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Three different examples have shown that approaches or by the template-assisted formation of
nanoporous alumina membranes serve as ideal nanoparticles. In the latter case the particle size is
templates for the formation of nanostructured determined by the space in the cavity where the
materials and also as a support of those chemical reaction proceeds. So, by varying the size
materials in composites. The unique properties of the template, the size of the nanomaterial can be
of such membranes (transparency, chemical changed very easily. In this field the use of
resistivity, thermal stability, adjustable pore nanoporous alumina has proved to be very
sizes etc.) and the very simple mode of generat- useful™ By anodic oxidation of high-purity
ing these composites are the benefits of using this aluminum in polyprotic acids, transparent alumina
inorganic template material. membranes are synthesized with pore diameters
Appl. Organometal. Chem.2, 367-373 (1998) between <10nm and 250nm and thicknesses
ranging from a few nanometers up to hundreds of
Keywords: alumina; nanoporous membranes; micrometers. Most important here is that the pore
nanocomposites; templates size can be adjl usted by the applied anodic potential
(1.0-1.2 nm V). Figure 1(a) shows the surface of
an alumina membrane formed at 25 V and imaged
by scanning electron microscopy (SEM). Figure
1(b) presents a cross-sectioned membrane formed
at 60V, imaged by transmission electron micro-
scopy (TEM).
INTRODUCTION Figures 1(a) and 1(b) prove the narrow size
distribution of the pores as well as the high porosity
Since nanosized materials show significant changesf such membranes. Chemical processes in the
in their physical and chemical properties comparecalmost parallel nanopores are automatically quan-
with the bulk material, they become more and moretum-confined and limited by the pore size. In this
interesting for many reasons. For example, theypaper we present the formation of three types of
exhibit electronic properties due to quantum sizenanocomposites by very different synthetic ap-
effects as well as a change in chemical reactivity.proaches to prove the potential of nanoporous
The broad synthetic approach to nanostructureglumina in the field of nanomaterials. We start out
materials ranges from the reduction of bulk with electrochemically or chemically generated
structures to the generation of nanoparticles bymetallic nhanowires which have possible applica-
chemical synthesis from atomic or moleculartions in the field of novel electronic and optical or
building units. magnetic materials. In the second example the
By using this ‘bottom-up’ approach it is formation of luminescent siloxenes by a chemical
important to stop the formation process at distinctvapor deposition (CVD) like process inside the
sizes to prevent the formation of larger particles.pores is shown which may be a useful approach to
This could be achieved either by classical chemicahew electroluminescent devices. In the last example
the formation of pore walls decorated by metal
clusters is shown with possible applications in
* Correspondence to: G. Schmid, Institat Anorganische Chemie, N€terogeneous catalysis as well as in new sensor
Universitd Essen, Universitastr. 5-7, 45117 Essen, Germany. materials.
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Figure 1 (a) SEMimageof thesurfaceof a25V aluminamembrane(b) TEM imageof asectioneds0V aluminamembraneThe
voids,visible in theporeareasarecausedy theanodizingprocedureandarelocatedin the solid Al ,O; materialbetweerthe pores.

FORMATION OF MIETALLIC
NANORODS

Since nanoporousaluminum oxide membranes
provide poresof adjustablediameterandlength, it
is possibleto producemetal columnsof varying
sizeswithin the pores.Two methodsof depositing
metalsare possible:an ac depositionprocedureor
variousmetalsandanelectroleslating procedure
for gold.

For the ac (50Hz) deposition procedurefor
various metalsat room temperatureusedin this
work, graphite servesas counter electrode, the
aluminumascathodeandthebarrierlayerbetween
the porousmembraneand the metalis left intact.
Due to the fact that aluminum oxide conducts
mainly in the cathodicdirection the metal can be

© 1998JohnWiley & Sons,Ltd.

depositedvithin the poresduringthe cathodichalf-
cyclesbut cannotbe re-oxidizedduring the anodic
half-cycles.Tablel showsthe conditionsappliedto
deposit silver, gold, copper and iron. Figure 2
showsa TEM imageof amembrangroducedht 20
V in sulfuric acid andfilled with silver afterwards.
After depositingthe metal the aluminum can be
removedby HgCl.

For further applicationsthe membranesreion-
milled to removethe barrier layer (ac deposition)
and to obtain a very smooth surface.The metal
columnsproducedby eitherof thesemethodscan,
for example,be combinedwith ligand-stabilized
metalclusters suchasAuss(PhPCsH4SOsH)1.Cle,
by abifunctionalspacemolecule Thecombination
of nanorodswith nanometalgclusters)is expected
to lead to the application of metal clusters as

Appl. OrganometalChem.12, 367-373(1998)
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Figure 1 continued.

guantumdots in single-electrontunneling (SET)
devices. The magnetic properties of iron-filled
membranesvill alsobe investigated.

LUMINESCENT SILOXENES

The thermal decompositionof metastablesilanes
has been shown to open a route to generate
guantum-confinedsilicon films on various sub-
strates; It is a challengeto generatduminescent
silicon structuresfor new optoelectronicapplica-
tionsin thefield of semiconductodevices.Thusit

© 1998JohnWiley & Sons,Ltd.

is of greatimportanceto control the size and the
surface chemistry of such films. In the case of
alumina membranes, the vacuum filing and
decompositiorof silanesin the poresleadsto the
formation of siloxene-like structureswith a very
simple control of size and surface chemistry by
spontaneouschanging of the pore size and the
decompositionprocedures?® In a first step the
thermal decompositiorof pentamethylcyclopenta-
dienylsilané® in an atmosphereof nitrogen at
800°C gives highly reactivesilicon atomswhich
reactimmediatelywith the Al-OH moietiesof the
aluminaporewall to give stableSi-O—Albondings

(Ean(1)).

Appl. OrganometalChem.12, 367-373(1998)
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Table 1 Depositingconditionsfor silver, gold, iron andcopperin alumina

Currentdensity
Metal Electrolyte pH Voltage (V) (mAcm™3)
Silver 1g/"t AgNOz + 41 g/I™* 2.0 9 1.9
MgSQ,-7 H,0
Gold 1g/I"* HAuCI, + 20 g/t 1.7 9 2.2
MgSQ,-7 H,0
Iron 1209/l FeSQ-7 H,0 + 45¢g/I* 2.9 16 4.4
H3BO3 + 1 g/l~* ascorbicacid
Copper 35g/tCusQ +41g/1* 2.1 6 15
MgSQ,-7 H,0
.., 800°C . Siloxeneshavebeenshownto be directbandgap
>k >k
Cp'SiHs Cp'H+Hz + Si [ materialst?1® Therefore luminescenceshould be

A network of Si atomsthenforms a layer of a
siloxene-likecompositioncharacterizedy hydro-
genandhydroxyl substituent®sn its surface Figure

3 illustratesthe situationin a simplified manner.

The Si—H andthe SiO—Hmoietiesare indicatedbg
their stretchingmodesin the IR spectrain Fig. 4.

The CO, vibrationis causedy a small amountof
oxygenpresentduring the decompositiorprocess.

possibleby excitingthe siloxenelayerson the pore
walls. Indeed,thereis an intenseluminescencet
540 and 506nm for an alumina membranewith
poresof 40nm diameter,as shownin Fig. 5. By
varying the pore diameter, the intensity of the
luminescencemay be shifted from 506nm to
540nm due to the formation of different typesof
siloxenes or even silicon nanoparticleswhich

Figure 2 Silver-filled poresin nanoporouslumina.

© 1998JohnWiley & Sons,Ltd.
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Figure 3 Sketchof a siloxenelayero

cannotbe observedoy TEM in the aluminapores.

Furtherstudieswill includesolid-state?*Si NMR to

explain the observedshift in luminescenceThus,

by simplethermaldecompositiorof organometallic
precursorsin alumina nanopores,quantum-con-
finedmaterialscanbe formedandsupportedn one

step.

COLLOIDAL ARRAYS IN
NANOPORES

Three-dimensionassembliesf metalclustersare
importantcandidatedor fabricationof nanomater-
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n the porewall of nanoporouslumina.

ials aimed at appllcanonsfor optics, sensorsand
catalysts:*° Uniform and parallel pores of
anodizedalumina membranesare highly appro-
priate for assemblingclusters, becauseparticles
immobilized on a well-defined structure give
qualified nanoarraystructures.In order to realize
this goal, we chosethe strategyof self-assemblyf
clustershy using organlc moleculesanchoredon
thewall (Schemel).

To attachthe anchormolecules mono-,di- and
tri-alkoxysilaneswith functionalgroups,suchasyY
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Figure 5 Photoluminescencspectrunmof a siloxene-filled40

V aluminamembranerecordedafter excitationwith an Ar ion
laserat 488 nm.
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Aluminum oxide membrane
OH

~/

Gold colloid

Schemel

(CH,),Si(OR), are reactedwith alumina mem-
branesby heatingin dry toluene.A commerciall\l)/
availableanodizedaluminamembraneAnopore

indicating two different insights. Bottom: the back and front
sidesof the poreareremoved,sothat only the colloids on the
walls perpendicularto the plane of projection are observed.
Top: only thefront of theporeis openedandthecolloidsonthe
backof the porearevisible.

© 1998JohnWiley & Sons,Ltd.

Figure 6 TEM image of a sectionedalumina membrane

(d=220nm), wasalsousedfor theseexperiments.
As functionalgroupsY NH, andSHwereselected,
with considerationof their affinity towardsmetal
clusters. This reaction forms Al-O-Si bonds by

condensatiomndfixes hugenumbersof functional
groupsto the pore walls. The fixation of anchor
moleculeswas confirmed by IR spectraof the

reactedmembrane After the remaining organics
hadbeencompletelyrinsedout, a solutionof gold

clusters(particle diameterca 13 nm) was intro-

duced to immobilize itself on the pore by the

vacuum-filling method. This procedureimmedi-

ately gaveimmobilized gold particles.

Figure 7 Schematidllustration of the situationshownin Fig.
6: (a) correspondso thebottompartand(b) to theupperpartof
the TEM image.

Appl. OrganometalChem.12, 367-373(1998)



ALUMINA MEMBRANES AS TEMPLATES FORNANOCOMPOSITES

373

The cluster-containingnembranesvere charac-
terizedby spectroscopitethodsand TEM. When
a combinationof 3-aminopropylmethyldignoxysi-
lane(APDMS)anda gold clusteris usedto prepare
the structure UV-VIS spectrashowonly onepeak
(Amax= 525 nm), which is attributableto plasmon
resonancé’ This meansthatthe gold particlesare
well dispersedn a matrix without forming larger
particles TEM analysestronglysupporthisresult.
Uniformly and randomly dispersedgold particles
areobservedn the porewalls asa sub-monolayer
without any aggregatior(Fig. 6). ‘No aggregation’
meanghatthecolloidsaretightly fixedto thewalls,
i.e. difficult to moveandaggregateThe diameters
of the fixed particlesare obviously not affectedby
the immobilization process.The surfacecoverage
with colloids is lower than a monolayerand was
calculatedto range around 25%. This value is
attributableto an electrostaticrepulsion between
colloids?® Repeatedsectioningof cluster-contain-
ing membranesffers anotherview of dispersed
clustersonthewall. Figures7aand7billustratethe
structure described above. On the other hand,
because underivatized membranes show very
differentimagesnamelypartially aggregatedmall
numbersof particleson the walls, a strongaffinity
betweenclustersand functional groupsis consid-
eredto play an importantrole for assemblinghe
clusters.

This preparation method was proved to be
advantageoufor thedevelopmenbf nanomaterials
via clusterghataretunablein poresize,andmaybe
extendedo othercolloidal metals.

CONCLUSION

Three different exampleshave shown that nano-
porousaluminamembraneserveasidealtemplates
for the formation of nanostructureanaterialsand
alsoasa supportof thosematerialsin composites.
The unique propertiesof suchmembranegtrans-
parency, chemical resistivity, thermal stability,

adjustablepore sizes etc.) and the very simple
mode of generating these compositesare the
benefitsof usingthis inorganictemplatematerial.

© 1998JohnWiley & Sons,Ltd.
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