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Ordered porous inorganic compounds can now
be synthesized with pore sizes between 0.3 nm
and several tens of nanometers. The sharp pore
size distribution of such materials and the
ordered pore arrangement open possibilities
for using them to organize matter on the
nanometer scale. This overview highlights dif-
ferent aspects of this topic, using four selected
examples: the spatial organization of molecules
with high molecular hyperpolarizability to
create a frequency-doubling element; the en-
capsulation of a laser dye which results in a new
class of solid-state lasers; the encapsulation of
small metal clusters in mesoporous ordered
oxides; and the encapsulation of semiconductor
clusters in such oxides.# 1998 John Wiley &
Sons, Ltd.
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Keywords: mesoporous; oxides; nanostructures;
luminescence; zeolites; guest/host
Received 18 February 1998; accepted 20 February 1998

INTRODUCTION

Zeolites, which are crystalline, microporous alumi-
nosilicates, have been known as minerals since the
18th century. Major technical applications started
after synthetic zeolites became available in the
1950s. Zeolites are used in several application
areas, for instance as ion exchangers in detergents,
or as acid catalysts in the petroleum industry.
Following the successes in the synthesis of
aluminosilicate materials between the 1950s and
the 1980s, other framework compositions could be
prepared, such as the aluminophosphates, which

also form three-dimensional frameworks consisting
of tetrahedral TO4 units (T = Al, P). The structures
of these alumophosphates often have zeolitic
analogues, but some of the structures are novel
and have not been prepared in the aluminosilicate
system. With an aluminophosphate, the so-called
VPI-5,1 the range of accessible pore sizes had been
expanded to about 1.2 nm from the former maxi-
mum of about 0.75 nm present in zeolites of the
faujasite family. Another breakthrough was
achieved in the early 1990s when scientists of the
Mobil Oil Corporation2 and a Japanese group3

independently discovered a family of aluminosili-
cate materials with ordered pore systems, the M41S
family, in which the pore size can reach 10 nm.
Many different framework compositions are nowa-
days available for this class of porous materials.

Ordered pore systems with pores of molecular
dimensions are highly attractive host systems for
the incorporation and organization of other species.
Guest/host systems based on such porous crystals
have therefore found considerable interest, from a
scientific point of view as well as for possible
applications4–6. The following discussion will focus
on four examples highlighting the possibilities
which these host systems offer for the organization
of molecules and clusters on the nanometer scale.

FREQUENCY-DOUBLING SYSTEMS

Frequency doubling in zeolite-based guest/host
systems was first discovered by Cox and Stucky
in 1988.7 They investigated the optical properties of
several such materials, using different hosts as well
as different guest molecules. High doubling effi-
ciencies were observed withp-nitroaniline (PNA)
as guest molecule, and molecular sieves with
unidimensional channel systems as host, such as
the aluminophosphate AlPO4-5, a molecular sieve
with a channel diameter of approximately 0.75 nm.
The experiments on the PNA system are especially
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interesting,sincethePNA crystaldoesnotgive rise
to frequencydoubling. The individual molecules
havea hyperpolarizabilitydifferent from zero,but
the packing in the crystal is a centrosymmetric
arrangementof individual molecules.This leadsto
cancellation of the contributions from different
molecules,and there is no net effect and thus no
macroscopicnon-zerow2. Incorporationof thePNA
moleculesinto thechannelsystemof themolecular
sieves,however,clearly breaksthe symmetryon
the macroscopicscale, so that second-harmonic
generation(SHG) is observed.

Theseexperimentswere later repeatedin more
detail on single crystalsby Caro et al.8 and Caro
andMarlow.9 The first systeminvestigatedby this
groupwasagainPNA in AlPO4-5 with its channels
running along the long crystal axis (c-axis).
Experiments on single crystals with polarized
incidentlight revealedthatthePNA is well ordered
in the channelsystemof the molecularsieve(Fig.
1). If theplaneof polarizationof the incidentlight
is parallel to the c-axis of the AlPO4-5 crystal,
maximum SHG is observed;if the polarization

planeis perpendicularto thec-axis,no SHGsignal
is obtained.The observeddependenceof the SHG
intensity on the orientation of the crystal with
respectto thepolarizationof theincidentlaserlight
provesthat the net orientationof the PNA mole-
cules has a predominant componentalong the
channelaxisof themolecularsieve.

The extentof this orientationhasbeenanalysed
by Raman spectroscopy10,11 and polarized IR
microspectroscopy.12 Figure2 (top)showsasketch
of possible extreme orientations of the PNA
moleculesin themolecularsievecrystals,together
with the expectedpolarizedIR spectra.Figure 2
(bottom) showsexperimentalspectraof the PNA/
AlPO4-5 composite at a relatively low loading
where only little interaction betweenindividual
PNA moleculesoccurs.As a comparisonof Fig. 2,
top and bottom, immediately shows, the PNA
moleculesareorientedprimarily with their twofold
rotation axis parallel to the channelaxis of the
molecularsieve.A more detailedanalysisreveals
that the average deviation from the perfectly
parallel orientationis 13°. This is in closeagree-
ment with the Raman data. At higher loading,
hydrogen bonding becomesevident in the IR
spectra,andanalysisbecomesmoredifficult.

Which factor controls the relatively perfect
alignmentof the PNA moleculesis still an open
question.In orderto give riseto observableSHG,it
is not only necessarythat the orientation of all
moleculesin one channel is identical, the same
orientationneedsto bepresentin all channels,or at
leastin themajority of thechannels.Two explana-
tionsseemto bepossible:themacroscopicpolarity
of the crystals could be responsible for the
alignment,or the surfacepropertiesof the crystals
couldallow entryof themoleculesinto thechannel
systemin only one orientation.A set of elegant
measurementsof thepyroelectriceffecton a single
crystal by Marlow and co-worker13 suggeststhat
entry into thechannelsystemoccurswith thenitro
group of the PNA moleculefirst. The sign of the
pyroelectric effect changesin the middle of the
crystalif thecrystalis heatedspotwisewith a laser,
which meansthat there is a mirror plane in the
crystal centrewith respectto the PNA orientation
(note: centrosymmetryon this length scaleis not
critical with respect to the SHG effect). This
experimentsuggeststhat the PNA moleculesenter
theporesystemfrom bothsideswith thenitrogroup
enteringfirst.However,if thecrystalsweretwinned
with thetwo twins growingfrom thecenterrotated
by 180° againsteachother, the orientationby the
macroscopicdipoleof thecrystalsmightstill bethe

Figure 1 Principleof theSHGexperimenton a singlecrystal
of the PNA/AlPO4-5 composite (top); dependenceof the
intensity of the SHG signal on the angle f between the
polarizationplaneof theincidentlaserlight andthelongcrystal
axisof the AlPO4-5 crystal(bottom).Redrawnfrom Ref. 8.
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major influence. This question has not been
unambiguouslyansweredyet.

ThePNA/AlPO4-5 problemis notsuitablefor the

constructionof a frequencydoublingdevice,since
phasematchingcannotbeachievedduetheoptical
propertiesof thecomposite14. However,otherguest
specieswith more thanonenonevanishingtensor
componentin the hyperpolarizability tensor are
more suitable for this purpose.p-Dimethylamino
benzonitrile,againin themolecularsieveAlPO4-5,
is sucha system.Detailedanalysisof this system
revealedthat phasematchingcan be achieved15.
Whether or not technical frequency doubling
systemsbasedon molecularsieveswill be devel-
oped in the future remainsopen.One obstacleis
still thedifficulty in reachinghighreproducibilityin
hostcrystalquality, which is absolutelynecessary
for the massproductionand the technicaluse of
suchdevices.

A new class of solid state lasers

The morphologyof somemolecularsievecrystals
suggeststheir use as optical resonatorsin lasers.
Here again the AlPO4-5 system seems to be
promising.The hexagonalprism with its planpar-
allel endscouldbedirectly usedasa lasercavity if
the ends would be coated, for instancewith a
dielectric multilayer, to create a mirror. The
resonatorwith planparallelmirrors is certainlynot
optimal with respectto the laser quality, but the
synthesisof suchcrystalsin large amountswould
be very easy,and thus the developmentof laser
materialsbasedon this class of substanceis an
interestingchallenge.Such laser materialscould
offer severaladvantages.They would provide a
highly flexible matrix, sincemany different guest
speciescould be incorporated.Due to the open
channelsystemthe guestspeciescould be further
modified, for instancethroughcomplexation,and
theintegrationof additionalfunctionsin onecrystal
could be possible, for instance by introducing
additionalfrequency-conversion systems.

Synthesisof thehostmaterialin sufficientlyhigh
optical quality is relatively difficult. The structure
of AlPO4-5 is easyto synthesize,but usually the
material forms as a fine, polycrystallinepowder,
which is not suitable for optical applications.A
synthesisof high-quality AlPO4-5 was developed
by FingerandKornatowski,16 but in this synthesis
procedureaspecialaluminiumsource(AlOOH-sol;
CTA Säureschutz)was used which is no longer
available.Although many parametersneedto be
optimized in order to synthesize high-quality
AlPO4-5, the aluminium source is the crucial
component. In order to substitute the original
aluminium source, many different (over 100)

Figure 2 Schematicdrawingof theeffectof possibleextreme
orientationsof thePNA moleculesin themolecularsieveonthe
observedspectrain the NH-stretchingregion,if the composite
is analysedwith polarized IR radiation (top); experimental
spectraobtainedwith polarizedradiation(bottom).The arrow
indicatesthepolarizationplanewith respectto thecrystal.The
experimentalspectrastronglyresemblethesituationwherethe
molecular long axis coincides with the crystal long axis.
Redrawnfrom Ref. 12.
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aluminium sources,either commerciallyavailable
or self-prepared,were testedby Demuth,17 who
eventually found that a precipitated pseudo-
hydrargillite hadsimilar propertieswith respectto
the resulting crystal shape of AlPO4-5 as the
original aluminium source.The reasonfor these
strongdifferencesbetweendifferent precursorsis
notclear,yet. It mightberelatedto thereleaserates
of suitable building blocks for the AlPO4-5
synthesis.

With this optimized host system it was first
attemptedto preparelaser materials comparable
with conventionalsolid-statelasers,such as the
ruby laserwith chromiumasthe activespecies,or

the Nd:YAG with Nd3� as the active species.Ion
exchangeto introducethelaser-activespeciesis not
directly possible for AlPO4-5, since due to the
electroneutralframework,no exchangeablecations
are present, in contrast to the aluminosilicate
zeolites. However, it is possible to incorporate
silicon into theAlPO-framework,wherethesilicon
substitutesprimarily for phosphorus.Thus,for each
silicon incorporated, one negative framework
charge is created which leads to ion-exchange
properties.The resulting silicoaluminophosphates
arethencalledSAPOs.Problemswereencountered
whenit wasattemptedto introduceNd3� aswell as
Cr3� into the SAPO-5by an ion-exchangeproce-
durefrom solution.At too high a pH, theoxidesof
thelaser-activespeciesprecipitatedon theexternal
surfaceof themolecular-sievecrystals(Fig. 3a); if
the pH was lowered,the SAPOspartly dissolved
(Fig. 3b). There was no intermediatepH range
wheretheexchangewassuccessfulwithoutdamage
to the crystals;complexationwith variousligands
duringexchangedid not providea solutioneither.

Introductionof thelaser-activeionsinto thepore
systemwas finally achievedvia direct incorpora-
tion during the synthesis.If the hydroxides of
neodymiumor chromiumareprecipitatedtogether
with the aluminiumfor the aluminiumsource,the
useof suchaprecursorleadsto crystalsloadedwith
theactiveions,aselectronmicroprobingprovedon
a crystal embeddedin a polymer and polishedto
removethe outer surface.Suchcrystalsshow the
typical optical absorptionbehaviourof Cr3� (after
calcination also Cr(VI)), or Nd3�. For the chro-
mium-loadedmaterialsthe emissioncould alsobe
observedwhich is shownin Fig. 4 togetherwith the
emissionspectrumof a ruby single crystal. The
spectrumof thechromium-loadedSAPO-crystalis
very broadandresemblesmorethatof a chromium
dopedglass,suggestinga distributionof chromium
speciesin thecrystal.In addition,theintensityscale
is different for the two spectra;the luminescence
from the ruby is very muchhigher than that from
theCr-SAPO.18

Laser luminescence,however, could never be
induced in these samples;for the neodymium-
modified materialsnot eventhe normal,unampli-
fied luminescencewas observed.This is most
probablydue to the fact that water or OH groups
in the vicinity of the luminescing ions leads to
vibrational relaxation of the excited states.Both
luminescencefrequencies,that for neodymiumas
well as that for chromium, are in the range of
overtones of the OH vibrations, so that de-
excitationoccurs.

Figure 3 SAPO-5crystalsafter 24h exposureto Nd3� solu-
tion at pH = 5 (a) andpH = 2.5 (b), both at room temperature
(from Ref. 18).
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It was thereforeattemptedto introduceorganic
laser-activespeciesinto the channelsystemof the
AlPO4-5.19 Most laserdyesconventionallyusedfor
dye lasersaretoo bulky to fit into theporesystem.
However,somedyeswith an elongatedmolecular
shapeareavailable.We decidedto incorporatethe
dye with the commercial name ‘Pyridine 2’
{1-ethyl-4-[4-(p-dimethylaminophenyl)-1,3-buta-
dienyl]pyridinium}. Incorporationworksbestif the
dye is addedto the synthesisgel for the molecular
sieve.Loadingsin the region of 0.05wt% can be
achieved.Analysis of the resulting crystals with
polarizedlight revealsthat thedye is encapsulated
in thecrystalwith ahighdegreeof orientation(Fig.
5). Only if the light is polarized parallel to the
crystal axis doesthe red absorptioncolour of the
compositeshow up. If the polarizationplane lies
perpendicularto the crystal c-axis, no absorption
occurs.Thisprovesthatthedyemoleculesarefairly
perfectly oriented along the channelaxis of the
molecular-sievecrystals.

Luminescenceis polarizedas well, as could be
expectedfrom the absorptionspectra.The regular
luminescenceis broadin the red spectralrange,as
is the luminescenceof the Pyridine2 moleculein
solution.However,thesecrystalsdo not only show
theregularluminescence,but alsoamplificationby
astimulatedemission.If thecompositeis irradiated
with the frequency-doubledline of a Nd:YAG, the
normal broadbandluminescencespectrumis ob-
servedat low intensitiesof the exciting radiation.
At a certain thresholdlevel, though,very narrow

spikes,thewidth of whichis belowtheresolutionof
the instrumentation,showup andincreasemorein
intensity than the background with increasing
intensityof the excitationbeam(Fig. 6). This is a
clearindicationfor anamplificationprocesssuchas
occursin lasers.20 In moredetailedexperimentsit
has been shown that the amplification does not
proceed along the crystal axis, but rather a
whispering-gallerymode develops with internal
reflectionof the light at thehexagonalfacesof the
crystals.20 A longitudinalmodecould not develop
becausethe moleculardipole momentchangehas
its predominantcomponentalong the long mole-
cular axis, so that light can be emitted only
perpendicularlyto the long crystalaxis.

The discovery of this new classof solid-state
laser materials opens the possibilities of intro-
ducingotherdye moleculesinto molecularsieves,
of varying the type of molecularsieve,of intro-
ducing additional speciesinto the pore systemin
order to modify the optical properties,and many
more.In addition,manyof thesecrystalscould be
arrangedto producemore complex devices.The
materialsseemto bewell suitedfor afine tuningof
theproperties,sothatsolid-state-likelaserswith the
propertiesof dye lasersmight bedeveloped.

INCORPORATION OF PREFORMED,
LIGAND-STABILIZED METAL
CLUSTERS INTO MESOPOROUS
HOSTS

As statedin the Introduction,the discoveryof the
M41S materialsin the early 1990sextendedthe
poresizesavailablein orderedporousmaterialsinto
the 1–10nm range. This pore size range corre-
sponds to the sizes of ligand-stabilized metal
clusters,suchastheclosed-shellclustersdeveloped
in Schmid’sgroup.21 Incorporationof suchclusters
in well-defined pore systemscould stabilize the
clustersagainstagglomeration,whicheasilyoccurs
if the clusterslose their ligand sphere.Therefore
this techniquecould be interestingfor preparing
supportedcatalystswith a stabledispersionof the
noble-metalparticles.

MCM-41, the most intensively investigated
member of the M41S family, consists of a
hexagonalpacking of unidimensionalpores.The
pores are separatedfrom each other by walls
approximately1 nm thick, which consistof amor-
phoussilica. The crucial componentin the syn-
thesismixture is a surfactant.Originally, a long-

Figure 4 Luminescencespectra of Cr-SAPO-5 and ruby
singlecrystal.Excitationwavelength532nm, measurementat
295K. The spectrumof the ruby is reducedby a factor of
approx.1000(from Ref. 18).
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Figure 5 Optical micrographsof Pyridine-2-loadedA1PO4-5 crystalsusingpolarizedlight. The arrowsindicatethe directionof
polarization.The dark crystalshave a red colour in the optical microscope;the light crystalsare transparent.Crystal size is
approximately100mm.
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chain hydrocarbon with a trimethylammonium
headgroupwas used,but by now many different
surfactantshavebeenprovedto work aswell.22 The
materials form in a cooperativeprocess,where
silicate species in solution interact with the
surfactant molecules and form supramolecular
orderedarrays,whichoftenresembleliquid-crystal-
line phasesknownfrom surfactantchemistry.23

Severaldifferent pathwaysfor the incorporation
of ligand-stabilized metal clusters into these
orderedporesystemsseemfeasible.Theseinclude
equilibrium adsorption and incipient wetness,
where the mesoporoussilica is mixed with the
clustersdissolvedin asuitablesolventwhichis then
evaporated,or the incorporationduring the syn-
thesis.For the lastpathway,theclustershaveto be
stable under the conditions of synthesisof the
mesoporousoxide, which, however,can be very
mild (roomtemperature,pH around11).

Sincewe useCO oxidation with air in the gas
phase as the catalytic test reaction, gold and
palladium clustersare the best candidatesfor in-
corporationinto theporesystem.Mostexperiments
were performed with the five-shell palladium
cluster(nominal compositionPd561Phen36O200) or
a mixture of the seven-and eight-shell clusters,
which are preparedby reduction of palladium
acetatein solutionin thepresenceof phenanthroline
as stabilizing ligand. During the preparation
different clustersform, but the five-shell and the
seveneight-shellclusterscanbe isolated.

It is possibleto incorporatethe clustersinto the

pore system by all three techniquesmentioned
above. The clusters are stabilized in the pore
system,comparedwith the free cluster.Figure 7
showsthedifferential thermalanalysistracesof the
freeclustersandof theclustersincorporatedin the
poresystem.The exothermcloseto 200°C canbe
attributedto theligandsleavingtheclustersurface.
This processis shifted to about 20–40°C higher
temperatureswhenthe clustersareincorporatedin
the channelsystem.This was shown for several
different samplespreparedby different pathways.

TEM analysisalso provesthe incorporationof
theclustersin thechannelsystem.Figure8 showsa
representativeTEM picture of a sampleresulting
from incipient wetnessimpregnation.Onecansee
that over large regions the clustersare homoge-
neously distributed; especiallynoteworthy is the
fact that no higher concentrationof clusters is
observednear the edgesof the particle. This is a
clear indication that the clustersarepresentin the
pores of the material and not on the external
surface.However,in somepartsof the samplethe
metal clustersare concentratedin apparentlydis-
orderedstructures.It is notclear,sofar,whetherthe
clustershavea higher tendencyto be adsorbedon
thesepartsof thesamplesor whetherthesampleis
partly destroyedby theclusters.

The materials thus preparedare, as expected,
catalyticallyhighly activein CO oxidation.Figure

Figure 6 Luminescence of Pyridine-2-loaded A1PO4-5
crystalsafter irradiationwith a frequency-doubledNd:YAG at
532nm. The sharp spikes in the centre of the broadband
emissionindicatethelaseraction.Thespikeon theleft is stray
light from an HeNelaser. Figure 7 DTA tracesof pure Pd 7/8 clustersand Pd 7/8

clustersincorporatedinto MCM-41 by incipient wetnessim-
pregnation.Thearrowsindicatetheexothermsattributedto the
removalof the ligands.

# 1998JohnWiley & Sons,Ltd. Appl. Organometal.Chem.12, 305–314(1998)

ORDEREDPOROUSMATERIALS 311



9 showsthe conversionvs. temperatureplots for
differentlypreparedPd/SiO2 catalysts.Theignition
temperatureat which theconversioncurveshavea
steepslope is dependenton the dispersionof the
noblemetal:thehigherthedispersion,thelowerthe
ignition temperature.The mostactivecatalystsare
preparedby equilibrium adsorptionfrom solutions
containing palladium salts, such as
Pd(NH3)4(NO3)2. This preparationresults in par-
ticle sizes below the detection limit in X-ray
diffraction, i.e. smaller than 2 nm. The cluster-
containing catalysts have a somewhat lower
activity which is dueto their largercrystallitesizes.
The particle diameterwithout the ligand shell is
around2.4nm,whichis well in accordancewith the
catalyticperformance.The ignition temperatureis

still very low compared with other palladium
containing catalysts.No growth of the particles
was observedduring the catalytic experiments,
which showsthat the supportindeedstabilizesthe
palladiumparticles.

Thestrengthof this preparationpathwaylies not
so much in the fact that a high dispersioncan be
achieved.This is possiblefor many metalswith
much cheaperand simpler methods, as shown
above.However,if a catalyticreactionis structure-
sensitive,i.e. reactionpathwaysare dependenton
the arrangementof the surfaceatoms,then very
well-defined particles could be advantageous.
Ligand-stabilizedmetal clusterscan now be pre-
pared from many different metals and even bi-
metallic particlescan be formed. There is also a

Figure 8 Transmissionelectronmicrographof anMCM-41 sampleloadedwith Pd7/8 clustersby incipientwetnessimpregnation.
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range of different compositions in the ordered
mesoporousoxides; for instance,the catalytically
important materials zirconia24 and titania25 are
available.If acatalystasdescribedaboveis desired,
the ingredients for its preparation would be
available. Particle sizes of the metal as well as
poresizesof thesupportscanbetailored,sothatthe
propertiesof both componentscan be adjustedto
eachother.

INCORPORATION OF
SEMICONDUCTOR CLUSTERS INTO
MESOPOROUS HOSTS

As in the field of ligand-stabilizedmetal clusters,
similar progresshas been made in the field of
semiconductorclusters,mainly with II–VI semi-
conductorssuchasCdS,PbS,CdTeandsoforth.26

Theseclustershave someremarkableproperties,
suchasasize-dependentabsorptionedgedueto the
changesin thebandgap,andtheyoftenshowstrong
luminescence.In somefortunatecasesit hasbeen
possibleto crystallizethe clustersand thusobtain
detailedinformation on their structure,27,28 which
canoftenbedescribedin termsof sectionsfrom the
bulk structure.

The luminescenceof the semiconductorclusters
is strongly dependenton the surfacepropertiesof
the clusters, since the surface can trap charge
carrierswhich are then lost for the luminescence

process.Therefore,CdSclustershaveto becoated
with aprotectinglayer,suchasCdO,to obtainhigh
quantumyieldsfor luminescence.Theporewallsof
MCM-41-typematerialsmightactin asimilarway,
if the sizesof the semiconductorparticle and the
poresareexactlymatched.

In orderto studypathwaysto preparesuchguest
hostsystemsandto studytheproperties,first amore
stableluminescentsemiconductorclusterhasbeen
incorporatedin MCM-41. TheCdTeclustersshow
a relatively strong luminescence,the colour of
which is determinedby the particle size of the
clusters.29 It was thus attemptedto incorporate
CdTeclustersinto theporesystemof MCM-41 by
in situ incorporationduringthesynthesisaswell as
by equilibrium adsorption.

The clusters were synthesized,according to
publishedprocedures,from Al2Te3 asa sourcefor
an HTeÿ solution from which the clusterswere
precipitated with cadmium in the presenceof
1-mercaptoglycerolas ligand. Preparationof the
clustersfollowing this pathwayled to formationof
green-emitting CdTe with a particle size of
approximately2–2.5nm. The luminescencespec-
trum after irradiationwith the254nm mercuryline
is shownin Fig. 10. MCM-41 synthesizedfollow-
ing published procedurescould be loaded with
these clusters by equlibrium adsorption. The
loading of the mesoporousoxideswith clustersis
very low, below 0.1wt%. However,the resulting
powderluminesces,showinga luminescencespec-
trum almost identical to that of the parentcluster
solution.

It was also attemptedto incorporateclustersin

Figure 9 Oxidation of CO in air over different palladium
catalystsin an open-flow reactor:1% CO in air, gas hourly
spacevelocity= 25000hÿ1. Tracea(*) incipientwetnesswith
Pd(NH3)4(NO3)2, 3 wt%; trace b (~), ion exchangewith
Pd(NH3)4(NO3)2, 2 wt%; tracec. (*), incipient wetnesswith
Pd7/8clusters;traced (~), in situsynthesiswith Pd(NH3)2Cl2.

Figure 10 (a) Luminescencespectraof CdTe clusters;(b)
CdTe-clustersloaded onto MCM-41; (c) an MCM-41/CdTe
clustercompositepreparedby addingtheclustersto theMCM-
41 synthesissolution.
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situ duringthesynthesis.In orderto achievethis,a
solutionof theCdTeclusterspreparedasdescribed
above was added to the synthesismixture for
MCM-41, which containedfumed silica, sodium
waterglassand cetyltrimethylammonium bromide.
Theresultingmixturewasexposedto thesynthesis
temperatureof 90°C for two days. After this
treatmentthe clustershad changed:the emission
spectrumwas appreciably red-shifted (Fig. 10),
which is a clear indication that the clustershad
grown. This was probably due to the extended
treatmentat 90°C.

Theclustersarestronglystabilizedby adsorption
onto MCM-41. While the luminescenceof pure
isolatedclustersis lost after heatingat 180°C, the
composite retains the green luminescenceeven
after treatmentat 400°C. Somechange,however,
takesplace,sinceafter treatmentat suchtempera-
turesa blue phosphorescenceis alsoobserved,the
origin of which is not yet known.

It is so far not clear whether the clustersare
located in the pore system.Comparisonexperi-
mentswith clusterssupportedon fumedsilica also
showedan appreciablethermalstabilizationof the
clusters.The luminescenceof the MCM-41-based
system,however,wasmoreintensethanthatof the
compositebasedon fumedsilica.

CONCLUSION AND OUTLOOK

The four examplesdiscussedabove show that
interestingcompositesystemscanbepreparedwith
orderedporousmaterialssuchaszeolites,alumino-
phosphatesor MCM-41 ashosts.Thesecomposites
can have propertieswhich neither of the compo-
nentsexhibits. At the moment it is still an open
question whether technical devices can be con-
structed based on such systems.However, the
recent advancesin the preparationof nanoscale
clusters as well as nanoscalepores open the
possibilityof matchingthesizesof thetwo in order
to createnovel guesthost systemsin which the
nanostructuresareorderedin ahighly regulararray.
For thispurposenotonly molecular-sievematerials
but also block copolymersor anodizedalumina
might be used, which expands the range of
accessiblecompositepropertiesevenfurther.
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