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The even-electron cluster H,Os, J( CO) 24 exhibits intrinsic Paramagnetism at temperatures below 70 K; such 
behaviour is characteristic of a particulate metal in the quantum-size effect regime. 

There is considerable interest in the physical and chemical 
properties of small metallic particles with diameters less than 
loo& not only because of their high catalytic activity1 but 
also from their position as intermediaries between the atomic 
and metallic regimes.2 Unfortunately, the detailed characterisa- 
tion of finely-dispersed metallic crystallites, with unavoidable 
particle-size distributions within a sample, is a major experi- 
mental problem. In contrast, transition-metal cluster com- 
pounds are well characterised, molecular materials. Obtain- 
able in exceptionally high purity, they represent metal particles 
of uniform size and well-established geometries. Carbonyl 
clusters have been viewed as models for metal ~rystallites,~ but 
almost exclusively with regard to their close-packed geome- 
tries. Discussion of bonding has successfully concentrated on 
the number of skeleton electron pairs required to bind the 
metal cluster units,4 implicitly assuming that the electrons are 
paired in closed shells to yield diamagnetic ground states. 
This picture is accurate for small clusters, as shown by p.e.s. 
studies5 of Os,(CO),, and OS~(CO),~, but inappropriate for a 
large cluster where the electronic energy levels must ulti- 
mately form quasi-continuous bands, giving rise to character- 
istic physical properties and incipient paramagnetism. 

We report the discovery of low-temperature paramagnetism 
in the even-electron cluster H20sloC(C0),4,6 providing direct 
verification that this molecule, corresponding to an osmium 
particle of approximate overall diameter 10 A, has magnetic 
properties similar to those of particulate metals, and displaying 
quantum-size effects.’ 

Magnetic susceptibility measurements in the temperature 
range 4.2-300K, and the magnetic field range 2-12 kG, 
were carried out using a high-sensitivity Faraday appara t~s .~  
The temperature dependence of the molar susceptibilities for 
Os3(CO),,, Os,(CO),,, and H20sloC(CO)2a are shown in 
Figure 1 .  In the high-temperature limit, the magnitudes of the 
diamagnetic susceptibilities increase in the order Os, < Os, 
< O$,, as expected for an increasing contribution from the 
number of electrons present. The two low-nuclearity clusters 
are diamagnetic over the entire temperature range. In con- 
trast, the decanuclear cluster exhibits paramagnetism below 
ca. 70 K, conforming almost exactly with the simple Curie 
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Law xM = C M / T t  (see insert, Figure 1) with C,  = 4.77 x lop2 
emu K mol-l, giving a nominal magnetic moment of 0.62 Bohr 
magnetons per cluster molecule. Magnetic impurity levels for 
these three osmium clusters, determined both by atomic 
emission spectroscopy and energy-dispersive analytical elec- 
tron microscopy (e.d.a.x.), were typically less than 10 p.p.m. 
for Fe, Co, and Cu, so that the observed paramagnetism in 
H20s,,C(C0),, far exceeds any contribution from transition- 
metal impurities in the sample. Indeed, the absence of any 
paramagnetic behaviour in the OS,(CO),~ and O~(CO)18 
samples illustrates the extremely high purity possible in such 
materials. The magnetic susceptibility of the decanuclear 
cluster shows no field dependence between 2 and 12 kG over 

t 477 X, (c.g.s. e.m.u.) = XM (S.I.) 
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the temperature range 4.2 to 300 K, again demonstrating that 
the observed effects do not arise from ferromagnetic impuri- 
ties. 

The paramagnetic behaviour of H,OS,,C(CO)~ contrasts 
with that of bulk metals, which exhibit a small Pauli (tempera- 
ture-independent) paramagnetic susceptibility, indicative of 
itinerant electrons in metallic conduction bands.10 A transition 
from Pauli- to Curie-type behaviour as the particle size 
decreases has indeed been predicted,' and observed recently in 
small particles of both odd- and even-electron metals, such as 
lithiumll and platinum.12 In bulk metals the electronic energy 
levels form a continuum, but in particulate metals the energy 
differences between successive levels are no longer small 
compared with other important energies, such as the thermal 
energy and the electronic Zeeman energy. In this regime the 
paramagnetism, amongst other properties, displays quantum- 
size In terms of magnetic properties, H,OsloC(CO),, 
clearly behaves as a small metallic particle. 

Further evidence that the magnetic behaviour of high 
nuclearity cluster carbonyls may be similar to that of particu- 
late metals comes from our e.p.r. studies of H20s&(C0)24 and 
[OsloC(CO),,]2--.'3 The spectra are broad (typically ca. 50 
Gauss half-width at 38 K), Lorentzian lines with g-values 
close to free-spin. The resonances broaden as the temperature 
is raised, and disappear above ca. 100 K, which is consistent 
with our susceptibility data. This e.p.r. behaviour is directly 
analogous to conduction-electron spin resonance, observable 
in bulk for light metals,14 and in small particles of heavy 
metals with both odd (e.g. silver15) and even (e.g. platinuml8) 
numbers of electrons. 

Some indication of incipient metallization in large clusters 
also arises from recent work1' on the Herzfeld treatment of 
the metal-non-metal transition. Crystals of high-nuclearity 
cluster carbonyls contain metal atom concentrations approach- 
ing those at which, in the absence of ligands, metallization of 
the bulk sample might be expected. Our experimental results 

clearly show that the trend towards metallic behaviour is well 
advanced for molecular clusters of ten osmium atoms. 

We thank the S.E.R.C. (U.K.) and N.S.F. (U.S.A.) for 
financial support. R. E. B. gratefully acknowledges the award 
of a Research Fellowship by Corpus Christi College, Cam- 
bridge. We also thank Dr. W. J. H. Nelson and Miss M. 
Vargas for samples, and Prof. M. J. Sienko for his permission 
to use equipment at Cornell. 

Received, 29th December 1981 ; Com. 1469 

References 
1 F. Hugues, B. Besson, P. Bussibre, J. A. Dalmon, J. M. Basset, 

and D. Olivier, Nouv. J. Chim., 1981, 5, 207. 
2 R. C. Baetzold, Inorg. Chem., 1981, 20, 118. 
3 P. Chini, Gazz. Chim. Ital., 1979, 109, 225. 
4 K. Wade, Adv. Inorg. Chem. Radiochem., 1976, 18, 1. 
5 J. C. Green, D. M. P. Mingos, and E. A. Seddon, Inorg. 

Chem., 1981, 20, 2595. 
6 P. F. Jackson, B. F. G. Johnson, J. Lewis, W. J. H. Nelson, 

and M. McPartlin, J. Chem. Sac., Chem. Commun., 1982, 49. 
7 H. Frohlich, Physica, 1937, 4, 406; R. Kubo, J. Phys. SOC. 

Jpn., 1962, 17, 975. 
8 R. F. Marzke, Catal. Rev., 1979, 19, 43. 
9 J. R. Young, Ph.D. Thesis, Cornell University, 1970. 

10 C. Kittel, 'Introduction to Solid State Physics,' 3rd edn., 

11 J-P. Bore1 and J. L. Millet, J. Phys. (Paris), 1977, 38, C2-115. 
12 R. F. Marzke, W. S. Glaunsinger, and M. Bayard, Solid State 

Commun., 1976, 18, 1025. 
13 P. F. Jackson, B. F. G. Johnson, J. Lewis, M. McPartlin, and 

W. J. H. Nelson, J. Chem. SOC., Chem. Commun., 1980, 224. 
14 G. Feher and A. F. Kip, Phys. Rev., 1955, 98, 337. 
15 D. Hermerschmidt and R. Haul, Ber. Bunsenges. Phys. Chem., 

16 D. A. Gordon, R. F. Marzke, and W. S. Glaunsinger, J. Phys. 

17 P. P. Edwards and M. Sienko, Acc. Chem. Res., 1982, 15, 87. 

Wiley, New York, 1966, p. 446. 

1980, 84, 902. 

(Paris), 1977, 38, C2-87. 


