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AC 1.0a

Nanostructured catalysts in activation of light alkanes
The activation of C-H bonds in alkanes is catalyzed by metal surfaces, acid sites or
metal oxides implying great diversity in the chemistry of the active species, the type of
reaction intermediates and elementary steps. The current project is focussed on oxidative C-H activation and oxidation of C2-C4 alkanes for synthesis of olefins or oxygenates over Mo and V oxides and stabilized carbon nanotubes (for CNTs see Poster
AC 1.4), and comprises also research activities in the oxidative coupling of methane
(OCM) over MgO as model catalyst. Non-oxidative alkane transformations (dehydrogenation, metathesis) are included to analyze situations of complete oxygen conversion.
In selective oxidation of alkanes, complex reaction networks are opened via abstraction
of the first hydrogen atom by surface oxygen species yielding a radical intermediate in
the rate determining initial step. The nature of the active site responsible for activation
of the first C-H bond is still under discussion. In a multitude of steps the radical
intermediate undergoes consecutive and parallel reactions resulting in the formation of
oxygenates or oxidative degradation of the valuable hydrocarbon resource to the
thermodynamically most favored carbon oxides involving disruption of C-C bonds. Selectivity in alkane oxidation relies on the nature of oxygen species and the molecular
structure of the catalyst in terms of concepts such as “site isolation” and co-operation of
H abstraction and O insertion functionalities. Improved understanding of relations between the reaction network and the catalyst surface structure under working conditions
is, therefore, a key issue.
The challenging complexity of the matter requires the synthesis of well-defined catalyst
precursor materials. We deal with the preparation of phase-pure multi-metal oxides
(MOx, M=Mo, V, Te, Nb) characterized by high crystallinity and purity with respect to
undesired amorphous or nano-crystalline admixtures. In an effort to model the surface
of these complex bulk oxides, mono-dispersed vanadium oxide species anchored on the
surface of a host phase (mesoporous silica SBA-15 modified by Mo, Ti) are synthesized
and characterized. Furthermore, carbon nano-structures are functionalized in order to
simulate the action of various surface oxygen species in absence of a transition metal
(Project 1.0b). The catalytic reactivity of the model catalysts is analyzed by varying the
reaction conditions in a broad parameter field to study the interplay between chemical
potential of the gas phase, surface inorganic chemistry, and reaction network. The
performance tests go along with in-situ spectroscopic studies of the catalysts in proven
action applying advanced techniques including the development of novel methods.
Silica supported MOx species (M=V, Mo, Ti) are investigated in-situ using soft X-ray
absorption spectroscopy (NEXAFS) near the O K-edge. Analysis by comparing the
experimental spectra with theoretical spectra of model clusters evidences the local
geometric arrangement around the central metal atom under reaction conditions. The
results are presented in a joint poster of the departments AC and TH. The development
of an in-situ method for contactless investigation of (di)electric properties of powder
catalysts under operation based on the microwave cavity perturbation technique
(MCPT) is shown in Poster AC 1.1. In Poster AC 1.2 the properties of silica supported
MoOx catalysts in olefin metathesis are discussed. Poster AC 1.3 illustrates model
investigations in OCM over MgO with varying surface defect concentration (UniCat
project) in collaboration with the High Temperature Catalysis group (Poster AC 5.2).

AC 1.0b

Carbon materials for catalysis
The carbon catalysis project aims at the exploration of carbon-based alternatives for
metal (oxide) catalysts and the use of carbon as a support material for various catalytically active components. Target reactions are selective oxidations and hydrogenations as
well as acid-base catalyzed reactions. In general, we focus on a mechanistic understanding of the reaction pathways and structure-activity-relationships. This requires
detailed knowledge about influence and participation of various surface functionalities
on catalytic processes. Our approach is the preparation of well-defined catalysts for
kinetic analyses and isotope studies, accompanied by surface-sensitive characterizations
by means of in situ XPS, TPD, microcalorimetry, TEM, or Raman spectroscopy.
With regard to oxidation catalysis, the stability of a carbon catalyst in oxidizing atmosphere is of particular interest. Some general considerations as well as a quantitative
evaluation in terms of life-time of various carbon materials under reaction conditions
typically applied for such type of reactions can be found on Poster AC 1.4. The oxygen
species on the active catalyst surface of carbon nanotubes (CNTs) under propane oxidative dehydrogenation (ODH) reaction conditions have been analyzed by microcalorimetry. The results which are discussed on Poster AC 1.5, show an abundance of different oxygen species and give a hint on the nature of the active sites for this reaction.
Furthermore, it is shown that oxidation catalysis by carbons is not limited to oxidative
dehydrogenations. The successful application of CNTs in the selective oxidation of
acrolein to acrylic acid is presented on Poster AC 1.4.
Oxygen surface groups on carbons provide a certain potential for acid-base catalyzed
reactions, however, well-defined and strong acid base properties of carbon materials are
difficult to introduce without other heteroatoms such as S, P, or N. Here, in particular
the sulfonic acid group is investigated by controlled grafting on defect sites of CNTs
and activated carbons. Solid acid catalysts produced this way are applied in biomass
conversion (hydrolysis of cellulose and dehydration of sugars) and dehydration/dehydrogenation of 2-propanol as a probe reaction to characterize acid-base properties under
reaction conditions. Selected results on Poster AC 1.0b indicate that the stability of the
catalyst is the major challenge in biomass conversion. Acid group leaching and secondary deposition of polymerized products lower the catalytic performance significantly after several reaction cycles.
Metal(oxide) nanoparticles supported on CNTs are the third task within the carbon
project. Pd/CNTs, Fe/CNTs, and Rh/CNTs are investigated in selective oxidation of
alcohols, CO2 hydrogenation, and CO hydrogenation, respectively. Especially, the fine
tuning of metal-support interactions influencing the catalytic performances of these
catalysts is of interest. Here, the metal nanoparticles are deposited on modified carbon
supports, which differ in their acid-base properties by introducing specific acidic of
basic surface functionalities. The improved catalytic performance of doped Pd/N-CNTs
and Fe/N-CNTs is reported on Poster AC 1.5. Similar investigations are planned for Rh/
CNTs within the new CarboKat project (BMBF). A related topic investigated is the
precious metal-like behavior of molybdenum carbide with application in ammonia decomposition. The highly active catalyst suffers deactivation due to sintering and
transformation into Mo nitride. At least, the sintering can be successfully suppressed by
embedding the nanoparticles into a carbon matrix. These results are briefly shown on
Poster AC 1.0b.

AC 1.1

Contact-free and in situ: Electrical conductivity of oxidation catalysts
studied by microwave cavity perturbation
M. Eichelbaum, C. Heine, R. Schlögl, and A. Trunschke
The rational design of heterogeneous bulk catalysts for the highly selective oxidation of
alkanes to important basic chemicals still suffers from a lack in understanding the
nature, formation and working mode of active sites under industrially relevant conditions. The oxidation of one molecule n-butane to maleic anhydride, e.g., demands in a
single pass the abstraction of 8 hydrogen atoms, the insertion of 3 oxygen atoms, and
the transfer of 14 electrons. It is still controversially debated, if such reactions can be
explained on the basis of the single site concept with an isolated active catalytic center
large enough to “store” reversibly the rather high amount of charge carriers transferred
during a catalytic cycle, or if the bulk region underneath the active surface layer with
appropriate charge transfer properties “buffering” the dynamic charge carrier concentrations on the surface has to be taken into account.1
In order to study charge transfer properties of catalysts under working conditions, we
succeeded in developing a method based on the microwave cavity perturbation technique (MCPT) enabling the investigation of (di)electric properties of powder catalysts
under operation in a contact-free and non-invasive manner, thus completely avoiding
contact resistance and electrode-related problems. The conventional way of measuring
conductivities of heterogeneous catalysts is most often utilized by means of the twocontact electrode method, which bears the severe disadvantage that it is highly
dependent on the (during in-situ conditions possibly changing) electrode-powder catalyst contact and the appropriate contact resistance, not to mention the influence of intergrain and interparticle contact resistances or the possible contamination of the catalyst
by ions from the metal electrodes.
MCPT was pioneered by Slater2 and relies on the adiabatic change of the characteristics
(resonance frequency, quality factor) of a microwave cavity upon the introduction of the
sample. Our method, using the TM110 mode of a cylindrical silver-plated brass cavity
operating at 9.2 GHz, enables the simultaneous measurement of electrical conductivity
of a powder catalyst in a flow-through fixed-bed quartz reactor and the on-line gas
chromatographic analysis of reaction gases and products allowing the direct correlation
of electrical properties and catalytic performance. Current research encompasses microwave conductivity studies of vanadyl pyrophosphate catalysts for the selective oxidation
of n-butane to maleic anhydride in the temperature interval of 20-425 °C in dependence
of the partial pressures of n-butane, O2, H2, and H2O, and compares the dynamic
behavior with results from TPR/TPO, Raman, FTIR, and XPS.

References
1. R. Schlögl, Topics in Catalysis 54, 627 (2011).
2. J.C. Slater, Reviews of Modern Physics 18, 441 (1946).

AC 1.2

Origin of active sites for propene metathesis in MoOx/SBA-15
K. Amakawa, S. Wrabetz, J. Kröhnert, G. Tzolova-Müller, R. Schlögl,
and A. Trunschke
It is accepted that metal-carbene sites (M=CHR) catalyze olefin metathesis both in
homogeneous and heterogeneous catalysis. In contrast to homogeneous catalysts where
chemists design defined structures of active sites, the formation process of metal
carbene sites in industrially relevant, regenerable, supported metal oxides remains
unclear.
We have studied the metathesis of propene over dispersed molybdenum oxide species
supported on mesoporous silica (SBA-15). The catalysts were prepared by applying an
anion exchange procedure in which chloride ions of SBA-15 functionalized with
aminopropyl chloride were exchanged by heptamolybdate ions followed by calcination
of the ion exchanged material in air at 823 K. The molybdenum loading was varied
between 2 and 13 wt.-%. Temperature-programmed reduction with hydrogen, UV-vis,
FTIR, Raman, Photoluminescence, and NEXAF spectroscopy indicate gradual changes
in dispersion and nature of surface molybdenum oxide species.
In order to gain insight into the origin of active sites, we quantified sites on the surface
of MoOx/SBA-15, which are presumably involved in the catalytic cycle, using two
different approaches: i) Post-reaction ethene-d4 (C2D4) metathesis was performed to
titrate carbene species after propene metathesis. ii) Adsorption of propene was studied
using microcalorimetry to trace the formation of carbene sites.
The specific metathesis activity per Mo loading strongly depends on the Mo coverage.
The post-reaction carbene titration estimated that the active site density is ~15 µmol g-1
for the most active catalyst, which corresponds to ~1.5 % of total Mo atoms. Microcalorimetric study of propene adsorption at the reaction temperature revealed strong
irreversible adsorption for catalysts with high activity, indicating reactions of surface
molybdena with propene. Furthermore, the concentration of sites that strongly interact
with propene coincide well with the active site density measured by the titration, which
suggests that strong adsorption is related to the genesis of the active carbene sites. Using
in-situ FTIR spectroscopy, we relate this genesis to the occurrence of a redox reaction
generating a MoIV site, which by oxidative addition coordinates a second olefin under
formation of surface carbene species.
In summary, we found that the two quantification methods yielded consistent results,
which correlate with the metathesis activity. Accordingly, strong and irreversible adsorption of propene might be indicative for high activity of silica-supported molybdenum oxide species in propene metathesis.

AC 1.3
MgO as model catalyst in oxidative coupling of methane
P. Schwach, W. Frandsen, J. Kröhnert, M. Willinger, A. Trunschke, and R. Schlögl
Li/MgO has been suggested to be an efficient catalyst in the oxidative coupling of
methane (OCM) to ethane and ethene.1 Zavyalova et al.2 have shown that lithium acts as
fluxing agent during calcination leading to the transformation of the shape of the MgO
particles from cubic via truncated octahedral to platelet morphologies depending on the
initial Li content. This study is in agreement with the attribution of OCM activity to
high index planes, like the (110) or (111) plane of MgO.3
The aim of the present work is to synthesize MgO with varying morphology and
abundance of coordinative unsaturated sites on the surface, and to analyze relationships
between surface defects and the catalytic activity of MgO in the OCM reaction. The
microstructure of the catalysts before and after OCM was studied by electron microscopy. The concentration of low coordinated ions present on steps, edges, corners and
kinks was determined by Photoluminescence and IR spectroscopy including the
adsorption of CO and CH4 as probe molecules.
Various preparation methods, such as sol-gel synthesis, precipitation, combustion of
metallic Mg, and hydrothermal post-treatment of commercial MgO have been applied
resulting in materials with specific surface areas ranging from 17 to 177 m2/g and
particle sizes (XRD) ranging from 12 to 57 nm. The particle morphology changes from
cubic (combustion) to defect-rich nano-particles (sol-gel synthesis). High resolution
TEM clearly shows the presence of edges, steps and corners in different concentration.
All particles exhibit only (100) index planes.
The catalysts differ in their OCM performance and deactivation rate. No correlation
between the concentration of impurities (determined in the ppm range between 10 and
300 ppm (metal basis)) and the catalytic behavior has been found. Catalysts with small
particles and high surface area deactivate faster. During catalysis, all the samples have
the tendency to sinter into larger and smoother particles with less defects observable on
their surface. Catalyst deactivation goes along with the contraction of the MgO unit cell
and the disappearance of mono-atomic steps on the surface.

References
1. T. Ito, J.H. Lunsford, Nature 314, 721 (1985).
2. U. Zavyalova, M. Geske, R. Horn, G. Weinberg, W. Frandsen, M. Schuster,
R. Schlögl, ChemCatChem 3, 949 (2011).
3. J.S.J. Hargreaves, G.J. Hutchings, R.W. Joyner, C.J. Kiely, J. Catal. 135, 576 (1992).

AC 1.4

Oxidation stability of nanocarbons for oxidation catalysis and CNTs as
a catalyst for selective oxidation of acrolein to acrylic acid
B. Frank, R. Blume, A. Rinaldi, D.S. Su, A. Trunschke, and R. Schlögl
The oxidation of multiwalled carbon nanotubes (CNTs) was investigated with regard to
a detailed prediction of the lower limit of the lifetime of this material as a catalyst for
heterogeneously catalyzed gas phase oxidation reactions, which are performed at
elevated temperatures.1 A simple power-law kinetics is found to be adequate for the
description of CO2 formation in the temperature range of 623-823 K and under O2
partial pressures of 0.025-0.6 bar. The stability against oxidation can be enhanced by
surface passivation with B2O3 or P2O5 and by high temperature treatment. The progress
of oxidative degradation was monitored by TEM and Raman spectroscopy. A mechanistic study supported by high pressure XPS and steady-state isotope exchange kinetic
analysis (SSITKA) reveals full agreement with the established model of the oxidation of
conventional carbon materials; however, the theory of sequential layer degradation as
observed for single crystal graphite is not transferable to a technical grade CNT
material, which is characterized by a high defect density. As a result, various modes of
propagation of combustion sites are identified.
We further show that the graphitic carbon has the potential to selectively mediate the
insertion of an oxygen atom into an organic molecule, i.e., acrolein.2 In the carbon
catalyzed process, the nucleophilic oxygen atoms terminating the graphite (0001)
surface abstract the formyl hydrogen atom and the activated aldehyde gets oxidized by
epoxide-type mobile oxygen, thus the sp2 carbon acts as a bifunctional catalyst. Substantial similarities between the metal oxide- and carbon-catalyzed reactions could be
identified. We could successfully transfer the results obtained from the graphite model
to CNTs providing a higher surface area, defect density, and intrinsic activity, to
substantially increase the reactivity per catalyst volume. By addition of steam to the
feed gas, a conversion of 25% with a high acrylic acid selectivity of 90% could be obtained. CNTs resist the oxidative stress under the reaction conditions applied and no
activity loss or severe structural damage is observed during a time-on-stream of up to
120 h.

References
1. B. Frank, A. Rinaldi, R. Blume, R. Schlögl, and D.S. Su, Chem. Mater. 22, 4462
(2010).
2. B. Frank, R. Blume, A. Rinaldi, A. Trunschke, and R. Schlögl, Angew. Chem. Int.
Ed. (2011), in press.

AC 1.5

Reactive and non-reactive microcalorimetry investigations over CNTs
based materials for catalysis and electrocatalysis
R. Arrigo, B. Frank, S. Wrabetz, M.E. Schuster, A. Trunschke, D.S. Su, and R. Schlögl
To get insight into the nature of the relevant surface processes, two reaction systems
have been studied by reactive microcalorimetry on differently active catalysts: O2 chemisorption at 80°C on a Pd/CNT catalyst for selective oxidation of alcohols to valuable
compounds; CO2 chemisorption at 40°C on Fe/CNTs-based electrocatalysts for the
reduction of CO2 to long chain hydrocarbons. Additionally, the surface basicity of NCNTs was investigated by CO2 chemisorption at 40°C.1 The beneficial effect of the Nfunctionalization of the carbon support can be described in terms of population and
strength of the defective sites. The high temperature N-functionalization stabilizes the
carbon structure and introduces a small amount of defect sites with strong basic
character (!Hads(CO2) 145 kJ mol-1). Those sites are assumed to play a crucial role in
both catalytic systems by stabilizing very small nanoparticles through metal support
interaction. In the case of the Pd/CNTs, the high differential heat of oxygen uptake at
the Pd surface correlates with higher catalytic performance of the catalysts. The most
active and selective (to isopropanol) electrocatalyst Fe/CNTs for CO2 activation is
characterized by an abundance of reversible chemisorption sites.
A further micro-calorimetric study was performed to classify the adsorption sites on the
surface of CNT catalysts during oxidative dehydrogenation (ODH) of propane.2 In
agreement with TPD and XPS analyses, the surfaces contain oxygen groups, approximately 3–5% of the total surface area. A small amount of homogeneous highenergy sites, denoted as type A sites, form a plateau with constant heat of propane
adsorption of 45 kJ mol-1. These sites react irreversibly with propylene, however, here
with a decreasing differential heat of adsorption. Their amount is 10 and 5–8 !mol g-1
on CNTs and boron oxide loaded B2O3-CNTs, respectively. Sites of somewhat lower
energy and heterogeneous composition are classified as type B sites. Again, propane
adsorbs reversibly, whereas propylene does not. Their amount is 40–50 !mol g-1 on
CNTs and 20–30 !mol g-1 on B2O3-CNTs. Type C sites are oxygenated species with
weak and reversible interaction with both propane and propylene (50 and 60 !mol g-1
on CNTs and B2O3-CNTs, respectively) and type D sites are low energy sites being free
of oxygen and present in such abundance that their complete coverage could hardly be
obtained in the present study. We suggest the following assignment of the sites: type A
sites are ketone and quinone groups; type B sites are carboxylic anhydrides; type C sites
are lactone/ester, phenol, and ether sites; type D sites form the basal plane of graphitic
carbon.

References
1. R. Arrigo, M. Hävecker, S. Wrabetz et al., J. Am. Chem. Soc. 132, 9616 (2010).
2. B. Frank, S. Wrabetz, O.V. Khavryuchenko, R. Blume, A. Trunschke, and R.
Schlögl, ChemPhysChem (2011) in press.

AC 2.0a

Copper in C1 chemistry
Cu/ZnO-based catalysts are used in methanol synthesis from syngas (CO/CO2/H2) at 50100 bars and 200-300 °C. Research in the Cu project is focused on a better understanding of the complex industrially employed Cu/ZnO/(Al2O3) composite catalyst to
enable a rational optimization. A knowledge-based modification of Cu/ZnO materials is
also desired for new energy-related fields of application.
In this context, major challenges for the utilization of methanol as a synthetic fuel or
hydrogen carrier are related to the properties of the Cu/ZnO-based catalysts. Their
activity and selectivity towards methanol versus CO in the hydrogenation of CO2, their
resistivity against water poisoning and their stability in the methanol steam reforming
reaction need improvement. The department follows a material-chemical approach to
tackle these problems.
The reliable establishment of structure-performance relationships requires a materials
basis of functional catalysts with well defined and homogenous microstructure. Such
materials are comprehensively characterized, their preparation is well-understood, and
their activity can be referenced to the industrial catalyst. The critical role of preparation
and precursor chemistry has been intensively addressed in the recent past and led to
some understanding of the so-called “chemical memory” of Cu/ZnO catalyst synthesis.
In addition, this work has afforded a series of high performing methanol synthesis
catalysts with different microstructures and catalytic properties.
On the basis of such materials, we address the role of the promoter oxides (Poster AC
2.1), the role of defects in the active copper phase, and the in-situ stability of the
catalyst’s microstructure under working conditions. For this purpose, a variety of in-situ
and ex-situ analytical techniques is employed, among them environmental XPS,
(HR)TEM, probe molecule chemisorptions and kinetic analysis of catalytic data. An insitu reaction cell for neutron diffraction has been designed and successfully applied for
methanol synthesis under industrially relevant conditions. This experiment affords
diffraction data of the working catalyst at industrially relevant high pressures.
By combination of the results obtained from different characterization methods, the
industrial methanol synthesis catalyst was shown to be comprised of a static and
defective Cu phase and a reactive ZnO phase, which partly encapsulate the Cu particles
in reducing atmosphere. We propose that the catalyst’s activity is generated by the
combination of high energetic sites at the defective Cu surface-like steps and kinks and
a dynamic surface effect providing zinc (and oxygen) atoms to the surface ensembles by
strong metal-oxide interaction.
Within the Cu project, fruitful collaborations exist with Süd-Chemie AG Bruckmühl,
Ruhr-University Bochum (M. Muhler, S. Kaluza), Technical University Berlin (T.
Ressler, R. Schomäcker), Stanford University (J. Nørskov, F. Studt), NanoC Kuala
Lumpur (S. B. Abd Hamid), University Kiel (W. Bensch), University Zürich (G.
Patzke), University Bayreuth (J. Senker), Technical University Darmstadt (P. Claus),
Kiev University (V. Makhankova), Moldavian Academy of Science (S. Klokishner) and
Helmholtz Zentrum Berlin (D. Wallacher). Financial support was given by Süd-Chemie
AG Bruckmühl and Deutsche Forschungsgemeinschaft DFG (BE 4767/1-1).

AC 2.0b

Pd in catalysis
The interaction of Pd with other metals or metal oxides leads to a modification of the
catalytic properties of the resulting materials. The nature of these effects is studied in
the Pd project using selective C-C triple bond hydrogenation in gas and liquid phase,
methanol steam reforming and methanol synthesis by hydrogenation of CO2 as test
reactions. In certain cases, intermetallic compounds of Pd, such as PdGa, Pd2Ga and
PdZn allow for a controlled and stable modification of the electronic structure of Pd.
Their preparation, characterization and testing in comparison with statistical alloys and
elemental Pd is a major field of activity in the project.
Furthermore, strong metal-support interactions (SMSI) of Pd and various oxides and
their effect on catalysis are studied systematically with the aim to deliver a set of
validated catalytic data. These results shall be related to comprehensive structural
characterization data for a series of oxide-supported Pd catalysts with different particle
size and shape and serve as “real world” reference data for theoretical treatments of the
apparently simple system Pd metal catalysts in CO oxidation (Poster AC 2.2).
Pd-based intermetallic compounds and alloys have been fundamentally studied using
single crystals of PdGa and surface alloys of PdZn. The former system shows a high
and stable selectivity towards ethylene in acetylene hydrogenation. A combination of
XPS and TDS on the PdGa(-1-1-1) surface revealed a strong intermetallic Pd-Ga
covalent bonding and strongly modified adsorption properties as compared to elemental
Pd(111). No segregation of Pd or Ga was observed over a wide temperature range.
Thus, the interesting catalytic properties of PdGa in selective hydrogenation can be
attributed to a strong covalent bonding network leading to a stable surface termination,
which is determined by the crystal structure of the underlying bulk phase and not prone
to segregation or sub-surface reactivity.
The transfer of these promising properties to high performance systems was studied
using different synthetic approaches, such as Pd-Ga co-impregnation on carbon nanotubes, and co-precipitation of different precursor materials, among them layered double
hydroxides (Poster AC 2.2).
The department is involved in the COST Action CM0904 “Intermetallic compounds for
methanol steam reforming”. Fruitful collaborations exist with the MPI for Chemical
Physics of Solids in Dresden (Y. Grin, M. Armbrüster), Technical University of Vienna
(G. Rupprechter, K. Föttinger), University Innsbruck (B. Klötzer, S. Penner), EMPA
Thun (O. Gröning, R. Widmer), University of New Mexico (A. Datye, B. Halevi),
Technical University Darmstadt (P. Claus), Federal University of Rio de Janeiro (M.
Schmal), Institute of Catalysis and Pretoleochemistry Madrid (J. L. Fierro, R. M.
Navarro), and Institute of Coal Chemistry of the Chinese Academy of Sciences, Taiyuan
(W. Wei).

AC 2.1

Cu,Zn,X (X = Cr,Ga,Al) catalysts for methanol synthesis:
The role of preparation history for catalyst promotion
S. Kühl, S. Zander, M. Behrens, and R. Schlögl
Cu/ZnO/Al2O3 catalysts are of major industrial interest as they have been successfully
applied in methanol synthesis for over 40 years1. They are prepared by a multi-step
preparation comprised of co-precipitation, aging, washing/drying, calcination and reduction. ZnO acts as a stabilizer, but also contributes to the formation of active centers
due to interface contact with the copper phase (“Cu-ZnO synergy”). Al2O3 acts as a promoter, but the nature of the promoting effect is not well understood. We have investigated alternative promoter oxides like Ga2O3 and Cr2O3 and introduced them into the
Cu/ZnO composite catalysts following two different co-precipitation methods.
Two series of samples have been prepared from zincian malachite precursors,
(Cu,Zn)2(OH)2CO3, of a fixed Cu:Zn ratio (70:30) using an increasing content of Ga
and Cr from 0 up to 13 mol-%. Small amounts of aurichalcite and a hydrotalcite-like (or
layered double hydroxide - LDH) compound were formed as undesired by-phases, but
their amount can be minimized by tuning the promoter content. From the position of the
(20!) reflex in the XRD pattern of zincian malachite, the extent of Zn incorporation into
the precursor can be determined2. It was found to be maximum for promoter contents
around 3-4% independent of the promoter species. These samples afford small CuO
particles and a high dispersion of the oxides after thermal decomposition. After
reduction, large Cu surface areas (ca. 35 m2g-1) and an activity in methanol synthesis,
which is clearly superior to the unpromoted binary catalyst, could be observed.
If, however, Ga or Cr substitute Al in mixed Cu,Zn,M1,(M2) (M1,M2 = Al, Ga, Cr)
LDH precursors with 50% Cu3, no relation of the Cu surface area with the activity in
methanol synthesis could be observed. Generally, lower absolute activities compared to
the ex-zincian malachite catalysts were found, while the Cu surface area-normalized,
i.e. intrinsic, activity was higher. The performance decreased with increasing Cr content
and in case of Ga evolved through a maximum, while the substitution did not show a
significant effect on the Cu surface area of the resulting catalysts (ca. 8 m2g-1). A
detailed microstructural analysis revealed that the differences in intrinsic activities can
be attributed to the varying interactions between Cu metal and the oxide matrix.
Interface contact as well as particle embedment can be tuned by the presence of Ga and
Cr in different ways. While Cr participates in the redox chemistry during thermal
activation, high Ga contents promote crystallization of the refractory oxide component.
Both effects were shown to be detrimental for the intrinsic activity of the exposed Cu
surface area.
In summary, it was shown that Ga2O3 and Cr2O3 can have a beneficial effect on
Cu/ZnO/M2O3 catalysts due to a structural promotion effect if they are added in low
amounts to the zincian malachite precursor phase, while they are detrimental if they
substitute Al in an LDH precursor phase due to a chemical effect.
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The role of interactions between Pd nanoparticles
and oxide supports in catalysis
A. Ota, P. Kast, R. Naumann d’Alnoncourt, E. Kunkes, J. Kröhnert,
M. Behrens, and R. Schlögl
Pd particles are a versatile catalytic material and applied in hydrogenation as well as in
oxidation reactions. The catalytic properties of Pd metal can be strongly modified by
interaction with the oxide support. We present two examples which demonstrate the
potential of these interactions for the improvement of activity and selectivity.
Iron oxide-supported Pd nanoparticles (average size 1.0 ±0.5 nm) have been prepared
by co-precipitation and their performance in CO oxidation has been compared to Pd
particles of approximately the same size (1.4 ±0.5 nm) deposited on an inert carbon
nanotube (CNT) support. A combination of environmental XPS, CO chemisorption and
TEM investigation of Pd/FeOx revealed that strong metal support interaction (SMSI) is
responsible for a reversible encapsulation of the metal particles by the support after
reduction at 250 °C. This effect was accompanied by a significantly enhanced CO
oxidation activity. Even after a fast deactivation in the CO/O2 feed (2:1), the catalyst is
one order of magnitude more active than Pd/CNT and significantly more active than the
same sample after room temperature reduction. The phase transformations of iron oxide
are complex and depend on the pre-treatment of the catalyst. After calcination of the
ferrihydrite precipitate at 550 °C trigonal hematite is formed, which is reduced to cubic
magnetite (inverse spinel) at 250 °C under H2. If calcined in air at 400 °C, cubic
maghemite polymorph forms, which can be reduced to magnetite again. During CO
oxidation it could be shown that maghemite forms, even with a CO/O2 ratio of 8:1. We
attribute the deactivation to the suppression of the active SMSI state and to the in-situ
oxidation of the magnetite support to the maghemite phase.
Irreversible partial reduction of the support was used to form nanoparticles (4.8 nm) of
the intermetallic compound Pd2Ga from a PdMgGa-hydrotalcite-like precursor1. Bulk
model catalysts of Pd2Ga have been shown previously2 to exhibit high selectivity in
acetylene hydrogenation. The presence of the Pd2Ga phase was confirmed by HRTEM,
XPS and IR. Detailed studies with infrared spectroscopy and CO as probe molecule
have shown that the surface of the nanoparticles is not stable under oxidizing conditions. In the absence of hydrogen, linearly adsorbed CO on metallic Pd2Ga (! = 2084
cm-1) is only observed at 77 K. Already at room temperature the surface decomposes to
Pd and Ga2O3 and an additional band for 2-fold coordinated CO is developing. This behavior has to be considered in potential catalytic application of Pd,Ga-based intermetallic compounds in the presence of oxygen-containing molecules. Nevertheless, in
the hydrogenation of acetylene at high temperatures the Pd2Ga nanoparticles show superior performance to metallic Pd indicating that the catalytic bulk properties of Pd2Ga
have been successfully transferred to a nanostructured system.
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Metals in oxidation reactions
The focus of the project “Metals in Heterogeneous Catalytic Oxidation Reactions” was
aligned to Ag- and Ru-based catalysts during the last two years. Therefore, the Poster
AC 3.1 is dedicated to the research on Ag in oxidation reactions, whereas Poster AC 3.2
summarizes the results obtained in the field of oxidation reactions over Ru-based
catalysts.
The silver-oxygen system has been studied already for many years. But the reaction
mechanism of economically very important reactions like ethylene epoxidation and
methanol oxidation, is discussed controversially. One reason for this might be the huge
amount of different oxygen species that are formed on the Ag surface and in the bulk of
the Ag-catalysts. Since some of them form just under reaction conditions, the
application of in situ methods is required.
Ambient pressure XPS indicates the dynamical behavior of Ag surfaces in oxygen
atmospheres. Oxygen species are transformed into each other, especially at the higher
temperature of 500° C relevant for methanol oxidation to formaldehyde. The formation
of oxygen species and their correlation to the catalytic performance of Ag catalysts was
studied. Since the atomically adsorbed oxygen species O! and the dissolved oxygen O"
do have similar binding energies, another more bulk-sensitive technique, resonant
inelastic X-ray scattering (RIXS), was used to detect bulk-dissolved oxygen under
reaction conditions.
In the future, the implementation of a hard X-ray beamline at BESSY is intended. The
foci of a soft X-ray beamline and the hard X-ray beamline will be at the same point.
This special arrangement will offer the unique opportunity to measure under reaction
conditions surface-sensitive photoelectron spectra and more bulk-related XP spectra
(Atmospheric Pressure Hard X-ray Photoemission Spectroscopy, AP-HAXPES) in one
experiment. The investigation of solid/liquid interfaces by HAXPES during an electrochemical process will be a further aim of this investment.
The formation of molecular chlorine by the Deacon reaction over Ru-based catalysts
was investigated. The industrial Deacon catalysts RuO2/SnO2 show two different
morphologies: 2-4 nm sized particles and 1-3 ML epitaxially grown RuO2 films on the
SnO2 support. In-situ Prompt Gamma Activation Analysis gives indication of a
Langmuir-Hinshelwood mechanism. Adsorbed Cl poisons the surface and it was shown
that the reactivity increases with the coverage of non Cl species.
CO oxidation over a Ru(0001) single crystal surface was investigated as a function of
the reactant ratio # (=O2/2CO) under steady state conditions in a single crystal micro
flow reactor. The preoxidized surface characterized by a RuO2(110) LEED pattern was
compared to the clean Ru(0001) surface. In the temperature range between 600 K700 K, pronounced minima and maxima were observed in the CO2 formation rate for
both initial states. Hysteresis observed in runs of decreasing and increasing # was
explained by incorporation and depletion of oxygen in the bulk.

AC 3.1

Ag catalyzed partial oxidation reactions investigated by
in situ X-ray spectroscopies
T. Rocha, P. Kristiansen§, A. Oestereich, D. Demidov*, R. Arrigo, M. Hävecker,
V. Bukthiyarov*, L. Duda§, A. Knop-Gericke, and R. Schlögl
Ag is used by the chemical industry in two important catalytic oxidation reactions,
formaldehyde synthesis and ethylene epoxidation. The economic importance of these
processes motivated an extensive investigation of the Ag-O system in past years. But
the mechanisms behind the remarkable selectivity obtained with Ag catalysts for both
reactions are still focus of debate1. In this work we applied different in-situ X-ray
spectroscopies to investigate the chemical state of the Ag catalyst in equilibrium with
the gas phase under reaction conditions at industrially relevant temperatures.
Ambient pressure XPS experiments under 0.5 mbar O2 atmosphere in the 150-500 °C
temperature range, revealed five distinct features in the O 1s XP spectra. Evidences for
the distinct electronic structure of these oxygen species were obtained by comparing
their binding energies, temperature stability, valence band feature and amount of ionic
Ag. These results indicate that Ag is able to activate molecular oxygen into a number of
distinct active forms with different chemical nature, which ultimately might lead to
different roles in the oxidation reactions2. In the presence of methanol or ethylene,
drastic changes in the O species distribution are observed. For the case of ethylene
epoxidation running at steady state conditions, it was observed that the selectivity to the
epoxide can be correlated with the ratio of different O species. Based on the electronic
structure and reactivity data, it is proposed that while some species act as nucleophilic
centers attacking C-H bonds, which is the first step to total oxidation, others act as an
electrophilic agent, attacking the C=C bonds and producing the epoxide.
Complementary efforts have been undertaken towards the development of in-situ
reaction cells for XAS and RIXS measurements at 1 bar. Preliminary results for silver
thin films in contact with pure oxygen or a mixture of oxygen and ethylene show that
the features observed in RIXS spectra are more noticeable and better resolved than the
corresponding XAS features, due to the resonant character of the technique. Further
experiments associated with theoretical calculations are under way to better understand
and assign the observed spectral features.
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Catalysis of oxygenated Ru
D. Rosenthal, R. Wagner, D. Teschner, R. Farra, A. Knop-Gericke, and R. Schlögl
Several oxygenated states of ruthenium starting from the (1x1) oxygen adsorbate phase
over subsurface states, and ending with completely oxidized RuO2 are proposed and
debated as active catalyst states in the CO oxidation. Recent investigations reveal a
necessary induction period to activate completely oxidized RuO21,2 changing its surface
state. Under reducing conditions this catalyst is even not bulk stable and reduces
strongly1. To investigate the stability and reactivity issue further, a ruthenium(0001)
single crystal was used in isothermal steady state reactions with varying educt feed
ratios (! = O2/2CO) in a single crystal micro flow reactor. As initial states of the
Ru(0001) single crystal the heavily oxidized surface exhibiting a RuO2(110) LEED
pattern and the clean Ru(0001) surface were applied. Up to 500 K the conversion is
below 1%. At 600 K and 700 K independent of the initial state the activity of the
catalyst strongly depends on the stoichiometry parameter !. A pronounced rate maximum and minimum could be observed in the ! range of 0.5 to 2. Additionally, a hysteresis is observed between runs of diminishing and increasing !. This leads to a different
position of the reactivity maximum. Finally, it was concluded that the state of the
working catalyst in the CO oxidation over oxygenated ruthenium as well as the reactivity strongly depends on the educt feed ratio !. The onset of incorporation as well as
the depletion of oxygen in the bulk leads to a different catalyst reactivity.
Rationally-designed RuO2-based Deacon catalysts can contribute to massive energy
saving compared to the current electrolysis process in chemically recycling of HCl to
produce molecular chlorine. We have studied industrial Deacon catalysts to understand
their real surface state and to derive mechanistic insights of this sustainable reaction.
The relevant RuO2/SnO2 (Bayer patent) consists of two major RuO2 morphologies,
namely 2-4 nm sized particles and 1-3 ML thick epitaxial RuO2 films attached to the
SnO2 support particles. A large fraction of the small nanoparticles expose {110} and
{101} facets, whereas the film grows with the same orientations, due to the preferential
surface orientation of the rutile-type support. Steady-state Deacon kinetics indicates a
weak-to-medium positive effect of the partial pressures of reactants and deep inhibition
by both water and chlorine products. In situ Prompt Gamma Activation Analysis
strongly suggests a Langmuir-Hinshelwood mechanism and that adsorbed Cl poisons
the surface. Under relevant operation conditions the reactivity is proportional to the
coverage of non-Cl species. On the extensively chlorinated surface oxygen activation is
the rate-determining step and not the energetically demanding recombination of Cl
atoms. Additionally, using in situ PGAA experiments, we derived a new view on the
compensation phenomenon based on the balance between free sites and pressures and
temperatures.
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Electrochemistry in the Inorganic Chemistry Department
The Electrochemistry group has recently been founded out of the former Microstructure/Carbon group. The focus of this group lies on the understanding of fundamental processes in electrochemical energy storage systems. We are setting up a research
facility to turn from the so far phenomenological understanding towards a detailed
atomistic picture of the incorporated mechanisms. Our research bases on the spectroscopic infrastructure of the Inorganic Chemistry Department and we gain from a
close collaboration with the Electronic Structure and the Electron Microscopy group.
Within our studies, we focus on two main projects, which are to understand the charge
storage mechanism in lithium ion batteries and the water splitting mechanism on
defined model catalyst, also concerning stability issues.
The battery project is incorporated in the EnerChem collaboration of the Max Planck
Society. Within this collaboration the department of Prof. Antoniettia focuses on the
invention of new materials, while the department of Prof. Maierb concerns about the
dynamic charge transfer processes in battery systems. Our group focuses on static
properties of electrode materials and investigates the charge storage mechanism inside
the material itself. For that purpose, we investigate the electronic structure of the electrode materials by means of electron energy loss spectroscopy and synchrotron based xray absorption spectroscopy at BESSY. Both techniques allow measuring the core level
electronic structure even for lithium. This enables a direct correlation of the change in
the electronic structure of the electrodes chemical elements with the macroscopically
transferred charges in the battery, which are determined electrochemically.
For these in depth studies we concentrate on material systems which are of scientific
interest, but also show a potential for real application. We therefore focus on LiFePO4
as cathode and a silicon/carbon composite as anode material. Initial experiments with
LiFePO4 indicate that lithium might not be incorporated in a monovalent state inside the
structure (see also poster AC 6.2), unlike the conclusions from phenomenological
studies. A confirmation of this finding would lead to a substantially altered charge
storage model in LiFePO4. Since we need well-defined and modifiable materials for our
experimental analysis, we also strengthen our activities in materials synthesis1.
The water splitting project concerns about fundamental processes on the catalyst during
the reaction. We investigate the surface chemistry of noble metal single crystalline
surfaces, especially under oxygen evolution reaction conditions. To study the nature of
the catalyst surface, we apply photoelectron spectroscopy and surface probe microscopy. Initial experiments on a platinum electrode under open circuit potential reveal
that hydroxide rather than an oxide formation is favored in the presence of water. Furthermore, stable carbon supports for the attachment of water splitting reaction catalysts
are under development. A detailed presentation of our activities in the water splitting
research is shown on Poster AC 4.1.
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Electrochemistry of water splitting
C. Ranjan, R. Arrigo, M. Eiswirth, A. Knop-Gericke, and R. Schlögl
Electrochemical water splitting with its ability to generate H2 from a non-carbon based
source cannot only be used to store unused electrical energy at the point of creation by
converting it into chemical energy but is also likely to play a central role in the
emerging carbon neutral economy.1, 2
Noble metal catalysts show near ideal behavior for the cathodic hydrogen evolution
reaction. Challenges come from the anodic part, which is the oxygen evolution reaction
(OER). The complexity of transferring 4 electrons and 4 protons for evolution of
oxygen renders the reaction kinetically difficult. The anodic conditions are extremely
oxidizing, and this makes catalyst stability a serious issue under real operational
conditions. Majority of OER research has been carried out at a phenomenological level
directed at the search for new catalytic materials without any significant improvement
over the catalytic systems tested several decades ago. New catalysts3 based on electrodeposited films have further contributed to the complexity. Future catalyst design
principles need urgent support from systematic investigation of these catalytic systems.
The FHI-AC Department is merging electrochemical techniques (voltammetry, amperometry and impedance spectroscopy) together with our traditional strengths in spectroscopy (X-ray, UV-VIS and Raman) and microscopy in systematically studying OER
catalysts. We study single crystal surfaces of noble metals to understand the evolution
of the catalytic surface upon electrochemical oxidation and electrodeposited thin films
of metal oxides using in situ Raman and UV-VIS spectroscopy. Our initial tests with Pt
single crystal electrodes show different OER activity for each surface in the order
Pt(111) > Pt(100) > Pt(110). Electrochemical impedance spectroscopy in the OER
potential regime shows a changing impedance spectra overtime which can be interpreted using a faradaic charge transfer model across a thin oxide film. The value
interpreted as charge transfer resistance occurs in the inverse order of electrochemical
activity. Initial scanning probe microscopy (SPM) results indicate that OER results in
highly disordered surfaces. Initial XPS experiments with the Pt electrode under open
circuit conditions have revealed hydroxide formation upon exposure of the electrode to
water. Questions remain as to the exact nature of the oxides under the electrochemical
conditions. Our future experiments using XPS and SPM under in situ conditions are
likely to answer some of these questions.
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High-temperature catalysis research in the
Department of Inorganic Chemistry
High temperature (T > 500 °C) heterogeneously catalyzed reactions operated at ambient
or elevated pressure are characterized by high reaction rates, mass and heat transport
limitations and gas phase reactions over the catalyst surface. We study the oxidation of
small alkanes for which high temperatures are common to activate the alkane or result
from rapid heat production. The research strategy followed in the different projects
combines in-situ experiments and microkinetic simulations. Current foci are i) catalytic
partial oxidation (CPO) of methane to synthesis gas on Pt, ii) oxidative coupling of
methane (OCM) to C2 products on MgO, Li/MgO or without catalyst in the gas phase,
and iii) oxidative dehydrogenation (ODH) of ethane to ethylene over molybdenum
oxides. Novel in-situ methods like spatial reactor profile measurements, spatially resolved Raman spectroscopy, and laser-induced fluorescence are developed.
CPO of methane to synthesis gas is studied as attractive alternative to steam reforming.
Almost equilibrium yields of synthesis gas are obtained on autothermally operated Pt
and Rh catalysts. Recent results show that synthesis gas formation on noble metals is a
consecutive process of partial oxidation followed by steam reforming. We study the
reaction on Pt to investigate how carbonaceous deposits formed at the Pt surface under
reactions conditions influence the catalyst performance1,2.
OCM is studied in a joined effort in the Berlin centred Cluster of Excellence “Unifying
Concepts in Catalysis”. Goal is to understand why dozens of materials (MgO, Na2WO4,
La2O3 etc.) are active in C2 formation even though they share no common structural
motive. Li-doped MgO, one of the archetype OCM catalysts, was studied first. Results
from us and other researchers in UniCat on thin films and powder samples gave no
indication that the proposed active center (Li+O-) is anyhow connected with the catalytic
activity3,4,5. Rather it was found that Li acts as structural promoter for MgO leading to
enhanced formation of MgO defects such as edges, corners and protrusions arising from
segregation of oxygen vacancies to the surface of MgO3,4,5. Homogeneous gas phase
reactions mediated by free radicals are currently under investigation by spatial reactor
profiles and microkinetic numerical simulations1.
In terms of method development, fiber-based Raman and Laser-Induced Fluorescence
Spectroscopy are adapted to the spatial profile reactor. To develop these methods, test
reactions such as ethane ODH on MoOx catalysts1 and methane combustion are used.

References
1. Korup et al., Chem. Eng. Process (2011) in press.
2. Korup et al., Catal. Today (2011) in press.
3. Myrach et al., ChemCatChem 2, 854-862 (2010).
4. Zavyalova et al., ChemCatChem 3, 949-959 (2011).
5. Zavyalova et al., ChemCatChem (2011) in press.

AC 5.1

Carbon formation in catalytic partial oxidation of methane on
platinum: Model studies on a polycrystalline Pt foil
O. Korup, R. Schlögl, and R. Horn
Catalytic partial oxidation (CPO) of methane is an attractive technology for industrial
production of synthesis gas. Methane CPO is an exothermic reaction that can produce
synthesis gas yields close to thermodynamic equilibrium in millisecond contact times1
e.g. on noble metal catalysts. It can be shown by spatial profile measurements that
methane CPO on Pt coated !-Al2O3 foam catalysts proceeds in a narrow oxidation zone
at the catalyst entrance followed by a longer steam reforming zone2. Quantitative
analysis reveals that the rates of oxidation and steam reforming are much lower on Pt
than on Rh coated foam catalysts. Pt catalysts operate kinetically controlled whereas Rh
catalysts operate in film transport limitation2,3. A tentative explanation for the reduced
rate of methane CPO on Pt is the formation of oxidation and reforming resistant carbon
on the Pt particles. A polycrystalline Pt foil has been investigated as model catalyst to
study carbon formation in detail. Upon reaction light-off carbonaceous deposits form on
the Pt foil blocking a large fraction of Pt surface atoms. By using in situ Raman spectroscopy and quantitative spectral analysis the evolution and spatial distribution of these
carbonaceous compounds with reaction temperature and time on stream have been
characterized4. The chemical composition of the carbon material changes from highly
reactive and strongly disordered directly after reaction light-off to highly ordered
oxidation and steam reforming resistant after several hours time on stream at 800 °C
reaction temperature. Remarkably the carbon distribution at the Pt surface is inhomogeneous and depends in a yet unknown manner on the orientation of the microcrystals
forming the polycrystalline foil3. Assignment of the crystal facets by means of
measuring the work function using PEEM (in cooperation with D. Vogel and G.
Rupprechter*) indicates that Pt(100) and Pt(111) are more prone to carbon formation
than Pt(110). However, this assignment needs further validation by alternative methods
such as electron backscatter diffraction.
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Investigation of gas-phase methane oxidative coupling by spatial
profile measurements and microkinetic modeling
S. Mavlyankariev, M. Geske, O. Korup, C.F. Goldsmith, R. Schlögl, and R. Horn
The seminal work of Keller and Bhasin1 on oxidative coupling of methane to ethylene
(OCM) triggered a wealth of research on this reaction. Ethylene is a valuable chemical
intermediate, and direct production from methane would be of utmost economic
interest. At temperatures between 700-800 °C at which OCM is conducted, methane
oxidation proceeds also in the gas phase and the importance of a free radical reaction for
OCM has long been recognized.
To disentangle the complex interaction between gas and surface reactions in OCM
microkinetic models are required for both domains. Whereas microkinetic surface
models for typical OCM catalysts such as MgO and Li/MgO are scarce and highly
speculative, gas phase methane oxidation has been studied for decades and microkinetic
models of different complexity have been reported. We conduct gas phase OCM
measurements in our spatial profile reactor2 and validate the experimental data by
microkinetic modeling3 using these literature models. In this reactor, axial profiles of
gas species and the gas temperature can be measured with micrometer resolution3.
The free gas space in the cylindrical quartz tube of the spatial profile reactor was of 80
mm height and 18 mm diameter. CH4/O2 ratios were varied from 4 to 8, pressures from
1 to 8 bar and feed flow rates from 500 to 4000 ml/min. Mass spectrometry was used
for product quantification. Selectivity to C2H6 and C2H4 was highest at pressures around
4 bar (combined ~40%). The most reliable modeling results were obtained with the
models from Dooley et al.4 and Rasmussen et al.5. Both models capture development
and relative concentration of the product species qualitatively even though quantitative
agreement is poor apart from the reactor exit. Whether this is due to the models or to an
inappropriate thermal boundary condition at the tube wall, requires further investigation.
Besides further modeling studies, it is planned to investigate how the presence of an
OCM catalyst influences methane oxidation in the gas phase. To study that the walls of
the otherwise empty reactor tube will be coated with a thin layer of MgO which is a
typical OCM catalyst. The MgO will be provided by the Reactivity Group of the AC
Department where this material is carefully studied to establish a structure-activity correlation for OCM. A change of the gas phase profiles upon coating the tube wall with a
thin layer of MgO can be taken as evidence that MgO influences the gas phase chemistry by acting as source or sink of free radicals.
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Electron Microscopy at the FHI
The Electron Microscopy group is the competence center for the micro-structural characterization of the materials under study at the Fritz Haber Institute.
Ultimate spatial resolution combined with the simultaneous acquisition of spectroscopic
data are used to guide the synthesis of new catalysts as well as to monitor structural
developments induced under catalytic conditions ex situ down to the atomic level. The
aim is to get an insight in the relation between structure and activity, to understand
catalyst-support interactions and to identify key properties that are required for the
formation of specific active surface species under reaction conditions.
The combination of scanning and transmission electron microscopic techniques allows a
stringent analysis of the samples over different orders of magnitude in spatial
dimensions and to relate information obtained at sub-Ångstrom resolution with observations made at small magnification. In addition, the combination of high-resolution
transmission electron microscopy (HRTEM) with electron energy loss spectrometry
(EELS) makes up a powerful tool for studying the geometric and electronic structure of
complex nanostructured materials in a single instrument.
The aim of the newly formed group is to further develop the potential of electron
microscopy and its contribution to the understanding of catalysis at the FHI through a
strong implementation of theoretical tools and the development of combined ex- and insitu experiments.
In order to take full advantage of the analytical power of the instruments, image details
acquired in high resolution TEM as well as spectral features recorded in electron energy
loss spectra (EELS) have to be well understood and correctly interpreted. However,
high-resolution images of lattice fringes and electronic excitations detected in EELS are
rarely straightforward and easy to interpret. For this reason, experimental results have to
be complemented by theoretical studies, and a combined experimental and theoretical
approach is required in order to expand the range of conventional structural and
compositional characterization to advanced studies of nano-structured catalysts.
The Electron Microscopy group is therefore intensifying the use of theoretical tools for
image simulations and modeling of particle shapes as well as calculations of the
electronic structure for the simulation of ionization edges in EELS spectra.
One of the important scientific questions studied by the department regards the nature of
the active dynamic surface species that forms on some catalysts during the reaction as a
response to the chemical potential of the gas phase. In general, in situ observations in
the TEM are constrained by the requirement of a good vacuum, a limited time resolution and effects related to the imaging with a strongly interacting beam of high-energy
electrons. For this reason, the strategy of the Electron Microscopy group is to identify
traces of the active species ex situ by coupling the microscope to a micro reactor in
which microscopic amounts of catalyst on an inert TEM grid can be exposed to catalytically relevant conditions. In parallel, the study of morphological changes of catalysts
during calcination, activation, and catalysis by in-situ environmental SEM will be
intensified.
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In situ experiments in the ESEM
Q. Zhang, T. Rocha, R. Weatherup*, S. Hofmann*, G. Weinberg, M. G. Willinger,
and R. Schlögl
In order to complement in situ studies that are performed in the ambient pressure XPS
endstation of ISISS beamline at the BESSY II synchrotron radiation facility by the Electronic Structure group, experiments are performed under similar conditions in the in-situ
environmental SEM of the Electron Microscopy group. The experiments allow monitoring the development of structural modifications, which can otherwise not be observed
in-situ. Furthermore, they enable to study pressure related changes in the dynamics of
the working catalyst. Due to the limited resolution and contrast obtained when the environmental scanning electron microscopy (ESEM) is operated at elevated pressure and
difficulties that are related with heating and drifting of the sample, the studies in the
ESEM are challenging. For now, preliminary results of two series of experiments are
reported:
Dynamics of the silver-oxygen interaction:
Ag is used by the chemical industry in two important catalytic oxidation reactions,
formaldehyde synthesis and ethylene epoxidation1. In contrast to the static description
of oxygen species obtained by the classical surface science approach, a very dynamic
picture of the silver-oxygen interaction was revealed in a series of works in the 90’s2. In
this work, a combination of modern in situ techniques is used to further investigate this
system with special attention to the interplay between catalyst structure and surface
morphology with surface oxygen species. The silver catalysts are measured in equilibrium with the gas phase in the pressure range of 0.5 mbar. While ambient pressure XPS is
used to characterize the kinetics of oxygen species formation at different temperatures
(350–500°C), the induced surface morphological changes are followed in-situ by ESEM
under similar conditions and analyzed further ex-situ in the TEM. Complementary, the
structural modifications are also monitored by in-situ XRD.
In situ observations of graphene growth from solid and gaseous carbon sources:
Catalytic chemical vapour deposition (CVD) on metal film templates offers a low-cost
method of producing graphene across large areas, but at present the growth mechanism(s) are not well understood. We compare graphene precipitation based on a solid C
source to graphene CVD based on low acetylene exposures on poly-crystalline transition metal films. Environmental SEM allows graphene formation to be observed in-situ
with spatial resolution under realistic growth conditions, which aids the understanding
of the growth process. We assess the uniformity and domain sizes of as-grown and
transferred graphitic layers by optical/scanning/transmission electron microscopy,
Raman mapping and electrical transport. The formation of graphene layers on the surface of monolayer domains of 5-20 µm on Ni catalysts upon exposure to ethylene was
followed by in situ environmental SEM. Controlled graphene nucleation was observed
in the temperature range between 450 °C –650 °C.
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AC 6.2
Electronic structure of lithium in battery electrodes
M.E. Schuster, J. Tornow, D.S. Su, M.G. Willinger, and R. Schlögl
As part of EnerChem, a joint Max Planck collaboration for chemical energy research also incorporating the Max Planck departments of Prof. Maier1 and Prof. Antonietti2, the Inorganic
Chemistry Department focuses on the characterization of electrode materials for lithium ion
batteries. The aim is to overcome the current phenomenological understanding of batteries
and to derive an atomistic understanding of the charging and de-charging process and the
related changes in the electronic and geometric structure of electrode materials such as
LiFePO4 and model systems. The obtained insights will be crucial for optimizing the synthesis towards improved storage materials.
Electron microscopy is used for the structural characterization of battery materials and the
analysis of morphological changes and phase transitions induced during charging and discharging. Effects of particle size, particle/particle and particle/electrolyte interfaces as well as
the role of structural defects on the charging and discharging behavior are studied by highresolution electron microscopy and electron diffraction, and related to phase transitions and
cumulative mechanisms that lead to degradation. Electron energy loss spectrometry (EELS)
performed in the transmission electron microscope plays an important role in simultaneously
determining Li ion concentrations along particles and relating them to changes in the electronic structure at high spatial resolution. Degrees of charge transfer and changes in oxidation
state can be analyzed, based on variations in the fine structural features and their energetic
positions in the recorded energy loss spectra.
In the case of LiFePO4, the Li K-edge observed in the EELS spectrum overlaps with the Medge of iron. It is therefore difficult to analyze the Li bonding state directly. Reference
measurements on model systems provide a basis set on the basis of which characteristic
features in the Li K-edge can be identified. Furthermore, density functional theory-based
calculations of the electronic structure and simulated EELS spectra help to model and interpret experimental data. By separating the Li and iron spectra in this manner, we observe no
sharp peak in the Li K-edge of LiFePO4, which is expected for very localized states and is
clearly observed in strongly ionic bond salts like LiF. Its absence in LiFePO4 indicates nonionic contributions in the interaction between the Li and the host material.
Besides changes in the Li K-edge, a comparison of the lithiated phase LiFePO4 with the
delithiated phase FePO4 exhibits differences in the pre-edge peak of the O K-edge, where the
formation of unoccupied oxygen 2p states in FePO4 can be observed as a modulation of the
pre-peak intensity at around 528 eV. Additionally, changes in the oxidation state of the iron
ion can be observed as a shift of the Fe L3 peak energy.
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CP 1

Growth and atomic structure of crystalline silica films on Ru(0001)
Bing Yang, Xin Yu, Anibal Boscoboinik, Daniel Löffler, John Uhlrich,
Shamil Shaikhutdinov, and Hans-Joachim Freund
Recently, the atomic structure of thin silica films grown on Mo(112) have been
established, which consist of a monolayer of corner sharing [SiO4] tetrahedra arranged
in a honeycomb-like network resulting in a SiO2.5 stoichiometry of the ”monolayer”
films1. Attempts to grow thicker films on the Mo substrates resulted in amorphous
structures, most likely due to the formation of strong Si-O-Mo bonds at the interface
that govern the growth mode. In the continuation of these works, we have now
succeeded in the preparation of the multi-layer crystalline silica films on Ru(0001).
At low Si coverage, the silica films resemble monolayer films observed on Mo(112).
However, at increasing Si coverage, the experimental (LEED, XPS, IRAS, STM)
results, complemented by DFT calculations2, provide compelling evidence for the
formation of a double-layer silicate sheet, with a SiO2 stoichiometric composition, that
is weakly bound to Ru(0001)3. Further studies using combination of DFT and electron
spectroscopy showed that oxygen atoms may reversibly adsorb directly on the metal
surface underneath the silica film, thus forming “O-rich” structures. The amounts of
adsorbed oxygen can be varied by vacuum annealing and oxidation, which in turn result
in the gradual changes of the silica/Ru electronic states. Therefore, one can tune
electronic properties of oxide/metal systems, such as the work function, without altering
the thickness and structure of an oxide overlayer itself.
Besides these silicate films can be used as model supports for metal and oxide clusters,
the results open new challenges for synthesis and subsequent surface science studies of
structure and reactivity of zeolite-like surfaces.
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CP 2

CO oxidation on ultra-thin iron oxide films grown on Pt(111)
Yingna Sun, Miko!aj Lewandowski, Irene Groot, Yulia Martynova,
Shamil Shaikhutdinov, and Hans-Joachim Freund
Recently, it has been demonstrated that a thin FeO(111) film grown on Pt(111) is active
for CO oxidation in the mbar pressure range at low temperatures, where Pt(111) itself is
essentially inert1. Furthermore, the rate enhancement was observed on Fe3O4(111)
supported Pt nanoparticles which underwent encapsulation by a thin iron oxide film as a
result of the strong metal-support interaction2.
In order to rationalize these effects, comprehensive both, experimental (STM, LEED,
AES, TPD) and theoretical (DFT) studies (by G. Pacchioni’s group at Milano) were
carried out. It is found that, at elevated oxygen pressures, the bilayer O-Fe film
transforms into a trilayer O-Fe-O film3. The reaction is computed to be site-specific
within the large Moiré unit cell ultimately resulting in the formation of close-packed
FeO2 islands rather than a continuous FeO2 film4.
The FeO films were further examined in the CO + NO reaction, for comparison. The
results showed that NO exposure at elevated pressures also transforms FeO into FeO2like film and even exhibits a lower activation barrier for this transformation than O2
does. However, the rate of the CO + NO reaction is almost negligible as compared to
CO + O2. The results suggested the following (Mars-van Krevelen type) mechanism,
where the step (iii) is the rate limiting.
(i)

O2 (NO) transforms the bi-layer FeO film into the tri-layer FeO2-x film;

(ii)

CO interacts with the outermost O layer, forming CO2 that desorbs and leaves
an oxygen vacancy;

(iii)

The O vacancies are replenished by O2 (NO) to restore the FeO2-x film.

Further experimental evidence for the M-vK type mechanism was provided by STM
using sequential O2 and CO exposures5.
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CP 3
Preparation and characterization of iron-molybdate thin films
John Uhlrich, Jani Sainioa, Shamil Shaikhutdinov, and Hans-Joachim Freund
Fe-Mo oxide catalysts are commercially used for large-scale production of
formaldehyde by the partial oxidation of methanol in an excess of oxygen (air). The
identity of the active site for the partial oxidation of methanol is still a topic of current
research1. For better understanding of the structure-reactivity relationships of these
catalysts we aim to prepare well-ordered iron-molybdate thin films as model catalysts.
We have studied Mo deposition onto Fe3O4(111) thin films grown on Pt(111) as a
function of Mo coverage and annealing temperature using LEED, AES, STM and
IRAS2. At low temperatures, the iron oxide film is covered by Mo=O terminated
molybdena nanoparticles. Upon oxidation at elevated temperatures (T> 900 K), Mo
species migrate into the film and form new bonds with oxygen in the film. The resulting
films maintain the crystal structure of Fe3O4, and the surface undergoes a (!3x!3)R30º
reconstruction.
STM results showed atomic resolution of the mixed oxide phase, with ordered tripod
species on the surface showing a periodicity of ~ 10 Å, consistent with the structure
observed by LEED. Five characteristic vibrational transitions were observed using
IRAS to serve as a chemical fingerprint of the surface species on the Fe-Mo mixed
oxide. A crystalline model is proposed, where Mo is substituted for Fe in the surface
layers and oxygen vacancies account for the periodicity observed by LEED and STM.
The structure is rationalized in terms of Fe substitution by Mo in the surface layers.
Certainly, additional experimental studies using photoelectron and x-ray absorption
spectroscopies as well as computational input from theory could provide crucial
information in refining the structure of iron molybdate films.
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CP 4

Preparation and investigation of a Mo/Ti
mixed oxide layer on TiO2(110)
Osman Karslioglu, Helmut Kuhlenbeck, and Hans-Joachim Freund
Molybdenum oxides mixed with other oxides are catalytically active for a number of
reactions. Industrially relevant examples are iron-molybdate and bismuth-molybdate
which are used for the partial oxidation of methanol to formaldehyde and for the
ammoxidation of propene to acrylonitrile, respectively. This study focuses on the
catalytic activity of oxidic molybdenum when it is hosted in/on a different oxide. It is
well known that the catalytic activity of an active material changes when its surrounding
is changed. This applies to changes of the support material as well as to changes of the
matrix for the case that the catalyst material is embedded in the crystalline matrix of
another material. Co-operative effects like spillover, the interaction with the
surrounding atoms and the chemical action of interface sites, may play a role in this
context. To investigate the co-operative effects we have initiated a project aiming at the
preparation of an ordered mixed Mo/Ti oxide layer, its characterization, and the
microscopic study of catalytic processes at its surface.
In order to minimize the lattice strain between film and substrate, TiO2(110) was
selected as substrate for the mixed oxide film which was prepared by co-deposition of
titanium and molybdenum in an oxygen atmosphere followed by a heat/oxygen
treatment. The film thickness was typically in the range of 35 Å. Electron spectroscopy
shows that the dominant oxidation state of the molybdenum atoms in the bulk of the
layer is 4+, which might be an indication that molybdenum atoms replace titanium
atoms within the layer, whereas at the surface the 6+ oxidation state is most abundant.
Annealing in oxygen at elevated temperature induces a Mo6+ accumulation at the
surface and a corresponding depletion of Mo within the layer. The LEED pattern of the
film is very similar to that TiO2(110), without any obvious influence of the molybdenum content. In order to explain this finding IV-LEED measurements were performed
which led to the conclusion that the surface layer probably does not contain molybdenum, and STM shows that the surface is covered with small clusters which probably
consist of MoO3 as concluded from XPS data. This is a clear indication that molybdenum and titanium oxide separate at the surface while a mixed oxide prevails in the
bulk. Methanol adsorption leads to a reversible change of the oxidation state of the
MoO3 clusters from 6+ to 4+. Presently vibrational and thermal desorption studies of
methanol and ethanol are performed. Results will be presented depending on the
outcome.
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Preparation and investigation of a V/Ti
mixed oxide layer on TiO2(110)
Elena Primorac, Helmut Kuhlenbeck, and Hans-Joachim Freund
Vanadium oxides are catalytically active for a number of reactions involving transfer of
oxygen. Industrially they are used for the production of sulphuric acid via oxidation of
SO2 to SO3. Also, the formation of maleic and phthalic anhydride is catalyzed by vanadium oxides, just to name some chemical applications. In a controversially discussed
publication1 Wachs showed that the catalytic activity of supported vanadium oxide
depends crucially on the support material. Generally speaking, the catalytic performance
of active centers will depend on their neighborhood due to spillover, electronic interactions, geometric issues, and the presence of new sites like interface sites. In order to
investigate this topic we have prepared and studied well ordered layers of a V/Ti mixed
oxide on a TiO2(110) substrate. TiO2(110) was chosen as substrate in order to minimize
the interface strain via optimization of the lattice fit.
During the first preparation attempts it turned out that the vanadium atoms diffuse
quickly into the TiO2(110) bulk at elevated temperatures. In order to prevent this we
introduced a Ta/Ti mixed oxide layer between the TiO2(110) substrate and the V/Ti
mixed oxide overlayer which blocks vanadium diffusion. The Ta/Ti and V/Ti layers are
both prepared by co-deposition of the respective materials in an oxygen ambient
followed by a post-deposition heat/oxygen treatment.
Using XPS it was shown that the vanadium atoms in the bulk are mainly in a 4+
oxidation state which can be transformed into 3+ by annealing at elevated temperature
while the Ti3+ concentration appeared to stay comparably low. The oxidation state of the
vanadium atoms in the surface region is dominated by 4+ and 5+. Annealing the sample
in oxygen leads to an accumulation of V5+ at the surface while the concentration of V
within the layer decreases.
According to LEED ordered mixed oxide structures form at the surface. (1x2) and (1x4)
superstructures as well as some not yet clearly resolved structures were observed.
Presently, methanol and ethanol adsorption studies are being performed. Ethanol TDS
spectra exhibit two ethylene desorption states which are probably related to reaction on
the mixed oxide surface and to reaction on V2O5 deposits at the surface, respectively.
However, only negligible acetaldehyde desorption is found. The investigations will go
on and details may be reported depending on the outcome.
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CP 6
FM-DFM studies of oxide surfaces, defects and adsorbates
– Atomic scale structure and electronic properties –
Georg H. Simon, Leonid Lichtenstein, Lars Heinke, Markus Heyde,
and Hans-Joachim Freund
Frequency modulation dynamic force microscopy (FM-DFM) is capable to resolve
complex surface structures and their defects on electrically conductive and insulating
materials. It achieves a surface sensitivity that may exceed that of scanning tunneling
microscopy (STM), especially when it comes to metal-supported thin films like the
ultrathin alumina on NiAl(110) studied in this work. Linear and planar defects are
prominent ingredients in crystalline materials and form networks therein. They deserve
attention as they substantially affect properties like diffusion, electrical conductivity,
dielectric breakdown, elastic behavior and phase transitions. Their intersections with the
surface may act as material sink or source through transport, but do also influence
growth and chemical reactivity which render them interesting for the fields of surface
chemistry and heterogeneous catalysis.
We present an extensive atomic resolution FM-DFM study of the ultrathin aluminum
oxide on a single crystalline NiAl(110) surface. Atomic resolution images of the unit
cell confirm in great detail the corrugation of an earlier scanning tunneling microscopy
based density functional theory model1-3. One-dimensional surface defects produced by
domain boundaries are shown. Images are presented for reflection domain boundaries,
four different types of antiphase domain boundaries, a nucleation-related translation
domain boundary as well as domain boundary junctions. New structures and aspects of
the boundaries and their network are revealed and merged into a comprehensive picture
of the defect arrangements. The alumina film is shown to cover the substrate completely
also at the boundaries and their junctions and to follow the structural building principles
found in its unit cell. This encompasses square and rectangular groups of surface
oxygen sites. Observed structural elements can be related to the electronic signature of
the boundaries and therefore to the electronic defects associated with the boundaries4-5.
This knowledge of existing surface structures opens up the opportunity to determine
adsorption sites of metal ad-atoms on the alumina film. Positions of single adsorbed
gold atoms within the unit cell have been determined6. This establishes the feasibility of
adsorption site determination for easily displaceable single ad-species with FM-DFM.
The gained structural knowledge can serve as a starting point to all detailed studies on
single adsorbates at the molecular and submolecular level on this oxide surface.
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Structure and growth of a silica sheet on Ru(0001)
Leonid Lichtenstein, Christin Büchner, Stefanie Stuckenholz, Gero Thielsch,
Markus Heyde, and Hans-Joachim Freund
Silicon dioxide (SiO2) plays a key role in modern technologies. Applications range from
insulating layers in electronic devices to supports for metal and oxide clusters in
catalysis. Therefore, the atomic scale structure and the properties of silica are of great
interest. In this study, we addressed the silica on Ru(0001) model system by simultaneously applying frequency modulated dynamic force microscopy (FM-DFM) also
known as non-contact atomic force microscopy (NC-AFM) and scanning tunneling
microscopy (STM).
We conducted a thorough investigation of the film growth up to double layer coverage.
First, a crystalline single layer of silica formed comparable to the silica film on
Mo(112)1. The second layer already started growing before the first was completed. In
the end, the Ru substrate was nearly completely covered by a double layer silica sheet,
consisting of cages of corner sharing SiO4-units.
Furthermore, we resolved the atomic structure of the film. High resolution FM-DFM
and STM showed a crystalline honeycomb-like structure in agreement with density
functional theory (DFT) calculations2. Surprisingly, we observed an amorphous network
of SiO4-tetrahedra for a certain preparation parameter set. We found silica polygons of
different size arranged in a fashion similar to Zachariasen’s famous continuous random
network3. A statistical evaluation of bond lengths, angles and the radial distribution
function is presented. The result is in good agreement with diffraction data on vitreous
silica4.
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Surface science approach to catalyst preparation
– Deposition of Pd onto Fe3O4(111) from the liquid phase –
Huifeng Wang, Rhys Dowler, William E. Kaden, Martin Sterrer,
and Hans-Joachim Freund
Catalyst preparation is considered as one of the most important steps in a catalyst´s
lifecycle. Most preparation procedures for supported metal catalysts involve contact of
the support material, often an oxide powder, with an aqueous solution of the metal of
interest. Only the proper adjustment of the relevant parameters during catalyst
preparation and activation (solution pH, nature of the precursor, concentration,
temperature) yields finally a highly active and stable catalyst. With the goal to optimize
catalyst preparation procedures and, at the end, to be able to design a perfect catalyst, a
growing number of research focuses nowadays on the molecular level understanding of
the important chemical processes during the initial stages of catalyst preparation, i.e.,
the interaction of the metal complex with the support. A high level of understanding of
metal-support interaction has been obtained in model studies on single-crystalline metal
oxide samples investigated under ultrahigh vacuum conditions using advanced surface
spectroscopic and microscopic techniques. This surface science approach omits,
however, the chemistry at the solid-liquid interface in a realistic catalyst preparation
procedure. A combination of surface science methodologies and realistic catalyst preparation procedures is therefore highly desirable, but has been implemented only by a few
research groups in the past.
Here, we take advantage of the ability to reproducibly grow under ultrahigh vacuum
conditions thin, single crystalline oxide films with well-defined surface morphology,
and use them as substrates for studying the deposition of metal complexes following
wet chemical procedures, and the transformation of the complexes into supported
nanoparticles by calcination and reduction. Scanning tunneling microscopy operated in
solution and in air, as well as typical UHV-based methods such as IRAS, TPD and XPS
allow for an in-depth morphological and spectroscopic characterization of the surface
state during the various stages of catalyst preparation. We will present results for Pd
deposition from PdCl2 solution onto the surface of 10 nm thin Fe3O4(111) films grown
on Pt(111). The nature of Pd species and the morphology of the resulting nanoparticles
were studied as a function of solution pH, deposition time, precursor salt concentration
and calcination temperature. Furthermore, the effect of different reducing agents (H2
and CO) was investigated.
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Metal nucleation on hydroxylated oxide surfaces
Yuichi Fujimori, Franziska Ringleb, Matthew A. Brown, Martin Sterrer,
and Hans-Joachim Freund
Hydroxyl groups on oxide surfaces are of paramount importance in surface chemistry
and interface phenomena. As reactive surface functional groups, hydroxyls determine
the acid-base chemistry and catalysis of oxide materials. They are directly involved in
the early stages of catalyst preparation as surface ligands for anchoring metal
complexes, and have been suggested to actively participate in many catalytic reactions
over oxide-supported metal particles (e.g., in CO oxidation over oxide-supported Au
particles). Moreover, hydroxyl groups, among other parameters such as surface
termination and surface defects, modify the electronic and chemical interaction at
metal/oxide interfaces. Clearly, understanding the macroscopic properties related to
hydroxyls on oxide surfaces requires knowledge of their properties and their
interactions with atoms and molecules at a fundamental level.
Here, we present detailed experimental investigations of the interaction of metals with
single-crystalline oxide surfaces that have been hydroxylated under realistic pressure
conditions, i.e., at mbar pressures of water vapor. Infrared spectroscopy and X-ray photoelectron spectroscopy were applied to gain information about the initial interaction of
metal atoms with surface hydroxyls and to study the sinter behavior of the particles
upon annealing. As a first example, we present results for Au and Pd nucleated on
hydroxylated MgO(001)/Ag(001) films with a nominal hydroxyl coverage of 0.4 monolayers. Both metals interact strongly with hydroxyl groups leading to small, oxidized
metal particles. While Au interacts only with specific surface hydroxyl groups located at
MgO(001) step edges, Pd shows no site preference and consumes all surface hydroxyls.
For both metals, thermal sintering could be shown to be reduced on the hydroxylated
MgO(001) surface as compared to clean MgO(001).
As a second example, we have studied the interaction of Au with FeO(111)/Pt(111).
FeO(111) is chemically rather inert and does not hydroxylate, even at high (10 mbar)
water partial pressure. However, we show that coadsorption of water (1 mbar) with
oxygen (100 mbar) leads to a strongly hydroxylated surface. The enhanced hydroxylation activity is due to the transformation of the inert (Pt-)Fe-O bilayer into a highly
reactive (Pt-)O-Fe-O trilayer in the presence of high oxygen partial pressure, which
finally yields (Pt-)O-Fe-OH. Different to hydroxylated MgO(001), the (Pt-)O-Fe-OH
surface shows no specific interaction with Au.
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Film thickness-dependent properties of MgO(001) films
Matthew A. Brown, Franziska. Ringleb, Yuichi Fujimori, Gloria Preda,
Gianfranco Pacchioni, Connie J. Nelin, Paul S. Bagus, Martin Sterrer,
and Hans-Joachim Freund
Thin oxide films supported by metal single crystals have attracted a lot of attention in
recent years, not only as support for active metal nanoparticles in model catalyst
systems, but also as catalytic material itself. It has been shown, for example, that a
monolayer FeO supported by Pt(111) exhibits superior catalytic activity in CO
oxidation, exceeding that of clean Pt(111) by almost an order of magnitude.1 Furthermore, studies on thin MgO(001) films supported either by Ag(001) or Mo(001) revealed
charge transfer to adsorbed Au atoms or O2 molecules in the limit of ultrathin films.2,3
Theoretical investigations suggested that the structural flexibility (or polaronic
distortion) is one of the reasons that lead to the unusual behavior of thin, supported
oxide films. The structural flexibility is intimately connected to the phonon structure of
the material. In order to investigate the differences in the phonon structure of ultimately
thin, supported oxide films and bulk oxide materials, we investigated the vibrational
broadening of X-ray photoelectron peaks of Ag(001)-supported MgO thin films of
various thickness. Experimentally, an increase of the width of the Mg 2p peak was
observed for increasing MgO film thickness, showing a linear trend up to a thickness of
10 ML, and a constant width for thicker films. A new conceptual theoretical approach,
which is based on calculations using an embedded cluster approach and Hartree-Fock
wavefunctions, and which allows to relate the changes in vibrational (or FranckCondon) broadening to changes in the chemical bonding, was used to analyze the origin
of the experimentally observed different Mg 2p line widths. The results show that the
decrease in the Mg 2p line width in the limit of thin films is connected with the bonding
of O with the Ag substrate, which leads to changes in the Mg-O spacing and in the
harmonic vibrational frequency of the Mg-O breathing mode.4
As a second example of the influence of MgO film thickness on the surface properties,
we present new results for Au nucleation and sintering. Infrared and X-ray photoelectron spectroscopy, together with density functional calculations, were used to study
the initial nucleation of Au on MgO films revealing the presence of defects that give
rise to positively charged gold species.5
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Stabilizing gold adatoms by thiophenyl derivates:
A possible route towards metal redispersion
Yi Pan, Bing Yang, Niklas Nilius, Hans-Joachim Freund,
Sergio Tosonia, and Joachim Sauera
The performance of supported metal catalysts is directly connected to the dispersion of
the active metal species on the oxide surface, as smaller particles are usually more
active than larger ones. At the temperature and pressure conditions of catalyst operation,
the particle-size distribution is however affected by ripening and sintering processes. To
avoid gradual deactivation and keep the catalyst functional, the initially high dispersion
of the metal species needs thus to be recovered at a certain point. In this study, we have
explored molecular routes to alter the particle-size distribution on an oxide surface.
A number of different thiophenyl ethers have been synthesized in order to explore their
capability to attack Au-Au bonds in small aggregates and to stabilize single Au atoms
on the surface. The ligand affinity towards Au is governed by sulfur centers
incorporated into the molecular body as well as by the p-electronic system of the aryl
groups. After dosing such ligands onto an Au(111) surface, a large variety of metalorganic complexes has been identified with scanning tunneling microscopy and
spectroscopy. Accompanying DFT calculations provided structure models for the
observed ad-features. As expected, the ligand molecules may coordinate single adatoms
from the Au(111) lattice gas, incorporating them into various adsorption complexes.
Depending on the type of molecule and the experimental conditions, a single ligand is
hereby able to stabilize up to six Au atoms. The trapping ability was found to be
connected to the number of S-centers in the ligand and the structural flexibility of the
molecular frame.
Similar complexation reactions have been detected on alumina thin films covered with
Au nano-particles, where the mobile adatoms are provided by diffusion processes
between the deposits. Furthermore, the ligands were brought into contact with wellcharacterized particle-ensembles at elevated temperature and pressure conditions.
However, no significant changes could be revealed in the size distribution before and
after interaction, suggesting that non-UHV compatible conditions need to be applied to
stimulate redisperison of the Au particles.
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Doping of oxide materials:
A means to tailor their physical and chemical properties
Fernando Stavale, Xiang Shao, Leandro Pascua, Niklas Nilius,
and Hans-Joachim Freund
The possibility to dope semiconductors and fabricate microelectronic devices has
revolutionized the information technology. The same methodology is by far less
advanced concerning oxide doping, although the economical impact would be equally
large. The possibility to design oxide materials with distinct physical and chemical
properties is essential for various fields, such as magnetic and electronic device fabrication, sensor technology, heterogeneous catalysis and renewable energies. In contrast to
semiconductors, oxide doping does not only aim at controlling charge-carrier concentrations, but is also a means to alter the structural properties (e.g. defect-formation
energies), the adsorption strength and the electronic/optical behavior of the material.
We present examples of crystalline oxide films doped with varying concentrations of
transition-metal ions, and discuss the impact of the dopants on properties of the host
oxides. Mo-doped CaO films of 5-60 ML thickness exhibit a set of discrete gap-states in
STM conductance spectra, being assigned to the Mo d-levels. According to DFT
calculations, the Mo impurities retain a 2+ charge state in the rocksalt environment,
which implies the existence of filled d-orbitals at relatively high energy. The
corresponding electrons are easily transferred into suitable ad-species, which renders the
dopants good electron-donors. Indeed, gold deposition onto doped CaO films gives rise
to the formation of 2D metal islands, a growth behavior that is compatible with a charge
transfer into the incoming Au atoms. Negatively-charged gold is known to exhibit
strong electrostatic and polaronic interactions with ionic oxides and therefore adopts the
2D growth mode even on inert oxide surfaces. In contrast, the common 3D growth
regime is revealed for gold on pristine CaO films or films doped with undervalent Li
ions.
Photon emission spectroscopy with the STM is used as alternative technique to
determine the energy position of defect states induced by different dopants. In these
experiments, electrons are injected from the STM tip into the oxide surface in order to
excite optical transitions between the gap states. For Cr-doped MgO, several sharp
emission lines are detected at around !700 nm, the position of which contains
information on the local environment and charge state of the Cr ions. For Eu-doped
oxides, the spectral intensity shifts to 600 nm, indicating a larger splitting of the Ce flevels. We demonstrate that the optical response of the impurity ions is not only
sensitive to their configuration inside the host lattice, but provides insight into
adsorption processes on the oxide surface.
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Defects in transition and rare-earth metal oxides
investigated with STM and DFT
Xiang Shao, Jan-Frederik Jerratsch, Niklas Nilius, Hans-Joachim Freund,
Cristina Popaa, M. Veronica Ganduglia-Pirovanoa, and Joachim Sauera
The properties of oxide materials are largely governed by the presence of defects in
their surface, with oxygen vacancies playing the most important role. On highly
reducible oxides, such vacancies are easily formed and annihilated, which is an effective
means to balance the oxygen supply in a chemical reaction. Also on more inert oxides,
defects influence the chemical properties, as they control the adsorption and nucleation
behaviour of the surface. A detailed characterization of defects is therefore a basic
requirement for elucidating the physical and chemical properties of an oxide material.
In this study, we employ a combination of scanning tunneling microscopy and density
functional theory to gain atomic-scale insight into the nature of oxide defects.
V2O3(0001) and CeO2(111) films are used as model systems for reducible transition and
rare-earth metal oxides. In both materials, the surface defects are characterized first
from a structural and electronic point of view. For CeO2, we present a technique that
enables us to probe the localization of excess electrons that remain in the surface upon
oxygen removal. We unambiguously demonstrate that those electrons do not necessarily
occupy Ce sites that are in next-neighbour positions of the vacancy. On the vanadylterminated V2O3 (0001) surface, we explore the adsorption behavior of single Au atoms
in order to analyze the interaction of adsorbates with well-characterized surface defects.
In contrast to the common perception, Au atoms show a small affinity to bind to
vanadyl (V=O) defects in the oxide surface and preferentially attach to regular V=O
bridge sites. Only on O vacancies, where the vanadium ion remains in the surface, a
strong binding is revealed for the Au species. Both studies demonstrate how theoretical
and experimental methods can be combined to elucidate the complex and sometimes
unexpected behavior of oxide defects.
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Characterization of Fe3O4(111)/Pt(111) thin film as a support for
catalytically active Pt nanoparticles
Alessandro Sala, Thomas Schmidt, and Hans-Joachim Freund
Iron oxides are transition-metal compounds with a wide range of technical application;
in particular, Fe3O4 (magnetite) is widely used in the field of heterogeneous catalysis,
both as a catalyst and as a support for catalytically active systems1. This system shows
interesting functional properties connected to surface structures, e.g. a strong
dependence of the surface termination on the experimental conditions2 (single crystal
vs. thin film, different oxidation temperatures and pressures) or the encapsulation of Pt
nanoparticles as a result of a strong metal-support interaction3. Our aim is a
characterization of the Fe3O4(111) thin film growth on a Pt(111) substrate by using the
unique SMART instrument. This Low Energy and Photo-Emitted Electron Microscope
is specially design to obtain space-resolved information about e.g. morphology, chemical distribution and structural properties, and to perform spectroscopy and diffraction
from small object areas. The demonstrated lateral resolution of 2.6 nm and the possibility to record images in video-rate allow us to study in great detail the formation of the
thin film with different preparation conditions and the deposition and surface properties
of metal nanoparticles.
The formation of the Fe3O4(111) film has been observed in situ and in real-time by
microscopy and LEED, with preparation conditions that differs respect to the established recipe4. It has been revealed that an oxidation temperature of 1000 K leads the
dewetting of the magnetite film and the formation of FeO domains upon the step
bunches of the Pt(111) surface. A new recipe has been tested for the formation of the
thin film: by using a closed magnetite film formed with the canonical recipe as a
template, the deposition of Fe at high temperature (above 850 K) and in an O2 atmosphere allows the formation of a more flat and regular thin film, that shows also
particular surface structures. By changing in real-time the deposition and oxidation
conditions, the film shows different surface structures and reconstructions, detected both
in LEEM and LEED. The characterization of these surface phases is presented.
Furthermore, preliminary results about the deposition of Pt nanoparticles on the magnetite thin film are shown, with a particular focus on the role of the temperature during
the deposition, the stability of the nanoparticles, and the surface and electronic properties of this metal-oxide system.
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SMART-II: Development of a new electrostatic OMEGA filter
Francesca Genuzio, Giuseppe Rombolà, Helder Marchetto, Thomas Schmidt,
and Hans-Joachim Freund
The SMART (Spectro-Microscope with Aberration correction for many Relevant
Techniques), built up within a collaboration1 with the University Würzburg, combines
electron spectroscopy with electron microscopy at high lateral and energy resolution to
obtain spatially resolved information about the morphology, chemical distribution, work
function and structural properties on nanometer scale. The basic instrument is a Low
Energy Electron Microscope (LEEM) and Photo-Emission Electron Microscope
(PEEM) equipped with an imaging energy analyzer and an aberration corrector, compensating simultaneously for both the spherical and the chromatic aberrations. This
leads to an outstanding lateral resolution of 2.6 nm2 which is twice as good as for an
uncompensated LEEM/PEEM. Currently we are setting up a new instrument, called
SMART-II, funded by the General Administration of the Max Planck Society. The aim
of the new instrument is a routine operation with easy handling at a high lateral
resolution better than 2 nm in LEEM and 5 nm in PEEM. The principle of the optical
design is identical to that of the SMART-I, but the magnetic !-filter will be replaced by
an electrostatic analogous instrument which allows to float the analyzer potential on the
sample potential, leading to much higher electronic stability and therefore improved
lateral and energy resolution.
The four sectors of the new !-filter are double focusing 80° deflectors, the shape of
which has been optimized to be toroidal instead of the “classical” spherical shape – in
order to avoid astigmatic imaging. Furthermore, the distance and relative position
between the sectors have been determined. The residual geometric and chromatic
aberrations up to the third order could be simulated for the entire system. This is
important for the design of the mulipole correctors to compensate for the leading
aberrations and to estimate the final energy resolution (better than 0.1 eV) and lateral
resolution. Furthermore, the adaptive optics at the entrance and the exit of the filter have
been developed and optimized. The retarding and acceleration lens systems enable (i)
the correct transfer of the surface image plane and the back focal plane into specific
planes of the filter, (ii) retarding of the electron beam from 20.000 eV down to the
analyzer pass energy of 1000 eV and the following acceleration back to 20.000 eV and
(iii) adjusting the proper beam size and angular spread in front of the analyzer to reduce
the effect of the unavoidable aberrations.
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Heats of adsorption and surface reaction for carbon monoxide and
oxygen on Pd nanoparticles by single crystal adsorption
microcalorimetry
José M. Flores-Camacho, Jan-Henrik Fischer-Wolfarth, Matthias Peter,
Serguei Adamovski, Charles T. Campbella, Swetlana Schauermann, and
Hans-Joachim Freund
Establishing the correlation between the energetics of adsorbate-surface interaction and
the structural properties of a catalyst is an important fundamental issue and an essential
prerequisite for understanding the realistic catalytic processes. We apply a newly
developed microcalorimetry setup1 to determine the adsorption heats of carbon monoxide and oxygen on Pd nanoparticles supported on a well-defined Fe3O4/Pt(111) film.
Particularly, we systematically vary the Pd cluster size in the range of ~ 100 to 5000 Pd
atoms to address the energetics of CO and O interaction with the nanoparticles of
different dimensions. As a reference for interaction with an extended surface, the adsorption heats are also determined on Pd(111).
A substantial decrease of the binding energy of CO was found with decreasing particle
size1. Initial heat of adsorption obtained on the virtually adsorbate-free surface was
observed to be reduced by about 20-40 kJ·mol-1 on the smallest 1.8 nm sized Pd
particles as compared to the larger Pd clusters and the extended Pd(111) single crystal
surface. Two phenomena were suggested to contribute to the observed reduction of CO
binding strength on the small nanoparticles: (i) reduction of van der Waals attraction
due to the reduced polarizability of the small particles and (ii) weakening of chemisorptive interaction due to the contraction of the lattice parameter of the Pd cluster. The
CO adsorption kinetics indicates a strong enhancement of the adsorbate flux onto the
metal particles due to a “capture zone” effect, which involves trapping of adsorbates on
the support and diffusion to metal clusters2. The CO adsorption rate was found to be
enhanced by a factor ~8 for the smallest 1.8-nm sized particles and by ~1.4 for the
particles of 7-8 nm size.
A similar trend was also experimentally observed for dissociative oxygen adsorption on
Pd nanoparticles that was investigated in the same particles size range. Decreasing
particles size was found to result in lowering the adsorption heat from 400 kJ/mol for 8nm particles to ~ 350 kJ/mol for 2-3 nm particles (related to a single O atom). Finally,
we present first results on the reaction enthalpies of CO oxidation investigated as a
function of Pd particle size.
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Role of subsurface hydrogen diffusion in hydrocarbon conversions on
supported model catalysts
Wiebke Ludwig, Aditya Savara, Karl-Heinz Dostert, Robert J. Madixa,
Swetlana Schauermann, and Hans-Joachim Freund
Hydrogenation of unsaturated hydrocarbon compounds catalyzed by transition metals is
traditionally believed to be a structure-insensitive reaction. However, recent progress in
understanding the microscopic details of this process challenges the universality of this
common belief. In this study, we present results on hydrogenation of cis-2-butene over
Pd model nanoparticles supported on Fe3O4/Pt(111) oxide film and over Pd(111) single
crystal. By combination of pulsed molecular beam techniques and hydrogen depth
profiling by nuclear reaction analysis (in collaboration with M. Wilde and K. Fukutani)
we obtained the direct experimental evidence that hydrogenation activity of Pd nanoparticles crucially depends on the presence of hydrogen species absorbed in the subsurface region of a metal catalyst1 and therefore can be governed by permeability of the
metal surface for hydrogen. Since subsurface hydrogen diffusion is known to be a
structure-sensitive process on Pd surfaces, the degree of coordination of the surface Pd
atoms can play an important role in determining the formation rate of subsurface
hydrogen species, and therefore may be decisive for the hydrogenation activity. In line
with this hypothesis, we demonstrate that low-coordinated surface sites on Pd particles,
such as edges and corners, play a crucial role in hydrogenation of olefins. We ascribe
their role to determining how fast adsorbed hydrogen atoms diffuse into the subsurface
region of Pd nanoparticles in order to build up and maintain a sufficiently high
concentration of subsurface hydrogen species2. This experimental result was found to be
in excellent agreement with theoretical calculations3 that demonstrate conceptual
importance of atomic flexibility of sites near particle edges in subsurface hydrogen
diffusion on Pd.
Complementary, we address the kinetics of hydrogen diffusion into subsurface by
performing H2+D2 ! HD exchange reaction on Pd nanoparticles and on Pd(111) in the
temperature regime, where this reaction is limited by the formation rate of subsurface
H(D) species. We provide the direct experimental proof that – in line with the
theoretical predictions – the low-coordinated surface sites on Pd particles play a crucial
role in the diffusion process, and that their selective modification with carbon results in
marked facilitation of subsurface hydrogen diffusion.
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Time- and quantum-state-resolved studies of photodesorption from
plasmon-active silver nanoparticles supported on thin alumina films
Daniel Mulugeta, Ki Hyun Kim,
Kazuo Watanabea, Dietrich Menzelb, and Hans-Joachim Freund
Metal nanoparticles offer unique playgrounds for surface photochemistry as they allow
to tune both optical and photocatalytic properties by controlling the size and morphology.1 To gain deeper insight into mechanisms of plasmon enhancement and confinement effects of particulate metal surfaces, we focused on photodesorption of NO adsorbed on size-controlled silver nanoparticles (Ag NPs) deposited on thin alumina films
on a NiAl(110) substrate2 by employing femtosecond time-resolved measurement and
quantum-state-resolved detection techniques.
Photodesorption cross sections (PCS) of NO dimers formed at 75 K on 8-nm Ag NPs
induced by femtosecond laser pulses (~100 fs, 3.1 eV, p-polarized) were found two
orders of magnitude larger than those measured with nanosecond laser pulses (~5 ns,
3.5 eV, p-polarized). Strong fluence dependence of PCS was observed for the former
case. On the other hand, such enhancement and fluence dependence were absent for
Ag(111). The conventional nonlinear photodesorption mechanisms, such as DIMET
(desorption induced by multiple electronic transitions) and electronic friction, are likely
inapplicable, as indicated by constant translational energy of photodesorbed NO and
two-pulse correlation results as short as the source laser pulse width. Therefore we
propose a nanoparticle-specific nonlinear enhancement mechanism due to continuous
excitation of hot electrons confined in the Ag NPs within the laser pulse duration3.
The energy distributions over all degrees of freedom of NO photodesorbed by nanosecond laser pulses from Ag NPs (mean diameters, 4, 8, 11 nm) were measured by resonance-enhanced multiphoton ionization (REMPI)4. The translational and internal energy
distributions of NO molecules photodesorbed by 2.3, 3.5, and in part also by 4.7 eV
light are approximately constant as a function of Ag NPs sizes, and they are the same on
Ag(111). The translational and rotational excitations are positively correlated, whereas
the vibrational excitation was decoupled. Notably, the photodesorption mechanism
appears unchanged even for plasmon excitation at 3.5 eV in p-polarization with its
strongly enhanced PCS. For the smallest particles, an additional desorption channel with
higher translational and vibrational energies was confirmed to be opened at 4.7 eV,
which had been suggested earlier2 to occur via a transient positive ion.
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Quantitative surface structure determination using scanned-energy
mode photoelectron diffraction
Dagmar Kreikemeyer-Lorenzo, Werner Unterberger, D. Philip Woodruffa
Tsenolo J. Lerotholib, and David A. Duncanb
Scanned-energy mode photoelectron diffraction (PhD) is a novel synchrotron-radiationbased method to determine quantitatively the local structure at surfaces in an elementspecific and chemical-state-specific fashion. The focus of the FHI-based component of
this collaborative programme is on transition metal oxide surfaces, and particularly
TiO2(110) and ultra-thin films of V2O3 on Au(111), although we have also been
applying the technique to the surface chemistry of methanol oxidation over Cu surfaces,
stemming from ‘high pressure’ PhD exploration with the AC Department.
As part of our continuing attempts to understand the structure of the V2O3(0001)
surface, we have performed a PhD study of vanadyl phthalocyanine on Au(111) which
has confirmed our interpretation of the PhD spectrum from the vanadyl V=O species1.
This encouraged us to perform medium energy ion scattering studies in the UK which
have led to the conclusion that V2O3(0001) is actually oxygen-terminated with a reconstruction (predicted by DFT) that leads to a VO2 surface trilayer2, a result that can be
reconciled with our earlier PhD study of the hydroxylated surface.
On the TiO2(110) surface we have completed a PhD investigation of the hydroxylated
surface with a theoretical collaboration with the HU group of the Sauer group of the
Humboldt University within Sfb546, and this has now been submitted for publication.
While our ‘high-pressure PhD’ experiments to study the methanol oxidation reaction
over Cu(110) proved inconclusive, separate UHV studies of the formate and methoxy
intermediates associated with this reaction have proved extremely fruitful. In particular,
a detailed understanding of the structure of the methoxy intermediate on Cu(110) has
cast light on the reaction3, while comparison of the difference in chemisorption bondlengths of the formate species adsorbed in identical local sites on Cu(110) and Cu(111)
provides new insights into the nature of such molecule-surface bonds4.
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Defects on thin MgO(001) films
Anastasia Gonchar, Thomas Risse, and Hans-Joachim Freund
The characterization of defects plays an important role in understanding the chemical
properties of surfaces. Among the large variety of surface defects, point defects are
particularly interesting for oxide surfaces resulting in strong local perturbations of the
surface properties. While the importance of point defects is widely acknowledged their
atomistic characterization is still challenging. This poster reports the recent efforts to
characterize paramagnetic point defects on thin MgO(001) films. In addition, paramagnetic centers associated with the intrinsic properties of the thin MgO(001) films will
be discussed.
As shown recently, paramagnetic surface color centers can be produced not only by
electron bombardment but also by subsequent deposition of Mg metal atoms. EPR
results show that in addition to these two routes the adsorption of small amounts of H
atoms created by thermal cracking of H2 on thin MgO(001)/Mo(001) films produces
new paramagnetic species, too. Interestingly, the nature of the paramagnetic centers
depends on the preparation conditions of the MgO films. Films, which exhibit line
defects to accommodate the lattice mismatch, show both surface as well as bulk defects
while preparations lacking line defects show only paramagnetic surface sites. In
combination with STM results it is possible to assign the bulk centers observed by EPR
with electrons trapped in the dislocation lines of the MgO film. Based on the dosage
dependence of H atoms one can conclude that the electron traps can accommodate more
than one electron in line with theoretical calculations.
Ultrathin supported oxide films can alter the properties of adsorbates considerably due
to a charge transfer from the metal substrate to the adsorbate. For oxidation reaction, the
activation of molecular oxygen is particularly important and was found to be crucial for
the understanding of the reactivity of thin FeO films. Here, we present EPR results
showing the formation of O2--centers upon adsorption of molecular oxygen on thin
MgO films as proposed theoretically1. These centers are oriented flat on the surface with
the long axis oriented along [110] equivalent directions, which is in perfect agreement
with the theoretical expectations. A comparison with calculations show that the z-component of the g-matrix is significantly reduced as compared to expectations for these
centers on MgO(001) terrace sites. This is associated to the polaronic distortion of the
MgO lattice in the thin film and is the first experimental evidence for the presence of
this effect.
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Nicolas Vanhaecke, Henrik Haak, and Gerard Meijer
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The FHI IR-FEL project – status and perspectives
Wieland Schöllkopf, Sandy Gewinner, Wolfgang Erlebach, Heinz Junkes,
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MP 1
Deep-freezing mass/charge selected biomolecular ions
in liquid helium droplets
Frank Filsinger, Frauke Bierau, Peter Kupser, Gerard Meijer, and Gert von Helden
Liquid helium droplets are ideal nano-cryostats for the investigation of molecules1. The
conditions inside a helium droplet are isothermal at 0.38 K and, as helium droplets are
superfluid, the interaction between the helium matrix and the molecules is weak,
causing only small perturbations on the molecule. Furthermore, helium itself is
transparent over a wide spectral range from the far IR to the deep UV. Because of these
unique properties, liquid helium droplets have been used as matrices in many
spectroscopic experiments. In most of these experiments, a beam of helium droplets
traverses a gas cell in which molecules are picked up by the droplets. A requirement for
this doping method is that the molecule to be investigated has a sufficient vapor
pressure. Thus, this approach does not work for most biomolecules, as these cannot be
thermally evaporated.
To overcome this problem we developed a new setup to dope helium droplets with
mass/charge selected biomolecular ions. In this approach, the molecules are brought
into the gas phase via electrospray ionization, selected according to their mass/charge
ratio using a mass spectrometer and then stored in a linear hexapole ion trap. Helium
droplets that traverse the trap can pick up ions and since the kinetic energy of the
droplets is much larger than the longitudinal trapping potential, these doped droplets
escape the trap. Further downstream, the charged droplets can be investigated and
detected.
This scheme has shown to be very efficient and in first experiments we succeeded in
doping the droplets with species as large as Cytochrome C, a protein containing more
than 100 amino acids2. While in these initial experiments very large He droplets (composed of 1010-1012 atoms) were observed, a new He droplet source enables us now to
embed amino acids, peptides, and even proteins in much smaller droplets consisting of
104 to 106 He atoms. The droplet size distributions depend on source conditions as well
as the on the dopant molecule and can be measured by accelerating the doped droplets
in an electric field. The embedded ion can be exposed to laser radiation and upon
absorption of a photon the ion can be ejected from the droplet, which is then detected
using a mass spectrometer. Tuning the excitation wavelength while monitoring the
ejection yield thus gives the optical spectrum of the ultracold dopant molecule. First
results on the UV spectroscopy of iron-porphyrin complexes will be presented.
In the near future, a wide variety of experiments will become possible. Key in those
experiments will be the FHI free electron laser, which will be used to measure IR
spectra as well as to induce and/or monitor dynamical processes of dopants.
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MP 2
A state-of-the-art ion mobility spectrometer
Stephan Warnke, Kevin Pagel, Gerard Meijer, and Gert von Helden
A key technique to investigate biomolecules in the gas phase is mass spectrometry (MS)
and many methods are available to obtain mass/charge ratios with very high accuracy.
When combined with dissociation experiments, often the atomic composition and primary structure (atomic connectivity) of the biomolecule can be deduced. However, with
MS methods alone, only little information on the higher order structure is obtained even though their knowledge is crucial for the understanding of intra- and intermolecular interactions as well as the functionality of the molecule. Two techniques that are
sensitive to higher order structures of gas-phase molecules are ion mobility spectrometry (IMS) and infrared (IR) spectroscopy, both of which can be combined with
mass spectrometry.
In IMS, the time that ions need to traverse an inert gas under the influence of a weak
electric field is measured. This drift time depends on the electric field, the neutral gas
temperature, the density and the ion-gas interaction. At low field conditions, IMS
measurements yield the absolute (angle averaged) collision cross-section (CCS) and,
thus, the effective size of the ion. This value can be compared to predictions from
theory. Additionally, when ions coexist in different conformations, they can be
separated in space and time to allow for experiments on both mass/charge as well as
(geometrical) shape/charge selected ions.
We recently started with the construction of a high resolution ion mobility spectrometer
for the analysis and separation of biomolecules. It consists of a nano electrospray source
in which small amounts of a sample molecule can be ionized efficiently. After ionization, the molecules are transferred into a low pressure region where they are accumulated in a ring electrode ion guide/ion trap and released into a drift region as pulses.
This drift region, filled with helium at a pressure of up to 50 mbar, is composed of
conductive glass tubes that ensure a constant electric field along the drift path. The
length is variable and presently given by four 200 mm long glass tubes. At the end of
the drift region, the ions are collected in a radio frequency driven ion funnel and transferred via several differential pumping stages to high vacuum where mass/charge
selection and detection occurs.
First results on peptides, proteins and their aggregates are presented. In the near future,
the instrument will furthermore be coupled to spectroscopy experiments utilizing the
FHI free electron laser to allow for IR spectroscopy on mass/charge and shape/charge
selected biomolecular ions.

MP 3
Vibrational spectroscopy and surface chemistry of platinum clusters
Dan J. Harding, Christian Kerpal, David M. Raynera, John Bowlan,
Gerard Meijer, and André Fielicke
Transition metal clusters are frequently used as model systems for low coordinated sites
of extended surfaces, and their study can provide valuable insights into the mechanisms
of heterogeneous catalytic reactions. In many cases, however, there is still a lack of
information on their structures and thus the relationship between structure and chemical
behavior. Vibrational spectroscopy of gas-phase clusters can provide insights into the
clusters’ structure and the behavior of adsorbed species.
In these studies, clusters are investigated size-selectively using IR multiple photon
dissociation spectroscopy. As this requires an intense and tunable (far-) IR source, the
experiments are performed with the Free Electron Laser for Infrared eXperiments
(FELIX) at the FOM Institute for Plasmaphysics in Nieuwegein, The Netherlands. The
wide tunability of this light source allows accessing the characteristic vibrational modes
of cluster-bound ligands in the mid-IR as well as the internal vibrational modes of metal
clusters in the far-IR.
In the last years we have focussed on the investigation of clusters of the platinum group
metals1-3, which are amongst the most widely used heterogeneous catalyst materials.
Most recently, in an attempt to systematically investigate the structure-reactivity relationships, we have studied the structures of bare platinum clusters and their complexes
with methane, finding the bare clusters to have compact, close-packed structures.
Methane molecules are highly activated and adsorb in an !2 binding mode, in contrast
to extended platinum surfaces. To further explore the species relevant in C–H activation
reactions, we have investigated platinum cluster complexes with carbon and hydrogen.
Carbon atoms have a particularly large influence on the underlying metal geometry for
platinum clusters, even compared to other transition metal/carbon systems4, with the
carbon atom preferring to be near the centre of the cluster.

References
1. D.J. Harding, T.R. Walsh, S.M. Hamilton, W.S. Hopkins, S.R. Mackenzie, P.
Gruene, M. Haertelt, G. Meijer, and A. Fielicke, J. Chem. Phys. 132, 011101 (2010).
2. C. Kerpal, D.J. Harding, G. Meijer, and A. Fielicke, Eur. Phys. J. D 63, 231 (2011).
3. S.M. Hamilton, W.S. Hopkins, D.J. Harding, T.R. Walsh, P. Gruene, M. Haertelt, A.
Fielicke, G. Meijer, and S.R. Mackenzie, J. Am. Chem. Soc. 132, 1448 (2010).
4. M. Haertelt, V.J.F. Lapoutre, J.M. Bakker, B. Redlich, D.J. Harding, A. Fielicke, and
G. Meijer, J. Phys. Chem. Lett. 2, 1720 (2011).
a

Steacie Institute for Molecular Sciences, NRC of Canada, Ottawa

MP 4
IR-UV two-color ionization spectroscopy of strongly bound
neutral clusters
Marko Haertelt, Dan J. Harding, Jonathan T. Lyon, Alex Woodham,
Gerard Meijer, and André Fielicke
Size-specific vibrational spectra of clusters are frequently obtained using IR photodissociation, applying a weakly bound spectator, often a rare gas atom. Although this
messenger technique has been recently applied very successfully for obtaining infrared
spectra of various gas-phase clusters, it has the inherent disadvantage of possible
perturbations of the cluster. When different cluster isomers are present, interaction with
the messenger may even alter their relative energetic order. In addition, forming a
complex with a weakly bound messenger often becomes difficult for neutral species.
Here we apply a two-color ionization scheme that relies on the absorption of a single or
few IR photons prior to interaction with a vacuum-UV photon to lift the total internal
energy of the species above the ionization threshold. The direct photoionization
generally prevails over the slower statistical fragmentation processes. The resulting ions
can be sensitively detected by means of mass spectrometry. By scanning the energy of
the IR photons, the ionization efficiency changes and the variation of ion intensity
reflects the IR absorption spectrum of the corresponding neutral species. This allowed
the recording of the infrared absorption spectra of Si6, Si7, and Si10. Structural
assignments were made by comparison with calculated linear absorption spectra from
quantum chemical theory1. The same technique was used to study the effects of doping
the silicon clusters by single oxygen, carbon, or even transition metal atoms#.
Complementing our earlier studies on cationic MgO clusters2, IR-UV two-color
excitation can provide IR spectra also for the neutral MgO clusters. These spectra are
compared to the calculated spectra of the global minimum structures predicted by a
hybrid ab initio genetic algorithm*. The comparison shows clear evidence that clusters
of the composition (MgO)3k (k=1–5) form hexagonal tubes, which confirms previous
theoretical predictions. For the intermediate sizes (n!3k) cage-like structures containing
hexagonal (MgO)3 rings are identified. Except for the cubic (MgO)4, no evidence for
bulk-like structures is found.
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MP 5
Gas-phase infrared spectroscopy of transition metal oxide clusters
Torsten Wende, Ling Jianga, Claudia Brieger, Gerard Meijer, and Knut R. Asmis
Due to their structural variability and redox activity, transition metal oxides are widely
used in heterogeneous catalysis. However, in many supported catalysts, neither the size
and distribution of the active particles on the support surface nor their structure is
sufficiently known. Therefore, it proves helpful to study the size-dependent properties
of such particles under well-controlled conditions in the gas phase. As part of the DFG
Collaborative Research Center 546 “Structure, Reactivity, and Dynamics of Transition
Metal Oxide Aggregates” we performed infrared photodissociation (IRPD) experiments
on metal oxide clusters aimed at gaining a molecular level understanding of their structure-reactivity relationship and ultimately unraveling the adsorbate/active site/support
interactions important in heterogeneous catalysis.
The reaction of V4O10+ with propane was studied under thermalized, multiple collision
conditions in a buffer gas filled ion trap1. Two main reaction paths were identified: (i)
oxidative dehydrogenation forming V4O8(OH)2+ + propene and (ii) direct dissociation
leading to the formation of C3H7+ + V4O9OH. Formation of propene is effectively
barrierless in the case that the initial H-atom is abstracted from a secondary C-atom.
Our results highlight the additional insight into the reaction mechanism that can be
gained from vibrational spectroscopy in comparison to a purely mass spectrometric
approach.
Ceria is one of the most reactive rare earth metal oxides and plays an important role in
many catalytic applications. We characterized the structures of partially reduced cerium
oxide clusters using IRPD spectroscopy. Interestingly, clusters with more than three Ce
atoms already have common geometrical building units similar to bulk ceria. For some
cluster sizes multiple isomers are observed, whose IR signatures can be identified by
changing the relative isomer population. The comparison of the observed IRPD spectra
with calculated ones also allows benchmarking density functionals, which exhibit
different degrees of localization of unpaired electrons in Ce 4f states.
Binary metal oxide clusters (CemVnOo+) were studied in the context of active site /support interactions2. In some clusters the question arises, which of the metal centers, V or
Ce, will be reduced first upon addition of extra electrons? Interestingly, and in contrast
to what one would expect from known reduction potentials in solution, our results
demonstrate that for these gas phase clusters Ce is always reduced first. The evidence
for the larger stability of Ce+3/V+5 compared to that of Ce+4/V+4 confirms that the
exceptionally high reducibility of Ce+4 accounts for the promoting role of ceria in
supported vanadium oxide catalysts.
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MP 6
An ion trap tandem mass spectrometer for
isomer-selective IR measurements
Nadja Heine, Gerard Meijer, and Knut R. Asmis
The FHI free electron laser will open new opportunities to study atomic and molecular
clusters as well as biomolecules in the gas phase. In order to push present limits towards
studying larger, more complex systems, novel experimental approaches are required.
One of several dedicated instruments currently being constructed at the FHI is a custombuilt ion trap tandem mass spectrometer for performing infrared photodissociation
(IRPD) experiments. This setup allows for a wide range of spectroscopic experiments
on mass-selected cluster ions of tailored composition under thermalized conditions at
variable temperature. It makes use of the widely tunable, intense IR-radiation from the
FEL in combination with radiation from various tunable IR/VIS/UV table-top laser
systems available on site.
The design of this new instrument is based on the 10K ring electrode trap instrument1,
which has been constructed and operated at the FHI since 2006. It features several
crucial improvements, including (a) a custom-built linear reflectron time-of-flight
(TOF) mass spectrometer (MS), which allows for a significantly higher mass resolution
(m/!m ! 5000) as well as for IR/MS/IR/MS measurements, (b) a nanospray ion source
for the efficient production of high ion currents at low sample consumption, (c) a higher
quadrupole mass/charge limit (4 kD, extendable to 16 kD), (d) a lower minimum ion
trap temperature (6K vs. 10K), and (e) a more flexible ion trap design for the optimal
transfer of ions to the photodissociation region. The ~50 ion-optical elements are fully
computer-controlled via custom-built digital/analog interfaces, allowing for computeroptimized transfer, mass selection, trapping and cooling of the ions prior to laser
irradiation.
Isomer-selective measurements are performed using a population-labeling double
resonance scheme2. Mass-selected ions are irradiated by a first pulse of a tunable IR
laser h!1 and accelerated by high voltage pulses into the reflectron part of the
instrument. Parent and fragment ions separate out in time and space according to their
mass/charge ratio, are reflected and then refocused in the acceleration zone, which has
been switched to ground potential. Here, the parent ions are irradiated by a second IR
pulse h!2 and reaccelerated into the linear TOF tube. Three TOF signals are detected at
the MCP detector, corresponding to the fragments from h!1 (t1), the fragment ions from
h!2 (t2) and undissociated parent ions (t3). Isomer-selective IR-PD spectra are measured
by scanning h!1 and fixing h!2 at a wavelength, where only one of the isomers absorbs.
In this way, the signal measured at t2 monitors the depletion in one isomer, while the
signals at t1 and t3 monitor the formation and depletion, respectively, of all isomers.
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MP 7
Structural characterization of complex carbohydrates using ion
mobility spectrometry
Kevin Pagel, Stephan Warnke, David J. Harveya, Peter H. Seebergerb, Gert von Helden,
and Gerard Meijer
Carbohydrates are large biological macromolecules that are involved in a variety of
processes and functions in living organisms. Like oligonucleotides and proteins they are
composed of well defined building blocks. Due to the branched and stereochemically
complex alignment of those monosaccharides, however, the overall structure can be far
more diverse. As a result, carbohydrates are not only challenging to synthesize, but also
very difficult to analyze on a high throughput scale using established methods.
Typically, carbohydrates from biological sources are currently characterized using mass
spectrometry (MS) based techniques. Measuring the molecular weight of a sugar,
however, immediately poses a fundamental problem: entire classes of monosaccharide
building blocks exhibit an identical atomic composition and, consequently, also an
identical mass. Therefore, carbohydrate MS data can be highly ambiguous and often it
is simply not possible to clearly assign a particular molecular structure.
A promising approach to overcome the aforementioned limitations is to implement an
additional gas phase separation dimension using ion mobility spectrometry (IMS) - a
method in which molecules of identical mass can be separated according to their shape
(see also poster MP 2). While IMS is a rapidly growing method to study conformational
aspects of proteins, there have to date been relatively few studies on carbohydrates.
Several groups have demonstrated the general feasibility of the method to separate sugar
isomers1,2. However, the majority of studies reported to date do not go beyond proof-ofprinciple demonstrations and the complexity of the molecules as well as the lack of
isomerically pure reference sugars has considerably restricted further developments thus
far.
Here we present a novel approach for the systematic, high-throughput characterization
of complex carbohydrates using commercially available hybrid IMS-MS instruments. In
contrast to the established MS-based attempts, where structural assignments are purely
based on m/q information, a set of interconnected mass and ion mobility data will here
be used for structural classifications. This dual set of information can help to
discriminate between carbohydrate isomers that are currently difficult or impossible to
distinguish using conventional MS techniques.
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MP 8
Crossed and merged beam inelastic scattering studies
Moritz Kirste, Ludwig Scharfenberg, H. Christian Schewe, A. Isabel González Flórez,
Xingan Wang, Janneke Blokland, Sebastiaan Y.T. van de Meerakkera,
and Gerard Meijer
The Stark-deceleration technique yields unprecedented control over both the internal
and external degrees of freedom of polar molecules in a molecular beam. In comparison
to conventional molecular beams, Stark-decelerated beams offer tunability of the
velocity, a narrow velocity spread, and a high quantum state purity. We explore and exploit this new molecular beam technology in novel crossed beam scattering experiments
to study molecular interactions with an unprecedented level of detail, both at low and
high collision energies1.
We have performed a set of collision experiments in which Stark-decelerated OH
radicals are scattered with the collision partners He, Ne, Ar, Kr, Xe, and D2. The
collision energy was varied from 70 to 800 cm-1, and the behavior of the state-to-state
scattering cross sections around the energetic thresholds was accurately determined2-4.
Excellent agreement was found with the cross sections that are computed using the most
accurate potential energy surfaces to date. Future prospects for resolving Feshbach
resonances that are predicted to occur at collision energies close to the energetic
thresholds, as well as shape resonances that occur at collision energies below 10 K, are
discussed. For the latter experiment, a novel merged beam approach is developed to
reach collision energies in the 1 – 10 cm-1 range.
Using these techniques, the study of collisions between two individual molecular
species at a fully state selected level is now also possible. We will present the first
scattering experiment between two open shell radical species with full quantum state
selection of both collision partners prior to the collision, and quantum state specific
detection of the collision products. A beam of Stark-decelerated and state-selected OH
(X 2!3/2, v=0, J=3/2, f) radicals is scattered with a beam of hexapole state-selected NO
(X 2!1/2, v=0, J=1/2, f) radicals in a crossed beam configuration. The inelastically
scattered OH radicals are detected state-selectively for collision energies between 80
and 250 cm-1, revealing the quantum threshold behavior of the state-to-state inelastic
scattering cross sections. Absolute cross sections are experimentally determined and are
compared with the outcome of theoretical calculations with full "-doublet resolution for
both species.
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MP 9
Molecule-surface scattering with velocity-controlled molecular beams
Fabian Grätz, Daniel Engelharta, Henrik Haak, Daniel J. Auerbacha, Alec M. Wodtkea,
and Gerard Meijer
The Stark-deceleration technique yields unprecedented control over both the internal
and external degrees of freedom of polar molecules in a molecular beam, which holds
great promise in molecular beam scattering experiments in general. In the framework of
an NSF-DFG supported research project, we have constructed a novel apparatus in
which the molecule-surface interaction can be studied using velocity-controlled molecular beams. A beam of CO molecules exiting from a Stark decelerator will scatter
from a Au(111) surface. Stark deceleration will be used in combination with stimulated
emission pumping to produce fully state-selected beams of CO molecules with a
continuously tunable velocity and with a narrow velocity distribution. Scattering studies
with these beams will not only enable an extraordinarily high resolution in the incidence
translational energy but will also give access to unusually low incidence translational
energies. We will address (i) electronically non-adiabatic coupling to bending motion of
the CO adsorbate, (ii) the spectator role of translation and rotation in electronically nonadiabatic vibrational energy transfer, and (iii) molecule-surface scattering in the quantum reflection regime.
The new apparatus consists of a Stark decelerator molecular beam machine, specifically
designed to produce pure beams of metastable CO (a3!) molecules. CO molecules are
laser-prepared in selected rotational levels of this long-lived electronically excited state,
and are then focused with a hexapole on the entrance of the Stark decelerator. To get rid
of the carrier gas as well as of the ground-state CO molecules in the beam, the hexapole
is placed under a small angle, thereby “bending the CO (a3!) molecules around the
corner”. After deceleration (acceleration) the metastable molecules are optically
pumped back to selected ro-vibrational levels in the X1"+ electric ground state. Here, it
is exploited that a packet of molecules stays confined throughout the deceleration
process, thus enabling efficient transfer in a pump-dump scheme even if the individual
optical transfer steps are separated by a long distance. The ground-state CO molecules
then scatter with the temperature-controlled Au(111) surface and are subsequently stateselectively detected; alternatively, scattering experiments can be performed with the CO
molecules in the metastable state1.
We plan to investigate the quantum-state selective scattering of CO molecules with
Au(111) surfaces in the kinetic energy range of Ekin = 1 – 1000 cm-1, with an energy
resolution better than 1.0 cm-1. It will be of particular importance to study the scattering
behavior of the electronically and vibrationally excited molecules in the low energy
range. Previous studies with highly vibrationally excited NO molecules impinging on a
low work function surface, for instance, have found a marked increase of the electron
emission upon a decrease of the velocity of the molecules2.
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MP 10
A molecular synchrotron
Peter C. Zieger, Cynthia E. Heiner, André J. A. van Roija, Hendrick L. Bethlemb,
Sebastiaan Y. T. van de Meerakker, and Gerard Meijer
A synchrotron for neutral polar molecules offers interesting opportunities to study
molecular collisions. In a molecular synchrotron – similar to synchrotrons in highenergy particle physics – molecules are confined in a potential well that has a minimum
along a circle. Synchrotrons in principle allow for the confinement of multiple packets
of molecules which can repeatedly interact at well defined times and positions, thereby
increasing the sensitivity for detecting molecular collisions by orders of magnitude.
To fully exploit the possibilities offered by ring structures, it is imperative that the
molecules remain in a bunch as they revolve around the ring. A previous version of the
synchrotron, consisting of two hexapole half-rings separated by a 2 mm gap, has been
built and operated successfully. By appropriately switching the voltages as the
molecules pass through the gaps, a molecular packet of ammonia could be kept together
as a compact bunch for up to hundred round trips. The broken symmetry of the ring also
allowed for the storage of two packets of molecules simultaneously1.
The efficiency of the bunching process, and the number of molecular packets that can
be stored simultaneously, depends on the number of individual segments of the ring.
We have constructed a molecular synchrotron, consisting of 40 straight hexapole segments. In this multi-segment ring, a simplified bunching scheme has been implemented
that has resulted in improved stability. Using this scheme, the storage of a single packet
of ammonia molecules for over 1000 round trips has been experimentally demonstrated.
In this experiment, the molecules have been kept in stable orbit for over a mile. The
number of molecules circulating in a bunch decays exponentially with time, with a time
constant of about three seconds, determined, about equally, by optical pumping due to
blackbody radiation and collisions with background gas2.
Most recently, we have coupled a second Stark-deceleration injection beam line to this
synchrotron. In this way, 13 packets of ND3 molecules traveling clockwise and 13
packets traveling counter clockwise have been injected (and detected) in the synchrotron. As the velocity of these packets is tunable, the elastic collision cross section
can be measured as a function of the collision energy. The prospects and limitations for
performing collision studies in this way will be discussed.
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MP 11
Rotational-state-specific guiding of large molecules
Stephan Putzke, Frank Filsinger, Henrik Haak, Jochen Küppera, and Gerard Meijer
Molecular beams have played central roles in many experiments in physics and
chemistry. For many of their applications it is crucial that the internal quantum state
distribution of the molecules in the beam is accurately known and can be controlled.
Cooling of the molecules in an adiabatic expansion strongly reduces the number of
populated levels. For large molecules however, many levels will still be populated at the
low temperatures (~1 K) that can be achieved in a molecular beam. Moreover,
molecules with a complex potential energy landscape like bio-molecules are known to
be present in various conformational structures in the beam. To control the quantumstate distribution (and thereby the conformational distribution) of large molecules in a
beam, additional filtering techniques need therefore to be applied.
A wide variety of electric field geometries have been used in the past to manipulate the
trajectories of polar molecules in molecular beams. The original geometries were
devised to create strong electric field gradients on the beam axis to efficiently deflect
molecules. Later, electric field geometries were designed to focus molecules in selected
quantum states further downstream. For these experiments, one has to distinguish
between molecules that are in so-called low-field-seeking or high-field-seeking quantum states. Focusing is considerably more complicated for molecules in high-fieldseeking states than for molecules in low-field-seeking states, as no electric field maximum can be created on the molecular beam axis using static fields alone. Therefore,
dynamic focusing has to be applied in order to focus molecules in high-field-seeking
states, much like what is routinely done to transport charged particles. For large molecules all low-lying rotational levels are high-field seeking already at modest electric
field strengths due to their small rotational constants and the resulting high density of
levels. During the last years, we have applied dynamic focusing to manipulate large
molecules, e.g., in the deceleration of benzonitrile as well as in the separation of two
different conformational structures of 3-aminophenol.
Here we present a detailed characterization of a second generation m/µ selector1, the
analog of the m/q quadrupole mass filter. A pulsed beam of rotationally cold benzonitrile (C6H5CN) molecules is injected into the ac electric quadrupole selector and the
arrival time distribution as well as the transverse velocity distribution of the molecules
exiting the selector are measured using high-resolution electronic excitation spectroscopy. The dependence of the µ/!µ resolution of the selector on the applied ac
waveforms is studied, and the transmission of selected subsets of rotational levels is
demonstrated. The operation characteristics of the m/µ selector are compared to the outcome of numerical trajectory simulations.
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MP 12
Focusing and deceleration of molecules with microwave radiation
Simon Merz, Claudia Brieger, Wolfgang Jägera, Melanie Schnellb, and Gerard Meijer
An important goal in molecular physics is motion control of polar molecules. A variety
of methods using external electric fields has been developed. However, most techniques
address molecules in so-called low-field-seeking states, which are attracted by electric
field minima. This constraint limits the species that can be investigated to small
molecules and it excludes molecular ground states that are attracted by electric field
maxima. The motion of neutral polar molecules in these high-field-seeking states can be
manipulated using AC electric fields, i.e., AC guiding, focusing (see also MP 11) and
trapping1 as well as Alternating-Gradient (AG) deceleration2.
We recently demonstrated a new, straightforward approach to manipulate the motion of
neutral polar molecules in high-field-seeking states: We implemented a microwave lens
for slow ammonia molecules (14NH3) in the AC high-field-seeking state of the |J,K› =
|1,1› inversion doublet3. Here, the field maxima on the molecular beam axis are
generated by a standing microwave field in a cylindrically symmetric resonator. This
technique offers strong interaction forces at comparatively weak electromagnetic fields.
We investigated the focusing properties of this microwave lens depending on the
molecules’ velocity, the detuning, that is the difference of the microwave frequency to
the molecular resonance frequency, and the electromagnetic field strength.
As an important step towards three-dimensional motion control of neutral polar
molecules using electromagnetic radiation, we performed first experiments with timevarying microwave fields on a cold beam of ammonia molecules to determine potential
losses due to the switching process.
Based on these results, a novel microwave decelerator is currently under construction. It
supports a standing electromagnetic wave with twelve field maxima (TE1,1,12–mode) and
allows for a small detuning. By appropriately switching the microwave fields, the
kinetic energy of the ammonia molecules in the AC high-field-seeking component of
the |J,K› = |1,1› inversion doublet can be changed in a controlled manner, resulting in
deceleration or acceleration according to the parameters.
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MP 13
A molecular laboratory on a chip
Mark J. Abel, Samuel A. Meek, Horst Conrad, Gabriele Santambrogio,
and Gerard Meijer
The manipulation of polar molecules using the electric fields created by microscopic
electrodes on the surface of a chip is a new and fascinating research field. Microscopic
electrodes allow for the creation of large field gradients, i.e., large forces for polar
molecules, using only moderate voltages applied to the electrodes. In addition, presentday microelectronics technology makes it possible to integrate multiple tools and
devices onto a compact surface area, like lenses, decelerators and traps for polar
molecules but also integrated detection elements like radiation sources and optical
cavities.
We have demonstrated that metastable CO molecules, laser-prepared in the upper !doublet component of the J = 1 level of the a3"1, v = 0 state can be guided, decelerated,
and trapped on a chip. The position of the molecules above the microchip can be
controlled with a very high precision. In these experiments, non-adiabatic losses have
been observed for 12C16O. In this most abundant carbon monoxide isotopologue, the
low-field-seeking and the non-field-seeking level become degenerate when the electric
field strength goes to zero. Every time that the trapped molecules pass near the zero
field region at the center of a microtrap, they can make a transition between these levels
and thereby be lost from the trap. This degeneracy is lifted in 13C16O due to the hyperfine splitting. While hyperfine splitting cannot be varied, the degeneracy can be lifted
by a variable amount in the 12C16O isotopologue by applying an external magnetic field.
We have studied the non-adiabatic losses in metastable CO molecules confined in
microtraps as a function of magnetic field strength and we have been able to quantitatively reproduce the data with a theoretical model1.
We have coupled a coherent source of millimeter-wave radiation to our chip decelerator
and measured a rotational spectrum of CO molecules that are less than 50 µm above the
chip surface with a resolution of about half a MHz. We then used the millimeter-wave
radiation to switch the quantum state of selected molecules. We guided CO molecules in
the J = 1 level of the a3"1, v = 0 state to the center of the chip where they are released,
pumped to the J = 2 level, recaptured, and guided off the chip2.
Another device we developed and characterized is a microstructured, electrostatic,
elliptical mirror for polar molecules. This device consists of a set of interleaved thin
electrodes to which alternating positive and negative voltages are applied to create a
repulsive potential for molecules in low-field-seeking states. Such a mirror can be conveniently used to reshape the phase-space distribution of molecules from a molecular
beam to better match the acceptance of the chip decelerator, thereby increasing the
density of trapped molecules3.
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MP 14
A traveling-wave Stark decelerator – status and perspectives
Samuel A. Meek, Maxwell F. Parsonsa, Georg Heyne, Viktor Platschkowski,
Henrik Haak, Andreas Osterwalderb, and Gerard Meijer
We present the progress on a new type of Stark decelerator which we have developed
recently1, and our plans for future applications. This decelerator uses, in contrast to
conventional Stark decelerators, continuously modulated electric potentials that produce
three-dimensional electrostatic traps for polar molecules that are continuously moved
through the decelerator. Molecules are picked up behind the source and remain truly
trapped in three dimensions throughout. Deceleration is achieved by changing the speed
of the traps, which in turn is done by changing the modulation frequency. Trapping the
molecules in stationary traps is achieved by simply bringing the traps to a standstill.
We have thoroughly characterized this new decelerator2 by measuring arrival time
distributions and by imaging the molecules at the end of the decelerator. Arrival time
distributions serve to determine the longitudinal position and velocity spreads, while the
two-dimensional images in the plane perpendicular to the molecular beam axis provide
information about the transverse spreads. These data are compared with the results of
trajectory simulations, and very good agreement is found.
The importance of non-adiabatic losses, which have been found to be critical in the case
of the chip decelerator (poster MP 13), has been determined by comparing the relative
efficiency for guiding and deceleration of both 12CO and 13CO with trajectory simulations. Such losses are found to be negligible for CO in the present setup.
With the method completely characterized, we have tackled the first new application:
the deceleration of YbF. This molecule is of importance for precision spectroscopy, in
particular for the determination of the electron electric dipole moment, and it cannot be
decelerated in a conventional Stark decelerator. First tests with this system have been
performed this summer, in collaboration with Dr. Michael A. Tarbutt (Imperial College,
London, UK).
In the future, new amplifiers will be developed that will enable molecules to be brought
to a standstill. The very high acceptance of this decelerator and the strong field
gradients inside the moving traps make it an ideal device to study low-temperature
scattering processes and high-resolution spectroscopy.
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MP 15
A traveling-wave Zeeman decelerator – future plans
Nicolas Vanhaecke, Henrik Haak, and Gerard Meijer
The development of new methods to trap and cool molecules paves the way for a range
of new experimental studies, such as high-resolution spectroscopy, collision experiments or chemical reaction studies. While Stark deceleration allows one to manipulate
the longitudinal motion of polar molecules of a supersonic beam with time-dependent,
inhomogeneous electric fields, Zeeman deceleration uses time-dependent, inhomogeneous magnetic fields to control the motion of paramagnetic molecules1. Zeeman
deceleration constitutes an alternative approach to the deceleration of supersonic beams,
especially for non-polar molecules, provided that they possess a magnetic dipole
moment. Also polar molecules with a small electric dipole moment, which cannot be
manipulated in a Stark decelerator, can be manipulated in a Zeeman decelerator.
Zeeman deceleration is of particular interest to manipulate molecules with unpaired
electrons, for further accurate studies of the spectroscopic and chemical properties of
radicals at low temperatures. Radicals are reactive species and many radical-radical
reactions are almost barrierless and can therefore occur even at very low temperatures.
Other applications of low velocity, cold radicals are very promising, such as quantum
information processing using their electron spin, or measurements of the Rydberg
constant and the neutrino rest mass using hydrogen atoms and isotopomers.
The decelerator in construction at the Fritz Haber Institute is based on a geometry of
magnetic fields inspired by that of Trimeche et al.2. It produces a traveling wave of
magnetic field, of controllable velocity. Atoms and molecules possessing a magnetic
dipole moment, in so-called low field seeking quantum states, are trapped around a node
of the propagating wave, provided that the initial velocity of the wave matches a
velocity class populated in the supersonic beam. In addition, the magnetic fields provide
real-time three-dimensional confinement of the particles in low-field-seeking states, in
analogy with the traveling-wave Stark decelerator3 (poster MP 14). Our Zeeman
decelerator will thereby avoid losses of molecules even at very low velocities, and will
be ideally suited for coupling with a static magnetic trap.
Our efforts will be oriented towards the production of beams of nitric oxide and
molecular oxygen with arbitrary velocities, both for crossed-beam experiments and for
further trapping of these radicals in a static trap.
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MP 16
Molecules subject to far-off-resonant light
Mikhail Lemeshko and Bretislav Friedrich
We describe new ways of manipulating molecular energy levels and intermolecular
potentials by far-off-resonant optical fields. A far-off-resonant optical/laser field
hybridizes the rotational states of an anisotropic molecule and thereby exerts chiefly a
twofold effect on the molecule’s energy levels: (i) depending on the initial rotational
state, the field can impart angular momentum to the molecule or remove it, which alters
the centrifugal term in the molecule’s electronic potential and hence pushes its
vibrational and rotational manifolds upward or downward; (ii) the hybridization can
both increase and decrease the energy of the rotational state with respect to the host
vibrational level and thus reinforce or contravene the effect of the upward or downward
push by the effective potential. The two-fold effect arises for both bound and scattering
states and can be used to probe the former and to create and fine-tune shape resonances
in the case of the latter. Prompted by the current work on photo- and magnetoassociation of ultracold atoms, we undertook examining and mapping out the two-fold
effect systematically1.
If the intensity is large enough, a (weakly bound) vibrational state can be pushed out of
the potential binding the molecule, thereby leading to optically-induced rotational
predissociation, whose rate can be used to accurately determine the long-range part of
the molecular potential. On the other hand, adjusting the position of a diatomic shape
resonance to the kinetic energy of a pair of colliding ultracold atoms leads to larger
overlap of the wavefunctions involved in a photoassociation process, thereby rendering
the formation of translationally cold diatomics more efficient (shape-resonance-enhanced photoassociation).
In the absence of fields, polar molecules interact via the dipole-dipole interaction.
Addition of an optical field induces oscillating dipole moments on each of the
molecules, which couple via the retarded optical interaction. The interplay between the
dipole-dipole and optically-induced retarded interactions leads to new types of
interaction potentials which, depending on the intermolecular distance, undergo a
crossover from the inverse power to oscillating behavior and whose parameters can be
tuned by varying the optical field intensity and wavelength2. The optically-induced
potentials can be used to manipulate few- and many-body physics of ultracold polar
gases and to create long-range entangled states of polar molecules.
As an aside, we demonstrate that the problem of a molecule subject to combined laser
and electrostatic fields can be solved analytically in an elegant way by means of
supersymmetric (SUSY) quantum mechanics3.
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MP 17
Quantum reflection of helium atom and cluster beams from surfaces
Bum Suk Zhao, Weiqing Zhang, Gerard Meijer, and Wieland Schöllkopf
The experimental investigation of atom and molecule optics in this project includes
diffraction of atoms, molecules, and van der Waals clusters from reflection gratings.
Since we had identified quantum reflection as the mechanism of coherent reflection of
molecular beams from a microscopically rough surface like, e.g., glass, we started to
perform diffraction experiments using commercial plane-ruled blazed reflection
gratings. As in previous experiments, we use grazing incidence to achieve a high
quantum-reflection probability. Unlike in the previous experiments, however, the blazed
grating is mounted in the conical diffraction configuration. In this geometry the grating
grooves are nearly parallel to the scattering plane. As a consequence, the outgoing
diffraction beams emerge in out-of-plane directions forming a narrow cone, and their
intensities are determined by an effective blaze angle that depends on both, the grating’s
blaze angle and the azimuth orientation angle1. Thus, changing the azimuth angle allows
to adjust the effective blaze angle and, hence, the diffraction intensities.
We have applied the conical diffraction geometry to observe emerging beam resonances
in an atom-optical diffraction experiment2. These phenomena, which are well known as
Rayleigh-Wood anomalies and threshold resonances in photon and electron diffraction,
respectively, were predicted by theory to also appear in atom diffraction from a surface.
We have observed anomalies of the total reflectivity from the grating as well as abrupt
intensity variations of the diffracted beams in angle-of-incidence scans. The anomalies
appear at the Rayleigh angles of incidence, i.e., when another diffracted beam just
emerges parallel to the grating surface. We were able to qualitatively explain the
observed anomalies in terms of the classical wave-optical model of Rayleigh and Fano.
In another diffraction experiment we have observed non-destructive scattering of Hedimers from the grating3. He2 is the weakest bound ground-state molecule with a
binding energy of only 100 neV. Its vibrational wave function is characterized by a
mean inter-nuclear separation of 5.2 nm. As the probability for finding the atoms at a
classically forbidden separation is more than 80%, the He-dimer represents a frail giant
quantum particle. We found evidence for non-destructive scattering of He2 by observing
its first-order diffraction beam, which is separated from the monomer and trimer
diffraction beams. He-dimers are quantum reflected at the attractive branch of the
dimer-surface interaction potential tens of nanometers above the surface where the
surface-induced forces are too weak to dissociate the fragile bond. Diffractive quantum
reflection of He2 represents an intriguing example of matter-wave optics, which brings
together two basic quantum effects: (i) quantum reflection by an attractive interaction;
(ii) diffraction of a particle by a periodic structure.
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MP 18
Evidence for anisotropic final state interactions in the two-photon
ionization of rare gases
Markus Braune, Toralf Lischke, André Meißner, Markus Ilchena, Sascha Deinerta,
Jens Viefhausa, André Knieb, and Uwe Becker
Cooper-minima in the partial cross sections of single photoionization are known to arise
from the decrease of the overlap integral of the two possible wave functions with different angular momentum of the outgoing electron (Phys. Rev. 128, 681 (1962)).
Reflections of these intensity variations as a function of photon energy are also exhibited in the angular distribution of the photoelectrons. Such radial integral effects
should actually not show severe deviations for different angular momentum coupling
multiplets of the same electron configuration. This is in fact the case for the singlephoton ionization of all rare gases. However, open-shell atoms show such deviations
due to so called anisotropic interactions of the outgoing electron and the ionic core in
the final state. Up to now, little is known about the actual strength and behavior of these
anisotropic final state interactions. The second step ionization of sequential two-photon
ionization can be regarded as the ionization of an open shell system, giving rise to a
singly charged ion of the first ionization step. Hence, anisotropic final state interactions
are expected to occur. Indeed, some recent calculations predict large effects with respect
to the higher order anisotropy parameter !4 showing completely different behavior in
the region of the Cooper minima for the different multiplets. Results of our recent
angle-resolved photoelectron spectroscopy measurements are presented and compared
with corresponding calculations, e.g. He (see Figure). Sequential two-photon ionization
creates in the first step a singly charged ion, i.e., an open shell system, which is further
ionized by the second photon.

Photoelectron angular distributions for the photoionization of He. The measurement at 79 eV shows the
dependence of the photoelectron angular distribution with respect to the number of photons absorbed
since there is only one 1s shell. The measurement at 61 eV, however, shows a strong deviation of this
behavior when the excitation takes place near to a strong resonance such as the helium 1s"2s2p
resonance. Here. the intermediate state has a strong influence on the final state.
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MP 19
Graphene – electronic structure, adsorption, intercalation
Yuriy Dedkov, Martin Weser, Stefan Böttcher, Aaron Bostwicka, Eli Rotenberga
Thomas Seyllerb, and Karsten Horn
Graphene continues to attract an intense interest both from a fundamental physics
(“quantum electrodynamics in a desktop experiment”) and an applications-oriented
point of view. Our work concentrates on two main topics: understanding the electronic
structure of graphene, with particular emphasis on many-body physics aspects, and
characterizing graphene growth and its interaction with adsorbates and intercalates. We
investigate epitaxial graphene since it offers high crystalline quality and access to largescale samples, and analyze its electronic structure through angle-resolved photoemission. Among the issues we have investigated, the spectral function of graphene near the
Dirac point ED has been subject of an intense debate. We show that a new coupled holeplasmon (“plasmaron”) quasiparticle, predicted already in 1967, is responsible for the
shape of the bands in this region1, resolving the discussion about gap opening at the
Dirac point in graphene on silicon carbide. Using fluorine and gold intercalated layers
between the SiC substrate and the graphene film, the influence of the dielectric properties of the substrate on the strength of plasmaron coupling is characterized. Fluorine
intercalation also induces a strong p-type doping in graphene, opening the path towards
laterally structured graphene devices. We find that in highly n-doped graphene, an
extended van Hove singularity at the M point of the Brillouin zone can be lowered to
the Fermi level2, a possible pathway towards an instability leading to the formation of
Cooper pairs. As far as functionalization of graphene is concerned, the predicted
graphane phase, a hydrogen-induced conversion of the graphene lattice to sp3-bonding,
is found to be unstable, but its fluorine counterpart (“2D Teflon”) appears to be a stable
phase.
Growth of graphene on metals has received renewed attention in view of successful
procedures to prepare large scale graphene films on copper and subsequent transfer to
other substrates. The interaction of adsorbed molecules with graphene on Ni(111) is
weak, as determined from studies of ammonia and water on graphene3. Graphene may
act as spin filter in contact with ferromagnetic surfaces; we have analyzed the transfer of
magnetic moment from a Ni(111) substrate and intercalated Fe layers onto graphene
using XMCD and ARPES, and find an enhanced moment in the latter system compared
to the pure graphene/Ni(111) case. Interesting differences in bonding between graphene
and transition metals are investigated on the basis of their valence level signatures.
Intercalation of aluminum provides a free-electron like metal interface to graphene, thus
enabling the assessment of the influence of the transition metal d-bands on bonding. We
also use the Moiré structure formed by graphene on surfaces such as Rh(111)4 and
Ir(111) to prepare ordered arrangements of clusters of ferromagnetic materials.
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MP 20
The FHI IR-FEL project – status and perspectives
Wieland Schöllkopf, Sandy Gewinner, Wolfgang Erlebach, Heinz Junkes,
Andreas Liedke, Weiqing Zhang, Gert von Helden, and Gerard Meijer
It was decided in 2008 that an IR free-electron laser for applications in i.a. molecular
and cluster spectroscopy as well as surface science should be installed at the FHI. At the
time of the 2009 Fachbeirat Meeting the basic design outlines of the FEL and the new
radiation-safety building were defined. Since then most of the components of the FEL,
including the electron linac and beam line, the MIR undulator and cavity, and the first
IR beam lines have been designed and fabricated. By July 2011 installation of those
components in the new FEL building, which was constructed from April 2010 to May
2011, has virtually been completed. Commissioning of the FEL has started end of July
2011. Prospects are good that ‘first lasing’ of the MIR-FEL can be achieved in 2011.
The normal-conducting electron linac together with a gun-to-dump electron beam line
has been designed, fabricated, and installed by the American company Advanced
Energy Systems, Inc. It comprises two S-band (3 GHz) standing-wave copper structures. The first one is designed to accelerate the electron bunches to a fixed energy of 20
MeV, while the second one can accelerate or decelerate the electrons to any final energy
between 15 and 50 MeV. In the final design it has been possible to optimize the
specifications of the linac that are most relevant for the IR-FEL performance. For
instance, the bunch charge of the micro-pulses, which are repeated at a rate of up to 1
GHz, has been specified to be 300 pC. In addition, the length of the electron macropulses has been increased to 15 µs.
The electrons will, eventually, be steered through either one of two oscillator FELs each
consisting of an undulator placed within an IR cavity. So far, the first FEL has been
installed. It includes a 2-m-long planar hybrid-magnet undulator manufactured by STI
Optronics with a period of 40 mm, which is enclosed within a 5.4 m long IR cavity. At a
minimum gap of 16.5 mm a maximum undulator parameter of more than 1.6 is reached.
As a result, it is expected that MIR radiation in the range from about 4 up to almost 50
micrometer can be produced with this system. As hole-outcoupling of the IR radiation is
used, a motorized in-vacuum mirror changer has been installed. It allows to precisely
position either one of up to 6 cavity mirrors with different outcoupling-hole diameters at
the one end of the IR cavity. The mirror at the other cavity end is mounted on a translation stage to allow for cavity length adjustment and, hence, compensation of potential
thermal drifts. The signal from a HeNe-laser interferometer delivers a feedback signal
for cavity length stabilization.
The design of the FIR-FEL has been finalized. It shall employ a 7.2 m long cavity
containing a full-length 1-dimensional waveguide and a more than 4 m long undulator
with a period of 11 cm. The design wavelength range covers the FIR from about 30
micron all the way to the THz regime up to about 500 micron.
In this poster presentation the design of the electron accelerator and beam line as well as
the MIR-FEL as built will be described in detail, and the current status of commissioning will be presented.
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Melanie Müller, Canhua Xu, Henry Plottke, Alexander Paarmann, and
Ralph Ernstorfer
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Excitation and field-driven electron transport in nano-structures
Alexander Paarmann, Melanie Müller, Canhua Xu, Tim Paasch-Colberg,
Agustin Schiffrin, and Ralph Ernstorfer
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Electron transfer at ice/metal interfaces:
Solvation dynamics at alkali-ion/water complexes
Michael Meyer, Uwe Bovensiepena, and Martin Wolf
Electron transfer across interfaces is of vital importance in various areas of physics,
chemistry and biology. Amorphous ice layers on single crystal metal surfaces have been
used as a model system to investigate the dynamics of electron transfer and solvation
processes using femtosecond time-resolved two-photon-photoemission (2PPE) spectroscopy. In these experiments, photoinjection of electrons from the metal into the D2O or
NH3 conduction band is followed by ultrafast localization and solvation of the excess
electrons. The subsequent energetic stabilization of these solvated electrons due to
nuclear rearrangements of the polar molecular environment is accompanied by an
increasing degree of localization. The population of solvated electrons decays nonexponentially on timescales of typically several 100 fs1.
Recently we have studied the influence of alkali ions bound near the ice/vacuuminterface on the electron solvation dynamics. Adsorption of sub-monolayer coverages of
sodium on top of multilayers of amorphous D2O ice leads to the formation of Na+ ions
and to pronounced changes in the observed dynamics compared to pure amorphous ice.
A new species of long-living electrons can be observed which exhibits much longer
lifetimes of the order of 1 - 5 ps and a much faster energetic stabilization compared to
solvated electrons in pure D2O ice. We attribute this species to a transient electronsodium-ion-complex which is located at the ice/vacuum-interface. This interpretation is
corroborated by coverage dependent measurements and by overlayer experiments2.
When an alkali pre-covered surface is exposed to small amounts of water (less than 1
BL) the attractive water alkali interaction leads to a buildup of the hydration shell
around the alkali ions at the surface. In 2PPE spectroscopy this leads to the appearance
of a new feature in addition to the well-known unoccupied alkali resonance. We
attribute this feature to an excess electron which is bound to an alkali-(D2O)n cluster.
For Cs/Cu(111) these trapped electrons appear above a minimum water coverage
equivalent to n = 2 - 3 D2O molecules per Cs atom. K/D2O clusters are able to stabilize
an excess charge at an equivalent coverage of n = 5 - 6 and Na/D2O clusters at n = 6 - 7
water molecules per alkali atom. The energetic stabilization of these species occurs
much faster (2.2 eV/ps for Na) compared to 300 meV/ps for solvated electrons in bare
amorphous ice. With increasing water coverage, i.e. more molecules available per
cluster, the population decay of the trapped electrons slows down (e.g. from 41 fs for 3
D2O molecules per Cs atom to 62 fs for 9 D2O/Cs atom).
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Electron dynamics and charge transfer at the pyridine/ZnO(10-10)
interface
Jan-Christoph Deinert, Daniel Wegkamp, Sebastian Hagen, Julia Stähler,
and Martin Wolf
Hybrid systems, consisting of organic adlayers on inorganic semiconductor surfaces, are
promising candidates for highly functional molecular electronics devices, such as
organic LEDs. The combination of the two material classes can lead to the appearance
of new and beneficial effects that are not present in either of the materials alone: The
hybrid interface allows the electronic coupling between semiconductor (surface) states
and molecular orbitals. This may give rise to interface states, such as charge transfer
excitons, which act as a precursor to charge separation at the interface – a crucial
prerequisite for functionality as molecular electronics device. To understand and finally
even tailor such hybrid functionality, sound knowledge of the occupied and unoccupied
electronic structure at the inorganic/organic interface is crucial. In addition to the static
electronic structure, the ultrafast dynamics of charge and energy transfer across the
hybrid interface are at the bottom of any hybrid functionality. First experiments are
performed on the model hybrid system pyridine/ZnO(10-10).
We investigate the pyridine/ZnO(10-10) interface using femtosecond time- and angleresolved two-photon photoelectron (2PPE) spectroscopy, because it enables the
investigation of both occupied and unoccupied electronic states at the sample surface. In
this experiment, which has only recently been set up, a first femtosecond laser pulse
(pump) excites electrons from below the Fermi level into normally unoccupied, but
bound states. The resulting relaxation of this non-equilibrium population is probed by a
second pulse at a variable time delay that excites the electrons above the vacuum level.
Comparison of the spectral signatures of the bare ZnO(10-10) surface with thin pyridine
layers unveils the formation of density of states right at the Fermi level, showing that
the combination of the organic and inorganic semiconductor leads to a metallic interface. Moreover, the pyridine/ZnO(10-10) interface exhibits an unoccupied interface
state that cannot be attributed to either the substrate or the adsorbate alone, and is therefore a hybrid feature. This observation is in good agreement with DFT calculations.
Outlook: First time-resolved experiments provide insights into the electron relaxation
dynamics at the interface. They suggest a drastically delayed transfer of charge across
the interface on the timescale on hundreds of picoseconds, resulting from the population
of the ZnO conduction band. This effect may result from delayed charge injection from
the organic adlayer. Future femtosecond to picosecond time- and angle-resolved 2PPE
will elucidate these charge carrier relaxation dynamics in the pyridine films and clarify
the influence of the hybrid state in the interfacial carrier dynamics.

PC 3
Ultrafast symmetry changes probed by coherent phonons
Simon Wall, Daniel Wegkamp, Laura Foglia, Julia Stähler, and Martin Wolf
The symmetry of a crystalline phase can be observed by the periodic positions of the
constituent ions. These positions are determined by the symmetry of the underlying
lattice potential. For an equilibrium phase transition, changes in ionic positions and
changes in the lattice potential symmetry occur concomitantly. However, when a system
is driven through a phase transition out of equilibrium, this may not be the case. To
date, most studies of ultrafast structural phase transitions have focused on measuring
changes in ionic positions. Here, we show that changes in the lattice potential can be
probed in the time domain via coherent phonon generation. This enables an all-optical
probe of structural phase transitions. We demonstrate this principle with the monoclinic-to-rutile photoinduced structural transition of VO2 and show that strong electronic
excitation changes occur in the lattice potential on a sub phonon-period timescale.
We have studied the photoinduced structural phase transition in the transition metal
oxide VO2 by measuring the broadband transient change in reflectivity. Short pulses of
intense laser light at 800 nm were used to excite the sample. When this light is
absorbed, the excited electrons change the lattice potential, which generates a force on
the lattice. If this process occurs faster than the characteristic timescale of the motion of
the phonons, the lattice will coherently vibrate. These vibrations can be detected by
measuring modulations of the transient reflectivity at the frequencies of the phonon
modes. By analyzing the dependence of these coherent phonons as a function of
excitation fluence, we were able to observe a light-induced structural transition through
the change in the coherent phonon spectrum. The time resolution of our measurements
allowed us to show that the symmetry change occurs on a sub-phonon-period timescale
and that, in this highly non-equilibrium regime, the photoinduced phase transition is
directly driven by electron-induced changes in the lattice potential.
Outlook: The technique and analysis presented here can be applied to any photoinduced
phase transition enabling an all optical complement to more complex experiments that
require time-resolved X-ray or electron diffraction in order to probe structural motion.
However, specifically to VO2, we plan to investigate the role of the thermal hysteresis
and the domains structure and growth on the formation and recovery of the photoinduced phase using optical methods.
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Ultrafast electron dynamics of correlated materials
Rocio Cortés, Laurenz Rettiga, Uwe Bovensiepen*, Michele Puppin,
Patrick S. Kirchmann, Ralph Ernstorfer, and Martin Wolf
Strongly correlated electron materials exhibit exotic electronic and magnetic properties
such as metal-to-insulator instabilities, unconventional superconductivity and cooperative ordering phenomena. Understanding ground and excited state properties on a
microscopic level is challenging as the competing interactions and correlations of
charge, spin, orbital and lattice degrees of freedom, acting on multiple length, energy
and time scales, need to be disentangled. Femtosecond (fs) time- and angle-resolved
photoemission spectroscopy (tr-ARPES) promises to become one of the pivotal tools for
the investigation of such complex materials1-3. tr-ARPES extends the benefits of
momentum-resolved electron spectroscopy into the time domain and provides direct access to dynamics of elementary electron scattering processes.
Relevant examples include our work on the cuprate superconductor Bi2Sr2CaCu2O8+! far
below its critical temperature1. The density of non-equilibrium quasi-particles created
by photo-induced breaking of Cooper pairs is momentum-dependent and related to the
size of the superconducting gap, while their recombination rate is independent of
momentum or excitation density. The transient stabilization of quasi-particles off the
node is explained by phase space restrictions that are caused by energy and momentum
conservation in a d-wave superconductor in a boson-bottleneck regime. Also, EuFe2As2,
serving as a model system for unconventional Fe-pnictide superconductors, reveals a
momentum dependent carrier dynamics around the hole pocket in the center of the
Brillouin zone along with three coherent modes2. We obtain an upper bound for the
electron-phonon coupling constant of ! < 0.5, indicating a minor influence of electronphonon coupling for the superconducting pairing mechanism in the Fe-pnictides. In
contrast to the previous examples, the gap dynamics after optical excitation of the
prototypical charge density wave compound TbTe33 is found to be independent of
momentum along the Fermi surface. Moreover, we are able to demonstrate coherent
control of the excitation of the amplitude mode in TbTe3.
Currently, we are constructing a novel fs high harmonic generation source with an exceptionally high repetition rate of several 100 kHz. The main benefits are unlimited
access to the Brillouin zone and thus to the full electronic structure of many relevant
materials, while maintaining the superb statistics only achievable with high repetition
rate sources. Along these lines, we plan to continue our studies of unconventional
superconductors1,2 and prototypical charge density wave systems of the rare-earth tritelluride family3. Our new tr-ARPES infrastructure paves the way for studies of topics
such as metallic nano-wires, topological insulator compounds, conventional metallic
superconductors and d- and f-shell transition metal oxides.
References
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Ultrashort high-repetition rate XUV source for time-resolved ARPES
Michele Puppin, Patrick S. Kirchmann, Martin Wolf, and Ralph Ernstorfer
High-order harmonic generation (HHG) of intense laser pulses is now an established
source of ultrashort laser pulses of femtosecond (fs) to attosecond duration with photon
energies ranging from tens to hundreds of eV. While these light sources offer great
potential in extending ultrafast spectroscopy techniques to the extreme ultraviolet
(XUV) and soft x-ray spectral range, the implementation of these approaches suffers
from relatively low repletion rates of the required high power laser systems. In
particular, time- and angle-resolved photoelectron spectroscopy (tr-ARPES) benefits
from use of fs-XUV light as this provides full access to the Brillouin zone1 and superior
sub-50fs time resolution when compared to established 6 eV UV sources. However,
scaling Ti:Sa amplifiers beyond 10 kHz repetition rate while maintaining sufficient
pulse energy for efficient HHG is difficult and effectively limits the dynamic range as
mitigation of space charge effects sets the tolerable XUV flux.
Thus, we follow a new approach and construct a high-power fiber-laser system that
provides sufficient pulse energy for non-collinear optical parametric chirped-pulse
amplification (nOPCPA) that subsequently drives HHG2. We aim at achieving the
unprecedented experimental parameters of 0.1-1 MHz repetition rate with a flux of >109
XUV photons/s of a single harmonic on the sample. Simultaneously, we improve the
overall time resolution to sub-20 fs and increase the long-term stability of the XUV
source, while the nOPCPA geometry facilitates optimization of the time-bandwidth
product to suit a particular physical question. In detail, the output of a commercial
(Venteon) all-fiber oscillator-amplifier ensemble (0.1-1 MHz repetition rate, 10 W
power at 1030 nm central wavelength, >10 nm bandwidth) is split. The first beam
(>2W) is stretched to 135 ps and seeds a commercial (Amphos) Yb:YAG slab amplifier.
Its output is compressed to <1 ps and frequency-doubled to 515nm (>100 W) to pump
the nOPCPA. The remaining >4 µJ/pulse from the fiber amplifier are compressed to
250 fs and generate a white-light super-continuum to seed the nOPCPA. The two-stage
non-collinear phase matching supports a broad gain bandwidth and results in sub-20 fs
pulses at 600-900 nm with 3 W average power (30 µJ/pulse at 100 kHz, 1.5 GW peak
power). After focusing the compressed nOPCPA output into a rare gas cell, a 200 nm Al
filter suppresses the fundamental beam and a pair of XUV multilayer mirrors selects
and focuses a single harmonic onto the sample. With an overall efficiency of 2x10-7 at
100 kHz and 2.5% transmission, we expect to deliver >1010 photons/s at the sample for
energies >20 eV. Moreover, the residual pump power of the nOPCPA may drive further
nOPCPA stages to extend the pump wavelength into the IR and THz range and open up
new experimental options. This HHG fs-XUV source will be complemented by an
ultrahigh vacuum ARPES system equipped with a 2D-imaging hemispherical electron
energy analyzer (SPECS Phoibos150), a cryogenic (T~10 K) 6-axis manipulator
(SPECS) and standard surface science preparation tools.
References
1. T. Rohwer et al., Nature 471, 490 (2011).
2. S. Hädrich et al., Opt. Exp. 18, 20242 (2010).
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Transient photonic structures for terahertz radiation
Kamaraju Natarajan, Tobias Kampfrath, and Martin Wolf
Terahertz (THz) radiation is an electromagnetic wave with wavelengths from 10 to 300
!m. Thanks to its low photon energy, it is a promising probe of numerous low-energy
excitations in physical systems. Examples are rotations and vibrations of molecules,
intraband transitions in semiconductors, and energy gaps in superconductors. In
addition, THz radiation is also used as a non-ionizing probe in biological imaging. With
such exciting applications, the development of THz optical elements (such as lenses,
polarizers or filters) gains in importance. Examples of such elements are lenses made
from Si, polarizers based on metal-wire grids, wave plates based on the natural
birefringence of quartz, and metallic meshes for THz band pass filters. However, the
parameters of such optics (e.g. the focal length) are fixed, and changing these parameters requires fabricating a new device.
Here, we create THz optical elements (such as lenses, waveplates, polarizers and band
pass frequency filters) that rely on a transient spatial modulation of the refractive index
of a semiconductor slab. More precisely, we will use a femtosecond laser pulse to image
a shadow mask onto the surface of a semiconductor. Absorption of this pulse leads to
the generation of an electron-hole plasma1. Thus, a spatial variation of the semiconductor’s refractive index is obtained which corresponds to the structure of the
shadow mask used. One example of such structure is a wire-grid polarizer that consists
of parallel stripes exhibiting high carrier density, interleaved by dielectric stripes. We
will also consider antenna-like structures that exhibit local enhancement of the incident
THz pulse2, which is particularly interesting for applications in nonlinear THz spectroscopy3.

References
1. E. Hendry, F. J. Garcia-Vidal, L. Martin-Moreno, J. Gómez Rivas, M. Bonn, A. P.
Hibbins, and M. J. Lockyear, Phys. Rev. Lett. 100, 123901 (2008).
2. V. Giannini et al., Opt. Express 18, 2797 (2010).
3. S. Leinß, T. Kampfrath, K. v.Volkmann, M. Wolf, J. T. Steiner, M. Kira, S. W. Koch,
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Ultrafast spin control by electromagnetic terahertz pulses
Andrea Rubano, Tobias Kampfrath, and Martin Wolf
Ultrafast manipulation of the electron spin plays a central role in the future development
of spin-electronics and data storage1. The most direct stimulus to perturb a spin is by
means of a time-dependent electromagnetic field, which exerts a torque on the spin. In
order to enhance the interaction between field and spin, one can make use of spin
resonances, for example spin waves (magnons), which can be pictured as wave-like
deviations of spins on a lattice from their equilibrium orientation. While magnon
frequencies are less than 10 GHz in ferromagnets, they can be as large as 1 THz in
antiferromagnets. Thus, irradiating an antiferromagnet with an intense terahertz (THz)
pulse should be a promising route towards ultrafast spin control.
For a first demonstration of this scheme, we apply an intense sub-picosecond pulse
(peak magnetic field 0.15 T, spectrum 0.5 to 2.5 THz) to the textbook antiferromagnet
NiO. The induced transient spin dynamics is probed by a subsequently arriving femtosecond pulse, and we observe a pure harmonic oscillation with a frequency of 1 THz,
clearly identifying the signal as the magnetization signature of the high-frequency spin
Eigen-mode. Further analysis demonstrates that the spin precession is driven by
straightforward Zeeman coupling between the spins and the THz magnetic field. As the
THz pulse leaves other degrees of freedom unexcited, our scheme is highly suitable for
ultrafast coherent spin control in the electronic ground state2. As an example, we use a
second laser pulse to switch the spin wave off after 6 precession cycles.
Currently, we extend this approach to stronger THz fields and new materials, with the
goal to achieve high spin deflections, including nonlinear spin motion and, eventually, a
spin-flip. In order to generate more intense THz fields, we will make use of optimized
THz emitters3 and resonant antenna structures4. On the other hand, we will exploit the
electric-field component of the THz-pulse instead of the magnetic one. This route
appears promising in so-called magneto-electric materials in which spin-orbit coupling
(mediated by the electric field) can exceed Zeeman coupling (mediated by the magnetic
field) by one to two orders of magnitude.
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Superdiffusive hot carrier transport in Au/Fe/MgO(001)
Alexey Melnikov and Uwe Bovensiepena
The ultrafast spin dynamics induced by a transport of spin-polarized carriers has been a
hot topic over the last decades. It is motivated by the fundamental interest in magnetic
excitations and applications, like spintronics and data storage. To achieve a microscopic
understanding of the underlying elementary processes typically occuring on femtosecond time scales, a time domain approach that probes the spin dynamics induced by
hot carriers (HC) has been developed and a spin-polarized HC transport through an
epitaxial Au/Fe/MgO(001) structure is demonstrated1. Following a time-of-flight like
approach, which is realized in a back pump-front probe configuration, it is established
that HC induced in Fe by the pump laser pulse can form a nearly ballistic spin current
(SC) in Au1.
Optical second harmonic (SH) radiation generated at the Au surface by the probe pulse
monitors the transient HC density in the subsurface layer as well as the transient surface
spin polarization (SP) induced by HC1. According to ab initio calculations1, HC with
different SP are excited in the exchange-split band structure of Fe to different final energies and consequently have different lifetimes in Au. Thereby, the HC pulse has a steep
leading part predominantly formed by ballistic HC with the negative SP. They propagate though the Au layer with the time-of-flight defined by the Fermi velocity. A
shallow trial part is formed by HC with the positive SP propagating in the diffusive
regime. This leads to the SC sign change within the 1 ps overall SC pulse duration,
which is shorter than the duration of the HC density pulse. This timescale is attributed
to the electron-electron spin-flip scattering of the HC in Au and corresponds to the spinflip probability of 0.1 in every single scattering event.
The developed approach also allows to address an important question of the modern
physics, which is the origin of the laser-induced ultrafast demagnetization of ferromagnets. The understanding of the underlying elementary processes is hindered by the
limited ability of conventional pump-probe schemes to distinguish photon-, electron-,
and phonon-mediated effects since all the above stimuli act at the same time. SH
monitoring of the Fe/MgO interface of Au/Fe/MgO(001) structures after the pump pulse
applied from either Fe or Au side allows to compare the ultrafast magnetization dynamics excited in Fe either by direct optical pumping or by HC generated in Au. Due to
the similar demagnetization magnitude, direct effects of the pump pulse light field can
likely be ruled out, which shows that the HC-induced spin dynamics is responsible for
the ultrafast demagnetization.
Reference
1. A. Melnikov et al., Phys. Rev. Lett. 107, 076601 (2011).
Acknowledgements: This work was done in collaboration with I. Razdolski, O.A. Aktsipetrov (Moscow
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Institute Moscow), T. Wehling, and A. Lichtenstein (University of Hamburg).
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Manipulation of organic and inorganic matter by
scanning tunneling microscopy
Johannes Mielke, Carlos Villagómez, Christian Bombis, and Leonhard Grill
The manipulation of matter at the atomic scale by using a scanning tunneling microscope (STM) allows the investigation of physical and chemical properties of individual
atoms and molecules on a surface. While on the one hand the chemical interaction
between the STM tip and the adsorbates can be used, on the other hand the tunneling
electrons and the electric field in the junction can induce various processes.
While most manipulation studies in the last years focussed on single atoms or functional
molecules, the controlled modification of NaCl crystallites on a Cu(111) surface was
studied here. Small crystallites can be dislocated on the surface, while larger ones are
too strongly bound to the surface, which leads to a cutting of the ultrathin islands. In the
particular case of cantilever-shaped islands, a cracking process is induced, where elastic
deformation occurs and Hooke’s law is valid as proven by theoretical simulations1.
An important class of molecules in terms of functionality are molecular switches that
exist in at least two stable states. After the deposition of imine-based molecules,
evidence for an inverted thermal switching behaviour was found2. As the trans state is
typically favoured, such molecules are known to relax from cis to trans upon heating if
sufficient thermal energy is provided. On a gold surface however, the inverse behaviour
is found for imine-based molecules, leading to an increasing number of cis isomers after
heating procedures, which is probably induced by an interaction of the cis isomers with
the substrate that is not present for the trans isomers.
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Polymerization of functional molecules on surfaces
Carlos Villagómez, Leif Lafferentz, Matthias Koch, Alex Saywell, and Leonhard Grill
The assembly of molecules on a surface is of general interest for a fundamental understanding of molecular interactions, but is also relevant for potential applications in novel
materials, molecular machines or molecular electronics. Various possible interactions
between the molecules can be used to stabilize the structures, from weak van der Waals
forces to rather strong covalent bonds. The latter ones are of particular interest, because
they exhibit high stability and the promising possibility of charge transport between the
molecules. We could show in the last years that covalent carbon-carbon bonds between
molecules can be formed directly on a surface by the controlled dissociation of halogen
atoms from the molecules. The final architectures are determined by the chemical
structure of the initial building blocks.
The incorporation of a certain function into molecular nanostructures is of general interest, because it could allow the construction of complex arrangements or molecular
machines. Here, we have used molecules (synthesized by J. M. Tour and co-workers)
that contain spheric carborane groups, which are rotatable around their axis and could
thus act as wheels. Such a component could lead to a rolling motion of molecules upon
diffusion on the surface with two advantages as compared to a hopping motion: First,
the motion is directional and second, it might be possible to overcome obstacles. When
depositing such molecules onto a Cu(111) surface, they connect on the surface by
incorporating copper atoms of the substrate into a metal-ligand bond as is observed by
scanning tunneling microscopy (STM) 1. This process works very efficiently, leading to
so-called nano-cars or nano-trains, depending on the chemical structure of the individual
molecules. Although a rolling motion of the wheels could not be observed, due to a
rather strong interaction with the surface, the nature of the bond could be unambiguously proven. If a controlled separation of a nano-train is induced by manipulation
with the STM tip, single copper atoms which were stabilizing the nanostructure before,
remain on the surface.
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Photochemistry of N2O on MgO surfaces
Philipp Giese, Martin Wolf, and Christian Frischkorn
The UV photon-induced substrate-mediated dissociation of N2O on thin MgO films
grown on an Ag(100) crystal surface has been investigated with postirradiation thermal
desorption spectroscopy (TDS). After excitation with 248 nm light, we have observed
the simultaneous formation of molecular N2 and a high-temperature recombinative
desorption of atomic oxygen species, which is accompanied by a decrease in the parent
N2O coverage. On the basis of the generation and depletion of N2 and N2O as a function
of the photon dose, we have determined cross sections of ~10-18 and ~10-19 cm2,
respectively, whereas for the concurrent desorption of the N2 photoproduct a cross
section of 10-20 cm2 is found. Our findings can be rationalized in terms of the initial
photogeneration of electron-hole pairs that then upon electron trapping lead to reactive
sites that cause the dissociation of the parent N2O molecules1.
If the thermal desorption of molecular oxygen is completed at 650 K, the initially
prepared MgO film is virtually restored to its initial reactivity condition. However, only
partial removal of the photogenerated atomic oxygen species results in the diminished
formation of N2 in subsequent reduction cycles, which we explain by a blocking of the
reactive MgO defect sites through atomic oxygen for annealing temperatures that are
not high enough. In contrast, studies of the reactivity of these photogenerated atomic
oxygen species on MgO reveal that the oxidation of coadsorbed CO can be achieved
using UV photoexcitation of the prepared CO + O/MgO/Ag(100) system.
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Understanding water structure at interfaces: UV excitation, induced
ferroelectricity and water/oxide vibrational coupling
Juraj Bd!och, R. Kramer Campen, Christian Frischkorn, and Martin Wolf
Much of the chemistry and physics that determine device performance, control mass
flux in the environment and underly biology occurs at aqueous interfaces. Water at
interfaces in general, and near the oxide/water interface in particular, differs markedly
from water in bulk in a variety of ways: e.g. its time averaged structure, structural
dynamics and dielectric response. A dramatic example of such distinct behavior is
apparent in thin crystalline D2O-ice layers on a Ru(001) surface.
Irradiating this system with 4.66 eV light leads to electron transfer from the metal into
the ice layer, where the vibrational response of water molecules in the OD stretch region
is probed using vibrational sum frequency generation spectroscopy. Electron injection
into crystalline layers enhances the sum–frequency (SF) signal more than 103 times in
the frequency region corresponding to vibrations involved in hydrogen bonding, but
does not influence the vibrations at the ice–vacuum interface. The observed changes do
not spontaneously reverse back to the original state on a timescale of several hours and
strongly depend on the D2O structure, since no enhancement in the SF spectra of thin
amorphous ice layers can be observed under otherwise identical experimental
conditions. This phenomenon can be rationalized by partial ferroelectric ordering of the
crystalline ice phase experiencing large electric fields, which results in a net dipole
moment of the D2O adsorbate through molecular reorientation. This causes symmetry
breaking in the inner part of the ice layer which gives rise to the observed tremendous
SF signal enhancement1.
While such ferroelectric ordering is of interest in water ice (i.e. at low temperatures), we
are still limited in a detailed understanding of water/solid, particularly liquid water/solid
interfaces. To more deeply understand the structure and dynamics of interfacial water at
water/oxide interfaces, and their relationship to oxide composition and phase, we will
develop nonlinear optical tools to directly probe the coupling between interfacial water
and oxide surface phonon modes and the manner in which such coupling depends on
structural fluctuations in interfacial water, composition of the bulk aqueous phase (e.g.
pH, salt concentration, etc.) as well as on temperature. Such work will extend recently
developed infrared pump-vibrational sum frequency probe techniques and will employ a
recently installed high-power femtosecond laser system for the generation of infrared
light at long wavelengths ( >10 µm).
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Tip-enhanced Raman spectroscopy (TERS) in UHV of
adsorbates on Au(111)
Philip Schambach, Carlos. J. Villagómez, Martin Wolf, and Bruno Pettinger
Tip-enhanced Raman spectroscopy (TERS) offers a promising tool to investigate
interfaces topographically and chemically on a nanometer scale. This approach has a
great potential for applications in science and technology as it permits the identification
and characterization of adsorbates with this optical vibrational spectroscopy with very
high sensitivity and nanometer resolution.
The TERS approach has been extended to UHV by employing a unique concept: (i) a
high numerical aperture parabolic mirror (PM) is placed adjustable in between the
scanning tunneling microscope (STM) scanner and the sample and (ii) all other
necessary optics are mounted on a common platform together with the STM. The PM is
used to focus the incident beam on the Au-tip and sample, and to collect Raman
scattering with high efficiency. In 2007, first very promising results were obtained,
however, the instrument developed so far permitted only the proof of principle1.
Therefore, our UHV-TERS approach has been improved along various lines in order to
make it more easily applicable and complementary to advanced UHV studies. For
example, piezo-driven mirrors have been installed permitting a re-alignment of the
optical path without opening the UHV chamber. In addition, a recently added preparation chamber enables sputtering and annealing of the sample, the evaporation of
molecules onto the surface and its transfer to the TERS unit for the vibrational investigations.
Currently, new experiments are in progress. These include investigations of C60
molecules (for example, in form of small, well ordered C60 islands) deposited on
Au(111) samples. Preliminary results on such samples obtained at room temperature
yielded intense TER spectra exhibiting much more Raman lines (>25) than allowed for
isolated C60 molecules (due to its Ih symmetry only 10 Raman modes are active; the four
infrared active and the 32 silent modes are forbidden). Adsorption at Au(111) and
intermolecular interactions due to formation of a hexagonal adlayer structure leads to a
symmetry reduction, which may lift degeneracies, making former IR-active modes as
well as a number of other silent-modes not only Raman-active but also relatively intense
under TERS conditions. Most striking is a significant time dependence of TERS for C60,
not so much in observed frequencies, but in the relative band intensities. This can point
to structural, adsorptive and/or chemical changes within the C60 adlayer.
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Coarse-grained dynamical modeling of molecular motors
Markus Düttmann, Holger Flechsig, Yuichi Togashia,b, Tatsuo Yanagidaa,c, and
Alexander S. Mikhailov
Single-molecule protein motors play a fundamental role in biological cells and are
responsible for a variety of their functions, including force generation in muscles, intracellular transport or the manipulation of nucleic acids. The operation of such molecular
machines is based on the internal conformational motions which are induced by ligand
binding and catalytic conversion. Because the characteristic times of machine cycles are
typically on the millisecond scales, they cannot be resolved in all-atom molecular
dynamics simulations, and coarse-grained dynamical descriptions are therefore needed.
Within the last decade, a coarse-grained elastic-network approach, where each amino
acid is modeled as a single particle and the particles are connected into a network by
elastic interactions, has become increasingly popular. Here, we report the results1-4 of a
series of numerical investigations for important protein motors, such as myosin, kinesin,
the hepatitis C virus (HCV) helicase and other helicase proteins, which have been
performed at the FHI in collaboration with Japanese researchers.
HCV helicase is a molecular motor that actively translocates along the double DNA and
separates the two strands. By combining elastic-network modeling for the protein with
the polymer chain description for DNA and including interactions between the protein
and the DNA into the description, we were able – for the first time in a structurally
resolved dynamical simulation – to reproduce entire operation cycles of an actual
molecular machine and to confirm the predictions previously made on the basis of
various single-molecule experiments1. Further investigations have been undertaken to
analyze the functional dynamics of other helicase motors2.
Myosins are used in the cell to generate mechanical forces and to actively transport
loads along actin filaments. Recent experiments have shown that such biomolecules
operate as strain sensors, responding in a well-defined way to the mechanical forces
applied to them, and thus controlling their binding to the filaments. Our numerical
analysis3 for myosin-V, based on the elastic-network description, has allowed us to
explain these experimental results. We have also performed a detailed comparative
study of ligand-induced conformational motions in myosin and kinesin4.
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The effect of low conductivity on pattern formation during HCOOH
electro-oxidation on Pt
Adriana Bernal-Osorio and Markus Eiswirth
In order to observe the impact of coupling strength on the appearance of of spatiotemporal phenomena in reaction-migration systems, the pattern formation during formic
acid (HCOOH) electro-oxidation on a platinum ring was studied at different specific
conductivity values.
The development of patterns in the distribution of the double layer potential is related to
an interaction between a nonlinear potential dependence of the kinetics and a nonlocal
spatial coupling through the electric field given by a migration current. The strength of
this coupling varies as a function of the geometry of the electrochemical cell and the
electrolyte parameters1.
The electro-catalytic oxidation of HCOOH on Pt is well known for its bistability and
shows a higher oscillatory activity in the presence of ad-atoms, like Bismuth ions,
promoting the occurrence of spatiotemporal phenomena2. These phenomena have been
studied experimentally and theoretically, in which a former characterization of the
patterns at different geometries and chemical composition confirmed the presence of
fronts, pulses and standing waves, among others3.
In the present work, we observed the different patterns that are formed when lowering
the ionic coupling strength over a ring Pt electrode by changing the amount of salt of
the supporting electrolyte (Na2SO4) without varying the chemical properties of the
system. Cyclovoltammetric profiles were recorded and spatiotemporally resolved
potential imaging was carried out by measuring the local potential above the electrode
using microprobes. All experiments were carried out under potentiostatic conditions.
It was observed that at low conductivity levels, when the coupling through the electrolyte is weak, the development of local range patterns is favored, i.e. localized bursts;
while as the conductivity rises, the presence of travelling patterns and oscillating domains dominates.
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Surface-sensitive time-resolved diffraction: Development of
femtosecond low-energy electron diffraction
Melanie Müller, Canhua Xu, Henry Plottke, Alexander Paarmann, and Ralph Ernstorfer
Most photo-physical, photo-chemical, and even light-triggered biological reactions are
governed by the interplay of electronic and nuclear dynamics. In order to obtain a
microscopic picture of a reaction pathway, a technique providing atomic spatial
resolution and femtosecond temporal resolution is required. Within the last few years,
tremendous progress has been achieved in the development of ultrafast diffraction
techniques based on femtosecond x-ray as well as electron sources. While the
generation of brilliant ultrashort x-ray pulses requires 4th generation light sources1,
femtosecond transmission electron diffraction has been demonstrated to be a complementary technique which was realized as a cost-efficient table-top experiment2. Both
techniques are bulk-sensitive and provide only little surface-sensitivity.
We aim at developing an ultrafast surface-sensitive structural probe based on
femtosecond electron diffraction with single, coherent, ultrashort electron wave packets
with kinetic energies in the range from 50 to 1000 eV. We employ sharp metallic tips
photoexcited with carrier-envelope phase-stable 5 fs laser pulses as electron source. As
vacuum is dispersive for non-relativistic electrons, a very compact design ensures
minimal temporal spreading of the electron wave packets. These electron pulses will
capture the atomic structure of a photoexcited surface or ultrathin film within a 100 fs
time window sliding relative to the arrival of a few-fs near-infrared laser pulse. That
way, femtosecond temporal resolution will be added to the surface-sensitive structural
information provided by conventional low-energy electron diffraction (LEED). We
expect such a technique to be of broad interest for the study of structural dynamics of
inorganic and organic surfaces as well as of photo-induced surface chemistry.
In addition to fs-LEED in a backscattering geometry, the diffractometer will allow the
detection of forward-scattered electrons. Electron wave packets emitted from metallic
point sources are sufficiently coherent for holographic imaging of individual
nanometer-sized objects, including nondestructive imaging of bio-molecules3. As the
femtosecond electron source in development will exhibit similar coherence properties as
to DC field-emission sources, the apparatus under construction intrinsically offers the
option to perform electron holography with femtosecond temporal resolution.
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Excitation and field-driven electron transport in nano-structures
Alexander Paarmann, Melanie Müller, Canhua Xu, Tim Paasch-Colberga,
Agustin Schiffrina, and Ralph Ernstorfer
The advent of few-cycle laser pulses with stable and tunable carrier-envelope phase
(CEP) has enabled the control of electromagnetic fields with attosecond time precision.
Such pulses can be used to induce electronic excitations in solids by two different
excitation schemes: i) generation of non-equilibrium carrier distributions by single or
multiple photo-absorption, ii) laser field-induced tunneling of electrons from the
valence to the conduction band1. We apply both excitation schemes for studying
electron transport in nanostructures.
1. Ballistic electron transport in a correlated system
Bismuth is the prototype Peierls-distorted crystal whose strong correlation between
electronic excitation and structural response has been studied by optical spectroscopy2
as well as time-resolved diffraction3. As the change of the lattice potential energy
surface is mostly driven by the density of excited carriers, the temporal evolution of the
spatial carrier distribution is important, in particular, as Bi exhibits a very small Fermi
surface resulting in a comparably large ballistic mean-free path. We access the
dynamics of ballistic transport by means of time-resolved reflectivity measurements of
thin Bi films with varying thickness in the nanometer range. Additionally, we compare
the transient reflectivity changes when pump and probe pulses are applied to the same
side or to opposite sides of the film.
2. Field-driven generation and control of currents in wide-band gap materials
Based on the second excitation mechanism mentioned above, we aim at exploiting fewcycle near-infrared optical fields with well-defined CEP to generate and control the
motion of charge carriers within nano-scaled solid state heterostructures. Applying such
laser pulses to unbiased metal / large band gap material / metal nano-structures, we
demonstrate the generation of directly measurable photocurrents whose magnitude and
directionality can be controlled with the laser CEP. This effect rapidly vanishes with the
increase of the laser pulse duration. We interpret these phenomena as the signature of
field-induced generation of free carriers in the dielectric with subsequent directional
acceleration of the carrier in the ultrashort laser field. This ultrafast current injection at a
nanoscaled condensed matter system represents a first step towards the realization of
light-field controlled electronics.
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Victor G. Ruiz López, Alexandre Tkatchenko, and Matthias Scheffler

And more...
TH

23

On the Importance of van der Waals Forces in Ice
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TH 1
Beyond the Random-Phase Approximation for Correlation
Xinguo Ren, Joachim Paier(∗) , Patrick Rinke, and Matthias Scheffler
Owing to its broad applicability and promise to overcome several intrinsic deficiencies of all popular approximations to density-functional theory (DFT), the randomphase approximation for the ground-state correlation energy (cRPA) in combination
with exact exchange (EX) has brought DFT one step further towards a “generalpurpose first principles method”. This is largely due to three attractive features.
The exact-exchange energy cancels the spurious self-interaction error present in the
Hartree energy exactly. The RPA correlation energy is fully non-local and includes
long-range van der Waals (vdW) interactions automatically, seamlessly, and highly
accurately. Moreover, dynamic electronic screening is taken into account by summing
up a sequence of “ring” diagrams to infinite order, which makes EX+cRPA applicable to small-gap or metallic systems where finite-order many-body perturbation
theories (e.g. 2nd-order Møller-Plesset theory (MP2)) break down.
However, the standard RPA practice, i.e. evaluating both the EX and cRPA terms
using single-particle orbitals from local, semi-local, or hybrid functionals, systematically underestimates bond strengths across a variety of systems. Two recent corrections to cRPA have successfully ameliorated the underbinding problem: second-order
screened exchange (SOSEX) [1,2] and (renormalized) single excitation corrections
((r)SE) [3]. From a diagrammatic point of view, SOSEX and rSE correspond to
different types of many-body correlation terms that are, however, compatible with
each other. In this work, we systematically benchmark the influence of SOSEX,
rSE, and their combination on the atomization energies of the covalently bound
G2 molecular set, the binding energies of the weakly bound S22 molecular set, and
hydrogen-transfer and non-hydrogen-transfer reaction barrier heights (HTBH38/04
and NHTBH38/04 sets). We find that both SOSEX and rSE corrections to cRPA
improve upon the notorious tendency of EX+cRPA to underbind. Surprisingly, reaction barrier heights obtained using EX+cRPA based on a KS reference are already
remarkably accurate. EX+cRPA+SOSEX+RSE lives up to the challenge of providing a comparable level of accuracy for reaction barrier heights. For the systems we
have tested it, it gives the most balanced performance with an accuracy close to the
“gold standard” in quantum chemistry (CCSD(T)), but at a reduced formal scaling
with system size (N 5 vs N 7 ), which holds great promise for widespread application
in the future.
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TH 3
An Accurate and Efficient Method for Many-Body
van der Waals Interactions
Alexandre Tkatchenko, Robert A. DiStasio Jr.(∗) , Roberto Car(∗) ,
and Matthias Scheffler

Van der Waals (vdW) interactions are ubiquitous in nature, playing a major role
in defining the structure, stability, and function for a wide variety of molecules and
materials. Thus, the accurate description of vdW interactions is essential for improving our understanding of many biological, chemical, and (hard and soft) condensed
matter systems. Many encouraging ideas and methods have been proposed in recent years for approximately including the missing long-range vdW interactions in
generalized gradient and hybrid density-functional methods. However, the efficiency
of popular DFT based methods for vdW interactions crucially depends on two major approximations: (1) the neglect or only macroscopic treatment of long-range
Coulomb screening, (2) the neglect of the non-additive many-body vdW energy,
beyond the two-body approximation.
We developed an efficient method to determine the long-range Coulomb screening and many-body vdW energy microscopically. This is achieved by combining the
TS-vdW method [1] with the self-consistent screening equation of classical electrodynamics [2]. This leads to a seamless description of short- and long-range Coulomb
screening, including anisotropy, polarization, and depolarization for the polarizability tensor of molecules and solids. The long-range non-additive many-body van der
Waals (vdW) energy is obtained from the numerical solution of the coupled-dipole
equations [3]. We show that the screening and the many-body vdW energy play a
significant role even for rather small molecules, becoming crucial for an accurate
treatment of conformational energies in bio-molecules, and binding of molecular
crystals. The computational cost of the developed theory is negligible compared to
the underlying electronic structure calculation, enabling calculations for thousands
of atoms.
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TH 5
Thermal Conductivity at High Temperatures
from First Principles
Christian Carbogno, Ramamurthy Ramprasad(∗) , and Matthias Scheffler
The development of materials with suitable thermal conductivities is crucial for a
variety of applications, e.g., for the optimization of thermoelectric elements or for
the design of novel thermal barrier coatings for gas and airplane turbines [1]. In spite
of significant research efforts, a parameter-free first principles determination of the
thermal conductivity at high temperatures, e.g, above 70% of the melting temperature, has remained elusive. Techniques that rely on the harmonic approximation
or on small perturbations thereof [2,3] are questionable in this temperature regime.
Similarly, methods based on non-equilibrium molecular dynamics (MD) require enormous temperature gradients along the computationally feasible supercell, and hence
lead to undesired non-linear effects [4]. The Green-Kubo method, which does not
suffer from these shortcomings, involves the assessment of the thermal conductivity
from the auto-correlation of the heat flux via equilibrium MD. This method has
hitherto been discarded in first-principles simulations since the computation of the
heat flux requires the energy contributions from the individual atoms, a quantity
that appears to be not directly accessible in first-principles schemes.
In this work, we show that the Green-Kubo approach can be reformulated in
terms of the energy density [5], a quantity that is directly accessible in density functional theory calculations. In practice, this approach leads to a unique definition of
the microscopic heat flux that does not rely on any partitioning scheme for the total
energy. To demonstrate the capabilities of this technique, we investigate the thermal
conductivity of ZrO2 , a material that is widely used in industrial high-temperature
applications [1]. In particular, we determine how the thermodynamic properties of
this material are affected by the introduction of disorder, e.g., by isotopic, isovalent, and aliovalent doping. We critically discuss the details of our implementation,
and the numerical effort associated with such ab initio MD simulations. This implementation remains the only first-principles option available to date to accurately
determine the high temperature thermal conductivity of materials.
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TH 6
State of FHI-aims
Volker Blum, Xinguo Ren, Rainer Johanni, Sergey Levchenko, Jürgen Wieferink,
Patrick Rinke, Heiko Appel, Jörg Meyer, Luca Ghiringhelli, and Matthias Scheffler
Electronic structure theory is remarkably successful as a standalone, predictive firstprinciples framework for materials, (bio)molecules, chemical reactions, etc. Among
the biggest ongoing challenges are (i) affordable, accurate, generically applicable
ground-state exchange-correlation methods, (ii) covering a plethora of phenomena
beyond the electronic ground state (time dependence, spectroscopy, etc.), and (iii)
sufficient system sizes and simulation times for real predictions in complex systems.
Our primary development towards these goals is the “Fritz Haber Institute ab
initio molecular simulations” (FHI-aims) package [1], based on accurate, localized
numeric atom-centered basis sets. We here focus on some important recent work:
Periodic exact exchange and hybrid functionals. We demonstrate an efficient,
“resolution of identity” (RI) based framework to evaluate the exchange operator
in periodic systems—either in real-space, using the principles of O(N ) non-periodic
Hartree-Fock [2], or completely independently by treating the Coulomb operator
in reciprocal space. The implementation thus guarantees a flexible, scalable and
accurate implementation for any class of material.
Scalability: Routine calculations up to (ten)thousands of processors, for several
thousand atoms or molecular dynamics up to 100s of picoseconds for biomolecules
with several hundred atoms are a hallmark of FHI-aims. Towards massively parallel
scalability, we showcase the eigensolver “ELPA” (now also an open-source, standalone library [3]), a load-balanced, memory-saving domain decomposition scheme,
and a scalable RI implementation based on a two-dimensional data layout.
Among the many other scientific additions to FHI-aims are many-body perturbation theory beyond RPA and G0 W0 , a real-time propagation version of timedependent DFT, refined approaches to van der Waals dispersion contributions, and
an efficient trust radius method for local structure optimization. The recently developed Bussi-Donadio-Parrinello thermostat adds to the molecular dynamics capabilities, which can be coupled to replica exchange or to thermodynamic integration for
anharmonic contributions in solids. Further phonon- and free-energy related methods
are available through stable interfaces to external packages (phonopy and plumed,
respectively). In short, FHI-aims reflects our continued push towards an efficient,
accurate all-electron treatment for first-principles computational materials science.
[1] For recent news and publications, see http://aims.fhi-berlin.mpg.de .
[2] C. Ochsenfeld, C. A. White and M. Head-Gordon, J. Chem. Phys. 109, 1663 (1998).
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TH 8
Towards Catalysis by Free Gold Clusters at
Realistic (T, p) Conditions
Elizabeth C. Beret, Merel M. van Wijk, Luca M. Ghiringhelli,
and Matthias Scheffler
The discovery that nanosized gold particles are good catalysts in a variety of oxidation reactions [1], has been attracting the interest and excitement of the scientific
community for more than twenty years. These reactions, for which oxidation of CO
to CO2 serves as a paradigm, imply a transition in the total spin moment and therefore do not occur spontaneously in gas phase. We have addressed the part taken
by gold clusters as catalysts for CO oxidation, analyzing the energetically preferred
reaction routes, with particular care on the conservation of the total spin moment.
In the real catalytic process, the clusters are exposed to an atmosphere of gasphase O2 and CO reactants at finite temperature and pressure. We have modeled
free gold clusters in contact with an atmosphere composed of O2 and CO by means of
density-functional theory calculations (DFT), and accounted for both temperature
and pressure effects employing ab initio atomistic thermodynamics [2].
We studied the thermodynamic stability of Au2 and Au−
2 clusters with respect to
ligand adsorption or desorption. In a first step we considered adsorption of O/O2 /CO
ligands onto the gold clusters at various stoichiometries. In a subsequent step the
possibility for these cluster+ligands structures to desorb CO2 molecules was taken
into account. The free energies of gas-phase clusters and cluster+ligands complexes
were obtained from the partition functions in conjunction with DFT calculations, including translational, rotational, vibrational, and electronic contributions. Ab initio
atomistic thermodynamics yielded phase diagrams which identified the thermodynamically most relevant structures at the realistic T and p of interest . On the basis
of this analysis, we could recognize the thermodynamic driving force of the catalytic
CO oxidation process and single out the energetically preferred reaction mechanism
[3], as a preliminary step before taking chemical reaction kinetics into consideration.
In the proposed reaction path, the total spin moment is conserved in each elementary step, and it is the adsorption of an incoming O2 molecule that drives the system
from the singlet to the triplet spin state, and vice versa. In this way, CO2 is formed
from O2 and CO overcoming the need for a spin transition.
[1] H. Huber, D. McIntosh, and G. A. Ozin, Inorg. Chem. 16, 975–979 (1977);
M. Haruta, T. Kobayashi, H. Sano, and N. Yamada, Chem. Lett. 2, 405–408 (1987).
[2] C. M. Weinert and M. Scheffler, Mat. Sci. Forum 10–12, 25–30 (1986);
K. Reuter and M. Scheffler, Phys. Rev. B 65, 035406 (2001).
[3] E. C. Beret, L. M. Ghiringhelli, and M. Scheffler, Faraday Discussions, in press (2011).

TH 9
Selective Catalytic Reduction of NO by NH3 at Brønsted
and Lewis Acid Sites of Vanadium Oxide Surfaces:
A Comparative DFT Study
Mathis Gruber and Klaus Hermann
The Selective Catalytic Reduction (SCR) of NOx by NH3 is one of the most effective
NOx reduction processes. It is widely employed in units of industrial scale where
vanadium-based metal oxides, VOx , act as catalysts. The SCR reaction has been
studied experimentally in great detail [1]. Here adsorption, NHx (de)hydrogenation,
reaction with NO, surface water formation, and diffusion processes at the VOx catalyst are found to represent elementary steps [1]. However, details of the reaction
mechanism at an atomic scale are still under debate.
In this work elementary steps of the SCR reaction are examined in theoretical studies applying density-functional theory (DFT) together with the gradientcorrected RPBE functional (cluster code StoBe). The VOx catalyst substrate is
modeled by clusters cut out from the ideal V2 O5 (010) surface where peripheral
oxygen bonds are saturated by hydrogen at characteristic OH distances of 0.99 Å.
Reduced VOx surface regions are simulated by introducing oxygen vacancies. In addition, silica supported vanadia particles are considered as catalysts by corresponding
clusters.
In experiments, the adsorption of ammonia has been identified as initial reaction step [1] of the SCR. This is based on the analysis of infrared data where two
strongly adsorbed NH3 species at the V2 O5 (010) surface have been found [1, 2]. In
contrast, theoretical studies have verified only one Brønsted-type adsorption site so
far [3]. In the present work, two active sites, accessible for NH3 adsorption, could be
identified which explain the experimental results. First, NH3 is found to bind with
the V2 O5 (010) surface in the presence of OH groups (Brønsted acid sites) where it
can form a rather stable surface NH+
4 species. Second, NH3 can bind at vanadium
centers of lower coordination (Lewis acid sites) as provided by the reduced surface.
(Vanadium sites at the perfect surface do not serve as adsorption sites for ammonia,
in agreement with previous work [3].) Accordingly, the initial NH3 adsorption leads
to two different SCR scenarios where all reaction steps can be described by corresponding reaction paths and intermediates as will be discussed in detail.
[1] G. Busca, L. Lietti, G. Ramis, and F. Berti, App. Cat. B - Env. 18, 1 (1998).
[2] G. Ramis, L. Yi, and G. Busca, Catal. Today 28, 373 (1996).
[3] X. Yin et al., J. Phys. Chem. B 103, 4701 (1999).
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Structural Analysis of Silica-Supported Molybdena Based
on X-ray Absorption Spectroscopy:
Density-Functional Theory and NEXAFS Experiments
Chungsheng Guo, Klaus Hermann, Michael Hävecker(∗) , Jörg P. Thielemann(∗) ,
Pierre Kube(∗) , Laurence J. Gregoriades(∗∗) , Annette Trunschke(∗) ,
Joachim Sauer(∗∗) , and Robert Schlögl(∗)
Molybdenum oxide is catalytically active in a wide range of different organic reactions including oxidation, hydrogenation, metathesis, and isomerization that require both redox and acid-base functions. Aiming at an improved fundamental understanding of oxidation catalysis, supported molybdena species have been widely
studied in their structural and electronic behavior. In this work [1] we perform
density-functional theory (DFT) calculations using the gradient-corrected RPBE
functional on oxygen 1s core excitations in molybdena-silica model clusters simulating local sections of supported molybdena catalysts as well as in clusters representing
bulk MoO3 substrate. These results can be compared with in situ X-ray absorption
fine structure (NEXAFS) measurements near the O K-edge of molybdena model
catalysts supported on SBA-15 silica and allow the analysis of structural details of
the molybdena species. The silica support is found to contribute to the NEXAFS
spectrum in an energy range well above that of the molybdena units allowing a
clear separation between the corresponding contributions. Different types of oxygen
species, O(1) in terminal M=O bonds, O(2) in Mo-O-Mo linkages and in inter-phase
Mo-O-Si bridges, as well as O(2) in terminal Mo-O-H groups can be distinguished
in the theoretical spectra of the molybdena species with molybdenum in tetrahedral (dioxo species), pentahedral (monooxo species) and octahedral coordination.
The experimental NEXAFS spectra exhibit a pronounced double-peak structure in
the O 1s to Mo 4d - O 2p excitation range of 529 - 536 eV. Comparison with the
present theoretical data gives clear indications that the presence of dioxo molybdena
species with tetrahedral MoO4 units can explain the experimental spectrum. This
does not fully exclude species with other Mo coordination, like pentahedral. However, the calculations suggest that the latter exist in the present samples in much
smaller amounts. The experimental NEXAFS spectrum for the supported molybdena species differs substantially from that for MoO3 bulk material with octahedral
MoO6 units where the observed asymmetric peak structure is also reproduced by
the calculations.
(∗)
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TH 11
Towards Low-Temperature Dehydrogenation Catalysis:
Isophorone on Pd(111)
Wei Liu, Aditya Savara(∗) , Xinguo Ren, Wiebke Ludwig(∗) , Karl-Heinz Dostert(∗) ,
Swetlana Schauermann(∗) , Alexandre Tkatchenko, Hans-Joachim Freund(∗) ,
and Matthias Scheffler
Dehydrogenation reactions are commonly used for producing organic molecules such
as styrene, benzene, or nitriles, and are among the most extensively studied processes in catalysis [1,2]. Typically, small molecules on metallic surfaces are employed
as reactants for catalytic applications. However, recently the focus is shifting towards understanding the adsorption and chemistry of molecules which are versatile
enough to display complex functionality. Here we present a joint theoretical and
experimental study on the adsorption and dehydrogenation mechanism of a model
catalytic reaction of isophorone (C9 H14 O) on the Pd(111) surface. Isophorone is a
“prochiral” molecule, meaning that with the aid of a chiral “modifier”, fabrication of
molecules with a single chirality is achievable. The importance of the single-handed
chiral molecules has been recognized in various applications, e.g., pharmaceuticals,
electrochemical sensors, and non-linear optical materials [3].
Density functional theory calculations including (screened) van der Waals (vdW)
interactions (PBE+vdW-ZK [4]) are carried out to elucidate the adsorption structure of C9 H14 O on Pd(111). The vdW interactions are found to significantly influence
the potential-energy surface, contributing about 1 eV to the binding energy, owing
to the rather large size of the isophorone molecule. However, calculations for the
full molecule do not lead to agreement with experimental infrared (IR) vibrational
spectra measured at 130 K. This leads us to propose a dehydrogenation pathway
from the weakly chemisorbed C9 H14 O reactant to the strongly chemisorbed C9 H10 O
product as a result of four C–H bond cleavages. In contrast to the full molecule,
the PBE+vdW vibrational spectrum of the adsorbed C9 H10 O fragment on Pd(111)
leads to a good agreement with the experimental IR spectrum. The relatively small
magnitude of the activation barrier derived from our calculations (≈ 0.4 eV), along
with a systematic analysis of the experimental temperature-programmed desorption
spectrum confirm the feasibility of the low-temperature dehydrogenation.
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TH 13
Electronic Structure and Stoichiometry of Li-MgO and
Fe-MgO Surfaces at Realistic (T,p) Conditions
Sergey Levchenko, Norina Richter, and Matthias Scheffler
We present a theoretical analysis of the thermodynamic stability, electronic structure, and chemical properties of surfaces of Lix Mg(1−x) O and Fex Mg(1−x) O materials
(0 < x < 1). While Li-doped MgO had been proposed to be a promising catalyst
for oxidative coupling of methane [1], transition-metal-MgO ternary compounds are
known to be good catalysts for conversion of methane to syngas. Our study is aimed
at understanding how doping affects nature and thermodynamic stability of active
sites present at MgO surfaces at realistic (T,p) conditions.
Using density-functional theory (DFT), we calculate electronic structure and geometry, as well as the formation energies of Li and Fe substitutional defects (LiMg and
FeMg ) at the MgO(100) surface. Furthermore, we analyze the interaction between
substitutional and intrinsic defects such as O and Mg vacancies. To correct for the
self-interaction error and band gap underestimation in DFT with standard exchangecorrelation functionals, the hybrid functional HSE06 is employed. The influence of
the screening parameter (including the limiting cases corresponding to PBE and
PBE0) on the results is studied. The equilibrium concentrations of the defects are
estimated using the ab initio atomistic thermodynamics approach.
We find that the concentration of neutral and singly charged O vacancies (F0
and F+ centers) at MgO(100) is vanishingly small at realistic (T,p) conditions and
electronic chemical potentials, while the concentration of F2+ in p-doped MgO can
be significant. On the contrary, the thermodynamically stable O-octopolar reconstruction of the polar MgO(111) surface should be defect-free even at p-doped MgO.
While the catalytic activity of Li-MgO has previously been attributed to the
presence of isolated or paired LiMg at the surface [1], we show that LiMg defects
segregate to the surface and form islands at elevated temperatures. This results in
destabilization of the surface and change of its morphology, in agreement with recent
experimental results [2].
Similar to the LiMg defects, neutral FeMg energetically prefer to be in the top
layer of the MgO(100) surface. At temperatures below ∼ 700 K, neutral FeMg become
positively charged, compensated by adjacent negatively charged Mg vacancies, while
at higher temperatures the oxidation state of Fe changes from 3+ back to 2+.

[1] T. Ito and J. H. Lunsford, Nature 314, 721 (1985).
[2] P. Myrach, et al., ChemCatChem 2, 854 (2010).

TH 15
Critical Role of van der Waals Interactions for Polypeptide
Secondary Structure
Mariana Rossi, Volker Blum, Alexandre Tkatchenko, Joel Ireta Moreno(∗) , and
Matthias Scheffler
Van der Waals (vdW) interactions are long recognized as essential ingredients for
the overall structure of peptides and proteins, favoring compact conformations over
extended ones. We show here that vdW interactions are critical even to stabilize specific secondary structure types (helices) over others, a role often ascribed mainly to
other non-bonding terms (hydrogen bonds, electrostatics). We demonstrate our point
for helix-forming alanine-based polypeptides Ac-Alan -LysH+ , n=4-15, in isolation
(vacuum), applying density-functional theory with a density-dependent C6 [n]/R6
correction [1] added to the PBE exchange-correlation functional (PBE+vdW).
We quantify the role of van der Waals interactions in three respects: (i) the onset
of helical structure as a function of polyalanine length n, (ii) the finite-temperature
stability of specific helix types in ab initio molecular dynamics (AIMD) simulations,
(iii) by benchmarking key conformational energies against higher-level methods.
For (i), PBE+vdW predicts a clear α-helical conformational preference from n=8
on, in agreement with experimental indications [2]. Instead, the lowest energy structure for plain PBE is mostly 310 -helical, with a close energetic competition to several
other motifs. For (ii), we explore the unfolding for n=15 through overall several hundred picoseconds of AIMD at different temperatures (300K, 500K, 700K, 800K), with
and without vdW. At this time scale the helical structure can, e.g., be disrupted by
changing the termination (removing the proton or the LysH+ termination). With
the correct termination, the experimentally observed [3] high-temperature helical
stability is reproduced only by PBE+vdW, while plain PBE renders the molecule
too unstable. At 500 K, PBE+vdW favors a mostly α helical conformation, while
plain PBE gives a floppy 310 helical structure. Finally, for (iii) we benchmark data for
intramolecular energy differences using perturbation theory [EX+cRPA and methods based on it, using orbitals from PBE and PBE0 hybrid DFT]. The accuracy
of PBE+vdW is probed for Ac-Ala5 -LysH+ , and is demonstrated for Ac-Ala-NMe
and Ac-Ala3 -NMe against CCSD(T) benchmark energies. In summary, a true firstprinciples treatment of peptide and protein structure must reflect vdW as accurately
as other terms. We here demonstrate an important step towards this goal.
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TH 16
Protein Structure Building Blocks In Vacuo, Experiment
and Theory: Alanine-Based Helices, Globules, and Dimers
Mariana Rossi, Franziska Schubert, Carsten Baldauf, Volker Blum, and
Matthias Scheffler
Theoretical predictions for peptides and proteins (structure, dynamics, function)
require an accurate, verified description of the underlying potential-energy surface
(PES). However, a completely trustworthy first-principles quality treatment that
is affordable even for moderately sized systems (few hundred atoms) is arguably
not yet settled. Here, we provide experiment-theory benchmark studies of designed
polypeptides in vacuo, a “clean-room” environment which allows an unambiguous
comparison. We focus on alanine-based polypeptides of two kinds, large enough to
form key secondary structure elements: (i) the Ac-Alan -LysH+ (n=4-19) series (helical preference expected for large n[1,2]); (ii) Ac-LysH+ -Ala19 (globular monomers
and helical dimers expected [3]). The conformational space for these systems (70440 atoms) pushes standard structure-search methods to their limits when combined
with first-principles methods. We show that the challenges can be met.
For n=4-8 of the Ac-Alan -LysH+ series, we begin by a conformational pre-screening
in the OPLS-AA force field, followed by thousands of conformers’ relaxations, using
density-functional theory (DFT) with the van der Waals-corrected[4] PBE functional
(PBE+vdW). The α-helix becomes preferred on the PES at n=7-8 in PBE+vdW,
but only barely, and is stabilized over globular structures by inclusion of vibrational
entropic effects. For n ≥ 8, the α-helix should be the only accessible conformer in
the free-energy surface at 300K, in agreement with our own quantitative comparison
[2] of calculated anharmonic infrared spectra to experimental infrared multiphoton
dissociation (IRMPD) data for Ac-Alan -LysH+ , n=5, 10, 15, and 19.
Remarkably, Ac-LysH+ -Ala19 yields experimental IRMPD (≈1000-2000 cm−1 )
spectra that are very similar to the helical case despite very different conformers
(globules or dimers). We resort to a two-stage structure search by “replica exchange”
(force field followed by ab initio molecular dynamics, 16 independent trajectories at
T ≈300-600 K, periodically interchanged), and find consistent theoretical structure
candidates for both globules and dimers. In particular, the presence of globular
monomers is necessary to explain a subtle peak shift in the IRMPD spectra.
All experimental IRMPD data provided by: Gert von Helden, Peter Kupser, Kevin Pagel,
Frank Filsinger, Gerard Meijer, Department of Molecular Physics, Fritz-Haber-Institut.
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TH 18
Density-Functional Theory and Beyond for Donor-Acceptor
Complexes: The Example of TTF / TCNQ
Viktor Atalla, Mina Yoon, and Matthias Scheffler
Organic materials are promising candidates for a next generation of electronic devices, since they offer a variety of new intriguing properties. From a theoretical point
of view, these materials are challenging because they are often composed of weakly
interacting donor-acceptor complexes and strong electron localization on individual
molecules.
Using the FHI-aims code, we study the performance of density-functional theory
(DFT) with various exchange-correlation (XC) functionals in describing electronic
and structural properties of the prototypical donor/ acceptor complex TTF/TCNQ.
We find that the binding energetics and the amount of electron transfer between
TTF and TCNQ depends strongly on the functional. In particular, all semilocal
functionals give rise to significant, artificial electron transfer and spurious attractive
binding in the large separation limit.
An appealing electronic-structure approach is EX plus correlation in the randomphase approximation (cRPA) because in contrast to all popular XC functionals (e.g.,
LDA, GGA, hybrids) it is essentially self-interaction free, and it properly includes
van der Waals interactions. We performed EX+cRPA calculations with various DFT
reference states (employing different XC functionals). In contrast to other systems
(see poster TH 1), for TTF/TCNQ the (EX+cRPA) total energy depends quite
sensitively on the input Kohn-Sham states and energies. We therefore consider the
HSE [1] ”family” of XC functionals using the fraction of exact exchange (parameter
α) as adjustable parameter. The optimum XC functional is then identified as that
for which the difference between the total energy using HSE(α) and the total energy
using (EX +cRPA)@HSE(α) is minimized. For TTF/TCNQ this (self) consistency
condition gives a surprisingly lage value, namely α ∼ 0.8.
Interestingly, for the G0 W0 approach we find that the quasiparticle correction to
the energy gap of the Kohn-Sham (KS) LUMO of the acceptor and the HOMO of
the donor also vanishes when we use HSE(α = 0.8) as starting point. Furthermore,
this (self) consistently tuned HSE functional gives an electronic level alignment that
is consistent with experiment and free from spurious asymptotic charge transfer. We
conclude that the proposed scheme also improves the KS spectrum, and that the
investigated TTF-TCNQ dimer exhibits electron-density rearrangement rather than
electron transfer.
[1] A.V. Krukau, O.A. Vydrov, A.E. Izmaylov, and E.G. Scuseria, J. Chem. Phys. 125,
224106 (2006).

TH 20
Tuning Band Offsets at Inorganic/Organic Interfaces by a
Strong Organic Electron Acceptor
Yong Xu, Raphael Schlesinger(∗) , Antje Vollmer(†) , Oliver T. Hofmann,
Patrick Rinke, Norbert Koch(∗) , and Matthias Scheffler
Hybrid inorganic/organic systems (HIOS) have opened up new opportunities for
the development of (opto)electronic and photovoltaic devices because they have
the potential to synergetically combine the best features of two distinct material
classes. Designing HIOS with desired properties requires the control of the energylevel alignment at the interface. The use of interfacial layers provides a pathway to
solve this challenge.
To demonstrate the concept, we investigated the polar surfaces of ZnO, modified by the prototypical organic acceptor 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (C12 F4 N4 ; F4TCNQ) theoretically and experimentally. First-principles
approaches are particularly challenging for organic adsorbates on semiconductors,
due to the large size of the simulation cell, the large configuration space, as well as
the absence of long-range van der Waals (vdW) interactions and the self-interaction
error in conventional (semi)local density-functional theory (DFT). In this work we
apply the PBE DFT functional and add vdW corrections through a sum of densitydependent C6 [n]/R6 terms.
Ab initio atomistic thermodynamics calculations of the surface phase diagram
reveal that hydrogen-covered surfaces are energetically favorable for both polar surfaces of ZnO. Their O-1s spectra, calculated by means of PBE ∆SCF, exhibit a
surface core level shift of ∼1.5/2.0 eV toward higher binding energies on the (0001)Zn/(0001̄)-O surfaces. These results, in combination with data from XPS experiments, suggest that both polar surfaces are unintentionally hydrogen covered, even
under ultra high vacuum conditions. On these surfaces, F4TCNQ binds mainly
through hydrogen bonding and vdW interactions. There is also minute electron
transfer towards the molecule, whereby the lowest unoccupied molecular orbital
(LUMO) becomes pinned at the Fermi level. Fermi level pinning is also observed
after introducing n-type doping in the supercell calculation. We conclude that the
polarization of the system caused by charge transfer to the molecule and charge
rearrangement at the interface in combination with Fermi level pinning leads to the
large work function increase in our calculations. The work function increase proves to
be insensitive to the doping level but depends strongly on the molecular orientation.
Our theoretical results are in line with UPS experiment that show work function
increases up to 2.8/1.5 eV on the (0001)-Zn/(0001̄)-O surfaces.
(∗)
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TH 21
Accurate Description of van der Waals Interactions for
Inorganic/Organic Interfaces
Victor G. Ruiz López, Alexandre Tkatchenko, and Matthias Scheffler
The accurate prediction of the structure and stability of molecules on surfaces is
crucial for understanding the electronic properties and function of devices based on
hybrid inorganic/organic systems (HIOS). Van der Waals (vdW) interactions play an
essential role in determining the structure and stability of organic molecules on solid
surfaces. Within the possible variety of HIOS, 3,4,9,10–perylene–tetracarboxylic acid
dianhydride (C24 H8 O6 ; PTCDA) on coinage-metal surfaces has gained particular importance, turning it into one of the most experimentally and theoretically studied
systems. The adsorption structure of PTCDA on Ag(111), Au(111), and Cu(111)
has been accurately determined using the normal incidence x–ray standing wave
(NIXSW) technique [1], making these systems a suitable choice for testing the predictive power of theoretical methods.
The appropriate description of PTCDA on coinage metals remains a great challenge for theory. Density functional theory calculations together with the generalized
gradient approximation (GGA) overestimate the adsorption distance significantly,
even after vdW interactions are accounted for by using atom–atom pairwise corrections or vdW functionals [2,3]. State-of-the-art calculations using exact exchange
with electron correlation treated in the random-phase approximation (EX+cRPA∗ )
yield about 0.2 Å overestimation in the equilibrium distance of PTCDA on Ag(111)
[4]. The star at cRPA indicates that the RPA was evaluated using additional approximations for the reponse function [4].
In order to address this problem, we combine the DFT+vdW method of Tkatchenko
and Scheffler for intermolecular vdW interactions [5] with the Zaremba and Kohn
theory [6] for the atom–surface vdW interaction. This new scheme (DFT+vdW-ZK)
treats the short-range screening (hybridization) effects and the non-local Coulomb
screening within the metallic surface. The interface polarization effects are also reproduced by DFT+vdW-ZK. We show that DFT+vdW-ZK yields geometries in remarkable agreement (≈ 0.1 Å) with NIXSW measurements for PTCDA on Ag(111),
Au(111), Cu(111). Further tests indicate that DFT+vdW-ZK also leads to excellent
equilibrium properties for Xe and benzene on metal surfaces.
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TH 23
On the Importance of van der Waals Forces in Ice
Biswajit Santra, Jiřı́ Klimeš(∗) , Dario Alfè(∗) , Alexandre Tkatchenko, Ben Slater(∗) ,
Angelos Michaelides(∗) , Roberto Car(†) , and Matthias Scheffler
A detailed understanding of how water molecules interact with each other is critically important for a wide variety of physical, chemical, and biological processes. It
has long been recognized that water molecules interact with each other through a
combination of hydrogen bonding and van der Waals (vdW) forces. However, how
exactly the interplay of such interactions leads to the rich and complex phase diagram of water remains far from being fully understood. In particular, the impact
of vdW interactions to many parts of the phase diagram of water are largely unexplored. This is mainly due to a lack of suitable electronic structure methods which
can be applied to condensed phases. However, recent developments and advances in
computer power mean that this is no longer a limitation, and the role of vdW forces
in the condensed phases of water can be explored with ab initio methods.
Here, we report a systematic series of ab initio studies aimed at understanding the
role of vdW forces on the cohesive properties of various ambient and high pressure
phases of crystalline ice. Using diffusion quantum Monte Carlo (DMC), accurate
lattice energies – which agree well with experimental values – of several ice phases
(ice I, II, and VIII) have been obtained. Then, employing density-functional theory
with various conventional exchange-correlation functionals and vdW corrected functionals [1, 2, 3], we show that the vdW contribution to the lattice energy increases
monotonically from the ambient to the high pressure phases of ice. Conversely, the
strength of hydrogen bonds between the water molecules decreases as the pressure
increases with the result that in the highest pressure phase one quarter of the entire lattice energy comes from vdW forces. The strong sensitivity of vdW forces to
density means that vdW must be accounted for if transition pressures close to the
experimental values are to be obtained. This study shows that vdW forces play a
greater role than previously expected in ice at high pressures and moves us a step
closer to the first accurate phase diagram of ice and water obtained exclusively from
ab initio methods.
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TH 25
History of Quantum Field Theoretical Methods in
Many-Body Physics: The Story of the RPA
Alexander S. Blum and Christian Joas
In the two decades after World War II, the quantum theory of many-body systems
underwent a major transformation by extending concepts and techniques originating from quantum electrodynamics (QED) to the study of solids and nuclei. Since
the late 1950s, quantum field theoretical techniques (in particular Feynman-Dyson
diagrammatic perturbation theory) have become commonplace in condensed-matter
theory. In order to gain a better understanding of this process of knowledge transfer,
we contextualize a particular thread of this development: the story of the randomphase approximation (RPA), a perturbative technique which is of particular importance even today.
The RPA was introduced by David Bohm and David Pines in a series of papers
entitled “A Collective Description of Electron Interactions”, published in the years
1951–1953 [1]. Bohm had studied the physics of plasmas during the war and during
the latter half of the 1940s became interested in what he called quantum plasmas,
i.e., plasmas much denser than those found in gaseous discharges. He hoped that
their study might offer insights into the behavior of electrons in metals. When Bohm
learned about QED, he quickly realized that the techniques developed to treat the
polarization of the quantum-electrodynamical vacuum might be brought to use also
in the question of dynamical charge screening in many-body systems. The 1951–1953
series of papers is an attempt at such a transfer of techniques.
Bohm and Pines separate collective degrees of freedom (plasma oscillations) from
single-particle degrees of freedom via a suitable canonical transformation reminiscent
of early work in quantum electrodynamics [2]. The RPA allows them to make this
approach fruitful in the context of the many-body problem, thus absorbing the longrange Coulomb interactions into the collective behavior of the system, leaving the
single-particle degrees of freedom interacting only via a short-range screened force.
A similar theory was developed rather independently for nuclei by Bohr and Mottelson in 1953 [3]. In 1957, Gell-Mann and Brueckner for the first time formulated
the RPA within a Feynman diagrammatic framework when treating the correlation
energy of a high-density electron gas [4]. We discuss this story with an emphasis on
conceptual transformations and knowledge transfer.
[1] D. Bohm and D. Pines, Phys. Rev. 82, 625; 85, 338; 92, 609; 92, 626 (1951–1953).
[2] F. Bloch and A. Nordsieck, Phys. Rev. 52, 54 (1937); W. Pauli and M. Fierz, Nuovo
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