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1 Intr oduction

Thiswork is dedicatedto thestudyof smallmetalparticles(nanoparticles)depositedonthesurface

of smallnon-coherentoxidegrainsof sphericalshape(nanospheres)with theaimof formingcore-

shellstructures.This issuewasintensively studiedin thelastyearsbecausesuchstructuresexhibit

peculiarpropertieswhich make themattractive for applications in opticalandbiological sensors

and in optoelectronics. The attenuationof light throughcompositematerialscontainingmetal

particlesis governedby collectivesurfaceplasmonmodes.Theopticalpropertiesdepend,besides

sizeandshapeof the metalparticles,rathersensitively on their surrounding, i. e., the dielectric

medium,aswell ason their arrangement.Novel optical effectsareexpectedfrom appropriately

combining matrixmaterialandspecificwaysof particlearrangements,suchasaggregatestructures

or core-shellstructures.For theseparticulargeometriesoxidenanospheresof nearlyequalsizeare

well suitedasbuilding blocksof prospective nanostructuredmaterials,offering a greatflexibil ity

of composition.

Different from metaldepositionon planarsubstrates,uniform coatingof oxide nanospheres

requiresaccessof the depositfrom all directions. Depositionfrom solutionby chemicalmeans

with metalparticleformationdirectly on theoxidesurfaceis right appropriateto this purpose.A

correspondingrouteof synthesisis approachedin several stepsunderconsiderationof two main

determinations: it shouldavoid uncontrolled surfacechemicalinteractionof the metalparticles

with functionalizing agentswhich seriouslymay influencethe surfaceplasmonresonances,and

it shouldenablecontrolof themetalprecursordecomposition kinetics,andthereforetheparticle

size,at moderatetemperatureconditions.

Thethesisconsistof six chapterswhichpresentfundamentalandexperimentalaspectsof metal

nanoparticlesdepositedonvariouskindsof non-planaroxidesubstrates.Theexperimentalresults

are explainedand sustainedby theoreticalcalculationsin order to fit analyticaland numerical

modelsto theexperimentaldata.

In Chapter2 the physicalpropertiesof small metalparticlesarepresentedfrom a structural,

morphologicalandelectronicpointof view. Theconditionsof particleformationonsubstrates,the

role of substrate-depositinteractionacrosstheinterfacefor theparticleshape,andthesuperpara-

magneticpropertiesof nanoparticlesarebriefly theoreticallydescribed.Onepropertyconcerning

thediscretnessof theenergy levels dependingon theparticlesize- thewell known quantum size

effect - is alsotreated.Theequationscontainingtheextinction functionof nanoparticlesin a di-

electricmatrix for attenuationof light arederived from the Mie theory. The optical absorption



2 Intr oduction

spectraof nanoparticlesfrom IB grouparediscussed.Theparticularcaseof core-shellstructures

is emphasized,takinginto accountthequantumsizeeffect.

In Chapter3 theexperimental methodsusedto characterizethenanoparticlecoatingsarede-

scribed. Transmission electronmicroscopy (TEM) is reviewed to assistunderstandingof image

formationandcontrastinterpretation.A brief descriptionof high resolution electronmicroscopy

(HREM) is givenbecausefrom thatcrystallographic informationof thesamplescanbeextracted

anddiscussed.Theothertechniquespointedoutareelectronparamagneticresonance(EPR),ferro-

magneticresonance(FMR) andopticalabsorptionspectroscopy. All thesemethodstogethershall

givesolid information ontheformationandevolution of nanoparticlesdepositedvia variousroutes

onoxidematerials.

Chapter4 presentsexperimental resultsof the studyaimedat finding appropriateoxide ma-

terials for metal deposition. In order to achieve sufficient coverageof the oxide substrateby

metal particles,in a first approacha non-planarhydride-modified mesoporousoxide wasused.

Themodificationof thesurfaceterminatinggroupsshallimprovethereductionof metalprecursor

compoundsandpromoteparticleformation. Thesecondapproachmakesuseof polydisperseox-

ide nanospheres.Becauseof their origin from pyrolysistechniquesthey containa low numberof

OH-groupsonthesurface,but provideasmooth anduniformsurfacestructure.Thethird approach

concernsmonodispersesilicananospheresof commercialandlaboratory-madeorigin. TheStöber

methodusedfor thepreparationof theseoxidesis shortlydescribedandsomeexamplesaregiven.

Chapter5 presentsexperimentalresultsof theexplorationof transition metalparticlecoatings

onhydride-modifiednon-planaroxidematerials.Varioustypesof metalnanoparticlesof VIIIB and

IB groupssynthesizedfrom two genericprecursortypes(MXn � nLig, MXn) werestudied.Metal

particle formationandcoverageof the oxide substrateswerecontrolledby changingdeposition

conditions like metalprecursorconcentrationandtemperature.For superparamagneticparticles

(Fe, Co, Ni) the interactionwith the magneticfield is discussed. Accordingly, the particlesize

is calculatedandcomparedwith TEM results. Quantumsizeeffectsof non-superparamagnetic

groupVIIIB metalparticleswereevidencedby conductionelectronspin resonance(CESR)and

comparedto Kawabatatheorycalculations.Becauseof their strongplasmonresonanceeffectsin

thevisible rangethegroupIB metal(Cu,Ag, Au) particlesareof specialinterest.

In Chapter6 theresultsof studyingmetalparticlecoatingsonoxidenanospheresarepresented.

First thedeposition from organometallicPt andPdprecursorsof the type � Li � THF � 2 � 2 � �MR� 4 is

testedon non-planaroxide surfacesandappliedto polydisperseoxide nanospheres.Thesefirst

attemptsto achieve core-shellstructuresproved to be well suitedasprenucleationstepat which

subsequentstepsby complementaryprocessesmayfollow. Theresultof suchcoatingexperiments

onsilica andtitaniananospheresarepresentedwith respectto theparametersinvolved.

Theavailability of monodispersesilicananospheresimproveddecisively theexplorationof ap-

propriatecoatingconditions.Anotherrouteof nanoparticlecoatingwasexploredwith Ag andAu

whereno organometallic precursorscouldbeemployed. Instead,incipientwetnessimpregnation

wassuccessfullyappliedaseitherasingle-stepor amulti-stepprocedure.Herethecoatingcharac-
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teristicsdependingon synthesisconditionsarepresentedfor Ag andAu core-shell-like structures

andthecorrespondingopticalpropertiesarediscussed.

Besidesa summaryof theresearchintroducedin this thesis,the lastchaptergivesanoutlook

concerningthepossibleimplementationof core-shellstructuresin variousfieldsof optoelectronics

andbiotechnology. Emphasisis givenalsoto potentialimprovementsof thecoatingcharacteristic

and adhesionstrengthof metal nanoparticleson oxide nanospheresto be consideredin future

studies.

Einleitung

DieseArbeit ist demStudiumkleinerMetallpartikel (Nanopartikel) gewidmet, die auf die Ober-

flächekleiner, nicht-zusammenhängender, sphärischerOxidkörner(Nanokugeln)aufgebrachtwer-

den,um Kern-Hülle-Strukturenzu bilden. DieseProblematikwurdein denvergangenenJahren

ausgiebiguntersucht,weil solcheStrukturenbesondereEigenschaftenaufweisen,die sie für An-

wendungenin optischenundbiologischenSensorenundin derOptoelektronikinteressantmachen.

Die AbschwächungvonLicht in metallpartikel-enthaltendenKompositmaterialienwird durchko-

llektiveOberflächenplasmonen-Modenhervorgerufen.DieoptischenEigenschaftenhängen,neben

Größeund Form der Metallpartikel, empfindlichvon derenUmgebung,d.h. demdielektrischen

Medium,sowieauchihrerAnordnungab. NeuartigeoptischeEffektewerdenvongeeignetenKom-

binationendesMatrixmaterialsmit speziellenAnordnungenderPartikel erwartet,wie z.B.Aggre-

gatstrukturenoderKern-Hülle-Strukturen.FürdiesebesonderenGeometriensindOxidnanokugeln

vonannäherndgleicherGrösse,diehoheFlexibilität derGestaltungbieten,alsBausteinefür kün-

ftige nanostrukturierteMaterialiengutgeeignet.

AndersalsaufplanarenSubstratenerforderteineeinheitlicheBedeckungvonOxidnanokugeln

ZugangdesDepositsausallenRichtungen.AbscheidungausderLösung,auf chemischemWege,

mit Bildung der Metallpartikel direkt auf der Oxidoberflächeist genaudasRichtige für diesen

Zweck. EineentsprechendeSyntheseroutewird in mehrerenSchrittenangenähertunterBerück-

sichtigung von zwei Hauptbedingungen:essollenunkontrollierte chemischeWechselwirkungen

derMetallpartikel mit funktionalisierendenAgentienvermiedenwerden,die nachhaltigdie Ober-

flächenplasmonresonanzenbeeinflussen;und es soll eine Kontrolle der Zersetzungskinetik von

Metallvorläuferkomplexen,und damitder Partikelgröße,bei moderatenTemperaturenermöglich

werden.

DieseArbeit bestehtaussechsKapiteln,in denengrundlegendeundexperimentellenAspekte

metallischerNanopartikel präsentiertwerden,die auf verschiedeneArten nichtplanarerOxidsub-

strateabgeschiedenwurden.Die experimentellenErgebnissewerdenerläutertunddurchtheoretis-

chenBerechnungenergänzt,umdieerhaltenenDatenmit Modellenzuvergleichen.

In Kapitel2werdendiephysikalischenEigenschaftenkleinerMetallpartikelunterstrukturellen,

morphologischenund elektronischenAspektensowie die Bedingungender Partikelbildung auf

Substraten,derEinflussderSubstrat-Deposit-Wechselwirkungdurchdie Grenzflächeauf die Par-
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tikelform, unddie superparamagnetischenEigenschaftenderNanopartikel beschrieben.Die Dis-

kretheitderEnergieniveausin Abhängigkeit von derPartikelgröße- bekanntals "Quantum-Size-

Effekt" - wird behandeltunddie LichtabschwächungdurchNanopartikel in dielektrischerMatrix

ausderMie-TheorieunterBerücksichtigungvonKern-Hülle-Strukturenabgeleitet.

Kapitel3 beschreibtdieexperimentellenMethoden,wie Transmissionselektronenmikroskopie

(TEM), magnetischeResonanzund optischeAbsorptionsspektroskopie im sichtbarenSpektral-

bereich,diezurCharakterisierungderNanopartikel-Beschichtungenherangezogenwurden.

Kapitel 4 präsentiertexperimentelle Ergebnisseder SuchenachgeeignetenOxidmaterialien

für die Metallabscheidung.In einererstenAnnäherungwurdennicht-planare,hydridmodifizierte

mesoporöseOxide verwendet.Ein weitererAnsatznutzt polydisperseOxidnanokugelnund der

dritteWeg betrifft kommerziellerhältlichebzw. labor-gefertigte,monodisperseSiO2 Nanokugeln.

In Kapitel5 werdenexperimentelleErgebnissezurUntersuchungderBedeckungnichtplanarer

Oxidmaterialien mit Partikeln der Übergangsmetalle gezeigt. VerschiedeneTypen von Metall-

partikeln der GruppenVIIIB und IB, synthetisiert auszwei allgemeinenVorläufern(MXn � nLig

und MXn) wurdenuntersucht.Metallpartikelbildung und Bedeckungder Oxidsubstratewurden

durchÄnderungder Abscheidebedingungenwie Metallvorläufer-Konzentration und Temperatur

geregelt.

In Kapitel 6 werdendie Ergebnisseder Experimentezur Beschichtungvon Oxidnanokugeln

mit Metallpartikeln vorgestellt. Die AbscheidungausorganometallischenPt- und Pd-Vorläufer-

komplexen desTyps � Li � THF � 2 � 2 � �MR� 4 wurdeauf polydisperseOxidnanokugelnangewendet.

Sieerwiessichalsgut geeignetfür einenVorbekeimungsschritt,andensichweitereSchrittemit

komplementärenProzessenanschliessenkönnen. Mit monodispersenSiO2 Nanokugelnwurde

dannfür Ag und Au, weil keine organometallischenVorläufer verfügbarwaren,Nanopartikel-

BeschichtungdurchInzipient-Wetness-ImprägnierungerfolgreichalsEin- undMehrstufenproze-

durangewendet.

NebeneinerZusammenfassung der in dieserArbeit vorgestellten Ergebnissegibt dasletzte

KapiteleinigeSchlussfolgerungenübermöglicheAnwendungenvonKern-Hülle-Strukturenin di-

versenBereichenvonOptoelektronik undBiotechnologie.HervorgehobenwerdenauchVerbesse-

rungenderBeschichtungsmerkmaleundderAdhäsionsstärkevonMetallnanopartikelnaufOxidna-

nokugeln,die in späterenUntersuchungenberücksichtigtwerdensollten.



2 Propertiesof small particles and

particulate nanostructuredmaterials

Theapplicationof nanostructuredmaterials[Gle95] in technologieslikeoptoelectronics,datastor-

ageor biotechnology impliestheunderstanding of their physicalandchemicalpropertiesandthe

responseto differentperturbations.Nanostructuredmaterialscanbe found, e.g., in the form of

ultrathinfilms or smallparticlesdepositedon substrates[Bäu99,Lue01]. It is alreadyknown that

thephysicalandchemicalpropertiesof suchsystemsaredifferentfrom thebulk material,but also

cannotbecharacterizedby thephysicsof singleatoms.At thisscale(lessthan100nm)theoptical

[Kre97b], magnetical[Kaw70], electrochemical[And75] or thermodynamic [Bor81] properties

aresize-dependent.Thecontrolof theparticlesizeandmorphology andalsothefilling factor(the

volumeratio of themetalparticlesto thetotal volumeof thestructure)enablea certainflexibil ity

in creatingnew typesof nanostructures.

An importantcategory of nanostructuredmaterialsconsists of metalparticleson oxide sub-

strates. Metal nanoparticleson planaroxide subtrateswere intensively studiedduring the last

centuryfrom anexperimental[Pil01] andtheoretical[Cam97]point of view. Theconfinementof

theelectronspatialdistribution andthediscretenessof theenergy levelsarepropertieswhich de-

pendonthefinite sizeof metalparticles.Theelectronenergy bandstructuredependsonthelattice

constant[Hal86]. Small metalparticlesmostly exhibit nearlysphericalshape.Their curvature-

inducedsurfacestress(latticecontraction)impliesmodificationsin theelectronicproperties.The

quantumsizeeffect inducessplittingof thecontinuumconductionbandinto discretelevels,which

may causemodificationsof the magneticpropertieslike changesfrom diamagneticto paramag-

netic andfrom ferromagneticto superparamagneticbehaviour [Dor97]. The enlargementof this

splitting is alsoresponsiblefor the shift observed in the peakof the surfaceplasmonresonance

(opticalabsorption)[Kre97b,Hua97, Zho93].

Theelectricalpropertiesof smallmetalparticlesin aninsulator matrixdepend,besidethestruc-

tureof thematrix, on thefilling factor. With an increaseof this factortheparticlesagglomerate,

form conductingchainsandthesamplebecomesconductive.

Thecatalyticpropertiesof smallparticlesdependon thecoordination numberandthedisper-

sion, i. e., theratio betweenthenumberof surfaceatomsandthetotal numberof atoms(seefig.

2.3).

This chapterpresentsgeneralconsiderations on the structural,morphological andelectronic

propertiesof small metal particleswhich are dependenton the substratesurfaceor deposition
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method. The specialcaseof small metalparticlesdepositedon non-planarsubstrates,in partic-

ular sphericalsurfaces,which is the subjectof this work, will be describedin moredetail in the

followingchapters.

2.1 Structural and morphologicalproperties of

small particles

Thestudyof thestructureof metallic particlesis primarily devotedto explain their physical and

chemicalproperties.The shapeof a depositon a non-deformablesubstrateasa function of the

substratesurfacetensionandthe contact(wetting) angleis describedthermodynamically by the

Youngequation[Hen98]. Thecontactangleis a measureof the interactionstrengthbetweenthe

depositand the substrate. The minimization of the free surfaceenergy is given by the Wulff

equation
γ j

h j

	 const � (2.1)

whereγi is thesurfacefreeenergy of thecorrespondingfacej andh j is thecentraldistancefrom

thecenterof thecrystalto thefacetasrepresentedin fig. 2.1(a). In general,thesurfaceenergy is

differentfor differentcrystallographic planes(γ 
 110�� γ 
 100�� γ 
 111� ). In thecaseof a spherical

nanoparticlethe surfacehasto containhigh index crystallographicplaneswhich inducehigher

surfaceenergy [Wan00]. If theparticlesaresupportedon a substrate(fig. 2.1(b))theequilibrium

shapeis truncatedby the height∆hs at the interfacedependingon the adhesionenergy. This is

Fig. 2.1: Wulff (a) andWulff-Kaichew (b) constructionsof theequilibriu mshape.

known asWulff-Kaichew modelandis describedby

∆hs

h j

	 Eadhesion

γ j
(2.2)

whereEadhesion
	 γ j � γsubstrate � γinter f ace, with γsubstrate andγinter f acebeingthefreesurfaceenergy

of thesubstrateanddeposit/substrateinterfaceenergy, respectively.
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Fig. 2.2: Atomicmodelsof (a) cuboctahedral and(b) icosahedral nanoparticles.

In orderto obtainthree-dimensionalparticles(Volmer-Webergrowth) thesumof thefreesur-

faceenergy of thedepositandtheinterfaceenergy mustbegreaterthanthesurfaceenergy of the

substrate

γinter f ace � γmetal � γoxide (2.3)

Whetherthenucleioraggregatesaretwo-dimensionalor three-dimensional dependsonthenumber

of depositatomsandtheir interactionwith thesubstrate. If theinteractionstrengthof thedeposit

with the substrateis weaker thanthe interactionbetweendepositatoms,the result is formation

of three-dimensional particles[Hen98]. Moleculardynamic calculationsshow thatfor very small

sizesthe structureof the particlesdependson the numberof atomsandis, in general,different

from that of the bulk material. Comparisonbetweenparticleswith icosahedralor cuboctahedral

shape(fig. 2.2)showsthattheicosahedronis morestablein thecaseof smallparticles,depending

alsoon the metal [Hen98]. Suchmultiply twinnedparticlesoccurpreferentiallyfor crystallites

with facecenteredcubic (fcc) or diamondcubic (dc) lattice. Thesestructureshave beenstudied

sincemorethanforty yearsfrom ageometricalandphysicalpointof view [Hof98].

Fig. 2.3: Calculated dis-
persion (black) and the
size of the particles (red)
as a function of the num-
ber of shells in thecase of
Au.

Montejano-Carrizales[MC97] calculatedthe dispersion(D = ratio betweenthe numberof

atomson the surfaceand the total numberof atomsof a particle)asa function of the number
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of shellsfor differentshapes.Fig. 2.3showsasanexamplethecalculationof thedispersion(black

line) andthesizeof goldparticle(redline) takinginto considerationthatthelatticespacingof the

particleis notsubjectedto stressor strain.

2.2 Superparamagnetismof small metal parti cles

Néel [Née49]demonstratedin 1949thatdecreasingthesizeof a ferromagneticmaterial(e.g. Fe,

Co, Ni) leadsfor a critical size to a lossof ferromagnetismandit becomessuperparamagnetic.

Thecollective magnetizationof metalparticleswhich exhibit collective magneticbehaviour, can

becharacterizedusingFerromagneticresonance(FMR). Informationonthenanoparticlesandthe

interactionbetweenparticlesandmatrixor supportcanbeobtainedfrom FMR powderspectraand

thetemperaturedependenceof thespectraparameters.This techniqueis basedon theinfluenceof

anexternalstaticmagneticfield �H0 appliedalongonedirectionof thecoordinatesystemwherethe

sampleis placed.A polarizeddcfield appliedperpendicularto thedirectionof thestaticmagnetic

field is usedto detectthe influenceson themagneticmomentof theelectronswhich executethe

Larmor precessionwith the angularfrequency �ω0
	 γ �H0, γ 	 � gµB � h̄ being the gyromagnetic

ratio,µB theBohrmagneton,g thespectroscopicsplitting factorandh̄ thereducedPlanckconstant.

Theapplicationof thesetechniquesandthemainresultswill beshortlydescribedbelow.

Interpretationandevolutionof theabsorption spectraareperformedaccordingto the"indepen-

dentgrain approach"of the "weak anisotropy" modeldiscussedfirst by Schlömann[Sch58]and

developed by Suran[Sur73] andMörke [Mör96]. The free energy of a polycrystalline material

for a constanttemperatureandmagneticfield is a functionof themagnetizationvector �M � x � y� z�
accordingto theequationof motion [Mor80]

d �M
dt

	 � γ �M � �Hef f
	 � γE (2.4)

where �Hef f is the effective magneticfield which containsdifferent typesof contributions like:

demagnetization, magnetocrystalline,magnetoelastic, etc.Thismodelconsidersthefreeenergy of

asystemin thepresenceof amagneticfield to begiven by

E 	 EZ � Ed � Eme � Ek (2.5)

whereEZ is theZeemanenergy, Ed demagnetizationenergy (consistof theshapeanisotropy andthe

strainfield interactionwith otherparticles),Ememagnetoelasticenergy, andEk magnetocrystalline

anisotropy energy. Theequationof motion(2.4) in polarcoordinates� ϑ � ϕ � hasapairof solutions

whichvaryharmonicallyif theresonancefrequency ω satisfies

H0
	�� ω

γ
� 2 	 1

M2sin2ϑ
� Eϑϑ Eϕϕ � E2

ϑϕ � (2.6)
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whereEii arethesecondderivativesof thefreeenergy functionwith respectto thepolarcoordinate

system.Thesecondderivativesof thefreeenergy functionarecalculatedfor theequilibrium posi-

tion wherethefirst derivativessatisfyEϑ
	 Eϕ

	 0. Equation(2.6)gives theresonancefrequency

asafunctionof thedirectionof theappliedmagneticfield which in generaldoesnotcoincidewith

thedirectionof themagnetizationvector. In afirst approximation it is consideredthattheparticles

subjectedto the magneticfield have alsoa magnetocrystalline anisotropy field Ha dependingon

theparticlenatureandademagnetizingfield Hd dependingon theshapeof theparticles.Thenthe

angulardependenceof theresonancefield H � θ � φ � canbeexpressedfor singlesphericalparticles

usingtheSharmamodel[Sha81]

H � θ � φ � 	 H0 � Ha
� 1 � 5U � θ � φ � � (2.7)

with Ha
	 2 �K � � Ms, Ms thesaturationmagnetizationof singleparticles,K themagneticanisotropy

andU � θ � φ � 	 sin2 θ cos2 θ � sin4 θ sin2φ cos2 φ . Theresonanceoccursat [Lue01]

Hres
	 KHsp

a (2.8)

whereHsp
a is thesuperparamagneticanisotropic field definedas

Hsp
a

	 Ha
1 � cos� 1L � x� � 35x� 2 � 105x � 3L � x�

L � x� (2.9)

L � x� 	 coshx � 1� x beingthe Langevin function andx 	 MsvH � kT, v the volume of the metal

particle.

Thesecondmodelusedwasdevelopedby Suranet al. [Sur73]andit takesinto consideration

not only the crystallineanisotropy, but also the magnetoelastic anisotropy anddemagnetization

anisotropy asdescribedby theequation(2.5). In thiscasetheangulardependenceof theresonance

magneticfield H � θ � φ � is given by

H � θ � φ � 	 H0
� 1 � Kσ1 � � K0 � 3Kσ2 ��� 1 � 5S� θ � φ � � � (2.10)

whereKσ1
	 3λS� Tσ � MS� TH0 representsthe isotropic partandKσ2

	 3 � λ100 � λ111� σ � 5MS� TH0

is theanisotropic partof themagnetoelastic interaction,σ is theuniaxialstrain(σ � 0) or stress

(σ � 0), K0
	 2K1 � T � MS� TH0 with K1 � T the magnetocrystalline anisotropy constant. Here S is

thefunctionS� θ � φ � 	 α2
1α2

2 � α2
2α2

3 � α2
1α2

3 with αi beingthecosinedirectionof magnetization

relative to the magneticfield. λ100 andλ111 arethe anisotropic magnetostriction constants,λS� T
is theisotropictemperaturedependingon themagnetostriction constant.Comparisonbetweenthe

measuredandthe calculatedspectragivesinformation on the sizeof the particlespresentin the

sampleandalsoon thedifferentkindsof anisotropies.
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2.3 Electronic propertiesof small particles

Thetheoryof metallicbulk materialgivesa continuum spectrumof energy statesasa limit of an

infinitely largesystem.If thematerialhasfinite dimensions,for exampleparticleswith finite size,

thestatesarenot longercontinuousandmustbeconsideredto bediscretewith anaveragespacing

betweensuccessive quantumlevelsdenotedby δ [Kub84]. Sincethe numberof statesfrom the

bottomof the valencebandto the highestoccupiedlevel is equalto the half numberof valence

electrons,theaveragespacingis given by

δ 	 4EF � 3N � V � 1 (2.11)

whereEF is theFermienergy andN is thetotalnumberof valenceelectronsin thesystem. There-

fore, thediscretenessof energy levels is expectedto causeanomaliesin somequantumstatistical

propertiesof metallicparticlesat low temperaturessuchaselectronspinrelaxationor opticalab-

sorption. Anotherimportantissueis theorderof theelectricalneutralityof theparticles.Thework

W to chargeaparticleof a radiusR by anelementarychargee is expectedto satisfythecondition

W � e2 � 2R � kBT (2.12)

This energy is considerablylarger thanthe thermalenergy at room temperature.Therefore,the

thermalfluctuationis never strongenoughat low temperaturesto allow any particle to looseor

gainonemoreelectron,evenif thetotalamountof electronswithin aparticleis hundredsor thou-

sands.Theconditionof neutralityis crucial in magneticproperties.In thecaseof smallparticles

which have a reducednumberof conductionelectrons,specificheatandmagneticsusceptibility

aresignificantlyalteredat low temperature.In thefree-electrontheorytheFermienergy depends

on theconductionelectrondensityne andis independentof theparticlesize

EF
	 h̄2

2m

�
3π2ne 2! 3 (2.13)

The quantity δ is just the inverseof the averagedensityof electronicstatesfor a singlespin at

theFermienergy. For nearlysphericalparticleswith diameterd thelevel spacingvarieswith d � 3

becauseof theproportionality betweenthedensityof electronicstatesandthevolume,seeequation

(2.11).

Thetheoryof theelectronicpropertiesof smallparticleswasfirst presentedby Kubo[Kub62,

Kub84]. This theoryusestheapproximation that for low temperaturesthe energy spacinglevels

of a singleparticleis equal(i.e. all levels areequidistant). Using this model it is expectedthat

at high temperaturesnodistinguishabledifferencesbetweensmallparticlesandthebulk metalare

observable.At sufficiently low temperature,however, thethermalenergy kBT canbeexpectedto

bemuchlower thanthework againsttheCoulombinteractionrequiredto extractanelectronfrom

theparticle.
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As discussedalsoby Halperin[Hal86], thesizedependentsusceptibility of particlesin strong

magneticfieldsat high temperatureis given by

χeven
	 χodd

	 χPauli
	 2µB � δ µBH �"� δ (2.14)

whereµB is theBohrmagnetonandH is theintensity of themagneticfield. At low temperaturethe

magneticsusceptibility hasa temperaturedependencedeviating from thatof thebulk metal.In the

caseof particleswith evennumberof electronsit wasshown thatthesusceptibility is χeven � µ2
B � δ

dependingalsoon the sizedistribution (which impliesthe distribution of level spacings).If the

particleshaveanoddnumberof electronsthenχodd
	 µ2

B � kBT is independentof theparticlesize.

Oneof theexperimentalmethodssuitableto characterizethisquantum sizeeffect is theelec-

tronspinresonancedueto theconductionelectrons(CESR). TheCESRsignalsof thesmallparti-

clesareobservedathighertemperaturesthanfor thebulk materials.Decreasingtheparticlesizethe

level spacingincreasesandtheline width decreasesdueto thelongerrelaxationtime. As demon-

stratedby Kawabata[Kaw70] theelectronrelaxationtime τs dependson the resistivity relaxation

timeτr
	 2R� vF , wherevF is theFermivelocity, andonthebulk g-shift∆g∞

	 gbulk � gf reeelectron.

Thisdependencecanbeexpressedas

1
τs

	 1
τr
� ∆g∞ � 2 (2.15)

In the caseof very small particles,whenthe numberof atomson the surfaceof the particleand

thetotal numberof atomsarecomparable,a shift of theresonanceposition (g-factor)[Kaw70] is

observedwhich makesinterpretationof the CESRspectradifficult. The particlesshow quantum

sizeeffect if thefollowing conditionsarefulfilled

δ �#� h̄ω (2.16)

δ �#� h̄
τs

(2.17)

whereh̄ 	 h� 2π is thereducedPlanckconstantandh̄ω theZeemanenergy. Not only theg-factor

is subjectedto the quantumsizeeffect but alsothe CESRpeak-to-peakline width (∆Hpp). The

peak-to-peakline width of thebulk metalcanbeexpressedin termsof thespinrelaxationtimeas

∆Hpp �$� γeτs � � 1 (2.18)

whereγe representsthe electrongyromagneticratio. Taking into accountthe definition of the

electronrelaxationtime (2.15),theKawabataconditions(2.16)(2.17)andtheline width, thesize

of thenanoparticlescanbeestimatedusing

d 	 a % ∆Hpp
	 hν

γeδτs
% ∆Hpp (2.19)
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where∆Hpp is given in mT, d in nm, anda beinga constant.Fig. 2.4 representsthe calculated

averageelectronlevel spacingfor differentmetalsusingthe measurementsof the heatcapacity

[Hal86]. Fromthis graphthesizeof theparticlescanbeextractedfor δ � kB = 1 or 300K (marked

Fig. 2.4: Calculated av-
erage electron-level spac-
ing as a function of parti-
cle size for different met-
als: Pd (black), Pt (red),
Os (green), Cu (blue),
Au (magenta), Ag (brown),
[Hal86].

with bars)andtakinginto accountthevaluesof theFermivelocity of thebulk material.Also the

meanfree path[Ash76] canbeestimatedfrom theproportionality constantbetweenthepeak-to-

peaklinewidth of the CESRsignaland the particlesize. A theoreticalestimation of the above

discussedparametersfor roomtemperaturetakinginto accounttheFermivelocityfrom [Ash76] is

summarizedin Table2.1.For materialswere∆g∞ is not listedin this tablethevaluecorresponding

to Pdis considered.Thesecalculatedvaluesgiveusthepossibility to identify theCESRsignalof

eachsample.

Table 2.1: Peak-to-peaklinewidth of CESRsignals and Kawabataconditions (2.16) and(2.17) calculated
usingtheresults of Halperin [Hal86]

Metal vF ∆g∞ KawabataI KawabataII a
106 [m/s] [nm] [nm]

Pd 0.35 0.24 29 8.5 0.46
Pt 0.44 - 27 6.7 0.37
Rh 0.59 - 24 5 0.28
Ru 0.63 - 24 4.7 0.26
Ir 0.79 - 22 3.7 0.2
Cu 1.57 0.0032 17 14.5 0.8
Ag 1.45 -0.0019 18 25 1.4
Au 1.32 0.1 19 5.3 0.29

Anotheraim of the electronmagneticresonancemeasurementsis to recordalso the param-

agneticspeciesoccurringin theprocessof particleformationon theoxidesurface. For this task

theElectron ParamagneticResonance(EPR)techniqueis applied.Suchspeciesmayoriginate

from possiblemodificationsof theoxidesurfaceor from thepresenceof residualmetalionsonthe

surface.
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The EPR spectraare very complex becauseof variousparamagneticspeciespresent. Our

samplescontainsmallmetalparticleswhich arerandomlyorientedon a nonplanaroxidesurface.

TheEPRspectrumcharacteristicof sucha systemis theenvelopeover all elementaryresonance

linescorrespondingto all possible orientationsof theparticleswith respectto theappliedmagnetic

field [Dyr97]. In orderto characterizetheinteractionsof thespinswith eachotherandof thespins

with the appliedfield, the spin Hamiltonian term hasto be consideredbecauseit containsall

possible interactions &
s
	 gµB �H � �S � 2J �S � �S � A�I � �S (2.20)

In general,for paramagneticmaterialsthe g-factorandthe hyperfinecouplingconstant(de-

notedA in equation(2.20)) are tensors. The g tensoris characterizedby the principal values

gxx � gyy � gzz along the x, y, z coordinateaxes. Consideringthat the magneticfield can be de-

scribedwith respectto the sameaxis using the anglesθ and φ , it is possible to describethe

magneticfield along the g-factor directions. In a first approximationonly the contribution of

the g-tensoris taken into account,which canbe isotropic,axial or orthorhombic. The isotropic

lines with gxx
	 gyy

	 gzz
	 giso are observed in generalfor sampleswith solid-state defects

[Dyr97]. Sucha signal, for example, is observed in SiO2 as a result of the formation of ( '
Si( ) known asE’ centers[Gri84]. For axial symmetrytheg tensoris characterizedby two values

g � 	 gzz� andg) 	 � gxx � gyy � � 2. Here,anexamplearethenon-bridgingoxygenholecenters( '
Si-O( )(NBOHC or HC centers)[Gri84].

For orthorhombical symmetrytheg tensoris characterized by all threevaluesg1
	 gxx � g2

	
gyy � g3

	 gzz. Theorthorhombical symmetry canbebetterobservedusinga Q-bandspectrometer

(working at � 35 GHz) werethe signalsaremorenarrow. In this work, all magneticresonance

measurementsof the g valuesare determinedfrom the magneticfield position at the centerof

the absorption line, andthe hyperfinetensorvaluesfrom the averagespacingbetweenthe peak

positions.Theaveragevalueof theg-factoris givenby

gav
	 1

3
� gxx � gyy � gzz� (2.21)

2.4 Optical propertiesof small partic les

Smallmetalparticlesexhibit in thevisiblerangeopticalpropertiesdifferentfrom thoseof thebulk

materialdueto their sizeandshape.The interestin this field increasedin recentyearsbecause

of theimportanceof producingnew materialswith novel opticalandelectronicproperties.At the

beginningof thelastcenturythestudyof colorchangesof varioustypesof glasses[Mie08, Boh98]

triggeredthis researcharea. Moreover, anotherareaof interestwas to find new materialswith

a dielectric function different from that of the bulk material that first were appliedto improve

photovoltaicconversion[MG04, Bru35]. In orderto studythepropertiesof nanoparticlesonoxide

surfacesfrom theopticalpoint of view in this work theMie theoryandalsotheMaxwell-Garnet

theoryareappliedfor thecaseof smallfilling factor, andtheBruggemanmodelfor highervalues.
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Mie [Mie08] explainedthe optical propertiesof sphericalmetalparticlesin a nonabsorbing

matrix. He treatedthe dielectricfunction of the particlesε � ω � asa free parameter. This theory

solvestheMaxwell equationin sphericalcoordinates� r � θ � φ � with theboundarycondition

Eout
θ

	 Ein
θ � Eout

ϕ
	 Ein

ϕ � εoutEout
r

	 ε insEins
r at r = R

whereR is the radiusof the particle. The solutions are given as infinite seriesof Besseland

NeumannfunctionsandLegendrepolynomials of differentpolar order. To obtain the incident,

scatteredandabsorptionintensitiesthe Poynting law hasto be applied. On onesidethe electric

modescontaincollective excitations of theconductionelectrons.On theothersidethemagnetic

modesareimportantfor the exciting seriesexpansionof the eddycurrentsbut arenot important

via magneticinteractions. It is foundthatthespectralpositionh̄ω andtheresonancebandwidthsΓ
stronglyvarywith theclustermaterial.In theapproximationof verysmallsilver clustersthepeak

positionh̄ω andthehalfwidthΓ canbeanalyticallyderivedfrom theMie theory

ωres �+* nee2

ε0mef f , 1! 2 � * 2εmatrix � 1 � χ1 � interband, � 1! 2
(2.22)

wherene is theconductionelectrondensity, mef f theeffective mass,εm thedielectricconstantof

thehostmatrix, χ1 � interband the interbandtransitionexcitation. Thefirst termdescribestheDrude

plasmafrequency ωp. However, for many metals,e.g.Pt, theresonanceis fully suppresseddueto

thevery strongenergy dissipationwhich is not includedin ω p in equation(2.22)[Kre95]. If the

particleradiusR is smallerthanthemeanfreepathof thebulk materialtheconductionelectrons

areadditionallyscatteredby thesurfaceandtheeffectivemeanfreepathbecomessizedependent

1
lef f

	 1
R � 1

l∞
(2.23)

andtheresonancewidth is additionally broadened

Γ � R� 	 Γ � 0� � AvF

R
(2.24)

whereΓ � 0� is the width of the resonancespectraof the bulk material,vF the Fermi velocity, l∞
themeanfreepathof thebulk materialandA� R a termderivedfrom thereductionof conduction

electronmeanfreepathdueto collisionswith theparticlesurface.Thissizedependenceis observ-

ablein the modificationof the dielectricfunction of the metalwhich accordingto Otter [Ott61]

becomes

ε � ω � R� 	 εbulk � ω � � ω2
p * 1

ω2 � Γ � 0� 2 � 1
ω2 � Γ � R� 2 , � i

ω2
p

ω
* Γ � R�

ω2 � Γ � R� 2 � Γ � 0�
ω2 � Γ � 0� 2 ,

(2.25)

wherethesecondtermis themodifiedplasmonfrequency andthethird termtheabsorptiondueto

freeelectrons.
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Consideringin the first approximation that the distancebetweenparticlesis large enoughto

neglectany interactionbetweenparticles,andthat thesystemcontainsparticlesof equalsize,the

Mie theorygives solutionsfor theextinction,scatteringandabsorptioncrosssections

σext
	 2π� k � 2 ∞

∑
L - 1

� 2L � 1� ℜ � aL � bL � (2.26)

σsca
	 2π� k � 2 ∞

∑
L - 1

� 2L � 1���.�aL � 2 � �bL � 2 � (2.27)

σabs
	 σext � σsca (2.28)

wherek 	 2πεm� λ , andaL, andbL the scatteringcoefficientsbeingderived from the boundary

conditions in termsof Bessel-Ricattifunctions, ℜ meantherealpart.

2.4.1 Nanoparticlesin a dielectric matrix

For particlesembeddedin adielectricmatrixMie coefficientsaregivenby [Boh98]

aL
	 mψL � mx� ψ /L � x� � ψL � x� ψ /L � mx�

mψL � mx� ξ /L � x� � ξL � x� ψ /L � mx� (2.29)

bL
	 ψL � mx� ψ /L � x� � mψL � x� ψ /L � mx�

ψL � mx� ξ /L � x� � mξL � x� ψ /L � mx� (2.30)

m is thecomplex relativerefractiveindex m 	 N � nm, N 	 n � ik thecomplex refractiveindex of the

metalparticles,nm therealrefractive index of thematrix,ψL � z�0� ξL � z� theBessel-Ricattifunctions

with complex argumentandx 	 2πNR� λ the sizeparameter. The prime meansthe derivative

of the function with respectto the argumentand L is the multipolar order (L=1, dipolar, L=2

quadrupolar, etc). Fromtheextinction crosssectionandknowledgeof thefilling factor f andthe

volumeof oneparticlev0, it is straightforwardto calculatetheextinctioncoefficientof thesample

αext
	 f σext � v0. Sphericalmetalparticleswith sizeslessthan10 nm have a dielectric function

ε 	 ε / � iε /1/ in thedipolarapproximationandtheextinctioncoefficient canbewrittenas

αext
	 18π

f v0ε3! 2
m

λ
ε /1/� � ε / � εm� 2 � ε /1/ 2  (2.31)

wheretherealandimaginary partof thedielectricfunctionaredescribedusingthesimpleDrude

modelandεm is therealpartof thehostmatrixdielectricfunction.

Fig.2.5 shows the extinction spectraof copper(black), gold (red) and silver (green)metal

particleswith a meansize d 	 5 nm in a SiO2 matrix with n 	 1 � 54 calculatedaccordingto

the above formalism by approximation of sphericalparticleswith multipolar interaction. The

theoreticalcalculationshows thatwith increasingsizeof theparticlesa redshift canbeobserved.

For verysmallsizes(lessthen10nm) asmallblueshift wasalsoreported[Pal98].
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Fig. 2.5: Calculated extinction
spectra of copper (black), gold
(red)andsilver (green) particles
with d=5 nmin SiO2matrixwith
n=1.54.

However, a real samplehasa distribution of particlesizeswherethe applicationof the Mie

theory is not straightforward. In this work the extinction spectraare calculatedfrom the size

distribution histogramfor eachdi andthe resultingspectraareobtainedby superposition of the

calculatedspectratakinginto accounttheadequatefilling factorfor eachsize.

Forverysmallparticles(d 2 2nm)adampingandbroadeningof theresonanceappearsbecause

of thereduceddensityof conductionelectrons.Theelectronsreachthesurfacevery fastandloose

thecoherencemorequicklyduetoscatteringthanin largeparticles.As aconsequence,theplasmon

bandwidth increaseswith decreasingparticlesize. The modeldescribedabove is valid only for

sphericalparticleshape.In general,thisapproximation is correctfor verysmallparticles,but with

increasingsizedeviation from thesphericalshapecanoccur. Also for this kind of particlesthere

is awell developedtheory. A comprehensive text aboutthecalculationof extinctionandscattering

coefficient of spheroidalparticleswaspresentedby Porstendorfer[Por97]. In our calculationswe

apply the extensionof Mie theoryaccordingto Gans[Gan15]in a dipolar approximation where

theextinctioncrosssectionof aprolateellipsoid is givenby

σext
	 v0ε3! 2

m

3λ
ε /3/ � P2

j4
ε / � � � 1 � Pj � � Pj  εm 5 2 � ε /1/ 2 (2.32)

wherePj arethedepolarisation factorsalongtheaxisa,b, c of theellipsoid definedfor a � b 	 c

by

Pa
	 1 � e2

e2 6 1
2e

ln * 1 � e
1 � e , � 17 and Pb

	 Pc
	 1 � Pa

2
(2.33)

where

e 	98 1 � � c
a

� 2 : 1! 2
is theeccentricityof thespheroid.
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TheMie theoryisvalid for separatedparticlesonlywhenthedistancebetweenparticlesismuch

larger thanthe particlesizeandno aggregatestructuresoccur. For higherparticleconcentration

andagglomerateformationit is necessaryto applya differentmodelin orderto characterizethe

opticalproperties.In afirst approximationwhichis alsovalid for smallfilling factorstheMaxwell-

Garnetteffective mediumtheory[MG04] canbe applied. With the obtainedeffective dielectric

functionsthe absorptioncoefficient canbe calculatedusingthe optical definitionsusedfor thin

films. Anotherpossibility is to usethis dielectricfunction in Mie calculations.If thesamplehas

a high filling factor, which meansthat part of the particlesare aggregated,and if the distance

betweenparticlesis smallerthantheirdiameter, it is moreadequateto applytheeffectivemedium

approximation methodproposedby Bruggeman[Bru35] which yields for an effective dielectric

functionthesecondorderequation� 1 � f � εm � εB

εm � 2εB
� f

ε � εB

ε � 2εB

	 0 (2.34)

For smallfilling factorsthis approximationgives thesameresultsastheMaxwell-Garnetttheory,

but for largevaluesof f theresultsaredifferent[Gra77].

Fig. 2.6: Optical extinction
spectra calculated for Cu
nanoparticles of various sizes:
2 nm (black), 5nm (red), and
10nm(green), in silica matrix.

To getanindicationhow theopticalpropertiesof Cu nanoparticleschangein thesizerangeof

thepreparedsampletheextinction spectrawerecalculatedfor varioussizesby meansof theMie

theoryassumingparticlesof sphericalshapewithout formationof aggregates.Thecalculationsdo

not considerany dielectricmatrix or supportof theparticles,but the intrinsic sizeeffect is taken

into account.Theextinction spectrashown in fig. 2.6exhibit a certainblueshift of theresonance

positionwith increasingparticlesizeasit wasgenerallyobservedby othergroups[Yok89,deC95,

Kre95].

Ag nanoparticlesexhibit surfaceplasmonresonanceswhich aremostly sharpandwell sepa-

ratedfrom interbandtransitions. Theuniqueopticalpropertiesof free andmatrix-embeddedAg

particleswerestudiedintensively over decadesandalsorecently[Kre70, Kre74, Kre97b]. The

evolution of the opticalextinction of sphericalAg particlesembeddedin SiO2 is representedby
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calculatedspectrain fig. 2.7. Accordingto the secondKawabatacondition(2.17)below 20 nm

particlediameterthequantumsizeeffect is takeninto account.For largerparticlesmultipolar in-

teractionis consideredwhichmayresult,e.g.,for 50nmparticles,in quadrupolinteractionsascan

beseenfrom theoccurrenceof asecondpeakin thespectrum.

Fig. 2.7: Optical extinction
spectra calculated for Ag
nanoparticles of various sizes:
2 nm (black), 5 nm (red), 10
nm (green), 20 nm (blue), 50
nm (magenta), 70 nm (brown),
and 90 nm (maroon), in silica
matrix.

Similar to Ag, Au nanoparticlesexhibit sharpsurfaceplasmonresonancesaround550to 650

nm,well separatedfrom interbandtransitions.Applicationof theopticalpropertiesby embedding

Au nanoparticlesin variousmatricesareknown andstudiedasintensively asthoseof Ag particles.

Theissueof acertaindistribution of particlesizes,e.g.,andthepresenceof non-sphericalparticles

havebeentreatedby Granqvist[Gra77]usingtheeffectivemediumtheory. Thesamemethodwas

appliedby Norman[Nor78] to studytheopticalbehaviour of discontinuousfilms of suchmetals.

How theopticalpropertiesof Au nanoparticlesof sphericalshape,embeddedin a SiO2 matrix of

refractionindex n = 1.54,changewith particlesize,mayberecognizedfrom theextinctionspectra

shown in fig. 2.8,calculatedby meansof theMie theory. Thecalculationsconsiderthesizeeffect

accordingto theKawabatatheory. For largeparticlesalsomultipolarapproximationsasdescribed

by Bohren[Boh98]andWiscombe[Wis79]have to beconsidered.

Fig. 2.8: Optical extinction
spectra calculated for gold
nanoparticles of varioussize: 2
nm(black); 20 nm(red); 40 nm
(green); 60 nm (blue); 80 nm
(magenta); 100 nm (brown), in
silica matrix.
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2.4.2 Core-shellstructur es

Particles,having a dielectric function εcore, coveredby multi-shell layerswere studiedfirst by

Aden andKerker, Güttler andBhandari[Ade51,Güt52, Bha85]. They extendedthe Mie theory

for a coreparticlecoveredby anarbitrarynumberof shells.Kreibig [Kre95] gives therecurrence

solution for thecaseof k-shells(with k = 1, 2, 3 ...). TheMie coefficientscanbedeterminedusing

therelations

an
	 � mkψn � mkyk � � ψn ; � yk � � Tk � 1

n χn ; � yk �  � ψn ; � mkyk � � ψn � yk � � Tk � 1
n χn � yk �  

mkξn � mkyk � � ψn ; � yk � � Tk � 1
n χn ; � yk �  � ξn ; � mkyk � � ψn � yk � � Tk � 1

n χn � yk �  (2.35)

bn
	 � ψn � mkyk � � ψn ; � yk � � Sk � 1

n χn ; � yk �  � mkψn ; � mkyk � � ψn � yk � � Sk � 1
n χn � yk �  

ξn � mkyk � � ψn ; � yk � � Sk � 1
n χn ; � yk �  � mkξn ; � mkyk � � ψn � yk � � Sk � 1

n χn � yk �  (2.36)

with

T l
n
	 � ml ψn � mlyl � � ψn ; � yl � � T l � 1

n χn ; � yl �  � ψn ; � ml yl � � ψn � yl � � T l � 1
n χn � yl �  

ml χn � mlyl � � ψn ; � yl � � T l � 1
n χn ; � yl �  � χn ; � mlyl � � ψn � yl � � T l � 1

n χn � yl �  (2.37)

Sl
n
	 � ψn � mlyl � � ψn ; � yl � � Sl � 1

n χn ; � yl �  � ml ψn ; � ml yl � � ψn � yl � � Sl � 1
n χn � yl �  

χn � mlyl � � ψn ; � yl � � Sl � 1
n χn ; � yl �  � ml χn ; � ml yl � � ψn � yl � � Sl � 1

n χn � yl �  (2.38)

whereψz
	 zjn � z� , χn � z� 	 zyn � z� andξn � z� 	 h


 1�
n � z� are the Ricatti-Besselfunctions,n is the

orderof theBesselfunctions,andprimedenotesthefirst derivativeof thefunctionin respectto its

argument.l 	 1 � 2 �<�=�>� k arethenumberof shellsandml
	 nl

�
1 � nl representstherelative complex

refractive index from the shell � l � 1� th to the l th one. For l 	 k the refractive index nk
�

1
	 nm

Fig. 2.9: Calculated extinction
spectra of copper (black), gold
(red) and silver (green) shells
with d=10 nm on SiO2 core of
25 nmradius with n=1.5.

correspondsto therefractive index of thematrixandyl
	 2πnlRl � λ is thesizeparameterof thel th

shell. For recurrencestartingwith thevaluesT0
n
	 S0

n
	 0, from theobtainedMie coefficientsthe

extinctioncrosssectioncanbecalculatedwith theequation(2.26).
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In thedipolarapproximationusing(2.35)and(2.36)for thecaseof a corewith oneshell, the

absorptioncrosssectioncanbecalculatedas[Fed93]

σabs
	 18π

Vε1! 2
m

λ
ℑ ? � ε � εm ��� εc � 2ε � � g � εc � ε �@� εm � 2ε �� ε � 2εm ��� εc � 2ε � � g � εc � ε �@� 2εm � 2ε �BA (2.39)

whereℑ is the imaginarypart, ε is the complex dielectric function of the shell, εm is the real

dielectricfunctionof thehostmedium, εc is therealdielectricfunctionof thecorematerial,V is

thevolume of thecoatedsphereandg 	 � R
R
�

d

� 3
, with R theradiusof thecoreparticle,andd the

thicknessof theshell.Fig. 2.9showstheextinctionspectraof copper(black),gold(red)andsilver

Fig. 2.10: Calculatedextinctionspectra of Agon silica (60 nm)core-shellstructuresof varying shell thick-
ness:2 nm(black),5 nm(red), 7 nm(green), 10nm(blue),15 nm(magenta), 20nm(brown),25 nm(cyan).

(green)shellswith thicknessof d 	 10 nm on a SiO2 corewith n 	 1 � 5 andradiusof R 	 25 nm

calculatedaccordingto theabove formalismby approximatingsphericalparticlesin termsof the

dipolar interaction. With increasingthe thicknessof the shell, theoreticalcalculationspredicta

blueshift of theplasmon resonanceandanincreasingsignalintensity. Oldenburg [Old98] studied

the caseof Au-SiO2 core-shellstructureswith 120 nm silica coreandhe found a blue-shiftof

the plasmonresonanceof about200 - 300 nm if the shell thicknessincreasesfrom 5 to 20 nm.

Fig. 2.10presentsasan examplecalculationsfor Ag shell coatingson 60 nm SiO2 corewhere

thethicknessrangesfrom 2 (black)to 25(cyan)nm. Thisgraphshowsthattheblue-shiftamounts

to about450 nm, i. e., more than in the caseof Au nanoshells. The core-shellstructurescan

be designedin sucha way that they cover a spectralrangeup to the infrared. Using the same

parameters,thecalculationsfor Au show ablue-shiftof about400nmandof 500nm for Cu.

An importantinfluenceontheopticalpropertiescomesalsofrom thecoresize.Fig. 2.11shows

anexampleof thered-shiftincucedby increasingthesizeof thecoreparticlesin therangeof 20

to 100nmcoveredwith aAu shellof about5 nm. It canbeobservedthatfor thisconfigurationthe

extinction spectraareshiftedto theboundarybetweenvisible andinfraredranges.This red-shift
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Fig. 2.11: Calculatedextinctionspectra of Au (5 nm)onsilica core-shellstructuresof varyingcore size:20
nm(black),40 nm(red), 60 nm(green), 80 nm(brown), 100nm(magenta).

calculatedfor a shell thicknessof 5 nm wasfoundto beabout320nm in thecaseof Au, 450nm

for Ag and350for Cu.

Fig. 2.12: Calculatedextinction spectra of Cu on silica core-shell structuresof varying core:shell ratio:
35:5 nm(black), 33:7 nm(red), 30:10 nm(green), 20:20nm(blue).

In the sameway core-shellstructurescan be designedwith different surfaceplasmonreso-

nanceskeepingthe external radiusconstant.Fig. 2.12 shows an example of 40 nm nanoshells

formed using different core-shellratios. Also in this casea blue-shift can be observed which

meansthat the shell thicknessis decisive for the position of the plasmonresonance.The calcu-

lationspredicta blue-shiftof about320nm in thecaseof Ag, 220nm for Au and250in caseof

Cu.

Takingthesetheoreticalcalculationsinto accountit is possibleto designcore-shellstructures

for variousapplicationsin opticaldevicesandsensors.



3 Characterization methodsfor small

particles

From the greatnumberof analyzingtechniquesthat may be appliedfor characterizingphysical

propertiesof nanostructuredmaterialshereonly thoseareintroducedwhichwereextensively used

in thepresentwork. Theseareelectronmicroscopy, electronmagneticresonanceandopticalspec-

troscopy. By electron microscopyat its highestlevel structuralcharacteristicsof specimensunder

investigationmayberetrieveddown to theatomicscaleof resolution.While electronmicroscopy

isusedfor directlyimagingacertainspecimenarea,theothermethodsusetheresponseof asample

uponperturbationsby amagneticfield or by visible light. Thegeneralnameelectronmagneticres-

onanceis usedfor electron paramagneticresonance(EPR)appliedto thestudyof paramagnetic

specieslike ions from a physicalandchemicalpoint of view, andfor ferr omagneticresonance

(FMR) appliedto the studyof the magneticpropertiesof superparamagneticnanoparticles.The

optical absorptionandelasticscatteringof light by particulatematteris extensively studied and

correspondingoptical spectroscopymeasurementsallow to draw conclusionson a numberof

structuralfeatures.Therefore,the optical propertiesof the materialspreparedsensitively reflect

how closea certainapproachmeetstheintendedstructures.

3.1 Transmissionelectron microscopy

Electronmicroscopy is apowerful methodto investigatenanoparticlecompositematerialsfrom the

morphological andstructuralpoint of view. Morphological propertiesof thesamplesarestudied

usingtransmissionelectronmicroscopy (TEM) andthestructuralcharacterizationof nanoparticles

is performedwith high resolutionelectronmicroscopy (HREM). Becausein thefollowing only a

shortdescriptioncanbegiven, for completeunderstandingof theelectronmicroscopy technique

numeroustextbooksareavailable[Bet87,Wil96].

3.1.1 Imageformation

Fig. 3.1showsaschematicdrawingof themaincomponentsof atransmissionelectronmicroscope.

They cooperatein the following functionalunits: (i) illuminationsystemcomposedof electron

sourceandcondenserlenses,(ii) specimenstagefor shift, titl ing androtation,(iii) imageformation
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Fig. 3.1: Schematicrepresentation of a transmissionelectron microscope.

systemthat consistsof objective lenseandaperture,intermediateandprojective lensesand (iv)

imagerecordingsystemformedby thescreenandphotorecorder(cameraor video).

The interactionof the electronbeamwith the object resultsin scatteringof the electronsin

theall directions.In theparticularcaseof crystalline materialsthis resultsin electrondiffraction.

Thevariationof theimageintensitydueto variationof theobjectcharacteristicslike thicknessor

composition definesthe imagecontrast.For crystallinematerialsthe imagecontrastdependson

theorientationandlattice type. Additional contrastfeaturesmaybedueto latticedefectsandto

superpositionof crystalslabs.Two typesof imagingmodesdependingon thescatteringprocesses

canbeapplied.Bright-field imaging providesa distinctimagecontrast,availablewhenexcluding

scatteredor diffractedbeamsby meansof an objective lensapperture.Dark-field imaging, i. e.

selectionof certaindiffractedbeamsof the scatteredelectronwave by beamtilt ing or objective

aperturedisplacement,is usedfor imagingspecimenregionsof specificorientation,structureor

composition [Yac80,Hof82b, Hof82a].

TEM imagesprovideonly projectionsof three-dimensionalobjects.Informationon theobject

topography(e.g.thicknesschanges)of crystallineobjectsis availableby theweak-beamdark-field

imagingmode[Yac80,Hof82b].
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A crystalmaybedescribedin termsof a periodicarrangementof scatteringelements(atoms,

ionsor molecules).Thecrystallatticeexpressesthis periodicityin threedimensions.Elasticscat-

teringof an incidentplanewave (electrons)by a crystal,i.e., a periodicaldistribution of identical

scatteringelements,causesdiffractioneffects.A geometricformulation of thediffractioncondition

is givenby theBraggequation

2d � hkl � sinθ 	 nλ (3.1)

which describesthe diffraction of electronsof wavelengthλ by a setof lattice planes � hkl � of

spacingd, n beingthereflectionorder. Interactionof theelectronbeamwith theobject,situatedin

thefront focal planeof theojective lens,producesanintensity distribution in theback-focalplane

where,e.g.,beamsdiffractedby objectregionsof equallatticecharacteristics(orientation,spacing)

meetat thesameposition. This producesdistinct spotpatternsfor oneor few single crystals,or

ring patternsfor polycrystallineobjects(or particulateobjectswith randomorientation).

In thiswork theTEM investigationsareperformedwith aconventionalJEM1010transmission

electronmicroscopeoperatingat 100kV acceleratingvoltage.Thehigh resolution measurements

aredonewith JEM4000EXandJEM4010electronmicroscopesoperatingat 400kV.

3.1.2 Samplepreparation and imageanalysis

All usedsamplesarein theform of powderswhichrequireanotherpreparationmethodasfor bulk

or thin film samples[Wil96]. Agglomeratedpowdersarefirst subjectto mill ing in amortar. Then

thepowderis dispersedin isopropanol(2-propanol)undervigorousshakingor usinga ultrasound

bathandasmallquantityof theliquid is appliedonacoppergrid usingadropper. Thecoppergrid

(PLANO) is coveredby averythin perforatedcarbonfilm. Thispreparationmethodallowsimaging

of thespecimenareaabovesuchholeswithout influencingtheimagecontrastby thecarbonlayer.

The electronmicrographsaredigitizedusinga CCD-cameraof TIETZ which givesan addi-

tionalmagnificationof about8 � . Fromthesedigitizedimagesusuallymorethen250particlesof

aspecificsampleweremeasuredto determineparticlesizeanddistribution. Two approacheswere

usedto calculatethesizedistribution. Thefirst oneis takingtheautomaticmeasuringroutinesof

thesoftwarebeingveryusefulin regionswherethecontrastof thesubstrateisnottoohighor where

a backgroundcanbesubtracted.Thesecondway is by measuringeachparticlemanually. From

thesedatathemeansizesof theparticlesd̄ andgeometricalstandarddeviationsσd arecalculated

usingthestatisticalformula

d̄ 	 1
n

n

∑
i - 1

nidi and σd
	 4

1
n � 1

n

∑
i - 1

� di � d̄ � 2 5 1! 2
(3.2)
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Alternatively, theparticlestatisticsmaybeestimatedfrom afitting functionof thehistogram, e.g.,

a LogNormalfunction asdescribedfirst by Granqvist[Gra76]. Metal particleswith meansizes

below 20nm canbefitted preferentiallyby LogNormalfunctionsof thetype

fLN
	 1� 2π � 1! 2lnσ

exp

4 � � lnd � lnd̄ �
2ln2σ 5 (3.3)

whered is theparticlediameterandlnσ is thelogarithm of thestandarddeviation which is alsoa

measurementof thewidth of thehistogram[Gra76]. Thecoverageof theoxidesurfaceby metal

nanoparticleswasestimatedby consideringtheparticlesizedistributionandthemeanareadensity

of metalnanoparticles.

For measuringthespacingof latticeplanefringesin HREM imageseitherintensity plotsacross

thefringedirectionareused(realspaceevaluation)or thedistanceof reflexesin diffractogramsob-

tainedby FourierTransformation(reciprocalspaceimageevaluation). Prerequisiteof bothmeth-

odsis thecorrectscalingof magnificationappliedto thedigitizedimage.

3.2 Optical spectroscopy

Theopticalpropertiesof thenanoparticulatecomposite materialswereinvestigatedby usingopti-

calspectroscopy in thevisibleregion. To thisaimameasuringsystemfor thin film opticalanalysis

of THEISS asschematicallyrepresentedin fig. 3.2wasused.Thesystemconsistsof a 50W stabi-

Fig. 3.2: Schematic representation of theoptical spectrometer.

lized halogenligth source(S), two ETA-CSB50gratingspectrometerswith 512pixel diodearray

for simultaneousmeasurementof transmittance(T) andreflectance(R) in thespectralrange380

to 1050nm. Theconnectionfrom thesourceto thesamplestageis guidedby quartzopticalfibers.

Thespectrometeris connectedandcontrolledvia two serialportsto acomputerwherethespectra
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arerecordedusingappropriatesoftware.To reducebackgroundsignalsandnoiseall measurements

weredonein thedarkandaveragedovermultiple measurements(about150).

Sincethe materialsinvestigatedwerealwaysobtainedin powder form andthe spectrometer

is mainly suitedfor thin film measurements,appropriatesamplepreparationmethodsareneeded.

Thefirst oneusedemploys thedispersion of metalcoatedoxidenanospheresaspowderin alcohol

(e.g.,isopropanol) or deionizedwaterfollowedby dropwiseor spinningdeposition onmicroscope

glassslides.Thesecondpreparationmethodusesasinglecomponentliquid adhesiveof NORLAND

for embeddingthepowder in atransparentthin film. Thesampleis homogenizedandthendropped

onmicroscopeslides.For solidificationthesamplesareexposedto UV-light (365nm)for lessthan

5 minutes.Theadhesivehasa transmissionhigherthan95%in thespectralrange400to 2000nm,

thatwasmeasuredseparatelyandhasthereforeno influenceon therecordedspectra.

The optical propertiesof metalparticlesarededucedfrom the measurementof the transmit-

tancedefinedasthe ratio betweenthe transmittedandincidentligth intensity T 	 I � I0. The ex-

tinctioncoefficient is givenby theLambert-Beerlaw

σext
	 � lnT (3.4)

To illustratethe connectionof color andspectrumtwo examplesaregivenof metalparticles

interspersedin betweensilica nanospheres.Thesesampleshave beenpreparedfrom a colloid-

dispersesolution of silica nanospheresof high weight percentage(40%). They have more or

lessregulararrangementof cavities in betweenthesphereswich maybe utilizedastemplatefor

metalnanoparticleformationby controlledreductionof metalcomplexesaddedto the solution

andsubsequentevaporation of thesolvent. Fig. 3.3 shows a samplewith silver preparedat room

temperature(top) andgold (bottom)nanoparticlespreparedat 60
�
C on LUDOX SiO2 . Thesilica

nanospheresusedin theseexperimentshave a meansizeof 29 C 4 nm beingmuchsmallerthan

as thoseusedfor nanoparticlecoatingexperiments.By electronmicroscopy it could be shown

that themetalparticleshave thetendency to precipitatein thecavities betweenthesilica spheres.

This finding is similar to thatobtainedfor nanolithographywith latex spheres,thatproducestwo

dimensionalarraysof metalparticles[Bur98,Bur99,Bur00].

The calculationof extinction spectrausingthe Mie theory for nanoparticlesembeddedin a

dielectricmatrix andtheextension of this theoryfor core-shellstructuresis basedona programm

describedby Kreibig [Kre95] for dipolarapproximationandoneby Bohren[Boh98]for multipolar

approximation. The programmfor multipolar approximation solvesthe Bessel-Ricattifunctions

usingbackward recurrence. To achieve a betterperformancethe limitations for the orderof the

calculatedBessel-Ricattifunctionsarechangedusingthesizeparametersproposedby Wiscombe

[Wis79]. All calcualtionsareperformedby applying thesizedependenceof thedielectricfunction

asgiven in equation(2.25).
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Fig. 3.3: Silver (top)andgold(bottom)nanoparticlesin colloid-dispersesolutionof silica nanospheres; left:
photograph in transmissionof thesolution in a transparentbox; right: extinction spectrum after drying.

3.3 Electron paramagneticresonance

The physico-chemicalinterpretationof paramagneticresonancespectrarequiresto take into ac-

count the quantummechanicaldescription of atomswith several electrons. Sincethe quantum

theoryof electronmagneticresonanceis well known from the literature(e.g. [Pak62,Mor80])

hereonly thetechniquesusedfor measuringandinterpretationof magneticabsorbtionspectraare

described.

The most importantparameterswhich canbe determinedfrom electronmagneticresonance

arethesplitting factor(g-factor)characterizingthe localizationof unpairedelectronsresponsible

for the absorptionphenomena,aswell asshapeandwidth of the absorptionline dependingon

typeandstrengthof the interactionin thesample,andfinally the line intensitydependingon the

numberof unpairedelectronsin the sample.In orderto evaluatetheseparametersthe measured

spectramustbecomparedwith calculatedonesaccordingto modelswhich arealreadydescribed

in Chapters2.2and2.3. Theg-factordefinestheZeemanenergy hν0
	 gµBH0 with µB beingthe

Bohr magnetonandν0 theresonancefrequency. Theelectronparamagneticresonancemethodis
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usedto investigatetheinteractionbetweenparticles,betweenparticlesandoxidesupport,andalso

oxidesurfacemodifications dueto metalprecursordecomposition.

Fig. 3.4: Schematic representation of themagnetic spectrometer.

The electronmagneticresonancemeasurementsareperformedusinga X-bandspectrometer

(ESR220,ZWG Berlin-Adlershof),workingat9.3GHzequippedwith afrequency divider(K) and

frequency counter5215A(HEWLETT PACKARD) (F) anda nuclearmagnetometertypeMJ 110-R

(RADIOPAN) (B) for measuringfrequency andmagneticfield. The schematicrepresentationof

themagneticspectrometergivenin fig. 3.4presentalsothesample(S) andthemicrowave cavity

(C). The measurementsaremadeat varioustemperaturesin the rangeof -150 to +150
�
C using

controlledflow of liquid nitrogenfor thelow temperaturerange(T).

In orderto measurethe evolution of signalswith time the as-preparedsamplesaresealedin

quartz-tubesundervacuumduring the first measurements. The quartz-tubesareexposedto the

ambienceonly for subsequentelectronmicroscopy andopticalspectroscopy measurements,or for

repeatedmeasurementsto keeptrackof samplestability undernormalconditions.

The simulatedmagneticresonancespectraaregeneratedby meansof appropriateprograms

translatedto BorlandDelphi 5. For ferromagneticresonancethe programconsidersthe model

proposedby Schlömann[Sch58]for bothweakandlargeanisotropy andalsothemodelproposed

by Suran[Sur73]without takinginto considerationthedemagnetizationenergy. Theprogramused

to simulatedtheparamagneticspectrais basedon the theoryproposedby Withe [Whi76] which

takesinto accountonly the spin Hamiltonianin the secondorderperturbation.Thereis a good

agreementbetweenthe experimental andsimulatedspectra. Both LorenzianandGaussianline

shapesareconsideredfor all simulationsin orderto achievebetterresults.
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From the temperaturedependenceof the relative intensity of the absorption signalthe mean

sizeof theparticlescanbecalculatedasdescribedby Mörke [Mör90] usingtherelation

I � T1 �
I � T2 � 	 coth D HvMsE T1

T1kB F � T1kB
HvMsE T1

coth D HvMsE T2
T2kB F � T2kB

HvMsE T2

� Ms� T1

Ms� T2

(3.5)

or usingthemoregeneralGriscomformalism[Gri81]

IT1

IT2

	 MS� T1

MS� T2

6 1 � e� x

1 � e� 
 2x � y� � e� y

1 � e� y
8 1
x
� x � y�@� 1 � e� 2x � � � 1 � e� 2 
 x � y� � e� y : 7 (3.6)

wherex 	 MS� T1
vH � � kBT1 � andy 	 gµBH � � kBT1 � , MS� T1

representthe saturationmagnetization

at temperatureT1, v is the volume of the particles,H the intensityof the magneticfield, andkB

is Boltzmann’s constant.I(T1) andI(T2) representthe derivative of the signalintensity taken at

temperaturesT1 andT2, respectively.
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materials

Theoxidematerialsusedin this work mustmeetseveral requirements.Servingassupportof the

metalnanoparticlecoatingthey should exhibit a dielectricfunctionthatcausesnot too muchred-

shift andbroadeningof thesurfaceplasmonresonances[Kre97a] sincethis will affect theoptical

propertiesof core-shellstructures.As building blocksfor thenanostructuredmaterialthey should

beavailablein form of non-coherentpowdergrainsof nearlysphericalshapeandequalsizewith

nanometerdimensions. Themetaldeposition appliedto form core-shell-likestructuresshouldlead

to a stableadhesionof metal nanoparticleson the oxide surface. To obtaina controlledmetal

particlecoatingwe studiedvarioustypesof oxide materialandexploredhow they aresuitedfor

this purpose.The appropriateconditions includealsoknowledgeon terminatingsurfacegroups.

Informationon thenumberof suchgroupsis obtainedby ThermoGravimetric Analysis (TGA ) as

describedbelow.

Fig. 4.1: Termination groupson the oxidesurfaces:
(a) to (c): isolated,geminal, vicinal hydroxylgroups,
(d) oxygenbridges,(e) freeatoms.

Underambientconditionsthe surfaceof the consideredoxide is generallycharacterizedby

four typesof terminationgroups: threedifferentconfigurationsof OH-groups(isolated,vicinal

andgeminal)andSM-O-SM bridges(SM = Si, Ti, Al, Fe), schematicallypresentedin fig. 4.1.

Studiesof thesetermination groupsshow thattheir concentrationis stronglydependenton a ther-

malpretreatment.Thedesorptionof waterby drying theoxidesurfaceatdifferenttemperaturesin

vacuumor in inert gasatmospherefollowsthereaction
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Thetemperaturedependenceof variousterminationgroupsat thesurfaceof amorphoussilica

asderivedfrom Zhuravlev’s model[Zhu00] is presentedin fig. 4.2. In this modelthenumberof

Fig. 4.2: Temperature depen-
dence of the concentration of
different OH-groups: total (1),
isolated (2), vicinal (3), gem-
inal (4), Si-O-Si bridges (5),
andSi atoms(6) [Zhu00].

OH-groupson thesurfaceis consideredasaconstant(Kiselev-Zhuravlev constantαOH = 4.6OH-

groups/nm2) for temperatureslowerthan200
�
C. Uponincreasingthetemperatureupto 400

�
C the

totalwatercontenton thesurfaceis consideredto bedesorbed.This modelcanbealsoappliedto

otheroxides.

However, usinginfraredspectroscopy Peri [Per60] could show that on γ-Al 2O3 watertraces

arepresentevenafterdrying thesampleat 1000
�
C. He concludedthatat about400

�
C all water

moleculesareremovedandonly hydroxyl groupsremainon thesurface.Usingthesamemethod

Knözinger[Knö78] foundthatat 100
�
C thesurfacecontains13.5OH-groups/nm2, decreasingto

9.5at200
�
C andto 5 at400

�
C. Gunter[Gun97] observedthatthenumberof OH-groupsdecreases

to half of thefully hydroxilatedvalueatabout650
�
C. StudiesabouttheOH-groupsonTiO2 in the

anatasephase[Vee89]alsoindicatea nonhomogenouspopulation of thesurfacedueto two types

of OH-groupswith basicandacidcharacter. Thedehydroxilationof TiO2 takesplaceat 500
�
C.

To getanestimateof thenumberof OH-groupsperweightunit of theoxidematerialsThermo-

Gravimetric Analysis(TGA ) togetherwith Differential ThermalAnalysis(DTA) usingan DTA-

TGA apparatuswasperformed. This techniquecomparesthe temperatureof the samplewith a

standardreference during a programmedchangeof temperature[Wes98a]. If the specificsur-

facearea(SSA) is known thenthecorrespondingamountpersurfaceareacanbecalculated.For

example,the numberof OH-groupson the surfaceof silicon dioxide canbe estimatedfrom the

Zhuravlev model[Zhu00] by therelation

nOH
	 αOH � SSA � mox � 1018 (4.1)

wheremox is theweightof theusedoxidein g, andSSAis givenin m2 � g.

Our DTA-TGA measurementsusedAl 2O3 asstandardreference.Thetemperature,measured

by Pt thermocuples,wasvariedfrom 40 to 1000
�
C at a rateof 10K/min. Themeasurementswere
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recordedin flowing air with a flow rateof about12 l/h. The numberof OH-groupsper gramof

oxideweredeterminedfrom theTGA measurementsby:

ng
OH

	 2 � ∆m � Mox � NA� 100 � ∆m� 2 � MH2O
(4.2)

where∆m is the relative weight loss,Mox andMH2O are the molar massof the oxide andwater

respectively, andNA
	 6 � 022 � 1023 mol � 1 is theAvogadronumber.

4.1 Mesoporous oxidematerials

Mesoporousoxide materialswereexaminatedbecausethey exhibit a high specificsurfacearea,

andaccordingly, a high numberof OH-groupson the surfaceavailablefor chemicalinteraction

with metalcomplexes or atoms. SiO2 andγ-Al2O3 producedby MERCK werechosenfor test-

ing a numberof transitionmetalsfrom variousprecursorcomplexes in depositionexperiments.

The specificsurfaceareais 250 m2/g for silica and190 m2/g for alumina. In fig. 4.3 electron

microscopy imagesof theseoxidesareshown. The silica consistsof very small grainsof non-

Fig. 4.3: TEMimages of mesoporousSiO2 (left) andγ-Al2O3 (right).

regularbut roughlysphericalshape,having a rathercoarsesurface.Thealuminaconsists of even

moreirregular, namelyneedle-likegrainsthatalsoexhibit a certaincrystallinity while thesilica is

completelyamorphous.Thethermogravimetricmeasurementof thisSiO2 is presentedin fig. 4.4.

Usingequation(4.2)weestimatedthatat70
�
C thesamplecontains22.7OH-groups/nm2 while at

200
�
C it containsonly 7.8OH-groups/nm2.

Themesoporous oxidematerialswerepretreatedby LiAlH 4 to modify their surfaces[Dre98,

Mör96] andto replaceterminatingOH-groupsby alumium-hydrogensurfacecomplexes[Rud81].

The termination groupsof the mesoporoussilica, hydride-modified this way, are schematically

shown below.
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Thepreparationprocedureof hydridemodificationwasasfollows: themesoporoussilica was

treatedin vacuumat200
�
C for 2 hoursandthandispersedin THF. A solutionof saturatedLiAlH 4

in THF wasaddedandsoaked until the hydrogenformationwasfinished. The modified sample

waswashedwith THF anddriedat varioustemperatures.Not all OH-groupsareeliminated(see

complex (d) in theschemeabove)by thispretreatment.As theDTA-TGA measurementsshow, on

thesilicamodifiedat200
�
C only 3.3OH-groups/nm2 remain.Comparingthisvaluewith thevalue

of untreatedsilica we canconcludethatthemodifiedsilica hasabout40%lessOH-groupson the

surface.Despiteof thenon-regularshapeandtheroughsurfaceof themesoporousoxides,which

complicatesimagingof very small particles,they arewell suitedfor studying particleformation

becauseof their high contentof surfacegroups,which mayserve asactive sitesin the formation

andadhesionof metalparticles.

Fig. 4.4: Temperature depen-
dence of the weight loss of
mesoporousSiO2 .
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4.2 Polydisperseoxideparticles of spherical shape

In asecondapproachweexploredpolydisperseparticlesof variousoxideshaving nearlyspherical

shape.Suchoxide nanospheresarecommerciallyavailablein the form of powders. We studied

powderswith parameterssummarizedin Table4.1. Due to themostly appliedpyrolysis routeof

synthesis of theseoxidesthey exhibit distinctly smallerspecificsurfaceareaparametersthanthe

mesoporousones. From electronmicroscopy imaging(seefig. 4.5) onemay recognizethat the

oxidenanospheresexhibit a rathersmoothsurface.

Table 4.1: Characteristics of polydisperseoxidespheresfromdifferentproviders

Oxide Provider SpecificSurface Density Meansize
Area[m2/g] [g/cm3] [nm]

SiO2 NANOTEK 70 2.6 33
γ-Al2O3 ALPHA AESAR 44 3.96 34
γ-Al2O3 NANOTEK 44 3.6 38
α-Fe2O3 NANOTEK 43 5.2 27

TiO2 ALPHA AESAR 45 4.26 31
TiO2 CERAC 45 4.2 32

TEM analysisof thesematerialsresultsin meanvaluespartially differing from the product

specification.In addition, a broadenedsizedistribution wasnoticedfor mostof them. Themea-

suredmeansizeandstandarddeviationaresummarizedin Table4.2.

Table 4.2: Meansizeandstandard deviation measuredfromTEMimages

Oxide Provider Meansize[nm] St.dev. [nm]
SiO2 NANOTEK 40.2 33.7

γ-Al2O3 ALPHA AESAR 23.1 19.4
γ-Al2O3 NANOTEK 27.1 18.8
α-Fe2O3 NANOTEK 22.4 18.1

TiO2 ALPHA AESAR 24 12
TiO2 CERAC 44.4 24.5

To give someexamples,fig. 4.5 show characteristicTEM imagesand the sizedistributionsof

NANOTEK SiO2 (upper)andFe2O3 (lower)nanospheres.

Fromfig. 4.5 thedifferencebetweenamorphousoxidenanosphereslike silica andcrystalline

oneslike iron oxide may be recognized.While the imagecontrastof the silica nanospheresis

determinedby thesphereradiusandsuperposition of severalspheres,additionalcontrastfeatures

of iron oxidenanospheresresultfrom variousorientationsof thecrystallatticewith respectto the

electronbeam,andfrom thepresenceof crystallatticedefects.Thecrystallinematerialshavebeen

examinedalsoby electrondiffraction in orderto determinethe lattice type. As an example,the

TiO2 nanospheresof CERAC exhibit two phasesof titania: anataseandrutile. The intensityof

the measureddiffraction rings andthe tabulated[Edi91] ring positions with the crystallographic
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Fig. 4.5: TEM image and sizedistribution of silicon dioxide (upper) and iron oxide (lower) producedby
NANOTEK.

indicesindicatedareshown in fig. 4.6. Fromthisanalysiswemaystatethatbothphasesof titania

arepresentin thematerial.

The α-Fe2O3 , γ-Al2O3 , and other TiO2 materialslisted in Table 4.1 were also studiedby

electronmicroscopy. Thesecrystalline oxide nanospheresexhibit varioustypesof planarlattice

defectslike twin boundarieswhich maycauseline defectslike grooveswherethey emergeto the

surface.To a certainextentalsodeviationsfrom thesphericalshapeby thepresenceof crystalline

facetsareobserved.Suchsurfacedefectsmayplaya role in theaccommodation of metalparticles

formedby depositionfrom appropriateprecursors.Thepyrolysistechniqueusedin thefabrication

of themostcommercialoxidenanospheres,isperformedatveryhightemperatures(above1000
�
C)

andthis is alsoreflectedin theresultsof theDTA-TGA measurements.At suchhigh temperatures

no OH-groupscanremainon the surface. Our measurementsshow a very low numberof OH-

groups(lessthen0.5 OH-group/nm2) for thesematerials. This result is dueto the fact that the

sampleshavebeenstoredundernormalatmosphereconditions.
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Fig. 4.6: Intensity of
the diffraction rings
and tabulated ring
position for anatase
(black lines) and ru-
tile (red lines) with
crystallographic in-
dicesindicated.

Theuseof purchasable,polydisperseoxidenanospheresin studiesof metalnanoparticlecoat-

ing hastheadvantagethatdifferentoxidesof variousorigins,mostlyavailablein polydisperseform

only, maybecompared.However, theverysmallsizefractionof thesematerialstendsto form ag-

glomeratesandoccasionallythey decoratethelargerspheresin sucha way thatthesmalleroxide

particlesmaybeconfusedwith metalparticles.Moreover is theopticalanalysismoredifficult due

to thepolydispersityof theseoxides.

4.3 Monodispersesilica nanospheres

A morethoroughstudyof new materialswith potential application assensorsor opticaldevices

governedby novel physical propertiesrequiresmonodispersenanospheres.Only this configura-

tion allows to combinein a definedmannerthepropertiesof both,theoxidenanospheresandthe

metalnanoparticlecoating.We exploredthecharacteristicsof two differentclassesof suchoxide

materials.Thefirst oneconcernssilicananospheresin theform of powder. A few havebeencom-

merciallyavailablelikeMonospherTM 100with ameansized̄ 	 94� 5 C 11� 4nmandMonospherTM

250with d̄ 	 215 C 30 � 5 nm producedby MERCK KgaA. A TEM imageandthesizedistribution

of the250nm sampleareshown in theupperpartof fig. 4.7. This samplecontainsalsoa small

amountof nanosphereswith ameansizeof 95.5 C 7.8nm(onemaybeseenin thefigure).

Table 4.3: Monodispersesilica nanospheresin liquid solution

Name Producer Meansize[nm] St.dev. [nm]
Levasil 100 BAYER 33.5 3.7
Levasil200 BAYER 22.7 8.9

LudoxTM 40 DU PONT 28.6 4.0
MA-ST-M NISSAN 29.5 6.8
Snowtex 50 NISSAN 33.0 5.3

For moreflexibil ity with respectto thesizewe usedmonodispersesilica nanospheressynthe-

sizedby theStöberroute[Stö68,Gie00b,Gie94a, Gie94b]. This preparationmethodandcontrol
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Fig. 4.7: TEM image (left) and sizedistribution (right) of MonospherTM 250 (top) and Stöber silica (bot-
tom).

of thenanospheresizewill bedescribedbelow. As anexample,the lower partof fig. 4.7 shows

TEM imageandsizedistribution of a 450nm sample.Frombothimagesonemayrecognizethat

thesenanospheresexhibit a rathersmooth surface.

A secondclassof monodispersenanospheresarecolloid-dispersesolutionsof oxideslikesilica

or alumina.Westudiedsomecommercialsilicamaterialswhicharesumarizedin Table4.3.These

oxidenanospheresusuallyexhibit a rathersmallsizeandtheir surfaceis not assmoothasthatof

theonesin powderform. With theexceptionof MA-ST-M which is a suspension in methanol,all

othermaterialsusedarein aqueoussolution.

4.3.1 Preparationof monodispersesilicananospheresusingtheStöbermethod

More flexibility thanwith commercialmaterialsis achieved with laboratory-madenanospheres

whichwerereceivedin theframeof a joint projectfrom Dr. W. Mörke (Merseburg).
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Thepreparationof Stöbermonodispersesilica[Stö68]usestetraethoxysilane,(TEOS= Si(OC2H5)4)

asstartingmaterialandethanolassolvent. Thereactiontakesplacein thepresenceof waterand

ammonia is usedascatalyststo initiatehydrolysis andcondensation.

The sizeof the silica nanospherescanbe very well controlledby the molar concentrationof

TEOS,waterandammoniaandthemeansizecanbecalculatedusingtheBogush[Bog99]relation:

d 	 A �H2O� 2exp � � B �H2O� 1! 2 � (4.3)

wherethe squareparenthesesrepresentthe molar concentrationin mol/dm3 andthe constantsA

andB aredefinedas:

A 	 � TEOS� 1! 2 � 82 � 151�NH3 � � 1200�NH3 � 2 � 366�NH3 � 3 �
B 	 1 � 05 � 0 � 523 �NH3 � � 0 � 128�NH3 � 2

Fig. 4.8givesa three-dimensionalrepresentationof thedependenceof themeansizeof thesilica

nanospheresasa functionof thewatercontentandNH3 concentrationusedfor thepreparation.

Fig. 4.8: Calculated mean size of sil-
ica nanospheresas a function of the wa-
ter and ammoniamolar concentration in
mol/dm3.

A typical preparationis carriedout asfollows: 13.5ml NH3 (32%)wasmixedwith absolute

ethanolin a 100 ml flask. A second100 ml flask was filled with 8.32 g TEOS and absolute

ethanol.Thefirst solutionwasstirredat 1000min � 1 in a500ml flaskaddingthesecondsolution.

Themixturewasstirredfor 15seconds,andaftertwo hourswaitingthesolutionwascentrifugated.

Thesamplewasdriedthenat 100
�
C for threehours.TEM analysisof this materialgivesa mean

sizeof aboutd̄ 	 163 C 40nm. Furtherdryingof thesamplefor threehoursat50
�
C decreasesthe

meansizeto d̄ 	 133 C 12 nm. Overnightdrying of thesampleat 100
�
C furtherreducesthesize

to d̄ 	 105 C 26 nm andsimultaneouslybroadensthe sizedistribution. Addition of waterto the

mixture increasesthe meansize,in particularfor high NH3 content. An exampleof laboratory-

madeStöbersilica is given in fig. 4.7 togetherwith correspondingsizedistribution. As maybe
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Fig. 4.9: Temperature depen-
dence of the weight loss of
silica nanospheres of MERCK

(black), andafter Stöber (red).
Thegreencurve is measuredat
theStöber sampleuponfurther
drying at 50G C for 3 hours.

seenfrom fig. 4.8, this methodallows to vary thenanospheresizein a ratherbroadrange.Below

about30nmdiameter, however, certaindeviationsfrom thesphericalshapeoccur.

Varioussilica nanosphereswerepreparedaccordingto the Stöbermethodwith a meansize

rangingfrom 133to 300nmdependingontheamountof waterandtheconcentrationof ammonia.

To characterizethecontentof surfacegroupslikeOH weperformedTDA-TGA measurements

of theMonospherTM 250(blackline) andtheStöbermaterial(redline) aspresentedin fig. 4.9. In

thesamefigurealsothemeasurementof theStöbersampleuponfurtherdrying at 50
�
C is shown

(greencurve). Fromthis it maybeseenthatthenumberof OH-groupson theStöbernanospheres

is higherthanon theanalogcommercialmaterials.Drying for longertimesreducesalsothewater

contentof thesample.

With respectto the intendedapplication of oxide nanosphereswith metalnanoparticlecoat-

ing, the commercialmonodispersesilica materialsare well suited becauseof their narrow size

distribution. Fromtheviewpoint of effectivity of thecoatingprocedure,however, theStöberma-

terials are more promising becauseof their very high contentof surfaceOH-groups(17 to 20

OH-groups/nm2).
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surfaces

5.1 Routes to metal nanoparticle coating of non-planar

oxidesurfaces

While onplanarsubstratesanumberof vacuum-baseddeposition methodsmaybeutilized,includ-

ing physicalandchemicalvapourdeposition, laserablationandclusterbeamdeposition, andalso

spin-coatingtechniquesareemployed,thesituationis differentwith non-planarsubstratesbecause

of theirpeculiargeometry. This requiresaccessof thedepositspeciesnotonly from one,but from

all directionswhichmaybeachievedin a gasstreamor in solution. For practicalreasonssolution

methodsaremostly preferred. Thenonemay choosebetweenmethodsutilizing the deposition

of nanoparticlesfrom a colloidal routeof synthesis or methodsof particleformationdirectly on

thesurfaceby appropriateprocesses.The first pathincludeselectrostaticdeposition of colloidal

particlesby meansof adhesiveslike polyelectrolytescovering the oxide surface[Gie97, Rog00]

and ligand-mediatedimmobilisation of metal colloids on functionalized oxide surfaces[Old98,

Wes98b]. The secondpath includescontrolled chemicalreduction,photochemical or radiation-

chemical,photocatalytic and sonochemical reduction[Yon91, Kou82, Oki96]. The controlled

reductionof precursormoleculeson the oxide surface[Mör94, Dre98,Dok99, Gom00, Zou93]

hastwo mainadvantages:(i) avoid uncontrolledsurfacechemicalinteractionof the metalparti-

cleswith functionalizing agentswhich may seriouslyinfluencethe surfaceplasmonresonances

[Tem00, Hod00]; (ii) enablecontrol of the precursordecomposition kinetics and thereforethe

particlesizeat moderatetemperatureconditions[Mic00, May00]. By varyingthecoatingcondi-

tions(pH, concentration,temperatureanddurationof exposureof themetalcomplex solution) the

coverageof theoxidenanospheresandsizeof metalnanoparticlesmaybecontrolled[Dok99].

Theaim of achieving metalparticlecoatingson oxidenanosphereswasapproachedin several

steps. First, depositionof a numberof transition metalson hydride-modified non-planaroxide

materialshasbeenstudiedto advanceunderstanding of the structuraland functionalcharacter-

istics of the oxide surface[Bra00, Fuj00, Kha00, Kos00, Rim00,Sch00,Wel00] in dependence

of pretreatment,modificationand metal loading. This is more or lessthe basisof the follow-

ing stepsand it will be presentedin sections5.2 and5.3 of this chapter. Second,metal depo-

sition from organometallicprecursorsof the type [Li(THF) 2]2 � [MR4] on oxide surfacesof well
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definedhydroxyl concentrationwasappliedto polydisperseoxide nanospheres.This studyhas

beencarriedout for two reasons:(i) to control the decomposition undermoderateconditionsof

the precursormoleculesandthereforethe sizeof the particles,(ii) to limit the surfacecontam-

ination [Ver99, Vid99]. Sincethesewerethe first attempts to achieve core-shellstructuresthey

will be presentedin Chapter6.2. Third, depositionof silver andgold on monodisperseStöber

silicananospheresby incipientwetnessimpregnationusingwatersolublemetalcomplexes. These

nanoparticlecoatingexperimentsyieldedreasonablydensecoveragesresultingfrom one-andtwo-

stepprenucleationprocedures.They will bepresentedin Chapters6.3and6.4.

5.2 Formation of metal particles on

hydri de-modifiedoxide

In an extensive studyaimedat improving the knowledgeon particle formationunderrelatively

low temperatureconditions on non-planaroxide surfacesnot only varioustypesof metals,like

superparamagnetic,groupIB andgroupVIIIB metals,but also two generictypesof metalpre-

cursorswereexplored. The synthesiswereperformedby Prof. H. Drevs andMrs. K. Lehrack

(Merseburg).

The first precursorof type MXn � nLig containsmetal complexes with anions"X" like Cl �
or Br � andassociatedligands "Lig" like tetrahydrofuran (THF) H C4H8O I or tetrahydrothiophen

(THT) H C4H8SI . Thesecondprecursorof typeMX n containsmetalcomplexes with anionsX like

acetylacetonate(acac) H � �=� CH3 � 2HC3O2 � I , mesityl (mes) H � �=� CH3 � 3C6H2 � I or triphenylphos-

phine (PPh3) H � �=� C6H5 � 3P� I . The metalcomplexes obtainedfrom MERCK andCHEMPUR are

usedwithoutfurtherpurification.Theoxidematerials,silicaandaluminafrom MERCK, weresub-

jectedto a dehydroxylation treatmentasdescribedin Chapter4.1 resultingin about0.8 hydride

ionsperaluminium atom,asestimatedby reactionwith hydrochloric acid. Therelationbetween

hydrideionsandthemetalcontentaftermetalloadinganddecomposition of themetalprecursors

wasabout5:1.

Fig. 5.1: Schematic representation of themetaldeposition procedure: (left) suspensionof hydride-modified
oxidein THFwith themetalcomplexadded; (center) fixationof themetalcomplexindicatedbydiscoloration
of thesolution; (right) formation of metalparticlesupondrying at elevatedtemperatures.

The metaldeposition procedureinvolvesseveral stepsaspresentedschematicallyin fig. 5.1.

At first, a suspension of the hydride-modifiedoxide (typically 5 g) in THF is preparedwith the
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metalprecursoraddedin requiredquantity, seefig. 5.1(left). Thenthesolution is shakenuntil it

becomescolorless,which indicatesthat the metalcomplex is fixed at the oxide surface,seefig.

5.1(center).After beingfiltered, the sampleis washedin THF anddried in vacuumat elevated

temperatures.

As a result the metal precursorsare reducedto metal atomswhich may aggregateto form

nanoparticles.Thisstep,includingnucleationandgrowth processes,is schematicallypresentedin

fig. 5.1(right).

Theformationof metalatomsby precursordecomposition followsthereaction:

n
� ' Al � H  � MXn � nLig �BJ n

� ' Al � X  � M0 � nLig � n
2

H2 KML
The dried samplesaresealedoff in quartztubesundervacuum(about10 mbar) for further

investigations. For mostof the metalcomplexesheatingto 100 or 300
�
C for 1 h wassufficient

to inducemetal particle formation. An exceptionwas the Ir complex that requiredheatingto

400
�
C sinceat lower temperaturesnounambiguousmetalparticleformationwasobtained.

5.3 Characterization of metal particles on

hydride-modified oxide

5.3.1 Particles of ferr omagnetic metals

Nanoparticlesof superparamagneticmetalsareexpectedto exhibit unusualpropertieswhenthey

arearrangedin a regularmannerlike in ferrofluids. Eventhoughthereis alreadysomeliterature

availableaboutstudieson planararraysof suchparticles[Joh99, Gie00a],nothingis known on

theirpropertieswhenthey adoptarrangementsof sphericalgeometryor evencore-shellstructures.

Although it is beyond the scopeof this work to follow this issuein detail, we performedsome

experimentswith Ni, Co andFeto studyin a first attemptstructuralcharacteristicsandmagnetic

resonanceof suchmaterials.

Themeansizeandstandarddeviationof superparamagneticmetalparticlespreparedfrom var-

iousprecursorsupondrying at 100and300
�
C arecompiled in Table5.1. Fig. 5.2 shows a char-

acteristicimageof Ni particlesonhydride-modifiedsilicaupondryingat 300
�
C togetherwith the

correspondingsizedistribution from which themeanparticlesizeis determined.

Table 5.1: Meansizeof superparamagnetic metalparticlesby TEM

Precursor 100G C 300G C
Meansize[nm] Stand. dev. [nm] Meansize[nm] Stand. dev. [nm]

Ni(acac)2 2.2 0.4 2.5 0.2
CoBr2 N 2THT 2.3 0.6 2.4 0.7

Co(acac)2 2.4 0.4 2.6 0.5
FeBr2 N 2THT 3.3 0.7 2.3 0.5
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Theshapeof thesizedistribution is fitted(blackcurve)by aLog-Normalfunction[Kis99]. As one

mayrecognizefrom Table5.1,Ni nanoparticlesdo not show a distinct sizeincreaseif thedrying

temperatureis enhancedfrom 100to 300
�
C. Thecoverageof thesilicasurface,roughlyestimated

by assuminga thin film of a thicknessequalto themeanoxidegrainsize,slightly increasesfrom

15 to 19%. If, however, themetalloadingis increasedfrom 1 to 3% by enhancingtheamountof

Fig. 5.2: TEMimage andsizedistribution of Ni nanoparticleson SiO2 dried at 300G C.

metalprecursoraddedto thesilica suspension, we obtainparticlesof 3 � 0 C 0 � 5 nm and3 � 2 C 0 � 5
nmmeansizeaswell as18and22%coveragefor dryingat100and300

�
C, respectively. It maybe

noticedthatin all casesauniformcoverageof thesilicasurfaceby metalparticleswasachieved.

The collective magneticpropertiesof superparamagneticnanoparticlesare characterizedby

theirFMR spectraaswell asby thetemperaturedependenceof thecorrespondingparameterslike

therelativeexperimental intensity. Theroomtemperatureferromagneticresonanceof Ni particles

Fig. 5.3: Magnetic resonance
spectra of Ni nanoparticles on
silica dried at 300G C: experi-
mental (black) and calculated
curve (red).

preparedat 300
�
C is shown in fig. 5.3 (black curve) togetherwith a calculatedspectrum(red

curve). Theexperimental spectrumexhibits a mainresonanceat H 	 315mT (g = 2.18). For the
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calculation,accordingto themodelof Suran[Sur73]describedin Chapter2.2,aLorentzline shape

wasusedfittedwith ∆Hpp
	 19� 2mTandtheanisotropy coefficientsKa

	 � 0 � 0095;K1
	 0 � 0494;

K2
	 � 0 � 0381.Differencesbetweencalculatedandmeasuredspectramainlyresultfrom thefinite

width of thesizedistributionof theNi particlespresent,whereasthecalculationconsidersonly one

fixedparticlesize. To allow to determinetheparticlesizefrom the ferromagneticresonance,the

spectraweremeasuredat varioustemperaturesin therangeof � 150to 150
�
C. A broadeningof

thelinewidthaswell asanincreaseof theintensity with decreasingtemperatureis observedwhich

demonstratestheCurie-like behaviour of theseparticles.Simultaneously, a shift of theresonance

position (g-factor)rangingfrom 0.01to 0.2occurs.For thesizedetermination a modeldeveloped

by Mörke [Mör90] was usedand from the spectrarecordedat � 125 and 100
�
C accordingto

equation(3.5)a particlesizeof 2 nm wasobtained.This agreesfairly well with themeanparticle

sizederived from TEM measurements.Thereis a small signal in the measuredspectrumat H� 335mT (g = 1.99)thatmayresultfrom Ni
�

ionsremainingfrom metalcomplexes not reduced

by aluminiumhydridesurfacegroups.

Fig. 5.4: Magnetic resonance
spectra of Co nanoparticleson
silica dried at 100G C: (a) ex-
perimental, (b) and (c) calcu-
lated curves using the Suran
model; (d) difference spec-
trum: a-(b+c).

The morecomplicatedspectrumof Co nanoparticles,shown by curve (a) in fig. 5.4 for the

100
�
C samplepreparedfrom Co(acac)2, maybeexplainedby assumingof severalcontributions.

Model calculationsare utilised to disclosetheir hiddennature. Curves (b) and (c) in fig. 5.4

correspondto the spectracalculatedfor Co nanoparticlesof differentsizehaving facecentered

cubic (fcc) crystal lattice andcollective magneticbehaviour. Curve (b) representsa signalwith

large crystallineanisotropy correspondingto a relatively large particle size [Bia78] and curve

(c), characterizedby weak anisotropy, correspondsto rathersmall particles. As shown in fig.

5.5, therelative intensity of both, themeasuredandthecalculatedspectra(dashedline andfilled

squares),exhibit amorerapiddecreasewith increasingtemperaturethantheonecorrespondingto

Curie-like behaviour (solid line). This is characteristicfor verysmallsuperparamagneticparticles

[Châ85,Köh98]. From the calculatedthermomagnetic dataof curve (c) a particlesizeof 1 nm

wasderivedwhich is beyondthe limit of theelectronmicroscopy visualizationcapabilityof this

typeof specimens.A particlesizeof 1 � 9 nm,however, wasderivedfrom temperaturedependence
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(dashedline in fig. 5.5) usingequation(2.7) which is nearerto the 2.4 nm measuredby TEM.

Numericalsubtractionof curve (b) pluscurve (c) from theexperimentalspectrum(a) in fig. 5.4

yieldscurve(d). Thisdifferencespectrumreveals,besidesasignalatH � 153mT (g 	 4 � 3) dueto

ferrousimpurities,asmallisotropic signalatH � 315mT (g 	 2 � 18)dueto verysmallCoclusters

[Lov71], superimposed by a low spinsignalof Co2
�

, recognizablefrom the hyperfinestructure.

Analogousto the caseof Ni, the latter signalmay resultfrom cobalt ions remainingfrom metal

complexes not reducedby aluminium hydridesurfacegroups.

Fig. 5.5: Temperature depen-
dence of the relative inten-
sity of the Co sample prepared
at 100G C : measured (filled
square) and calculated values
(dashed line). Curie-like be-
haviour is shown by the solid
line.

TEM analysisof thesamplespreparedfrom Co(acac)2 shows only aslight increaseof particle

sizeandcoverage(14to 15%)uponincreasingthedryingtemperaturefrom 100to 300
�
C. A quite

similar behaviour is found for Co particlesoriginating from CoBr2 � 2THT precursors,but these

samplesshow smallermeanparticlesize,broadersizedistributionandlowercoverage.With both

typesof Co nanoparticlesamplesanuniform coverageof thesilica surfacewasachievedat both

drying temperatures.

Thestructuralcharacterizationof Fenanoparticlespreparedby decompositionof FeBr2 � 2THT

on hydride-modifiedsilica bearssomecomplications becauseof thegreattendency of this metal

to oxidise.Evenat roomtemperature,iron particlesmayreactwith atmosphericoxygenandwater

to form iron oxide layerson the particlesurface. The oxide shell mainly consistsof Fe3O4 and

of someα-Fe2O3 [Zha96,Hof01]. Extentandcomposition of theiron oxidelayersensitively de-

pendson theambientconditions. Carefulpassivation proceduresmayprotectsuchparticlesfrom

afurtheroxidation [Hof01]. Whenmeasuringandcomparingparticlesizesonemustconsiderthat

Feoxidationproceedsby consumption of iron metalin thecorewhich diffusesoutwardsto form

surfaceoxide [Set94]. Becauseof the lower densityof the oxide, the particlesizeincreasesdis-

tinctly uponthis process.To explain theelectronmicroscopy resultof 3 � 3 nm meanparticlesize

of the 100
�
C Fe samplein comparisonto 2 � 3 nm of the 300

�
C sample,without any changein

coverage(about12%)of thesubstratesurface,we mustassumedifferentresistanceto oxidation.

Mostprobably, dryingin vacuumis moreeffectivefor passivationat300
�
C thanat100

�
C. There-
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fore, the100
�
C Fesampleis subjectedto moreoxidation-inducedparticlesizeincreasethanthe

300
�
C sample.

Fig. 5.6: Magnetic resonance
of Fe nanoparticles on silica
dried at 300G C: experimental
(black) and calculated curve
(red).

Bothsamplesexhibit asignalatH � 161mT(g 	 4 � 14)attributedtoFe3
�

paramagneticspecies

in themagneticresonancespectrawhich indicatesthepresenceof iron oxide. Fig. 5.6shows the

spectrumof the 300
�
C sampletogetherwith a spectrumcalculatedaccordingto the Schlömann

modelfor weakanisotropy wherethebestfit wasobtainedfor Ka
	 � 0 � 0016andaLorentzianline

shapewith ∆Hpp
	 10� 5 mT. Fromthetemperaturedependenceof therelative intensity, a sizeof

1 � 9 nmwasderivedwhichgivesa measureof themetalcoreonly.

5.3.2 Metal particles of the VIII B group

In additionto the superparamagneticmetalparticleswe alsostudieda numberof groupVIII B

metalnanoparticleswithout collectivemagneticbehaviour whichareexpectedto exhibit quantum

sizeeffectsbelow acertainsize,which is very interesting from acatalyticpointof view.

Table 5.2: Structural characteristics of group VIII B metalparticlesby TEMupon aging at 100G C
Precursor Concen. Meansize Stand. dev. Dispersion Coverage

[%] [nm] [nm] [%]
IrCl3 N 3THT 1 1.3 0.3 0.764 15

Ir(acac)3 1 1.7 0.4 0.626 16
PdCl2 N 2THT 2 2.7 0.9 0.449 22

Pd(acac)2 1 2.1 0.4 0.520 12
PtCl2 N 2THT 2 2.3 0.7 0.512 14

Pt(acac)2 1 1.4 0.3 0.686 11
RhCl3 N 3THT 2 2.3 0.5 0.516 32

Rh(acac)3 1 2.5 0.5 0.473 15
RuCl3 N 3THT 1 2.7 0.6 0.345 11

Ru(acac)3 1 1.9 0.6 0.451 14
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This should give riseto conductionelectronspinresonance(CESR)thatmaybeprobedby mag-

neticresonancemeasurements.Fromthevariousmetalsof this group,Ru,Rh,Pd,Ir andPt were

exploredby utilizing both typesof precursors,but hereonly resultsof the threemetalsformed

from M(acac)n precursorsarepresented.They areincludedin Table5.2comprising thestructural

characteristicsof theobtainednanoparticles.

Fig. 5.7: TEMimage andsizedistribution of Rhnanoparticleson silica dried at 100G C.

Fig. 5.7 shows a characteristicimageof Rh particleson hydride-modifiedsilica upondrying

at 100
�
C togetherwith the rathernarrow sizedistribution accompaniedby a Log-Normalfitting

curve. In general,theparticlesareuniformly arrangedon theoxidesurfaceandhavenearlyspher-

ical shape.FromTable5.2,onemayrecognizethattheRhparticlesizedoesnotdistinctly increase

if thedrying temperatureis enhancedfrom 100to 300
�
C, andalsothecoverageof thesilica sur-

faceis only slightly raised. However, by increasingthe metal loadingappliedduring synthesis,

usuallyaconsiderableenhancementof thecoverageis achieved.In thiscontext it mustbenoticed

that in thecourseof electronmicroscopy examinationoccasionallymetalparticlesarefoundnot

situatedontheoxidesurface,but onthesupportingcarbonfilm. Thispointsto acertainlossof par-

ticleswhich, mostprobably, areremovedfrom theoxidesubstratebecauseof ultrasonicagitation

in solutionusuallyappliedfor TEM preparation.

Magneticresonancespectraof Rh nanoparticleson silica aresubjectto considerablechanges

with thetime elapsedafterpreparation.This behaviour pointsto thepresenceof diffusiveor even

reactive species.Immediatelyafter preparationthe spectrumof the Rh sampledried at 100
�
C,

shown in fig. 5.8 asblack curve, exhibits a main signalat H � 295 mT, (g 	 2 � 28) marked S1.

This maybeattributedto Rh0 in peculiarcoordination, namelya [Rh0(acac)3 �3 ] complex, sinceat

100
�
C, i.e. below its decomposition temperature,Rh(acac)3 is verystableagainstligandexchange

[Dwy53]. Thus, thereis a high probability to reduceRh3
�

without disturbing the coordination

sphereof the complex. The transferof the requiredthreeelectronsper rhodiumatomresultsin

[Rh0(acac)3 �3 ]. However, thesespeciesarenot stable,but after onemonthaging(seered curve

in fig. 5.8) the correspondingsignal hasbeenlargely replacedby two separatesignals. Both
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Fig. 5.8: Magnetic resonance
of Rh nanoparticles on silica
dried at 100G C: immediatelyaf-
ter preparation (black), and af-
ter 1 monthaging (red).

areassumedto beCESRsignalsof Rh particlesof differentsize.Theone,markedS2,is foundat

H � 280mT(g 	 2 � 42)andtheother, markedS3,atH � 328mT(g 	 2 � 0). Accordingto thesecond

Kawabatacondition (2.17),asdescribedin Chapter2, themaximum sizeof Rh particlesenabling

observablequantumsizeeffect amountsto 5 nm whentaking the g-shift as0.24, i.e. the value

of Pd,becausetheRh valueis not available in the literature. Comparingthis sizeto theelectron

microscopy results,onemay estimateroughly that abouttwo third of the particlesobserved by

TEM shouldcontributeto CESRsignals.Sizecalculationsusingequation(2.19)dependingonthe

signallinewidth resultin 0 � 65nmfor theS3speciesand0 � 8 nmfor theS2species.Thefirst value

definitely is beyond the limits of electronmicroscopy appliedto suchspecimens.The deviation

of the secondcalculatedvaluefrom TEM resultsis mainly causedby thesizedistribution of Rh

particlespresentin thesample,whereasthecalculationconsidersonly onefixedparticlesize.The

electronmicroscopy investigation of thesesampleshave beenperformedat leastseveral weeks

afterpreparation.Thereforenoevolutionof theparticlesizewasrecordedby thismethod.

Fig. 5.9: TEMimage andsizedistribution of Pd nanoparticleson silica dried at 300G C.
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Metaldeposition onhydride-modifiedsilicaby applicationof aPd(acac)2 precursoralsoyields

a considerablecoverageof nanoparticlesof rathernarrow sizedistribution andvery uniform ar-

rangement.A characteristicimageof thePd300
�
C sample(1% metalloading)togetherwith the

correspondingsizedistribution is shown in fig. 5.9. Therewasno changeof the particle size

observed whenincreasingthe drying temperaturefrom 100 to 300
�
C. With 2% metal loading,

however, thereis not only a nearlytwice ashighcoverageachieved,but alsoa distinctincreasein

particlesizeuponenhancingthedrying temperature.Theuppersizelimit of Pdnanoparticlesthat

mayexhibit quantumsizeeffect is, accordingto thesecondKawabatacondition(2.17),calculated

to be8 � 5 nm. Thecalculatedspinrelaxationtime andCESRsignallinewidth of particlesabout2

nmin sizegive1 � 2 � 10� 14 secand19� 2 mT, respectively.

Fig. 5.10shows a characteristicimageof Pt particlesresultingfrom Pt(acac)2 precursorson

hydride-modified silica upondrying at 300
�
C togetherwith thenarrow sizedistribution peaking

at the meansize of 2 � 3 nm. This extremely small particle size doesnot changeif insteadof

100
�
C a drying temperatureof 300

�
C is applied.Nevertheless,thecoverageof thesilica surface

by Pt nanoparticlesincreasesconsiderablythereupon.Fromtheseresultsonemayconcludethat,

undertheconditionsapplied,metalparticleformationproceedsathighnucleationrate,but limited

growth rate.This is aprerequisitefor astableparticledispersion.

Fig. 5.10: TEMimage andsizedistribution of Pt nanoparticleson silica dried at 300G C.

UsingthesecondKawabatacondition(2.17)to calculatetheuppersizelimit of Ptnanoparticles

that exhibit quantumsizeeffect yields 6 � 7 nm. Here, the CESRsignal linewidth of particlesof

about2 nmsizeiscalculatedto be30mT. With theexperimentalsetupusedfor magneticresonance

measurementsit is difficult to obtainreasonablespectraof suchsamplesif theg-shift is too large.

Thuswe resortto themeasurementsat low temperatures.Thespectrumof the300
�
C Pt sample

recordedat � 125
�
C is shown in fig. 5.11 (black line) togetherwith calculatedspectrawhich

may demonstratehow the experimentalspectrumis composedof several constituents. The first

one is an intenseCESRsignalat H � 292 mT, i.e. g 	 2 � 28, (red curve) with ∆Hpp
	 30mT

calculatedfor Pt particlesof about2 nm size. The secondoneis a CESRsignalat H � 306 mT
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Fig. 5.11: Magnetic resonance
of Pt nanoparticles on silica
dried at 100G C: measured
(black), calculated for 2 nm
particles (red); 3 nm particles
(green); E’ centres (blue), and
sumof calculations(magenta).

(g 	 2 � 2), (greencurve) with ∆Hpp
	 70 mT calculatedfor Pt particlesof about3 nm size. The

third signalat H � 330 mT (g 	 2 � 0) (blue curve) is calculatedasparamagneticresonanceof E’

centres( ( Si' ) [Gri84] dueto redoxprocessesat the silica surface. Superposition of thesethree

curve resultsin thesumspectrumdrawn in magentacolor which, besidesthenoise,agreesfairly

well with theexperimental spectrum.CESRsignalsalsohave beenreportedby Gordon[Gor77]

for Pt/SiO2 particlesof 2 � 2nmmeansizewith g 	 2 � 002and∆Hpp
	 20mT, andbyKatzer[Kat79]

for Pt particleson silicawith g 	 2 � 222and∆Hpp
	 70mT. Althoughtheresultsmaynot readily

be comparedto eachotherbecauseof differencesin measuringtemperatureandfrequency, they

nonethelesssupportthepresentedinterpretation.

5.3.3 Particles of group I B metals

Thedepositionof groupI B metalnanoparticleson oxidesurfacesis of particularinterestin the

frameof thiswork becauseof their strongsurfaceplasmonresonanceeffect in therangeof visible

light. Evennanoparticlesof simply sphericalshapeof thesemetalsarereadilyaccessibleto optical

applications, e.g.,by embeddingin glassor othertransparentmedia.In thecurrentwork deposition

of thesemetalsonhydride-modifiedsilicaandaluminawasstudied.For thesakeof comparability

we restricthereon theresultsobtainedwith silicawhicharecompiledin Table5.3.

Table 5.3: Structural characteristics of group I B metalparticlesby TEMupon aging at 100G C
Precursor Concen. Meansize Stand. dev. Dispersion Coverage

[%] [nm] [nm] [%]
Cu(acac)2 1 1.3 0.3 0.764 15
AgMes4 1 2.4 0.3 0.449 14

AuCl[PPh3] 1 2.3 0.7 0.430 25

Fig. 5.12shows a characteristicimageof Cu particleson hydride-modifiedsilica upondry-

ing at 300
�
C togetherwith thecorrespondingsizedistribution from which themeanparticlesize
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is determined.Coverageanduniform arrangementof metalparticleson the oxide substrateare

comparableto resultswith thepreviously introducedmetals.

Fig. 5.12: TEMimage andsizedistribution of Cu nanoparticleson silica dried at 300G C.

By applying the secondKawabatacondition(2.17) a relatively large valueof 14� 6 nm may

becalculatedfor theupperlimit of quantumsizeeffect in Cu particleswhentakingtheg-shift as

0 � 031[Hal86]. ThespinrelaxationtimeandCESRsignallinewidthof particlesabout2 nmin size

maybecalculatedthento be1 � 32 � 10� 12 secand6 � 24mT, respectively.

Fig. 5.13: Magnetic resonance
of Cu nanoparticles on sil-
ica dried at 100G C (black)
and 300G C (red): the signals
of paramagnetic Cu2O species
marked A P .

Althoughthespinrelaxationfor Cuis two ordersof magnitudelowerthantheabovementioned

for Pd, the interpretationof themagneticresonancespectrumis not aseasyasexpectedbecause

of thepresenceof Cu2
�

species,theparamagneticsignalof which interfereswith theCESRsignal

of Cu metalnanoparticles.The Cu2
�

signalexhibits a hyperfinestructuredueto the interaction

of unpairedelectronswith the nuclearmomentumof Cu nuclei (spin I=1/3) [Gon99] asmay be

recognizedfrom the spectrumof the samplepreparedat 100
�
C shown in fig. 5.13(black line).

HeretheCu2
�

signalsoccurat g) 	 2 � 002,i.e.,H 	 333mT andg � 	 2 � 382with A � 	 6 � 5 mT.
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If thedryingtemperatureis increaseto 300
�
C, fig. 5.13(redline), thesignalscorrespondingto

Cu2
�

decreaseandtheCESRsignalof Cunanoparticlesis visibleatH � 333mT andg 	 2 � 0035.

Anothersignal,situatedat H � 334mT (g 	 2 � 003)with ∆Hpp
	 0 � 3mT is assumedto bedueto

E’ centres.Becauseof the very intenseCu2
�

signalsin the caseof the 100
�
C sampleand the

large asymmetry of thesamplepreparedat 300
�
C assumedto becausedby someresidualCu2

�
remainingon the substratesurface,no size of the Cu nanoparticlesfrom correspondingCESR

signalsmaybededuced.

Fig. 5.14: TEMimage andsizedistribution of Ag nanoparticleson silica dried at 100G C.

A characteristicimageof Ag particleson hydride-modified silica upon drying at 100
�
C is

shown in fig. 5.14togetherwith thecorrespondingsizedistribution fitted by a Log-Normalfunc-

tion. Uniform arrangementof theAg nanoparticlesandcoverageof theoxidesubstratearecom-

parableto theresultsobtainedwith groupVIIIB metalparticles(includingthesuperparamagnetic

ones),but concerningthe particlesizeonemay recognize,that with Ag andalsowith Cu (see

fig. 5.12),andeven morewith Au (seefig. 5.16below), meansizevaluesnear3 nm, andeven

above,areobtained.This raisesthequestionof nucleationsitesat which metalparticleformation

may occurandof the conditionsdeterminingthe adhesionstrength. The hydroxyl groupsplay

an importantrole in this process.For a closerinspection,we studiedthe formationof Ag parti-

cleson hydride-modified silica which previously have beensubjectedto heattreatmentat various

temperaturesbetween200and600
�
C. Thesurfacehydroxyl concentration,asmeasuredby TGA

(seeChapter4), decreasesmonotonously from about8 OH-groups/nm2 upon200
�
C heattreat-

mentto about1 OH-groups/nm2 upon600
�
C heattreatment.Simultaneously, the concentration

of particlesformedon thehydroxyl-modifiedandmetalcomplex loadedoxidesurfaceis reduced

distinctly, regardlessof the drying temperatureapplied. This loss in particlenumberdensityis

accompaniedby a considerableenlargementof particlesize,suchthat nearlyno changein cov-

erageoccurs. Besidesstudieson the optical propertiesof Ag nanoparticlesthereis alsosome

literatureaboutmagneticresonancesobservedin suchmaterials.Mitrik as[Mit98, Mit01] studied

Ag nanoparticlesin sol-gelsilica andfounda linearrelationbetweenCESRsignallinewidth and
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Fig. 5.15: Magnetic resonance
of Ag nanoparticles on sil-
ica dried at 300G C: mea-
sured (black), calculated for
1 Q 2 nm particles (magenta);
HC1 centres (red); E’ centres
(blue),andsumof calculations
(green).

the squareof the particlediameter(seeequation(2.19)). CESRsignalshave beenmeasuredfor

colloidal Ag particleswith sizesbetween3 and30 nm by Jain[Jai75]who foundnarrow signals

of 1 to 1 � 14mT linewidth atg 	 2 � 034(measuringtemperature:� 180
�
C). A similar line position

wasreportedby Li [Li95] for well-dispersedAg particlesof comparablesizeon SiO2 , but with

even narrower linewidth of 0.15 to 0.6 mT. Our measurements,performedat room temperature

yieldedcomplicatedspectracomposedof anAg CESRsignalplusadditional constituents asmay

be seenin fig. 5.15for the 300
�
C sample(black curve). A CESRsignalat H 	 331� 6 mT (g =

2.031)with ∆Hpp
	 0 � 7mT (magentacurve) is calculatedfor Ag particlesof 1 � 2 nm sizetaking

into accouta g-shift of � 0 � 019 [Hal86, Mit98], quite comparableto the resultsdescribedin the

literature.To accountfor thepresenceof defectson thesilica surface,anasymmetricsignalwas

calculatedfor HC1 centres( ' Si-O( ) [Gri84] (red curve) andanotheronefor E’ centres[Gri84]

(bluecurve). Superpositionof theseconstituentsgivesthesumspectrum(greencurve) thatagrees

fairly well with themaincharacteristicsof themeasuredspectrum.

Fig. 5.16: TEMimage andsizedistribution of Au nanoparticleson silica dried at 100G C.
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Finally the resultsobtainedwith depositionof gold, the third group I B metal,on hydride-

modifiedsilica shall be presented.As it is demonstratedin fig. 5.16, showing a characteristic

TEM imageandthe correspondingsizedistribution for the 100
�
C sample,the oxide surfaceis

uniformly coveredby metalparticleswhichexhibit abimodal sizedistribution. Theshapeof these

sizedistributions could mostcorrectlybe fitted by usinga function of Log-Normaltype for the

first peakanda Gaussianfor thesecondpeak. This bimodality is alsofoundwhenapplying200

and300 insteadof 100
�
C drying temperature.The first maximum of the distribution increases

Fig. 5.17: Calculated
linewidth (black) and spin
relaxation time (red) of
Au nanoparticles. The
particle size limit accord-
ing to (2.17) Kawabata
condition is indicatedby a
vertical, andthelimitation
of the spetrometer by a
horizontal blueline.

only slightly from 2 � 3 to 2 � 5 nm upontemperatureenhancement,whereasthe secondmaximum

increasesdistinctly from 7 � 6 to 9 � 0 nm which is accompaniedby a certainbroadening.Neverthe-

less,thecoverageof theoxidesurfacesby gold nanoparticlesremainsnearlyconstantat thehigh

valueof about23%.However, becauseof anincreasedtendency to form agglomeratesof particles

at higherdrying temperaturetheuniformarrangementof particlesis affectedthisway.

Thelinewidthof CESRsignalsfor Au particles(blackcurve)andthecorrespondingspinrelax-

ationtime(redcurve)werecalculatedin theframeof theKawabatatheoryasfunctionof theirsize

andaredrawn in fig. 5.17. Theverticalblue line in this graphindicatestheparticlesizelimit of

4 � 8 nm for quantumsizeeffect of Au accordingto thesecondKawabatacondition(2.17),andthe

horizontalline in bluecolor indicatestheexperimentallimitation dueto the spectrometer. From

this representationonemay concludethat the particlescorrespondingto the secondpeakof the

particlesizedistribution donotcontributeto aCESRsignal.In theliteraturetherewasgivensome

evidenceby Monot [Mon71] andClaus[Cla00] of a CESRsignalat g 	 2 � 0053resultingfrom

Au particles.Thesespectra,however, havebeenmeasuredat low temperatures,while in our room

temperaturemeasurementnosuchsignalwasobserved.

Short review of results

Assummaryof theexperimentalexplorationof coatingcharacteristicsfor transitionmetalnanopar-

ticlesonnon-planaroxidesubstrates,herethemainresultsarecompiledin brief. By heat-assisted
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reductionof a variety of metalcomplexes,appliedby impregnation from solution, on hydride-

modifiedoxidesgenerallyvery small particlesare formed. Meansizesaround2 nm aremostly

achieved at appropriateprecursorconcentrationand drying temperature.Samplescoatedwith

Ni, Co, or Fenanoparticlesshowedferromagneticrersonanceassignatureof collective magnetic

modesof small sphericalparticles.Theseresultsmaybeof interestwhenstudying variations of

suchmodesuponparticlearrangementin core-shell-geometry. Within a numberof paramagnetic

groupVIIIB metalparticleswhich areof interestalsobecauseof potentialcatalyticutilization,Pt

andRh nanoparticlesshowedCESRsignalsin their magneticresonancespectra,characteristicof

quantumsizeeffect. Besidesthesignalsresultingfrom metalparticles,in thesespectrafrequently

indicationsof paramagneticspecieslikemetalionsandoxidestructuredefectsareobserved.These

findingspoint to aging-dependentincomplete reductionor re-oxidationprocesseswhich largely

disappearupondryingata littl ehighertemperature.In connectionwith theobservationof increas-

ing meanparticlesizesfor groupIB nanoparticlesof Cu, Ag, andAu it may be concludedthat

the ratio of growth rateto nucleationrate increaseswith increasingparticlesizeanddecreasing

reactivity of themetal.Residualsurfacehydroxyl groupsarefoundto playanimportantrole in the

immobilisationof particles.



6 Core-shell-likestructur esby metal

nanoparticlescoatingson oxide

nanospheres

6.1 Metal deposition fr om organometallic precursors

As it wasdemonstratedin Chapter5, depositionof a numberof transitionmetalson hydride-

modifiednon-planaroxidematerialsyieldsreasonableresultswith respectto uniform particlear-

rangement,small particlesizeand initial coverageof the oxide surface. However, therewasa

limitationin achieving bettercontrolof thedecompositionundermoderatetemperatureconditions

of the precursormolecules,andtherewas,dueto the appliedhydride modificationof the oxide

surface,acontamination by ill-definedalumino-silicategroups.Alternatively, asynthesisof metal

nanoparticlesutilizing the decomposition of low valent organometallic precursorsby low tem-

peraturethermolysisof appropriatethermallyunstablecompoundsis recommended[deC95]. The

moderateconditionsof synthesisareaimedatprovidingbettercontrolof metaldepositiononoxide

nanospheres.

We exploredorganometallic complexes of thetype � Li � THF � 2 � 2 � �MR4 � with "M" beingPt or

Pdand"R" beingmethyl HR�CH3 � I or phenyl HR�C6H5 � I ligands, respectively. Theprecursorshave

beensynthesizedunderair-sealedconditionsaccordingtoWyrwaandDrevs[Wyr99, Dre02].Prior

to employmentof themetalprecursorstheoxidematerialsusedweresubjectedto aheattreatment

in vacuumat 200
�
C to achieve controlledhydroxyl contenton the surface. All organometallic

metaldepositionswerecarriedout by Prof. H. Drevs (Merseburg). After coolingdown to room

temperaturea suspensionof theoxidewaspreparedunderargonatmospherein a solution of THF

containingtherequiredquantityof theorganometallic complex. Themetaldepositionproceeded

accordingto:

2 ' Si � OH � � Li � THF � 2 � 2 � �MR4 � �SJ �T' Si � OLi � 2M0 � 2HR � R2

whereuponheatingto 100 or 300
�
C for 1 h wasappliedto inducemetalparticleformationand

to remove organicresiduals.Evenwhennot exceedingroomtemperature,theformationof metal
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particleson thesurfaceof silica nanosphereswasobserved. This behaviour is assumedto result

from theformationof organometallic surfacecomplexesof thetype�U' Si � O � MR2 � O � Si ' � � 2Li
�

asintermediatesin theprocessof metalprecursordecomposition inducedby reactionwith surface

hydroxyl groups. For comparisonwith the routeof metaldeposition utilizing hydride-modified

oxide surfaces(seeChapter5) the organometallicPt phenyl complex was first appliedto non-

planaroxidematerials.

Depositionof Ptnanoparticlesfrom thePtphenyl complex lithiumtetraphenylplatinate(II)was

tried on silicaandaluminasurfaces.As in Chapter5.3.3,herewe restrictourselvesto theresults

obtainedwith silica samples.They arepresentedin Table6.1 comprising the structuralcharac-

teristicsof the Pt nanoparticlesobtained. Fig. 6.1 shows a characteristicimageof Pt particles

on silica upondrying at 300
�
C togetherwith thenarrow sizedistribution fitted by a Log-Normal

function (seeblack curve). The particlesareuniformly arrangedon the oxide surfaceandhave

nearlysphericalshape,asit wasobservedalsoon hydride-modifiedoxidesurfaces.Remarkably,

thereis nearlyno changein meanparticlesizeandcoverageof the silica surfacewhenincreas-

ing thedrying temperaturefrom 100to 300
�
C. For comparablemetalconcentrationsappliedthe

organometallic routeyieldssimilar particlessizeswith thatobtainedfrom Pt(acac)2 presursorde-

positedonhydride-modified silica (seeChapter5.3.2).

Table 6.1: Characteristics of Pt nanoparticles(organometallic route) on silica by TEM

Concen.[%] Temp.[ G C] Meansize[nm] Stand. dev. [nm] Coverage [%]
2 100 2.1 0.5 32
2 300 2.0 0.4 34

Fig. 6.1: TEM image and sizedistribution of Pt nanoparticles (organometallic route) on silica dried at
300G C.
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Themagneticresonancespectraof Pt nanoparticleson silica preparedvia theorganometallic

routeundergo certainchangeswith time after preparation.Fig. 6.2 shows the spectrumof the

300
�
C samplemeasured6 months after preparation(black curve) togetherwith two calculated

spectraandtheir superposition (redcurve) setto modeltheexperimentalspectrum.Thefirst is an

intensesignal(bluecurve)at H � 293mT, correspondingto g = 2.28,with ∆Hpp
	 13mT, which

is belived to result from Pt
�

ions asit wasobserved alsoby Claus[Cla97] for Pt depositionon

titania. The otheris a very broadCESRsignal(greencurve) at H � 152 mT with g = 4.36and

∆Hpp = 130mT that is attributedto Pt particlesof about4.2 nm sizeaccordingto theKawabata

theory. CESRsignalsfor Pt particlesof suchsizeshave not beenreportedin the literatureup to

now. However, theunusuallarge g-shift of 2.2, ascomparedto the bulk value,occuringfor this

signalneedsfurtherexplanation.Thedistinct signalindicatingthepresenceof Pt
�

ionsraisesthe

questionof their origin. A possibleexplanationis the re-oxidationof atomicallydispersedPt0

at remainingsurfacehydroxyl groups[Dre98]. Suchionsmayattractmetalatomsandserve this

way aspreferredsitesfor the formationof nanoparticles.As may be concludedfrom the aging

behaviour of themagneticresonancespectra,theconcentrationof Pt
�

ionsaswell asthesizeof

Pt particlesaresubjectto changesin thecourseof theselong-timeprocesses.

Fig. 6.2: Magnetic resonance
spectra of Pt nanoparticles
(organometallic route)on silica
dried at 300 G C: experimental
(black), calculated for PtO ions
(blue); for 4.2 nm particles
(green); and sumof calculated
spectra (red).

6.2 Characterisation of metal particles on polydisperse

oxidenanospheres

Thefirst attemptsto achievecore-shellstructureswith oxidenanospherescoatedby metalnanopar-

ticleshavebeencarriedoutwith polydispersenanospheresof silicaandtitaniawhicharecommer-

cially available. Althoughsuchmaterialsusuallyexhibit a ratherbroadsizedistribution, they do

havea number of decisiveadvantages:
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Table 6.2: Characteristics of Pt andPd nanoparticleson NANOTEK silica by TEM

Precursor Concen. Temp Meansize Stand. dev. Coverage
[%] [ G C] [nm] [nm] [%]

Li2[Pt(Ph)4] N 4THF 0.5 100 2.2 0.5 12
Li2[Pt(Ph)4] N 4THF 0.5 300 2.5 0.6 16

Li2[Pt(CH3)4] N 4THF 2.6 20 2.9 0.6 36
Li2[Pd(Ph)4] N 4THF 2 20 2.6 0.6 30

(i) the sphericalshapeis just the geometryrequired,(ii) the smooth surfaceis a prerequisitefor

uniformcoverage,(iii) thereis asufficienthighnumberof oxidespheresin asizerangeappropriate

for structuralcharacterization.

On silica nanospheresof NANOTEK (for detailsseeChapter4.2) we employedorganometal-

lic complexesof Pt andPd in a variety of preparationconditions which arecomprisedtogether

with resultsof the structuralcharacterisationby TEM in Table6.2. From the experimentwith a

very low concentrationof the Pt phenyl complex, fig. 6.3 shows thesampledried at 300
�
C that

exhibits a slight increasein meanparticlesizeandcoverageascomparedto the 100
�
C sample.

No agglomerationof particlesto form largeraggregatesis observed. As mayberecognizedfrom

Fig. 6.3: TEM image andsizedistribution of Pt (0.5%)nanoparticleson NANOTEK silica upondrying at
300G C.

theabove figure,regardlessof sizethesilicananospherescarryanuniform arrangementof metal

particles,the narrow sizedistribution of which is expectedto favour further metaldeposition by

complementaryprocesses.

Themagneticresonancespectraof thesesamplesarepresentedin fig. 6.4wheretheredcurve

correspondsto the 100
�
C andthe black curve to the 300

�
C sample,respectively. Both spectra

exhibit CESRsignalsasasignatureof largeparticles.The100
�
C spectrumcontainsabroadsignal

at H = 320.1mT, correspondingto g = 2.158,with ∆Hpp
	 75.75mT which is superimposedby

a signalat H = 325 mT, i.e. g = 2.02resultingfrom Pt
�

ions [Bon88,Cla97]. From the CESR

signala Pt particlesizeof 3.2 nm maybederivedusingtheKawabatatheory. In thespectrumof

the300
�
C samplethePt

�
signalis missing andonly aCESRsignalatH = 275mT, corresponding
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Fig. 6.4: Magnetic resonance
spectra of Pt (0.5%) nanopar-
ticles on NANOTEK silica:
dried at 100G C (red); at
300G C (black).

to g = 2.342,with ∆Hpp
	 150 mT is present,from which a Pt particlesizeof 4.5 nm, closeto

the resultof TEM examination, is calculated. Sincethesespectrahave beenrecordedat room

temperature,they arethefirst thatgive evidenceof quantumsizeeffect of Pt particlesundersuch

conditions.

In addition to the low concentrationexperimentswe explored the efficiency of employing

organometallic complexesin high concentration,but withoutapplyingelevatedtemperaturesdur-

ing vacuumdrying for severalhours.As anexampleof theexperimentwith 2.6%of thePtmethyl

complex, fig. 6.5 shows a characteristicHREM imageand the correspondingsizedistribution.

It shouldbe pointedout herethat decomposition of the precursorcomplex andformationof Pt

Fig. 6.5: HREMimage andsizedistribution of Pt nanoparticleson NANOTEK silica preparedfromthePt
methylcomplexwithoutheating.

nanoparticlesof 2.9 nm meansizewereachieved without reducingagentsin the solution or re-

ducing gaseslike H2 or CO in the ambient. Becauseof the relative high precursorloading a

highcoverageof thesilicasurfaceby Ptparticlesresultswhichoccasionallyform aggregates.This

pointsto thefactthatwithoutheattreatmentor ligand-mediatedanchoringtheadhesionstrengthof
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metalparticlesontheoxidesurfaceis ratherlow. A similarbehaviour is foundfor thelow temper-

atureexperimentwith thePdphenyl complex. As canbeseenfrom fig. 6.6,whereacharacteristic

TEM imageandthe correspondingsizedistribution is shown, therearePd particlessituatednot

only on thesilicananospheres,but alsoon thesupporting carbonfilm. Thiskind of particlelossis

supposedto happenduringpreparationfor TEM whenthecoatedsilica nanospheresaredispersed

andagitatedin organicsolvent. Metal particlesremovedfrom thesilica maystick on thecarbon

uponsolventevaporation. Again, it shouldbeemphasizedthatalsowith Pdandwith thephenyl

complex of thismetalthelow temperaturerouteto nanoparticlesis testedquitesuccesfully.

Fig. 6.6: TEM image andsizedistribution of Pd nanoparticleson NANOTEK silica preparedfromthePd
phenyl complexwithoutheating.

Metalnanoparticlecoatingvia theorganometallic precursorroutewasalsoexploredon titania

nanospheres.With thisoxide,thereactivity of hydroxyl groupsaswell asthestrengthof interaction

betweenmetaldepositandoxide substrateis expectedto changecomparedwith silica. Another

differencecomesfrom the atomicstructureof the oxides: while silica hasamorphousstructure

without long-rangeorder, titania hasa crystallinestructureandmay be presentin two different

modifications(anataseandrutile).

Table 6.3: Characteristics of Pt andPdnanoparticleson CERAC titania by TEM

Precursor Concen. Temp Meansize Stand. dev. Coverage
[%] [ G C] [nm] [nm] [%]

Li2[Pt(Ph)4] N 4THF 2 100 2.4 0.6 28
Li2[Pt(Ph)4] N 4THF 2 300 2.8 0.8 32

Li2[Pt(CH3)4] N 4THF 2 100 2.5 0.7 30
Li2[Pt(CH3)4] N 4THF 2 300 2.7 0.7 34
Li2[Pd(Ph)4] N 4THF 1 100 1.9 0.4 28
Li2[Pd(Ph)4] N 4THF 1 300 2.3 0.6 30

On titaniananospheresof CERAC (for detailsseeChapter4.2)we employedorganometallic com-

plexesof PtandPdin avarietyof preparationconditionswhicharecomprisedtogetherwith results

of thestructuralcharacterisationby TEM in Table6.3.
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Not includedin thistableareexperimentscarriedoutat roomtemperatureand60
�
C sincethey

failed to produceto someextentuniformly arrangedmetalparticles.Obviously it needselevated

temperaturesto achieve a reasonableadhesionof metalparticleon titania. Magneticresonance

measurementsat thesesamplesdid not reveal somesignatureof metalnanoparticlesbecauseof

thestrongsignalsof Ti3
�

ionsdominatingthespectra.

With the 100
�
C and300

�
C samplesof the Pt phenyl complex on titania thereis not much

differencecomparedto silica,exceptfor thelargercoveragebeingdueto thehigherconcentration

appliedon titania. From theexperimentwith thePt methyl complex on titania,fig. 6.7 shows a

characteristicTEM imageandthe correspondingsizedistribution of the sampledried at 300
�
C.

Differentfrom thenarrow sizedistributionobservedwith thisprecursoronsilica,herePtnanopar-

Fig. 6.7: TEM image and sizedistribution of Pt nanoparticles on CERAC titania prepared from the Pt
methylcomplexupondrying at 300G C.

ticlesarefound in a broaderrangeof sizes.Fromthis TEM imageandalsofrom theoneshown

in fig. 6.8 of Pd nanoparticleson titania preparedfrom the Pd phenyl complex (300
�
C sample)

it mayberecognizedhow muchthevisualizationof metalparticlesis deterioratedbecauseof the

crystallinenatureof thetitaniananospheres.Latticedefects,presentin highnumberdensity, cause

imagecontrastfeaturesowing to diffractioneffectswhich readilymayhidethe imagecontrastof

metalparticles. The crystalline natureof titania is alsoresponsible for surfaceinhomogeneities

which leadto a lessuniform coverageby metalparticlesason silica. Althoughthe CERAC tita-

nia nanospheresexhibit rathergoodsphericalappearance,surfaceinhomogeneitieslike stepsand

facetsof varioustypecannotbeentirelyavoidedwith crystallinematerial.

From the resultspresentedabove it maybe concludedthat the routeof synthesisvia decom-

position of organometallic complexes is well suitedas prenucleationstepat which subsequent

stepsof metaldeposition by complementaryprocessesmayfollow to achieve regulararrangement

anddensecoverageof metalnanoparticlesonoxidenanospheresfor creatingcore-shellstructures

whichhavenovel opticalproperties.In this respectit is advantageousto employ theorganometal-

lic precursorsatnot toohighconcentration.Evenif theexploredproceduresobviouslywork better
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Fig. 6.8: TEM image and sizedistribution of Pd nanoparticleson CERAC titania prepared from the Pd
phenyl complexupondrying at 300G C.

with silica thanwith titania, the latter oxide remainsan interestingcandidatefor studying opti-

cal effectssinceit exhibits considerablystronginterfaceeffects(peakshift, resonancedamping),

e.g. with Ag nanoparticles[Kre97b]. On the otherhand,the imaginarycomponentof the tita-

niadielectricfunctionmaycausesomecomplications with themanipulationanddesignof optical

properties.

6.3 Metal deposition by incipient wetness impr egnation

A decisivestepon theway to fabricatecore-shellstructuresof oxidenanospherescoatedby metal

nanoparticleswastheemploymentof monodispersesilica spherespreparedby theStöbermethod

[Stö68].With theavailability of thesestartingmaterialsabetterdefinedexplorationof appropriate

coatingconditions waspossible. Accordingly, the investigationshave beendirectedto themetals

which exhibit strongsurfaceplasmon resonanceeffectslike Ag andAu. For thesemetals,how-

ever, no organometallic complexe thatmaybeusedin theabove (Chapters6.1and6.2)described

routewasreadilyavailable.Therefore,anotherrouteof synthesiswasneededthatcouldmeetthe

alreadydescribedrequirements,namelytheproduction of spectroscopicallyclear(no adhesives!)

andphotochemically stable(no ligands!) metalnanoparticledeposits.To this aim, the incipient

wetnessimpregnation method,requiringonly modestchemicallaboratorytechniqueandcommer-

cially availablechemicals,wassuccessfullyapplied.

This method,widely usedfor thepreparationof heterogeneouscatalysts,consistsof wettinga

non-planar(powder)substrateby a metalsalt solution of certainconcentrationsoasto cover its

surfacein a definedmanner. In catalystpreparation,afterdrying theimpregnatedcarrierpowder,

usuallyacalcinationtreatment,e.g.,in flowing air, is performedresultingin atransformationof the

depositedmetalsalt into anoxideor hydroxide of themetal,thatmaybereduced,e.g.,in flowing

hydrogen,in asubsequentreductionstep.Sincecalcinationandreductionareusuallycarriedoutin
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atemperaturerangeof about300to800
�
C, theseproceduresarenotusefulfor thepurposeof metal

particleformationundermoderateconditions.Instead,wetestedif theformationof metalparticles

could be achieved by simply drying the impregnatedsilica nanospheresat temperaturesbelow

100
�
C or even at room temperature,similar to what hasbeenobtainedwith the organometallic

precursors(seeChapter6.2). This treatmentproved to be successful.The whole procedureis

schematicallyrepresentedin fig. 6.9wheretheleft partillustratestheimpregnationstep,thecenter

shows the situation after solvent removal, andthe right that uponmetalparticleformation. The

latter stepis consideredto be sensitively dependingon the configurationof terminating groups

on the silica surface,sincesuchsurfacegroupsobviouslyprovide the reducingradicalsrequired

for the reductionof metal ions. TerminatingOH- groupsusually formed on the oxide surface

by dissociative adsorption of water moleculescan acquiresuchproperties,dependingon their

coordinationsymmetry[Sab00,Zak01]. Accordingly, metalion reductioncouldproceedvia the

reaction ' Si � OH � M0 V J ' Si � O ( � H
� � M0

while with ' Si � O � groupsformedby dissociation of hydrogenfrom the surfacehydroxyl the

following reactionis possible

2 ' Si � O � � 2M
� V J ' Si � O � Si ' � 2M0 � 1

2
O2 W

Theefficiency of thesesurface-mediatedreductionprocessesis observedto varywith agingof

thesilicananospheres.

Fig. 6.9: Metal nanoparticle formation on silica nanospheresby incipientwetnessimpregnation (left) and
(center), followedby metalprecursor decomposition upon drying at moderatetemperatures(right).

Besidestemperatureandinitial concentrationof theprecursorcomplex, thereisnotmuchscope

for controlling nucleationandgrowthprocessesin thepracticalexecution of thisrouteof synthesis.

Theaim of producingcore-shell-likestructuresrequiresto achievea highnucleationrate,but low

growth rate,so asto obtaina high numberdensityof metalnanoparticleswithout formationof

aggregates.Therefore,we followedtheconceptof first forming a seedinglayerof metalparticles

on the silica nanospheresurfaceby applyinglow precursorconcentrationsin a one-or two-step

prenucleationprocedure.Furthernanoparticlecoatingfrom complementaryprocessesis needed
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thento form continuousmetalnanoshells.Suchmulti-stepprocessingincludessomeprospectsof

fabricatingbimetallic structuresby varyingtheprecursorcomplex employed. This is represented

schematicallyin fig. 6.10wherethe left part illustratesthesecondimpregnationstep,thecenter

shows metalnanoparticlesandmetalsalt speckscovering the silica nanospheresimultaneously,

andtheright part indicatesparticleformationof severalmetals.For thesake of clarity, different

metalsareshown separatelyin this figureandmarkedby differentcolors,implying no interaction

of the involved metals. However, thereis someindicationgiven in the literaturethat the metal

particlesformedin a prenucleationstepmay serve asseedswhich catalyzemetaldepositionvia

complementaryprocesseswithoutnucleationof new particles[Bro00,Jan01,Sau01].

Fig. 6.10: Multi-stepmetal nanoparticle formation on silica with applying another metal in the second
impregnationstep(left) and(center), followedby formation of thesecond typeof metalparticles(right).

The above describedmetal depositionprocesseshave beenapplied to monodispersesilica

nanospheres,receivedfromMERCK (MonospherTM) with 100and250nmnominalsizeor laboratory-

madeby the Stöbermethod(seeChapter4.3), with sizesin the rangeof 100 to 300 nm. As

metalprecursorsthewater-solublecomplexeshydrogentetrachloroaurateHAuCl4 andsilvernitrate

AgNO3 obtainedfrom ALFA aswell assilver acetateAgOOCCH3 from FLUKA have beenem-

ployed. Silica nanospheresandmetalcomplexes wereusedwithout further pretreatment.For a

certain,preciselymeasuredmassof the oxide, typically 2 g, the massof metalsalt is calculated

thatis requiredto achieveacertainmetalconcentration.Thisquantityof themetalcomplex is dis-

solvedin a definedvolumeof distilledwaterrequiredto meettheconditionof incipientwetness.

Thesolution is addedthento theoxidepowderandstirreduntil auniformcolorof thesamplewas

observed.Beforeany furthertreatmentthey werestoredatroomtemperaturein air for 2 hours.For

thermaldecomposition of themetalcomplexesthesampleswerefilled in quartzboatsandplaced

in a quartztubeof 20 mm diameterinside a temperaturecontrolledcylindrical oven. This quartz

tubecould be evacuatedby a membranepumpto a vacuumof about20 mbar. Sincethe metal

precursorsappliedaresensitive even to visible light, the above procedurewascarriedout under

dark-roomconditions.However, somesampleshavebeensubjectedto illuminationwith UV light

of a two-rangeUV lamp(254and366nm) for 15 min in additionto thedrying treatment.In the

caseof themulti-steppreparationtheabovedescribedprocedureswereappliedfor eachstep.
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6.4 Characterisation of metal nanoparticleson

monodispersesilica nanospheres

Thecoatingof oxidenanospheresby metalnanoparticlesaimedat forming core-shell-like struc-

turescanbe characterizedby two parameters,the meanparticlesizeandthe coverage,i.e. the

portion of the nanospheresurfacecoveredby metalparticles. Theseparametersmay vary with

changingdeposition conditionslike origin, ageandsizeof theoxidenanospheres,typeandcon-

centrationof theprecursorcomplexesaswell asthedryingtemperatureafterimpregnation, respec-

tively. Additional UV light illumination andrepetitionof the deposition (multi-stepprocedure)

causefurtherchanges.All togetherthey mayaffect theshapeof theparticlesizedistribution and

theuniformity of theparticlearrangement.For thesuccessof efforts to fabricatecore-shellstruc-

turesit is requiredto adjustthe conditionsof synthesisso asto avoid bimodal sizedistributions

andparticleaggregateswhich indicatethepresenceof obstructing inhomogeneities.

6.4.1 Ag nanoparticle coatingof silica nanospheres

General structural characteristics

Fig. 6.11: TEMimage andsizedistribution of Agnanoparticles(2%silver acetate)on MonospherTM silica
upon2h at 70G C.

Fig. 6.11shows a characteristicTEM imageof MonospherTM silica nanospherescoatedby

Ag nanoparticlesfrom a 2% silver acetateimpregnation upon2 h drying at 70
�
C, togetherwith

thecorrespondingsizedistribution. Both representationsprovethatthedepositionmethodapplied

resultsin coverageof theoxidespheresby uniformly arrangedverysmallmetalparticlesof rather

narrow size variation. In addition, more or lessas by-product,thereare somelarger particles

presentwhich indicatethatbesidesparticleformationby nucleationandgrowth alsocoalescence

andmobility of largerparticlesmustbeconsidered.A closerview ontheachievedAg nanoparticle

coatingis givenby theHREM imagesof fig. 6.12.Threehighermagnifiedselections(b), (c) and
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Fig. 6.12: HREM image of Ag nanoparticles (2% silver acetate) on MonospherTM silica upon 2h at
70G C (a). Theareasmarked by boxesare shownat higher magnification in (b), (c) and(d). Lattice plane
fringesof {111} and{200} typeare imaged at theparticle shownin (e).
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(d), markedby boxesin (a),enableto recognizethenearlysphericalshapeof theparticlesand,

by imaging of latticeplanefringes,their crystallinenatureandrandomorientationwith respectto

eachother. The even highermagnifiedimageof a typical particle in (e) illustrates,in addition,

that (i) the Ag particlesaremostly single crystallinein this early stageof growth, (ii) they are

facettedby crystallographic low index planes,and(iii) they donotexhibit any truncationowing to

substrate-deposit interaction.

Fig. 6.13: TEM image and sizedistribution of Ag nanoparticles (2% silver acetate) on Stöber silica (220
nm)upon2h at 60G C.

Fringespacingsandangularrelationshipsof the latticeplanesmeasuredin therealspaceim-

ageaswell as in the diffractogram(Fourier transformation)agreefairly well with thoseof the

fcc lattice of bulk silver. The TEM imageshown in fig. 6.13 togetherwith the corresponding

sizedistribution standfor the deposition experimentutilizing 2% silver acetateimpregnation on

laboratory-madeStöbersilica (220nm) upon2hdryingat only 60
�
C. Herethemeanparticlesize

(2.45nm) is nearlythesameasfor theMonospherTM coating(2.5nm),but thesizedistribution is

not bimodalsincelargerparticlesaremissing. A quitesimilar resultis obtainedfor applyingan-

otherprecursor, namelysilver nitrate,for incipientwetnessimpregnationof MonospherTM silica,

evenwith a ratherlow concentrationof 0.5%. This canbe seenfrom fig. 6.14,wherethe TEM

imageandcorrespondingsizedistribution arecombinedwith a HREM imageto make visible the

verysmallAg particles.Accordingly, thefirst maximumof thesizedistributionoccursat 2.2nm.

Thesevery small Ag particlesareexpectedto give rise to a CESRsignal,but with all metal

coatedmonodispersesilica therewasno magneticresonancemeasurementfeasiblefor technical

reasons.

Optical characteristics

At low metalloading,asfor instancethatoneshown in fig. 6.13,thereis novisualindicationof Ag

nanoparticlesurfaceplasmonresonanceto be recognized.Thesampledoesnot changeits white
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Fig. 6.14: TEM image, size dis-
tribution and HREM image of Ag
nanoparticles (2% silver nitrate) on
MonospherTM silica upon 2h at
70G C.

appearanceascomparedto the non-impregnatedsilica nanospheres.The extinction spectrumof

thissampleshown in fig. 6.15(redcurve)doesnotexhibit asignatureof metalparticleresonances,

but a ratherbroadextinction in thecorrespondingregion. For comparison,a spectrumcalculated

for Ag particlesin a silica matrix usingtheMie theoryis shown in thefigure (blackcurve). The

calculationis basedon the dipolar approximation for particlesof 2 to 2.5 nm size taking into

accountthequantumsizeeffectexpectedfor thissizerange.Themeanvalueof theDrudeplasma

frequency ωp
	 1 � 4 � 1016 s� 1 is takenfrom theliterature[Bor86,Höv93] andtheFermivelocity

vF
	 1 � 45 � 106 m/saswell [Ash76,Kit96]. For the real dielectricfunction of silica a constant

valueof 2.25is usedanda filling factorof 0.2 is chosenfor theAg component. This resultsin a

reasonableintensity of theresonancepeakwith maximumat425nmin agreementwith thefindings

of Kreibig [Kre97a]. However, thefilling factorexceedsby far thatonecorrespondingto thesilica

nanospherescoatedby anincompletelayerof Ag nanoparticles.Here,from 215nmmeandiameter

of silica spheresand2.5nm meandiameterof Ag particlesa nominalloadingfactor(comparable

to a filling factor)of 0.0065is estimatedtaking into account19%coverageof thesilica surface.

Consequently, thespectraof suchsamplesarenecessarilydominatedby thecontributionsof silica

nanospheres.As maybe recognizedfrom fig. 6.16theextinction spectraof MonospherTM (250
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Fig. 6.15: Extinction spectrum
of the Ag nanoparticle coat-
ing on Stöber silica (220 nm)
shownin fig. 6.13 (red) com-
paredto a calculatedspectrum
of Ag particles in silica matrix
using dipolar approximation.

nm)silica (blackcurve)andStöber(220nm)silica(bluecurve)exhibit only broadandfeatureless

peaksdueto light scattering[Ji01] with maximaatabout423and430nm,respectively. TheStöber

silica spectrumcomparesvery well to theoneof theAg nanoparticlecoatedsampleshown in fig.

6.15. The above interpretationis confirmedby the calculatedspectrum(red curve) of fig. 6.16

Fig. 6.16: Extinction spectrum
of MonospherTM (250 nm) sil-
ica (black curve) and Stöber
(220 nm) silica (blue) com-
pared to a calculated spec-
trum of silica spheres (220
nm) using dipolar approxima-
tion (red).

obtainedfrom Mie theorydipolar approximation for 220nm silica nanosphereswith taking into

considerationthealreadymentionedrealdielectricfunctionof silica andε 	 1 for air asmatrix.

Only whenmoremetalis depositedand/orlargerparticlesareformedon thesilica by increasing

theprecursorconcentration,enhancingthedryingtemperature,or applyingamulti-stepprocedure,

aswill be shown below, the characteristicbrownishyellow color of small Ag particlesbecomes

visible.

Coating characteristics

In the frameof efforts to control sizeandsizeevolution of themetalnanoparticlesdepositedby

incipient wetnessimpregnation on silica nanospheres,the influenceof precursorconcentration,
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drying temperatureand repetitionof deposition stepswas investigatedin a certainrange. The

influenceof UV light illuminationwastestedfor variousdeposition conditions,but no systematic

and reproducibleeffect could be established.A possibleexplanation of this behavior may be

that the essentialreactionsof metalprecursordecomposition andreductionto atomicmetalare

effective alreadyat room temperature,beforeany further treatmentby light or heat. Drying at

slightly enhancedtemperaturesthenshouldonly affect theformationof metalparticles.

Fig. 6.17: TEM images of Ag nanoparti-
cles(silver acetate) on Stöber silica (220
nm)depositedusing (upper left) 1%, (up-
per right) 5%, and (left) 10% precursor
concentration upon 2h drying at 70G C .

Stöbersilica (220 nm) sampleswereemployed in a seriesof incipientwetnessimpregnation

experimentswith silver acetateprecursorconcentrationsrangingfrom 1 to 10%. Fig. 6.17shows

TEM imagesof the1%, 5% and10%samplesupon2 h drying in vacuumat 70
�
C andTable6.4

comprisesthe coatingcharacteristicsof the whole series.The increasein coverageof the silica

surfaceby Ag particlesfrom 13to 48%is achievedby both,particlegrowth andnucleationof new

particles.Herea nominalmetalloadingfactorcanbeestimatedfrom thesilica corediameterand

theAg meanparticlediameter(usedasshellthickness)with consideringtheincompletenessof the

metalshellby therespectivecoverage.
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Table 6.4: Characteristicsof Agnanoparticles(silver acetate)onStöber silica (220nm)for variousprecur-
sor concentrationsupon2h drying at 70G C.

Concentration Meansize Stand. dev. Coverage
[%] [nm] [nm] [%]
1 2.2 0.2 13
2 2.2 0.2 14
4 2.7 0.3 30
5 2.8 0.2 32
10 3.6 0.2 48

This metal loadinglinearly increasesfrom 0.0039to 0.0233in the concentrationrangestudied.

It is remarkably, that therewasno changeof the uniform arrangementof metalparticleson the

silica surfaceandno aggregateswereformed[Hof02]. Also thesizedistribution remainsnarrow

andmonomodal, indicating ratheruniform particlegrowth and the absenceof coalescenceand

enhancedparticlemobility. Evenfor 10%precursorconcentrationadensepopulationof Ag parti-

clesof only 3.6nm meansizewasobtained.Thesearevery promising characteristicsmakingthe

chosenconditionsof synthesiswell suitedfor fabricationof core-shellstructuresof extremelylow

shellthickness.

Fig. 6.18: TEM image of Ag nanoparticles(10%silver nitrate) on Stöber silica (300nm)upon 2 h drying
at 70G C.

An equivalentserieswaspreparedwith silvernitrateasmetalprecursorof concentrationsrang-

ing from 1 to 10% on Stöbersilica (300 nm). Fig 6.18shows a TEM imageof the 10%sample

upon2 h dryingat 70
�
C andTable6.5comprisesthecoatingcharacteristicsof all samplesof this

series. Besidesthe observation of a bimodalsizedistribution in the 1% sample,similar to that

of the0.5%sampleshown in fig. 6.14,aswell asa few irregularly shapedparticlesof extraordi-

nary large sizein the 10% sample,this seriesis, asa whole, comparableto that onewith silver

acetateprecursor. A considerableincreasein coverageof thesilica surfaceby uniformly arranged

Ag particlesof slightly changingsizeis achievedwith increasingsilver nitrateconcentrationand

themetalloadingincreasesfrom 0.0022to 0.0123.With this metalcomplex thenucleationrate,
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comparedwith thegrowth rate,is raiseduponenhancingtheprecursorconcentrationmorethanit

wasobservedfor silver acetate.Therefore,themetalloadingachievedis smallerwith silvernitrate

thanwith silveracetate.

Table 6.5: Characteristics of Agnanoparticles(silver nitrate) on Stöber silica (300 nm)for variousprecur-
sor concentrationsupon2h drying at 70G C.

Concentration Meansize Stand. dev. Coverage
[%] [nm] [nm] [%]
1 2.2 0.2 10

9.6 3.5
2 2.4 0.3 10
4 2.4 0.2 25
5 2.6 0.2 28
10 2.6 0.3 48

Sincefor completingcore-shellstructures,at leastfrom a certainpoint on, growth without

nucleationof new particleswouldbefavorable,thequestion arises,how thecoatingcharacteristics

areinfluencedby variationsof thedrying temperature.This wasstudiedby equivalentserieswith

4% of eachmetalprecursorwherethedrying temperaturewasvariedfrom 70
�
C to 300

�
C. The

resultsof thesilveracetatesample,obtainedwith Stöbersilica(220nm)arecompiledin Table6.6

andthe resultsof the silver nitratesampleobtainedwith Stöbersilica (300 nm) arecompiled in

Table6.7.

Table 6.6: Characteristics of Ag nanoparticles (4% silver acetate) on Stöber silica (220 nm) for various
drying temperatures.

Temperature Meansize Stand. dev. Coverage
[ G C] [nm] [nm] [%]
70 2.7 0.3 30
100 2.6 0.3 29

10.5 1.7
200 2.7 0.3 25

18.2 3.8
300 2.9 0.3 18

22 10.7

Bothseriesexhibit thesamebehavior. Themorethedrying temperatureis enhanced,themorethe

particlesizedistributionbroadensandbecomesbimodal. Simultaneously, thecoverageof thesilica

surfacedistinctly decreases,indicatingthatat higherdrying temperaturesthegrowth proceedsvia

consumption of a certainportion of particles. Hence,the uniformity of size and arrangement

observedfor lower temperatureswill bedisturbed.Sincetheshapeof individualparticlesremains

nearlyspherical,this behavior is supposed to becausedby increasedparticle-particleinteraction

andcoalescenceprocesses.It doesnotallow to increasethemetalloadingessentially, but worsens

theshell-like propertiesof thecoating.Consequently, theenhancementof thedrying temperature

is not suitedfor ourpurpose.
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Table 6.7: Characteristics of Ag nanoparticles (4% silver nitrate) on Stöber silica (300 nm) for various
drying temperatures.

Temperature Meansize Stand. dev. Coverage
[ G C] [nm] [nm] [%]
70 2.4 0.2 25
100 2.4 0.5 17

6.5 1.2
200 2.5 0.4 15

20.1 3.8
300 2.7 0.6 15

20 10.7

The third modification of the initial incipientwetnessimpregnation, the repetitionof the de-

position in a multi-stepprocedure,wastestedwith 2% of bothAg precursorcomplexesonStöber

silica (300nm) using2 h drying at 70
�
C. Theseconddeposition resultedin a coverageincrease

Fig. 6.19: TEM image and sizedistribution of Ag nanoparticles (2% silver acetate) on Stöber silica (300
nm)uponstep3 of themulti-stepprocedure.

to 16%, lessthanobtainedin the one-stepprocedureemploying an equivalent amountof silver

acetate,accompaniedby a secondmaximumaround12.5nm in the sizedistribution. The third

deposition stepresultsin further increaseof particlegrowth to 2.9nm (first maximum of thesize

distribution) and20 nm (secondmaximum) andcoverageto 26%. However, thecoverageis dis-

tinctly below the one-stepprocedureresultandmostof the large particlesdid not remainon the

silica nanospheresurface,but weredepositedon the carbonduring preparationfor electronmi-

croscopy. A characteristicTEM imageof this situationis given in fig. 6.19for thesilver acetate

sampletogetherwith thesizedistribution of theAg particlesremainingon thesilica. Theresults

arequitesimilar for themulti-stepprocedureappliedto thesilvernitratesample.

Theobservedbehavior indicatesthat this multi-stepprocedurecannotbeunderstoodin terms

of aso-called"seeding"treatment,whereanenlargementof metalparticlesis achievedby surface-

catalyzedreductionof metalionsbasedon thepresenceof preformedparticles.No new particle

nucleationoccurs,but auniformgrowth of theseeds[Bro00,Jan01,Sau01].Theincipientwetness
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impregnation, however, is mediatedby terminatinggroupsof the silica surfacewhich areavail-

ablealsowhentheprocedureis repeated.Theaccommodationof freshly formedmetalatomson

preexisting particlesoccursin competition to nucleationprocessesaslong asthereis enoughfree

surfacepresent,leaving behindabimodaldistribution of particlesizes.Thelargertheparticlesare

grown theeasierthey areaffectedby capillary forcesduringpreparationfor TEM anddisappear

from thesilicananospheresurface.

6.4.2 Au nanoparticlecoatingof silica nanospheres

General structur al characteristics

All sampleswith Au nanoparticleshave beenpreparedby employing hydrogentetrachloroaurate

asmetalprecursoreitheron MonospherTM silica or on Stöbersilica (300nm) nanospheres.Fig.

6.20(a)shows a characteristicHREM imagetogetherwith thecorrespondingsizedistribution of

MonospherTM silicacoatedby Au particlesfrom a1%precursorsampleupon2 h dryingat70
�
C.

Similar to theexperiments with Ag, a densecoverageof uniformly arrangedsmallgold particles

of narrow sizedistribution given in fig. 6.20(b)is obtained.Accordingly, the crystallinenature

andrandomorientationwith respectto eachotheris ascertained.Thetendency to form particles

of nearlysphericalshapewithout truncationsat theinterfaceis well establishedowing to theweak

interactionbetweengolddepositandsilicasubstratewhich is assumedto beevensmallerasin the

caseof silver. Actually, theparticlesexhibit cuboctahedralshaperatherthanthatof idealspheres.

Table 6.8: Characteristics of Au nanoparticles (1% precursor) on MonospherTM silica upon 2h drying at
120G C and2 to 4 h additional drying at varioustemperatures.

Temperature Time Meansize Stand. dev. Coverage
[ G C] [h] [nm] [nm] [%]
100 4 2.3 0.2 16
200 4 2.5 0.3 12
300 2 2.9 0.9 17

18 10.7
300 4 3 1.2 15

19.5 5

Simultaneously, atendency to form largerparticlesis observedwhichgenerallycausesbroaderand

morefrequentlybimodalsizedistributionsascomparedto silver. Thesmaller particles,i.e. those

below about5nmin size,mostlyaresinglecrystallineascanbeseenin fig. 6.20(c).Thelargerpar-

ticlesfrequentlyexhibit planardefectslike twin boundaries;anexampleis shown in fig. 6.20(d).

Imagingof latticeplanefringesallows to measurefringespacingsandangularrelationshipswhich

arefoundto agreefairly well with thoseof thefcc latticeof bulk gold.

Experimentsto studyby additional drying at elevatedtemperaturesthe evolution of particle

sizeandcoveragewerecarriedout with the1% precursorsampleupon2 h drying at 120
�
C. The

resultsarecompiledin Table6.8. They representanincreasinglossof uniformity of particlesize
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Fig. 6.20: HREMimage (a) andsizedistribution (b) of Au nanoparticles(1% precursor) on MonospherTM

silica upon 2h drying at 70G C. Theareasmarked in (a) by boxes are shown at higher magnification in (c)
and(d).

andarrangementdueto the increasedappearanceof largerspecies.Althoughthis behavior leads

to a bimodalsizedistribution, thereremainsa considerablepopulationof rathersmall particles

around3 nmsizeandless,having arelatively narrow sizedistribution. Consequently, thecoverage

of thesilica surfacedoesnotessentiallydecrease.

Optical characteristics

Similarasin thecaseof silver, alsowith goldthereisnoindicationof nanoparticlesurfaceplasmon

resonancesat low metal loadingandvery small particlesizes. The spectrumof the 1% sample

dried2 h at 120
�
C (seeTable6.8above)doesonly exhibit a ratherbroadextinction dominatedby

scatteringcontributionsof silica nanospheres.In contrastto silver, the maximumof the surface

plasmonresonanceof smallgoldparticlesis situatedaround550nmsuchthatit is notcompletely

coveredby theextinction of silicananospheres.Hence,with theoccurrenceof asufficientnumber



6.4Characterisation of metal nanoparticleson monodispersesilica nanospheres 77

Fig. 6.21: Extinction spec-
tra of Au (1% precursor) on
MonospherTM silica upon 2h
drying at 120G C (a) and addi-
tional drying: 4h at 100G C (b),
4 h at 200G C (c), and 2 h at
300G C (d).

of particleslarger thanabout10 nm theresonancedampingis lesseffective andtheevolution of

metalparticleresonancesisobserved.Thisbehavior maybedemonstratedby theextinctionspectra

shown in fig. 6.21of thesamplessubjectedto additional dryingatelevatedtemperatures(seeTable

6.8).Simultaneously, thecolorappearanceof thesamplepowderchangesfrom acloudyyellow to

aspeckledviolet. Theapparentblue-shift of theAu particlesresonanceposition from about565to

540nm,seenin thespectraof theadditionallydriedsamples,isnotindicativeof certainsizeeffects,

but mostprobablydueto superposition with the predominating extinction of silica nanospheres.

The morethe metalplasmon resonanceevolves out of the background,the morethe maximum

Fig. 6.22: Extinctionspectra of
Au (1% precursor) on Stöber
silica (300 nm)upon 2h drying
at 70G C (a) and6 h additional
drying at 70G C (b).

of the correspondingshouldermoves towardsthe true resonanceposition. Similar resultswere

obtainedwith the samplepreparedby employing 1% metalprecursoron Stöbersilica (300 nm)

upon2 h drying at 70
�
Cthathasbeensubjectedto 6 h additionaldrying at this temperature.The

correspondingextinctionspectraareshown in fig. 6.22.
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Coating characteristics

Thecoatingexperimentswith silvermakinguseof avariationof themetalprecursorconcentration

proved to be the mostsuccessfulapproachto core-shell-like structures.For the gold precursor

similar incipientwetnessimpregnation experimentswereundertakenwith concentrationsranging

from 1 to 5%appliedto Stöbersilica(300nm)nanosphereswhichalwaysweredried2 h at70
�
C.

Fig. 6.23shows TEM imagesandsizedistributionsof the2%,4%and5% samplesandTable6.9

comprisesthecoatingcharacteristicsof thewholeseries.Most remarkablyis thehugeincreasein

coverageof thesilicananospheresurfaceby Au nanoparticlesfrom 10%to 65%.

Table 6.9: Characteristicsof Au nanoparticleson Stöber silica (300nm) for various precursor concentra-
tionsupon 2h drying at 70G C.

Concentration Meansize Stand. dev. Coverage
[%] [nm] [nm] [%]
1 2.2 0.2 10
2 2.4 0.3 17
4 3.7 0.3 32

8.1 2.3
5 3.8 0.8 65

6.6 1.3

The increaseof particlesizeandcoverage,beinglarger thanwith comparablesamplesof thesil-

ver series,is mainly broughtaboutby therapidgrowth of a considerableportionof theparticles.

Nevertheless, thereremainsan evengreaterpopulationof smaller particleshaving a narrow size

distribution centeredaround3 to 3.5nm. Thisbehavior requiresanenhancedgrowth rate,favored

by particle-particleinteractionandcoalescence,beingactive simultaneouslywith a high nucle-

ationrateappropriatefor compensationof particleconsumption dueto growth processes.The5%

sampleexhibitscore-shell-likestructureswheremany Au nanoparticlesalreadyareinterconnected

in a network. Thesestill incompleteAu nanoshells,however, cannotbe improved by enhancing

further the concentrationof the metalprecursors.With 10% hydrogentetrachloroaurateapplied

underthesameconditionsexcessive particlegrowth leadsto a lossof mostof theparticlesfrom

thesilica nanospheresuponpreparationfor electronmicroscopy. Theopticalpropertiesof the5%

samplearenot aspromising asfig. 6.23(c)lookslike. Thespectraof theconcentrationseriesdo

not show essentialimprovmentascomparedtho thoseof figs. 6.21and6.22.Themainreasonfor

this behaviour is thatno shellsignatureis developedaslong asthemetalparticlecoatingremains

incomplete. Furthermore,themaximum of thecorrespondingresonancefor this coresizeshould

bebeyoundthelimits of theusedspectrometer. Anotherreasonis theinhomogeneity of thesam-

plesproducedby incipientwetnessimpregnation. Thehigh quality coatingcharacteristicsshown

in fig. 6.23(c)arenot observedat thesamelevel throughout thewholesample.Repetitionof the

incipient wetnessimpregnation in a multi-step procedurewasalsoutilized for the Au precursor

complex with 1%onStöbersilica(300nm)using2 h dryingat70
�
C in vacuum.TEM imagesand

thecorrespondingsizedistributionsof thefirst andtherepeateddeposition areshown in fig. 6.24.
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Fig. 6.23: TEM image and corresponding sizedistribution of Au nanoparticles on Stöber silica (300 nm)
depositedusing (a) 2%,(b) 4%,and(c) 5% precursor concentration upon2h drying at 70G C.
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Fig. 6.24: TEM image andsizedistribution of Au nanoparticles (1% precursor) on Stöber silica (300nm)
upon2h drying at 70G C, (a) first and(b) repeateddeposition.

Fig. 6.25: HREMimage of Au nanoparticles (1% precursor) on Stöber silica (300 nm)upon 2h drying at
70G C: repeateddeposition.
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Theparticlesizechangesfrom 2 � 4 C 0 � 3 nmmeanvalueof a monomodaldistribution to 2 � 1 C
0 � 3 nm and4 � 7 C 1 � 3 nm of a bimodaldistribution in a remarkablyuniform way, quite different

from the findingswith repeateddeposition of Ag. The coverageincreasesfrom 17% to 52% is

by far above thatoneobtainedin a one-stepprocedureemploying anequivalentconcentrationof

theprecursorcomplex [Hof02]. Thisbehavior points to simultaneouslyproceedingnucleationand

growth processes,similar to thecaseof silver.

However, with gold the nucleationrate and the growth rate obviously are well adjustedto

eachother so as to keepthe uniformity of the nanoparticlecoatingwhile increasingthe metal

loading. It can be assumedthat the nucleationrate is governedby the availability of reducing

radicalson the silica surface,beingapproximatelya function of free space,andthe growth rate

is governedby both,concentrationof metalatomsandsmallclusterson thesurface,respectively,

andtheir mobility. Therefore,low precursorconcentrationandlow temperatureapproachesare

more successfulin producingcore-shell-like structures. A closerview to the Au nanoparticle

coatingachievedby theabove describedrepeateddeposition is given by theHREM imageof fig.

6.25.Therearesomeparticlesshowing inhomogeneousimagecontrastssincethey containplanar

defects,while someparticlesshow irregular shapesresultingfrom coalescenceprocesses.This

image,similar astheoneshown in fig. 6.20(a),may indicatethat theAu particlesresidewell on

topof thesilicasurfacesharingonly asmallcontactplanewith thesubstrate.

Short review of results

Summarizingthe resultsof the metalcoatingexperimentsusingincipient wetnessimpregnation

onemayconclude,thatwith bothmetalsapplieda uniform andreasonablydensenanoparticulate

coverageof monodispersesilica nanospherescould be achieved. The newly introducedmethod,

oxidesurface-mediatedreductionof metalcomplexesonlyslightlyaboveroomtemperature,makes

useof thepotentialof terminatinghydroxylgroupsfor reducingmetalions.It is well suitedto pre-

paremetalnanoparticlecoatingson monodispersesilica nanosphereswithout external reducing

agentsor mediaandabsolutelyfree of adhesive aidsor functionalizing agentsusuallyappliedto

achieve particulatecoatings.The generalstructureof particlesof both metalsis quite the same.

Singlecrystallineparticlesof nearlycuboctahedralshapegrow on thesilica surfacewithout indi-

cationsof substrate-depositeinteraction.With particlesizesincreasingabove about5 nm, planar

latticedefectsandshapedeviationsoccurindicating somechangesin thegrowth mode. Despite

theuniformarrangementof particlesandrelatively densecoverageof theoxidesurface,theoverall

filling factorremainsratherlow. Consequently, theopticalspectramainly reflectthelight scatter-

ing propertiesof silica nanosphereshaving a broadmaximum at about425nm. Only uponhigher

metalloading,whenresonancedampingeffectsdecreasebecauseof increasingparticlesize,and

particularfor Au with thesurfaceplasmonposition at about550nm, thesignatureof metalpar-

ticle resonancesis observed. Core-shellresonancesof the nanospheresstudiedareexpectedto

occurnot in thevisible, but in thenearinfraredregion,andonly uponformationof closedshells.

Although this aim wasnot yet attained,someimprovementsof the coatingcharacteristicswere
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achievedby variationof precursorconcentrationanddrying temperature.With Ag nanoparticles

thecoveragecouldbeenhancedup to nearly50%,preservinga remarkablyuniform particlesize

andarrangement,by appropriatelyincreasingtheconcentration.With Au nanoparticlestheeffect

waseven betteranda coverageof 65% wasachieved, but just for a moderateconcentrationin-

crease,theuniform particlesizewaslost rapidly. Increasingthedrying temperatureis not useful

for bothmetalssinceanincreasinglossof uniformity of particlesizeandarrangementresults,ac-

companiedby a reducedcoverageof theoxide. Anotherway, repetitionof the incipientwetness

impregnationanddryingto composeamulti-stepprocedure,did notwork well with Ag nanoparti-

clessincethecoveragedid not increaseaccordingly, but abimodalsizedistribution wasproduced.

A similar procedurewith Au, applyingonly half thatconcentrationin thesinglestep,produceda

moresatisfyingresultwith acoverageincreasedistinctly abovetheoneobtainedby employing an

equivalent concentrationin a one-stepprocedure.It is importantto notethat from the observed

behaviour onecannotclassifythemulti-stepprocedureasakind of seedingtreatment.Theaccom-

modation of metalatoms,freshlyformedin thesecondstep,canoccuronpreexisting particles,but

in competitionto nucleationprocesseson thenot yetcoveredsilicasurface.
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This thesisreportson anextensive investigationon the formationof metalnanoparticlecoatings

on oxide nanospheresand their characterization.Thesecoatings,aimedat forming core-shell

structures,arechallengingbecauseof thenovel opticalpropertiesof suchstructuresthatmaybe

tunedin wide rangesby variationof coresizeandshellthickness.Theexperimental realizationof

acorrespondinginvestigationrequiresto exploresuitableroutesof synthesisincludingappropriate

materialsof core and shell. The attemptto form core-shellstructuresby metal deposition on

oxide nanospheresis approachedin several stepswhich obey the determination to avoid surface

contamination by functionalizing agentsandto enablemoderatetemperatureprocessing.These

objectives havenotbeenconsideredsofar in theliteratureconcerningthissubject.

Thedetailedstepsof this approachconcernvariousaspectsof thecomplex investigation.One

of theseaspectsis that of the oxide materialsemployed mustmeetsomerequirements.These

arein brief: (i) thegeometriccharacteristicsof appropriatesizeandshapeto serve assupportfor

concentricmetalshells, (ii) thedielectricfunctionof suitablecharacteristics,and(iii) thesurface

statein termsof surfacegroupswhich mayactasreducingradicalsor aspreferredsitesof metal

atomaccomodationin theprocessof metaldeposition by chemicalmeans.Otheraspectsarethe

processof metaldepositionitself,andthetypeof metalof whichappropriateprecursorcompounds

andsuitable depositioncharacteristicsmaybefound. To this aim a new methodof metalcoating,

namelysurface-mediatedreductionof metalcomplexesat low temperatures,wasintroduced.

A numberof oxide materialswere examinedwith respectto their structuralcharacteristics

by electronmicroscopy, andto the presenceof hydroxyl groupsby thermalgravimetry analysis.

Mesoporousnon-planaroxides,readily availableandnon-expensive, offeredthe advantageof a

highspecificsurfaceareaaccompaniedby aratherhighconcentrationof surfacehydroxyl groups.

Although not being useful to build core-shellstructures,thesematerialsallowed us to test the

deposition of 11 differentmetalsusingvariousprecursors.Commerciallyavailable,polydisperse

nanospheresof silica,alumina, titania andhematiteweretested,but only theNANOTEK silica and

the CERAC titania provided sufficiently smoothsurfaceandsphericalshapeto be usedin metal

deposition experiments. Theratherlow concentrationof hydroxyl groupson thesurfaceof these

materialsis dueto theirorigin from pyrolysistechniques.Thebestchoicefor thepurposeof core-

shell structuresareso-called"monodisperse"oxide nanosphereswhich have a very narrow size

distribution. BesidescommerciallyprocuredMonospherTM silica of MERCK, laboratory-made

Stöbersilica nanosphereswith meandiametersrangingfrom about100to 300nmhavebeenused

in metalnanoparticlecoatingexperiments. Thesematerialshave a ratherhigh surfacehydroxyl



84 Summary and outlook

content.Oxidenanospheresof theabove sizerangearebestsuitedfor structuralcharacterization

by transmissionelectronmicroscopy of thecoatingdetails.

Threedifferent routesto achieve coatingof oxide nanospheresby metalnanoparticleshave

beenexplored.One,testedextensively onnon-planaroxides,consistsin thereplacementof termi-

natinghydroxylgroupsby aluminium-hydrogensurfacecomplexesto enablecontrolledreduction

of metal complexes which were appliedby impregnation from solution. A subsequentdrying

procedureat 100to 300
�
C resultedin metalnanoparticles,thesize,sizedistribution andconcen-

tration of which varied from metal to metalandalsofor differentmetalprecursorsof the same

metal.However, generallyverysmallmetalparticlesareformedwith sizesaround2 nm.

For particlesof theferromagneticmetalsNi, Co andFesuperparamagneticresonancesignals

wereobserved. Its temperaturedependenceallowed to derive the correspondingparticlesize in

line with TEM. Besidesfor theircoatingcharacteristics,theparticlesof paramagneticgroupVIIIB

metalswereinspectedfor conductionelectronspinresonance.Suchsignalswereobservedfor Rh

andPt. Theuniformity of thearrangementandstability of sizedispersionis mostremarkablyfor

Pt particles. The groupIB metalsCu, Ag andAu exhibit, in this order, an increasingtendency

to form larger particlesunderotherwisecomparabledepositionconditions, leadingto a bimodal

sizedistribution for thelastmetal.FrommagneticresonancemeasurementsatAg andCusamples

CESRsignalscouldbeidentified.As ageneralobservationfrom themagneticresonancespectraof

all samplespreparedaccordingto thisrouteof synthesis,indicationsfor thepresenceof metalions

aswell assignalsdueto paramagneticdefectspeciesat thesilica surfacewerefrequentlyfound.

Thelattermayresultfrom re-oxidationof atomically dispersedmetalat residualhydroxyl groups,

simultaneouslyproducingtheformer.

Thesecondrouteof synthesis waschosenfor polydisperseoxidesof variousorigin. It makes

useof thermallyunstableorganometallic precursorsappliedby impregnationfrom solution leading

to the formation of organometallic surfacecomplexes. Sinceno further reducingtreatmentis

required,this procedureis well suitedfor the polydispersenanosphereshaving only low surface

hydroxyl concentration.It wasusedwith two differentorganometallic precursorsof Pt andPdfor

silica aswell asfor titaniananospheresandmostly produceduniformly arrangedmetalparticles

with meansizesaround2.5nm andnarrow sizedistribution. At very low precursorconcentration

thecoatingcharacteristicsof silica did notworsenupondrying at temperaturesashigh as300
�
C.

At Ptnanoparticlesonsilicananospherespreparedthiswayquantumsizeeffectwasevidencedby

magneticresonancemeasurement(CESR). Even betterresultswereobtainedfor high precursor

concentrationswithout raisingthe temperatureabove RT. On titaniananospheres,theuniformity

of themetalparticlearrangementwasnotasgoodandthelow temperaturedepositiondid notwork

quitewell. Nevertheless,it maybeconcludedthatmetaldeposition from organometallicprecursors

is well suitedasprenucleationstepfor creatingcore-shellstructureswith oxide nanospheresof

poorsurfacehydroxyl content.

Monodispersesilica nanosphereswith a relatively high contentof surfacehydroxyl groups

offered the exploration of a third routeof synthesis. This surface-mediatedprocessutilizes the
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potentialof terminating groupsfor reductionof metal ions of precursorcompoundsappliedby

incipient wetnessimpregnation. It wasusedfor a moresystematic studyof the coatingcharac-

teristicsof Ag andAu nanoparticles.The generalstructuralcharacteristicsis quite the samefor

both metals. A densepopulationof uniformly arranged,rathersmall particleshaving a narrow

sizedistribution coversthesilica nanospheresupondrying at temperaturesaround70
�
C. It is for

thefirst time thatmetalparticleformationat suchlow temperatureson oxidesupportwithout ap-

plying external reducingagentsor mediais reported. The particlesaresinglecrystallinebelow

about5 nm in sizeandexhibit cuboctahedralshape.Larger particlesmay exhibit lattice defects

andshapedeviations. Theopticalpropertiesof thesematerialscorrespondto their overall struc-

tureof nanoparticulatecompositeshaving a very low filling factorof themetalphase.Therefore,

the optical spectraaredominatedby light scatteringcontributions of silica nanospherespeaking

at about425nm. Thelattercompletelycover thesurfaceplasmonresonanceof Ag nanoparticles

andpartly thatof Au. With highermetalloadings andincreasingparticlesize,diminishingtheef-

fectof resonancedamping,theopticalabsorptionrevealsthesignatureof resonancesdueto metal

particles.As longasthecoatingof oxidenanospheresby metalnanoparticlesremainsincomplete,

this behaviour in principle is not expectedto essentiallychange.Efforts to improve the coating

characteristicsincludedthe variation of precursorconcentrationandapplicationof a multi-step

procedure.Coveragesof about50%for Ag andeven65%for Au wereachievedby usinghigher

metalloading,but this increasewasaccompaniedby a lessuniformparticlearrangement.Repeti-

tion of the incipientwetnessimpregnationresultedin ratherpromisingcoatingcharacteristicsfor

Au if thesingle-stepconcentrationwasappropriatelylowered.

In general,it canbe concluded,that a low precursorconcentrationandlow temperatureap-

proachwill bemostsuccessfulin producingcore-shell-likestructures.Thesearethoughtto evolve

finally into regularcore-shellstructureshaving novel opticalpropertiesvia further metaldeposi-

tion by complementaryprocesses.It maybethetaskof futurestudiesto explorein moredetailthe

processesof nucleationandgrowth involvedin theformationof theabovestructures.In particular,

it will beimportantto find out,how bothprocessesmaybeseparatelycontrolled.Anotherissueis

thepooradhesionof metalslike Ag andAu on silica. It is worthwhile to spendsomeeffort with

improving thisbehavior sinceotherwiseit couldendangerthesuccessof closedshellformation.

Designandfabricationof so-called"metalnanoshells",i.e., core-shellstructuresconsistingof

insulating coreandmetalshell with nanometerdimensions,have beenextensively studiedin re-

centyearsanda numberof applicationswereproposedor eventested.Most of themmake useof

theenhancedstructuraltunability of opticalresonancesfrom thevisible to theinfraredaswell as

from largeeffectsin molecularfluorescentenhancementandsurfaceenhancedRamanscattering.

It shouldbepointedoutherethatin thefield of opticalsensorsandplasmonwaveguidesstill there

arenumerouspossibilities to replacetheuseof metalparticlesof sphericalshapeby "nanoshells"

with greaterflexibility of applicationandcontrolof their opticalcharacteristics.This is valid for

biologic applicationslike detectingDNA or bacteria,but alsofor technicalapplicationslike plas-

monwaveguidesworking with orderedarraysof metalparticles.Sincesuchcore-shellstructures
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have distinctly larger dimensionsthantheir full-metal counterpartsthey aremoreeasyto be ar-

rangedin two andthree-dimensionalarrays,servingthiswayasbuildingblocksof nanostructured

materials.

Zusammenfassung und Ausblick

Die vorliegendeDissertationberichtetübereineausführlicheUntersuchungzurBildungundCha-

rakterisierungvon Metallnanopartikel-Beschichtungenauf Oxidnanokugeln. DieseBeschichtun-

gen,dieaufdieAusbildungvonKern-Hülle-Strukturenabzielen,sindeineHerausforderungwegen

der neuartigenoptischenEigenschaftensolcherStrukturren,die innerhalbweiter Grenzendurch

Variationvon KerngrösseundHüllendicke eingestelltwerdenkönnen.Die experimentelle Reali-

sierungeiner entsprechendenUntersuchungerfordert,geeigneteSyntheserouteneinschliesslich

dazupassenderMaterialienvonKernundHülle zuerkunden.DerVersuch,Kern-Hülle-Strukturen

durchMetallabscheidung auf Oxidnanokugelnzu bilden,wird in mehrerenSchrittenangenähert.

Dabeiwird dieFestlegungbefolgt,dasseineOberflächen-Kontaminationdurchfunktionalisierende

Agentienvermiedenwerdenund eineBehandlungbei moderatenTemperaturenstattfindensoll.

DieseZielstellungwurdein derdiesbezüglichenLiteraturbishernichtberücksichtigt.

Die einzelnenSchrittedieserAnnäherungbetreffen verschiedeneAspektederkomplexenUn-

tersuchung. Einer dieserAspektebetrifft die eingesetztenOxidmaterialien, die gewissen An-

forderungengenügensollen. Dassindkurz gesagt:(i) die geometrischenMerkmaleGrösseund

Gestalt,um alsTrägerfür konzentrischeMetall- Hüllenzu dienen,(ii) diedafürgeeignetedielek-

trischeFunktion, und(iii) derZustandderOberflächewasOberflächengruppenbetrifft, diealsre-

duzierendeRadikaledienenkönnenoderalsbevorzugtePlätzederAnlagerungvonMetallatomen

im Zugeder Metallabscheidungmit chemischenMitteln. AndereAspektebetreffen denProzess

derMetallabscheidungunddieMetalle,für diegeeigneteVorläuferverbindungengefundenwerden

können.Zu diesemZweck wurdeeineneueMethode derMetall-Beschichtung,die oberflächen-

vermittelteReduktionvonMetallkomplexenbeiniedrigenTemperatureneingeführt.

Eine Reihevon Oxidmaterialienwurde im Hinblick auf ihre strukturellenMerkmalemittels

ElektronenmokroskopieundbezüglichdesGehaltesanHydroxylgruppenmittelsThermogravime-

trischerAnalyseuntersucht.Leichterhältlicheundpreiswerte,mesoporöse,nicht-planareOxidma-

terialienbotendenVorteil einersehrhohenspezifischenOberflächein Verbindungmit einerziem-

lich hohenKonzentrationanOberflächenhydroxyl.Obgleichsienicht für Kern-Hülle-Strukturen

geeignetsind, ermöglichten dieseMaterialien,die Abscheidungvon 11 unterschiedlichenMe-

tallenunterBenutzungverschiedenerVorläuferzu testen.Kommerziellerhältliche,polydisperse

Oxidmaterialien(SiO2 , γ-Al2O3 , TiO2 , Fe2O3 ) in FormvonNanokugelnwurdengetestet,jedoch

nur SiO2 von NANOTEK und TiO2 von CERAC wieseneineausreichendglatteOberflächeund

Kugelgestalt auf, um bei denExperimenten zur MetallabscheidungVerwendungzu finden. Die

sehrniedrigeKonzentrationanHydroxylgruppenauf derOberflächedieserMaterialienrührt von

ihrer Herstellungmittels Pyrolyseverfahrenher. Die besteWahl zum Zwecke von Kern-Hülle-
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Strukturensind sogenannte"monodisperse"Oxid-Nanokugeln,die genaugenommeneine sehr

engeGrössenverteilungaufweisen. Nebenkommerziell beschafftem MonospherTM SiO2 von

MERK , wurdenlaborgefertigteStöber-SiO2 Nanokugelnmit mittlerenDurchmessernzwischen

100 und 300 nm für Beschichtungs-Experimentemit Metallnanopartikeln benutzt. DieseMate-

rialien habeneinensehrhohenGehaltan Oberflächen-Hydroxyl.Oxidnanokugeln im obenge-

nanntenGrössenbereichsindbestensgeeignetfür diestrukturelleCharakterisierungderBeschich-

tungsmerkmalemittelsTransmissionselektronenmikroskopie.

Drei verschiedeneWegewurdenerprobt,um eineBeschichtungvonOxidnanokugelnmit Me-

tallnanoteilchenzu erreichen. Die eine, ausführlichgetestetan nicht-planarenOxiden, besteht

im ErsetzenvonHydroxylgruppendurchAluminium-Wasserstoff- Oberflächenkomplexe,umeine

kontrollierteReduktionvon durchImpregnationausderLösungaufgebrachtenMetallkomplexen

zu ermöglichen. Eine nachfolgendeTrocknungsprozedurbei 100 bis 300
�
C resultiertein Me-

tallnanopartikeln, derenGrösse,Grössenverteilungund Konzentrationvon Metall zu Metall und

auchfür unterschiedlicheVorläuferdesgleichenMetallsvariierte.Insgesamtjedoch,wurdensehr

kleineMetallpartikel mit Grössenvonetwa2 nmgebildet.

Für Partikel der superparamagnetischenMetalle Ni, Co und Fe wurdeSignaleder ferromag-

netischenResonanzbeobachtet,derenTemperaturabhängigkeit verfolgt wurde, um darausdie

entsprechendePartikelgrösseabzuleiten.Bei PartikelnvonparamagnetischenMetallenderGruppe

VIIIB interessiertenebendenBeschichtungsmerkmalenauchdieLeitungselektronen-Spinresonanz.

SolcheSignalewurdenfür RhundPtbeobachtet.Die Einheitlichkeit derAnordnungundStabilität

der Grössendispersionder Pt Partikel ist höchstbemerkenswert.Die Metalleder GruppeIB Cu,

Ag und Au weisen,in dieserReihenfolge,einezunehmendeTendenzauf, unteransonstenver-

gleichbarenBedingungengrösserePartikel zu bilden, waszu einebimodalenGrössenverteilung

für dasletzteMetall führt. Aus Messungender magneti-schenResonanzanAg undCu Proben

konntenCESRSignaleidentifiziertwerden.Als einegenerelleBeobachtungallernachdieserSyn-

theseroutepräpariertenProbenwurdenhäufigAnzeichenfür dasVorliegenvonMetallionensowie

auchSignale,die von paramagnetischenDefektenderSiO2 -Oberflächeherrühren,gefunden.Die

DefektekönnenauseinerRe-Oxidationvon MetallatomenanrestlichenHydroxylgruppenresul-

tieren,wobeigleichzeitigdieMetallionenentstehen.

Die zweiteSyntheseroutewurdefür polydisperseOxidnanokugelnunterschiedlicherHerkunft

gewählt. Hierbei werdendurch Impregnation aus der Lösungaufgebrachte,thermischlabile,

organometallischeVorläuferzur BildungvonorganometallischenOberflächenkomplexenbenutzt.

Da keineweiterereduzierendeBehandlungerforderlichist, eignetsich dieseProzedursehrgut

für die polydispersenNanokugeln,die nur eine geringeKonzentrationan Oberflächenhydroxyl

aufweisen.Sie wurdemit zwei unterschiedlichenorganometallischenVorläufernvon Pt und Pd

für SiO2 undTiO2 benutztundergabmeistensgleichmässig angeordneteMetallpartikel mit mi-

ttleren Grössenvon etwa 2.5 nm und engerGrössenverteilung. Bei sehrniedrigenVorläufer-

Konzentrationen verschlechtertensich die Beschichtungsmerkmalevon SiO2 auchnachTrock-

nungbei Temperaturenvon 300
�
C nicht. Bei auf dieseWeisehergestelltenPt Nanopartikeln auf



88 Summary and outlook

SiO2 NanokugelnwurdeQuantum-Size-Effekt mittelsmagnetischerResonanz-Messung(CESR)

nachgewiesen.NochbessereBeschichtungsergebnissewurdemit hohenVorläufer-Konzentratio-

nenganzohneAnhebungderTemperaturerreicht.Auf TiO2 Nanokugelnwar die Einheitlichkeit

derMetallpartikelanordnungnicht sogut unddie Abscheidungbei niedrigenTemperaturenfunk-

tioniertenicht ganzzufriedenstellend.Nichtsdestotrotz kanngefolgertwerden,dassdie Metall-

abscheidungmittelsorganometallischerVorläuferalsVorbekeimungs-Schrittgut geeignetist, um

Kern-Hülle-StrukturenaufOxidnanokugelnmit geringemHydroxylgehaltzuerzeugen.

MonodisperseSiO2 Nanokugelnmit relativ hohemGehaltan Oberflächen-Hydroxylgruppen

botensich für einendritten Syntheseweg an. Dieseroberflächen-vermittelte Prozessnutzt die

Fähigkeit vonterminierendenGruppenzurReduktionvonMetallionendermittelseinerInzipient-

Wetness-ImprägnierungaufgebrachtenVorläuferverbindungen.Er wurdefür einesystematische

UntersuchungderBeschichtungsmerkmalevonAg undAu Nanopartikelneingesetzt.Die genere-

llen Strukturmerkmale sind für beideMetalle ganzgleichartig. Eine dichtePopulationvon ein-

heitlich angeordnetenziemlichkleinenPartikeln bedecktdie SiO2 -NanokugelnnachTrocknung

bei Temperaturenum 70
�
C. Die Bildung von Metallpartikeln auf Oxidträgernbei so niedrigen

Temperaturenwird hier zum erstenMal berichtet. Unter etwa 5 nm Grössesind die Partikel

einkristallin und zeigeneinekuboktaedrischeGestalt. GrösserePartikel könnenFacettierungen

undGestaltsabweichungenaufweisen.DieoptischenEigenschaftendieserMaterialienentsprechen

ihrem Gesamtaufbauals nanopartikulate Komposite mit sehrniedrigemFüllfaktor der Metall-

phase.Deshalbwerdendie optischenSpektrendurchLichtstreubeiträgevon SiO2 Nanokugeln

mit Maximumbeietwa 425nm dominiert. LetztereüberdeckenkomplettdieOberflächenplasmo-

nenresonanzvon Ag Nanopartikeln und teilweiseauchdie von Au. Mit höhererMetallbeladung

und zunehmenderPartikelgrösseverringertsich der Effekt der Resonanzdämpfungund die op-

tischeAbsorption zeigt Signaturender von Metallpartikeln herrührendenResonanzen.Solange

die BeschichtungderOxidnanokugelnmit Metallnanopartikeln unvollständigbleibt, ist eineÄn-

derungdiesesVerhaltensprinzipiell nicht zu erwarten. Die Bemühungenzur Verbesserungder

Beschichtungsmerkmale schliessendie Variierungder Vorläuferkonzentrationund Anwendung

einer Mehrschritt-Prozedurein. Bedeckungenvon 50% für Ag und sogar65% für Au wur-

den durch Anwendungeiner höherenMetallbeladungerreicht,aberdieseZunahmewurde von

einerwenigereinheitlichenPartikelanordnungbegleitet. Die WiederholungderInzipient-Wetness-

ImprägnierungergabvielversprechendeBeschichtungsmerkmale für Au, wenndie Einzelschritt-

Konzentrationgeeigneterniedrigtwurde.

Ganzallgemeinkanngeschlussfolgert werden,dasseineAnnäherungmit niedrigerVorläufer-

konzentrationund niedrigerTemperaturfür die Herstellungvon kern- hülle-artigenStrukturen

am erfolgreichstenist. Durch weitereMetallabscheidungmittelskomplementärerProzessewird

derenEntwicklung zu regulärenKern-Hülle-Strukturenmit neuartigenoptischenEigenschaften

angenommen.Es wird die Aufgabevon künftigen Untersuchungensein, die bei der Bildung

der obigenStrukturenbeteiligtenProzessevon Keimbildung und Wachstumdetailierterzu un-

tersuchen.Insbesonderewird eswichtig seinherauszufinden,wie beideProzesseseparatgesteuert
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werdenkönnen.EineandereFrageist die derschlechtenAdhäsionvon Metallenwie Ag undAu

auf SiO2 . EsverdienteinigenAufwand,diesesVerhaltenzu verbessern,da ansonstender Erfog

derBildungvongeschlossenenHüllen in Fragesteht.

Designund Herstellungvon sogenannten"Metall-Nanoshells",dassind Kern- Hülle-Struk-

turenmit isolierendemKern und Metallhülle in Nanometerabmessungen wurdenin den letzten

Jahrenausführlichuntersuchtund es wurde eine Reihevon Anwendungenvorgeschlagenoder

sogargetestet.Die meistenvon ihnenmachenvon der erhöhtenstrukturellenEinstellbarkeit der

optischenResonanzenvom sichtbarenbis zum infraroten Bereich Gebrauch,sowie auch von

grossenEffekten bei der molekularenFluoreszenzerhöhungund der oberflächen-erhöhtenRa-

manstreuung.Es sollte hier betontwerden,dassauf dem Gebietder optischenSensorenund

Plasmonen-Wellenleiter noch zahlreicheMöglichkeiten bestehen,die Verwendungvon Metall-

partikeln mit Kugelgestalt durch"Nanoshells"mit größererFlexibili tät derAnwendungundEin-

stellungihreroptischenEigenschaftenzuersetzen.Dasgilt für biologischeAnwendungenwie die

Detektierungvon DNA oderBakterien,und ebensofür technischeAnwendungenwie Plasmon-

Wellenleiter, die mit strukturiertenAnordnungenvon Metallpartikeln arbeiten.Da solcheKern-

Hülle-StrukturendeutlichgrössereAbmessungenalsihreGanzmetall-Gegenstückehaben,können

sie einfacherin zwei oderdreidimensionaleAnordnungengebrachtwerdenund auf dieseWeise

alsBausteinefür nanostrukturierteMaterialiendienen.
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