1.

FROM REAL WORLD CATALYSISTO SURFACESCIENCEAND BACK:
CAN NANOSCIENCEHELPTO BRIDGEmE GAP?
H.-J. FREUND,G~ RUPPRECHTER,M. BAUMER, TH. RISSE, N.
ERNST, J. LInUDA

Fritz-Haber-Institut
der Max-P/anck-Gesel/schaft
Faradayweg4-6,D-14195Ber/in, Germany

Abstract
We review the possibilities in using model s~tems to explore~eterogeneous
catalytic
reactions under ultrahigh-vacuumand in-situ conditions. We discuss metal nano
particles deposited on thin oxide films allowing to study hydrogenation and
dehydrogenation
reactions,while applyinga variety of surfacesensitivetechniques.A
secondclass of systems,where homogeneouscatalystswere heterogenized,has been
studiedunderin-situ conditionsusingESR spectroscopy.

Introduction
One prominentexamplewhereheterogeneous
catalysisaffects our daily life is pollution
control via exhaustcatalysisin everybody'scar. Figure 1 showsa schematicdiagram
with a typical exhaustcatalystin its housing[1]. The catalystconsistsof a monolithic
backbonecovered internally with a wash coat made of mainly alumina but also ceria
and zirconia, which itself is mesoporousand holds the small metal particles, often
platinum or rhodium. An electronmicroscopeallows us to take a close look at the
morphology of the catalyst at the nanometerscale. In order to be active, the metal
particles have to be of a few nanometerin diameterand also the supporthas to be
treatedin the right way. To a certainextentthe preparationis an art, some call it even
"black magic". A full understandingof the microscopic processesoccurring at the
surface of the particles or at the interface betweenparticle and support, however, is
unfortunatelylacking. We have to realize that catalysis in connectionwith pollution
control -the specific examplechosenhere -does only utilize a small fraction of the
world market for solid catalysts. Human welfare is considerably depending on
automotive,petroleumand other industrieswhich constitutea market of $ 100 billion
per year and growing rapidly. Given the situation,it is clear that we eventually must
achievea good understandingof the processes.Interestingly,even thoughthe problem
is stronglyconnectedto applications,thereis a lot of fundamentalinsight that has to be
gained.
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Figure 1. Schematic representationof the car exhaust catalyst in its housing.
Transmission electron micrographs with increasing resolution show the various
constitutingceramicandmetallicmaterialsin their morphology.Adaptedfrom [1].

1.1.

MORPHOLOGY AND STRUCTUREOF MODEL SYSTEMS

Since the complex sb"uctureof real catalystsoften hampersthe attempt to connect
macroscopiceffects with the microscopicprocessestaking place on the surface, an
increasing number of model studies have been conducted so far to tackle these
questions.
Recently,a numberof reviews concerningthe "surface scienceapproach"have
beenpublishedtaking a critical look at the different strategiesto composeand explore
model catalysts[2-9]. The spectrumranges from studiesbased on polycrystalline or
amorphousoxide substrates[2] to investigationson oxide single crystals or wellordered films [3-9]. Also with respectto the preparationof the particles, different
conceptshavebeenproposed.One approachis to applytechniqueswhich come as close
as possible to industrial catalystmanufacturelike wet impregnationor exchange in
solution [2]. Unfortunately, this often involves the disadvantagethat structure and
morphology of the depositsare rather difficult to control. Thus, vapor depositionof
metals [3-9] or deposition of metal clusters from the gas phase [10] under UHV
conditionshave been preferred in experimentskeyed to more fundamentalquestions
aboutthe correlationbetweensb"ucture
andpropertiesof small metalparticles.

67
In this context, ultra-thin oxide films grown on a metallic substrateare an
excellentchoice in order to circumventproblems[3-9] connectedwith the insulating
nature of somebulk oxides.It hasbeenshownthat evenfilms with a thicknessof just a
few Angstromscan exhibit physicalpropertiescharacteristicof the bulk material [11].
Various groupsextensivelyexploredpreparationtechniquesbasedon the evaporationof
a metal (or non-metal)onto a host crystal-mostly a refractorymetal -in an ambient
oxygen atmosphere[5]. Another promising possibility is the oxidation of a suitable
alloy samplecontainingthe metal which shouldbe oxidized. A well-knownexample of
that kind is the formationof well-orderedthin aluminafIlms on the low index surfaces
of certainAI alloys[12-18]. But it is not unlikely thatthis approachalso worksin other
cases [19]. An overview of some well-ordered thin oxide films described in the
literaturecanbe found in ref. [20].

Figure 2. Scanningtunnelingimages(1000 A x 1000A) of a) clean alumina film on
NiAl(110), b) 0.2 A Pd depositedat 90 K, c) 2 A Pd depositedat 300 K, d) 0.2 A Pd
depositedon the pre-hydroxylatedfilm at 300 K.
In Figure 2 we show resultson an aluminabasedmodel systemwhich has been
preparedby oxidation of an NiA1(110)surfaceand studiedvia STM in our laboratory

[20].

The upper left panel (a) shows the clean alumina surface as imaged by a
scanning tunneling microscope [13]. The surface is well ordered and there are several
kinds of defects on the surface. One of them are reflection domain boundaries between
the two growth directions of AlzO3(OOOl)on the NiAl(llO) surface [12]. There are antiphase domain boundaries within the reflection domains, and, in addition, there are point
defects which are not resolved in the images. The morphology does not change
dramatically after hydroxylating the film [21, 22]. The additional panels show STM
images of palladium deposits on the clean surface at low temperature (b), and at room
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temperature(c) [20, 23, 24], as well as an image after deposition of Pd at room
temperatureon a hydroxylated substrate(d) [25]. The amount deposited onto the
hydroxylated surface is equivalentto the amount depositedonto the clean alumina
surfaceat room temperature.Upon vapor depositionof Pd at low temperature,small
particles (the protrusionsshown in Figure 2b) nucleate on the point defects of the
substrateand a narrowdistributionof sizesof particlesis generated.If the depositionof
Pd is performed at 300 K, the mobility of Pd atomsis considerablyhigher so that
nucleationat the line defectsof the substratebecomesdominant(featuresline up with
the bright lines in Figure 2c). Consequently,all the material nucleates on steps,
reflection domain and anti-phasedomainboundaries.The particles have_a relatively
uniform size, in turn dependingon the amount of material deposited.If the same
amount of material is deposited onto a hydroxylated surface, the particles (the
protrusionsshown in Figure 2d) are considerablysmaller and distributed acrossthe
entire surface,i.e. a much higher metal dispersionis obtainedwhich is very similar to
the dispersionfound at 90 K [21, 26].

Figure 3. a) Scanning tunneling images of a room temperaturePd deposit on
Al2O~iAl(11 0). The insetshowsan individual depositin atomic resolution[27].

The sintering process is an interesting subject. Research on this process is just
beginning [20, 26]. A more basic process is metal atom diffusion on oxide substrates.
Diffusion studies [28] could profit from atomic resolution, once it is obtained for
deposited aggregates on oxide surfaces. While for clean TiO2 surfaces and a few other
oxide substrates atomic resolution may be obtained routinely, there are few studies on
deposited metal particles where atomic resolution has been reported [29]. A joint effort
between Fleming Besenbacher and our group [27) has lead to atomically resolved
images of Pd aggregates deposited on the thin alumina film. Figure 3a shows such an
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image of an aggregate of about 50 A in width. The particle is crystalline and exposes on
its top a (III) facet. Also, on the side, (Ill) facets, typical for a cuboctahedral particle,
can be discerned.
The cluster on the oxide support is schematically represented in Figure 3b.
Terrace sites and edge, comer and interface sites are differently shaded in order to make
their specificity obvious. These "extra sites" in combination with the fmite size of the
facets render the situation on a cluster differently from the one encountered on a singlecrystal metal surface [30]. We will show further below how specific sizes on these
clusters influence the selectivity of a chemical reaction.

Figure 3. b) Schematic representation of a cubooctahedral metal cluster on a substrate.

Before we proceed to reactivity studies we discuss how we can use
morphological information to study the preparation of alloyed nanoparticles.
Such materials represent a highly interesting class of catalysts. This is due to
the fact that one metal can tune and/or modify the catalytic properties of the other metal
as the result of both ligand (electronic) and ensemble (structural) effects [31]. Bimetallic
clusters of Pd and Co, for example, have shown improved selectivity over pure Co in
Fisher- Tropsch reactions [32-36]. Since the conversion of natural resources into syngas
(CO + HV and then to clean fuels through the Fisher-Tropsch reaction will likely
become evermore important with changing supplies and environmental concerns [37], a
detailed understanding of such effects by means of suitable model systems is urgently
needed. The approach, we have chosen, is based on metal vapour deposition on a
suitable oxide support under ultrahigh vacuum conditions. For the present study, the
thin alumina film grown on NiAl(110) [12] was used, which enabled us to apply
scanning tunneling microscopy as well as thermal desorption spectroscopy for the
characterization of the samples. On this film, nanometer-sized Pd-Co particles were
generated by subsequentlydepositing the two constituents onto this support. Inspired by
earlier work by Henry and coworkers relying on codeposition techniques [38, 39],
different structures and compositions were obtained in a controllable way by taking
advantage of the different nucleation and growth properties of the two metals.
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This is demonstratedin Figure 4 by STM imagestakenafter depositingPd and
Co aloneand togetheron this film. In contrastto Pd (see discussionabove),pure Co
preferentiallynucleatesat point defectson the aluminafilm at 300 K. As canbe inferred
from the correspondingSTM image [40, 41], this results in both a higher particle
densityand a more homogeneous
particle distribution on the surface.Unlike Pd, there
are no indicationsof crystallineorder.

Figure 4. 100 nm x 100 nm STM images taken after depositing 2 A Pd and 2 A Co
alone (top panel) and together (bottom panel) onto a thin alumina film at 300 K. In the
latter casethe metals have either been deposited subsequently (left: 1stPd, 2ndCo; right:
I stCo, 2ndPd) or simultaneously (middle) [42].

Let us now assumethat Pd is depositedon a surface alreadycovered by Co
particles. Due to the higher mobility of Pd on the surface, it will be trapped at Co
particles before reachingthe line defects. The STM image presentedin Figure 4
essentiallycorroboratesthis expectation.The arrangementof particles found for this
sequencestronglyresemblesthe situationfor pure Co thus suggestingparticles with a
Co core and a Pd shell. If, on the other hand,Pd is depositedfirst, the less mobile Co
atoms should partly cover the Pd crystallitesand partly nucleatebetweenthem. The
STM image indeed shows triangular crystallites as well as a number of new small
clustersin between.
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In addition to thesesequentialdepositionexperiments,we also perfonned a
codepositionexperiment.The correspondingSTM ima2e is also included in Figure 4
and revealsa situationintennediatebetweenthe resultsof the stepwisepreparation.As
the structure of these particles (alloy particles or core:/shellstructures)is presently
unclear,they will not be consideredin the following.
In order to verify the surface compositionTDS investigationsusing CO as a
~into the details,thesestudies
tonnationof alloyed deposited
)cesseson the surface.
[}ositedparticleswe presentin
)ecific siteson the particlesin

As a modelreaction
on of methanol on the well-wo
ordered Pd crystallites [43}. For this reaction system t
competing decomposition
pathways exist (see Figure 5): Whereas dehydrogen
ation to CO representsthergen
dominating reaction channel [44, 45], slow carbon-ox~ bond breakageleads to
formationof adsorbedcarbonandCHxspecies[45-47].
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Figure 5. Schematicrepresentationof the supportedPd nanoparticlesand the blocking
of defectsitesby carbonspeciesduring methanoldecomposition
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concludethat activity for carbon-oxygenbond breakageis drasticallyenhancedat the
particle defectsites,whereasthis is not the casefor the dehydrogenation
pathway.
This type of detailedinvestigationsis madepossibleby two factors:
First, we employa supportedmodelcatalyst,describedabove.
Secondly,we usemolecularbeamtechniquesto studykinetics.

Figure 6. a) STM imageof the Pd particlesgrown at 300K on AlzOiNiAl(IIO) (20 nm
x 20 DID),from [48]; b)RAIR spectrafor CO adsorbedon Pd/Al2OiNiAl(110) (sample
temperature100 K, after CO exposureat 300 K). Open symbols: immediately after
preparation;solid symbols:afterprolongedexposureto methanolat 440 K.
The Pd aggregatesrepresentwell shapedcrystallites with an averagesize of
approximately6 Dm. They grow in (Ill) orientationand predominantlyexpose(Ill)
facets as well as a small fraction of (100) facets. In Figure 6a an STM (scanning
tunneling microscopy)image of the particlesis shown.Furtherstructuraldetails can be
found in the literature[49].
Without going into details, which have beenpublishedrecently [43], it can be
shownthat C-O bond cleavageoccursvery quickly in the early stagesof the reaction,
creating carbon atoms which self-poison this oxide reaction favouring methanol
dehydrogenationwhich continuesto occuron the factsof the particles.In fact, we find
that the ratio betweenthe rates of dehydrogenationand carbonoxygen-bondcleavage
rcolrc increasesfrom 30 on the pristine sampleto approximately1000 on the carbon
contaminatedsample.
The questionariseswhere on the nanoparticlesthe carbondepositsare located.
This questionis answeredby RAIRS usingCO asa probemolecule.The corresponding
spectra for the pristine Pd particles and after prolonged exposureto methanol are
comparedin Figure 6b.
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For the pristine sample (Figure 6b, open symbols), the spectrum is dominated by
a sharp absorption feature at 1960 cm-1 (I) with a broad low-frequency shoulder (2)
(1930 cm-1to 1840 cm-l) and a additional weak feature at 2080 cm-1(3). Previously, the
features between 1930 cm-1 and 1840 cm-1 (2) have been assigned to CO adsorbed on
bridge and hollow sites on Pd(lll), and the absorption peak at 2080 cm-1 (3) to on-top
CO on Pd(lll) [24, 50]. A detailed comparison with previous work shows that the
prominent absorption band at 1960 cm-1 (I) originates from a superposition of bridge
bonded CO on (100) facets and CO adsorbed at defect sites such as particle edges or
steps [24, 50]. The contribution of(IOO) facets, however, is expected to be small due to
the minor fraction of these facets and their tilted geometry (as a consequence of the
surface selection rule, IR absorption is attenuated on small tilted facets, e.g. [51]).
Following these arguments, we assume that the absorption feature at 1960 cm-1 is
dominated by CO adsorbed on defect sites, mainly steps and particle edges (see Figure
5). Note, however, that the signals are expected to be strongly modified by dipole
coupling effects [52]. As a consequence, the relative intensities do not directly reflect
the relative abundance of the corresponding sites, but the defect feature at high
frequency is expected to gain intensity at the expense of the regular absorption signal.
After extended exposure to methanol, drastic changes are observed (Figure 6b,
solid symbols). The defect peak at 1960 cm-1 (1) vanishes almost completely, whereas
the absorption signal in the on-top region (3) strongly increases (2090 cm-1. All other
features in the spectrum, in particular the region below 1950 cm-1 (regular facets),
remain practically unchanged. Although dipole-coupling effects mentioned above
preclude a straightforward quantification, it is apparent from these observations that
adsorption at particle defect sites (i.e. steps and edges) is blocked by carbon species
formed via carbon-oxygen bond breakage. We conclude that these carbon species
preferentially accumulate at defect sites.
In conclusion of this part, we have shown that there is direct evidence for the
difference in activity of various reactive sites on a well defmed supported metal catalyst
steering the selectivity of a reaction.

1.2. CONTROLLING THE PARTICLE SIZE FOR REACTIVITY
Another feature of small particle systemsis the dependenceof a chemicalreactionon
the size of the depositedparticlesas alludedto in the introduction.We reporthere on a
study of hydrogenationof ethenein order to investigatethe size-reactivityrelationship
againon Pd nanoparticles.Beforeturning to the hydrogenationreaction,it is useful first
to summarizethe adsorptionbehaviorof etheneand hydrogenalone.
Combiningthe resultsfrom a thermaldesorptionspectroscopy(fiS) and IRAS
[24, 53, 54] study, we have proposed a general scheme for ethene thermal
transformationson Pd particles,as depicted schematicallyin Figure 7. On small Pd
particles, ethene is mainly 7t-bondedat low temperaturesand desorbs intact upon
heating. On the largerPd particles,however,a fraction of the ethenemoleculesis di-cr
bonded.Again, weaklybondedethenedesorbsintact, (its conversionto di-a specieson
heating cannotbe excluded,however)while di-cr ethenecan either desorbnear room
temperatureor dehydrogenate
producingsurfacespecies,suchas ethylidyneand atomic
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hydrogen. Dehydrogenationproceeds further on heating until a hydrogen-deficient
carbonaceousdeposit and hydrogenare formed at elevated temperatures.Hydrogen
atoms recombine and desorb as hydrogenmolecules.Finally, the surface remains
coveredby carbondepositsat elevatedtemperatures.
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Figure 7. Schematicrepresentation
of the thermaltransformationof etheneon Pd
particlesof differentsize.

Accordingly,particle sizeand roughnessstronglyinfluencethe distribution of nand di-crbondedethenemolecules.Due to the developmentof moreextendedfacetson
the largeparticles,which favorethenedi-cr bonding,the reactionpathwayshiftstowards
dehydrogenation
andhenceto the formationof carbondepositsuponheating.
For pure hydrogenadsorptiontwo adsorptionstatescan be distinguished.One
state, leadingto desorptionaround 330 K (called I3J is very likely due to hydrogen
atomson the surfaceof the particleswhile a secondone desorbingat lower temperatures
(131
at -280 K) is tentativelyassignedto subsurfacehydrogen.As a function of particle
size 132shiftsto lower temperaturewith increasingparticle size d, ranging from 1 DDl<
d < 5 DDl.The formation of the 131state is decreasedon the smallestparticles, its
desorptiontemperaturebeinglessinfluencedby the size of the particles.This can be a
result of the decreasingnumberof subsurfacesites available or due to the presenceof
the support.
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Figure 8. a) Thermal desorption spectraof D2, C2D4and C2D6after exposure of
depositedparticlesof 2 nm averagesize:top: 1 L of C2D4at 90 K bottom: 3 L of D2 at
195 K followed by 1 L of C2D4at 90 K, b)Integratedsignal of ethane(shadedin Fig.
Sa)perPd unit surfaceareaas a functionof particle size.
Figure 8 showsTDS spectraobtainedafter ethene (C2D4)adsorptionwith and
without hydrogen(Dv preadsorptionon clean Pd particles of identical size. We
recordedthe signalsof massescorrespondingto D2, C2D4and C2D6.Comparingthese
spectra,flfStly, we observethe formationof ethane,desorbingat -200 K as the product
of ethenehydrogenation.Secondly,the amount of ethenedesorbing at temperatures
below 200K is significantly increased,while the intensityof the stateat about280 K is
reducedby a factor of 2. Therefore,the dataindicate that it is the formation of di-a
ethenethat is inhibited by D ad-atoms.This can be understoodby assumingthat the
surfaceD atoms,residing presumablyin the hollow sites, sterically hinder the di-crbonding. Meanwhile,ethenecan readily adsorbon the D-coveredsurfacevia a 7t-bond
on on-top sites.Therefore,hydrogenpre-adsorptionleadsto a re-distributionof 7t-and
di-cr-bondedethene,thus favoring a weaklybonded7[-state.
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In the reverseexperiments,whenthe Pd particleswereethenepre-coveredbefore
exposureto Dz, the spectrawere found to be identical to those when there was no Dz
exposureat all. This manifestsa site-blockingeffect of etheneon hydrogenadsorption.
Suchan effect can be readily explainedby the fact that hydrogen dissociation
occurson on-topsites(seereview in ref. [55]), which areoccupiedby x-bondedethene.
In the absenceof pre-adsorbedhydrogen, a very small amount of ethane
desorbingat ca. 280 K was detectedonly for particles largerthan 30 A. This process,
called self-hydrogenation,involves the reaction of ethene with hydrogen ad-atoms
produced by dehydrogenationof other ethenemolecules. Certainly, such a reaction
occursonly on the relatively large particlesdue to an increasingprobability of ethene
dehydrogenation(seeFigure 7). Nevertheless,the amountof ethaneproduced by selfhydrogenationis negligibly small as compared to that detected in co-adsorption
experiments. Moreover, the desorption temperature of ethane formed under coadsorptionconditionsis about80 K lower than in a self-hydrogenationreaction(200 K
vs. 280 K). Sucha behavior(a temperatureshift and an enhancedethaneproduction)
hasalso beenfound on hydrogenpre-coveredPt(lll) [56] and Pd(IIO) [57] surfaces.
Therefore,it appearsthat a generalmechanismof etheneinteractionwith hydrogenon
metalsurfacesis valid on bothsinglecrystalsand small metalparticles.
Our TDS study [53] shows that ethene reacts with the most weakly bonded
hydrogenpresenton the surface.The formation of ethanedependson the presenceof
weakly adsorbedhydrogenwhich reactswith x-bondedethenebefore the latterdesorbs
intact.
In order to study particle size effects, we have carried out experiments for
identical preparationsvarying only the amountof depositedPd,i.e. particle size.
Figure 8b showsthe plot of ethaneproductionper Pd unit surfaceareaas a function of
particle size.This plot clearlydemonstrates
thatthe hydrogenationactivity underthe coadsorptionconditionsstudiedis almostindependentof the Pd particle size in the 1-3 DID

range.

Such a behavior can be understoodby the fact that pre-adsorbedhydrogen
strongly inhibits the formation of di-cr-bondedethene and results in preferential
formation of the 1t-bondedethenefor all particles sizesstudied,thus neutralizingthe
overallparticle sizeinfluenceobservedfor pure ethene(seeabove)
The size independencefor ethenehydrogenationobtained in the presentwork
agreeswell with the generalopinionthatthis reactionis structureinsensitive[58], and it
seemsthat our systemrepresents
a suitablemodelsystemfor studyingthe mechanismof
the reaction,evenusingUHV conditions.
The influence of carbonaceous
depositson the particle size dependenceof the
ethene hydrogenation reaction has been studied by creating such deposits via
dehydrogenationof ethenebefore exposingthe model catalystto the reactionmixture
[59]. It is shown that carbonaceousdepositsdo not prevent adsorption but inhibit
dehydrogenation
of di-cr-bondedethene.Using CO asa probe molecule,it canbe shown
that the carbon deposits occupy highly coordinated sites on the surface. Ethene
hydrogenationis inhibited by the presenceof carbon depositsbut the inhibition is
independentof particlesize in the rangestudied(1-3 nm).
Clearly, the resultsreportedfor ethenehydrogenationhave beenobtainedunder
ultrahigh vacuum conditions and the question currently asked is, are the results
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compatiblewith resultsunderrealistic reactionconditions?We have exposedthe same
model catalyst as studied above to ambient conditions and measured turnover
frequencies(TOF) via gas-chromatography
as typically done in a catalytic study [60].
At the sametime, we can follow the specieson the surfacewith an in-situ vibrational
spectroscopy,namely sum-frequencygeneration (SFG) that allows us to measure
vibrational spectrain the presenceof a gasphase.The lattermethodhas beenreviewed
recentlyby Rupprechter[61] and appliedto nanoparticlemodel catalystsby Dellwig et
al. [62].
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Figure 9. Ethenehydrogenationactivity ofPd/Al2OfNW(110) model catalystswith a
meanPd particle size of I to 6 nm. The reactionwas carriedout with 50 mbarC2H.,215
mbar H2 and 770 mbar He at 300 K. SFG spectraof C2H. on Pd(lll) are shown for
different conditions:Di-cr bondedethenewas observedafter saturationat 200 K (a),
while a weak signal of ethylidine appearedupon roomtemperatureexposureof ethene
(b). The absenceof strongsignalsunder reactionconditions(5 mbar C2H., 5 mbar H2)
suggeststhe presenceof 7t-bondedethene[63].
Figure 9 showsturnoverfrequenciesas a function of particle size measuredon
model catalystspreparedin the sameway as used for the ultrahigh vacuumstudies[59,
60]. The model catalystwasplacedin a reactionvessel[64] andexposedto a mixture of
C2~ (50 mbar), H2 (215 mbar) and He (770 mbar) with ethane production being
monitored by on-line gas chromatographyat varioustemperaturesand reactiontimes
[60]. Knowing the structureand morphologyof the catalyst,turnoverfrequenciesare
calculated.The systemturned out to be stable under reaction. The TOFs are rather
independentof particle size and the activation energyfor ethenehydrogenationfrom
temperature dependentdata amountsca. 55 kJ/mol [60]. There is a remarkable
correspondenceof particle size dependentproperties under ultrahigh vacuum and
ambient conditions which already at this stage can be taken as indication that the
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mechanisms are similar under both conditions. SFG spectroscopy can be applied as an
in-situ technique during reactions and spectra on Pd( Ill) as a model surface are also
shown in Figure 9 [63]. To identify the species involved, UHV adsorption studies were
initially performed. At 200 K (Figure 9, trace a), a characteristic spectrum of di-crbonded ethene was observed, while 7t-bondedethene shows no signal due to its parallel
geometry on the (Ill) surface (with C-H bonds still being in plane). At 300 K, a small
signal from ethylidyne appeared due to ethene decomposition (trace b). Under reaction
conditions (Figure 9, trace c) no distinct signals are observed suggesting that both di-crbonded ethene and ethylidyne are not turning over and that rather 1t-bonded ethene is
the active species. The SFG spectra provide considerable indirect evidence for this
conclusion. Experiments are being performed to try to clarify this issue. Therefore, so
far, indications are that the species turning over under realistic conditions is the same as
under ultrahigh vacuum conditions.
In summary, we have presented an example where a simple reaction has been
studied both under ambient and ultrahigh vacuum conditions and it is shown that the
results parallel each other to a large extent so that ideas can be transferred between the
two regimes. This is certainly a feature that is connected with the specific system and
reaction under investigation and one has to check from system to system whether
transferability is given. On the other hand, it is clear that there are cases where reaction
mechanisms and structure in both regimes are the same. There is accumulating evidence
that this may be the case for several systems. The example also illustrates the necessity
to further develop in-situ spectroscopic techniques.

1.3. PROPERTIESOF INDIVIDUAL PARTICLES
The experimentsreportedso far, addressproblemsof specific sites and size specific
reactionsand deal with samplesrepresentingensemblesof clusters with narrow size
distributions. Recently, experimentshave been undertakento probe the responseof
individual particlesusing scanningprobe techniques.While STS recording of currentvoltage curves hasbeen exercisedfor a while [65, 66], only within the last few years
have depositedaggregatesbeeninvestigatedby probing the optical response[67, 68].
Fi~
10 illustrates schematicallythe dipole excitation of deposited clusters. The
induceddipoles in the spheresare indicatedtogetherwith their image dipoles in the
substrate.For the casedepictedon the right, onecanestimatethe effect of an insulating
substrateon collective electronexcitationsin metallic clusters[67]. Consequently,the
resonanceenergy decreases(red shift). A scanningtunneling device can be used to
inducesuchexcitationsof individual clustersanddeterminetheir ootical resoonse.
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ro
Figure 10. Schematicrepresentationof the surface plasmonexcitations for ellipsoids
attachedto a solid substrate.The modes with parallel and perpendicularexcitation
dipole are indicatedandthe resultingspectrumis schematicallyindicatedbelow.

Schematically the setup is shown in Figure 11a [68, 69]. The tip is used to inject
electrons into individual Ag clusters, in this case deposited on alumina for excitation.
Then the light emitted from the clusters upon radiative decay is measured via a
spectrometer outside the vacuum chamber [68]. Figure lIb shows the fluorescence
spectra as a function of size referring to the specific clusters in the STM image, which
occurs blurred because it was taken at high tunneling voltage necessary for excitation. A
better representation of the size distribution of the Ag clusters is imaged in the second
inset in Figure 11 b although even in this case one has to take account of the fact that due
to tip convolution the actual size is considerably smaller than the imaged one. The peak
shows a pronounced blue shift as a function of size consistent with observations on
cluster ensembles of varying size. In this context it is interesting to look at the line
widths of the resonanceas a function of size. This plotted in Figure 11c. The line width
is smallest for the larger clusters, i.e. 0.15 eV, and increases to 0.3 eV for the smallest
ones studied. We consider this to be the homogeneous line width. The fact that it
changes following an inverse cluster radius reveals the influence of the cluster surface
becoming more important for smaller systems as a channel to deactivate the excited
state through electron-surface scattering without generating radiation.
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Figure 11. a) Schematicdiagram of the experimentalsetup for the photon emission
scanningtunneling microscope.b) Photon emissionspectraas a function of particle
size. The con-esponding
particlesare marked in the upper left panel. The upper right
panelshowsa topologicalimage of a typical clustercoveredarea.The size dependence
of the resonanceposition of the plasmonexcitationis shownin the inset on the left. c)
Line widthsof the observedplasmonexcitationasa function of particle size.

.4.

HETEROGENiziNG HOMOGENEOUSCATALYSTS

As examplified for the case of ethene hydrogenation,the application of in-situ
techniquesis a topic of greatinterestcurrently.
The following examplerepresentsanothercasewhere the applicationof in-situ
techniquesto model catalystsallow a detailedview at molecularprocessesin a reaction
at surfaces[70, 71].
Transition metal (in particular titanium) halides and organoaluminum
compoundshave been in use since Ziegler's early work in the early 1950's [72] to
(homogeneously)catalyze the polymerizationof ethene[73, 74]. Together with the
extensionof Ziegler's work by Natta [75, 76] to use thesesystemsin the synthesisof
stereoregular poly(a)a1kenes,
the basis for more than 10 % of all profits made with
organometallic catalystshave been laid [77]. Since the development of the first
generationZiegler-Nattacatalysts,severalgenerationsof suchcatalystshave beenput in
place which exhibit ordersof magnitudehigher activity and efficiency [74]. The third
generationof Ziegler-Nattacatalystsactuallyrepresentsa supportedcatalystwhich has
beendevelopedand usedsince 1975 in orderto increasethe amountof active Ti using
inorganic chlorides,suchas MgClz and CoClzas supports[78]. The high activity of
these catalysts allowed to use low catalyst concentrationsand, therefore, catalyst
residuescan remain in the polymer [74]. The literature on the topic of Ziegler-Natta

81
catalysis is huge and still growing since the developmentof the new generationof
metallocenes/methylaluminoxane
catalystshas recently increasedinterest in this field
substantially[73, 79-81]. There are severalexcellentreviews on the subject and we
would like to referto one by W. KanlinskiandM. Arndt [73], in particular.
Interestingand importantcontributionsto our understandinghave recently been
gainedthroughtheoreticalstudiesby Parrinelloandhis groupe.g. [82].
The experimentalcharacterizationof supportedthird generationZiegler-Natta
catalystshas been mainly indirectly done in the past via polymer product analysis.
However, knowledge on surface properties of such systems is of fundamental
importanceto describethe processand its mechanismin detail. Surfacesciencestudies
on polymerizationcatalystsare ratherscarce.Model studieson the Phillips catalysthave
been performed [83, 84] and most importantly Somorjai and coworkers [85-90]
published a series of publicationson the preparationand characterizationof model
systemsfor supportedZiegler-Nattacatalysts.Thesemodel systemshavebeen usedto
polymerizeethene.
Following the work of Somorjai et al. [85-90] we have used a model system
consistingof an epitaxially grown MgCl2 film onto which TiC~ was anchoredas the
active component.The anchoringprocesshas beenstudied by electron spectroscopy
[89] and, recentlyin our group, by ESR spectroscopy,we have shown that surface
defectsin the MgCl2 film are crucial in this process[71]. The key step,however,is the
so-calledactivationof the systemby adding a co-catalyst,namelyan alkyl aluminum
compound(trimethylaluminum(TMA), triethylaluminum(TEA». In this processis it
believed that Ti ions assumea lower oxidationstateand when TMA is used radicals
(R") arecreatedaccordingto Equation(1), whereasthe activationwith
TEA takesplacethrougha disproportionationreaction[91-93].
ESR spectroscopyas anotherin-situ techniquecan be favorablyused to prove
the formationof radicalsaccordingto:
TiCI4 + AIR] ~ RTiCI] + AICIRz ~ TiCI] + Ro+ AICIRz {R=CHJJ

(1)

In Figure 12 the preparation of the model syStem is briefly summarized. A Pd(lll)
substrate is covered by a MgC12 film in the (001) orientation. It grows in a layer by layer
mode and the surface is terminated by chloride ions as shown by LEED and Auger
spectroscopy.
Magni and Somorjai in their pioneering work already realized that it is necessary
to produce defects in the film to bind the TiC4 precursor [85-91, 94]. The idea really
goes back even further [95,96], however. Early on it was noted that the uncoordinated
edge and comer sites on a MgCl2 crystallite bind TiC4 [78, 97] and also corroborated
by recent model calculations [82, 98].
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Figure 12. Schematicrepresentationof the preparationof the Ziegler-Natta model
catalyst.
There are several ways to produce defect containing surfaces: One way is to keep
the Pd(lll) surface temperature low, so that the mobility of the MgC12 is too low to
produce a fully epitaxial film. However, the problem here is, that such films often
contain pinholes, which change the reactivity of the system. Therefore, it has been
considered to flfSt create a fully epitaxial film and then produce defects by either
electron or ion bombardment [85-91, 94]. Figure 13 compares the ESR spectra for the
two cases namely defects created at lower growth temperature (bottom) and after a
sequential bombardment with electrons and argon ions.
Let us flfSt consider the non-epitaxial film. Both, position of the band in the
lowest trace as well as the temperature dependence, which is Curie-like, favor the
formation of color centers, i.e. removal of a Cl atom which leaves an unpaired electron
behind. For a more detailed discussion of color center we resort to the work of Giamello
and co-workers on color centers [99]). The position of the present signal is close to the
one observed for color centers in MgO single crystals. Part of the ESR spectrum (40%)
is quenched upon adsorption of TiC4 which suggeststhem to be located at the surface
of the film.
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Figure 13. ESR spectraof color centersin a MgCl2 rUm for two different preparation
conditions.Top: An initially well-orderedfilm after bombardmentwith electronsand
argon ions; Bottom: rUm grown at lower temperatures.Insets sketch the different
environmentsof surfacecolor centersfor bothsituations.
If we grow an epitaxial film as done for the upper trace, there is no detectable
ESR signal before further treatment of the film and leads to a sharp LEED pattern with
low background intensity. Bombardment of the film with electrons or argon ions do
disturb the structure as judged by the background of the LEED picture as well as Auger
spectroscopy, which shows a loss of chlorine especially for the electron induced
process. However, none of these processesalone is sufficient to create an ESR active
defect. Subsequent argon ion bombardment (150 eV, 1 ~Alcm2, 3 min.) of a sample
initially exposed to electrons does produce an ESR signal as shown in the upper trace
Figure 13. As compared to the spectra of the defects created by growth" at lower
temperatures the signal is shifted to higher g-va1ues. Additionally, the line width
increases from 4 to 14 G. This might be explained by the creation of color centers on the
rough surface exposing different low coordinated sites which will have slightly different
g-va1uesas compared to the color center on the (001) terrace. This geometric situation
of the color centers is sketched in Figure 13.
TiCI. has a high enough vapor pressure to dose the molecule from the gas phase.
Adsorption of TiCI. and subsequent electron bombardment leads to the formation of
Ti3+ centers as monitored by ESR. Depending on the preparation conditions two cases
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can be distinguished. For films showing the signature of paramagnetic color centers in
the ESR a broad signal situated at g = 1.93 is found, whereas films without
paramagnetic defects exhibit a much sharper feature centred at g = 1.96. However, there
is no indication that the presence of the observed Ti3+ signals correlates with the
polymerization- activity of the catalyst The g-values found are situated among values
reported for TiC4 in octahedral (g = 1.94) and tetrahedral (g = 1.97) environments [100102]. These values have been measured for Ziegler-Natta-catalysts, but also in those
cases there is no clear indication for a correlation with the catalyst activity. While the
signal observed on the less defected surface is close to the value observed for tetrahedral
environments the signal of the surface showing paramagnetic defects is centered at the
value for octahedral environments. Comparing the line width of the signals measured
here with the ones in the literature the general trend of the signal at g = 1.94 being
broader than the ones at g = 1.97 holds true also for these measurements, however, the
line width of the resonance at g = 1.93 is considerably broadened as compared to
literature. Considering the stronger disorder of these systems it is more likely that
isolated Ti3+ centers are formed in this case which may comprise different local
environments and thus showing a larger line width. The lack of an ESR signal
corresponding to Ti3+ ions in caseswhere no additional argon or electron bombardment
has been applied, cannot be interpreted as a clear indication for the absence of Ti3+ at
the surfaces. In the literature there are discussions that small spin-lattice-relaxation
times, dipole coupling and super exchange may only leave a very small fraction of Ti3+
ESR active or detectable due to increase in line width [103,104].
The TiCIJMgCl2 system is, as it is called in Ziegler-Natta-catalysis, activated by
exposing it to the co-catalyst, i.e. an aluminum alkyl compound. We have used
trimethylaluminum (TMA) and triethylaluminum (TEA) for activation. The compounds
have been dosed from the gas phase either at room temperature for a prolonged time or
much shorter at 40 K surface temperature. Typically, 3400 L of TMA or TEA were
exposed. The infrared spectrum of the condensed film showed the typical FTIR
spectrum known from condensedand matrix isolated species [105]. There are bands that
can be assigned to dimeric aluminum alkyl species.
Figure 14 shows ESR spectra after reaction of the TMA with the TiCIJMgCl2
system [70]. A typical low coverage of TiC4 leads to the spectra shown in the upper
trace. Increasing the amount of TiC4 on the surface by a factor of three increases the
intensity of the ESR spectrum by a factor of 1.7, which indicates that the amount of
surface titanium centers increases with total amount of titanium on the surface. This can
be understood by means of an island like growth mode of the TiC4 on the surface. The
spectrum is free of any Ti3+ signal. This is in accordance with the observation in the
literature namely the formation of mainly Ti2+ species due to the reduction with
aluminum alkyls [106, 107]. Although it might be thought that methyl radicals are the
most natural products in the reduction of a mixed titanium-chlorine-methyl species, a
comparison of the line shape of the observed spectra with spectra of methyl radicals
(shown at the bottom of Figure 14) taken from the literature [108] clearly shows that the
species present here are not methyl radicals. Whereas the ESR spectrum of a methyl
radical is a quartet of lines the spectrum observed here, though dominated by a quartet
structure, shows a couple of additional lines pointing to additional interactions of the
unpaired electron. By comparing the line shape to other alkyl radicals it turned out that
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the present spectrum can be attributed to ethyl radicals. Figure 14 shows for comparison
ethyl radicals created in an ethylchloride matrix generated by photolysis [109]. The line
shape of the ethyl radicals can be understood when assuming that the protons of the
methyl group adjacent to the spin containing methylene group, which cause
superhyperfine interaction with the unpaired electron, are magnetically equivalent due
to a fast rotation of the methyl group along the C-C bond. The two protons of the
methylene group, however, give rise to anisotropic superhyperfine interaction because
the adsorption of the molecule on the surface hinders a rotation of the molecule in
space. Assuming the anisotropic interaction to be axially symmetric allows for a good
description of the observed line shapeas shown by Shiga et al. [108].

BIG]

Figure 14. ESR spectraof alkyl radicals: a) after adsorptionof AlMe3 at 40 K on a
modelcatalyst.Spectrumis enlargedby a factor of2.5 as comparedto b); b) equivalent
procedure to a), for a catalystcontaining a three fold higher titanium content as
comparedto a); c) ethyl radicalsin an ethyl chloride matrix at 77 K [109]; d) methyl
radicalson a silica surfaceat 77K [108].

There are two key questions, that have to be answered.
1. How have the C2Hsradicals beencreated?
2; Have the radicals been created at the TMAffiC4-MgCI2

interface or in the TMA

activating materials?
The second question can be answered by studying the amount of radicals formed
as a function of the amount of TiC4 at the interface and as a function of exposed TMA.
As a function of TiC4 the ESR intensity increases for a low TiC4 concentration regime
but it shows a clear saturation behavior when plotted versus the amount of TMA
adsorbed. Both observations are compatible with a radical creation process at the TMA-
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TiC~gCh interface,wherean alkylation of the TiC4 by ligand exchangeis supposed
to occur. Assumingthis ligand exchangeto occurthe primary radicalthatcanbe created
is a methyl radical. For this radical there are severalpossibilities for consecutive
reactionsgiven the size and high mobility, even at low temperature,in the solid state

[110].
The mostlikely reactionyielding ethylradicalsis
CH3" + Al(CHJJ3

-+

HjC-H2C. + A1H(CH3J2

(2)

Even though such a reaction has not been investigated so far it can be crudely estimated
that it is energetically possible. Above 50 K the intensity of the ethyl radicals is
attenuated irreversibly and decreasesbelow the detection limit above 80 K. This can be
explained by assuming the ethyl radicals to diffilse and recombine at these temperatures,
as has been observed for methyl radicals above 45 K [Ill]
and NO2 radicals on an
oxide surface above 75 K [112].
After not reacted TMA has all been desorbed, still carbon due to the successful
alkylation of the TiC4 is found on the surface. It is, however, important to note that
after removing the reacted TiClx moieties from the surface, e.g. by soft argon sputtering,
and redosing with TMA new C2Hsradicals can be created.
An interesting observation is made if TEA is used instead ofTMA. Even though
the catalyst can be activated in a similar way as for TMA, radicals created from TEA
have never been observed. This is in line with expectations from literature because here
a disproportionation has been proposed according to:

AIEt]+ TiCl4-

2TiC/~t

-+

A1Et]Cl+ TiCl#t

(3)

2TiC/j + CP4 + C2H6

(4)

Because ethyl radicals have been observed in the preceding experiment, which also
suggest that these radicals are stable at the given temperature, the initial fonnation of
ethyl radicals would undoubtedly lead to observation of the radicals. The absence of an
ESR spectrum therefore strongly suggestsa disproportionation reaction in accordance to
interpretation in the literature from indirect evidence [91-93,113].
The model catalyst was exposed to ethylene at 15 to 150 mbar, where the gas
was introduced through the gas-dosing system into the IR chamber. Figure 15 shows the
IR spectrum of the generated polyethylene. Characteristic are the stretching modes at
2852/2924 cm-l, the doublets of the deformation modes at 1473/1463 cm-l, and the
rocking modes at 730/720cm-l. In comparison with the literature the observed
frequencies of the stretching modes are situated at the higher end for dominating transconfigurations. This was taken as an indication that the polymer chains have long range
order in trans-configurations but also contain some gauche defects.
The course of the reaction has been studied by evaluating the IR band at 2852
cm-1 which is the one least influenced by the presence of gaseous ethylene. The
polymerization has been followed for 12 to 150 h-
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Figure 15. IR spectrumof polyethylenepolymerized on the model catalyst. (Inset
shows kinetics of the ethylene polymerization at 300 K as measured by IR
spectroscopy.The full line representsthe kinetics measuredfor a rough catalyst,the
kinetics of a smoothandlessdefectscatalystis indicatedby the dottedline).
Two differentkinds of behaviorhavebeenobserved.Typical resultsare given in
the inset of Figure 15. The detemlining factor is here the degree of disorder in the
surfaceof the modelcatalyst.While a catalystwith a high degreeof disordershowsa
monotonousincreaseof the polyethyleneamount with time, catalystsprepared on a
smoothand less defectedsurfaceshowa self-terminatingreactionafter approximately
50 h leadingto considerablylessthick film as comparedto the former case.This can be
explained in a straightforward way by consideringthat on a smoothsurfacea rather
smoothpolymer film forms which in a relatively shorttime becomesimpermeablefor
ethylene from the gas phaseso that the reactionis self limiting. In the other case,the
growing film possibly has a sufficient number of pores so that the monomer can
continue to reach the catalystand the reaction keeps going. This assumesthat the
polymerizationreactiontakesplace at the interfaceof the polymerand the magnesium
chloride support,which hasbeenrecentlycorroboratedexperimentally[114]. The latter
behaviorcan be modeledby assumingthat the monomermoleculesare transportedby
diffusion to the interface.The amountof polymer Deincreaseswith reaction time t
accordingto

De=~.Jt

(5)

wherethe constant0 is a functionof the diffusion coefficient,the surfacearea,the molar
volume of the polymerandthe concentrationat infinite time t.
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Therefore,we expectthatthe IR intensityincreasesas.Ji .With 0 = 4.6.10-2mol
S-I/2the fit given in Figure 15 has beenobtained.In conclusion,a combinationof ESR
andIRAS allows us to follow the polymerisationof ethenein somedetail.

2.

Synopsis

On the basisof a variety of casestudieswe havereviewedthe stateof the art in dealing
with model systemsand their relation to heterog~neous
catalysis.It has becomeclear
that it is necessaryto develop in-situ techniquesthat allow us to probe the working
system. It can be foreseenthat useful new and solid information on model systems
under reactionconditions may be extractedthat will bring closer catalysisand surface
science.
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