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Metal-cluster Compounds: Model Systems for
Nanosized Metal Particles*

L. J. de Jonght
Kamerlingh Onnes Laboratory, Leiden University, PO Box 9506, NL 2300 RA Leiden, The Netherlands

Meta-cluster compounds can be exploited ad- macromolecules in a given compound are identical.

vantageously to study the evolution, with in- Consequently, the solid formed can be seen as a
creasing size of the molecules of the physical macroscopically large assembly of identical metal

properties of metal clusters from molecular to  particles, embedded in a dielectric matrix. A major

bulk-metal behavior. The metal-cluster mole- problem with other physical or chemical methods

cules are well-defined, stoichiometric, chemical employed so far to obtain metal clusters, e.g. by

compounds. The molecules consist of a metal condensation in atomic beams, by deposition in

core of a variable number of atoms, surrounded rare-gas matrices, or in colloids and catalysts, is
by a shell of ligand atoms or molecules. Depend- that one is plagued by a large distribution in particle

ing on the compound, the type of metal atom size. Thisis a clear drawback if one wants to make a
may be varied, whereas the core size can be systematic investigation of physical properties as a
changed from a few up to several thousands of function of cluster size, since then a variable but

atoms. Accordingly, these materials provide homogeneous particle size is an absolute necessity.
excellent model systems for monodisperse metal In the metal-cluster compounds, this goal can thus
particles, embedded in a dielectric matrix, and be realized.

can be investigated by the well-known experi- Clearly, the above intuitive conceptual view can
mental techniques of solid-state physicsC®) 1998 only be meaningful for sufficiently large metal

John Wiley & Sons, Ltd. cores. Metal cluster compounds with (relatively)
Appl. Organometal. Cheni2, 393-399 (1998) small metal cores have been known in chemistry for

guite some time, and a decade ago several hundreds
Keywords: metal clusters; quantum-size effect; of compounds had already been synthesized, with
nanostructures; size effects core sizes ranging up to 10-20 atoms, and with a
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(iron, cobalt, nickel, molybdenum, ruthenium,
rhodium, palladium, silver, osmium, iridium, pla-

METAL-CLUSTER COMPOUNDS

Polynuclear metal-cluster compounds form an
interesting class of systems that, until recently,
had been scarcely studied by the physics commu-
nity." 2 They consist of macromolecules, each
macromolecule being composed of a ‘core’ of a
certain numberr() of metal atoms, surrounded by a
‘shell’ of ligands. The macromolecule can be anion
or a neutral molecule. The important point is that,
since we are dealing with chemical compounds, the

* Lecture given at the Workshop on NanoporusMaterials and
MagneticPropertieoof Nanostructued Materials organizedby the
ECNM, 19-20Septembe1997, Frascatti ltaly.

T Correspondnceto: ProfessoDr L. JosDe Jongh,Kamerlingh
OnnesLaboratory,LeidenUniversity, POBox 9506,NL 2300RA
Leiden, The Netherlands. Figure 1 Structure of the metal cluster molecule
E-mail: cats@rulkalleidenuniv.nl [Ni 38Pt6(CO)48H]5’.

© 1998JohnWiley & Sons,Ltd. CCC0268-2605/98/08393-07$17.50



394

L. J.DE JONGH

Mg

Magg Msé,

Figure 2 Magic-numberclustersM,,, shownfor cuboctahedrapacking.

tinum, gold etc.). In the last 10 years,however,a
few synthetic-chental groups, notably in Ger-
many, Italy and England,haveinitiated successful
guestgo createever-largemetalclustermolecules,
inspired not only by the synthetic challenges
involved, but likewise by the growing interestof
solid-state physicists in their products'™ For
example,within the subgroupof metal carbonyl
clusters(metal corescoordinatedoy CO ligands),
very large metal cores,e.g. containingup to 34 Ni
atomsor upto 38 Ptor Pdatoms weresynthesized,
as well as bimetallic cores consistingof six Pt
atoms surroundedby 38 Ni atoms, as in the
example shown in Fig. 1. Using phosphine(or
related) groupsas ligands, neutral cluster macro-
moleculeswith largepiecesof, for example Ni>Se;
or Cu,Se as cores have been obtained® such
as [NizsSex(PPh).q], [CusSess(Pettriethylphos-
phine),] and [CuiseSes(PPh)sg. We note that
bulk Cu,Se has semi metallic properties.These
materialsform molecularcrystals;Cu, 46S€/3 is the
largestclustercompoundo datethathasbeenfully
characterizedy X-ray analysis.

Even much larger clusters,however,havebeen
foundin a seriesof giant metal-clustermolecules,
the metalcoresof which arememberof the series
of so-called ‘magic—number’ (full-shell) clusters
depictedin Fig. 2.° Theyareobtainedby surround-
ing anatomprogressivelyith additionalshellsof
atomsof its kind. Theresultingone-shelltwo-shell
(etc.)clusterspossesshe magicnumbersof atoms,
i.e.13,55,147,561andsoon. Thesenumbersare
the samefor icosahedralor cuboctahedralface-
centeredcubic) packing of atoms, but the ex-
perimental examples mentioned below have
cuboctahedrastructure For instancethetwo-shell
Mss coreis found in a seriesof clustermolecules
MssL 15Cly, wherethe metalatomM canbeAu, Pt,
Ru, Rhor Co.Dependingon the metalelementthe
ligand is for example,PPh, PMe;, P(t-Bu)k, or
P(p-tolyl) 5, andx is 6 or 20. Sofar, anexperimental
realization of the three-shell cluster is lacking.
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However, four-shell and five-shell clusters have
beenfound to be the metal coresin, respectively,
Pt;ogphenanthrioling® O3y and Pdsgiphenanthrio-
linesg0200 andtherecordto dateappearso bethe
seven-and eight-shellpalladiumclustersfound in
Pdi41PherO1000 and PdosPhengOigoo It
should be noted that until now no single-crystal
sampleof thesegiant clustercompoundscould be
obtained.The neutralmacromoleculegsorm dense
but randomly packedsolids with only short-range
order,asin a glass.In the absenceof full X-ray
analyses,the precise chemical stoichiometry is
evidently uncertain.Notwithstanding a wealth of
director indirect physicaldataareavailablewhich
appearto agreeconsistentlywith the formulations
givenabove,comingfrom high-resolutionelectron
microscopy, EXAFS, Mdssbauer spectroscopy,
NMR, calorimetry etc. It should also be realized
that, from the three-shelklusteronward,the metal
coresin thesemacromoleculesare alreadylarge
enough to be studied individually by X-ray
scattering! The observedreflections confirm the
cubic close packing, with metal-metaldistances
indistinguishable from the corresponding bulk
values. In addition to these giant cluster com-
pounds, it has been proven to be possible to
synthesizenew types of palladium and platinum
colloids usingthe sameligands.Thesecolloids are
availablefor experimentsn powder(solid) form,
with a very high metal fraction and small size
distributions(<10%), andthusnicely complement
the metal-clustermolecules.Taken together, the
colloids and molecular clusters offer a scale of
metal particle sizesranging from 10 to 100000
atoms.

The typical size of theseclusters(diametersof
1-10nm) puts them clearly in the class of
mesoscopisystems.The metal-clustermolecules
may in principle also be exploited to obtain
nanocrystallinemetalsby taking away the ligand
shellssurroundingthe metalcores,e.g. by electro-
chemicalmethods.The catalytic propertiesof the
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bare and ligated cluster moleculesare of great
interest,andarebeinginvestigatedy the chemists
with whomwe collaborate.

PHYSICAL PROPERTIES OF
INTEREST

For physiciststhese materialsform a rich play-
groundby meansof which a substantiahumberof
interestingandfundamentaphysicalproblemsmay
be studied.We mentionthe following examples.

Quantum-size effects®

For electronawith energiesomparablevith Fermi

energies(Eg) in metals,a nanometer-sizednetal
cluster is a quantumwell, since its De Broglie

wavelengthis comparablewith the cluster size.
Thus, the electronicenergy-levelstructurefor the

metalclusterwill bediscrete(quantum-sizesffect),

implying that the physical propertieswill differ

from thoseof the bulk metal,aslong asthethermal
energyksT is smallerthanor comparablewith the

distancesSE betweenenergylevels. Furthermore,
the statistics of the energy-leveldistribution in

conglomerate®f mesoscopigarticlesis aninter-

esting problem in itself. The relationship to

statistical theories for nuclei (random matrix

theories: Wigner 1951, Dyson 1962) has been
pointed out long ago by Gorkov and Eliashberd,

and continuesto be a subjectof study® Recently,
the connectionwith quantumchaos(nonintegrable
systemspuantumbilliards) hasbecomeapparent,

aswell astherelationto thet—J Hubbardmodeland

the nonlinearSigmamodel°

Size-induced transitions from
molecular to bulk-metal behavior

A metal cluster of a few atomsis basically a

molecule, with widely spacedelectronic energy
levels.Forthe bulk metal,the spectrums a (quasi)
continuum.Clearly, with increasingclustersize,at

some point the properties should change from

molecularto bulk-like. The questionof atwhatsize
suchatransitionwill occurhasintriguedphysicists
involved in clusterscience,from the very begin-
ningsof this field. As explainedbelow, it depends
on the criterion acceptedfor ‘metallic’ behavior,
andthusonthethermodynamidunctionconsidered
aswell ason the temperature.

© 1998JohnWiley & Sons,Ltd.

Cluster molecules as building
blocks for nanostructures

By packingclustermoleculesnto solids(asis done
by chemicalsynthesisin caseof the metal-cluster
compounds)pnecreatesa three-dimensionarray
of quantumwells. Likewise, it shouldbe possibleo
constructone-dimensionajjuantumwires andtwo-
dimensionalquantumsheetdy packingthe cluster
moleculesn theform of a chainor of amonolayer
on suitablesubstratesBy changingthe size of the
metal clusters,the energy-levelstructurein the
guantumwells may be modified. By varying the
size of the ligandswhich separateéhe metal cores,
the degreeof electrical insulation betweenmetal
coresmay be changed.Suchone-, two- or three-
dimensionahrraysshouldgive riseto novel (andin
principle tunable)electronic,optical andelectrical
properties.

Single-electron tunneling and
related effects

In sufficiently small (nanometer-sizedparticles,
the self-capacitanceof each particle, and the
capacitanceinvolved with interparticle charge
transfer,are so large that charging/single-electron
tunneling effects becomepredominant! Studies
with scanning tunneling microscopy (STM) of
metal-cluster molecules dispersedon substrates
have already been performed by a group in
Germany,and by ProfessorH. van Kempenand
co-workers at KUN (Nijmegen). Apart from
imaging of the clusters,severalother interesting
issues are at stake in the tunneling processes
betweenthe STM electrodesthrough a single
metal-clustemolecule.The group of van Kempen
has observedthe single-electrontunneling (SET)
effectswhich are manifestedn the I-V curvesas
regular steps (the ‘Coulomb staircase’):?* As
argued by them, under suitable conditions one
might observesuperimposedipon thesestepsan
additionalstructuredueto the discreteenergy-level
structure (quantum gaps) of a single cluster.
Recently,they have claimedto have detectedthe
first evidencefor thesequantum-sizeffects.More
experimentshowever,will certainly be neededo
confirmthesefindings.

REPRESENTATIVE EXPERIMENTS

At LeidenUniversity the physicalpropertiesof the
metal-cluster compoundshave been studied by
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meansof extensiveseriesof pulse-NMR experi-
ments, Mdéssbauer effect spectroscopy (MES),
specific-heaexperimentsgnagneticneasurements,
andelectricalconductivity and dielectric measure-
ments. In parallel with this work, photoelectron
spectroscopyand EXAFS studiesare being per-
formed by partnersin an EC collaboration.Here
only a few important resultsare mentioned.The
majority of the experimentsverecarriedoutonthe
Auss, PlzggandPdsg: ‘Schmid’ clustergwe usethis
short-handhotationfor thefull chemicalformulae).
In addition, the larger Pdi 415 and Pdhos7 Clusters
and the Pd.q0ig Were investigatedextensivelyby
specific-heatndmagneticstudies A major reason
for investigatingthesematerialsis that they are
amongthe largestmetal clustersat presentavail-
ableand,in addition,arenot air-sensitive.

A mostimportantproblemwe hadto solvewasto
ascertainthe influence of the ligand shell on the
propertiesof the metal atomsof the clustercore.
Indeed, the sameligands which are so crucial in
keepingthemetalcoresapart,will atthesametime
alter the properties of the metal cluster, as
comparedwith thoseof a baremetalclusterof the
samesizeandsymmetry Fortunatelywe havebeen
ableto comealong way in answeringhis problem
experimentallyIn parallelwith theseefforts, local
density functional (LDF) calculationshave been
performedoy quantum-theoristéN. Rosch,munich
G. Pacchioni,Milan) who likewise participatein
our EC network on metal clustersresearch.They
havebeenableto calculateand comparethe level
structuresand magnetic moments of bare and
ligated nickel clusters,eventhoseas Iarage asup
to 44 Ni atomsandwith 48 CO ligands?.

Both the LDF calculationsand the experiments
agreewith the following picture. One may divide
the metalatomsof a metal-clustercoreinto surface
metal atoms (to some of which the ligands are
bonded) and inner-core metal atoms (in the
interior). The metal-ligandinteractionis found to
be strongindeed,but mainly limited to the surface
atoms.The surfaceatomsof aligatedclusterdiffer
from bulk metal, whereasthe inner-core atoms
constitutea minute piece of the bulk metal, albeit
with strong quantum-sizeeffectsin particular for
small clusters, evolving towards bulk properties
with increasingsize. Obviously,the averageevel
separationsSE in the electronic spectraof these
particlesshouldstill be relatively large.By a rule-
of-thumb argument, we may estimate 6E by
dividing the bulk-metal Fermi energy Er by half
thetotal numberof valenceelectronsn thecluster.
For the 3d metalsin question,thereare about10

© 1998JohnWiley & Sons,Ltd.

valenceelectrongperatomandEg is of theorderof
5eV, yielding 8E/ks ~ 107K for a particleof 100
metalatoms.

The experimentalevidencefor the above con-
clusionswasbasedn a combinationof Mdssbauer
effect spectroscopyon Auss and Ptzgg), NMR (on
Ptsog), specific heat (on all three), and magnetic
susceptibility(on the palladiumclusters)measure-
ments. The Mdssbauerspectradistinguishclearly
betweensurfaceand inner-coremetal atom sites.
Theisomershift (IS) andquadrupolesplitting (QS)
parametersbtainedrom theseMES spectréor the
surfacesitesarevery differentfrom the bulk-metal
values, being close to literature values for non-
conducting metal salts}*~*® For Auss, the para-
metersfor the 13 inner-coreatomswere already
closeto but not yet equalto the bulk values.Quite
recently, we have beenable to extendthe MES
experimentsto Ptzge A specialtrick was needed
here,sincethereis no platinumisotopeknownthat
is suitablefor MES. By irradiatingthe Pt;g9 Cluster
samplewith neutronsat the IRI (Delft), a small
fraction of the Ptyog clusters (1 in 106) was
transformedinto PtzggAu, where the Au nucleus
could be used as a Mdssbauersource (for the
absorbersilverfoil wastaken). Themostimportant
result of this study was the finding that the MES
parameterdor the inner-coresiteswere undistin-
guishablefrom the correspondingaluesknownfor
the bulk metal’” Since the IS parameteris a
measureof the 6s charge density seen by the
Mossbauernucleus, this leadsto the conclusion
that, at the inner-coremetal sites, the 6s charge
densityis alreadyextremelycloseto thebulk value.
In otherwords,asregardghis particularproperty,a
Pty47 clustercore showsbulk-metalbehavior.

As mentioned, however, different criteria for
‘metallic’ behaviorcan be considereddepending
onthephysicalpropertyof interest. The Mdssbauer
IS considerediepend®nthetotal 6s chargedensity
seenby the nucleus(the integrated6s density of
states)andwill thereforebe relatively insensitive
to the quantumgapsin the electronicenergy-level
spectruminducedby the quantum-sizeeffects.On
the other hand, physical propertiessuch as the
electronic contributionsto the specific heat and
susceptibility, the NMR Knight shift (Kg) and
nuclearspinlattice relaxationtime (T,), do depend
onthedensityof stateDOS)closeto Eg. Forsuch
quantities, therefore, the criterion for ‘metallic’
behavior(asjuxtaposedo molecular)is obviously
thepresencef aquasi-continuouBOScloseto Er.
Sucha quasi-continuunwill bereachedassoonas
the thermal energy kgT is larger than the level
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Figure 3 Sizeevolution of magneticsusceptibilityy of large palladiumclustersand colloids towardsthe bulk behavior.

spacingsoE close to Eg. In other words, for
sufficiently clusters and/or for sufficiently high
temperatureglt shouldbenotedthatlevel statistics
may alsoproducedensityfluctuations).

The experimentaNMR spectrafor the Ptzgo
clustermayindeedbeanalyzedn termsof ametal-
to-nonmetakransition,namelyfrom metallic prop-
ertiesat roomtemperaturanddownto about80 K,
to abehaviordominatedy quantumgaps:® Thatis
to say, the NMR signal at high temperatures
showeda considerableKnight shift, and the T,
followed the temperaturalependencgiven by the
Korringalaw (T, < 1/T), knownto be well obeyed
in bulk metals,whereasbelow about50K these
metallic properties were lost. Analysis of the
observedehaviorin termsof quantum-sizeffects
gavesatisfactoryesults with avaluedsE/kg = 30K,
in reasonablagreementvith theroughestimateor
E mentionedabove.

In contrasto NMR andMES, physicalquantities
such as the experimentalelectronic specific heat
and susceptibility are not site-specific, being
averagever the contributionsfrom all different
sites. Neverthelessthese quantities are propor-
tional to the averageelectronicDOS of the cluster,
and therefore should differ markedly from bulk
valueswhen,for instancethe surfacemetalatoms
would havea stronglyreducedOS(thefractionof
surfaceatomsis of coursequite large in a small
particle).Suchastrongreductionis predictedoy the
LDF calculationsmentionedaboveto result from
the ligand—metalchargetransferin ligated metal
clusters. For the nickel-carbonyl clusters, the
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reduction of the DOS at Er induced by the
ligand—metalinteractionis predictedby the LDF
calculationsto be accompaniedby a complete
disappearancef the magneticmomentof the Ni
atomsatthesurfaceof thecluster.Sincebarenickel
clustersare calculatedto have magneticmoments
per atom comparablewith the bulk value (0.6
ug/atom),the ligation of a bareclustershouldlead
to a very strongreductionin the magneticmoment
of the cluster as a whole!® Indeed, previous
magnetic measurementshad shown onIy quite
weakmagnetiaonomentsevenfor very largenickel
carbonylclusters An extensivanagneticstudyof a
single-crystalsample of a large nickel-carbonyl
cluster(NizgPts) wassubsequentlperformed,and
confirmedthe completequenchingof the magnetic
momentof the surfaceatomsdueto theligands,as
predictedby LDF theory®

Other magnetic studies reported have been
concernedvith a seriesof platinumandpalladium
clustersandcolloids. In thesecasesalso,evidence
for strong reductionfor the averageDOS at E¢
could be obtained.Although bulk palladium and
platinum are nonmagnetic, they are strongly
Stoner-enhanceghramagnetionetals.In particular
for palladium the magnetic susceptibility at low
temperaturess quite high. In our experimentswe
found large, size-dependentreductions of the
susceptibilitywith respecto the bulk, which could
be explainedin termsof a combinationof surface
effectsanda (size-dependentgductionof theDOS
and thus of the Stoner-enhancemeriaictor?® see
Fig. 3.

Appl. OrganometalChem.12, 393-399(1998)



398

L. J.DE JONGH

10

YT

10

ColR

T™rTrTT

10+

Cg K™

Ty

1073

1076 b

1.0

Temperature (K)

Figure 4 Specificheatsof palladiumclustersof varioussizescomparedvith bulk palladium.The numberof atoms/clusteris 561,
1415,2057and 1.25x 1° for Pd5,Pd7, Pd8and Pdcol, respectively The insert showsthe electroniccontribution (predominant
below 1 K) fitted to the QSEtheoryfor the orthogoral distribution. Theaveragdevel distances is 12K, 4.5K, 3.0K and0.06K for
Pd5,Pd7,Pd8andPdcol,respectivelyThe transitionfrom high-temperaturehulk-like behavior(linear T dependencetp the QSE
regime(quadraticT dependenceganbe clearly seenin both the theoreticalcurve (solid line) andthe experimentabata.

Besidesthe above classical electrostatic size
effects, metal nanoparticlesalso show prominent
guantum-mechanitaize effects.Sincetheir sizes
are of the sameorder as the wavelengthof the
electronin a metal, the energy-levelspectrumfor
the electronsbecomedliscrete(on a scaleof 0.1—
10meV), sothat typical metallic properties pased
on the pseudo-continugs energybandscharacter-
istic for bulk metals, become lost for thermal
energiekgT lower thanthe averagdevel spacings
. As an exampleit is shownin Fig. 4 how for
ksT < & the electronic specific heat of palladium
nanoparticlesstarts to deviate from the linear
dependencéCg < T) thatis well known for bulk
metal$. The solid curve throughthesedatais a
prediction for this quantum-sizeeffect basedon
random matrix theory for the level statisticsfor
collectionsof metalparticles.Evenfor particlesof
the samevolume, the energy-levelstructurewill
still beslightly differentfor eachparticlebecausef
the randomnessf the interactionsof the electrons
inside the particle with their environment, for
instancewith the particle surface(thatwill always
be rough on an atomic length scale). Thereis a
strong parallel with the level schemesof heavy
nuclei, the statistical description of which was

© 1998JohnWiley & Sons,Ltd.

developedn the 1950sby WignerandDysonwith

the aid of randommatrix theory. About 10 years
later, this formalism was first apglied to metal
clustersby Gor’kov andEliashberg.

Until recently theseeffectshadnotbeenverified
experimentallydueto a lack of samplesontaining
clusters of homogeneoussize. Lately, however,
suitablesampleddid becomeavailablein the form
of a seriesof palladium cluster compoundsand
colloids, with particle size varying from a few
nanometersto 15nm. The specific-heatresults
shownin Fig.4 demonstrata goodagreementvith
calculationsbasedon the random matrix theory,
which predictsa T2 law for the specificheatin the
quantum-sizeregion. For more details, seeRef 2
where the behavior of the magnetic electronic
susceptibilityis alsoreported.
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