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A Novel Giant Palladium Cluster
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Electron microscopy, electron diffraction, EXAFS, and ultracentrifuging data show that a new catalytically active
cluster prepared by reduction of Pd(OAc), by H, in the presence of L = 1,10-phenanthroline, or 2,2'-bipyridine,
followed by O, treatment, contains a close-packed metal nucleus (570 + 30 Pd atoms) bearing 60 + 3 co-ordinated L

and 180 = 10 OAc~ in the outer sphere of the cluster.

Reduction of platinum metal salts by suitable reagents in the
presence of stabilising ligands is a known method of prepara-
tion of clusters.! We have found that the products of reduction
of Pd(OAc), by H; in the presence of small quantities of L =
1,10-phenanthroline, phen, or 2,2'-bipyridine, bipy, followed
by O, treatment, are non-crystalline Pd-containing substances

soluble in H,O and polar organic solvents, of a constant
stoicheiometry [PdoL(O)3(OAC)s],, (1).

High resolution electron microscope (EM) studies (JEM-
100 CX, 250000 x direct magnification) of samples deposited
on carbon or graphite supports from MeCN solutions (Figure
1) reveal that the Pd skeleton of (1) has almost spherical
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Figure 1. Electron micrograph of particles of (1) deposited on a carbon support.
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Figure 2. Extended X-ray absorption fine structure (EXAFS) of Pd

K-edge of cluster (1) (a) and radial distribution function of atoms (b).
* False maxima.

particles with a narrow size distribution: the average diameter
is 26 A, the standard dispersion (3.5 A) slightly exceeds the
microscope’s resolution. From the rates of sedimentation of
aqueous 0.05—0.30% wt. solutions of (1) on ultracentrifuging
(MOM-3801, Hungary, 58000 min~!, moving frontier
method) the molecular weight of (1), L = phen, was
calculated, using Stock’s formula for spherical particles, to be
89500 * 4500. Therefore, for compound (1) m = 63.5 + 3.5,
and the cluster contains 570 + 30 Pd atoms.

[PdyL(O)3(OAC)s]
)]

The samples of (1) revealed EM dark-field images (in 111
and 200 reflexes) and the electron diffraction pattern with
5—=6 rings showed the crystalline nature of (1). The size of the
particles responsible for the diffraction pattern was evaluated
by the half-width of the rings as ca. 25 A, in a good agreement
with the EM data. The mean atomic volume of Pd in the
observed particles of (1) calculated from these data is 16 A3,
only slightly exceeding that of Pd metal (14.7 A3). This result
excludes the possibility of co-ordination of the ligands by the
inner Pd atoms. Therefore, the L and OAc groups must be
situated at the periphery of the metal core of cluster (1).

EXAFS data (Figure 2) for a solid sample of (1), L = phen,
showed four maxima for Pd-Pd distances (Table 1). Phase
shifts were determined by simulating the spectra of model
diatomic molecules using the phase and the amplitude
functions calculated in reference 2. The four interatomic
Pd-Pd distances found are compatible with a model of Pd
atoms arranged in an icosahedron. Owing to lower packing
density, this arrangement? may give a higher atomic volume
for Pd in (1) than that in the f.c.c. packed metal, though the
shortest Pd-Pd distance in (1) (2.60 A) is lower than that in the
metal by 0.14 A.

A complete polyhedron of this type is formed by ‘n’
monoatomic Pd layers packed around a central Pd atom, each
layer consisting of 10n2 + 2 metal atoms.3 Using this model,
the nearest value to the experimental value of 570 = 30, for the
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Table 1. A comparison of experimental (EXAFS) Pd-Pd distances in (1), L = phen, with those calculated for various packings of the Pd core.2

Pd-Pd Distances, A

EXAFS data 2.60 £ 0.04 3.10 £ 0.10
Packings®

F.c.c. 2.60 —
H.c.p. 2.60 —
Icosahedron 2.60 3.10

3.66 = 0.10 4.08 = 0.10 —
3.66 — —
3.66 — 4.5
3.66 4.1 —

22.60 A is taken to be the shortest Pd-Pd distance. ® F.c.c. = face centred cubic packing; h.c.p. = hexagonal cubic packing.

number of Pd atoms is 561, corresponding to a five-layer
icosahedron with 252 Pd atoms in the outer shell.

The structure of the cluster (1) may be realized on the basis
of this polyhedron, and using the Chini hypothesis.4 By
analogy with 13-atomic (n = 1)45 and 55-atomic (n = 2)67
clusters of Au and Rh, the cluster (1) may be regarded as a
‘peach-like’ giant molecule consisting of a regular-packed
metal nucleus and ligands co-ordinated by Pd atoms in the
outer layer. It follows from the stoicheiometry that the
idealized 561-atomic palladium icosahedron bears 60 = 3 L
molecules and 180 + 10 OAc groups. The nature of other O
atoms is at present unclear.

Analysis of molecular models shows that the maximum
number of L ligands on the surface of the icosahedron allowed
sterically is 60. This number is only scarcely influenced by
deviations from the idealised outer layer (as in truncated or
capped polyhedra). Direct co-ordination of OAc seems to be
interfered with, because of the bulky phen or bipy ligands. A
similar steric situation has been observed in the tetrahedral
[Pd4(CO),pheny)4+(OAc—), cluster, where the OAc groups
were found by X-ray analysis8 to be outer-sphere anions.
Therefore most, though probably not all, of the OAc~ anions
in (1) are located in the outer sphere of the positively charged
cluster and held there electrostatically.

The clusters (1), L = phen, bipy, are catalytically active in
the oxidative acetoxylation of ethylene by O, to form vinyl
acetate.® From steric considerations, only ca. 20 Pd atoms of
(1) seem to be available for co-ordination of substrate
molecules.
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