor a triangular cluster the only relevant componenGgfis
by spin—orbit coupling, which gives rise to antisymmetric the one parallel to the trigonal axis, characterized by a parameter
exchange, or by phonon coupling which lowers the symmetry G;. Often the G; parameter is estimated on an order of
of the clusters. magnitude basis &5
We tried to fit the magnetic data using isotropic exchange

and the two parameterdfor the coupling within the triangles G; ~ Ag/gJ (6)
andJ for the coupling between the triangles:

whereAg is the deviation of the averaggvalue of the coupled

centers fromge = 2.0023, andJ is the isotropic coupling

. constant. For the present case an estimat&jofjives ca. 7
P cm L,

(23) Gorun, S. M.; Lippard, S. Jnorg. Chem 1991, 30, 1625.

(24) (a) Gatteschi, D.; Pardi, L.; Barra, A.-L.; Mer, A. Mol. Eng 1993
3, 157. (b) Gatteschi, D.; Pardi, L.; Barra, A.-L.; Mer, A.; Doring,
J.Nature1991, 354, 463. (c) Barra, A.-L.; Gatteschi, D.; Tsukerblatt,
B. S.; Daing, J.; Muler, A.; Brunel, L.-C.Inorg. Chem 1992 31,

J 5132. (d) Gatteschi, D.; Tsukerblatt, B. S.; Barra, A.-L.; Brunel, L.-
C.; Muller, A.; Doring, J.Inorg. Chem 1993 32, 2114. (e) Mlier,
The best fit curve obtained fa& with g = 2.05,J = 1.2 A.; Rohlfing, R.; Barra, A.-L.; Gatteschi, DAdv. Mater. 1993 5,

_ . : Pp— . 915.
cmt, andJ' = 0.05 cn1t is shown in Figure 6a. The fit can (25) Barra, A.-L.; Gatteschi, D.; Pardi, L.; Mer, A.; Doring, J.J. Am
Chem Soc 1992 114, 8509.
(22) Tsukerblatt, B. S.; Belinskii, M. I.; Fainzil'berg, V. Ba. Sci Rev. (26) Dzyaloshinsky, 1J. Phys Chem Solids1958 4, 241.
B: Chem (Engl. Transl) 1987 9, 339. (27) Moriya, T.Phys Rev. 196Q 117, 635.
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Figure 8. Temperature dependence of fieproduct forla observed 1
by applying the field parallel and perpendicular to the uniquais.
The result of applying the Hamiltonian 3 to a trimer of spin 18
S=1,is that of splitting?E into two Kramers doublets separated
by 3\/§Gij. This splitting has large effects on the magnetic -18
susceptibility of the trinuclear clusters, and in particular on the
magnetic anisotropy. In fact, the parallel susceptibility is i

substantially unaffected, while the perpendicular susceptibility

is strongly affected at low field and low temperatures. It is DOSE)
given by?? Figure 9. Representation of the density of states (DOS) diagrams of
the cluster anions of compoun@s(on the left) and4 (on the right).
/ 4G2 + ( H)2 The contriputions of the Mo_4d orbitals to the total DOS are represented
tan 5 Yus by the solid areas in the diagrams.
T

%0 = N(gug)® @)

(IV) centers which are more than 600 pm apart. In order to
elaborate a semiquantitative model we performed extended

whereG = 3G; andH is the applied magnetic field. At high Hiickel MO caI(.:uIatlons. _ _
temperature and high fielgh goes to the limity = 34 (Ng-us?)/ Exten_ded Htckel Calculations. Extended H_ukel MO
(3kT), which differs from the corresponding expression for calculationg® were performed on the cluster anions of com-
only for the value of g ¢ instead ofg). However, at low poundsla (1b), 2, 3, 4, and5 in order to derive a qualitative
temperature wher6& > kT yq is expected to decrease rapidly, Picture of the electronic structure of such large metal oxide
thus giving rise to a temperature dependent magnetic anisotropy 2ssemblies and to possibly elucidate why polyoxometalate
This theoretical prediction finds a nice confirmation in the ~fragments, like the Mg ligands, are mediating the exchange
experimental magnetic anisotropy measurement shown in Figureinteractions between paramagnetic metal centers so efficiently.
8. Above 20 K the susceptibility is larger when measured in ~ As expected for compounds with metal centershigh
theab plane as expected with; > g, for VO2* centers. Below oxidation states, like the polyoxometalates and in agreement
this temperature the anisotropy changes sign and increases withvith the results from photoelectron spectroscopy, the electronic
decreasing temperature. This effect cannot be duegto structure can be related to that obtained for a corresponding
anisotropy, since in this case it would be temperature indepen-single metal oxygen fragment M@O This can be shown by
dent. model calculations on a series of cluster anions with an
We fitted the low temperature powder susceptibility lef increasing number of metal centers. Typically a clear separation
and1b using eq 7 and the best fit is shown in parts b and c of is observed between the Mo(4dp(2p) antibonding levels
Figure 6, respectively, as dashed lines. It can be considered adLUMO) and the levels composed predominantly of O 2p
satisfactory and definitely better than that obtained with the orbitals with metal oxygen bonding character (HOMO). Upon

4G® + (gugH)?

two-J model, especially fotb. The values of5, 5 and 9 cm?, increasing the number of metal centers the density of states
found for 1a and 1b respectively, are in agreement with the increases in the HOMO and LUMO region. This can, for
order-of-magnitude estimate made on the basis of eq 6. instance, easily be visualized by comparing the MO schemes

From Figure 8 it is apparent that a decreasgliralso occurs ~ Of the anions [MoGQ#~ and [PMQ@2O4q]*" (for a comparable
when the field is parallel to the unique axis. This can be due study on MoQ see ref 33). In the case of the polyoxomolyb-
either to partial misalignment of the crystal or to the presence dates3 and4 we can already consider the two aforementioned
of antiferromagnetic interactions between the triangles.

Although the necessity to introduce antisymmetric exchange (28) For the cluster anions of compour@is4, and5 we also performed
in the treatment of the magnetic data of highly symmetric spin ggg%rgy;:n%fi"cﬁlit'gﬁ'sfgg ;”;:,‘;d\',\fl'eerde ‘t’aeliz'r‘]ﬂ?rgfnt?:f ?E,;ln g
clusters has long been known, to our knowledge this is the first the geometrical data from published structure determinafidns.
time that magnetic anisotropy measurements can be employed29) Basch, H.; Viste, A.; Gray, H. Blheot Chim Acta 1965 3, 458.

; i (30) Jostes, R. Ph.D. Thesis, University of Bielefeld, 1984.
to unambiguously proof it. o (31) Diboult, P. EHT-SPDQCPE 1976 No. 256.
The other unusual feature of the magnetizatiod@and1b (32) Clementi, E.; Roetti, CAt. Data Nucl Data Tables1974 14, 177.

is the strong antiferromagnetic coupling between oxovanadium- (33) Jansen, S. A.; Singh, D. J.; Wang, S.@hem Mater. 1994 6, 146.
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20

groups of orbitals as quasi-bands (see Figure 9), and upon going
to the cluster anions dfa (1b) and2 this effect is even more DOS(E)

pronounced. The ionization of eIectrpns from the qqasrband Figure 11. Representation of the density of states (DOS) diagram of
composed of the O(2p)-Mo(4d) bonding levels constitutes the ¢ cjyster anion of compour(on the leff). The contributions of all
main part of the valence band photoelectron spectra of all Mo 4d orbitals to the DOS (at the same scale) are depicted on the
compounds investigated herein. right, with the contributions of the twelve Mo(V) centers emphasized

The anion of3 can formally be derived from that of by in black.

replacing four (MoO)" groups by (MoNOjJ" units. Therefore,  {jon to the HOMO-LUMO region arises from the metal centers
a third group of eight orbitals with MeNO character is located  \yith occupied V 3d and Fe 3d levels, respectively. The
in the HOMO-LUMO region of 3, with the highest energy  contributions from the additional M(36J0(2p) (M = Fe, V)
orbltgl of these representln.g the HOMO. .'!'h.e MO schemes gpq MJ (4d)—0(2p) antibonding levels as well as the (MoNO)
obtained for the cluster anions 8fand 4 utilizing SCCC- orbitals to the HOMO region are consistent with the observation
EHMO calculationd® are represented in Figure 10. Duetothe of 3 small band at low binding energy in the photoelectron
charge iteration procedure in the SCEEHMO calculations spectra ofLb and 2, especially if the time dependence of the
the HOMO-LUMO energy gaps become smaller and the energy yglence band spectra @b is considered, which indicates the
levels of the higher negatively charged cluster anio8 ehift intrinsic character of this feature. Unfortunately, photoelectron
to higher energies, but the qualitative picture derived from the spectroscopy does not provide any distinct information about
EHMO calculations (see Figure 9) is retained. A Mulliken the three aforementioned contributions to the HOMQMO
population analysis for the cluster anion®feveals relatively region of these cluster anions.
large contributions of the corresponding Mo 4d orbitals to the  ExMO calculations on the cluster anions of compoufds
MOs with Mo—NO character (see also Figure 9) and is, (1p) and2 are consistent with the qualitative picture outlined
therefore, in agreement with the observation gf a small band in gpove. Asin the case of compouBdthe MOs with the Me-
the XP valence band spectrum 8fat lower binding energy  NO character from the (MoN®) groups are located above the
and also with the smaller Mo 3d core level binding energy for Mo(4d)—O(2p) bonding levels. However, no clear energetic
the Mo atoms from the (MoNG]) groups (see section on  separation is found between orbitals with predominant M 3d
Photoelectron Spectroscopy). (Fe or V) and Mo 4d character. As a consequence we cannot
The situation is different when cluster anions with partially unambiguously assign the character of the HOMO in these
reduced molybdenum centers are considered. The DOS diagrantiuster anions. Moreover, the situation is complicated by the
of the cluster anion of compourilis depicted in Figure 11.In  fact that there are no antibonding Mo(4d)(2p) levels solely
this cluster anion Mo(4d)O(2p) antibonding levels get oc-  constituted by contributions from the Mo(V) centers, i.e. there
cupied and, therefore, a relatively small HOMOUMO energy ~ are no antibonding levels with predominant Mo(V) contribu-
separation is observed. This is consistent with the observationtions. Due to this fact we did not succeed in performing a
of a less intense band at lower binding energy, mainly of Mo SCCG-EHMO calculation converging to a reasonable charge
4d character, in the valence band region of the photoelectrondistribution, which clearly demonstrates the limitations of the
spectra of5 (see also Figure 4). EHMO methodology (electronelectron interactions can be
For the cluster anions of compountia (1b) and2 we have expected to be rather important for such an open shell case).
to expect both of the above discussed contributions to the However, we can still draw some qualitative conclusions from
HOMO-LUMO region, the MOs with Me-NO character from the EHMO calculations on the anions of compourids(1b)
the six (MoNO¥* groups as well as populated Mo(4€D(2p) and2. The calculations clearly demonstrate that polyoxometa-
antibonding levels due to the additional Mo 4d electrons of the late ligands suit extremely well the energetic requirements for
cationic{ Mo(u-H20)x(u-OH)Mo} *" moieties. A third contribu- the interaction with open shell metal centers such as V(IV) and
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Fe(lll). From the fact that Fe 3d levels are generally lower in transmit the magnetic interaction between them. It is certainly
energy than the V 3d onesBl{’s: Fe 12.60,V 11.18, Mo 10.50 a remarkable result that they are so effective in transmitting
eV) one may expect a more pronounced energetic separatiornthe interaction between vanadium(IV) centers. One important
of the levels within the HOMO region for the vanadium case, fact in this respect is definitely the high density of states in the
i.e. between the Mo(4e)O(2p) bonding levels and M(3¢) LUMO region of the resulting giant cluster anions. This finding
0O(2p) (M= Fe, V) antibonding levels. This would be consistent opens new perspectives for the magnetic properties of large
with small differences in the XP valence band spectrd lof clusters especially heteropolyoxomolybdates.
and 2, indicating a smaller mean separation of the bands The insulation of the ¥ centers in the active site dfa and
constituting the HOMO region (Figure 5) from the main band 1b allowed a detailed investigation of the magnetic properties
for the latter. of these compounds without having to worry about intermo-
Why can the Mgy ligand be such an efficient mediator for lecular interactions. In fact the shortest intermolecular\W/
exchange interactions between paramagnetic metal centers? Thdistances are 800 pm. This allowed us to determine for the
MO scheme depicted in Figure 10 represents qualitatively that first time with some accuracy the elusive antisymmetric
of two superimposed independent Mmoieties, the HOMG exchange paramet&. This is expected to be operative in all
LUMO region of which fits energetically quite well to metal  spin-frustrated systems, but has been largely neglected up to
3d levels. Along with the high density of states in the LUMO now. Given the relevance of spin-frustrated systems in many
region, it is this energetic tuning that enables such efficient biologically interesting compounds, it is of fundamental im-
exchange pathways. portance that experimental confirmation of its presence is finally

. achieved.
Conclusions
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la, 1b, and 2 are examples of inorganic systems which
resemble formally metalloproteins. The diamagnetic ;Mo
ligands have the role of the apoprotein fragments which define
the location of the “active site” B However, these Mg
moieties have not only a structural function, but participate
actively in determining the function of thég clusters; i.e., they 1C951085L



