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1 Intr oduction

Thiswork is dedicatedo thestudyof smallmetalparticles(nanoparticlesjiepositednthesurface
of smallnon-coherenbxidegrainsof sphericashapgnanospheresyith theaim of forming core-
shellstructuresThisissuewasintensvely studedin thelastyearsbecausesuchstructuresxhibit
peculiarpropertiesvhich make themattractve for applicatiors in optical andbiologcal sensors
andin optoelectrorgs. The attenuationof light throughcompositematerialscontainingmetal
particlesis governedby collective surfaceplasmormmodes.The optical propertiesdependbesides
sizeandshapeof the metalparticles,rathersensitvely on their surroundingi. e.,the dielectric
medium,aswell ason their arrangementNovel optical effectsare expectedfrom appropriately
combinirg matrix materialandspecificwaysof particlearrangementsuchasaggreatestructures
or core-shelktructuresFor theseparticulargeometrie®xide nanospheresf nearlyequalsizeare
well suitedashbuilding blocksof prospectie nanostructurednaterials offering a greatflexibil ity
of composiion.

Differentfrom metal depositionon planarsubstratesuniform coatingof oxide nanospheres
requiresaccessof the depositfrom all directions. Depositionfrom solutionby chemicalmeans
with metalparticleformationdirectly on the oxide surfaceis right appropriateo this purpose. A
correspondingoute of synthesigs approachedn several stepsunderconsideratiorof two main
determinatiosn: it shouldavoid uncontroled surface chemicalinteractionof the metal particles
with functionalzing agentswhich seriouslymay influencethe surface plasmonresonancesand
it shouldenablecontrol of the metalprecursordecompodion kinetics,andthereforethe particle
size,atmoderatéemperatureonditians.

Thethesisconsistof six chapteravhich presenfundamentaandexperimentabspect®f metal
nanoparticleslepositecbn variouskinds of non-planaioxide substratesThe experimentaresults
are explained and sustainedoy theoreticalcalculationsin order to fit analyticaland numerical
modelsto the experimentaldata.

In Chapter2 the physicalpropertiesof small metal particlesare presentedrom a structural,
morpholgicalandelectronigpointof view. Theconditionsof particleformationon substrateshe
role of substrate-depositeractionacrosshe interfacefor the particleshape andthe superpara-
magnetigpropertiesof nanoparticlesrebriefly theoreticallydescribed Onepropertyconcerning
thediscretnessf the enepgy levels dependingn the particlesize- thewell knovn quantum size
effect - is alsotreated. The equationontainingthe extinction function of nanoparticlesn a di-
electric matrix for attenuatiorof light are derived from the Mie theory The optical absorption
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spectraof nanoparticlesrom IB grouparediscussedThe particularcaseof core-shellstructures
is emphasizedakinginto accounthe quantunsizeeffect.

In Chapter3 the experimenél methodsusedto characterizeéhe nanoparticlecoatingsare de-
scribed. Transmisgn electronmicroscoly (TEM) is reviewed to assistunderstandingf image
formationandcontrastinterpretation.A brief descriptionof high resoluton electronmicroscoy
(HREM) is givenbecausdrom thatcrystallograpta informationof the samplescanbe extracted
anddiscussedTheothertechniquepointedoutareelectronparamagneticesonanc€EPR),ferro-
magneticesonanc¢éFMR) andopticalabsorptiorspectroscop All thesemethodgogethershall
give solidinformation ontheformationandevolution of nanoparticleslepositedria variousroutes
onoxidematerials.

Chapter4 presentsxperimenal resultsof the studyaimedat finding appropriateoxide ma-
terials for metal depositon. In orderto achieve sufficient coverageof the oxide substrateby
metal particles,in a first approacha non-planarhydride-malified mesoporousxide was used.
Themodiicationof the surfaceterminatinggroupsshallimprove the reductionof metalprecursor
compoundsandpromoteparticleformation The secondapproachmakesuseof polydispersex-
ide nanosphereBecauseof their origin from pyrolysistechniqueghey containa low numberof
OH-groupsonthesurface,but provide asmodh anduniformsurfacestructure Thethird approach
concernsnonodspersesilicananospheresf commerciabndlaboratory-maderigin. The Stober
methodusedfor the preparatiorof theseoxidesis shortlydescribecandsomeexamplesaregiven.

Chapter5 presentexperimentakesultsof the exploration of transition metalparticlecoatings
onhydride-modiied non-planaoxidematerials. Varioustypesof metalnanoparticlesf VIIIB and
IB groupssynthesizedrom two genericprecursoitypes(MX, - nLig, MX,) were studied. Metal
particle formation and coverageof the oxide substateswere controlledby changingdeposition
conditions like metal precursorconcentratiorand temperature.For superparamagnetiearticles
(Fe, Co, Ni) the interactionwith the magneticfield is discused. Accordingly, the particle size
is calculatedand comparedwith TEM results. Quantumsize effects of non-superparamagnetic
group VIIIB metalparticleswere evidencedby conductionelectronspin resonanc€ CESR)and
comparedo Kawabatatheorycalculations.Becauseof their strongplasmonresonanceffectsin
thevisible rangethegrouplB metal(Cu, Ag, Au) particlesareof specialinterest.

In Chapter6 theresultsof studyingmetalparticlecoatingson oxidenanospherearepresented.
First the depositon from organometallicPt and Pd precursorsof thetype [Li(THF),], - [MR], is
testedon non-planaroxide surfacesand appliedto polydigperseoxide nanospheresThesefirst
attemptsto achieve core-shellstructuresprovedto be well suitedas prenucleatiorstepat which
subsequergtepsy complementaryprocessemayfollow. Theresultof suchcoatingexperiments
onsilicaandtitaniananospherearepresenteavith respecto the parameterivolved.

Theavailability of monodipersesilicananospheresnproveddecisvely theexplorationof ap-
propriatecoatingconditians. Anotherrouteof nanoparticleoatingwasexploredwith Ag andAu
whereno organometalt precursorgould be employed. Instead,incipientwetnessmpregnation
wassuccessfullyappliedaseithera single-stepor a multi-stepprocedure Herethe coatingcharac-



teristicsdependingn synthesisconditions are presentedor Ag andAu core-shell-lile structures
andthecorrespondin@pticalpropertiesarediscussed.

Besidesa summaryof the researchntroducedin this thesis,the lastchaptergivesan outlook
concerninghepossiblamplementationof core-shelktructuresn variousfields of optoelectronics
andbiotechnolog. Emphasiss givenalsoto potentialimprovementsof the coatingcharacteristic
and adhesionstrengthof metal nanoparticleon oxide nanosphere$o be consideredn future
studies.

Einleitung

DieseArbeit ist dem Studiumkleiner Metallpartikel (Nanopartilel) gewidmet, die auf die Ober
flachekleiner, nicht-zusamranhangendesphérischeOxidkérner(Nanokugelnaufgebrachtver-
den,um Kern-Hille-Strukturerzu bilden. DieseProblematikwurdein denvergangenerdahren
ausgiebiguntersuchtweil solcheStrukturenbesonderé&igenschaftermufweisendie sie fir An-
wendungetrin optischerundbiologischenSensoremndin derOptoelektroniknteressantnachen.
Die Abschwachungon Licht in metallpartilel-enthalendenKompositmaterialenwird durchko-
llektive Oberflachenplasmonen-Modkeanorgerufen.Die optischerEigenschaftehdangenneben
GrofReund Form der Metallpartikel, empfindlichvon derenUmgelung, d.h. demdielektrischen
Medium,saowie auchihrer Anordnungah NeuartigeoptischeEffektewerdenvongeeigneteiKonmt
binationerdesMatrixmaterialamit speziellemAnordnungerder Partikel erwartet,wie z.B. Aggre-
gatstrukturenoderKern-Huille-Strukturenkurdiesebesondere@eometriersindOxidnandugeln
von anndherndjleicherGrossedie hoheFlexibilitat der Gestaltungieten,als Bausteindir kiin-
ftige nanostrukurierteMaterialiengut geeignet.

AndersalsaufplanarerSubstraterrforderteineeinheitlicheBedeckungron Oxidnandugeln
ZugangdesDepositsausallenRichtungen Abscheidungausder Lésung,auf chemischenWege,
mit Bildung der Metallpartkel direkt auf der Oxidoberflachast genaudasRichtige fir diesen
Zweck. Eine entsprechend8yntheseroutavird in mehrerenSchrittenangenéhertinter Bertick-
sichtigurg von zwei Hauptbedingungenes sollenunkontrolierte chemischéNechselirkungen
derMetallpartikel mit funktionalisierendem\gentienvermiedenwerden,die nachhaltigdie Ober
flachenplasmonresonanzereinflussenund es soll eine Kontrole der Zersetzungskind¢ von
Metallvorlauferlomplexen, und damitder Partikelgréf3e bei moderaterifemperaturerermaoglich
werden.

DieseArbeit bestehtaussechKapiteln,in denengrundleggendeund experimenellen Aspekte
metallischeMNanopartilel prasentiertiverden,die auf verschieden@rten nichtplanarelOxidsub
strateabgeschiedewurden.Die experimenellenErgebnissaverdenerlautertunddurchtheoretis-
chenBerechnungermanzt,umdie erhaltenerbatenmit Modellenzu vergleichen.

In Kapitel2 werdendie physkalischerEigenschaftekleinerMetallpartikel unterstruktuellen,
morphol@ischenund elektronischemspektensavie die Bedingungerder Partikelbildung auf
Substratendgler Einflussder Substrat-Deposit-thselirkung durchdie Grenzflacheauf die Par-
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tikelform, und die superparamagnetisché&menschaftemer Nanopartilel beschriebenDie Dis-
kretheitder Enegienveausin Abhangigleit von der PartikelgroRe- bekanntals "Quantum-Size-
Effekt” - wird behandelunddie LichtabschwachundurchNanopartilel in dielektrisherMatrix
ausderMie-TheorieunterBericksichtigungyon Kern-Hille-Strukturembgeleitet.

Kapitel 3 beschreibtlie experimentekn Methodenwie Transmssionselektroenmikroslopie
(TEM), magnetischeResonanzaind optischeAbsorpticsspektrostipie im sichtbarenSpektral-
bereichdie zur Charakterisierunger Nanopatrtilkel-Beschichtugenherangezogewurden.

Kapitel 4 prasentiertexperimentde Ergebnisseder SuchenachgeeigneterOxidmaterialen
fur die Metallabscheidungln einererstenAnnaherungvurdennicht-planarehydridmalifizierte
mesoporos®xide verwendet. Ein weitererAnsatznutzt polydisperseOxidnanokugelrund der
dritte Weg betrifft kommerziell erhéltlichebzw. laborgefertigte monodiserseSiO, Nanokugeln.

In Kapitel 5 werdenexperimentek Ergebnisseur UntersuchunglerBedeckungiichtplanarer
Oxidmaterialen mit Partikeln der Ubeigangsnetalle gezeigt. Verschieden&ypen von Metall-
partikeln der GruppenVIIIB und IB, synthetigert auszwei allgemeinenvorlaufern(MX, - nLig
und MX,) wurdenuntersucht. Metallpartikelbildung und Bedeckungder Oxidsubs$rate wurden
durch Anderungder Abscheidebedingungenie MetallvorlauferKonzentratio und Temperatur
geraelt.

In Kapitel 6 werdendie Ergebnisseder Experimentezur Beschichtungzon Oxidnanokugeln
mit Metallpartkeln vorgestellt. Die AbscheidungausorganometalbchenPt- und Pd-\brlaufer-
komplexen desTyps [Li(THF),], - [MR], wurde auf polydisperseOxidnanokugelrangevendet.
Sie erwiessich als gut geeignefir einenVorbeleimungsschritt,an densich weitere Schrittemit
komplenentarenProzessermnschliessekdnnen. Mit monalisperserSiO, Nanokugelnwurde
dannfir Ag und Au, weil keine organometalschenVorlaufer verfigbarwaren, Nanopartilel-
Beschichtunglurchinzipient-Wetness-Impréagnierungyfolgreichals Ein- und Mehrstufenproze-
durangevendet.

Nebeneiner Zusammerdssuing der in dieserArbeit vorgestellen Ergebnissayibt dasletzte
Kapitel einigeSchlussfolgerungeitberméglicheAnwendungervon Kern-Hulle-Struktvenin di-
verserBereichervon Optoelektrork undBiotechnologie HervorgehoberwerdenauchVerbesse-
rungenderBeschichtungsmerkateundderAdhéasionsstarkvon MetallnangartikelnaufOxidna-
nokugelndiein spatereruntersuchungeberiicksichtigiverdensollten.



2 Propertiesof small particles and
particulate nanostructured materials

Theapplicationof nanostructurechaterialdGle95 in technologeslik e optoelectronicsjlatastor
ageor biotechnolgy impliesthe understandig of their physicalandchemicalpropertiesandthe
responsdo differentperturbations.Nanostructurednaterialscan be found, e.g.,in the form of
ultrathinfilms or smallparticlesdepositen substrate$Bau99,Lue01]]. It is alreadyknown that
the physicalandchemicalpropertieof suchsystemsaredifferentfrom the bulk material,but also
cannotbecharacterizedby the physcs of single atoms.At this scale(lessthan100nm) theoptical
[Kre97b], magnetical[Kaw70], electrochemicalAnd75] or thermodynana [Bor81] properties
aresize-dependent hecontrolof the particlesizeandmorphola@y andalsothefilling factor(the
volumeratio of the metalparticlesto the total volumeof the structure)enablea certainflexibil ity
in creatingnew typesof nanostructures.

An importantcateyory of nanostructureanaterialsconsiss of metal particleson oxide sub-
strates. Metal nanoparticleson planaroxide subtrateswvere intensiely studiedduring the last
centuryfrom anexperimentalPil01] andtheoretica| Cam97]point of view. The confinemenbf
the electronspatialdistribution andthe discretenessf the enegy levels are propertieswvhich de-
pendonthefinite sizeof metalparticles.Theelectronenegy bandstructuredepend®nthelattice
constanfHal86]. Small metal particlesmosty exhibit nearly sphericalshape. Their curvature-
inducedsurfacestresqlattice contraction)implies modificationsin the electronicproperties.The
guantunrsizeeffectinducessplitting of the continuumconductiorbandinto discretelevels, which
may causemodificationsof the magneticpropertiedike changesrom diamagnetido paramag-
netic andfrom ferromagnetido superparamagnetizehaiour [Dor97]. The enlagementof this
spliting is alsoresponsibldor the shift obsenedin the peakof the surface plasmonresonance
(opticalabsorption]Kre97b,Hua97 Zho93.

Theelectricalpropertief smallmetalparticlesin aninsulabr matrixdependbesidethestruc-
ture of the matrix, on thefilling factor With anincreaseof this factorthe particlesagglomerate,
form conductingchainsandthe samplebecomegonductve.

The catalyticpropertiesof small particlesdependon the coordination numberandthe disper
sion,i. e.,theratio betweernthe numberof surfaceatomsandthe total numberof atoms(seefig.
2.3).

This chapterpresentgyeneralconsideratios on the structural,morphologcal and electronic
propertiesof small metal particleswhich are dependenbn the substratesurface or deposition
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method. The specialcaseof small metal particlesdepositedon non-planarsubstratesin partic-
ular sphericalsurfaces,which is the subjectof this work, will be describedn moredetailin the
following chapters.

2.1 Structural and morphological properties of
small particles

The studyof the structureof metallic particlesis primarily devotedto explain their physcal and
chemicalproperties. The shapeof a depositon a non-deformablesubstate as a function of the
substratesurfacetensionandthe contact(wetting) angleis describedhermodynandally by the
YoungequationNfHen9g. The contactangleis a measureof the interactionstrengthbetweerthe
depositand the substrate. The minimization of the free surface enepy is given by the Wulff
equation

% = cong. (2.1)
h

wherey is the surfacefree enegy of the correspondindacej andhj is the centraldistancefrom
the centerof the crystalto thefacetasrepresentecth fig. 2.1(a).In generalthe surfaceenepy is
differentfor differentcrystallograpts planes(y(llo) > Y100 > V(111))- In the caseof a spherical
nanoparticlethe surface hasto containhigh index crystallographigplaneswhich induce higher
surfaceenepgy [Wan00]. If the particlesaresupportecdn a substratefig. 2.1(b))the equilibrium
shapeis truncatedoy the heightAhg at the interfacedependingon the adhesionenegy. Thisis

a

Fig. 2.1: WuIff (a) and WuIff-Kaichew (b) constructons of the equilibriu m shape

known asWulff-Kaichen modelandis describedy

A_hS — Eadhesion (2_2)

h; Y,

WhereEadhesion: yj * Ysubsrate ~ Yintertace with Ysubsrate andyinterface beingthefreesurfaceenegy
of thesubstratenddeposit/sbstrateinterfaceenegy, respectrely.
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Fig. 2.2: Atomicmodelsof (a) cubactahedral and (b) icosahedial nangarticles.

In orderto obtainthree-dimensiongbarticles(VolmerWebergrowth) the sumof thefree sur
faceenepy of the depositandtheinterfaceenegy mustbe greaterthanthe surfaceenepgy of the
substrate

Vinterface+ ymetal > yoxide (2-3)

Whetherthenucleior aggrgatesaretwo-dimensionabr three-dimensical depend®nthenumber
of depositatomsandtheir interactionwith the substate. If the interactionstrengthof the deposit
with the substratdas wealer thanthe interactionbetweendepositatoms,the resultis formation
of three-dimensioal particles]Hen98]. Moleculardynamc calculationsshaov thatfor very small
sizesthe structureof the particlesdependn the numberof atomsandis, in general,different
from that of the bulk material. Comparisorbetweenparticleswith icosahedrabr cuboctahedral
shapdfig. 2.2) shavsthattheicosahedrors morestablein the caseof smallparticles,depending
alsoon the metal[Hen98]. Suchmultiply twinnedparticles occur preferentiallyfor crystallites
with facecenteredccubic (fcc) or diamondcubic (dc) lattice. Thesestructureshave beenstudied
sincemorethanforty yearsfrom ageometricakndphysicalpoint of view [Hof98].

1 20
A D = Dlsurface) _ 3(10n2+2) g
\ ~ Tn(total) 10n3+15r12+lln+§./ A _JE
//’ ~15
-
,/"/ ' Fig. 2.3: Calculated dis-
/"/ 0 persion (black) and the
/ d(Au) size of the particles (red)
' as a fundion of the num-

ber of shelk in the case of
Au.

20 25 | 30
n(shell)

Montejano-Carrizale$MC97] calculatedthe dispersion(D = ratio betweenthe numberof
atomson the surface and the total numberof atomsof a particle) as a function of the number
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of shellsfor differentshapesFig. 2.3shovs asanexamplethe calculationof thedispersion(black
line) andthe sizeof gold particle(redline) takinginto consideratiorthatthelattice spacingof the
particleis not subjectedo stressor strain.

2.2 Supemparamagnetismof small metal parti cles

Néel[Née49]demonstrateth 1949thatdecreasinghe sizeof a ferromagnetianaterial(e.g. Fe,
Co, Ni) leadsfor a critical sizeto a lossof ferromagnetismandit becomessuperparamagnetic.
The collectve magnetizatiorof metalparticleswhich exhibit collectve magneticbehaiour, can
becharacterizedsingFerromagneticresonancgFMR). Informationonthenanoparticleandthe
interactionbetweerparticlesandmatrix or supportcanbeobtainedrom FMR powderspectraand
thetemperaturelependencef the spectrgparametersThistechniquas basedn theinfluenceof
anexternalstaticmagnetidield I—TO appliedalongonedirectionof thecoordinatesystemwherethe
samples placed.A polarizeddcfield appliedperpendiculato thedirectionof the staticmagnetic
field is usedto detectthe influenceson the magneticmomentof the electronswhich executethe
Larmor precessiorwith the angularfrequeny @, = yI—TO, y = —gug/h beingthe gyromagnet
ratio, ug theBohr magnetong thespectroscopisplitting factoranch thereducedPlanckconstant.
Theapplicationof thesetechniquegndthe mainresultswill be shortlydescribedelow.

Interpretatiorandevolution of theabsorptio spectraareperformedaccordingo the"indepen-
dentgrain approach'of the "weak anisotroy" modeldiscussedirst by SchiémanrfSch58]and
developed by Suran[Sur73] and Mdrke [M6r96]. The free enegy of a polycrystallne material
for a constantemperatureind magneticfield is a function of the magnetizatiorvector M (x,Y,2)
accordingto the equationof motion [Mor80]

dM S
E:—VMXHeff:_VE (2.4)
whereH,,, is the effective magneticfield which containsdifferenttypesof contritutions like:
demagnetizatigrmagnetocrystlline, magnetoelagt, etc. Thismodelconsiderghefreeenegy of
asystemin the presencef amagnetidield to be given by

whereE; istheZeemareneny, E,; demagnetizatioenegy (consisbf theshapeanisotroy andthe
strainfield interactionwith otherparticles) Eme magnetoelastienegy, andE, magnetocrystaltie
anisotroy enegy. Theequationof motion(2.4)in polarcoordinateg3, ¢ ) hasa pair of soluions
whichvary harmonicallyif theresonancérequeng w satisfies

@, 2 1
Hy= (7) = vzsirzg (EosFes — E5y) (2.6)
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whereE;, arethesecondlervativesof thefreeenegy functionwith respecto thepolarcoordinate
system.The secondderivativesof thefree enegy functionarecalculatedor the equilibrium posi-
tion wherethefirst dervativessatisfyEy = Ey = 0. Equation(2.6) gives theresonancérequengy

asafunctionof thedirectionof theappliedmagnetidield whichin generaldoesnot coincidewith

thedirectionof themagnetizatiowvector In afirst approximatia it is consideredhatthe particles
subjectedo the magneticfield have alsoa magnetocrystallia anisotroyy field Hy dependingon

the particlenatureanda demagnetizindield H, dependingnthe shapeof the particles.Thenthe
angulardependencef theresonancdield H (8, ¢) canbe expressedor singlesphericalparticles
usingthe Sharmamodel[Sha81]

H(6,9) =Hy—Ha(1-5U(6,9)) (2.7)

with Ha = 2|K|/Ms, Ms thesaturatiormagnetizatin of singleparticles K themagneticanisotroy
andu (8, ¢) = sir? 6 cog 0 + sin’ Bsin? pcos . Theresonanceccursat [Lue01]

Hres= KHSp (2.:8)

whereH;P is the superparamagnetanisotrofc field definedas

1—cos L (x) + 35x 2 — 105 3L(x)
L(¥)

L(x) = coshx — 1/x beingthe Langevin function andx = MgvH /KT, v the volume of the metal
particle.

The secondnodelusedwasdevelopedby Suranetal. [Sur73]andit takesinto consideration
not only the crystallineanisotrop, but alsothe magnetoelastianisotrofy and demagnetization
anisotroy asdescribedy theequation2.5). In this caseheangulardependencef theresonance
magnetidield H(8, @) is given by

H(6, @) = Ho(1— Ky + (Ko — 3K,)[1-55(6, 9)]) (2.10)

whereK;, = 3Ag10/Mg1H representsheisotropc partandK;, = 3(A;59—A111)0/5MgtHg
is the anisotrojic partof the magnetoelastiinteraction,o is the uniaxial strain(o > 0) or stress
(0 <0), Ky = 2K, 1/MgrHg with K, 1 the magnetocrystline anisotroly constant. Here S is
thefunctionS(8, ) = a2a2 + a2a2 + a?a? with o; beingthe cosinedirectionof magnetization
relative to the magneticfield. A,4, andA,;, arethe anisotropt magnetostation constantsag ¢
is theisotropictemperaturgependingyn the magnetostriécon constant Comparisorbetweerthe
measuredndthe calculatedspectragivesinformation on the size of the particlespresentn the
sampleandalsoon thedifferentkinds of anisotrojes.
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2.3 Electronic propertiesof small particles

Thetheoryof metallicbulk materialgivesa continuum spectrumof enepgy statesasa limit of an
infinitely large system.If the materialhasfinite dimensims,for exampleparticleswith finite size,
the statesarenotlongercontinousandmustbe consideredo bediscretewith anaveragespacing
betweensuccessie quantumlevels denotedby 6 [Kub84. Sincethe numberof statesfrom the
bottomof the valencebandto the highestoccupiedlevel is equalto the half numberof valence
electronsthe averagespacings given by

5=4E-/3N~V~1 (2.11)

whereE, is theFermienegy andN is thetotal numberof valenceelectrondn thesystem There-
fore, the discretenesef enepgy levels is expectedio causeanomaliesn somequantumstatistcal
propertieof metallic particlesat low temperaturesuchaselectronspinrelaxationor optical ab-
sorption Anotherimportantissueis theorderof theelectricalneutralityof the particles. Thework
W to chagea particleof aradiusR by anelementarychage e is expectedo satisfythe condition

W~ &/2R> kg T (2.12)

This enepy is considerablylarger thanthe thermalenegy at room temperature.Therefore,the
thermalfluctuationis never strongenoughat low temperatureso allow ary particleto looseor
gainonemoreelectronevenif thetotalamountof electronswithin a particleis hundredsor thou-
sands.The conditionof neutralityis crucialin magneticproperties.In the caseof smallparticles
which have a reducednumberof conductionelectrons specificheatand magneticsusceptibity
aresignificantlyalteredat low temperatureln thefree-electrortheorythe Fermienegy depends
onthe conductiorelectrondensityne andis independenof the particlesize

Ep = ;n [3r2ne] */* (2.13)
The quantiy d is just the inverseof the averagedensityof electronicstatesfor a single spin at
the Fermienegy. For nearlysphericabparticleswith diameterd the level spacingvarieswith d—3
becaus®ef theproportionaliy betweerthedensityof electronicstatesandthevolume,seeequation
(2.12).

Thetheoryof the electronicpropertiesof small particleswasfirst presentedby Kubo[Kub62
Kub84. This theoryusesthe approximatbn thatfor low temperatureshe enegy spacinglevels
of a singleparticleis equal(i.e. all levels are equidisant). Using this modelit is expectedthat
athightemperatureso distinguishabledifferencedetweersmall particlesandthe bulk metalare
obsenrable. At sufficiently low temperaturehowever, thethermalenegy kg T canbe expectedto
be muchlowerthanthework againsthe Coulombinteractionrequiredto extractanelectronfrom
thepatrticle.
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As discussealsoby Halperin[Hal86], the sizedependensusceptibiliy of particlesin strong
magnetidieldsat hightemperaturés given by

Xeven= Xodd = Xpauii = 2Hp/9 pgH >> 9 (2.14)

wherep is theBohrmagnetorandH is theintensty of themagnetidield. At low temperaturéhe
magneticsusceptibity hasatemperaturelependencdeviating from thatof thebulk metal.In the
caseof particleswith evennumberof electrongt wasshown thatthesusceptibity is Xeven™ ué /0
dependingalsoon the size distribution (which impliesthe distribution of level spacings).If the
particleshave anoddnumberof electrongheny 4 = ué/kBT isindependentf the particlesize.

Oneof the experimentaimethodssuitableto characterizehis quantum sizeeffectis theelec-
tron spinresonanceueto theconductiorelectron CESR). The CESRsignalsof the smallparti-
clesareobsenedathighertemperaturethanfor thebulk materials. Decreasingheparticlesizethe
level spacingncreasesndtheline width decreasedueto thelongerrelaxationtime. As demon-
stratedoy Kawabata[Kaw70] the electronrelaxationtime 7s dependn theresistiviy relaxation
time 1, = 2R/vg, wherev, istheFermivelocity, andonthebulk g-shiftAge = 0y, 1k — Y+ ree ledron:
Thisdependenceanbeexpresse@s

1 1 )
— = — (Ao 2.15
= 7, (A0) (2.15)
In the caseof very small particles,whenthe numberof atomson the surfaceof the particleand
the total numberof atomsarecomparablea shift of the resonanceosiion (g-factor)[Kaw70] is
obsened which makesinterpretationof the CESRspectradifficult. The particlesshov quantum

sizeeffectif thefollowing conditionsarefulfilled

5 >>hw (2.16)
Is

whereh = h/2mis the reducedPlanckconstantandhw the Zeemarenegy. Not only the g-factor
is subjectedo the quantumsize effect but alsothe CESR peak-to-peakine width (AHpp). The
peak-to-peakine width of the bulk metalcanbe expressedn termsof the spinrelaxationtime as

where . representghe electrongyromagneticratio. Taking into accountthe definition of the
electronrelaxationtime (2.15),the Kawabataconditions(2.16)(2.17) andtheline width, the size
of thenanoparticleganbeestimatedising

| hv
d:a\/Apr: yeé_[s\/Apr (219)
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whereAHp,, is givenin mT, d in nm, anda beinga constant.Fig. 2.4 representshe calculated
averageelectronlevel spacingfor differentmetalsusingthe measurementsf the heatcapacity
[Hal86]. Fromthis graphthe sizeof the particlescanbe extractedfor §/kg = 1 or 300K (marked
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with bars)andtakinginto accountthe valuesof the Fermivelocity of the bulk material. Also the
meanfree path[Ash76 canbe estimatedrom the proportionaity constantbetweenhe peak-to-
peaklinewidth of the CESRsignalandthe particle size. A theoreticalestimation of the above
discussegharameterfor roomtemperaturgéakinginto accounthe Fermivelocity from [Ash7q is
sumnarizedin Table2.1. For materialsnvereAg. is notlistedin thistablethevaluecorresponding
to Pdis consideredThesecalculatedvaluesgive usthe possibiity to identify the CESRsignalof
eachsample.

Table 2.1: Peak-topeaklinewidth of CESRsignds and Kawabataconditions (2.16) and (2.17) calcuated
usingtheresuts of Halperin [Hal86]

Metal Vg Ag, | Kawabatal | Kawabatall | a
10° [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 14
Au 1.32 0.1 19 5.3 0.29

Anotheraim of the electronmagneticresonanceneasurements to recordalsothe param-
agneticspeciesoccurringin the procesf particleformationon the oxide surface. For this task
the Electron Paramagnetic Resonancg EPR)techniqueis applied. Suchspeciesnay originate
from possble modificationsof the oxide surfaceor from the presencef residuaimetalionsonthe
surface.
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The EPR spectraare very complex becauseof various paramagnetispeciespresent. Our
samplesontainsmallmetalparticleswhich arerandomlyorientedon a nonplanaioxide surface.
The EPR spectrumcharacteristiof sucha systemis the ervelopeover all elementaryresonance
linescorrespondingo all possilte orientationsf the particleswith respecto theappliedmagnetic
field [Dyr97]. In orderto characterizéheinteractionf the spinswith eachotherandof the spins
with the appliedfield, the spin Hamiltonian term hasto be consideredbecausat containsall
possibé interactions

= gugH -S—23S.S+AI"- S (2.20)

In general,for paramagnetienaterialsthe g-factor and the hyperfinecoupling constant(de-
notedA in equation(2.20)) are tensors. The g tensoris characterizedy the principal values
Oxx, Oyy, 92z @alongthe X, y, z coordinateaxes. Consideringthat the magneticfield can be de-
scribedwith respectto the sameaxis using the angles@ and ¢, it is possble to describethe
magneticfield along the g-factor directions. In a first approximationonly the contrikbution of
the g-tensoris taken into account,which canbe isotropic, axial or orthorhombet. The isotropc
lines with gxx = gyy = 0,z = 0, are obsened in generalfor sampleswith solid-staé defects
[Dyr97]. Sucha signal, for example,is obsered in SiO, asa resultof the formation of (=
Sie) known askE’ centerdGri84]. For axial symmetrythe g tensoris characterizedby two values
9) = 9z andg, = (gxx+ 9yy)/2. Here,anexamplearethe non-bridgingoxygenhole centerg=
Si-Oe)(NBOHC or HC centers)Grig4].

For orthorhonbical symmetrythe g tensoris characterize by all threevaluesg, = gy, 9, =
Oyy» O3 = Ozz Theorthorhonbical symnetry canbe betterobseredusinga Q-bandspectrometer
(working at ~ 35 GHz) werethe signalsaremorenarrav. In this work, all magneticresonance
measurementsf the g valuesare determinedfrom the magneticfield position at the centerof
the absorptio line, andthe hyperfinetensorvaluesfrom the averagespacingbetweenthe peak
positions. Theaveragevalueof theg-factoris givenby

1
Jav = é(gxx+ Oyy+ 9z2) (2.21)

2.4 Optical propertiesof small particles

Smallmetalparticlesexhibit in thevisible rangeoptical propertiegdifferentfrom thoseof the bulk
materialdueto their sizeandshape. The interestin this field increasedn recentyearsbecause
of theimportanceof producingnen materialswith novel opticalandelectronicproperties At the
beginning of thelastcenturythestudyof color change®f varioustypesof glasse$Mie08, Boh93
triggeredthis researcharea. Moreover, anotherareaof interestwasto find new materialswith
a dielectric function differentfrom that of the bulk materialthat first were appliedto improve
photovoltaic corversionl]MGO04, Bru35]. In orderto studythe propertieof nanoparticle®n oxide
surfacesfrom the optical point of view in this work the Mie theoryandalsothe Maxwell-Garnet
theoryareappliedfor the caseof smallfilling factor andthe Bruggemammodelfor highervalues.
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Mie [Mie08] explainedthe optical propertiesof sphericalmetal particlesin a nonabsorbing
matrix. He treatedthe dielectricfunction of the particlese(w) asa free parameter This theory
solvesthe Maxwell equationin sphericakcoordinategr, 6, ¢) with the boundarycondition

Eg*=Ey, EJ*=Ej, eMEM=¢™E"™  atr=R

whereR is the radiusof the particle. The solutins are given as infinite seriesof Besseland
Neumannfunctionsand Legendrepolynomals of differentpolar order To obtainthe incident,
scatteredcand absorptionintensitesthe Poynting law hasto be applied. On onesidethe electric
modescontaincollective excitatiors of the conductionelectrons.On the othersidethe magnetic
modesareimportantfor the exciting seriesexpansionof the eddy currentsbut are not important
via magnetidnteractionslt is foundthatthespectraposiionhw andtheresonancéandwidthsl
stronglyvary with the clustermaterial.In the approximaton of very smallsilver clustershe peak
positonhw andthe halfwidth " canbe analyticallyderivedfrom the Mie theory

Ne€?
EoMet £

1/2 -1/2
) + (ngarix +1+ Xl,interband) (2-22)

Wres ™ (

wherene is the conductiorelectrondensity m, ¢ the effective mass & the dielectricconstanof
the hostmatrix, X; iyemang the interbanderansitionexcitation. Thefirst termdescribeshe Drude
plasmafrequeny wp. However, for mary metals e.g. Pt, theresonancés fully suppressedueto
the very strongenepy disspationwhichis notincludedin wy in equation(2.22)[Kre95]. If the
particleradiusR is smallerthanthe meanfree pathof the bulk materialthe conductionelectrons
areadditionallyscatteredy the surfaceandthe effective meanfree pathbecomesizedependent

1 1 1
— = —4 — (2.23)
Ieff R e
andtheresonancevidth is additionally broadened
A
r(R)=r(0)+ —:f (2.24)

wherel (0) is the width of the resonancespectraof the bulk material,vi the Fermivelocity, |
the meanfree pathof the bulk materialandA/R a termderived from the reductionof conduction
electronmeanfree pathdueto collisions with the particlesurface.This sizedependencis observ-
ablein the modificationof the dielectricfunction of the metalwhich accordingto Otter [Ott61]
becomes

1 W T(R) (o)
w?+T(0)2 T w2+F(R)2) +|Ep(w2+l'(R)2 a w2+l‘(0)7i) )
2.25

wherethe secondermis themodifiedplasmornfrequeny andthethird termtheabsorptiordueto
freeelectrons.

£(6, R) = (@) + A
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Consideringin the first approximatio that the distancebetweenparticlesis large enoughto
neglectary interactionbetweerparticles,andthatthe systemcontainsparticlesof equalsize,the
Mie theorygives solutionsfor the extinction,scatteringandabsorptiorcrosssections

2 [e¢]
Ot = # S (2L+1)0(a +by) (2.26)
L=1
7.[ [e¢]
Osca= i 2 (AL+1 )(la >+ (b [%) (2.27)
Uabs: Uext +O—S(;a (228)

wherek = 2men/A, anda,, andb, the scatteringcoeficients beingderived from the boundary
conditiors in termsof Bessel-Ricattfunctions [1 meantherealpart.

2.4.1 Nanoparticlesin adielectric matrix

For particlesembeddedhn a dielectricmatrix Mie coeficientsaregivenby [Boh98]

My (M) g (X) — P g (mx) (2.29)

%= g (M () — & (9@, (M)

b, — YLMIYL (0 =i (94 (g

P (MX)&/ () —mé (}) @ (mX)
misthecomple relativerefractveindex m= N/ny,, N = n+ik thecomplec refradive index of the
metalparticles nm therealrefradive index of thematrix, ), (2), ¢, (z) the Bessel-Ricattfunctions

(2.30)

with complex agumentandx = 2niNR/A the size parameter The prime meansthe derivative

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

guadrupolaretc). Fromthe extinction crosssectionandknowledgeof thefilling factor f andthe
volumeof oneparticlev,, it is straighforwardto calculatethe extinction coeficient of thesample
Oet = fOgt/Vy. Sphericalmetal particleswith sizeslessthan10 nm have a dielectricfunction
e = &' +i€" in thedipolarapproximationandthe extinction coeficient canbewritten as

fVO 3/2 g

A [(sl + 5m)2 + 8”2]

Ooq = 1817 (2.31)
wherethe realandimagirmary partof the dielectricfunctionaredescribedisingthe simpleDrude
modelanden, is thereal partof the hostmatrix dielectricfunction.

Fig.2.5 shaws the extinction spectraof copper(black), gold (red) and silver (green) metal
particleswith a meansized = 5 nm in a SiO, matrix with n = 1.54 calculatedaccordingto
the above formalism by approximaibn of sphericalparticleswith multipolar interaction. The
theoreticalkalculationshawvs thatwith increasingsizeof the particlesa red shift canbe obsened.
For very smallsizes(lessthen10 nm) a smallblue shift wasalsoreportedPal98].
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However, a real samplehasa distribution of particle sizeswherethe applicationof the Mie
theory is not straightforvard. In this work the extinction spectraare calculatedfrom the size
distribution histagramfor eachd; andthe resultingspectraare obtainedby superpositia of the
calculatedspectraakinginto accounthe adequatdilling factorfor eachsize.

Forverysmallparticlesd <2 nm)adampingandbroadeningf theresonancappeardecause
of thereduceddensityof conductiorelectrons.Theelectrongeachthe surfaceveryfastandloose
thecoherencenorequickly dueto scatteringhanin largeparticles.As aconsequenceheplasmon
bandwidth increasewith decreasingarticlesize. The modeldescribedabove is valid only for
sphericabarticleshapeln generalthis approximatbnis correctfor very smallparticles but with
increasingsizedeviation from the sphericalshapecanoccur Also for this kind of particlesthere
is awell developedtheory A comprehense text aboutthe calculationof extinction andscattering
coeficient of spheroidaparticleswaspresentedby PorstendorfefPor97]. In our calculationsve
apply the extensionof Mie theoryaccordingto Gans[Gan15]in a dipolar approximation where
the extinctioncrosssectionof a prolateellipsod is givenby

3/2 "/ p2
B Vogm/ & /P]

Ot = 5
3 {s’—i— [(1- Pj)/Pj]em} + g2

(2.32)

Wherer arethedepolarisatia factorsalongtheaxisa, b, ¢ of theellipsoid definedfora>b=c

by

1—Py
2

P (2.33)

e |2 (1—e

)—4 and P =P,=

where 12
e [1_ (9)2]

a
is the eccentricityof the spheroid.
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TheMie theoryis valid for separategarticlesonly whenthedistancebetweerparticless much
larger thanthe particle size and no aggreatestructuresoccut For higherparticle concentration
andagglomeratdormationit is necessaryo apply a differentmodelin orderto characterizeéhe
opticalpropertiesin afirstapproximatiorwhichis alsovalid for smallfilling factorsthe Maxwell-
Garnetteffective mediumtheory[MGO04] canbe applied. With the obtainedeffective dielectric
functionsthe absorptioncoeficient canbe calculatedusing the optical definitionsusedfor thin
films. Anotherpossbility is to usethis dielectricfunctionin Mie calculations.If the samplehas
a high filling factor which meansthat part of the particlesare aggrgated,andif the distance
betweerparticlesis smallerthantheir diameteyit is moreadequatéo applythe effective medium
approximaton methodproposedby BruggemanBru35] which yields for an effective dielectric
functionthe secondrderequation

Em— &g £—¢&g

1—f f =0 2.34
( )sm+2£BJr £+ 2¢e5 ( )

For smallfilling factorsthis approximatiorgives the sameresultsasthe Maxwell-Garnetttheory
but for large valuesof f theresultsaredifferent[Gra77].
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To getanindicationhow the optical propertiesof Cu nanoparticleghangen the sizerangeof
the preparedsamplethe extinction spectrawere calculatedor varioussizesby meansof the Mie
theoryassumingparticlesof sphericakhapewithoutformationof aggregates.The calculationgdo
not considerary dielectricmatrix or supportof the particles,but the intrinsgc sizeeffectis taken
into account.The extinction spectrashavn in fig. 2.6 exhibit a certainblue shift of theresonance
positonwith increasingparticlesizeasit wasgenerallyobsenedby othergroups[Yok89,deC95,
Kre95].

Ag nanoparticlegxhibit surfaceplasmonresonancesvhich are mostly sharpandwell sepa-
ratedfrom interbandtransitions The uniqueoptical propertiesof free and matrix-embedded\g
particleswere studiedintensvely over decadesand alsorecently[Kre70, Kre74,Kre97b]. The
evolution of the optical extinction of sphericalAg particlesembeddedn SiO, is representedy
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calculatedspectrain fig. 2.7. Accordingto the secondKawabatacondition(2.17) belov 20 nm
particlediameterthe quantumsizeeffect is takeninto account.For larger particlesmultipolarin-
teractionis consideredvhichmayresult,e.g.,for 50 nm particles,n quadrupointeractionsascan
be seenfrom theoccurrenceof a secondoeakin the spectrum.
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Similar to Ag, Au nanoparticlegxhibit sharpsurfaceplasmonresonancearound550to 650
nm, well separatedrom interbandransitions Applicationof the optical propertiesoy embedding
Au nanoparticlesn variousmatricesareknown andstudiedasintensiely asthoseof Ag particles.
Theissueof acertaindistribution of particlesizes.e.g.,andthepresenc®f non-sphericaparticles
have beentreatedby GranqvisijGra77]usingthe effective mediumtheory The samemethodwas
appliedby Norman[Nor78] to studythe optical behaiour of discontiruousfilms of suchmetals.
How the optical propertiesof Au nanoparticle®f sphericalshapeembeddedn a SiO, matrix of
refractionindex n = 1.54,changewith particlesize,mayberecognizedrom the extinction spectra
shavn in fig. 2.8, calculatedby meansf the Mie theory The calculationsconsiderthe sizeeffect
accordingto the Kawabatatheory For large particlesalsomultipolarapproximatims asdescribed
by Bohren[Boh98] andWiscombegWis79] have to be considered.
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2.4.2 Core-shellstructures

Particles, having a dielectric function &, coveredby multi-shell layerswere studiedfirst by
Aden andKerker, Guttler and Bhandari[Ade51, Giut52 Bha85]. They extendedthe Mie theory
for a coreparticlecoveredby anarbitrarynumberof shells.Kreibig [Kre95] gives therecurrence
solution for the caseof k-shells(with k=1, 2, 3 ...). The Mie coeficientscanbedeterminedising
therelations

M Wn(My,) [Wnr(y,) + + T X (, O] — W/ (My) [Wn(y) + Tk_an(Yk)}

M T (M) [ i)+ TE DX O] — & (M) [n) + T D)) )
= — Yn(M) (U (%) + S (4] — M (M) [Un() + K200 5 5
T &My [W () + S DX ()] — M (M) [n() + S5 ()] '
with
T — m (M) [P (V) + Ta~ "X/ ()] = (M) [Un() + Ta " Xn ()] (2.37)
T mxn(my) (W () + T Xl ()] = Xe (M) [Wn(Yy) + T2 (W)] '
o — _Yn(my) [ () + S O] — Mg (myy)) [¥n () + S xn(0)] (2.38)

Xn(MY) [Wn/(v) + S0 (v) ] = mxn/(My) [Wn(%) + S xn ()]

where y, = zjn(2), Xn(2) = zh(2) andé&s(2) = hY(2) arethe Ricatti-Bessefunctions,n is the
orderof the Bessefunctions,andprimedenoteghefirst derivative of thefunctionin respecto its
argument.| = 1,2, ...k arethe numberof shellsandm, = n,_ ,/n, representshe relative comple
refractive index from the shell (I + 1) to the " one. For | = k the refradive index n,, ; = Nm
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correspondso therefractve index of thematrixandy, = 2rm R, /A is thesizeparameteof thelth
shell. For recurrencestartingwith thevaluesT? = S = 0, from the obtainedMie coeficientsthe
extinction crosssectioncanbe calculatedwith theequation(2.26).
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In the dipolarapproximatiorusing(2.35)and(2.36)for the caseof a corewith oneshell,the
absorptiorcrosssectioncanbe calculatedas[Fed93]

(2.39)

VeH? ¢ (&—&m)(&c+2¢) +0(ec — €) (Em+ 2€)
A {( )}

O..= 18m—"-[]
abs £+ 2&m)(&c+2¢) — g(&c — €)(2em— 2¢

where is the imaginarypart, € is the comple dielectric function of the shell, &, is the real
dielectricfunction of the hostmediun) & is the real dielectricfunction of the corematerial,V is
thevolume of the coatedsphereandg = (WRd)?’, with R theradiusof the corepatrticle,andd the
thicknessof theshell. Fig. 2.9 shavs the extinction spectraof copper(black),gold (red) andsilver
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Fig. 2.10: Calcuatedextinctionspecta of Agonsilica (60 nm) core-shellstructuresof varying shellthick-
ness:2 nm(black),5 nm(red), 7 nm(green, 10 nm(blue), 15 nm(magernta), 20 nm(brown), 25 nm(cyan).

(green)shellswith thicknessof d = 10nmonaSiO, corewith n= 1.5 andradiusof R=25nm

calculatedaccordingto the above formalismby approximatingsphericalparticlesin termsof the

dipolarinteraction. With increasingthe thicknessof the shell, theoreticalcalculationspredicta

blue shift of the plasma resonancandanincreasingsignalintensty. Oldenkurg [O1d98] studed

the caseof Au-SiO, core-shellstructureswith 120 nm silica core and he found a blue-shift of

the plasmonresonancef about200- 300 nm if the shellthicknessincreasegrom 5 to 20 nm.

Fig. 2.10presentsasan examplecalculationsfor Ag shell coatingson 60 nm SiO,, corewhere
thethicknesgangedrom 2 (black)to 25 (cyan)nm. This graphshavs thatthe blue-shiftamounts
to about450 nm, i. e., morethanin the caseof Au nanoshells The core-shellstructurescan

be designedn sucha way thatthey cover a spectralrangeup to the infrared. Using the same
parameterghecalculationgor Au shav a blue-shiftof about400nmandof 500nm for Cu.

An importantinfluenceontheopticalpropertiecomesalsofrom thecoresize.Fig. 2.11shavs
anexampleof thered-shiftincucedby increasinghe size of the coreparticlesin the rangeof 20
to 100nm coveredwith a Au shellof about5 nm. It canbe obsenedthatfor this configuratiorthe
extinction spectraare shiftedto the boundarybetweenvisible andinfraredranges.This red-shift
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Fig. 2.11: Calculatedextinctionspedra of Au (5 nm)on silica core-shellstrucuresof varying core size: 20
nm(black),40 nm(red), 60 nm(greer), 80 nm (brown), 100nm (magerta).

calculatedor a shellthicknesf 5 nm wasfoundto be about320nm in the caseof Au, 450nm
for Ag and350for Cu.
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Fig. 2.12: Calculated extinction spectra of Cu on silica core-stell structures of varying core:shellratio:
35:5nm(black), 33:7 nm(red), 30:10 nm(greer), 20:20nm (blue).

In the sameway core-shellstructurescan be designedwith different surface plasmonreso-
nanceskeepingthe externalradiusconstant. Fig. 2.12 shavs an exampk of 40 nm nanoshells
formed using different core-shellratios. Also in this casea blue-shift can be obsered which
meansthat the shell thicknessis decisve for the positin of the plasmonresonance The calcu-
lationspredicta blue-shiftof about320nm in the caseof Ag, 220nm for Au and250in caseof
Cu.

Taking thesetheoreticalcalculationanto accountit is possibleto designcore-shellstructures
for variousapplicationsn opticaldevicesandsensors.



3 Characterization methodsfor small
particles

From the greatnumberof analyzingtechniqueghat may be appliedfor characterizingohyscal
propertief nanostructuredaterialshereonly thoseareintroducedwhich wereextensvely used
in the presentvork. Theseareelectronmicroscop, electronmagnetiacesonancandopticalspec-
troscopy. By electron microscopyatits highestevel structuralcharacteristicef specimensinder
investgationmay beretrieved down to the atomicscaleof resolution.While electronmicroscopy
is usedfor directlyimaginga certainspecimerareatheothermethodsisetheresponsef asample
uponperturbation®y amagnetidield or by visible light. Thegenerahameelectronrmagnetiaes-
onancds usedfor electron paramagneticresonancgEPR)appliedto the studyof paramagnetic
speciedike ions from a physicaland chemicalpoint of view, andfor ferr omagneticresonance
(FMR) appliedto the study of the magneticpropertiesof superparamagnetitanoparticles.The
optical absorptionand elasticscatteringof light by particulatematteris extensvely studed and
correspondingoptical spectroscopy measurementallow to drav conclusionson a numberof
structuralfeatures. Therefore the optical propertiesof the materialspreparedsensitvely reflect
how closea certainapproachmeetsheintendedstructures.

3.1 Transmissionelectron microscqy

Electronmicroscopy is apowerful methodo invegigatenanoparticleompositenaterialSrom the
morpholgical andstructuralpoint of view. Morphologcal propertiesof the samplesare studed
usingtransmissin electronmicroscopy (TEM) andthestructuralcharacterizatioof nanoparticles
is performedwith high resolutionelectronmicroscoly (HREM). Becausen thefollowing only a
shortdescriptioncanbe given, for completeunderstandingf the electronmicroscopy technique
numerougextbooksareavailable[Bet87,Wil96].

3.1.1 Imageformation

Fig. 3.1shavsaschematiaraning of themaincomponergof atransmisnelectronmicroscope.
They cooperatan the following functionalunits (i) illumination systemcomposecdf electron
sourceandcondenselenses(ii) specimerstagefor shift, titling androtation,(iii) imageformation
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Fig. 3.1: Sthematicrepreseration of a transmissioreledron microsmpe

systemthat consistsof objective lenseand aperture intermedate and projective lensesand (iv)
imagerecordingsystemformedby the screerandphotorecordercameraor video).

The interactionof the electronbeamwith the objectresultsin scatteringof the electronsin
theall directions.In the particularcaseof crystallire materialsthis resultsin electrondiffraction.
Thevariationof theimageintensitydueto variationof the objectcharacteristicéik e thicknessor
compositon definesthe imagecontrast. For crystallinematerialsthe imagecontrastdependsn
the orientationandlattice type. Additional contrastfeaturesmay be dueto lattice defectsandto
superpositin of crystalslabs.Two typesof imagingmodesdependingon the scatteringorocesses
canbeapplied.Bright-field imaging providesa distinctimagecontrast availablewhenexcluding
scatteredor diffractedbeamsby meansof an objectve lensapperture.Dark-fieldimaging i. e.
selectionof certaindiffractedbeamsof the scatterecelectronwave by beamtilting or objective
aperturedisplacementis usedfor imagingspecimerregionsof specificorientation,structureor
compositon [Yac80,Hof82b, Hof82a].

TEM imagesprovide only projectionsof three-dimensinal objects.Informationon the object
topographye.g.thickneshangesdf crystallineobjectss availableby theweak-beandark-field
imagingmode[Yac80,Hof82h.
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A crystalmay be describedn termsof a periodicarrangemenof scatteringelementgatoms,
ionsor molecules).Thecrystallattice expresseshis periodicityin threedimensons. Elasticscat-
teringof anincidentplanewave (electrons)y a crystal,i.e., a periodicaldistribution of identical
scatteringelementscausesliffractioneffects. A geometridormulatian of thediffractioncondition
is givenby the Braggequation

2d(hK)sin@ = nA (3.1)

which describeghe diffraction of electronsof wavelengthA by a setof lattice planes(hkl) of
spacingd, n beingthereflectionorder Interactionof the electronbeamwith theobject,situatedn
thefront focal planeof the ojective lens,producesanintensiy distributionin the back-focalplane
where e.g.,beamdiffractedby objectregionsof equallatticecharacteristicgorientation spacing)
meetat the sameposition This producedistinct spotpatternsfor one or few single crystals,or
ring patterngor polycrysalline objects(or particulateobjectswith randomorientation).

In thiswork the TEM investgatiors areperformedwith acorventional JEM 1010transmision
electronmicroscopeoperatingat 100kV accelerating/oltage. The high resoluton measurements
aredonewith JEM 4000EXandJEM 4010electronmicroscope®peratingat 400kV.

3.1.2 Samplepreparation and imageanalysis

All usedsamplesarein theform of powderswhich requireanothempreparatiormethodasfor bulk
or thin film samplegWil96]. Agglomerategowdersarefirst subjectto milling in amortar Then
thepowderis dispersedn isopropanol2-propanollundervigorousshakingor usinga ultrasound
bathanda smallquantityof theliquid is appliedon a coppergrid usingadropper The coppergrid
(PLANO) is coveredby averythin perforateccarbonfilm. Thispreparatioomethodallowsimaging
of thespecimerareaabore suchholeswithoutinfluencingtheimagecontrasty the carbonlayer.

The electronmicrographsare digitized usinga CCD-cameraof TIETZ which givesan addi-
tional magnificationof about8x. Fromthesedigitizedimagesusuallymorethen250 particlesof
aspecificsampleweremeasuredo determineparticlesizeanddistribution. Two approachewere
usedto calculatethe sizedistribution. Thefirst oneis takingthe automaticmeasuringoutinesof
thesoftwarebeingvery usefulin regionswherethecontrasof thesubstrates nottoo highor where
a backgroundcanbe subtracted.The secondway is by measuringeachparticlemanually From
thesedatathe meansizesof the particlesd_and geometricaktandardieviations g, arecalculated
usingthestatisticafformula
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Alternatively, the particlestatisics maybe estimatedrom afitting functionof the histograme.g.,
a LogNormalfunction asdescribedirst by Grangvist[Gra7g. Metal particleswith meansizes
below 20 nm canbefitted preferentiallyby LogNormalfunctionsof thetype

(Ind — Ind)}

v = (2m),,in0 EXp{ - 2% 53

whered is the particlediameterandino is thelogarithm of the standarddeviation whichis alsoa
measuremertf the width of the histogram[Gra76]. The coverageof the oxide surfaceby metal
nanoparticlesvasestimatedy consideringhe particlesizedistribution andthe meanareadensity
of metalnanoparticles.

For measuringhespacingof latticeplanefringesin HREM image<eitherintensty plotsacross
thefringe directionareused(realspaceevaluaton) or thedistanceof reflexesin diffractogram®b-
tainedby Fourier Transformatior(reciprocalspaceémageevaluaton). Prerequisiteof both meth-
odsis the correctscalingof magnificatiorappliedto the digitizedimage.

3.2 Optical spectroscopy

Theoptical propertiesof the nanoparticulateomposie materialsvereinvestgatedby usingopti-
calspectroscopin thevisible region. To thisaimameasuringystentor thin film opticalanalysis
of THEISS asschematicallyepresenteth fig. 3.2wasused.The systemconsistof a 50W stabi-

B

Fig. 3.2: Sthemaic representation of the optical spectometer

lized halogenligth source(S), two ETA-CSB50gratingspectrometersiith 512 pixel diodearray
for simulaneousmeasuremenf transmittnce(T) andreflectancgR) in the spectralrange380
to 1050nm. Theconnectiorfrom the sourceto the samplestageis guidedby quartzopticalfibers.
Thespectrometeis connectedndcontrolledvia two serialportsto a computemwherethe spectra
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arerecordedisingappropriatesoftware. To reducebackgrounaignalsandnoiseall measurements
weredonein thedarkandaveragedover multiple measuremeni@bout150).

Sincethe materialsinvedigatedwere always obtainedin powder form andthe spectrometer
is mainly suitedfor thin film measurementsppropriatesamplepreparatiormethodsareneeded.
Thefirst oneusedemploysthedispersio of metalcoatedoxide nanosphereaspowderin alcohol
(e.g.,isopropandgl or deionizedwaterfollowed by dropwiseor spinningdepositimm on microscope
glassslides.Thesecondreparatiommethodusesasinglecomponentiquid adhesie of NORLAND
for embeddindghe powderin atransparenthin film. Thesamples homogernzedandthendropped
onmicroscopsslides.For solidificationthesamplesareexposdto UV-light (365nm) for lessthan
5 minutes.Theadhesre hasatransmisionhigherthan95%in the spectrarange400to 2000nm,
thatwasmeasuredeparatelyandhasthereforeno influenceon therecordedspectra.

The optical propertiesof metalparticlesare deducedrom the measurememf the transmit-
tancedefinedasthe ratio betweenthe transmited andincidentligth intensiy T =1/1,. The ex-
tinction coeficientis givenby the Lambert-Beefaw

Ot =—INT (3.4)

To illustratethe connectionof color and spectrumtwo exampksare given of metalparticles
interspersedn betweensilica nanospheresThesesampleshave beenpreparedirom a colloid-
dispersesolutin of silica nanospheresf high weight percentagg40%). They have more or
lessregular arrangemenof cavities in betweenthe spheresvich may be utilizedastemplatefor
metal nanoparticleformation by controlledreductionof metal complees addedto the solution
andsubsequentvaporaton of the solvent Fig. 3.3 shonvs a samplewith silver preparedat room
temperaturégtop) andgold (bottom)nanoparticlepreparecat 60°C on Lubox SiO,. Thesilica
nanospheregsedin theseexperimentshave a meansizeof 29 + 4 nm beingmuchsmallerthan
asthoseusedfor nanoparticlecoatingexperiments. By electronmicroscopy it could be shavn
thatthe metalparticleshave thetendeng to precipitatein the cavities betweernthe silica spheres.
This finding is similar to thatobtainedfor nanolithgraphywith latex spheresthat produceswo
dimensonalarraysof metalparticles[Bur98, Bur99,Bur00].

The calculationof extinction spectrausingthe Mie theory for nanoparticleembeddedn a
dielectricmatrix andthe extenson of this theoryfor core-shellstructuress basedon a programm
describedy Kreibig [Kre95] for dipolarapproximatiorandoneby Bohren[Boh98] for multipdar
approximaton. The programmfor multipolar approxination solvesthe Bessel-Ricattfunctions
usingbackward recurrence. To achiere a betterperformancehe limitations for the order of the
calculatedBessel-Ricattfunctionsarechangedisingthe sizeparameterproposedy Wiscombe
[Wis79. All calcualtionsareperformedby applying thesizedependencef thedielectricfunction
asgiven in equation(2.25).
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Fig. 3.3: Silver (top) andgold (bottom)nanopatrticlesin colloid-dispese solution of silica nanopheies left:
phoiograph in trangmissionof the solutionin a transparentbox; right: extinction sped¢rum after drying.

3.3 Electron paramagneticresonance

The physto-chemicalinterpretationof paramagneticesonancepectrarequiresto take into ac-
countthe quantummechanicaldescriptin of atomswith several electrons. Sincethe quantum
theory of electronmagneticresonances well known from the literature(e.g. [Pak62, Mor80Q])

hereonly thetechniquesisedfor measuringandinterpretatiorof magneticabsorbtiorspectraare
described.

The mostimportantparametersvhich canbe determinedrom electronmagneticresonance
arethe splitting factor (g-factor) characterizinghe localizationof unpairedelectronsresponsits
for the absorptionphenomenaaswell asshapeandwidth of the absorptionline dependingon
type andstrengthof the interactionin the sample andfinally theline intensitydependingon the
numberof unpairedelectronsin the sample.In orderto evaluatetheseparametershe measured
spectramustbe comparedvith calculatedonesaccordingto modelswhich arealreadydescribed
in Chapters2.2and2.3. The g-factordefinesthe Zeemarenegy hv, = gugH, with ug beingthe
Bohr magnetorandv, theresonancdrequeng. The electronparamagneticesonancenethodis
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usedto investgatetheinteractionbetweemarticles betweerparticlesandoxide supportandalso
oxide surfacemodificatiors dueto metalprecursodecompodgion.

Fig. 3.4: Sthemaic represantation of the magnetic spectometer

The electronmagneticresonanceneasurementare performedusing a X-band spectrometer
(ESR220,ZWG Berlin-Adlershof) workingat 9.3 GHz equippedvith afrequeng divider(K) and
frequeng counter5215A (HEWLETT PACKARD) (F) anda nuclearmagnetometetype MJ 110-R
(RADIOPAN) (B) for measuringrequeny and magneticfield. The schematiaepresentatiomf
the magneticspectrometegivenin fig. 3.4 presentlsothe sample(S) andthe microwave cavity
(C). The measurementare madeat varioustemperatures the rangeof -150to +150°C using
controlledflow of liquid nitrogenfor thelow temperatureange(T).

In orderto measurehe evolution of signalswith time the as-preparedamplesare sealedin
guartz-tubesindervacuumduring the first measurementsThe quartz-tubesre exposedto the
ambienceonly for subsequerglectronmicroscoy andopticalspectroscopmeasurementsy for
repeatedneasurement® keeptrack of samplestabiity undernormalconditions.

The simulatedmagneticresonancespectraare generatedy meansof appropriateprograms
translatedto Borland Delphi 5. For ferromagnetiacesonancehe programconsidershe model
proposedy SchlomanriSch58]for bothweakandlarge anisotroy andalsothe modelproposed
by Suran[Sur73]without takinginto consideratiothedemagnetizatioenegy. Theprogramused
to simuatedthe paramagnetispectras basedon the theoryproposediy Withe [Whi76] which
takesinto accountonly the spin Hamiltonianin the secondorder perturbation. Thereis a good
agreemenbetweenthe experimenal and simulated spectra. Both Lorenzianand Gaussiarine
shapesreconsideredor all simulationsin orderto achieve betterresults.
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From the temperaturalependencef the relative intensiy of the absorptia signalthe mean
sizeof the particlescanbe calculatedasdescribedy Morke [M6r90] usingtherelation

HvM
sy | Tikg
|(T1) B COth( Tikg ) HVMs,Tl MS,Tl

I(T,) HVM, Tk Mg
coth T2k82 _HV%VI:Tz sT,

(3.5)

or usingthemoregeneralGriscomformalism[Gri81]

b M
I, M

1—e* ey

ST,
1—e(2x-y) * 1-ey

ST,

[)—t(x—y)(l— e72X) _ (1_92(Xy))ey]] (3.6)

wherex = Mgy, VH/(kgTy) andy = gugH/(kgT;), Mgy representhe saturationmagnetization
attemperaturél,, v is the volume of the particles,H the intensity of the magneticfield, andkg
is Boltzmanns constant.I(T,) andI(T,) representhe dervative of the signalintensiy taken at
temperature$, andT,, respectiely.



4 Exploration of appropriate oxide
materials

The oxide materialsusedin this work mustmeetseveral requirementsServingassupportof the
metalnanoparticlecoatingthey shoutl exhibit a dielectricfunctionthatcausesiottoo muchred-
shift andbroadeningf the surfaceplasmonresonancefKre974 sincethis will affectthe optical
propertiesof core-shellstructures As building blocksfor the nanostructuredhaterialthey should
be availablein form of non-coherenpowder grainsof nearlysphericalshapeandequalsizewith
nanometedimensios. Themetaldepositiom appliedto form core-shell-lile structureshouldliead
to a stableadhesionof metal nanoparticleon the oxide surface. To obtaina controlledmetal
particle coatingwe studiedvarioustypesof oxide materialand exploredhow they are suitedfor
this purpose.The appropriateconditiors include alsoknowledgeon terminatingsurfacegroups.
Informationon the numberof suchgroupsis obtainedoy ThermoGavimetrc Analyss (TGA) as
describedelow.

(a)
OH

Fig. 4.1: Terminatian groupson the oxide surfaces:
(a)to (c): isolated,gemiral, vicinal hydroxyl groups,
(d) oxygenbridges,(e) freeatoms.

Under ambientconditionsthe surface of the consideredxide is generallycharacterizedy
four typesof terminationgroups: threedifferentconfigurationsof OH-groups(isolated,vicinal
and geminal)and SM-O-SM bridges(SM = Si, Ti, Al, Fe), schematicallypresentedn fig. 4.1.
Studiesof theseterminaton groupsshow thattheir concentrations stronglydependentn ather
mal pretreatmentThe desorptiorof waterby drying the oxide surfaceat differenttemperaturesm
vacuumor in inertgasatmosplerefollows thereaction

=sM-0-H =
‘ESM-O—HT‘EZ:;O'* H0
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Thetemperaturelependencef variousterminationgroupsat the surfaceof amorphousilica
asderivedfrom Zhuravlev’'s model[Zhu0Q is presentedn fig. 4.2. In this modelthe numberof

Fig. 4.2: Tempeature depen-
derce of the concentration of
different OH-groups total (1),
isolated (2), vicinal (3), gem-
inal (4), Si-O-S bridges (5),
and Siatoms(6) [Zhu00|.

: . . | | :
200 400 600 800 1000 1200
temperature [°C]

OH-groupsonthesurfaceis consideredisa constan(Kiselev-Zhuravlev constant,,, = 4.6 OH-
groups/nm) for temperatureBwerthan200°C. Uponincreasinghetemperatureipto 400°C the
total watercontenton the surfaceis consideredo be desorbedThis modelcanbe alsoappliedto
otheroxides.

However, usinginfrared spectroscoyp Peri[Per6Q could shav thaton y-Al,,O; watertraces
arepresentven after drying the sampleat 1000°C. He concludedhatat about400°C all water
moleculesareremovedandonly hydraxyl groupsremainon the surface. Using the samemethod
Knozinger[Knd78] foundthatat 100°C the surfacecontainsl3.50H-groups/m?, decreasingo
9.5at200°C andto 5 at400°C. GuntefGun97 obsenedthatthenumberof OH-groupsdecreases
to half of thefully hydroxilatedvalueatabout650°C. Studiesaboutthe OH-groupsonTiO,, inthe
anatasg@hasgVee89]alsoindicatea nonhonogenougpopulatio of the surfacedueto two types
of OH-groupswith basicandacid characterThe dehydoxilation of TiO,, takesplaceat500°C.

To getanestimateof thenumberof OH-groupsperweightunit of the oxide materialsThermo-
Gravimetrc Analysis(TGA) togethemwith Differential ThermalAnalysis(DTA) usingan DTA-
TGA apparatusvas performed. This techniguecompareghe temperatureof the samplewith a
standardreference during a programmedchangeof temperaturgWes98a]. If the specificsur
facearea(SSA)is known thenthe correspondingmountper surfaceareacanbe calculated.For
example,the numberof OH-groupson the surfaceof silicon dioxide canbe estimatedrom the
Zhuravlev model[ZhuOQ by therelation

Non = Ao - SSA- Moy x 108 (4.1)

wheremyy is theweightof the usedoxidein g, andSSAis givenin m?/g.
Our DTA-TGA measurementssedAl ,O; asstandardeference.Thetemperaturemeasured
by Ptthermocuplesyasvariedfrom 40to 1000°C atarateof 10K/min. Themeasurementsere
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recordedn flowing air with a flow rate of about12 I/h. The numberof OH-groupsper gram of
oxideweredeterminedrom the TGA measurementsy:
2-Am- Moy - Ny

g _
"oH = (100— Am)2- My, 4-2)

whereAm is the relative weightloss, Mox andMy, , arethe molar massof the oxide and water
respectiely, andN, = 6.022x 107 mol~1 is the Avogadro number

4.1 Mesoporous oxide materials

Mesoporousoxide materialswere examinatedbecausehey exhibit a high specificsurfacearea,
andaccordingly a high numberof OH-groupson the surfaceavailable for chemicalinteraction
with metalcomplexes or atoms. SiO, and y-Al,O; producedby MERCK were chosenfor test-
ing a numberof transitionmetalsfrom variousprecursorcomplexesin depositionexperiments.
The specificsurfaceareais 250 m?/g for silica and 190 m?/g for alumina. In fig. 4.3 electron
microscojy imagesof theseoxidesare shovn. The silica consistsof very small grainsof non-

Fig. 4.3: TEMimages of mesoprousSiG, (left) and y-Al,O4 (right).

regular but roughly sphericalshapehaving a rathercoarsesurface. The aluminaconsiss of even
moreirregular, namelyneedle-lile grainsthatalsoexhibit a certaincrystallinity while thesilicais
completelyamorphousThethermograimetric measuremertf this SiO, is presentedn fig. 4.4.
Usingequation(4.2) we estimatedhatat 70°C the samplecontains22.7 OH-groups/nr while at
200°C it containsonly 7.8 OH-groups/nrA.

The mesoporos oxide materialswere pretreatedy LIAIH , to modify their surfaces[Dre98,
Mor96] andto replaceterminatingOH-groupsby alumium-hydrogensurfacecomplexes[Rud81.
The termination groupsof the mesopooussilica, hydride-modfied this way, are schematically
showvn below.
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The preparatiorprocedureof hydridemodificationwasasfollows: the mesoporousilica was
treatedn vacuumat200°C for 2 hoursandthandispersedn THF. A solutionof saturated.iAlH ,
in THF wasaddedand soaled until the hydrogenformationwasfinished. The modified sample
waswashedwith THF anddried at varioustemperaturesNot all OH-groupsare eliminated(see
comple (d) in theschemeabove) by this pretreatmentAs the DTA-TGA measurementshav, on
thesilicamodifiedat 200°C only 3.30H-groups/m? remain.Comparinghis valuewith thevalue
of untreatedsilicawe canconcludethatthe modifiedsilica hasabout40%lessOH-groupson the
surface.Despiteof the non-regyular shapeandthe roughsurfaceof the mesoporousxides,which
complicateamagingof very small particles,they arewell suitedfor studyng particleformation
becausef their high contentof surfacegroups,which may sene asactve sitesin the formation
andadhesiorof metalparticles.

Am [9%]

Fig. 4.4. Tempeature depa-
6 derce of the weight loss of
1 mesoprousSiG, .

| I | |
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temperature [°C]
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4.2 Polydisperseoxide particles of spherical shape

In asecondapproactwe exploredpolydispersgarticlesof variousoxideshaving nearlyspherical
shape.Suchoxide nanosphereare commerciallyavailablein the form of powders. We studed
powderswith parametersumnarizedin Table4.1. Due to the mosty appliedpyrolysis route of

synthess of theseoxidesthey exhibit distinctly smallerspecificsurfaceareaparametershanthe
mesoporou®nes. From electronmicroscoly imaging (seefig. 4.5) onemay recognizethatthe
oxide nanosphereexhibit arathersmoothsurface.

Table 4.1: Characteistics of polydispaseoxidespteresfromdifferent providers

Oxide | Provider SpecificSurface| Density | Meansize
Area[m?/g] | [g/cm?] [nm]
SiO, NANOTEK 70 2.6 33
y-Al,O; | ALPHA AESAR 44 3.96 34
y-Al,O; | NANOTEK 44 3.6 38
a-Fe,0; | NANOTEK 43 5.2 27
TiO, | ALPHA AESAR 45 4.26 31
TiO, | CERAC 45 4.2 32

TEM analysisof thesematerialsresultsin meanvaluespatrtially differing from the product
specification.In addition, a broadenedizedistribution wasnoticedfor mostof them. The mea-
suredmeansizeandstandardieviation aresummarizedn Table4.2.

Table 4.2: Meansizeand stardard deviation measuedfromTEM images

Oxide | Provider Meansize[nm] | St.dev. [nm]
SiO, | NANOTEK 40.2 33.7
y-Al,O; | ALPHA AESAR 23.1 19.4
y-Al,O; | NANOTEK 27.1 18.8
a-Fe,0; | NANOTEK 22.4 18.1
TiO, | ALPHA AESAR 24 12
TiO, | CERAC 44.4 24.5

To give someexamples,fig. 4.5 shav characteristicTEM imagesand the size distibutions of
NANOTEK SiO, (upper)andFe,O; (lower) nanospheres.

Fromfig. 4.5thedifferencebetweenamorphousxide nanospherebk e silicaandcrystalline
oneslike iron oxide may be recognized. While the imagecontrastof the silica nanospheres
determinedy the sphereradiusandsuperpositia of several spheresadditionalcontrastfeatures
of iron oxide nanospheremesultfrom variousorientationf the crystallattice with respecto the
electronbeamandfrom thepresencef crystallatticedefects. Thecrystallinematerialshave been
examinedalsoby electrondiffractionin orderto determinethe lattice type. As an example,the
TiO, nanospheresf CERAC exhibit two phaseof titania: anataseandrutile. The intensity of
the measuredliffraction rings andthe taktulated[Edi9]] ring positiors with the crystallograpra
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Fig. 4.5: TEM image and sizedistribution of silicon dioxide (upper) and iron oxide (lower) producedby
NANOTEK.

indicesindicatedareshavnin fig. 4.6. Fromthis analysisve may statethatboth phase®f titania
arepresenin thematerial.

The a-Fe,0;, y-Al,O5, andotherTiO, materialslisted in Table 4.1 were also studiedby
electronmicroscopy. Thesecrystallire oxide nanospheresxhibit varioustypesof planarlattice
defectdik e twin boundariesvhich may causdine defectslike grooveswherethey emegeto the
surface.To a certainextentalsodeviationsfrom the sphericakhapeby the presencef crystallire
facetsareobsenred. Suchsurfacedefectsmayplay arole in theaccommodatio of metalparticles
formedby depositionfrom appropriatgrecursorsThe pyrolysistechniqueusedin thefabrication
of themostcommerciabxidenanospheress performedatveryhightemperature@bose 1000°C)
andthisis alsoreflectedn theresultsof the DTA-TGA measurement#t suchhightemperatures
no OH-groupscanremainon the surface. Our measurementshov a very low numberof OH-
groups(lessthen 0.5 OH-group/nn?) for thesematerials. This resultis dueto the factthatthe
samplesave beenstoredundernormalatmosplereconditians.
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Theuseof purchasablepolydigperseoxide nanospheres studiesof metalnanoparticlecoat-
ing hastheadvantagehatdifferentoxidesof variousorigins,mostlyavailablein polydispersdorm
only, maybe comparedHowever, thevery smallsizefractionof thesematerialsendsto form ag-
glomerateandoccasionallythey decoratehelarger spheresn suchaway thatthe smalleroxide
particlesmaybe confusedvith metalparticles.Moreoveris the opticalanalysismoredifficult due
to the polydigersityof theseoxides.

4.3 Monodispesesilica nanospleres

A morethoroughstudyof new materialswith potental application assensorsor optical devices
governedby novel physcal propertiesrequiresmonodipersenanospheresOnly this configura-
tion allows to combinein a definedmannerthe propertiesof both, the oxide nanosphereandthe
metalnanoparticlecoating. We exploredthe characteristicef two differentclasseof suchoxide
materials.Thefirst oneconcernssilicananospherem theform of powder. A few have beencom-
merciallyavailablelike Monogher 100with ameansized = 94.5-+ 11.4 nmandMonosphef™

250with d = 215+ 30.5 nm producedby MERCK KgaA. A TEM imageandthe sizedistribution

of the 250 nm sampleareshown in the upperpartof fig. 4.7. This samplecontainsalsoa small
amountof nanospherewith ameansizeof 95.5+ 7.8nm (onemaybeseenin thefigure).

Table 4.3: Monodigersesilicananospheesin liquid solution

Name Prodwer | Meansize[nm] | St.dev. [nm]
Levasil100 | BAYER 33.5 3.7
Levasi200 | BAYER 22.7 8.9

LudoxTM 40 | Du PONT 28.6 4.0
MA-ST-M NISSAN 29.5 6.8
Snavtex 50 | NISSAN 33.0 5.3

For moreflexibility with respecto the sizewe usedmonalispersesilica nanospheresynthe-
sizedby the Stoberroute[St668,Gie00b,Gie94a Gie94b]. This preparatiormethodandcontrol
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of the nanosphersizewill be describedelon. As anexample,the lower partof fig. 4.7 showvs
TEM imageandsizedistribution of a 450 nm sample.From bothimagesone mayrecognizethat
thesenanospheresxhibit arathersmodh surface.

A secondtlassof monodisgrsenanospherearecolloid-dispersesolutionsof oxideslik e silica
or alumina.We studiedsomecommerciakilicamaterialsvhicharesumarizedn Table4.3. These
oxide nanospheressuallyexhibit a rathersmall sizeandtheir surfaceis notassmoothasthat of
theonesin powderform. With the exceptionof MA-ST-M whichis a suspenginin methanolall
othermaterialsusedarein aqueousoluion.

4.3.1 Preparation of monodispersesilicananospheesusingthe Stobermethod

More flexibility thanwith commercialmaterialsis achiezed with laboratory-madenanospheres
whichwererecevedin theframeof ajoint projectfrom Dr. W. Mérke (Merselurg).
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Thepreparatiorof Stobermonodspersesilica[St668]usedetraethoxysane,(TEOS= Si(OC,H;),)
asstartingmaterialandethanolassolvert. The reactiontakesplacein the presencef waterand
ammona is usedascatalystgo initiatehydrolyss andcondensation

The size of the silicananospheresanbe very well controlledby the molar concentratiorof
TEOS,waterandammoniaandthemeansizecanbecalculatedusingtheBogushBog99]relation:

d = A[H,0J%exp(—B[H,0]"/?) (4.3)

wherethe squareparenthesesepresenthe molar concentratiorin mol/dm? andthe constantsA
andB aredefinedas:

A= [TEOSY?(82— 151NH,] + 1200NH,]* — 366NH,]*)

B = 1.05— 0.523]NH,] — 0.128NH,]?

Fig. 4.8 givesathree-dimensionakepresentationf the dependencef the meansizeof thessilica
nanosphereasafunctionof thewatercontentandNH, concentratiorusedfor the preparation.

d [nm]

1000+
S00+

GO0+

Fig. 4.8. Calculated mean size of sil-
ica nanopheresas a fundion of the wa-
ter and ammoniamolar concentration in
mol/dn¥.

05

A typical preparatioris carriedout asfollows: 13.5ml NH; (32%) wasmixedwith absolute
ethanolin a 100 ml flask. A second100 ml flask was filled with 8.32 g TEOS and absolute
ethanol.Thefirst solution wasstirredat 1000min—1 in a 500 ml flaskaddingthe secondsoluion.
Themixturewasstirredfor 15 secondsandaftertwo hourswaitingthe solution wascentrifugated.
The samplewasdriedthenat 100°C for threehours. TEM analysisof this materialgivesa mean
sizeof aboutd = 163+ 40nm. Furtherdrying of the samplefor threehoursat 50°C decreasethe
meansizeto d = 133+ 12 nm. Overnightdrying of the sampleat 100°C furtherreduceghesize
to d = 105+ 26 nm and simultaneouslybroadendhe size distribution. Addition of waterto the
mixture increaseshe meansize, in particularfor high NH, content. An exampleof laboratory-
madeStdbersilicais givenin fig. 4.7 togetherwith correspondingizedistribution. As may be
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Fig. 4.9: Tempeature depa-
derce of the weight loss of
silica nanogpheres of MERCK
(black), and after Stoker (red).
Thegreencurveis measuedat
the Stébe sampleuponfurther
dryingat 50°C for 3 hours.
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seenfrom fig. 4.8,this methodallows to vary the nanosphersizein aratherbroadrange.Below
about30 nm diameterhowever, certaindeviationsfrom the sphericashapeoccut

Varioussilica nanospherewere preparedaccordingto the Stobermethodwith a meansize
rangingfrom 133to 300nm dependingn theamountof waterandthe concentratiorof ammona.

To characteriz¢he contentof surfacegroupslike OH we performedT DA-TGA measurements
of theMonosgher'M 250 (blackline) andthe Stoébematerial(redline) aspresentedn fig. 4.9.In
the samefigure alsothe measuremertf the Stobersampleuponfurtherdrying at 50°C is shovn
(greencurwe). Fromthis it maybe seenthatthe numberof OH-groupson the Stébemanospheres
is higherthanontheanalogcommerciaimaterials.Drying for longertimesreducesalsothewater
contentof thesample.

With respectto the intendedapplication of oxide nanospherewith metalnanoparticlecoat-
ing, the commercialmonodspersesilica materialsare well suited becauseof their narrov size
distribution. Fromthe viewpoint of effectivity of the coatingprocedurehowever, the Stoberma-
terials are more promisng becauseof their very high contentof surface OH-groups(17 to 20
OH-groups/nrA).



5 Metal nanoparticleson non-planar oxide
surfaces

5.1 Routesto metal nanoparticle coating of non-planar
oxide surfaces

While on planarsubstratea numberof vacuum-basedeposiion method maybe utilized, includ-
ing physicalandchemicalvapourdepositon, laserablationandclusterbeamdeposition andalso
spin-coatingechniquesareemployed,thesituationis differentwith non-planasubstratebecause
of their peculiargeometry This requiresacces®f thedepositspeciesot only from one,but from
all directionswhich maybeachiezedin a gasstreamor in solution. For practicalreasonsolution
methodsare mosty preferrel. Thenone may choosebetweenmethodsutilizing the deposition
of nanoparticlesrom a colloidal route of synthess or methodsof particle formationdirectly on
the surfaceby appropriateprocessesThe first pathincludeselectrostatiadepositio of colloidal
particlesby meansof adhesreslike polyelectrolyes covering the oxide surface[Gie97, Rog0Q
and ligand-mediatedimmobilisation of metal colloids on functionalzed oxide surfaces[OId98,
Wes98lh. The secondpathincludescontrolied chemicalreduction,photochengal or radiation-
chemical, photocataltic and sonochendal reduction[Yon91, Kou82 Oki96]. The controlied
reductionof precursommoleculeson the oxide surface[M6r94, Dre98,Dok99 GomO0Q Zou93
hastwo mainadwantages:(i) avoid uncontrolledsuriacechemicalinteractionof the metalparti-
cleswith functionalizng agentswhich may seriouslyinfluencethe surface plasmonresonances
[Tem0Q HodO0O]; (i) enablecontrol of the precursordecompogion kinetics and thereforethe
particlesizeat moderateaemperatureonditons[Mic00, May00]. By varying the coatingcondi-
tions(pH, concentrationtemperatur@nddurationof exposureof the metalcomplex solution) the
coverageof the oxidenanosphereandsizeof metalnanoparticlesnay be controlled[Dok99].

The aim of achiezing metalparticle coatingson oxide nanospherewasapproachedh several
steps. First, depositionof a numberof transiton metalson hydride-modfied non-planaroxide
materialshasbeenstudiedto advanceunderstandtig of the structuraland functional character
istics of the oxide surface[Bra00, Fuj00, Kha0Q Kos0Q Rim00, Sch00,Wel00] in dependence
of pretreatmentmodificationand metalloading. This is more or lessthe basisof the follow-
ing stepsandit will be presentedn sections5.2 and 5.3 of this chapter Second,metal depo-
sition from organometalligprecursorof the type [Li(THF) ,],- [MR,] on oxide surfacesof well
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definedhydroxyl concentrationwas appliedto polydigperseoxide nanospheresThis study has
beencarriedout for two reasongi) to control the decompogion undermoderateconditionsof
the precursomoleculesandthereforethe size of the particles,(ii) to limit the surface contam-
ination [Ver99 Vid99]. Sincethesewerethe first attemps$ to achiase core-shellstructureshey
will be presentedn Chapter6.2. Third, depositionof silver and gold on monodsperseStdber
silicananospherely incipientwetnessmpregnaton usingwatersolublemetalcomplees These
nanoparticleoatingexperiments/ieldedreasonablylensecoveragesesultingfrom one-andtwo-
stepprenucleatiorproceduresThey will be presentedn Chapter$.3and6.4.

5.2 Formation of metal particleson
hydri de-modified oxide

In an extensve studyaimedat improving the knowledgeon particle formation underrelatively
low temperatureconditiors on non-planaroxide surfacesnot only varioustypesof metals,like
superparamagnetigroup IB andgroup VIIIB metals,but alsotwo generictypesof metal pre-
cursorswere explored. The synthesiswvere performedby Prof. H. Drevs and Mrs. K. Lehrack
(Merselurg).

The first precursorof type MX,, - nLig containsmetal complees with anions"X" like Cl—
or Br~ andassociatedigands "Lig" like tetrahydofuran (THF) {C,HgO} or tetrahydiothiophen
(THT) {C,HgS}. Thesecondorecursoof typeMX, containsmetalcomplexes with anionsX like
acetylacetonatgacac) { —[(CH;),HC;0,]}, mesityl(mes){—[(CH3),CgH,]} or triphenylphos-
phine (PPh) {—[(CsHs)5P]}. The metalcomplexes obtainedfrom MERCK and CHEMPUR are
usedwithoutfurtherpurification. The oxide materials silicaandaluminafrom MERCK, weresub-
jectedto a dehydroxylatbn treatmentas describedn Chapter4.1 resultingin about0.8 hydride
ions peraluminum atom,asestimatedyy reactionwith hydrochbric acid. The relationbetween
hydrideionsandthe metalcontentafter metalloadinganddecompositin of the metalprecursors
wasabout5:1.

Fig. 5.1: Sthemaic represatation of the metaldepasition proceduie: (left) susgnsionof hydride-modifed
oxidein THF with themetalcomplexadded (certer) fixation of the metalcomplexndicatedby discoloration
of the solution; (right) formation of metalparticlesupondrying at elevatedtempeatures.

The metaldepositon procedurenvolvessereral stepsaspresentedgchematicallyin fig. 5.1.
At first, a suspengin of the hydride-modifiedoxide (typically 5 g) in THF is preparedwith the
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metalprecursoraddedin requiredquantity seefig. 5.1(left). Thenthe solutian is shalenuntil it
becomes<olorless,which indicatesthat the metalcomple is fixed at the oxide surface,seefig.
5.1(center).After beingfiltered, the sampleis washedin THF anddried in vacuumat elevated
temperatures.

As a resultthe metal precursorsare reducedto metal atomswhich may aggreyateto form
nanoparticlesThis step,including nucleatiorandgrowth processess schematicallypresentedn
fig. 5.1(right).

Theformationof metalatomsby precursodecompogion follows thereaction:

n[= Al — H] +MX,- nLig — n[ = Al — X] +M°+nLig+gH2T

The dried samplesare sealedoff in quartztubesundervacuum(about10 mbar)for further
investgations For mostof the metalcomplexes heatingto 100 or 300°C for 1 h wassufficient
to induce metal particle formation. An exceptionwasthe Ir comple that requiredheatingto
400°C sinceat lowertemperatureao unambiguas metalparticleformationwasobtained.

5.3 Characterization of meta particleson
hydride-modified oxide

5.3.1 Particles of ferromagnetic metals

Nanoparticleof superparamagnetimetalsare expectedto exhibit unusualpropertiesvhenthey
arearrangedn aregularmanneilik e in ferrofluids. Eventhoughthereis alreadysomeliterature
available aboutstudieson planararraysof suchparticles[Joh99 Gie00a],nothingis known on
their propertiesvhenthey adoptarrangementsf sphericageometryor evencore-shelktructures.
Although it is beyond the scopeof this work to follow this issuein detail, we performedsome
experimentswvith Ni, Co andFeto studyin a first attemptstructuralcharacteristicandmagnetic
resonancef suchmaterials.

Themeansizeandstandardieviation of superparamagnetioetalparticlespreparedrom var-
ious precursoraipondrying at 100and300°C arecompiledin Table5.1. Fig. 5.2 shavs a char
acteristicdimageof Ni particleson hydride-nodifiedsilica upondrying at 300°C togethewith the
correspondingizedistribution from which the meanparticlesizeis determined.

Table 5.1: Meansizeof superparamagnetic metalparticlesby TEM

Precursor 100C 300°C
Meansize[nm] | Stard. dev. [nm] | Meansize[nm] | Stand. dev. [nm]
Ni(acac), 2.2 0.4 2.5 0.2
CoBr,-2THT 2.3 0.6 24 0.7
Co(acag, 2.4 0.4 2.6 0.5
FeBr,-2THT 3.3 0.7 2.3 0.5
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Theshapeof thesizedistribution is fitted (black curve) by a Log-Normalfunction[Kis99]. As one
may recognizefrom Table5.1, Ni nanoparticleslo not shav a distinct sizeincreasdf the drying
temperaturés enhancedrom 100to 300°C. The coverageof thesilicasurface,roughlyestimated
by assuminga thin film of a thicknessqualto the meanoxide grainsize,slighty increasesrom
15to 19%. If, however, the metalloadingis increasedrom 1 to 3% by enhancinghe amountof

rel. frequency
o
-

(=]
(%)
L

0,24

0,14

0,0

0 12 3 4 5 6
diameter [nm]

Fig. 5.2: TEMimage andsizedistribution of Ni nangarticleson SiQ dried at 300°C.

metalprecursoraddedto the silica suspensn, we obtainparticlesof 3.0+0.5 nmand3.2+ 0.5
nmmeansizeaswell as18and22%coverageor dryingat100and300°C, respectiely. It maybe
noticedthatin all casesa uniform coverageof thesilicasurfaceby metalparticleswasachieved.
The collectve magneticpropertiesof superparamagneticanoparticlesare characterizedy
their FMR spectraaswell asby thetemperaturelependencef the correspondingparametertike
therelative experimenal intensity Theroomtemperaturderromagneticesonancef Ni particles
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preparedat 300°C is showvn in fig. 5.3 (black curwe) togetherwith a calculatedspectrum(red
curwe). The experimenél spectrumexhibits a mainresonancet H= 315mT (g = 2.18). For the
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calculationaccordingo themodelof Suran[Sur73]describedn Chapter2.2,aLorentzline shape
wasusedfitted with AHp, = 19.2mT andtheanisotrofy coeficientskK ; = —0.0095;K ; = 0.0494,
K, = —0.0381.Differencedbetweercalculatecandmeasuredpectramainly resultfrom thefinite
width of thesizedistribution of theNi particlespresentywhereaghecalculationconsideronly one
fixed particlesize. To allow to determinethe particlesizefrom the ferromagnetiacesonancethe
spectravere measureat varioustemperatures therangeof —150to 150°C. A broadeningof
thelinewidth aswell asanincreasef theintensty with decreasingemperaturés obsenedwhich
demonstratethe Curie-like behaiour of theseparticles.Simultaneous, a shift of theresonance
position (g-factor)rangingfrom 0.01to 0.2 occurs.For the sizedeterminatbn a modeldeveloped
by Mérke [M6r90] was usedand from the spectrarecordedat —125 and 100°C accordingto
equation(3.5) a particlesizeof 2 nmwasobtained.This agreedairly well with the meanparticle
sizederived from TEM measurementsThereis a small signalin the measuredspectrumat H
~ 335mT (g = 1.99)thatmayresultfrom Ni ™ ionsremainingfrom metalcomplexes not reduced
by aluminiumhydridesurfacegroups.

=

=

2

'z

=

8 : .

R=: Fig. 5.4: Magnetic resorance
Eﬁ spedra of Co nanoparticleson

silica dried at 100C: (a) ex-
perimental, (b) and (c) calcu-
lated curves using the Surmn
model; (d) difference spec-
trum: a-(b+c).

100 150 200 250 300 350 400 450 500 550
magnetic field [mT]

The more complicatedspectrumof Co nanoparticlesshovn by curve (a) in fig. 5.4 for the
100°C samplepreparedrom Co(acag,, may be explainedby assumingof several contritutions.
Model calculationsare utilised to disclosetheir hiddennature. Curves (b) and(c) in fig. 5.4
correspondo the spectracalculatedfor Co nanoparticleof differentsize having facecentered
cubic (fcc) crystallattice and collectve magneticbehaiour. Curve (b) represents signalwith
large crystalline anisotrofy correspondingo a relatively large particle size [Bia78] and curve
(c), characterizedby weak anisotropy, correspondgo rathersmall particles. As shawn in fig.
5.5, therelative intensty of both,the measuredndthe calculatedspectraldashedine andfilled
squares)exhibit amorerapiddecreasevith increasingemperaturéhanthe onecorrespondingo
Curie-like behaiour (solidline). Thisis characteristidor very smallsuperparamagnetparticles
[Ch&85,K6h98]. From the calculatedthermomagatic dataof curve (c) a particlesizeof 1 nm
wasderivedwhich is beyondthelimit of the electronmicroscopy visualzationcapabilityof this
type of specimensA particlesizeof 1.9 nm, however, wasdervedfrom temperaturelependence
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(dashedine in fig. 5.5) usingequation(2.7) which is nearerto the 2.4 nm measuredy TEM.
Numericalsubtractionof curve (b) plus curve (c) from the experimentalspectrum(a) in fig. 5.4
yieldscurve (d). Thisdifferencespectrunreveals,besidesasignalatH ~ 153mT (g = 4.3) dueto
ferrousimpurities,asmallisotropc signalatH~ 315mT (g = 2.18) dueto very smallCo clusters
[Lov71], superimposd by a low spinsignalof Co?*, recognizablerom the hyperfinestructure.
Analogousto the caseof Ni, the latter signalmay resultfrom cobaltions remainingfrom metal
complees notreducedoy aluminum hydride surfacegroups.

Fig. 5.5: Tempeature depen-
derce of the relative inten-
sity of the Co sampk prepaed
at 100C : measued (filled
square) and calculated values
(dashed line). Curiedike be-
haviour is shown by the solid
line.
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temperature [K]

TEM analysisof thesamplegreparedrom Co(acag, shovs only aslightincreaseof particle
sizeandcoveragg(14to 15%)uponincreasinghedryingtemperaturérom 100to 300°C. A quite
similar behaviour is found for Co particlesoriginating from CoBr,-2THT precursorsput these
sampleshav smallermeanparticlesize,broadersizedistribution andlower coverage.With both
typesof Co nanoparticlesamplesan uniform coverageof the silica surfacewasachieved at both
dryingtemperatures.

Thestructurakcharacterizationf Fenanoparticlepreparedy decompositn of FeBr, - 2THT
on hydride-modifiedsilica bearssomecomplicatiors becausef the greattendeng of this metal
to oxidise.Evenatroomtemperatureiyon particlesmayreactwith atmosyericoxygenandwater
to form iron oxide layerson the particle surface. The oxide shell mainly consistsof Fe;O, and
of somea-Fe, 0, [Zha96,Hof01]. Extentandcomposiion of theiron oxide layersensitvely de-
pendson the ambientconditians. Carefulpassvation proceduresnay protectsuchparticlesfrom
afurtheroxidation [Hof0O1]. Whenmeasuringandcomparingparticlesizesonemustconsiderthat
Fe oxidationproceedsy consumpton of iron metalin the corewhich diffusesoutwardsto form
surfaceoxide [Set94]. Becauseof the lower densityof the oxide, the particle sizeincreaseglis-
tinctly uponthis process.To explain the electronmicroscopy resultof 3.3 nm meanparticlesize
of the 100°C Fe samplein comparisorto 2.3 nm of the 300°C sample,without ary changein
coverage(about12%) of the substratesurface,we mustassumalifferentresistanceo oxidation.
Mostprobably dryingin vacuumis moreeffective for passvationat300°C thanat100°C. There-
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fore, the 100°C Fe sampleis subjectedo more oxidation-inducedparticle sizeincreasehanthe
300°C sample.

3+
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Bothsamplesxhibit asignalatH ~ 161mT (g= 4.14)attributedto Fe>t paramagnetispecies
in the magneticresonancapectravhich indicatesthe presencef iron oxide. Fig. 5.6 shavs the
spectrumof the 300°C sampletogetherwith a spectrumcalculatedaccordingto the Schiémann
modelfor weakanisotroy wherethebestfit wasobtainedor K5 = —0.0016andalLorentzianine
shapewith AHpp = 10.5 mT. Fromthe temperaturelependencef therelative intensiy, a size of
1.9 nmwasderivedwhich givesa measuref the metalcoreonly.

5.3.2 Metal particles of the VIII B group

In additionto the superparamagnetimetal particleswe also studieda numberof group VIll B
metalnanoparticlesvithout collective magnetidoehaiour which areexpectedo exhibit quantum
sizeeffectsbelowv acertainsize,whichis very interestirg from a catalyticpoint of view.

Table 5.2: Structural characteridics of group VIII B metalparticlesby TEM upon aging at 100C

Precusor | Concen | Meansize| Stard. dev. | Dispeasion| Coverage
[%] [nm] [nm] [%]
IrCl;-3THT 1 1.3 0.3 0.764 15
Ir(acac), 1 1.7 0.4 0.626 16
PdCL-2THT 2 2.7 0.9 0.449 22
Pd(acac) 1 2.1 0.4 0.520 12
PtCL-2THT 2 2.3 0.7 0.512 14
Pt(acac) 1 1.4 0.3 0.686 11
RhCL-3THT 2 2.3 0.5 0.516 32
Rh(acac) 1 2.5 0.5 0.473 15
RuCl-3THT 1 2.7 0.6 0.345 11
Ru(acac) 1 1.9 0.6 0.451 14
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This shoud give riseto conductionelectronspinresonanc€CESR)that may be probedby mag-
neticresonanceneasurementgromthe variousmetalsof this group,Ru, Rh, Pd, Ir andPtwere
explored by utilizing both typesof precursorsput hereonly resultsof the threemetalsformed
from M(acac), precursorarepresentedThey areincludedin Table5.2 comprisng the structural
characteristicef the obtainednanopatrticles.
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Fig. 5.7: TEMimage andsizedistribution of Rhnangarticlesonsilica dried at 100C.

Fig. 5.7 shavs a characteristiemageof Rh particleson hydride-modifiedsilica upondrying
at 100°C togetherwith the rathernarrav sizedistribution accompaniedy a Log-Normalfitting
cunve. In generaltheparticlesareuniformly arrangedn the oxide surfaceandhave nearlyspher
ical shape FromTable5.2,onemayrecognizehatthe Rh particlesizedoesnotdistinctly increase
if thedryingtemperatures enhancedrom 100to 300°C, andalsothe coverageof the silica sur
faceis only slightly raised. However, by increasingthe metalloadingappliedduring synthesis,
usuallya considerablenhancemenif the coverages achieved. In this context it mustbe noticed
thatin the courseof electronmicroscoy examinationoccasionallymetalparticlesarefound not
situatedontheoxidesurface,but onthesupporthg carbonfilm. Thispointsto a certainlossof par
ticleswhich, mostprobably areremovedfrom the oxide substratdecausef ultrasonicagitation
in solutionusuallyappliedfor TEM preparation.

Magneticresonancepectraof Rh nanoparticle®n silica aresubjectto considerablehanges
with thetime elapsedafter preparation.This behaiour pointsto the presencef diffusive or even
reactve species.Immediatelyafter preparationthe spectrumof the Rh sampledried at 100°C,
shavn in fig. 5.8 asblack curve, exhibits a main signalat H~ 295 mT, (g = 2.28) marked S1.
This may beattributedto Rh° in peculiarcoordinatim, namelya [Rho(acaci_] comple, sinceat
100°C, i.e. below its decompogion temperatureRh(acac) is very stableagainstigandexchange
[Dwy53]. Thus, thereis a high probability to reduceRh®+ without disturbing the coordination
sphereof the complex. The transferof the requiredthreeelectronsper rhodiumatomresultsin
[Rho(acaci—]. However, thesespeciesare not stable,but after one monthaging (seered curve
in fig. 5.8) the correspondingsignal hasbeenlargely replacedby two separatesignals Both
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areassumedo be CESRsignalsof Rh particlesof differentsize. Theone,marked S2,is found at

H~ 280mT (g = 2.42)andtheother markedS3,atH~ 328mT (g = 2.0). Accordingto thesecond
Kawabatacondition (2.17),asdescribedn Chapter2, the maximum sizeof Rh particlesenabling
obsenable quantumsize effect amountsto 5 nm whentaking the g-shift as0.24,i.e. thevalue
of Pd, because¢he Rh valueis not available in the literature. Comparingthis sizeto the electron
microscoyy results,one may estimateroughly that abouttwo third of the particlesobsened by

TEM shouldcontributeto CESRsignals.Sizecalculationausingequation(2.19)dependingnthe

signallinewidth resultin 0.65 nm for the S3specieand0.8 nmfor the S2speciesThefirst value
definitelyis beyond the limits of electronmicroscoyy appliedto suchspecimens.The deviation

of the secondcalculatedvaluefrom TEM resultsis mainly causedy the sizedistribution of Rh

particlespresenin thesample whereaghe calculationconsidersonly onefixedparticlesize. The
electronmicroscoyy invegigation of thesesampleshave beenperformedat leastseveral weeks
afterpreparationThereforeno evolution of the particlesizewasrecordedoy this method.
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Fig. 5.9: TEMimage andsizedistribution of Pd nangatrticleson silica dried at 300C.
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Metal depositi on hydride-modifiedsilica by applicationof a Pd(acac) precursomlsoyields
a considerableoverageof nanoparticle®f rathernarrav sizedistribution andvery uniform ar-
rangementA characteristi¢mageof the Pd300°C sample(1% metalloading)togethemwith the
correspondingsize distribution is shavn in fig. 5.9. Therewasno changeof the particle size
obsered whenincreasingthe drying temperaturdrom 100to 300°C. With 2% metalloading,
however, thereis notonly a nearlytwice ashigh coverageachiered, but alsoa distinctincreasen
particlesizeuponenhancinghedrying temperatureThe uppersizelimit of Pdnanoparticleshat
may exhibit quantunsizeeffectis, accordingio the secondKawabatacondition(2.17),calculated
to be 8.5 nm. The calculatedspinrelaxationtime and CESRsignallinewidth of particlesabout2
nmin sizegive 1.2 x 1014 secand19.2 mT, respectiely.

Fig. 5.10shaws a characteristiamageof Pt particlesresultingfrom Pt(acac) precursorson
hydride-madalified silicaupondrying at 300°C togetherwith the narrov sizedistribution peaking
at the meansize of 2.3 nm. This extremely small particle size doesnot changeif insteadof
100°C adryingtemperaturef 300°C is applied. Neverthelessthe coverageof the silica surface
by Pt nanoparticlesncreasegsonsiderablythereupon.Fromtheseresultsone may concludethat,
undertheconditiors applied,metalparticleformationproceedst high nucleatiorrate,but limited
growth rate. Thisis a prerequisitdor a stableparticledispersion
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Fig. 5.10: TEMimage andsizedistribution of Pt nanogarticleson silica dried at 300C.

UsingtheseconKawabatacondition(2.17)to calculateheuppersizelimit of Ptnanoparticles
that exhibit quantumsize effect yields 6.7 nm. Here,the CESRsignallinewidth of particlesof
about2 nmsizeis calculatedo be30mT. With theexperimentabetupusedfor magnetiaesonance
measurements is difficult to obtainreasonablspectraof suchsamplesf theg-shiftis toolarge.
Thuswe resortto the measurementat low temperaturesThe spectrunof the 300°C Pt sample
recordedat —125°C is shawvn in fig. 5.11 (black line) togetherwith calculatedspectrawhich
may demongtate how the experimentalspectrumis composedf several constitients. The first
oneis anintenseCESRsignalat H ~ 292 mT, i.e. g = 2.28, (red curve) with AHp, = 30mT
calculatedfor Pt particlesof about2 nm size. The secondoneis a CESRsignalat H~ 306 mT
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(9= 2.2), (greencurwe) with AHp, = 70 mT calculatedfor Pt particlesof about3 nmsize. The
third signalat H~ 330 mT (g = 2.0) (blue curwe) is calculatedas paramagneticesonancef E’

centres(eSi=) [Gri84] dueto redoxprocessest the silica surface. Superpositia of thesethree
curve resultsin the sumspectrundravn in magentacolor which, besideghe noise,agreedairly
well with the experimenal spectrum.CESRsignalsalsohave beenreportedby Gordon[Gor77]

for Pt/SiO, particlesof 2.2 nmmeansizewith g= 2.002andAHpp, = 20mT, andby Katzer[Kat79)]

for Pt particleson silicawith g = 2.222andAHpp, = 70mT. Althoughthe resultsmay not readily
be comparedo eachotherbecausef differencesn measuringemperaturendfrequeng, they
nonethelessupportthe presentednterpretation.

5.3.3 Particles of group | B metals

The depositionof groupl B metalnanoparticle®n oxide surfacesis of particularinterestin the
frameof thiswork becausef their strongsurfaceplasmorresonanceffectin therangeof visible
light. Evennanoparticle®f simply sphericashapeof thesemetalsarereadilyaccessibléo optical
applicationse.g.,by embeddingn glassor othertransparentnedia.ln thecurrentwork deposition
of thesemetalson hydride-modiied silicaandalumira wasstudied.For the sale of comparability
we restricthereon theresultsobtainedwith silicawhich arecompiledin Table5.3.

Table 5.3: Structural characteristics of group | B metalparticlesby TEM upon aging at 100C

Precursor | Concen.| Meansize| Stand. dev. | Dispersion | Coverage
[%] [nm] [nm] [%]
Cu(acac) 1 1.3 0.3 0.764 15
AgMes, 1 2.4 0.3 0.449 14
AuCI[PPhy] 1 2.3 0.7 0.430 25

Fig. 5.12shaws a characteristiamageof Cu particleson hydride-modifiedsilica upondry-
ing at 300°C togethemwith the correspondingizedistribution from which the meanparticlesize
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is determined.Coverageand uniform arrangemenof metal particleson the oxide substate are
comparabldo resultswith the previoudy introducedmetals.
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Fig. 5.12: TEMimage andsizedistribution of Cu nanoparticleson silica dried at 300C.

By applying the secondKawabatacondition (2.17) a relatively large value of 14.6 nm may
be calculatedfor the upperlimit of quantumsizeeffectin Cu particleswhentakingthe g-shift as
0.031[Hal86]. Thespinrelaxationtime andCESRsignallinewidth of particlesabout2 nmin size
maybe calculatedhento be1.32 x 10~12 secand6.24 mT, respeciiely.

Fig. 5.13: Magnetic res;mance
of Cu nanqoarticles on sil-
ica dried at 100C (black)
and 300C (red): the sigrals
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marked A”.
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Althoughthespinrelaxationfor Cuis two ordersof magnitdelowerthantheabore mentioned
for Pd, the interpretationof the magneticresonancepectrumis not aseasyas expectedbecause
of thepresencef Ci?* speciestheparamagnetisignalof which interfereswith the CESRsignal
of Cu metalnanoparticles The CU/?t signalexhibits a hyperfine structuredueto the interaction
of unpairedelectronswith the nuclearmomentumof Cu nuclei (spin1=1/3) [Gon99 asmay be
recognizedrom the spectrumof the samplepreparedat 100°C shown in fig. 5.13(blackline).
Herethe Cu/?* signalsoccurat g, =2.002,i.e.,H=333mT andg|| = 2.382with A|| =6.5mT.
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If thedryingtemperaturés increasdo 300°C, fig. 5.13(redline), thesignalscorrespondingo
CW* decreasandthe CESRsignalof Cu nanoparticless visibleatH ~ 333mT andg = 2.0035.
Anothersignal,situatedat H~ 334 mT (g = 2.003) with AHp, = 0.3mT is assumedo be dueto
E’ centres. Becauseof the very intenseCu?* signalsin the caseof the 100°C sampleandthe
large asymnetry of the samplepreparedat 300°C assumedo be causedy someresidualCu?t
remainingon the substratesurface, no size of the Cu nanoparticlesrom correspondingCESR
signalsmaybededuced.
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Fig. 5.14: TEMimage andsizedistribution of Ag nanoparticleson silica dried at 100C.

A characteristiamage of Ag particleson hydride-modfied silica upondrying at 100°C is
shawvnin fig. 5.14togethemwith the correspondingizedistribution fitted by a Log-Normalfunc-
tion. Uniform arrangemenof the Ag nanoparticlesndcoverageof the oxide substrateare com-
parableto theresultsobtainedwith groupVIIIB metalparticles(includingthe superparamagnetic
ones),but concerningthe particle size one may recognize that with Ag and alsowith Cu (see
fig. 5.12),andeven morewith Au (seefig. 5.16 belon), meansizevaluesnear3 nm, andeven
above, areobtained.Thisraisesthe questionof nucleationsitesat which metalparticleformation
may occur and of the conditionsdeterminingthe adhesiorstrength. The hydroxyl groupsplay
animportantrole in this process.For a closerinspection,we studiedthe formationof Ag parti-
cleson hydride-malified silica which previously have beensubjectedo heattreatmentat various
temperaturebetweer?00and600°C. The surfacehydroxylconcentrationasmeasuredy TGA
(seeChapter4), decreasesnonotmously from about8 OH-groups/nm upon200°C heattreat-
mentto aboutl OH-groups/nm upon60C°C heattreatment. Simultaneouslythe concentration
of particlesformedon the hydroxyl-modified andmetalcomplex loadedoxide surfaceis reduced
distinctly, regardlessof the drying temperatureapplied. This lossin particle numberdensityis
accompaniedyy a considerableenlagementof particle size,suchthat nearlyno changein cov-
erageoccurs. Besidesstudieson the optical propertiesof Ag nanoparticleghereis alsosome
literatureaboutmagnetiacesonancesbseredin suchmaterials.Mitrik as[Mit98, Mit01] studed
Ag nanopatrticlesn sol-gelsilicaandfoundalinearrelationbetweenCESRsignallinewidth and
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the squareof the particlediameter(seeequation(2.19)). CESRsignalshave beenmeasuredor
colloidal Ag particleswith sizesbetween3 and30 nm by Jain[Jai75]who found narrov signals
of 1to0 1.14mT linewidth atg = 2.034 (measuringemperature=180°C). A similar line posiion
wasreportedby Li [Li95] for well-dispersedAg particlesof comparablesize on SiO,,, but with
even narraver linewidth of 0.15to 0.6 mT. Our measurementgerformedat room temperature
yieldedcomplicatedspectracomposeddf an Ag CESRsignalplusadditioral constituers asmay
be seenin fig. 5.15for the 300°C sample(black curve). A CESRsignalatH = 3316 mT (g =
2.031)with AHpp = 0.7mT (magentecurwve) is calculatedfor Ag particlesof 1.2 nm sizetaking
into accouta g-shift of —0.019 [Hal86, Mit98], quite comparabldo the resultsdescribedn the
literature. To accountfor the presencef defectson the silica surface,an asymmetricsignalwas
calculatedfor HC, centreg(=Si-Oe) [Gri84] (red curve) andanotheronefor E’ centregGrig4]
(bluecurwe). Superpositiorof theseconstituentgjivesthe sumspectrum(greencurve) thatagrees
fairly well with the maincharacteristicef the measuregpectrum.

o
F

rel. frequency

(=)
w
1

0,24

0,14

0,0

0 2 4 6 8 10 12 14 16 18 20
diameter [nm]

Fig. 5.16: TEMimage andsizedistribution of Au nangarticleson silica dried at 100C.
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Finally the resultsobtainedwith depositionof gold, the third group| B metal, on hydride-
modified silica shall be presented.As it is demonstratedh fig. 5.16, shaving a characteristic
TEM imageandthe correspondingsize distribution for the 100°C sample,the oxide surfaceis
uniformly coveredby metalparticleswhich exhibit a bimodal sizedistribution. The shapeof these
sizedistributions could mostcorrectly be fitted by usinga function of Log-Normaltype for the
first peakanda Gaussiarfor the secondpeak. This bimodalty is alsofoundwhenapplying200
and 300 insteadof 100°C drying temperature.The first maximum of the distribution increases
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only slighty from 2.3 to 2.5 nm upontemperatureenhancementyhereashe secondmaximum
increaseslistinctly from 7.6 to 9.0 nmwhich is accompaniedby a certainbroadening Neverthe-
less,the coverageof the oxide surfacesby gold nanoparticlesemainsnearlyconstantat the high
valueof about23%. However, becaus®f anincreasedendenyg to form agglomeratesf particles
at higherdrying temperaturehe uniform arrangementf particlesis affectedthis way.

Thelinewidth of CESRsignalsfor Au particles(blackcurve)andthecorrespondingpinrelax-
ationtime (redcurve) werecalculatedn theframeof the Kawabataheoryasfunctionof their size
andaredrawn in fig. 5.17. The verticalblueline in this graphindicatesthe particlesizelimit of
4.8 nmfor quantumsizeeffect of Au accordingto the secondKawabatacondition(2.17),andthe
horizontalline in blue color indicatesthe experimentallimitation dueto the spectrometerFrom
this representatiomne may concludethat the particlescorrespondindo the secondpeakof the
particlesizedistribution do notcontributeto a CESRsignal.In theliteraturetherewasgivensome
evidenceby Monot [Mon71] and Claus[Cla00] of a CESRsignalat g = 2.0053resultingfrom
Au particles.Thesespectrahowever, have beenmeasureétlow temperaturesyhile in ourroom
temperatureneasurememo suchsignalwasobsened.

Short review of results

As sumnary of theexperimentakxploratian of coatingcharacteristicgor transitonmetalnanopar
ticleson non-planaoxide substrated)erethe mainresultsarecompiledin brief. By heat-assisted
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reductionof a variety of metal complees, appliedby impregnaton from solutian, on hydride-
modified oxidesgenerallyvery small particlesare formed. Mean sizesaround2 nm are mostly
achieved at appropriateprecursorconcentratiorand drying temperature. Samplescoatedwith
Ni, Co, or Fe nanoparticleshavedferromagnetiaersonanceassignatureof collective magnetic
modesof small sphericalparticles. Theseresultsmay be of interestwhenstudyirg variatiors of
suchmodesuponparticlearrangemenin core-shell-geometrywithin a numberof paramagnetic
groupVIIIB metalparticleswhich areof interestalsobecaus®f potentialcatalyticutilization, Pt
andRh nanoparticleshoved CESRsignalsin their magnetiacesonancepectracharacteristiof
guantumsizeeffect. Besideghe signalsresultingfrom metalparticles,in thesespectrarequently
indicationsof paramagnetispeciedik e metalionsandoxidestructuredefectsareobsened. These
findings point to aging-dependenhcompkte reductionor re-oxidationprocessesvhich largely
disappeaupondrying atalittl e highertemperatureln connectiorwith theobsenationof increas-
ing meanparticle sizesfor groupIB nanoparticleof Cu, Ag, and Au it may be concludedthat
the ratio of growth rateto nucleationrate increaseswith increasingparticle size and decreasing
reactvity of themetal. Residuakurfacehydroxy groupsarefoundto play animportantrole in the
immollisation of particles.



6 Core-shell-lke structur esby metal
nanoparticlescoatingson oxide
nanosphees

6.1 Metal deposiion from organometdlic precursors

As it wasdemonstratedn Chapter5, depositionof a numberof transitionmetalson hydride -

modifiednon-planaroxide materialsyields reasonableesultswith respecto uniform particlear

rangementsmall particle size and initial coverageof the oxide surface. However, therewasa
limitationin achieving bettercontrolof thedecomposittn undermoderatéemperatureonditions
of the precursormoleculesandtherewas, dueto the appliedhydride modificationof the oxide
surface,a contaminabn by ill-definedalumingsilicategroups.Alternatiely, a synthesiof metal
nanoparticleautilizing the decompositn of low valentorganometalt precursorsby low tem-
peraturethermol/sis of appropriatehermallyunstablecompoundss recommendefdeC95. The
moderateonditionsof synthesisareaimedat providing bettercontrolof metaldepositon onoxide
nanospheres.

We exploredorganometalli complexes of thetype [Li(THF )], - [MR,] with "M" beingPtor
Pdand"R" beingmethyl {[CH,|} or pheryl {[C;H:]} ligands, respectiely. The precursorave
beensynthesizedinderair-sealecconditicnsaccordingo WyrwaandDrevs[Wyr99, Dre02]. Prior
to employmentof the metalprecursorshe oxide materialsusedweresubjectedo a heattreatment
in vacuumat 200°C to achieve controlledhydroxyl contenton the surface. All organometalt
metaldepositonswere carriedout by Prof. H. Drevs (Merselurg). After cooling down to room
temperatura suspensiof the oxide waspreparedinderargonatmospherén a soluion of THF
containingthe requiredquantityof the organometdic complex. The metaldepositionproceeded
accordingto:

2=9—OH+[Li(THF),], - [MR,] — (= S — OLi),M°+ 2HR+R,

whereuporheatingto 100 or 300°C for 1 h wasappliedto inducemetal particle formationand
to remove organicresiduals.Evenwhennot exceedingroomtemperaturethe formationof metal



6.1 Metal depositionfrom organometallicpreaursors 57

particleson the surfaceof silica nanospherewasobsered. This behaiour is assumedo result
from theformationof organometalt surfacecomplexesof thetype

[=S-0-MR,—0-S=]-2Lit

asintermediatesn the procesf metalprecursodecomposion inducedby reactionwith surface
hydroxyl groups. For comparisorwith the route of metaldepositon utilizing hydride-modiied
oxide surfaces(seeChapter5) the organometallicPt pheryl complex wasfirst appliedto non-
planaroxide materials.

Depositionof Ptnanoparticlesrom the Ptpheryl comple lithiumtetraphewlplatinate(ll) was
tried on silicaandaluminasurfaces.As in Chapter5.3.3,herewe restrictoursehesto the results
obtainedwith silica samples.They are presentedn Table 6.1 comprishg the structuralcharac-
teristicsof the Pt nanoparticleobtained. Fig. 6.1 shavs a characteristiamageof Pt particles
on silicaupondrying at 300°C togethermwith the narrav sizedistribution fitted by a Log-Normal
function (seeblack curwe). The particlesare uniformly arrangedon the oxide surfaceand have
nearlysphericalshapeasit wasobseredalsoon hydride-modifiedoxide surfaces.Remarkably
thereis nearlyno changein meanpatrticle size and coverageof the silica surlacewhenincreas-
ing the drying temperaturédrom 100to 300°C. For comparablanetalconcentrationsppliedthe
organometalt routeyieldssimilar particlessizeswith thatobtainedfrom Pt(acac) presursode-
positedon hydride-modfied silica (seeChapters.3.2).

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

Fig. 6.1: TEM image and sizedistribution of Pt nanoparticles (organometalic route) on silica dried at

300°C.

Concen[%] | Temp.[°C] | Meansize[nm] | Stard. dev. [nm] | Coverage [%)]
2 100 2.1 0.5 32
2 300 2.0 0.4 34
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&
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The magneticresonancepectraof Pt nanoparticle®n silica preparedvia the organometalk
route undego certainchangeswith time after preparation.Fig. 6.2 shows the spectrumof the
300°C samplemeasured months after preparation(black curve) togetherwith two calculated
spectraandtheir superposion (red curve) setto modelthe experimentalkpectrum.Thefirst is an
intensesignal(bluecurve) atH ~ 293mT, correspondingo g = 2.28,with AHpp = 13 mT, which
is belived to resultfrom Pt ions asit wasobsened alsoby Claus[Cla97] for Pt depositionon
titania. The otheris a very broadCESRsignal(greencurwe) atH ~ 152 mT with g = 4.36and
AHpp = 130mT thatis attributedto Pt particlesof about4.2 nm sizeaccordingto the Kawabata
theory CESRsignalsfor Pt particlesof suchsizeshave not beenreportedin the literatureup to
now. However, the unusuallarge g-shift of 2.2, ascomparedo the bulk value,occuringfor this
signalneeddurtherexplanation.The distinct signalindicatingthe presencef Pt™ ionsraiseshe
questionof their origin. A possibleexplanationis the re-oxidationof atomically dispersedPt®
at remainingsurfacehydroxy groups[Dre98]. Suchions may attractmetalatomsandsene this
way as preferredsitesfor the formationof nanoparticles.As may be concludedrom the aging
behaiour of the magneticresonancepectrathe concentratiorof Pt™ ions aswell asthe size of
Pt particlesaresubjectto changesn the courseof theselong-time processes.

Fig. 6.2. Magneic resorance
spedra of Pt nanoprticles
(organometdlic route)on silica
dried at 300°C: experimental
(black), calculated for Pt" ions
(blue); for 4.2 nm particles
(green); and sumof calcuated
spedra (red).

rel. intensity [a.u.]
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6.2 Characterisaion of metal particles on polydispese
oxide nanosphees

Thefirst attemptgo achiese core-shelktructuresvith oxidenanospheresoatedoy metalnanopar
ticleshave beencarriedoutwith polydispersenanospheresf silicaandtitaniawhicharecommer
cially available. Although suchmaterialsusuallyexhibit a ratherbroadsizedistribution, they do
have a numter of decisve advantages:
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Table 6.2: Characteristics of Pt and Pd nanoparticleson NANOTEK silica by TEM

Precursor Concen. | Temp| Meansize| Stand.dev. | Coverage
[%] | [°C] [nm] [nm] [%]
Li,[Pt(Ph)]-4THF 0.5 100 2.2 0.5 12
Li,[Pt(Ph)]-4THF 0.5 300 25 0.6 16
Li,[Pt(CH;),]-4THF 2.6 20 2.9 0.6 36
Li,[Pd(Ph)]-4THF 2 20 2.6 0.6 30

() the sphericalshapeis just the geometryrequired,(ii) the smooh surfaceis a prerequisitefor
uniformcoverage(iii) thereis asufficienthighnumberof oxidespheresn asizerangeappropriate
for structuralcharacterization.

On silica nanospheresf NANOTEK (for detailsseeChapter4.2) we employed organometal
lic complexesof PtandPdin a variety of preparationconditiors which are comprisedtogether
with resultsof the structuralcharacterisatiotny TEM in Table6.2. From the experimentwith a
very low concentratiorof the Pt pheryl comple, fig. 6.3 shavs the sampledried at 300°C that
exhibits a slightincreasein meanparticle size and coverageas comparedo the 100°C sample.
No agglomeratiorof particlesto form larger aggreatesis obsened. As may berecognizedrom
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Fig. 6.3: TEMimage and sizedistribution of Pt (0.5%) nangarticleson NANOTEK silica upondrying at
300C.

theabove figure, regardlesof sizethe silicananospheresarry an uniform arrangemenof metal
particles,the narrav sizedistribution of which is expectedto favour further metaldepositon by
complementarprocesses.

Themagnetiacesonancapectraof thesesamplesarepresentedn fig. 6.4 wheretheredcurve
correspondso the 100°C andthe black curve to the 300°C sample respectiely. Both spectra
exhibit CESRsignalsasasignatureof largeparticles.The100°C spectruntontainsabroadsignal
atH =320.1mT, correspondingo g = 2.158,with AHpp, = 75.75mT which is superimpsedby
asignalatH = 325mT, i.e. g = 2.02resultingfrom Pt ions[Bon88, Cla97]. Fromthe CESR
signala Pt particlesizeof 3.2 nm may be derved usingthe Kawabatatheory In the spectrumof
the300°C samplethe Pt™ signalis missng andonly a CESRsignalatH = 275mT, corresponding
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Fig. 6.4: Magnetc resorance
spedra of Pt (0.5%) nangar-
ticles on NANOTEK silica:
dried at 100C (red); at
300°C (black).
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to g = 2.342,with AHpp = 150mT is presentfrom which a Pt particlesize of 4.5 nm, closeto
the resultof TEM examinatia, is calculated. Sincethesespectrahave beenrecordedat room
temperaturethey arethefirst thatgive evidenceof quantunsizeeffect of Pt particlesundersuch
conditians.

In addition to the low concentrationexperimentswe explored the efficiengy of employing
organometalt complexesin high concentrationbut without applyingelevatedtemperaturedur-
ing vacuumdrying for severalhours.As anexampk of the experimentwith 2.6%of the Pt methyl
comple, fig. 6.5 shows a characteristitHREM imageand the correspondingsize distribution.
It shouldbe pointedout herethat decompositin of the precursorcomplex and formation of Pt
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Fig. 6.5 HREMimage andsizedistribution of Pt nanoparticleson NANOTEK silica preparedfromthe Pt
methylcomplexwithoutheding.

nanoparticle®f 2.9 nm meansize were achiezed without reducingagentsin the solution or re-
ducing gasedike H, or CO in the ambient. Becauseof the relative high precursorloading a
high coverageof thesilica surfaceby Pt particlesresultswhich occasionallyform aggreates.This
pointsto thefactthatwithoutheattreatmenbr ligand-medatedanchoringheadhesiorstrengthof
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metalparticlesonthe oxidesurfaceis ratherlow. A similar behaiour is foundfor thelow temper
atureexperimentwith the Pdpheryl comple. As canbeseenfrom fig. 6.6, wherea characteristic
TEM imageandthe correspondingsize distribution is shavn, thereare Pd particlessituatednot
only onthesilicananospheregut alsoon the supporing carbonfilm. Thiskind of particlelossis
supposedo happerduring preparatiorfor TEM whenthe coatedsilica nanospherearedispersed
andagitatedin organicsolvert. Metal particlesremoved from the silica may stick on the carbon
uponsolventevaporation Again, it shouldbe emphasizedhatalsowith Pd andwith the pheryl
comple of this metalthelow temperatureéouteto nanoparticless testedquite succesfully
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Fig. 6.6: TEMimage and sizedistribution of Pd nanarticleson NANOTEK silica prepared fromthe Pd
pheryl complexwithouthedaing.

Metal nanoparticlecoatingvia the organometalli precursoroutewasalsoexploredon titania
nanospheredVith thisoxide,thereactvity of hydrox/l groupsaswell asthestrengthof interaction
betweenmetaldepositand oxide substratas expectedto changecomparedwith silica. Another
differencecomesfrom the atomic structureof the oxides: while silica hasamorphousstructure
without long-rangeorder titania hasa crystallinestructureand may be presentin two different
modificationganataseandrutile).

Table 6.3: Characteistics of Pt and Pd hanoparticleson CERAC titania by TEM

Precursor Concen. | Temp| Meansize| Stand.dev. | Coverage

[%] | [°C] [nm] [nm] [%]

Li,[Pt(Ph)]-4THF 2 100 2.4 0.6 28

Li,[Pt(Ph)]-4THF 2 300 2.8 0.8 32

Li,[Pt(CH;),]-4THF 2 100 2.5 0.7 30
Li,[Pt(CH;),]-4THF 2 300 2.7 0.7 34
Li,[Pd(Ph)]-4THF 1 100 1.9 0.4 28
Li,[Pd(Ph)]-4THF 1 300 2.3 0.6 30

Ontitaniananospheresf CERAC (for detailsseeChapter4.2) we employed organonetallic com-
plexesof PtandPdin avarietyof preparatiorconditionswhicharecomprisedogethemwith results
of thestructuralcharacterisatioby TEM in Table6.3.
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Notincludedin thistableareexperimentsarriedoutatroomtemperatur@and60°C sincethey
failedto produceto someextentuniformly arrangednetalparticles. Obviously it needselevated
temperatureso achiese a reasonable@dhesiornof metal particle on titania. Magneticresonance
measurementat thesesamplesdid not reveal somesignatureof metalnanoparticledecauseof
the strongsignalsof Ti3* ionsdominatingthe spectra.

With the 100°C and 300°C samplesof the Pt pheryl complex on titania thereis not much
differencecomparedo silica, exceptfor thelarger coveragebeingdueto the higherconcentration
appliedon titania. From the experimentwith the Pt methyt complex on titania, fig. 6.7 shovs a
characteristicTEM imageandthe correspondingsize distribution of the sampledried at 300°C.
Differentfrom the narrav sizedistribution obseredwith this precursoonsilica,herePtnanopar
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Fig. 6.7. TEM image and sizedistribution of Pt nanoparticles on CERAC titania prepaed from the Pt
methylcomplexupondrying at 300 C.

ticlesarefoundin a broaderangeof sizes. Fromthis TEM imageandalsofrom the oneshawn

in fig. 6.8 of Pdnanoparticle®n titania preparedrom the Pd pheryl complex (300°C sample)
it mayberecognizechow muchthe visualizationof metalparticlesis deterioratetecausef the

crystallinenatureof thetitaniananosphered.attice defectspresenin highnumberdensity cause
imagecontrastfeaturesowing to diffraction effectswhich readily may hide theimagecontrastof

metalparticles. The crystalline natureof titaniais alsoresponsil@ for surfaceinhomaeneities
which leadto a lessuniform coverageby metalparticlesason silica. Althoughthe CERAC tita-

nia nanospheresxhibit rathergoodsphericalappearancesurfaceinhonogeneitiedik e stepsand
facetsof varioustype cannotbe entirelyavoidedwith crystallinematerial.

Fromthe resultspresentedibove it may be concludedhatthe route of synthesisvia decom-
position of organometalt complexes is well suitedas prenucleatiorstep at which subsequent
stepsof metaldepositon by complementarprocessemayfollow to achieve regulararrangement
anddensecoverageof metalnanoparticle®n oxide nanospherefor creatingcore-shelktructures
which have novel optical properties.n thisrespecit is advantageouso emplgy the organonetal-
lic precursoratnottoo high concentrationEvenif theexploredprocedureshbviouslywork better
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Fig. 6.8: TEM image and sizedistribution of Pd nangarticleson CERAC titania prepared from the Pd
pheryl complexupondrying at 300C.

with silica thanwith titania, the latter oxide remainsan interestingcandidatefor studyirg opti-
cal effectssinceit exhibits considerablystronginterfaceeffects (peakshift, resonancelamping),
e.g. with Ag nanoparticlegKre97b]. On the otherhand,the imaginarycomponenof the tita-
niadielectricfunctionmay causesomecomplicatiors with the manipultionanddesignof optical
properties.

6.3 Metal deposition by incipient wetnes impr egndion

A decisve stepontheway to fabricatecore-shelltructureof oxidenanospheresoatedby metal
nanoparticlesvasthe employmentof monodspersesilica spheregpreparedy the Stébermethod
[St668]. With theavailability of thesestartingmaterialsa betterdefinedexplorationof appropriate
coatingconditiors waspossble. Accordingly, the investgationshave beendirectedto the metals
which exhibit strongsurfaceplasma resonanceffectslike Ag andAu. For thesemetals,how-
ever, no organometallt complexe thatmaybe usedin the above (Chapters.1 and6.2) described
routewasreadily available. Therefore anotherouteof synthesisvasneededhatcould meetthe
alreadydescribedequirementspnamelythe productio of spectroscopicallglear(no adhesies)
andphotochemicajt stable(no ligands!) metalnanoparticledeposits.To this aim, the incipient
wetnessmpregnatian method requiringonly modesichemicallaboratorytechniqueandcommesr
cially availablechemicalswassuccessfullyapplied.

This method widely usedfor the preparatiorof heterogeneousatalystsconsistsof wettinga
non-planarpowder) substrateby a metalsalt solution of certainconcentratiorso asto cover its
surfacein a definedmanner In catalystpreparationafter drying theimpregnatedcarrierpowder,
usuallya calcinationtreatmente.g.,in flowing air, is performedesultingin atransformatiorof the
depositednetalsaltinto anoxide or hydroxde of the metal,thatmaybereducedg.g.,in flowing
hydrogenjn asubsequenteductionstep.Sincecalcinationandreductionareusuallycarriedoutin
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atemperatureangeof about300to 800°C, theseproceduresrenotusefulfor the purposeof metal
particleformationundermoderateconditions. Insteadwe testedf theformationof metalparticles
could be achieved by simply drying the impregnatedsilica nanosphereat temperaturevelov
100°C or even at room temperaturesimilar to what hasbeenobtainedwith the organometalk
precursorgseeChapter6.2). This treatmentproved to be successful. The whole procedures
schematicallyepresenteth fig. 6.9wheretheleft partillustrategheimpregnationstep thecenter
shows the situaton after solventremova, andthe right that uponmetal particle formation. The
latter stepis consideredo be sensitvely dependingon the configurationof terminatng groups
on the silica surface,sincesuchsurfacegroupsobviously provide the reducingradicalsrequired
for the reductionof metalions. TerminatingOH- groupsusually formed on the oxide surface
by dissociatve adsorption of water moleculescan acquiresuch properties,dependingon their
coordinationsymmetry[Sab00,Zak0]. Accordingly, metalion reductioncould proceedvia the
reaction
=S9-OH+M°+—=S—-Oe+H"+M°

while with = S — O~ groupsformedby dissociatim of hydrogenfrom the surfacehydroxy the
following reactionis possibé

. . . 1
2=S-0 4+2M" <—>58—0—95+2M°+502T

Theefficiengy of thesesurface-mediatedeductionprocessess obsenedto vary with agingof
thesilicananospheres.

Fig. 6.9: Metal nanopatrticle formation on silica nancspheeshby incipientwetnessmpregnation (left) and
(centr), followedby metalprecursor decanpositon upon drying at modeate tempeatures(right).

Besidegemperatur@andinitial concentratioof theprecursocomple, thereis notmuchscope
for controlling nucleatiorandgrowth processes the practicalexecutian of thisrouteof synthesis.
Theaim of producingcore-shell-lile structuregequiresto achieve a high nucleatiorrate,but low
growth rate, so asto obtaina high numberdensityof metalnanoparticlesvithout formation of
aggreyates.Therefore we followedthe conceptof first forming a seedingayerof metalparticles
on the silica nanosphersurfaceby applyinglow precursorconcentrationsn a one-or two-step
prenucleatiorprocedure.Furthernanoparticlecoatingfrom complementaryrocessess needed
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thento form continuais metalnanoshellsSuchmulti-stepprocessingncludessomeprospectof
fabricatingbimetalic structuredy varyingthe precursorromplex employed. Thisis represented
schematicallyin fig. 6.10wherethe left partillustratesthe secondmpregnationstep,the center
showvs metal nanoparticlesand metal salt speckscovering the silica nanosphersimuktaneously
andtheright partindicatesparticleformationof severalmetals. For the sale of clarity, different
metalsareshovn separatelyn this figureandmarked by differentcolors,implying no interaction
of the involved metals. However, thereis someindicationgivenin the literaturethat the metal
particlesformedin a prenucleatiorstepmay sere asseedswhich catalyzemetal depositionvia
complementaryprocessewithout nucleationof new particles[Bro00, Jan01,Sau01].

Fig. 6.10: Multi-stepmetal nangarticle formation on silica with applying another metalin the secand
impregnation step(left) and (certer), followedby formation of the seconl typeof metalparticles (right).

The above describedmetal depositionprocessediave beenappliedto monodspersesilica
nanosphereseceivedfrom MERck (MonosphefM) with 100and250nmnominalsizeor laboratory-
madeby the Stébermethod(seeChapter4.3), with sizesin the rangeof 100 to 300 nm. As
metalprecursorshewatersolublecomplexeshydrogentetrachloroaurat®AuCl,, andsilvernitrate
AgNO; obtainedfrom ALFA aswell assilver acetateAgOOCCH, from FLUKA have beenem-
ployed. Silica nanosphereand metalcomplexes were usedwithout further pretreatment.For a
certain,preciselymeasurednassof the oxide, typically 2 g, the massof metalsaltis calculated
thatis requiredto achieve a certainmetalconcentrationThis quantityof themetalcomple is dis-
solvedin a definedvolumeof distilled waterrequiredto meetthe conditionof incipientwetness.
Thesolution is addedhento the oxide powderandstirreduntil a uniform color of the samplewas
obsened. Beforeary furthertreatmenthey werestoredatroomtemperaturén air for 2 hours.For
thermaldecompositin of the metalcompleesthe sampleswverefilled in quartzboatsandplaced
in a quartztubeof 20 mm diameterinside a temperatureontrolledcylindrical oven This quartz
tube could be evacuatedby a membranepumpto a vacuumof about20 mbar Sincethe metal
precursorsappliedare sensitve evento visible light, the above procedurewas carriedout under
dark-roomconditions. However, somesampleshave beensubjectedo illuminationwith UV light
of atwo-rangeUV lamp (254 and366 nm) for 15 min in additionto the drying treatment.In the
caseof the multi-steppreparatiorthe above describedgroceduresvereappliedfor eachstep.
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6.4 Characterisaion of meta nanoparticleson
monodispersesilica nanospleres

The coatingof oxide nanosphereby metalnanoparticlegaimedat forming core-shell-lile struc-
turescan be characterizedy two parametersthe meanparticle size andthe coverage,i.e. the
portion of the nanosphersurface coveredby metal particles. Theseparametersnay vary with
changingdepositon conditionslik e origin, ageandsize of the oxide nanospheregype andcon-
centratiorof theprecursocompleesaswell asthedryingtemperaturafterimpregnation, respec-
tively. Additional UV light illumination and repetitionof the depositiomm (multi-step procedure)
causefurtherchangesAll togetherthey may affect the shapeof the particlesizedistribution and
the uniformity of the particlearrangementfFor the succes®f efforts to fabricatecore-shellstruc-
turesit is requiredto adjustthe conditions of synthesisso asto avoid bimodal size distributions
andparticleaggregateswhichindicatethe presencef obstructirg inhomogneities.

6.4.1 Ag nanoparticle coating of silica nanosphees

General structural characteristics
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Fig. 6.11: TEMimage andsizedistribution of Ag nangarticles(2% silver acetae) on MonoghetM silica
upon2hat 7¢°C.

Fig. 6.11shaws a characteristicTEM imageof MonosphetM silica nanospheresoatedby
Ag nanoparticlesrom a 2% silver acetatampregnatian upon?2 h drying at 70°C, togethemwith
thecorrespondingizedistribution. Both representationgrove thatthe depositiormethodapplied
resultsin coverageof the oxide spheredy uniformly arrangedrery smallmetalparticlesof rather
narrov size variation. In addition, more or lessas by-product,there are somelarger particles
presentwhich indicatethat besidegarticleformationby nucleationandgrowth alsocoalescence
andmobility of largerparticlesmustbeconsideredA closerview ontheachiezedAg nanopatrticle
coatingis givenby theHREM imagesof fig. 6.12. Threehighermagnifiedselectiongb), (c) and
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Fig. 6.12: HREM image of Ag nanoparticles (2% silver acetite) on Monosgner™ silica upon 2h at
70°C (a). Theareasmarked by boxesare shownat higher magnification in (b), (¢) and (d). Lattice plane
fringesof {111} and{200} typeare imaged at the particle shownin (e).
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(d), markedby boxesin (a), enableto recognizehenearlysphericakhapeof the particlesand,
by imaging of lattice planefringes,their crystallinenatureandrandomorientationwith respecto
eachother The even highermagnifiedimageof a typical particlein (e) illustrates,in addition,
that (i) the Ag particlesare mostly single crystallinein this early stageof growth, (ii) they are
facettedoy crystallograpto low index planesand(iii) they do notexhibit ary truncationowing to
substrate-depasinteraction.
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Fig. 6.13: TEMimage and sizedistribution of Ag nanatrticles (2% silver acetde) on Stébe silica (220
nm)upon2hat 60°C.

Fringespacingsandangularrelationshipof the lattice planesmeasuredn the real spacem-
ageaswell asin the diffractogram(Fourier transformation)agreefairly well with thoseof the
fcc lattice of bulk silver. The TEM imageshawn in fig. 6.13togetherwith the corresponding
sizedistribution standfor the deposiion experimentutilizing 2% silver acetatempregnaton on
laboratory-madé&tobersilica (220nm) upon2h drying at only 60°C. Herethe meanparticlesize
(2.45nm) is nearlythe sameasfor the MonosphefM coating(2.5nm), but the sizedistribution is
not bimodalsincelarger particlesaremissirg. A quite similar resultis obtainedfor applyingan-
otherprecursarnamelysilver nitrate, for incipientwetnessmpregnationof Monosgher™ silica,
evenwith aratherlow concentratiorof 0.5%. This canbe seenfrom fig. 6.14,wherethe TEM
imageandcorrespondingizedistribution arecombired with a HREM imageto make visible the
very smallAg particles.Accordingly, thefirst maximumof the sizedistribution occursat2.2nm.

Thesevery small Ag particlesare expectedto give rise to a CESRsignal, but with all metal
coatedmonodspersesilica therewasno magneticresonanceneasuremerfeasiblefor technical
reasons.

Optical characteristics

At low metalloading,asfor instancehatoneshavnin fig. 6.13,thereis novisualindication of Ag
nanoparticlesurfaceplasmonresonanceo be recognized.The sampledoesnot changeits white
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Fig. 6.14: TEM image, size dis-
tribution and HREM image of Ag
nanopatrticles (2% silver nitrate) on
Moncsphef™ silica upon 2h at
70°C.

appearancascomparedo the non-impregnatedsilica nanospheresThe extinction spectrumof
thissampleshovnin fig. 6.15(redcurve) doesnotexhibit a signatuwe of metalparticleresonances,
but a ratherbroadextinction in the correspondingegion. For comparisona spectrumcalculated
for Ag particlesin a silica matrix usingthe Mie theoryis shawn in thefigure (black cure). The
calculationis basedon the dipolar approximaton for particlesof 2 to 2.5 nm size taking into
accounthe quantunsizeeffect expectedor this sizerange.The meanvalueof the Drudeplasma
frequeny wp = 1.4 x 10'6 s~ 1 is takenfrom theliterature[Bor86, H6v93 andthe Fermivelocity
Vg = 1.45x% 10° m/saswell [Ash76,Kit96]. For the real dielectricfunction of silica a constant
valueof 2.25is usedanda filling factorof 0.2 is choserfor the Ag component This resultsin a
reasonabletensty of theresonanceeakwith maximumat425nmin agreemeniith thefindings
of Kreibig [Kre974d. However, thefilling factorexceedsy farthatonecorrespondingo thesilica
nanospheresoatedoy anincompktelayerof Ag nanoparticlesHere,from 215nmmeandiameter
of silicasphereand2.5 nm meandiameterof Ag particlesa nominalloadingfactor(comparable
to afilling factor)of 0.0065is estimatedakinginto accountl9% coverageof the silica surface.
Consequentlthe spectraof suchsamplesrenecessarilyominatedy the contributions of silica
nanospheresAs may be recognizedrom fig. 6.16the extinction spectraof MonosphetM (250
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Fig. 6.15; Extincion spedrum
of the Ag nangarticle coat-
ing on Stobe silica (220 nm)
shownin fig. 6.13 (red) com-
paredto a calculatedspedrum
of Ag particlesin silica matrix
using dipolar approximation.
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nm)silica (blackcurve) andStdber(220nm) silica (blue curve) exhibit only broadandfeatureless
peaksdueto light scatterindJiO1] with maximaatabout423and430nm, respectiely. The Stdber
silica spectruncomparewery well to the oneof the Ag nanoparticlecoatedsampleshown in fig.
6.15. The above interpretationis confirmedby the calculatedspectrum(red curwe) of fig. 6.16

Fig. 6.16: Extindion spedrum
of Monogpher™ (250 nm) sil-
ica (black curve and Stoker
(220 nm) silica (blue) com-
pared to a calculated spec-
trum of silica sphees (220
nm) using dipolar approxima-
tion (red).

extinction [a.u.]
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obtainedfrom Mie theorydipolar approximatbn for 220 nm silica nanospherewith taking into
consideratiorthe alreadymentionedreal dielectricfunction of silicaande = 1 for air asmatrix.
Only whenmoremetalis deposied and/orlarger particlesare formedon the silica by increasing
theprecursorconcentrationenhancinghedryingtemperaturegr applyinga multi-stepprocedure,
aswill be shavn below, the characteristidorownish yellow color of small Ag particlesbecomes
visible.

Coating characteristics

In the frame of efforts to control sizeandsize evolution of the metalnanoparticleslepositedoy
incipient wetnessmpregnaton on silica nanosphereghe influenceof precursorconcentration,
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drying temperatureand repetitionof depositim stepswas investgatedin a certainrange. The
influenceof UV light illuminationwastestedfor variousdepositon conditians, but no systemat
and reproducibleeffect could be established. A possibleexplanation of this behaior may be
that the essentialreactionsof metal precursordecomposion andreductionto atomic metalare
effective alreadyat room temperaturepbeforeary further treatmentby light or heat. Drying at
slighly enhancedemperaturethenshouldonly affecttheformationof metalparticles.

Fig. 6.17: TEM images of Ag nanopart-
cles(silver acetae) on Stoker silica (220
nm) depositedusing (upper left) 1%, (up-
per right) 5%, and (left) 10% precusor
coneentration upon 2h drying at 70C .

Stobersilica (220 nm) samplesvereemplo/edin a seriesof incipientwetnessmpregnation
experimentswith silver acetateprecursorconcentrationsangingfrom 1 to 10%. Fig. 6.17shaws
TEM imagesof the 1%, 5% and10% samplesupon2 h drying in vacuumat 70°C andTable6.4
compriseghe coatingcharacteristicef the whole series. The increasen coverageof the silica
surfaceby Ag particlesfrom 13to 48%is achievedby both, particlegrowth andnucleatiornof new
particles.Herea nominalmetalloadingfactorcanbe estimatedrom thesilica corediameterand
the Ag meanparticlediameter(usedasshellthicknesswith consideringheincompletenessf the
metalshellby therespectie coverage.
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Table 6.4: Characteristicsof Ag nangatrticles(silver acetae) on Stébe silica (220nm)for variousprecu-
sor concentrationsupon2h drying at 70C.

Concertration | Meansize| Stand. dev. | Coverage
[%] [nm] [nm] [%0]
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 metalloadinglinearly increasegrom 0.0039to 0.0233in the concentratiorrangestudied.
It is remarkably that therewas no changeof the uniform arrangemenof metal particleson the
silica surfaceandno aggregjateswereformed[Hof02]. Also the sizedistribution remainsnarrov
and monomalal, indicating ratheruniform particle growth and the absenceof coalescencand
enhancegbarticlemobility. Evenfor 10% precursorconcentratiora densgyopulationof Ag parti-
clesof only 3.6 nm meansizewasobtained.Thesearevery promisirg characteristicenakingthe
choserconditionsof synthesisvell suitedfor fabricationof core-shellstructuref extremelylow
shellthickness.

Fig. 6.18: TEMimage of Ag nangarticles(10% silver nitrate) on Stéber silica (300 nm)upon 2 h drying
at70°C.

An equvaentseriesvaspreparedvith silver nitrateasmetalprecursoiof concentrationsang-
ing from 1 to 10% on Stdbersilica (300 nm). Fig 6.18shavs a TEM imageof the 10% sample
upon2 h dryingat 70°C andTable6.5 compriseghe coatingcharacteristicef all samplesof this
series. Besidesthe obsenation of a bimodalsize distribution in the 1% sample,similar to that
of the 0.5%sampleshowvn in fig. 6.14,aswell asa few irregularly shapedarticlesof extraordi-
nary large sizein the 10% sample this seriesis, asa whole, comparablgo that onewith silver
acetateprecursorA considerabléncreasan coverageof thesilica surfaceby uniformly arranged
Ag particlesof slightly changingsizeis achieved with increasingsilver nitrate concentratiorand
the metalloadingincreasegrom 0.0022to 0.0123. With this metalcomple the nucleationrate,
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comparedvith the growth rate,is raiseduponenhancinghe precursorconcentratiormorethanit
wasobsenedfor silver acetate Thereforethemetalloadingachievedis smallerwith silver nitrate

thanwith silver acetate.

Table 6.5: Characteristics of Ag nanopatticles (silver nitrate) on Stoker silica (300 nm)for various precur-
sor con@ntrationsupon2h drying at 70 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-shellstructuresat leastfrom a certainpoint on, growth without
nucleatiornof new particleswould befavorable the questim ariseshow the coatingcharacteristics
areinfluencedby variationsof the drying temperatureThis wasstudiedby equialentserieswith
4% of eachmetal precursomwherethe drying temperaturevasvariedfrom 70°C to 300°C. The
resultsof thesilver acetatesample pbtainedwith Stobersilica (220nm) arecompiledin Table6.6
andthe resultsof the silver nitrate sampleobtainedwith Stébersilica (300 nm) arecompiledin
Table6.7.

Table 6.6: Characteristics of Ag nanoparticles (4% silver acetae) on Stoler silica (220 nm) for various
drying tempeatures.

Tempeature | Meansize| Stand dev. | Coverage

[°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

Both seriesexhibit the samebehaior. Themorethedrying temperaturés enhancedthe morethe
particlesizedistributionbroadensindbecome®imodal. Simultaneouslythecoverageof thesilica
surfacedistinctly decreasesndicatingthatat higherdryingtemperaturethe gronth proceedwia
consumgpbn of a certainportion of particles. Hence,the uniformity of size and arrangement
obsenedfor lowertemperaturewill bedistubed. Sincethe shapeof individual particlesremains
nearlysphericalthis behaior is supposdto be causedoy increasedarticle-particleinteraction
andcoalescencprocessedt doesnotallow to increaséhe metalloadingessentiallybut worsens
the shell-like propertiesof the coating. Consequentlythe enhancemeruf the drying temperature
is not suitedfor our purpose.
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Table 6.7: Characteristics of Ag nanoparticles (4% silver nitrate) on Stoker silica (300 nm) for various
drying tempeatures.

Tempeature | Meansize| Stand dev. | Coverage

[°C] [nm] [nm] [%]

70 2.4 0.2 25

100 24 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 incipientwetnesampregnatian, the repetitionof the de-
position in a multi-stepprocedurewastestedwith 2% of both Ag precursorcomplexeson Stober
silica (300 nm) using2 h drying at 70°C. The seconddepositio resultedin a coverageincrease
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Fig. 6.19: TEMimage and sizedistribution of Ag nanatrticles (2% silver acetde) on Stébe silica (300
nm)uponstep3 of the multi-sep procedire.

to 16%, lessthan obtainedin the one-stepgprocedureemploying an equivaent amountof silver
acetateaccompaniedby a secondmaximumaround12.5nm in the size distribution. The third
depositon stepresultsin furtherincreaseof particlegrowth to 2.9 nm (first maximum of the size
distribution) and20 nm (secondmaximum) andcoverageto 26%. However, the coverageis dis-
tinctly below the one-stegorocedureresultand mostof the large particlesdid not remainon the
silica nanospheresurface,but were depositedon the carbonduring preparatiorfor electronmi-
croscopy. A characteristicTEM imageof this situationis givenin fig. 6.19for the silver acetate
sampletogethemwith the sizedistribution of the Ag particlesremainingon the silica. Theresults
arequitesimilar for the multi-stepprocedureappliedto thesilver nitratesample.

The obseredbehaior indicatesthatthis multi-stepprocedurecannotbe understoodn terms
of aso-called'seeding'treatmentwhereanenlagemeniof metalparticlesis achiezedby surface-
catalyzedreductionof metalions basedon the presencef preformedparticles.No new particle
nucleatioroccurs but auniformgrowth of theseed$Bro00,Jan01 Sau01].Theincipientwetness
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impregnaton, however, is mediatedby terminatinggroupsof the silica surfacewhich are avail-
ablealsowhenthe procedurds repeated.The accommodatiomwf freshly formedmetalatomson
preeisting particlesoccursin competition to nucleationprocesseaslong asthereis enoughfree
surfacepresentleaving behinda bimodaldistribution of particlesizes.Thelargerthe particlesare
grown the easierthey are affectedby capillary forcesduring preparatiorfor TEM anddisappear
from thesilicananosphersurface.

6.4.2 Au nanoparticle coating of silica nanosphees
General structur al characteristics

All sampleswvith Au nanoparticledhave beenpreparedoy employing hydrogengtrachloroaurate
asmetalprecursoreitheron Monogpher'M silica or on Stébersilica (300 nm) nanospheresFig.
6.20(a)shows a characteristiHREM imagetogetherwith the correspondingsize distribution of
Monospter™ silicacoatedby Au particlesfrom a 1% precursosampleupon2 h dryingat 70°C.
Similar to the experimens with Ag, a densecoverageof uniformly arrangedsmall gold particles
of narrav sizedistribution given in fig. 6.20(b)is obtained. Accordingly, the crystallinenature
andrandomorientationwith respectto eachotheris ascertainedThe tendeng to form particles
of nearlysphericakhapewithouttruncationsat theinterfaceis well establisheawing to theweak
interactionbetweergold depositandsilica substratevhichis assumedo beevensmallerasin the
caseof silver. Actually, the particlesexhibit cuboctahedrathaperatherthanthatof idealspheres.

Table 6.8: Characteristics of Au naroparticles (1% precursor) on Monosghef™ silica upon 2h drying at
12¢°C and2to 4 h addtional drying at varioustempeatures.

Tempeature | Time | Meansize| Stard. dev. | Coverage
[°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

Simultaneouy, atendenyg to form largerparticless obsenedwhichgenerallycause$roaderand
morefrequentlybimodalsizedistributionsascomparedo silver. Thesmalkr particles,i.e. those
below abouts nmin size,mostlyaresinglecrystalline ascanbeseenn fig. 6.20(c). Thelargerpar
ticlesfrequentlyexhibit planardefectdik e twin boundariesan exampleis shavn in fig. 6.20(d).
Imagingof lattice planefringesallows to measurdringe spacingandangularmrelationshpswhich
arefoundto agreefairly well with thoseof thefcc lattice of bulk gold.

Experimentdo study by additional drying at elevatedtemperatureshe evolution of particle
sizeandcoveragewerecarriedout with the 1% precursorsampleupon2 h dryingat 120°C. The
resultsarecompiledin Table6.8. They represenainincreasingossof uniformity of particlesize
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Fig. 6.20: HREMimage (a) and sizedistribution (b) of Au nangparticles (1% precursor) on MonosghefM
silica upon 2h drying at 70C. Theareasmarkedin (a) by boxes are shawn at higher magnification in (c)
and (d).

andarrangementiueto the increasedippearancef larger species.Althoughthis behaior leads
to a bimodalssize distribution, thereremainsa considerablgopulationof rathersmall particles
around3 nmsizeandless,having arelatively narrav sizedistribution. Consequentlijthecoverage
of thesilica surfacedoesnot essentiallydecrease.

Optical characteristics

Similarasin thecaseof silver, alsowith goldthereis noindication of nanoparticlesurfaceplasmon
resonanceat low metalloadingandvery small particle sizes. The spectrumof the 1% sample
dried2 hat120°C (seeTable6.8 abore) doesonly exhibit a ratherbroadextinction dominatedoy
scatteringcontritutions of silica nanospheresln contrastto silver, the maximumof the surface
plasmorresonancef smallgold particlesis situatedaround550nm suchthatit is notcompletely
coveredby theextinction of silicananospheresdence with theoccurrencef a sufficientnumber
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Fig. 6.21: Extindion spec-
tra of Au (1% preaursor) on
Monogpher™ silica upon 2h
drying at 120C (a) and addi-
tional drying: 4hat 100C (b),
d 4 h at 200°C (c), and 2 h at
300°C (d).
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of particleslarger thanabout10 nm the resonance&lampingis lesseffective andthe evolution of
metalparticleresonanceis obsened. Thisbehaior maybedemonstratetly theextinction spectra
shovnin fig. 6.210f thesamplesubjectedo additioral drying atelevatedtemperatureéseeTable
6.8). Simultaneousl, thecolor appearancef the samplepowvderchangegrom acloudyyellow to
aspeckledriolet. Theapparenblue-shit of the Au particlesresonanc@osition from about565to
540nm,seenn thespectraof theadditicnally driedsamplesis notindicative of certainsizeeffects,
but mostprobablydueto superpositia with the predominatng extinction of silica nanospheres.
The more the metal plasma resonancevolves out of the backgroundthe more the maxinum
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© a Fig. 6.22: Extinctionspecta of
B Au (1% preaursor) on Stoker
b silica (300 nm)upon 2h drying

at 70°C (a) and 6 h additional
dryingat 70°C (b).
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of the correspondinghouldermovestowardsthe true resonanceposiion. Similar resultswere
obtainedwith the samplepreparedoy employing 1% metal precursoron Stébersilica (300 nm)
upon2 h drying at 70°Cthathasbeensubjectedo 6 h additionaldrying at this temperatureThe
correspondingxtinction spectraareshovnin fig. 6.22.
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Coating characteristics

Thecoatingexperimens with silver makinguseof avariationof themetalprecursorconcentration
proved to be the mostsuccessfubpproachto core-shell-like structures. For the gold precursor
similar incipientwetnessmpregnaton experimentsvereundertalenwith concentrationsanging
from 1 to 5% appliedto Stobersilica (300nm) nanospherewhich alwaysweredried2 h at 70°C.
Fig. 6.23shavs TEM imagesandsizedistributionsof the 2%, 4% and5% samplesandTable6.9
compriseghe coatingcharacteistics of the whole series.Mostremarkablyis the hugeincreasen
coverageof thesilicananosphersurfaceby Au nanoparticle$rom 10%to 65%.

Table 6.9: Characteristics of Au hanoparticles on Stdbe silica (300 nm) for various precursor con@ntra-
tionsupon 2hdrying at 70°C.

Concetration | 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

Theincreaseof particlesizeandcoverage beinglargerthanwith comparablesamplef the sil-
ver series,is mainly broughtaboutby the rapid growth of a considerablgortionof the particles.
Neverthelessthereremainsan even greatempopulationof smalkr particleshaving a narrov size
distribution centeredcaround3 to 3.5nm. This behaior requiresanenhancedyrowth rate,favored
by particle-particleinteractionand coalescenceheing active simutaneouslywith a high nucle-
ationrateappropriatdor compensatiownf particleconsumgion dueto growth processesThe 5%
sampleexhibits core-shell-lile structuresvheremary Au nanoparticleslreadyareinterconnected
in a network. Thesestill incompleteAu nanoshellshowever, cannotbe improved by enhancing
further the concentratiorof the metal precursors.With 10% hydrogentetrachloroauratepplied
underthe sameconditionsexcessve particlegrowth leadsto a lossof mostof the particlesfrom
thesilicananospheresponpreparatiorfor electronmicroscopy. Theopticalpropertiesof the 5%
samplearenotaspromisng asfig. 6.23(c)lookslike. The spectreof the concentratiorseriesdo
not shav essentiaimprovmentascomparedho thoseof figs. 6.21and6.22. Themainreasorfor
thisbehaiour is thatno shellsignatureas developed aslong asthe metalparticlecoatingremains
incompkte. Furthermorethe maximunm of the correspondingesonancdor this coresize should
be beyoundthelimits of the usedspectrometerAnotherreasons theinhomogeneit of the sam-
plesproducedoy incipientwetnessmpregnaton. The high quality coatingcharacteristicshavn
in fig. 6.23(c)arenot obsered atthe samelevel throughait the whole sample.Repetitionof the
incipientwetnessmpregnaton in a multi-step procedurewas also utilized for the Au precursor
comple with 1% on Stdbersilica (300nm)using2 h dryingat70°C in vacuum.TEM imagesand
thecorrespondingizedistributionsof thefirst andtherepeatediepositiom areshovnin fig. 6.24.
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Fig. 6.23: TEM image and corregpondng sizedistribution of Au nanoarticles on Stétber silica (300 nm)
depasitedusing (a) 2%, (b) 4%, and (c) 5% precusor concentration upon2h drying at 70C.
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Fig. 6.24: TEMimage and sizedistribution of Au nangoarticles (1% precursor) on Stobe silica (300 nm)
upon2hdryingat 70°C, (a) firstand (b) repeded deposition.

Fig. 6.25: HREMimage of Au nanatrticles (1% precursor) on Stdbe silica (300 nm) upon 2h drying at
70°C: repaateddepcsition.
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The particlesizechangedrom 2.4+ 0.3 nm meanvalueof a mononodaldistributionto 2.1+
0.3 nmand4.7 + 1.3 nm of a bimodaldistribution in a remarkablyuniform way, quite different
from the findingswith repeatediepositon of Ag. The coverageincreasedrom 17%to 52%is
by far above thatoneobtainedin a one-stegrocedureemploying an equivalentconcentratiorof
theprecursoccomplex [Hof02]. This behaior pointsto simulaneouslyproceedingiucleatiorand
growth processessimilar to the caseof silver.

However, with gold the nucleationrate and the growth rate obvioudy are well adjustedto
eachother so asto keepthe uniformity of the nanoparticlecoatingwhile increasingthe metal
loading. It canbe assumedhat the nucleationrate is governedby the availability of reducing
radicalson the silica surface,beingapproximatelya function of free space,andthe growth rate
is goverred by both, concentratiorof metalatomsandsmall clusterson the surface,respectiely,
andtheir mobility. Therefore,low precursorconcentratiorandlow temperatureapproachesre
more successfuin producingcore-shell-lile structures. A closerview to the Au nanopatrticle
coatingachiezed by the above describedepeatedieposition is given by the HREM imageof fig.
6.25. Therearesomeparticlesshaving inhomayeneousmagecontrastsincethey containplanar
defects,while someparticlesshaw irregular shapegesultingfrom coalescenc@rocesses.This
image,similar astheoneshavn in fig. 6.20(a),may indicatethatthe Au particlesresidewell on
top of thesilica surfacesharingonly a smallcontactplanewith the substrate.

Short review of results

Summarizingthe resultsof the metal coatingexperimentsusing incipient wetnessmpregnation
onemay conclude thatwith bothmetalsapplieda uniform andreasonablydensenanoparticulate
coverageof monodspersesilica nanospheresould be achieved. The newly introducedmethod,
oxidesurface-mediatedeductionof metalcomplecesonly slightly aboveroomtemperaturenakes
useof the potentialof terminatng hydroxylgroupsfor reducingmetalions. It is well suitedto pre-
pare metal nanoparticlecoatingson monodspersesilica nanospherewithout external reducing
agentsor mediaandabsolutelyfree of adheste aidsor functionalizirg agentsusuallyappliedto
achieve particulatecoatings. The generalstructureof particlesof both metalsis quite the same.
Singlecrystallineparticlesof nearlycuboctahedrashapegrow on the silica surfacewithoutindi-
cationsof substrate-deposiiateraction.With particlesizesincreasingabove about5 nm, planar
lattice defectsand shapedeviationsoccurindicating somechangesn the growth mode. Despite
theuniformarrangemendf particlesandrelatively densecoverageof theoxidesurface theoverall
filling factorremainsratherlow. Consequentlythe opticalspectramainly reflectthelight scatter
ing propertieof silicananospherelsaving a broadmaximum atabout425nm. Only uponhigher
metalloading,whenresonancelampingeffectsdecreaséecausef increasingparticlesize,and
particularfor Au with the surfaceplasmonposition at about550 nm, the signatureof metalpar
ticle resonancess obsened. Core-shellresonancesf the nanospherestudiedare expectedto
occurnotin thevisible, but in the nearinfraredregion, andonly uponformationof closedshells.
Although this aim was not yet attained,someimprovementsof the coatingcharacteristicsvere
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achieved by variationof precursorconcentratioranddrying temperature With Ag nanoparticles
the coveragecould be enhancedip to nearly50%, preservinga remarkablyuniform particlesize
andarrangementyy appropriatelyincreasinghe concentrationWith Au nanoparticleshe effect
waseven betterand a coverageof 65% was achieved, but just for a moderateconcentrationn-
creasethe uniform particlesizewaslost rapidly. Increasinghe drying temperatures not useful
for bothmetalssinceanincreasingossof uniformity of particlesizeandarrangementesults,ac-
companiediy a reducedcoverageof the oxide. Anotherway, repetitionof the incipientwetness
impregnationanddryingto composea multi-stepproceduredid notwork well with Ag nanoparti-
clessincethecoveragedid notincreaseaccordingly but a bimodalsizedistribution wasproduced.
A similar procedurewith Au, applyingonly half thatconcentrationn the singlestep,produceca
moresatisfyingresultwith a coveragencreasalistinctly above the oneobtainedoy employing an
eguvalent concentratiorin a one-stepgprocedure.lt is importantto notethat from the obsened
behaiour onecannotclassifythe multi-stepprocedureasakind of seedingreatment.Theaccom-
modatia of metalatoms freshlyformedin thesecondstep,canoccuron preeisting particles put
in competitionto nucleationprocessesn thenotyet coveredsilicasurface.
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This thesisreportson an extensve investgationon the formationof metalnanoparticlecoatings
on oxide nanosphereand their characterization. Thesecoatings,aimed at forming core-shell
structuresare challengingbecausef the nove optical propertiesof suchstructureghatmay be

tunedin wide rangedy variationof coresizeandshellthickness.The experimenal realizationof

acorrespondingnvestgationrequireso exploresuitableroutesof synthesisncludingappropriate
materialsof core and shell. The attemptto form core-shellstructuresby metal depositon on

oxide nanospheress approachedn several stepswhich obey the determinatia to avoid surface
contaminaton by functionalizng agentsandto enablemoderateemperaturgprocessing.These
objectives have not beenconsideredofarin theliteratureconcerninghis subject.

Thedetailedstepsof this approactconcernvariousaspect®f the complex investgation. One
of theseaspectss that of the oxide materialsemployed must meetsomerequirements.These
arein brief: (i) thegeometriccharacteristicef appropriatesizeandshapeto serne assupportfor
concentricmetalshells (ii) the dielectricfunction of suitablecharacteristicsand (iii) the surface
statein termsof surfacegroupswhich may actasreducingradicalsor aspreferredsitesof metal
atomaccomodationn the procesf metaldepositon by chemicalmeans.Otheraspectarethe
proces®f metaldepositonitself, andthetypeof metalof which appropriatgorecursocompounds
andsuitabk depositioncharacteristicsnay be found. To this aim a nev methodof metalcoating,
namelysurface-mediatedeductionof metalcomplexesatlow temperaturesyasintroduced.

A numberof oxide materialswere examinedwith respectto their structuralcharacteristics
by electronmicroscopy, andto the presencef hydroxyl groupsby thermalgravimetry analysis.
Mesoporoushon-planaroxides, readily available and non-expensve, offered the advantageof a
high specificsurfaceareaaccompaniedby a ratherhigh concentratiorof surfacehydroxyl groups.
Although not being usefulto build core-shellstructuresthesematerialsallowed us to testthe
depositim of 11 differentmetalsusingvariousprecursors Commerciallyavailable,polydigerse
nanospheresf silica, alumirg, titania andhematiteweretested put only the NANOTEK silicaand
the CERAC titania provided sufficiently smoothsurface and sphericalshapeto be usedin metal
depositim experiments Theratherlow concentratiorof hydroxyl groupson the surfaceof these
materialgs dueto their origin from pyrolysistechniquesThe bestchoicefor the purposeof core-
shell structuresare so-called"monodigperse”oxide nanospherewhich have a very narrav size
distribution. BesidescommerciallyprocuredMonosgher™™ silica of MERCK, laboratory-made
Stobersilica nanospherewith meandiametergangingfrom about100to 300nm have beenused
in metalnanoparticlecoatingexperiments Thesematerialshave a ratherhigh surfacehydroxyl
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content.Oxide nanospheresf the above sizerangearebestsuitedfor structuralcharacterizaon
by transmissan electronmicroscopy of the coatingdetails.

Threedifferentroutesto achieve coatingof oxide nanosphereby metal nanoparticlehave
beenexplored.One,testedextensvely on non-planaoxides,consistan thereplacemenof termi-
natinghydroxyl groupsby aluminium-hydrogersurfacecomplecesto enablecontrolledreduction
of metal complexes which were appliedby impregnaton from solution. A subsequentrying
procedureat 100to 300°C resultedn metalnanoparticlesthe size,sizedistribution andconcen-
tration of which varied from metalto metalandalsofor differentmetal precursorof the same
metal. However, generallyvery smallmetalparticlesareformedwith sizesaround2 nm.

For particlesof the ferromagnetianetalsNi, Co andFe superparamagnetresonanceignals
wereobsered. Its temperaturalependencallowed to derive the correspondingarticle sizein
line with TEM. Besidedor their coatingcharacteristicgheparticlesof paramagnetigroupVIIIB
metalswereinspectedor conductiorelectronspinresonanceSuchsignalswereobsenedfor Rh
andPt. Theuniformity of thearrangemenandstability of sizedispersionis mostremarkablyfor
Pt particles. The groupIB metalsCu, Ag and Au exhibit, in this ordet an increasingtendenyg
to form larger particlesunderotherwisecomparabledepositionconditions leadingto a bimodal
sizedistribution for thelastmetal. Frommagnetiaesonanceneasurementst Ag andCu samples
CESRsignalscouldbeidentified.As agenerabbsenrationfrom themagnetiaesonancepectraof
all samplegpreparedaccordingo thisrouteof synthesisindicationsfor thepresencef metalions
aswell assignalsdueto paramagnetidefectspeciesat the silica surlacewerefrequentlyfound.
Thelattermayresultfrom re-oxidationof atomicaly dispersednetalat residualhydroxyl groups,
simulkaneouslyproducingtheformer.

The secondouteof synthess waschoserfor polydigperseoxidesof variousorigin. It makes
useof thermallyunstableorganometalk precursorsppliedby impregnationfrom soluion leading
to the formation of organometalt surface complexes. Since no further reducingtreatmentis
required,this procedurds well suitedfor the polydigpersenanospherebaving only low surface
hydroxyl concentrationlt wasusedwith two differentorganometall precursorof PtandPdfor
silica aswell asfor titaniananosphereandmosty produceduniformly arrangedmetalparticles
with meansizesaround2.5 nm andnarrov sizedistribution. At very low precursoiconcentration
the coatingcharacteristicsf silica did notworsenupondrying attemperatureashigh as300°C.
At Ptnanoparticle®n silica nanospheregreparedhis way quantunsizeeffect wasevidencedoy
magneticresonanceneasuremenfCESR. Even betterresultswere obtainedfor high precursor
concentrationsvithout raisingthe temperature@bove RT. On titania nanosphereghe uniformity
of themetalparticlearrangemenivasnotasgoodandthelow temperaturelepositiordid notwork
guitewell. Neverthelessit maybeconcludedhatmetaldepositon from organonetallic precursors
is well suitedas prenucleatiorstepfor creatingcore-shellstructureswith oxide nanospheresf
poorsurfacehydroxyl content.

Monodigersesilica nanospheresvith a relatively high contentof surface hydroxy groups
offered the exploration of a third route of synthess. This surface-mediategbrocesautilizes the
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potentialof terminatng groupsfor reductionof metalions of precursorcompoundsappliedby
incipientwetnessmpregnation. It was usedfor a more systenatic study of the coatingcharac-
teristicsof Ag and Au nanoparticles.The generalstructuralcharacteristicss quite the samefor
both metals. A densepopulationof uniformly arrangedyathersmall particleshaving a narrov
sizedistribution coversthe silica nanospherespondrying at temperaturearound70°C. It is for
thefirst time thatmetalparticleformationat suchlow temperaturesn oxide supportwithout ap-
plying externalreducingagentsor mediais reported. The particlesare single crystallinebelow
about5 nmin sizeandexhibit cuboctahedrathape.Larger particlesmay exhibit lattice defects
andshapedeviations. The optical propertiesof thesematerialscorrespondo their overall struc-
ture of nanoparticulateomposieshaving a very low filling factorof the metalphase.Therefore,
the optical spectraare dominatedby light scatteringcontributions of silica nanospherepeaking
atabout425nm. The latter completelycover the surfaceplasmonresonancef Ag nanoparticles
andpartly thatof Au. With highermetalloadings andincreasingparticlesize,diminishingthe ef-
fect of resonancelamping the opticalabsorptiorrevealsthe signatureof resonancedueto metal
particles.As long asthe coatingof oxide nanospherelsy metalnanoparticlesemainsncompleg,
this behaviour in principle is not expectedto essentiallychange. Efforts to improve the coating
characteristicsncludedthe variation of precursorconcentratiorand applicationof a multi-step
procedure.Coveragesof about50% for Ag andeven 65% for Au wereachiared by usinghigher
metalloading,but this increasevasaccompaniedy alessuniform particlearrangementRepeti-
tion of theincipientwetnessmpregnationresultedin ratherpromisingcoatingcharacteristic$or
Au if thesingle-stegconcentratiorwasappropriatelylowered.

In general,it canbe concludedthata low precursorconcentratiorandlow temperatureap-
proachwill bemostsuccessfuin producingcore-shell-lile structuresThesearethoughtto evolve
finally into regular core-shellstructureshaving novel optical propertiesvia further metaldeposi-
tion by complementarprocessedt maybethetaskof futurestudieso explorein moredetailthe
processesf nucleatiorandgrowth involvedin theformationof theabove structuresin particular
it will beimportantto find out, how bothprocessemaybe separatelyontrolled.Anotherissueis
the pooradhesiorof metalslike Ag andAu onssilica. It is worthwhile to spendsomeeffort with
improving this behaior sinceotherwiset couldendangethe succes®f closedshellformation.

Designandfabricationof so-called'metalnanoshells”j.e., core-shellstructuresonsistingof
insulating core and metalshell with nanometedimensons, have beenextensvely studiedin re-
centyearsanda numberof applicationsvereproposedr eventested.Most of themmalke useof
the enhancedtructuraltunabilty of opticalresonancefrom thevisible to theinfraredaswell as
from large effectsin molecularfluorescenenhancemerdndsurfaceenhancedRkamanscattering.
It shouldbe pointedout herethatin thefield of opticalsensorandplasmonwaveguidesstill there
arenumerougossibilities to replacethe useof metalparticlesof sphericalshapeby "nanoshel™
with greaterflexibility of applicationandcontrolof their optical characteristicsThis is valid for
biologic applicationdik e detectingDNA or bacteria but alsofor technicalapplicationdik e plas-
monwaveguidesworking with orderedarraysof metalparticles.Sincesuchcore-shellstructures
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have distinctly larger dimensionghantheir full-metal counterpartshey are more easyto be ar
rangedn two andthree-dimensinal arrays servingthis way asbuilding blocksof nanostructured
materials.

Zusammenfassing und Aushblick

Die vorliegendeDissertatiorberichtetiibereineausfihrlicheJntersuchungur Bildung und Cha-
rakterisierungzon Metallnanoparkel-Beschichtungeauf Oxidnanokugel. DieseBeschichtun-
gen,dieaufdie AusbildungvonKern-Hulle-StrukturemabzielensindeineHerausforderung/egen
der neuartigeroptischentEigenschaftersolcherStrukturren,die innerhalbweiter Grenzendurch
Variationvon Kerngrésseind Hillendicke eingestellwerdenkénnen.Die experimentek Reali-
sierungeiner entsprechendebntersuchungerfordert, geeigneteSyntheserouterinschliesstih
dazupassendéa¥laterialienvonKernundHulle zuerkundenDer VersuchKern-Hulle-Struktiren
durchMetallabscheidug auf Oxidnanokugelrzu bilden, wird in mehrererSchrittenangenahert.
Dabeiwird die Festlgungbefolgt,dassineOberflachen-kintaminatiordurchfunktionaliserende
Agentienvermiedenwerdenund eine Behandlungoei moderateriTemperaturerstattfindensoll.
DieseZielstelungwurdein derdiesbeziglichehiteraturbishernichtberiicksichtigt

Die einzelnenSchrittedieserAnnédherungetrefen verschiedenéspekteder komplexen Un-
tersuchung. Einer dieserAspektebetrifft die eingesetzterDxidmaterialen, die gewissen An-
forderungergeniigersollen. Dassind kurz gesagt:(i) die geometrischeerkmaleGroésseund
Gestaltum als Tragerfur konzentrischéMetall- Hillen zu dienen (i) die dafiirgeeignetalielek-
trischeFunktion und(iii) derZustandderOberflachevasOberflachengruppepetrifft, die alsre-
duzierenddRadikaledienenkdnnenoderals bevorzugtePlatzeder Anlagerungvon Metallatoren
im Zugeder Metallabscheidungnit chemischeMitteln. AndereAspektebetrefen denProzess
derMetallabscheidngunddie Metalle,fur die geeigneté/orlaufenerbindurgengefunderwerden
kénnen.Zu diesemZweck wurde eine neueMethode der Metall-Beschichtungglie oberflachen-
vermittelte Reduktionvon Metallkomgdexenbei niedrigenTemperatureeingefihrt.

Eine Reihevon Oxidmaterialienwurde im Hinblick auf ihre strukurellen Merkmalemittels
Elektronenm&roskopieundbeziiglichdesGehaltesanHydroxylgruppenmittelsThermograime-
trischerAnalyseuntersuchtLeichterhaltlicheundpreiswertemesoporés, nicht-planaréOxidma-
terialienbotendenVorteil einersehrhohenspezifischei®berflachen Verbindungmit einerziem-
lich hohenKonzentratioran OberflachenhydroxylObgleichsie nicht fir Kern-Hulle-Strukturen
geeignetsind, ermdglichen dieseMaterialien, die Abscheidungvon 11 unterschiedlicheMe-
tallen unterBenutzungverschiedeneYorlauferzu testen.Kommerziellerhaltliche,polydiperse
Oxidmaterialen(SiO,, y-Al ,O4, TiO,, Fe,03) in Formvon Nanokugelnwurdengetestetjedoch
nur SiO, von NANOTEK und TiO, von CERAC wieseneine ausreichendylatte Oberflacheund
Kugelgestlt auf, um bei den Experimenen zur Metallabscheidunyerwendungzu finden. Die
sehrniedrigeKonzentratioran Hydroxylgruppenauf der OberflachadieserMaterialienrtihrt von
ihrer Herstellungmittels Pyrolysererfahrenher. Die besteWahl zum Zwecke von Kern-Hulle-



87

Strukturensind sogenanntémonodsperse”Oxid-Nanokugeln,die genaugenommereine sehr
enge Grossewmerteilung aufweisen. Nebenkommerziell beschatem Monogpher™ SiO, von
MERK, wurdenlabogefertigte StoberSiO, Nanokugelnmit mittleren Durchmesserrzwischen
100 und 300 nm fur Beschichtungs-Experiemte mit MetallnanopartikIn benutzt. Diese Mate-
rialien habeneinensehrhohenGehaltan Oberflachen-Hydroxyl.Oxidnanokgeln im obenge-
nannterGrdssenbereickindbestengeeigneftir die strukturelleCharakterisierundgerBeschich-
tungsnerkmalemittels Transmisonselektronennkiroskopie.

Drei verschieden&Vege wurdenerprobt,um eineBeschichtungon Oxidnanokigelnmit Me-
tallnanoteithenzu erreichen. Die eine, ausfuhrlichgetestetan nicht-planarenOxiden, besteht
im Ersetzervon HydroxylgruppendurchAluminium-Wasserstdf Oberflachen&mplexe,umeine
kontrollierte Reduktionvon durchimpregnationausder Losungaufgebrachtemetallkomplexen
zu ermdglichen. Eine nachfolgendelrocknungsprozedubei 100 bis 300°C resultiertein Me-
tallnanopartikeln, derenGrosse Grossererteilungund Konzentratiornvon Metall zu Metall und
auchfur unterschiedtheVorlauferdesgleichenMetallsvariierte.Insgesamjedoch,wurdensehr
kleine Metallpartikel mit Groésservon etwa 2 nm gebildet.

Fur Partikel der superparamagnetischéfetalle Ni, Co und Fe wurde Signaleder ferromag-
netischenResonanzeobachtetderen Temperaturabhangigit verfolgt wurde, um darausdie
entsprechendeartikelgrossebzuleitenBei Partikelnvon paramagnetischeévietallenderGruppe
VIIIB interessiert@eberdenBeschichtungserkmalerauchdie Leitung®lektronen-Spinresonanz.
SolcheSignalewurdenfiir RhundPtbeobachtetDie Einheitichkeit der AnordnungundStabilitat
der Grossendisgrsionder Pt Partikel ist hchstbemerlenswert.Die Metalle der GruppelB Cu,
Ag und Au weisen,in dieserReihenfolgeeine zunehmend&endenzauf, unteransonsterver-
gleichbarerBedingungergrosserePartikel zu bilden, was zu eine bimodalen Gréssewmerteilung
fur dasletzte Metall fihrt. Aus Messungerder magneti-schenResonanan Ag und Cu Proben
konntenCESRSignaleidentifiziertwerden.Als einegenerelldBeobachtungller nachdieserSyn-
theseroutgraparierterProbenvurdenhaufigAnzeicherfir dasVorliegenvon Metallionensowie
auchSignale die von paramagnetischeDefektender SiO, -Oberflachenherrihrengefunden Die
DefektekdnnenauseinerRe-Oxidationvon Metallatormen an restlichenHydroxylgruppenresul-
tieren,wobeigleichzeitigdie Metallionenentstehen.

Die zweite Syntheseroutevurdefiir polydsperseOxidnanokigelnunterschiedlicheHerkunft
gewahlt. Hierbei werdendurch Impregnaton aus der Losung aufgebrachtethermischlabile,
organometalscheVorlauferzur Bildung von organometalschenOberflachekomplexenbenutzt.
Da keine weiterereduzierenddBehandlungerforderlichist, eignetsich dieseProzedursehrgut
fur die polydigpersenNanokugeln,die nur eine geringeKonzentrationan Oberflachenhydroxyl
aufweisen. Sie wurde mit zwei unterschiedlicherrganometdischenVorlaufernvon Pt und Pd
far SiO, und TiO, benutztund egabmeistengyleichméasg) angeordnetd/etallpartikel mit mi-
ttleren Grossenvon etwa 2.5 nm und enger Grossewerteilurg. Bei sehrniedrigenVorlaufer
Konzentratioen verschlechtertesich die Beschichtungserkmalevon SiO, auchnachTrock-
nungbei Temperaturewon 300°C nicht. Bei auf dieseWeisehergestelltenPt Nanopartileln auf
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SiO, Nanokugelnwurde Quantum-Size-Eékt mittels magnetischeResonanz-Messun@ESR)
nachg&iesen.Noch besserdBeschichtungseebnisewurde mit hohenVorlauferKonzentratio-
nenganzohneAnhelungder Temperatuerreicht. Auf TiO, Nanokugelnwar die Einheitichkeit

derMetallpartkelanordnungnicht so gut und die Abscheidundoei niedrigenTemperaturerfiunk-

tionierte nicht ganzzufriedenstellend Nichtsdestabtz kann gefolgertwerden,dassdie Metall-

abscheidungnittels organometallisherVorlauferals VorbeleimungsSchritt gut geeigneist, um

Kern-Hulle-Strukturermuf Oxidnanokgeln mit geringemHydroxylgehaltzu erzeugen.

MonodigerseSiO, Nanokugelmmit relatv hohemGehaltan Oberflachen-Hydroxylgruppen
botensich fir einendritten Synthesereg an. Dieseroberflachen-grmittele Prozesshutzt die
Fahigleit vonterminierenderirupperzur Reduktionvon Metallionender mittelseinerinzipient-
Wetness-Impragnierungufgebrachtevorlaufenerbindungen.Er wurdefur eine systemasche
UntersuchunglerBeschichtungsmerkate von Ag und Au Nanopartileln eingesetztDie genere-
llen Strukturmerknale sind fur beideMetalle ganzgleichartig. Eine dichte Populationvon ein-
heitlich angeordnetemiemlich kleinenPartikeln bedecktdie SiO, -NanokugelmachTrocknung
bei Temperaturerum 70°C. Die Bildung von Metallpartikeln auf Oxidtragernbei so niedrigen
Temperaturerwird hier zum erstenMal berichtet. Unter etwa 5 nm Grdssesind die Partikel
einkristalin und zeigeneine kuboktaedrisch&estalt. GrosserePartikel kdnnenFacettierungen
undGestaltsabweichungefweisenDie optischerEigenschaftedieseMaterialienentsprechen
ihrem Gesamtaufbawals nanopartikuhte Kompasite mit sehrniedrigemFillfaktor der Metall-
phase. Deshalbwerdendie optischenSpektrendurch Lichtstreubeitagevon SiO, Nanokugeln
mit Maximumbei etwa 425nm dominiert. Letzteretiberdecknkomplettdie Oberflachenplasmo-
nenresonangzon Ag Nanopartilkeln undteilweiseauchdie von Au. Mit héhererMetallbeladung
und zunehmendePartikelgrésseverringertsich der Effekt der Resonanzdampfungnd die op-
tische Absorpton zeigt Signaturender von Metallpartikeln herriihrenderResonanzenSolange
die Beschichtungler Oxidnandugelnmit Metallnanopartikin urvolistandigbleibt, ist eine An-
derungdiesesVerhaltensprinzipiell nicht zu erwarten. Die Bemuhungerzur Verbesserungler
Beschichtungsmerkate schliesserdie Variierung der Vorlauferlonzentrationund Anwendung
einer Mehrschritt-Prozeduein. Bedeckungenvon 50% fir Ag und sogar65% fur Au wur-
den durch Anwendungeiner hoherenMetallbeladungerreicht, aberdiese Zunahmewurde von
einerwenigereinheitlichenPartikelanordnundpegleitet. Die Wiederholunglerinzipient-Wetness-
ImpragnierungergabvielversprechendBeschichtungsmerkmafir Au, wenndie Einzelschritt
Konzentratiorgeeigneerniedrigtwurde.

Ganzallgemeinkanngeschlus®lgert werden,dasseine Anndherungnit niedrigerVorlaufer-
konzentrationund niedriger Temperaturfir die Herstellungvon kern- hille-artigenStrukturen
am erfolgreichstenst. Durch weitereMetallabscheidungnittels komplenentarerProzesseavird
derenEntwicklung zu regularenKern-Hdulle-Strukturemmit neuartigenoptischen Eigenschaften
angenommen.Es wird die Aufgabe von kinftigen Untersuchungersein, die bei der Bildung
der obigen StrukturenbeteiligtenProzessevon Keimhldung und Wachstumdetailierterzu un-
tersuchenlnsbesondereiird eswichtig seinherauszufinderwie beideProzessseparagesteuert
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werdenkdnnen.Eine andereFrageist die der schlechterAdhasionvon Metallenwie Ag und Au
auf SiO, . EsverdienteinigenAufwand,diesesVerhaltenzu verbessernda ansonstemer Erfog
derBildung von geschlossenediillenin Fragesteht.

Designund Herstellungvon sogenanntefiMetall-Nanoshells",dassind Kern- Hiille-Struk-
turenmit isolierendemKern und Metallhille in Nanometerabmessuagwurdenin denletzten
Jahrenausfuhrlichuntersuchtund es wurde eine Reihe von Anwendungenvorgeschlageroder
sogargetestet.Die meistenvon ihnenmachenvon der erhdhtenstrukturellenEinsellbarkeit der
optischenResonanzewom sichtbarenbis zum infraroten Bereich Gebrauch,savie auchvon
grossenkffekten bei der molekularenFluoreszenzerhéhungnd der oberflachen-erhéhteRa-
manstreuung.Es sollte hier betontwerden,dassauf dem Gebietder optischenSensorerund
Plasmonen-\&llenleier noch zahlreicheMdglichkeiten bestehendie Verwendungvon Metall-
partikeln mit Kugelgeslt durch"Nanoshells'mit gro3erer-lexibili tat der Anwendungund Ein-
stellungihrer optischerEigenschafterzu ersetzenDasgilt fur biologische Anwendungerwie die
Detektierungvon DNA oder Bakterien,und ebensdir technischeAnwendungerwie Plasmon-
Wellenleiter die mit strukturertenAnordnungernvon Metallpartileln arbeiten. Da solcheKern-
Hulle-StrukturerdeutlichgrésseréAbmessungnalsihre Ganzmetall-Ggensticke habenkdnnen
sie einfacherin zwei oderdreidimensioale Anordnungergebrachtwerdenund auf dieseWeise
alsBausteindur nanostrukturiert®laterialiendienen.
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