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Ordered porous inorganic compounds can now also form three-dimensional frameworks consisting
be synthesized with pore sizes between 0.3 nm of tetrahedral TQunits (T = Al, P). The structures
and several tens of nanometers. The sharp pore of these alumophosphates often have zeolitic
size distribution of such materials and the analogues, but some of the structures are novel
ordered pore arrangement open possibilities and have not been prepared in the aluminosilicate
for using them to organize matter on the system. With an aluminophosphate, the so-called
nanometer scale. This overview highlights dif- VPI-5,* the range of accessible pore sizes had been
ferent aspects of this topic, using four selected expanded to about 1.2 nm from the former maxi-
examples: the spatial organization of molecules mum of about 0.75 nm present in zeolites of the
with high molecular hyperpolarizability to faujasite family. Another breakthrough was
create a frequency-doubling element; the en- achieved in the early 1990s when scientists of the
capsulation of a laser dye which results in a new Mobil Oil Corporatiorf and a Japanese group
class of solid-state lasers; the encapsulation of independently discovered a family of aluminosili-
small metal clusters in mesoporous ordered cate materials with ordered pore systems, the M41S
oxides; and the encapsulation of semiconductor family, in which the pore size can reach 10 nm.
clusters in such oxides.© 1998 John Wiley &  Many different framework compositions are nowa-
Sons, Ltd. days available for this class of porous materials.
Appl. Organometal. Chem.2, 305-314 (1998) Ordered pore systems with pores of molecular
dimensions are highly attractive host systems for
Keywords: mesoporous; oxides; nanostructures; the incorporation and organization of other species.
luminescence; zeolites; guest/host Guest/host systems based on such porous crystals
Received 18 February 1998; accepted 20 February 1998 ha.ve Fh.erefo.re foun(;l considerable interest, fr_om a
scientific point of view as well as for possible
application§°. 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.

INTRODUCTION

Zeolites, which are crystalline, microporous alumi-

nosilicates, have been known as minerals since the

18th century. Major technical applications startedFREQUENCY-DOUBLING SYSTEMS

after synthetic zeolites became available in the

1950s. Zeolites are used in several applicatiorFrequency doubling in zeolite-based guest/host
areas, for instance as ion exchangers in detergentsystems was first discovered by Cox and Stucky
or as acid catalysts in the petroleum industry.in 1988/ They investigated the optical properties of
Following the successes in the synthesis ofseveral such materials, using different hosts as well
aluminosilicate materials between the 1950s ands different guest molecules. High doubling effi-
the 1980s, other framework compositions could beciencies were observed wittnitroaniline (PNA)
prepared, such as the aluminophosphates, whichs guest molecule, and molecular sieves with
* Correspondence to: Professor Dr Ferdi Sthulnstitut fir unldlmen_5|onal channel systems as hOSt’ S-UCh as
Anorganische Chemie, Johann Wolfgang Goethe—Univirsita th.e alumlnophosphate AlRES, a m.OIeCUIar sieve
Frankfurt, Marie Curie Strasse 11, 60439 Frankfurt, Germany. ~ With @ channel diameter of approximately 0.75 nm.
E-mail: ferdi@schueth.chemie.uni-frankfurt.de The experiments on the PNA system are especially
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interesting sincethe PNA crystaldoesnotgiverise
to frequencydoubling. The individual molecules
havea hyperpolarizabilitydifferent from zero, but
the packing in the crystal is a centrosymmetric
arrangemenof individual molecules.This leadsto
cancellation of the contributions from different
molecules,and thereis no net effect and thus no
macroscopimon-zeroy?. Incorporatiorof the PNA
moleculednto the channekystemof the molecular
sieves,however,clearly breaksthe symmetryon
the macroscopicscale, so that second-harmonic
generationSHG)is observed.
Theseexperimentswere later repeatedn more
detail on single crystalsby Caroet al.® and Caro
andMarlow.” The first systeminvestigatedoy this
groupwasagainPNA in AIPO,-5 with its channels
running along the long crystal axis (c-axis).
Experiments on single crystals with polarized
incidentlight revealedhatthe PNA is well ordered
in the channelsystemof the molecularsieve (Fig.
1). If the planeof polarizationof the incidentlight
is parallel to the c-axis of the AIPO4-5 crystal,
maximum SHG is observed;if the polarization
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Figure 1  Principleof the SHG experimenbn a singlecrystal
of the PNA/AIPO,-5 composite (top); dependenceof the
intensity of the SHG signal on the angle ¢ betweenthe
polarizationplaneof theincidentlaserlight andthelong crystal
axis of the AIPO,4-5 crystal (bottom). Redrawnfrom Ref. 8.
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planeis perpendiculato the c-axis,no SHG signal
is obtained.The observeddependencef the SHG
intensity on the orientation of the crystal with
respecto the polarizationof theincidentlaserlight
provesthat the net orientationof the PNA mole-
cules has a predominantcomponentalong the
channelaxis of the molecularsieve.

The extentof this orientationhasbeenanalysed
by Raman spectroscopy** and polarized IR
microspectroscopy? Figure2 (top) showsa sketch
of possible extreme orientations of the PNA
moleculesin the molecularsievecrystals,together
with the expectedpolarized IR spectra.Figure 2
(bottom) showsexperimentalspectraof the PNA/
AIPO4-5 compositeat a relatively low loading
where only little interaction betweenindividual
PNA moleculesoccurs.As a comparisorof 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
spectraandanalysisbecomesnoredifficult.

Which factor controls the relatively perfect
alignmentof the PNA moleculesis still an open
questionln orderto giveriseto observable&SHG, it
is not only necessarythat the orientation of all
moleculesin one channelis identical, the same
orientationneeddo be presenin all channelsor at
leastin the majority of the channelsTwo explana-
tionsseemto be possibleithe macroscopi@olarity
of the crystals could be responsible for the
alignment,or the surfacepropertiesof the crystals
couldallow entry of themoleculesnto thechannel
systemin only one orientation. A set of elegant
measurementsf the pyroelectriceffectonasingle
crystal by Marlow and co-worker® suggestghat
entry into the channelsystemoccurswith the nitro
group of the PNA moleculefirst. The sign of the
pyroelectric effect changesin the middle of the
crystalif thecrystalis heatedspotwisewith alaser,
which meansthat thereis a mirror planein the
crystal centrewith respectto the PNA orientation
(note: centrosymmetryon this length scaleis not
critical with respectto the SHG effect). This
experimentsuggestshatthe PNA moleculesenter
theporesystemfrom bothsideswith thenitrogroup
enteringfirst. However if thecrystalsweretwinned
with the two twins growing from the centerrotated
by 180° againsteachother,the orientationby the
macroscopidipoleof the crystalsmight still bethe
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Figure 2 Schematidrawingof the effectof possibleextreme
orientationsof the PNA moleculesn themolecularsieveonthe
observedspectrain the NH-stretchingregion,if the composite
is analysedwith polarized IR radiation (top); experimental
spectraobtainedwith polarizedradiation(bottom). The arrow
indicatesthe polarizationplanewith respecto the crystal. The
experimentakpectrastronglyresemblethe situationwherethe
molecular long axis coincides with the crystal long axis.
Redrawnfrom Ref. 12.

major influence. This question has not been
unambiguoushansweredyet.
ThePNA/AIPO,-5 problemis notsuitablefor the

© 1998JohnWiley & Sons,Ltd.

constructionof a frequencydoublingdevice,since
phasematchingcannot be achievedduethe optical
propertieof the composité*. However otherguest
specieswith morethan one nonevanishingtensor
componentin the hyperpolarizability tensor are
more suitablefor this purpose.p-Dimethylamino
benzonitrile,againin the molecularsieveAlPO,-5,
is sucha system.Detailed analysisof this system
revealedthat phasematching can be achieved®.
Whether or not technical frequency doubling
systemsbasedon molecularsieveswill be devel-
opedin the future remainsopen. One obstacleis
still thedifficulty in reachinchighreproducibilityin
host crystal quality, which is absolutelynecessary
for the massproductionand the technicaluse of
suchdevices.

A new class of solid state lasers

The morphologyof somemolecularsievecrystals
suggestgheir use as optical resonatordn lasers.
Here again the AIPO,-5 system seemsto be
promising. The hexagonalprism with its planpar-
allel endscouldbe directly usedasa lasercavity if
the ends would be coated, for instancewith a
dielectric multilayer, to create a mirror. The
resonatowith planparallelmirrorsis certainly not
optimal with respectto the laser quality, but the
synthesisof suchcrystalsin large amountswould
be very easy,and thus the developmentof laser
materialsbasedon this class of substances an
interesting challenge.Such laser materials could
offer severaladvantagesThey would provide a
highly flexible matrix, since many different guest
speciescould be incorporated.Due to the open
channelsystemthe guestspeciescould be further
modified, for instancethrough complexation,and
theintegrationof additionalfunctionsin onecrystal
could be possible, for instance by introducing
additionalfrequency-conversin systems.
Synthesiof the hostmaterialin sufficiently high
optical quality is relatively difficult. The structure
of AIPO,5 is easyto synthesizeput usually the
material forms as a fine, polycrystalline powder,
which is not suitable for optical applications.A
synthesisof high-quality AIPO4-5 was developed
by Fingerand Kornatowski'® butin this synthesis
procedureaa specialaluminiumsourcgAIOOH-sol;
CTA Sarreschutz)was usedwhich is no longer
available. Although many parameterseedto be
optimized in order to synthesize high-quality
AIPO,-5, the aluminium source is the crucial
component.In order to substitute the original
aluminium source, many different (over 100)

Appl. OrganometalChem.12, 305-314(1998)
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Figure 3 SAPO-5crystalsafter 24 h exposureto Nd** solu-
tion at pH=5 (a) andpH = 2.5 (b), both at room temperature
(from Ref. 18).

aluminium sources either commerciallyavailable
or self-preparedwere testedby Demuth!” who
eventually found that a precipitated pseudo-
hydrargillite had similar propertieswith respectto
the resulting crystal shape of AIPO4,-5 as the
original aluminium source.The reasonfor these
strong differencesbetweendifferent precursorss
notclear,yet. It mightberelatedto thereleaseates
of suitable building blocks for the AIPO45
synthesis.

With this optimized host systemit was first
attemptedto preparelaser materials comparable
with conventionalsolid-statelasers,such as the
ruby laserwith chromiumasthe active speciespr

© 1998JohnWiley & Sons,Ltd.

the Nd:YAG with Nd®" asthe active specieslon
exchangeo introducethelaser-activespeciess not
directly possiblefor AIPO,4-5, since due to the
electroneutraframework,no exchangeableations
are present,in contrast to the aluminosilicate
zeolites. However, it is possibleto incorporate
siliconinto the AIPO-framework wherethesilicon
substitutegprimarily for phosphorusThus,for each
silicon incorporated, one negative framework
chargeis created which leads to ion-exchange
properties.The resulting silicoaluminophosphas
arethencalledSAPOs Problemsvereencountered
whenit wasattemptedo introduceNd*" aswell as
Cr" into the SAPO-5by an ion-exchangeproce-
durefrom solution.At too high a pH, the oxidesof
thelaser-activespeciegrecipitatedon the external
surfaceof the molecular-sievecrystals(Fig. 3a); if
the pH was lowered, the SAPOspartly dissolved
(Fig. 3b). There was no intermediatepH range
wheretheexchangevassuccessfulvithoutdamage
to the crystals;complexationwith variousligands
during exchangedid not provide a solutioneither.

Introductionof thelaser-activeonsinto the pore
systemwas finally achievedvia direct incorpora-
tion during the synthesis.If the hydroxides of
neodymiumor chromiumare precipitatedtogether
with the aluminiumfor the aluminium source the
useof suchaprecursoteadsto crystalsloadedwith
theactiveions,aselectronmicroprobingprovedon
a crystal embeddedn a polymer and polishedto
removethe outer surface.Suchcrystalsshow the
typical optical absorptiorbehaviourof Cr** (after
calcination also Cr(V1)), or Nd*". For the chro-
mium-loadedmaterialsthe emissioncould alsobe
observedvhichis shownin Fig. 4 togethemwith the
emissionspectrumof a ruby single crystal. The
spectrumof the chromium-loadedSAPO-crystais
very broadandresemblesnorethatof a chromium
dopedglass,suggesting distributionof chromium
speciesn thecrystal.In addition,theintensityscale
is different for the two spectra;the luminescence
from the ruby is very much higherthanthat from
the Cr-SAPO®

Laser luminescencehowever, 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 luminescingions leadsto
vibrational relaxation of the excited states.Both
luminescencdrequenciesthat for neodymiumas
well as that for chromium, are in the range of
overtones of the OH vibrations, so that de-
excitationoccurs.

Appl. OrganometalChem.12, 305-314(1998)
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Figure 4 Luminescencespectraof Cr-SAPO-5 and ruby
single crystal. Excitation wavelength532nm, measuremenat
295K. The spectrumof the ruby is reducedby a factor of
approx.1000(from Ref. 18).

It wasthereforeattemptedto introduceorganic
laser-activespeciednto the channelsystemof the
AlPO,-5.1° Mostlaserdyesconventionallyusedfor
dye lasersaretoo bulky to fit into the poresystem.
However,somedyeswith an elongatedmolecular
shapeareavailable.We decidedto incorporatethe
dye with the commercial name ‘Pyridine 2’
{1-ethyl-4-[4-(p-dimethylaminophenyl)-1Buta-
dienyl]pyridinium}. Incorporatiorworksbestif the
dyeis addedto the synthesigyel for the molecular
sieve.Loadingsin the region of 0.05wt% can be
achieved.Analysis of the resulting crystals with
polarizedlight revealsthatthe dyeis encapsulated
in the crystalwith a high degreeof 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.This proveshatthedyemoleculesarefairly
perfectly oriented along the channelaxis of the
molecular-sieveerystals.

Luminescencas polarizedaswell, as could be
expectedrom the absorptionspectra.The regular
luminescencés broadin the red spectralrange,as
is the luminescencef the Pyridine 2 moleculein
solution.However thesecrystalsdo not only show
theregularluminescencehut alsoamplificationby
astimulatedemissionlf thecompositds irradiated
with the frequency-doubledine of a Nd:YAG, the
normal broadbandluminescencespectrumis ob-
servedat low intensitiesof the exciting radiation.
At a certainthresholdlevel, though, very narrow

© 1998JohnWiley & Sons,Ltd.

spikesthewidth of whichis belowtheresolutionof

the instrumentationshowup andincreasemorein

intensity than the background with increasing
intensity of the excitationbeam(Fig. 6). This is a
clearindicationfor anamplificationprocessuchas
occursin lasers?® In more detailedexperimentst

has been shown that the amplification does not
proceed along the crystal axis, but rather a
whispering-gallerymode develops with internal
reflectionof thelight at the hexagonafacesof the
crystals®® A longitudinal modecould not develop
becausdhe moleculardipole momentchangehas
its predominantcomponentalong the long mole-
cular axis, so that light can be emitted only

perpendicularlyto the long crystal axis.

The discovery of this new class of solid-state
laser materials opens the possibilities of intro-
ducing otherdye 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, many of thesecrystalscould be
arrangedto producemore complex devices.The
materialsseemto bewell suitedfor afine tuning of
thepropertiessothatsolid-state-likdaserswith the
propertiesof dye lasersmight be developed.

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

As statedin the Introduction,the discoveryof the

M41S materialsin the early 1990s extendedthe

poresizesavailablein orderedporousmaterialsnto

the 1-10nm range. This pore size range corre-
spondsto the sizes of ligand-stabilized metal

clusterssuchastheclosed-sheltlustersdeveloped
in Schmid’sgroup?* Incorporationof suchclusters
in well-defined pore systemscould stabilize the
clustersagainstagglomerationwhich easilyoccurs
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
approximatelyl nm thick, which consistof amor-
phoussilica. The crucial componentin the syn-
thesismixture is a surfactant.Originally, a long-

Appl. OrganometalChem.12, 305-314(1998)
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Figure 5 Optical micrographsof Pyridine-2-loadedA1PQy-5 crystalsusing polarizedlight. The arrowsindicatethe direction of
polarization. The dark crystalshave a red colour in the optical microscope;the light crystalsare transparentCrystal size is
approximatelyl00um.

© 1998JohnWiley & Sons,Ltd. Appl. OrganometalChem.12, 305-314(1998)
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Figure 6 Luminescence of Pyridine-2-loaded A1PQOy-5

crystalsafterirradiationwith a frequency-doubledNd:YAG at

532nm. The sharp spikes in the centre of the broadband
emissionindicatethe laseraction. The spikeon theleft is stray
light from anHeNelaser.

chain hydrocarbonwith a trimethylammonium
headgroupwas used, but by now many different
surfactanthiavebeenprovedto work aswell.?? The
materials form in a cooperativeprocess,where
silicate species in solution interact with the
surfactant molecules and form supramolecular
orderedarrayswhich oftenresembldiquid-crystal-
line phaseknownfrom surfactanlchemistr)%?’

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
clusterdissolvedn asuitablesolventwhichis then
evaporatedor the incorporationduring the syn-
thesis.For the last pathway the clustershaveto be
stable under the conditions of synthesisof the
mesoporousoxide, which, however,can be very
mild (roomtemperaturepH around11).

Sincewe use CO oxidation with air in the gas
phase as the catalytic test reaction, gold and
palladium clustersare the bestcandidatedor in-
corporationinto the poresystemMost experiments
were performed with the five-shell palladium
cluster(nominal compositionPdsg:PhengOsq0) or
a mixture of the seven-and eight-shell clusters,
which are preparedby reduction of palladium
acetaten solutionin thepresencef phenanthroline
as stabilizing ligand. During the preparation
different clustersform, but the five-shell and the
seveneight-shellclusterscanbe isolated.

It is possibleto incorporatethe clustersinto the

© 1998JohnWiley & Sons,Ltd.
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Figure 7 DTA tracesof pure Pd 7/8 clustersand Pd 7/8
clustersincorporatedinto MCM-41 by incipient wetnessim-
pregnationThe arrowsindicatethe exothermsattributedto the
removalof the ligands.

pore systemby all three techniquesmentioned
above. The clusters are stabilized in the pore
system,comparedwith the free cluster. Figure 7
showsthedifferentialthermalanalysistracesof the
free clustersandof the clustersincorporatedn the
poresystem.The exothermcloseto 200°C canbe
attributedto theligandsleavingthe clustersurface.
This processis shifted to about 20-40C higher
temperaturesvhenthe clustersareincorporatedn
the channelsystem.This was shown for several
different samplesprepareday different pathways.

TEM analysisalso provesthe incorporationof
theclustersn the channekystemFigure8 showsa
representativelEM picture of a sampleresulting
from incipient wetnesampregnation.One cansee
that over large regionsthe clustersare homoge-
neously distributed; especially noteworthyis the
fact that no higher concentrationof clustersis
observednearthe edgesof the particle. This is a
clearindicationthat the clustersare presentin the
pores of the material and not on the external
surface.However,in somepartsof the samplethe
metal clustersare concentratedn apparentlydis-
orderedstructuresilt is notclear,sofar, whetherthe
clustershavea highertendencyto be adsorbedn
thesepartsof the samplesor whetherthe sampleis
partly destroyedoy the clusters.

The materialsthus preparedare, as expected,
catalytically highly activein CO oxidation.Figure

Appl. OrganometalChem.12, 305-314(1998)
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Figure 8 Transmissiorelectronmicrographof anMCM-41 sampleloadedwith Pd7/8 clustersby incipientwetnessmpregnation.

9 showsthe conversionvs. temperatureplots for
differently prepared?d/SiQ catalystsTheignition
temperatureat which the conversioncurveshavea
steepslopeis dependenbn the dispersionof the
noblemetal:the higherthedispersionthelowerthe
ignition temperatureThe mostactive catalystsare
preparedoy equilibrium adsorptionfrom solutions
containing  palladium  salts, such as
Pd(NH)4(NOs),. This preparationresultsin par-
ticle sizes below the detection limit in X-ray
diffraction, i.e. smaller than 2nm. The cluster-
containing catalysts have a somewhat lower
activity whichis dueto theirlargercrystallitesizes.
The particle diameterwithout the ligand shell is
around2.4nm,whichis well in accordancevith the
catalytic performanceThe ignition temperaturas

© 1998JohnWiley & Sons,Ltd.

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

The strengthof this preparatiorpathwaylies not
so muchin the fact that a high dispersioncan be
achieved.This is possiblefor many metals with
much cheaperand simpler methods, as shown
above.However,if acatalyticreactionis structure-
sensitive,i.e. reactionpathwaysare dependenbn
the arrangemenbf 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. Thereis also a

Appl. OrganometalChem.12, 305-314(1998)
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Figure 9 Oxidation of CO in air over different palladium
catalystsin an open-flowreactor:1% CO in air, gas hourly
spacevelocity = 25000h 1. Tracea (Q) incipientwetnesswith
Pd(NH;)4(NO3),, 3wt%; trace b (A), ion exchangewith
Pd(NHs)4(NOs),, 2 Wt%; tracec. (@), incipient wetnesswith
Pd7/8clusterstraced (A), in situsynthesisvith Pd(NH;),Clo.

range of different compositionsin the ordered
mesoporouxides; for instance,the catalytically
important materials zirconig* and titania®® are
availablelf acatalystasdescribedboveis desired,
the ingredients for its preparation would be
available. Particle sizes of the metal as well as
poresizesof thesupportsanbetailored,sothatthe
propertiesof both componentan 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 [I-VI semi-
conductorssuchasCdS,PbS,CdTeandsoforth.?

Theseclustershave some remarkableproperties,
suchasa size-dependergbsorptioredgedueto the
changesn thebandgap,andtheyoftenshowstrong
luminescenceln somefortunatecasest hasbeen
possibleto crystallize the clustersand thus obtain
detailedinformation on their structure?’?® which

canoftenbedescribedn termsof sectionsfrom the
bulk structure.

The luminescenc®f the semiconductoclusters
is strongly dependenbn the surfacepropertiesof
the clusters, since the surface can trap charge
carrierswhich are then lost for the luminescence

© 1998JohnWiley & Sons,Ltd.

processTherefore,CdSclustershaveto be coated
with a protectinglayer,suchasCdO,to obtainhigh
quantunyieldsfor luminescenceTheporewalls of
MCM-41-typematerialsmightactin a similar way,
if the sizesof the semiconductoiparticle and the
poresare exactly matched.

In orderto studypathwayso preparesuchguest
hostsystemsandto studythepropertiesfirstamore
stableluminescensemiconductoclusterhasbeen
incorporatedn MCM-41. The CdTeclustersshow
a relatively strong luminescence the colour of
which is determinedby the particle size of the
clusters?® It was thus attemptedto incorporate
CdTeclustersinto the poresystemof MCM-41 by
in situ incorporationduringthe synthesisaswell as
by equilibrium adsorption.

The clusters were synthesized,according to
publishedproceduresfrom Al,Te; asa sourcefor
an HTe  solution from which the clusterswere
precipitated with cadmium in the presenceof
1-mercaptoglycerohbs ligand. Preparationof the
clustersfollowing this pathwayled to formation of
green-emitting CdTe with a particle size of
approximately2—2.5nm. The luminescencespec-
trum afterirradiationwith the 254nm mercuryline
is shownin Fig. 10. MCM-41 synthesizedollow-
ing published procedurescould be loaded with
these clusters by equlibrium adsorption. The
loading of the mesoporoumxideswith clustersis
very low, below 0.1wt%. However, the resulting
powderluminescesshowinga luminescencepec-
trum almostidentical to that of the parentcluster
solution.

It was also attemptedto incorporateclustersin

Intensity

— T

T T T =T T T T T T T
450 500 550 600 650 700
Wavelength (nm)

T
400

Figure 10 (a) Luminescencespectraof CdTe clusters;(b)
CdTe-clustersloaded onto MCM-41; (c) an MCM-41/CdTe
clustercompositepreparedyy addingthe clustersto the MCM-
41 synthesissolution.
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situ duringthe synthesisin orderto achievethis, a
solutionof the CdTeclusterspreparedasdescribed
above was added to the synthesismixture for
MCM-41, which containedfumed silica, sodium
waterglassand cetyltrimethylammoium bromide.
Theresultingmixture wasexposedo the synthesis
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 phosphorescends alsoobservedthe
origin of which is not yet known.

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

CONCLUSION AND OUTLOOK

The four examplesdiscussedabove show that
interestingcompositesystemsanbe preparedvith

orderedporousmaterialssuchaszeolites,alumino-
phosphatesr MCM-41 ashosts.Thesecomposites
can have propertieswhich neither of the compo-
nentsexhibits. At the momentit 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

possibility of matchingthe sizesof thetwo in order
to createnovel guesthost systemsin which the

nanostructureareorderedn ahighly regulararray.
Forthis purposenot only molecular-sievenaterials
but also block copolymersor anodizedalumina
might be used, which expands the range of

accessibleompositepropertiesevenfurther.
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