The Abdus Salam
International Centre for Theoretical Physics

SMR.1759 - 10

Fourth Stig Lundqvist Conference on
Advancing Frontiers of Condensed Matter Physics

3 - 7 July 2006

Clusters on surfaces:
Matter in the non-scalable size regime

Ulrich HEIZ
Technical University of Munich
Lehrstuhl fuer Physikaﬂsche Chemie 1
Lichtenbergstrasse 4
85748 Garching
GERMANY

These are preliminary lecture notes, intended only for distribution to participants

Strada Costiera |1, 34014 Trieste, ltaly - Tel. +39 040 2240 || I; Fax +39 040 224 163 - sci_info@ictp.it, www.ictp.it



Clusters on Surfaces: Matter tn the Now-
Scalable Size Reglme

Ulrich Helz, Lehrstuhl fir Phgsthmégche Chemle |
Techwnische Unlversitit Miunchen

i

FOURTH STIG LUNDRVIST CONFERENCE B=7) utg 2006 Mirawmare, Trieste, (’caLg d



outline

Introduction:
- Nanoparticles: The scalable size regime
- Clusters: The non-scalable size regime

Experimental Techniques

Guiding Principles for Understanding Cluster Chemistry
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Mendelejev, Dmitri lvanovitsj

8. Feb. 1834 (Tobolsk) -
2 Feb. 1907 (St.- Petersburg)

In ~ On the Relation of the Properties
to the Atomic Weights of the
Elements”, received by the Russian
Chemical Society in 1869.
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Non-Scalable — Scalable Stze
RegLme

Vertical detachment energies

Observable

Nanoparticle:
Scalable size range

Cluster:
Non-scalable size range

1 . ] b 1
100 150 200
Clustersize N
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The Scalable Size Reglme

Scaling Laws

e In the regime of large sizes (N > —100), many particle properties
(e.g. ionization energy, electron affinity, melting temperature
and cohesive energy) show a smooth variation with cluster size.

e The following scaling laws apply for a general property (G)
G(R) = G(oo) +aR™

G(N) = G(oo)—i—bN_ﬂ

Usuallya =1, p = 1/3.
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i I ! I I | The Scalable Size Reglme

Examples

e lonization energies of potassium nanoparticles (N<100):

-1

IP(R)/eV = 2.3+5.35(R/A)
IP(N)/eV = 2.3+2.04N"

e Melting temperatures of gold nanoparticles:

T.(R)/K = 1336.15-5543.65(R/A)"

m
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The Scalable Size Regime: Nawoparticles of
Sodtum (Na, with w>2000)

& ngx} Kappes et al
+ Pby

& Biy

Al

K, Knight
Nb,
V.

X

inf

IP(R) = W +%

€

R

E. Schumacher , U. Heiz et al.
Chimia 42 (1988) 357-376

FOURTH STIG LUNDRVIST CONFERENCE

o

(8]
(@]
— 10200———

®
c
c
o
c
)
~
m
c
5
3]
@]

6550 —

3 - F)uly 2006 Miramare, Trieste, taly

T.P. Martin et al.
Z Phys. D 19 (1991) 25




Nawnopa rticle’s Pertodic Table:
Geometric Shells

Shell (K): Open Shells Closed Shells
I Nasg70 Nasg7, Nasg7,
12 N33872 Na3873 Na5083
13 Nasos4 I\Iasoss Na6525
17 Nay,43; Na, 543, Nay 4903
18 Na14994 Na14995 I\Ia‘17885
19 Na17886 Na17887 |\I‘aleZ?

891-atom

1 face faces ' i156-atom
octahedron  added added octahedron

N=1/3 (10K3-15K2+11K-3)

Mackay Icosahedra

Acta Cryst, 15 (1962) 1916
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Slze Effects of Nanoparticles:
Some quiding Principles

e Smooth variation of intrinsic physical properties with size
e Various facets with different plane densities:
— different reactivities
e Different proportions of facets:
— influence on diffusion barriers
e Different coordination humbers:
— changing electron densities, edge effects

e Substrate effects:

— maodification at the interface

— lattice mismatch: changing lattice parameters
e Spill-over and reverse spill-over:

— particle size and density dependent
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The Non-Scalable Size Regime:
Sodium Clusters (Na, with n< 150)

IllllllI|IIiI]IIll]llll|llll]lllIiIT
20

(a)

NaN |

Counting rate

Self-consistent jellium
Clemenger -Nilsson

2p

Cluster size (N)

E. Schumacher, U. Heiz et al. Chimia 42 (1988) 357 de Heer Rev. Mod. Phys. 65 (1993) 611
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Cluster’s Perlodic Table : Electronie Shells

Shell| Monovalent Closed shells
1s [*] K
Na Na,
Aol el
1p @ cHo cHo
NEW Na, Nag
=N =N
‘oﬁo‘. Ooﬁo%
1d O, o
Ce) )
Na; o Na,;
2s
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The Non-Scalable Size Regime:
Sodium Clusters (Na, with n< 150)

Photoelectron spectra of Na, (n=31-60)
obtained with a photon energy of 6.42 eV.
The peak labels give the quantum numbers
of the corresponding electron shells. Closed
shells are observed at:

Na,.* (34 electrons): 1f

Na,,* (40 electrons): 2p

electron intensity [arb. units]

Na.,* (58 electrons): 19

binding energy [eV] v. Issendorff, B. Phys. Rev. A 65 (2002) 63201
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The Non-Scalable Size Regime:
Geometric Structure of Golol Clusters

lon mobility measurements and ab /nitio
calculations reveal gold clusters to be
planar up to Au, with n—10 for the
cations and n—13 for the anions.

Strong relativistic effects in gold are
responsible for these unique geometric
structures

oo
=

Cross section [A?]

= Calculaiion (DFT)
- Experiment

0 5 10 S. Gilb et al. J. Chem. Phys. 116 (2002) 4094
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The Non-Scalable Size Regime:
Dynamic structural Fluxionality

Many clusters reveal several energetically
close lying isomers.

At finite temperatures these isomeric
structures can be populated and
interconvert into each other.

H# Dynamic structural fluxionality

E:=0.06eV

U. Réthlisberger et al. Atoms, Molecules
and Clusters 20 243 (1991)
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i I ! I I | Cluster Propertles

e Distinct, strongly size-dependent, electronic structures
e Strong impurity doping effects

e Unique structures, non-comparable to crystallites

e Manifold of energetically close-lying isomers

e Strong structural fluxionality

e Electronic and geometrical structure highly dependent
on oxidation state

e Unique and size-dependent, magnetic properties
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Experimental Technigues

zatFatiJc);.r"w—s;;,l'?r it
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m Experimental Techniques: Cluster Preparation

Analysis Chamber
~10-10 Torr (base)

Electron energy analyzer
uger/MIES/XPS
U Cluster Source

FT-IR spectrometer

Pulsed valve for He gas

QmaSS/Mo(lOO) ) ‘%
@ 10

Einzel lens

Molecular doserﬁ@ Quadrupole @mﬁ Octapole ion guide
mass filter
Pulsed valve driven Quadrupole deflector
by piezoelectric device

YAG laser (100 Hz) | Mass Separation

2 Torr
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Preparation:

O Oxygen
® Magnhesium

Epitaxially grown on Mo(100) or
Ag(001) by evaporation of Mg

in 10-¢Torr O, at RT.

Wu et al. Chem. Phys. Lett. 182 (1991)
472
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Experimental Techniques: Support Materials

Characterization:

]
£
-
7
=
Ed

INTENSITY (arb. units)

HREELS '

B

Bs, E, = 30eV

200 i
ENERGY LOSS (meV)

Heiz et al.
N J. Phys. D.: Appl. Phys. 33 (2000)
ENERGY LOSS (eV) R85_R102
Schaffner et al.
: B Surf. Sci. 417 (1998) 159

ENERGY LOSS (eV)
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Experbmental Technigques: Characterization

Typical cluster densities: 10-12-10-123 clusters/cm-2
# Detection limit of many classical surface science techniques!

Integral methods: Local methods:

- Temperature programmed desorption - Scanning tunneling microscopy

- Temperature programmed reaction - Scanning tunneling spectroscopy
- Fourier transform infrared - Atomic force microscopy

- Electron energy loss

- lon surface scattering

- X-ray photoelectron spectroscopy

- Ultraviolet photoelectron spectroscopy

- Metastable impact electron spectroscopy
- X-ray magnetic dichroism
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Experimental Technigues: Pulsed Molecular
Beam Reactive Scattering

Beam profile: Time profile:
8 mm (diameter ~70 ms
of crystal) Maximal local p:

|
I E Piezo-driven pulsed valve 1X1O'3 mbar

9]
K/ 2
eyvariable leak valve

Mass Spectrometer
MgO film (100} ™S___— |
/Mo (1007

Molecular Beam Intenisty [a.u.]

Molecular Beam Intensity [a.u.]
O O O O O Fr b
oM DO ® O N

- 1
(6,1

Amplifier - - -100 0 100 200
Time [ms]
Oscilloscope
g Computer

Turbo pump 450 /s

Stability: < 1% pulse to pulse

Experimental conditions:
Poo = 5x1077 mbar,
Pco(max) ~ 1x10-3 mbar, | ' ' '
repetition rate = 0.1 Hz 40 60
Atyse= 0.075 o

CO" ion signal [a.u.]
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Experimental Techniques: Microcalorimetry
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E)qsem’,mewtm Technigues: Microca Lorimetrg

Cantilever response to the reactive gases

=
=
2]
=

-]
=
H
E

m
L
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Experlmewtm Tech vu',ques: M’wrocaLor’umetrg

1% ML Pdn
H, Pulses

Isotropic pressure of C,H,

Cantilever Deflection

Total Released Heat

200 400 800

Time (us)
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E)qberlmewtat Technigues: Microca Lorlmetrg

e Development of a highly sensitive microcalorimeter
— Sensitive to temperature changes of ~10-3 K
— 100 nWatt sensitivity
— Response time ~ 0.1 -1 ms
— 10 pJoule sensitivity

e Study of cluster deposition
— Binding/rearrangement heats

e Study of binding energies of adsorbates

e Study of reaction heats on clusters on surfaces
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Experimental Techniques:

Photomultiplier Oscilloscope

e Ay Intrinsic loss of the cavity
(transmission of the mirror, surface
scattering, ...)

e A, Additional loss due to the
absorption of light by the sample
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Experimental Techniques:
Cavity Ringdowwn spectroscopy

Loss per pass [ppm]

N e B Iy T By T

AQeééiQéé S‘E]..Dk\-/.d.?r;*ur-n ><'1'o'ok S‘E' 29165 | 'é:dé N 500nm
J.-M. Antonietti ef a/., Phys. Rev. Lett. 94 (2005)

213402

A. Del Vitto et a/, J. Phys. Chem. B 109, (2005)
19876

20 24 28 20 24 28
Photon Energy [eV]
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Expertmental Technigues:
Cavity Ringdowwn spectroscopy

e Softlanding of size-selected clusters

e Characterization of trapping sites

e Characterization of atomic and molecular transitions
e Information of cluster structure

e Transition from atom to bulk
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Guiding Principles of Cluster Chemistry

When Gold is not Noble

Structural, Electronic, and Impurity-Doping Effects in Nanoscale Chemistry:
Supported Gold Nanoclusters

Charging Effects on Bonding and Catalyzed Oxidation of CO on Aug Clusters on MgO

Stéphane Abbet , Ken Judai, Anke Wo6rz, Jean-Marie Antonietti and Ueli Heiz
Technical University of Munich, Lehrstuhl flir Physikalische Chemie, D-85747 Garching

Hannu Hakkinen, Bokwon Yoon and Uzi Landman
Georgia Institute of Technology, School of Physics, Atlanta, Georgia 30332-0430
J. Phys. Chem. A 103 (1999) 9573
J. Am. Chem. Soc.,125 (2003) 10437
Angewandte Chemie Int. Ed., 715 (2003) 1335

Science 307 (2005) 403
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why ts Gold Noble tn the Solid State?

Typical DOS of Metals Why is gold noble?

Coupling of Molecular State with
DOS of Metal

Schematic  Schematic
Oljellium O/Rh(110)  Rh(110)

LDOS projected onto the p, state of
adsorbed oxygen (Dark Area)

Projected DOS (arb. units) Hammer et al., Nature 376 (1995) 238
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Golo Nawnocata lysts

Scalable Size Range

SCIENCE, 14 March 2003
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Formation of CO, on Supported Gold Clusters

S
S,
®

c
=
0p]

+

o

3
o)
o

°C

QRO O

200 400 600 800 1000
Temperature [K]
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1. quiding Priniciple

Each Atom Counts !
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Comparison to Reactivity of Free Gold Cluster
Anilons

0.17 % ML
Adsorption of O, |
* on free Clusters |

(O
RS R A e R A R R R R R R R TR R R R TR RG2S

Reactivity [a.u.]

o
N

o1 w
Electron binding energy [eV]

Combustion of
CO on supported
Clusters

>
S,
[
c
2
7 4
+
O
@
O
<
O
i

Reactivity [a.u.]

o
T

2

260 ' 460 ' 660 ' 860 1000 Note: No O, adsorption on neutral and
Temperature [K] cationic gold clusters !
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Reaction Mechanism of the CO
Combustion on Free Au

0 T T T . 'A'u;_,' S
'
08 e Au,0,
)
O.Gj ﬁ‘ni'r _e% ‘;c‘,% )
04 <-.’-.- i Sl Elementary steps needed to fit data
fb‘a o 1
0 . 2 [ :i_"-iiu-— (L] 1
5 19 |
.a 08l:| 1 - (_ -
- | 0w .
o . ] 150 K| _ -
N 04 aas s, | Au,(CO)O,-+ CO » Au, +2C0O, Kk,
£ 0200w T Y
= |o FE.;!
S 004 l O i |
1.0/ | with k,_, pseudo first order rate
ki
0.8 "4 j- constants (pressure dependent).
06 N |
. M .
0.4/ ,. 100 K |
02 I.'F:::,! R ) «o®e ‘.-.’.ﬁ.
. ,_';.'7@“ Se s .h‘l(._ﬂ (."g_ ..: a . .. . vt g
00.* il -—._-_".-- i L. Socaciu, J. Hagen, T. Bernhardt, L. Woste, U. Heiz, H. Hakkinen, U. Landman
0 ' 1 2 3 4 5 6 7 J. AM. CHEM. SOC. 2003, 125, 10437

Reaction time t, [s]
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Catalytic Turn-Over Frequency (TOF)

_ 1,0+ " CO_-yield
g 1 ,’.’/ ’ yle - Auz_
% 0;8' Ay / u - Auzoz
c vt owmae e ™ TOF=0.6CO,
S 0,61 e = 9= " " g - molecules per gold
D . cluster per second
N 04{ e gluge o , "
@ 1 4 ’ s - SSggnt - B =t o
g 0,21 Y I’ "
@) ’
Z ) ’

0,0 w2 s

0) 2 4 6 8 10

Reaction time [s]

2 nm gold particles at 273 K: TOF = 0.2 s per Au atom (Haruta et al.)
3.5 nm gold particles at 350 K: TOF = 4 s1 per Au atom (Goodman et al.)
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i I ! I I | 2. quiding Priniciple

Free Clusters May Behave Differently
Than Supported Clusters

Steric Hinderence

Change of Electronic Structure

FOURTH STIG LUNDRVIST CONFERENCE



Reactivity of Free and Supported
Nawoscale Gold

0.17 % ML

QU
RIS R R A A R TR R TR R R TR RIS

pu Adsorption of O, |

N °, * on free Clusters |

%@g% o%
o

00, Q
Oqé%}@é%o 3@
©

Reactivity [a.u.]

&%
€

&
(o)
[o)
o%QO
2@

i3

o
)

8

IS

o1 w
Electron binding energy [eV]

Combustion of
CO on suppofted
Clusters

>
S,
[
c
§=2
7
+
O
@
O
<
O
c

Reactivity [a.u.]

o
T

- 1 1 1 1 1 1 1 .2
200 400 600 800 1000
Temperature [K]
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Influence of Defect Sites:
AU, O MgO (100) F-centers

Au,/MgO(100)

defect-rich

Oxygen vacancy

Transmittance [%)]

>
S,
T

c
=y
wn

=
o
+
O
3
O
3
O
a

2
— O
«

10020030040050060070080 2400 2200 2000 1800
Temperature [K] Wavenumbers [cm ]

B. Yoon, H. Hakkinen, U. Landman, A. Wérz, J.-M. Antonietti, S. Abbet, K. Judai, U. Heiz, Science 307 (2005) 403
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Theoretica LLM Pmposeo( Structure

13CO/Aug/MgO(FC) :

Vineor.- 2018 cmt (1)
Viheor.: 1931 cmt (2)
Viheor.: 2004 cm™t (3)

2400 2200 2000 1 1800
Wavenumbers [cm 7]

Veosmgo- 2118 cmt
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Influence of Defect Sites:
Al on. MO (100)

Al 8/ M g O (1 0 O) defect-poor Rt Re d S h | ft | N d uce d

by F-center:

Av = 30-50 cm-!

Transmittance [%)]

>
S,
©
c
§=)
o
c
o
+
O
E)
@)
<
O
)

100200300400500600700800 2400 2200 2000 L 1800
Temperature [K Wavenumbers [cm’
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CO bonding on Au,0./MoO (FC)

gas-phase CO CO on AugO,/MgO(FC)  AuyO,/MgO(FC)

CO on Aug0,/MgO:

1.18 e-

— LDOS projected on CO (x5)
— LDOS projected on O, (x5)
— LDOS projected on Auy

-25 - P Il
c —--::

2e
30 r 30
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CO bonding on Au,0./MoO (FC)

— LDOS projected on CO (x10)

) Au, + 0. +CO/ MO (100 (FO
= LDOS projected on Au, s - g0 (100)(FC)

CO-bonding via
backdonation into 2>
and donation of 5c¢
into cluster

D
o

>
&
on 40
O
O
-l

N
o
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Effect of F Centers: Cluster Charging

Charging < Frequency shift
A Veyp. (cm): 30-50

AQ AugO,13CO | spin | A Vieor (M) 10
0] 1 0)
0.25 0.875 18 ol b
" d
0.5 0.75 37 &
0] 0) 0)
0.25 0] 19
0.5 0] 34 O -0.2 0 0.2

P(z)  Bp(z) (e/A)
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Effect of F Centers: Cluster Stabilization

e Strong binding between cluster
and F-center; 3.4 eV in comparison
to 1.2 eV on regular terrace sites.

e Charge transfer to the cluster:
~—0.5e"

0 50 -02 0 02
P(2)  Sp(2) (e/A)
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>
=,
©
c
2
P
c
o
o
%

CO-Oxidation on Au, on TLO,

Au_(0.28 %ML)

TiO
2 reduced
Au

20

TR NI

Au

16

LT Y

Au .

b

Au8

AN AL e

2

MM-MW

Au (0.28 %ML)
TiO_,
2 oxidized AU
20

e T T

Au

16

L BT LT P

100 200 300 400 500 600 700
Temperature [K]
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i I ! I I | 3. quiding Priniciple

Cluster-Support-Interaction:

- Stabilization
- Charging
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L |

Why is Gold Active at low Temperatures ?
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Effect of F centers: Activation of
O, (peroxo state)

Au 02/MgO(FC)

>
o
%)
o
Q
3
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Comparison with qas Phase Studies

iil"i""'l’

4 5 6 7 8 14 15 16 17 18 19 20 21 22 23 24 25 26 27
Number of Au atoms Number of Au atoms

Intensity (arb.units)

m
=
c
3
Ka]
e
©
S’
‘»
=
Q
)
| =
[

Stolcic, Fischer, Gantefor, Kim, Sun and Jena J. Am. Chem. Soc. 125, (2003) 2848
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Experimental Evidence of Molecular
O., Adsorption

Stolcic, Fischer, Gantefor, Kim, Sun and Jena
J. Am. Chem. Soc. 125, 2848 (2003)
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i I ! I I | 4. Gquiding Priniciple

Unique Activation of
Reactants on Clusters !
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ldentification of possible Reaction Mechanisms
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oxtdation of CO on Au, Bound to Defect-
Poor and Defect-Rich MgO (100) Surfaces

Langmuir-Hinshelwood-Periphery Mechanism

a)
Adsorption by 3
reverse spill- z
over

*¢"%0"0" Signal [a.u.]

400 600 800

Temperature [K] Initial State
\

3
8,
™
=
=
w
+

20
o
o

400 600 200 1000
Temperature [K]

Transition State

[~ 0.8 eV]

Final State

A. Sanchez, S. Abbet, U. Heiz, W.-D. Schneider,
H. Halkkinen, R. N. Barnett, Uzi Landman
J. Phys. Chem. A 1999, 103, 9573
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oxidation of CO on Au, Bound to Defect-
Poor and Defect-Rich MgO (100) Surfaces

Langmuir-Hinshelwood-Top Mechanism

a)

Direct Adsorption

lon Signal [a.u]

“c"0"0" signal [a.u.]

400 600 800
Temperature [K]

Transition State

A
Initial State

lon Signal [a.u]

Final State

S
S,
=

=
=
w
o
o
-~

800 1000

Temperature [K] 3_1 A 2.0 A
T |

Reaction Coordinate d(C-0O,)
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DYna mie Structural Fluxiona L'Ltg

Aug+ O, +2CO  Aug/O,  Aug/0,/(CO),  Aug+2CO,

e Bicapped e Bicapped
— Bipyramid — Bipyramid

® Quasi
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Reaction Coordinate

FOURTH STIG LUNDRVIST CONFERENCE 3 - 7 July 2006 Miramare, Trieste, (taly




i I ! I I | 5. Quiding Principle

Dynamic Structural Fluxionality
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Evolution of Reactivity with size
angl Elemental Composition
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Activation by mpurity Doping
Understanding Stze-Bvolution of the Reaction
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Gold Cluster Reactivity

Cluster deposition of FC/MgO(100)

®c*0"0 per cluster

) 100 % ML
° Aun (n<8) Inert (©) AN A e vt eSO b Pt s

0.15 % ML
e Aug smallest gold catalyst :

e Au,;Sr smallest doped cluster

ar
=
S,
©
c
>
1)
c
o

e MgO and Aug,, inert

i. Sanchez, S. Abbet, U. Heiz, W.-D. Schneider, H. Hakkinen, NS Lir ot Phamy,
R. N. Barnett and U. Landman (b) "'"‘"M
When gold is not noble: Nano-scale gold catalyst. MgO
J. Phys. Chem. A 103 9573-9578 (1999) () ot SnnS Pt SPt bt b e vttt s
i. H.Hakkinen, S. Abbet, A. Sanchez, U. Heiz, and U. Landman
Structural, electrpnic, and impurity-doping effects in 200 400 600
nanoscale chemistry: Supported gold nanoclusters.
Angewandte Chemie Int. Ed., 42 1297-1300 (2003) Temperature [K]
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Optimized Atomic Structures of Pure and
Mixed Gold Nawocatalysts

B.E. 3.5eV B.E.4.1eV

B.E.1.9eV

Peroxo Molecular Superoxo
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Alg/Mg (100)/FC: LDOS Projectent on the O,
Molecule and the Metal Part
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AU, AU SIr/Mg (100)/FC: LDPOS Projected on
the O, Molecule and the Metal Part
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Electronic Structure (Aug, Au,, Au;Sr)
Impurity Doping Effects
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The Role of Molsture

Heterogeneous Catalysis 47

Vital Role of Moisture in the Catalytic Activity of
Supported Gold Nanoparticles™*

Masakazu Daté,* Mitsutaka Okumura,
Susumu Tsubota, and Masatake Haruta

Why can inert gold become catalytically active only when
dispersed in the form of nanoparticles?—This simple ques-
tion has attracted growing interest in the ficld of not only
catalytic and industrial chemistry,'™ but also cluster and
theoretical science.” To answer this question, CO oxidation
has been intensively studied as a model reaction.® The
reaction 1s known to be greatly influenced by moisture in the
reactant gas.'""! However, only a few recent studies discuss

the reaction mechanisms taking water into account."™ '™ Even

in these studies on the effect of moisture, for practical reasons,
the addition of water vapor has been examined only at high
concentrations,
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The Effect of Molsture on Gold Catalysts

(a) AumiO,

10 100 1000 104
H,O Conc./ppm —

Figure 2. Turnover frequencies per surface gold atom at 273 K for CO
oxidation over a) Au/TiO,, b) Au/Al,O; and c) Au/SiO, as a function of
moisture concentration. Upright arrow indicates the saturation of CO
conversion.
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Mechanism Predicted bg T hearg
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Cooperative Adsorption of H,0 and O,

TABLE 1. Energies (in V) for the adsorption and coad-
sorption of Oz and HzO on free (Aus and Ausg) clusters and
on a gold octamer supported on MgO(100), i.e. Aug/MgO.
In the case of the Aug/Mg( system, results are given for
both the adsorption on the top-facet of the gold cluster clus-
ter (-T) and at the peripheral interface of the cluster with the
substrate (-P).

04 H:0 02-H20
Aug unbound ~().3 0.4—0.9
Anag <(0.4 0.3—0.6 0.7=0.9

Aug/MgO-T <0.1 0.2—0.3 0.5—1.2

Aug /MgO-P 0.3-0.8 0.4—0.6 1.3—-2.1
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Cooperative Adsorption and Activation
by Coadsorbants
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Chemical Properties bn the Nonscalable Size
Regime: Reverse Spill-Over

Sample = Conditions
[kJ/mol]

Pd(111) 105 Low O, cov., T>

59 500K
k —— high O, cov., T<420K

— Pd(111) 45 — 64 High O, cov.,
012345012345012345 T<500K
Time/s —
T =377K T = 450K T = 709K Pd 12 32-45 High O, cov.,

(27nm) T<500K

Pd [P] 57+8 COrrich regime, low

(5-6nm) 62+9 T
\‘“\__‘ L Orich regime, low T

L Pd (@ High O, cov.,
012345012345001234S5H5 (2.5nm) T<500K
Time/s —

]
% e Pd (0.28% ML) Pd;, O saturated, T<400K

s." Pd, (0.65% ML)
(]
()

iiig i i Pd, + O saturated, T<400K

wi as &Y
100 200 300 400 500 600 700 800
TIK —
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Chemical Properties bn the Nonscalable Size
Regime: Reverse Spill-Over

400 600

TIK o \
|| !.\

Reaction Probability

: ‘_) #3' J
Reaction probability: TOF normalized by total

flux.
Low cluster coverage: High contribution of

o
™ Pd_(0.28% ML)
a l—llzlr

5 0 100 200 300 400 500 600 700 800

TIK —

reverse spill-over (Fgis) Z
o)
©
. o - - - Q0
Pd8_. No .dISCI’Im.Inat-IOI"l betwe_en Fairect (t;md Faux — 2
a) identical activation energies at periphery and S 400 600 |
. . . . = ° .
on cluster; b) no diffusion barrier at periphery. g | - ]
: - ks |
Pdso:  Fgif less effective for reactivity — ! y"_/pdso(o.lz%ML) :;.\

a) different activation barriers at periphery and , *-u-v
on cluster; b) high diffusion barrier at periphery. 0 100 200 300 400 500 600 700 800
B Effect of reverse spill-over is size dependent ! K —
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Effect of Reverse Spill-Over iIs Cluster
Size Dependent
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Nawnocata Lgt’w Factors

1. Each cluster has its characteristic electronic structure:
Intrinsic quantum size effects

2. Each cluster size has characteristic cluster-support
interaction (stability, mobility, charging, steric effects ...)

3. Clusters are fluxional: Low-temperature reactivity

4. Effect of reverse spill-over is size dependent
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Post-Doctoral Position in Cluster Chemistry and Surface Science at the
Technical University of Munich

A post-doctoral position is available in the group of Prof. Ueli Heiz at the
Technical University of Munich in the field of Cluster Chemistry and
Surface Science. In this project the size evolution of the chemical and
catalytic properties of size-selected clusters at oxide surfaces will be
studied by state-of-the-art surface science techniques (microcalorimetry,
pulsed molecular beams, Fourier transform infrared spectroscopy,
thermal desorption and reaction spectroscopy, metastable impact
electron spectroscopy). There is an exceptional infrastructure available in
the group to study other properties of nanostructures at surfaces as for
instance with local probes or cavity ringdown spectroscopy. In addition,
the Technical University of Munich offers a very active and stimulating
scientific environment.

The succesful candidate is expected to have experiences in at least one
of the used experimental techniques as well as in UHV technology.

The position is open in September 2006 and can be occupied for one year
with an option of a second year.

Further details are available from Dr. Matthias  Arenz
( ) or Prof. Ulrich Heiz ( ),
Lehrstuhl fir Physikalische Chemie, Technische Universitat Minchen,
Germany.
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