
Preface xi

Chapter 1 (M. Arenz, S. Gilb and U. Heiz)

Sizeeffectsin the chemistryof smallclusters

1.Introduction 1

2.CO oxidation on small gold clusters 5

2.1.Preparation of the model catalysts 6

2.2.Experimental observation of the CO combustion

on gold clusters 7

2.3.Description of the reactionmechanism

by DFT calculations 8

2.3.1.LHt 11

2.3.2.LHp 11

2.3.3.Eley-Rideal 11

2.4.The role of the surfacedefects 12

2.5.The roleof the electronicstructure 15

2.6.Structuraldynamic fluxionality 16

2.7.Impurity doping 17

2.8.Coadsorption of water 19

3.The CO chemistry of supported VdN clusters 21

3.1.CO oxidation on VdN clusterssupported on thin

MgO films 23

3.2.Molecular beam techniques 24

3.3.Activationenergies 26

3.4.Sizeeffects 29

3.5.NO reduction by CO on Pd singlecrystalsand supported Pd

nanoparticles:a shortsummary 31

3.6.NO reduction by CO on supported Pdjvclusters 33

3.7.Low-temperature catalysis:the reactionmechanism 34

4.The polymerizationof acetyleneon supported clusters 37

4.1.The trimerizationreactionon singleatoms 38

4.2.The selectivityof acetylenepolymerizationon Pdjvclusters 43

5.Size-selected,supported clusters:excitingnew model systems for

electrocatalysis 45

6.Conclusion 47

Note 47

References 47



Chapter 2 (S.M. Lang, D.M. Popolan and T.M. Bernhardt)

Chemical reactivityand catalyticpropertiesof size-selectedgas-phasemetal
clusters

1.Introduction 53

2.Experimental techniquesin clusterion chemistry 55

2.1.Flow tube reactor 55

2.2.Collisiongas cell 57

2.3.Low-energy ion guide 59

2.4.Ion traps 60

3.Concepts in clusterion chemistry 64

3.1.Particlesize-dependentreactivity 64

3.2.Charge state-dependentreactivity 64

3.3.Composition-dependent reactivity 64

3.4.Cooperative coadsorption effects 65

3.5.Ultimate "singlesite"catalysts 65

4.Catalyticactivityof gas-phaseclusters 65

4.1.Review of freetransitionmetal clustercatalysis 65

4.1.1.Iron clusters 65

4.1.2.Platinum clusters 67

4.2.Gold clustercatalysis 69

4.2.1.Electronicstructureand chemical propertiesof free

gold clusters 70

4.2.2.CatalyticCO oxidationby Au^ 73

4.3.Silverclustercatalysis 77

4.3.1.Reactivityof silverclusterstoward molecular oxygen 78

4.3.2.CatalyticCO oxidationby Ag~ 81

4.3.3.CatalyticNO reduction with CO on Ag~ 82

4.4.Catalyticactivityof bimetallicclusters 83

4.4.1.Bimetallicsilver―goldclusters 84

4.4.2.Bimetallicplatinum gold clusters 85

5.Concluding remarks 86

References 87

Chapter 3 (H.-J. Zhai, X. Li and L.-S.Wang)

Probing the unique size-dependentpropertiesof small Au clusters,Au alloy

clusters,and CO-chemisorbed Au clustersin the gas phase

1.Introduction 91

2.Experimental method 93

3.Electronicand structuralpropertiesof elementalgold clusters 95

3.1.Small Au clusteranions Au~ (n = 1-14):planarityand 2D-to-3D

transition 95

3.1.1.Au4 and Au5 96

3.1.2.Au^ 97

3.1.3.Auf and Au^ 98

3.1.4.AikT,Aufi, and Auf3 98

3.1.5.AuFo 98

3.1.6.Aur2 98

3.1.7.Aur4 99

3.2.Au20: a tetrahedralclusterand an ideal molecular model

for nanogold catalysis 99

3.3.Toward solutionsynthesisof the tetrahedralAu2o cluster 103

3.4.Au32: a golden fullerenecage cluster? 106

4.Novel gold alloyclusters 111

4.1.Observation of Au2H~ impurity in pure gold clustersand implications

for the anomalous Au-Au distancesin gold nanowires 111

4.2.Atomic-like magnetism in transition-metal-dopedgold clusters:MAu6

(M = Ti, V, Cr) 114

4.3.Icosahedralgold cage clusters:M@Au]2 (M = W, Mo) and M@Aur2

(M = V, Nb, Ta) 118

5.Gold as hydrogen in Si-Au and B-Au clusters 122

5.1.SiAu4: aurosilane 123

5.2.Structuresand bonding in Si2Au~and Si2Auw (n = 2 and 4) and

comparisons to Si2H2 and Si2H4 127

5.3.B7Au2 vs.B7H2 131
6.CO chemisorption on Au clusters:implicationsfor nanogold catalysis 138

6.1.Chemisorption sitesof CO on small gold clustersand transitionsfrom

chemisorption to physisorption:Aum(CO)^ (m = 2-5, n = 0-7) 138

6.2.Unique CO chemisorption propertiesof gold hexamer: Au6(CO)~

(n = 0-3) 141

7.Concluding remarks 145

Note added in proof 146

Acknowledgments 146

References 146

Chapter 4 (S.K. Buratto, M.T. Bowers, H. Metiu, M. Manard, X. Tong,

L. Benz, P. Kemper and S. Chretien)

Aufland Agw {n = 1-8) nanoclustercatalysts:gas-phasereactivityto deposited

structures

1.Introduction 151

2.Experimental methods 152

2.1.Ion mobilitymass spectrometry 152

2.1.1.Instrumentation 152

2.1.2.Equilibrium reactions 153

2.1.3.Theory 154



2.2.Ion softlanding of mass-selectedAu^ and Ag^ on TiO2 154

2.2.1.The ion clustersource 154

2.2.2.Sample preparation and STM 156

2.3.Density functionaltheory calculationsof clusterson TiO2(l 1 0)

surfaces 157

3.Interactionsbetween Aun and Agw clusterions and small alkenes 159

3.1.Introduction 159

3.2.Ag^(C2H4)w and Ag^(C3H6)w (m = 1-9) association

reactions 160

3.2.1.Clusterstructuresfrom ligand binding energies 168

3.3.Au^(C2H4)w (m = 1-9) associationreactions 172

3.3.1.Polyatomic gold cations 172

3.4.Conclusions 178

4.Aun and Agw+ depositedon TiO2(l 1 0) surfacesunder soft-landing

conditions 178

4.1.Introduction 178

4.2.Scanning tunnelingmicroscopy of TiO2 179

4.3.Au + (n = 1-8) on TiO2(l 10) 180

4.3.1.Structuresof Auw (n = 1-7) on TiO2: comparing DFT structures

with STM 182

4.3.2.Summary of Aun clusterson TiO2 192

4.4.Agw+ (n = 1-5) on TiO2(l 1 0) 194

4.5.Conclusions 196

References 197

Chapter 5 (M. Chen and D.W. Goodman)

Oxide-supportedmetal clusters

1.Introduction 201

2.Alumina-supported metal clusters 202

2.1.Preparation of A12O3 on a metal or alloysurface 203

2.2.Pt-group metals on A12O3 206

2.3.IB group metals on A12O3 212

3.Magnesium oxide-supported metal clusters 214

3.1.Preparation of MgO films 214

3.2.Pt-group metals on MgO(l 00) 218

3.3.IB group metals on MgO 220

4.Silica-supportedmetal clusters 225

4.1.Preparation of SiO2 thinfilms 225

4.2.IB group metals on SiO2 227

4.3.Pt-group metals on SiO2 231

5.Titania-supportedmetal clusters 237

5.1.TiO2 singlecrystals 237

5.2.Metal clusterson TiO2(l 1 0) 239

5.2.1.Pt-group metals 239

5.2.2.IB group metals 247

5.3.Preparation of titaniathinfilms 251

5.4.Au on TiOx/Mo(l 1 2) 255

6.Conclusions 257

Acknowledgments 257

References 258

Chapter 6 (S. Neukermans, E. Janssens,R.E. Silveransand P. Lievens)

Magic numbers for shellsof electronsand shellsof atoms in binary clusters

1.Introduction 271

2.Production of binary clusters 274

3.Phenomenological modelling of the many body problem for doped

metal clusters 276

4.A selectionof doped metal clustersystems 279

4.1.Electronegativelydoped group I,II and III metal clusters 279

4.2.Transition-metal-dopedcoinage metal clusters 283

4.3.Transition-metal/metal-dopedgroup IV 288

5.Summary and outlook 293

References 293

Chapter 7 (J. Jellinekand P.H. Acioli)

Computational electronspectroscopyof gas-phasemetal clusters

1.Introduction 299

2.Converting Kohn-Sham eigenenergiesinto electronbinding energies 301

3.Computational methodology 306

4.Magnesium clusters:resultsand discussion 307

4.1.Structures 307

4.2.Electronicfeatures 310

4.2.1.Role of sizeand structure 312

4.2.2.Size-inducedtransitionto metallicity:role of the charge state 319

5.Aluminium clusters:resultsand discussion 322

6.Summary 325

Acknowledgments 325

References 325

Chapter 8 (K.R. Asmis, A. Fielicke,G. von Helden and G. Meijer)

Vibrationalspectroscopyof gas-phaseclustersand complexes

1.Introduction 327

2.Methods 328



2.1.Mechanism of infrared multiple photon excitation (IR-MPE) 330

2.2.Infrared resonance enhanced multiple photon dissociationand ionization 331

2.3.Messenger atom technique 331

3.Experimental section 332

3.1.Infrared free electron laser (IR-FEL) 332

3.2.Molecular beam spectrometer 334

3.3.Guided ion beam tandem-mass spectrometer 335

4. Results 337

4.1.Metal carbide clusters 337

4.1.1.IR-REMPI of titanium carbide clusters 337

4.1.2.IR spectra of titanium carbide nanocrystals 340

4.2.Metal oxide clusters 342

4.2.1.Zr, Mg, Al, and Ti oxide clusters 343

4.2.2.Niobium oxide clustercations 345

4.2.3.Vanadium oxide ions 345

4.3.Transition metal clusters 356

4.3.1.Geometric structure and vibrational spectroscopy 356

4.3.2.Photodissociation using messenger atoms 357

4.3.3.Vanadium and niobium clusters 359

4.4.Complexes of transition metal clusters 364

4.4.1.Developments in the vibrational spectroscopy of metal cluster

complexes 364

4.4.2.Effects of clustersizeand charge on the binding of CO to rhodium

clusters 367

5.Summary and conclusions 370

Note 371

Acknowledgments 371

References 371

Chapter 9 (J.H. Parks and X. Xing)

Trapped ion electron diffraction:structural evolution of silverand gold clusters

1.Introduction 377

2.Methods of trapped ion electron diffraction 379

2.1.Diffraction apparatus 379

2.1.1.Cluster ion and diffraction beamlines 380

2.1.2.Electron background 381

2.1.3.Ion trap data sequence 381

2.1.4.Detection 383

2.2.Diffraction data 385

2.2.1.Diffraction analysis 385

2.2.2.Data fittingmethods 387

3. Structural transitionsin metal clusters 388

3.1.Silver cluster cations 388

3.1.1.Experimental results 389

3.1.2.Analysis and discussion 391

3.1.3.Summary 397

3.2.Gold cluster anions 397

3.2.1.Experimental results 397

3.2.2.Analysis and discussion 398

3.2.3.Summary 404

4.Outlook 404

Acknowledgments 405

References 405

Chapter 10 (A.W. Castleman, Jr. and S.N. Khanna)

Superatoms: building blocks of new materials

1.Introduction 409

2.Jellium: tenets, electron counts and energetic stability 411

3.Cluster stability,electronic markers and superatoms 411

4.Adding a third dimension to the periodic table 413

4.1.Rare-gas mimics: creating a closed-shellsystem 413

4.2.Superhalogen character 414

4.3.An alkaline earth-like system 416

4.4.Multivalence character 417

5.Influencing properties: creation of active sitesand effectson reactivity 418

6.Establishing the concept of employing superatoms in producing nanoscale

materials formation 419

6.1.Arsenic potassium cluster materials as an example 419

7.Implications of cluster science to material and surface properties 421

7.1.Promising approaches 421

7.2.Potential pitfallsin extending concepts 423

Acknowledgments 424

References 424

Chapter 11 (H. Brune and S. Rusponi)

Magnetic properties of 2D islands on single crystal metal surfaces

1.Introduction 427

2. Magnetization vs. temperature 429

3.Co islands on Pt(l 11): MAE and reversal mechanism 433

3.1.Transition from blocking to superparamagnetic 434

3.2.Magnetization reversal 439

3.3.Tailoring the magnetism of 2D nanoparticles 442

3.4.Oxidation effect on the island MAE 443



4. Superlattices of uniaxial monodomain islands 445

4.1.Self-assembly of equidistant islands 445

4.2.Uniform magnetic properties of Co islands on Au(7 8 8) 450

4.3.Array of room temperature blocked nanoparticles: Co pillarson

Au(l 1 1) 453

5. MAE and magnetic moment of single atoms 454

5.1.Single Co atoms and small islands on Pt(l 1 1) 454

5.2.Magnetic impurities on alkali metals 457

6. Spatially resolved measurements of spin polarization of magnetic islands 459

7. Conclusions and outlook 465

References 466

Chapter 12 (W. Wurth and M. Martins)

Electronic structure and magnetic properties of small deposited transitionmetal

clusters

1.Introduction 471

2. Discussion 472

2.1.Small isolated transition metal cluster 472

2.1.1.Electronic structure 472

2.1.2.Magnetic properties 473

2.2.Small supported transition metal cluster 475

2.2.1.Electronic structure 475

2.2.2.Magnetic properties 476

3. Summary 483

Acknowledgments 484

References 484

Chapter 13 (C. Binns)

Magnetic properties of deposited and embedded clusters

1.Introduction 487

2.Deposited clusters 491

2.1.Morphology of films produced by depositing clusters 491

2.2.Magnetic measurements based on dichroism 492

2.3.Magnetism in exposed clusters 495

2.3.1.Isolated elemental clusters 495

2.3.2.The effect of cluster-clusterinteractions of exposed clusters on

surfaces 501

3.Embedded nanoparticle assemblies 505

3.1.Atomic structure of embedded clusters 505

3.2.In situ studies of Co-coated Fe clusters 507

3.3.Magnetometry of isolated Fe and Co clustersin Ag matrices 510

3.4.Monte Carlo model of nanoparticleassemblies 514

3.5.Evolution of magnetic behaviour with nanoparticlevolume fraction

below the percolationthreshold 516

3.6.Pure clusterfilms 518

4.Applicationsof cluster-assembledfilms 523

4.1.Giant magnetoresistance 524

4.2.High moment softfilms 525

5.Conclusions and summary 529

References 530

Chapter 14 (G.M. Pastor and J.Dorantes-Davila)

Theory of magnetic clustersand nanostructuresat surfaces

1.Introduction 535

2.Ground-state theory 536

2.1.Model Hamiltonians and mean-fieldapproximation 537

2.2.Relativisticcorrections 539

3.Free and embedded clusters 542

3.1.Simple trends as a function of coordinationnumber 542

3.2.Magnetic clustersin matrices 543

3.3.Magnetic anisotropyof small clusters 545

3.4.Size-dependentenhancement of orbitalmagnetism 547

4.Binary alloyclusters 550

4.1.Structureand spin moments of CoNRhM clusters 550

4.2.Orbitalmoments and magnetic anisotropyenergy 552

5.Ferromagnetic clusterson highly polarizablesubstrates 555

5.1.Spin and orbitalmoments of CoN clusterson Pd(l 1 1) 555

5.2.Magnetic anisotropyenergy and spin reorientations 558

5.3.Local environment dependence 559

6.Finite-temperaturemagnetic properties 561

6.1.Functionalintegraltheory 562

6.2.Spin fluctuationenergiesin clusters 564

6.3.Short-range magnetic orderin transition-metalclusters 567

6.4.Environment dependence of the magnetization curves 568

7.Electron correlationeffectsin magnetic clusters 572

7.1.Hubbard clusters 572

7.2.Ground-state structureand totalspin 574

7.3.Spin excitationsand structuralfluctuationsat finite

temperatures 575

7.4.Kondo screeningof magnetic impuritiesin metal clusters 578

8.Conclusion 583

Acknowledgments 584

References 584



Chapter 15 (R. Smith, S.D. Kenny, J.J. Belbruno and R.E. Palmer)

Modelling the structure and dynamics of metal nanoclusters deposited on graphite

1.Introduction 589

2. Ab initio calculations of the interaction of small metal clusters with graphite 591

2.1. Computational methodology 591

2.2. The structure of small isolated Au clusters 592

2.3. Bonding of the clusters to the surface 592

3.Interaction potentials 601

4. The determination of cluster geometries 602

5. Molecular dynamics methodology 604

6. Pinning clusters on surfaces 605

6.1. A simple model for the pinning thresholds 607

7. Low-energy cluster implantation 609

8. Conclusion and future prospects 614

References 615

Index 617


	page1
	page2
	page3
	page4
	page5
	page6

