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Catalysts are employed in the vast majority of industrial
chemical processes, and the vast majority of these processes
are heterogeneous, as they utilize solid catalysts.[1] Noble
metal catalysts are of particular commercial importance, and
among these catalysts, palladium- and platinum-containing
materials have received particular attention in recent years
owing to their role as oxidation catalysts in automobile
emission-control systems and reforming catalysts for the
production of high-octane gasoline. Although these noble
metal catalysts have been the object of intensive study for
almost two hundred years, their precise structure and
composition is ill-defined on the sub-nanometer scale, as
they are generally employed as finely divided particulates
with dimensions of about 10–20 �. A host of well-defined
metal cluster compounds have been prepared and studied in
recent years, but they have proved to be surprisingly poor
models for noble metal particulate catalysts in terms of
chemical reactivity. A possible explanation for this state of
affairs is the requirement that these metal particulates contain
not only metal atoms, but also oxygen atoms, to achieve
optimal catalytic activity. This requirement was first proposed
by D�bereiner early in the nineteenth century; however it has
been difficult to develop through synthesis and reactivity
studies, as well-defined noble metal oxide clusters were
unknown. The situation has now changed: Kortz and co-
workers recently reported the palladium heteropolyanion
[PdII

13AsV
8O34(OH)6]

8�.[2] The {Pd13O32} core structure of this
species is of seminal importance, as it is potentially the
forerunner of a family of reactive noble metal oxide cluster
compounds capable of providing insights into the detailed
molecular mechanism of catalysis by noble metal particulates.

But first some history: Noble metal catalysis was first
reported in 1817, when Humphrey Davy observed that hot
palladium and platinum metal surfaces would support flame-
less combustion of several different inorganic and organic
vapors.[3] Shortly thereafter, two new forms of noble metal
catalysts were prepared that serve as catalysts at ambient
temperature or below: Edmund Davy prepared the first noble
metal “black” by solution chemical reduction of platinum
salts,[4] and D�bereiner prepared the first noble metal

“sponge” by pyrolysis of ammonium hexachloroplatinate.[5]

Liebig then examined both platinum black and platinum
sponge and found them to be nothing more than finely
divided platinum metal,[6] but D�bereiner begged to differ,
pointing out that finely divided platinum metal, unlike
platinum black or sponge, absorbs large amounts of oxygen.[7]

D�bereiner�s view that particulate platinum catalysts were
not simply finely divided metals but rather finely divided
metals plus adsorbed oxygen might be regarded as a semantic
argument, as any catalytic cycle allows for more than one
intermediate species to be defined as a catalyst. Either metal
or metal plus oxygen might thus be equally well called the
catalyst in a catalytic oxidation process. However, studies of
noble metal hydrogenation catalysts in the early twentieth
century revealed that platinum and palladium black (and
colloidal) catalysts were activated by oxygen;[8, 9] Langmuir
even demonstrated that clean bulk platinum metal surfaces
could be rendered catalytically active for the room temper-
ature reaction of hydrogen with oxygen by first bringing the
surfaces in contact with hydrogen and oxygen at elevated
temperature.[10] According to Somorjai and co-workers,
adsorbed oxygen influences not only the activity of plati-
num-catalyzed hydrocarbon hydrogenation and dehydrogen-
ation, but also the selectivity.[11]

In recent years, surface scientists have determined the
structure and stoichiometry of several oxide phases formed on
single-crystal noble metal surfaces, which are important
models for heterogeneous catalysts. For example, Rh8O18

chains are formed on oxidized Rh(110) (Figure 1a–c),[12]

and these same chains have been observed on Rh(331) in a
different structural environment.[13] Controlled oxidation of
Pt(110) yields analogous Pt10O22 chains,[14] and formation of
“infinite” planar {PtO2}n chains has been proposed on Pt(332)
surfaces.[15] Note that this type of chain is observed not only
on noble metal surfaces, but also in oxometalate salts:
Na2PtO2

[16] contains {PtIIO2
2�}n chains; Li2PdO2,

[17]

K2PdO2,
[18] and Ag2PdO2

[19] contain {PdIIO2
2�}n chains; and

CaBa2Pd3O6
[20] contains the cyclic polyoxometalate analogue

{PdIIO2
2�}6 (Figure 1d).

Given the structural analogy between noble metal single-
crystal surface oxides and crystalline oxometalate salts, it is
tempting to inquire whether a similar analogy might exist
between high-nuclearity noble metal clusters and polyoxo-
metalate clusters. The polyoxometalate cluster reported by
Kortz and co-workers[2] allows this question to be addressed
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for the first time by providing the metal oxide counterpart to
previously reported noble metal clusters. If the analogy exists,
noble metal clusters and metal oxide clusters define the
extremes between which particulate noble metal catalysts lie,
potentially offering insight into the nature of (partially
oxidized) particulate metal catalysts. The cubic-closest-
packed {Pd13} metal cluster structure (Figure 2a) is a persis-
tent motif in high-nuclearity palladium clusters such as
[Pd0

30(CO)26(PEt3)10] and [Pd0
54(CO)40(PEt3)14] .[21] As shown

in Figure 2b, the metal centers in the {PdII
13O32}

38� core of
[PdII

13AsV
8O34(OH)6]

8� [2] closely approximate the centered
cuboctahedral geometry shown in Figure 2a. This same
structure can be idealized (Figure 2c), where the metal
centers adopt a rigorous cubic-closest-packed structure and
the oxygen atoms occupy positions defined by the tetrahedral
interstices in an extended cubic-closest-packed array of metal
atoms. This structure is reminiscent of the PdIIO structure,
which is obtained by first filling half of the tetrahedral
interstices in a cubic-closest-packed palladium atom array,
and then distorting the structure such that palladium(II)
coordination geometry is approximately square. Note that
palladium coordination is cubic for the central palladium
atom and rectangular for the peripheral palladium atoms in
the idealized [PdII

13O32]
38� structure shown in Figure 2 c. Its

actual structure is also distorted in such a way that the
palladium(II) coordination geometry (Figure 2b) approxi-

mates a square. By comparing Figures 2b and 2 d, it is evident
that the observed {Pd13O32} structure is not a fragment of the
PdIIO structure. To summarize: Just as the Pd13 cluster shown
is a fragment of the cubic-closest-packed structure adopted by
palladium metal, the {Pd13O32} cluster is a fragment of a
structure composed of closest-packed palladium atoms plus
interstitial oxygen atoms.

How then does the [PdII
13AsV

8O34(OH)6]
8� heteropolyan-

ion relate to the problem of defining the structure and
stoichiometry of platinum metal particulate catalysts? As
D�bereiner first pointed out, these particulates are neither
metals nor metal oxides, but something in-between; he
initially referred to platinum black as a “suboxide”.[22] As
known low-valent noble metal cluster compounds and the
divalent noble metal polyoxometalate of Kortz et al. define
the extremes in terms of oxygen content, it is now possible to
imagine “something in-between” as a molecular mixed-valent
metal cluster in which oxygen atoms occupy some but not all
of the interstitial sites. Bulk palladium metal is known to form
an interstitial suboxide PdOx,

[23] so formation of a “suboxide
cluster” is a real possibility, and one that will undoubtedly
command the attention of synthetic inorganic chemists for
some time to come.
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Figure 1. a) Space-filling model of an unreconstructed fcc metal (110)
surface. b) Space-filling model showing the structural environment of
Rh8O18 on the Rh(110)-(10 � 2)-O surface.[12] c) Ball-and-stick model of
the Rh8O18 chain observed on the Rh(110)-(10 � 2)-O surface. d) Ball-
and-stick model of the [PdII

6O12]
12� ring in CaBa2Pd3O6.

[20] Metal atoms:
blue/yellow, O red.

Figure 2. a) Centered cuboctahedral {Pd13} fragment of [Pd30(CO)26-
(PEt3)10] and [Pd54(CO)40(PEt3)14] .

[21] b) The [PdII
13O32]

38� core structure
of [PdII

13AsV
8O34(OH)6]

8�.[2] c) Idealized [PdII
13O32]

38� structure.
d) {PdII

13O28}
30� fragment of the PdO structure. Pd0 blue, PdII yellow,

O red.
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