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AC 1.0

Nanostructured MoV Catalysts in Activation of Light Alkanes
Vanadium and molybdenum oxides are essential components of heterogeneous catalysts
applied in selective oxidative C2-C4 conversions. The latter reactions are of importance
to the society owing to large-scale industrial applications. The improvement of known
and the development of novel catalysts in this field can have significant economic
impact when low cost alkanes are directly utilized. Corresponding beneficial
environmental effects are closely connected with efficient exploitation of the fossil raw
materials and abatement of greenhouse gas emissions by improving the selectivity of
oxidative alkane conversions. Our efforts are, therefore, focussed on understanding the
correlations between nature and dynamics of molecular structures on the surface of Mo
and V based catalysts and their selectivity in the oxidation of ethane, propane, and
butane. The formation of oxygenates is studied over crystalline phases such as vanadium
phosphates and molybdenum oxide based bronze structures whereas supported
vanadium and molybdenum oxides and mixed metal carbide catalysts are investigated in
the formation of olefins by oxidative dehydrogenation and dehydrogenation of alkanes,
respectively.
Vanadium oxide-support interactions and relations between the aggregation and
electronic structure of highly dispersed vanadia species and catalytic properties in
oxidative dehydrogenation of propane have been studied over VxOy/SBA-15 model
catalysts. The vanadia dispersion was contolled by applying ion exchange as well as
impregnation techniques for preparation of catalysts with varying vanadia loading that
provide well defined materials. The catalysts were characterized by molecular and
electron spectroscopy. The results are summarized in Poster 7.0.
Important aspects of our work on crystalline bulk catalysts for selective oxidation of C2C4 alkanes are exemplified in Poster 1.1. The exceptional performance of MoVTeNbOx
catalysts in selective oxidation of propane to acrylic acid is attributed to the presence of
an orthorhombic bronze-like phase, denominated as M1. Phase pure M1 catalysts with
different particle size and morphology were synthesized applying precipitation,
hydrothermal, and superheated-water vapour treatment procedures. Surface and bulk
structure of the catalysts were analyzed and discussed with respect to the mechanism of
propane activation over MoVTeNb oxides.
Starting from phase pure MoV oxide precursors, the synthesis of ternary MoV carbide
catalysts and their reactivity in propane conversion has been studied. It was found that
morphology and phase of the resultant bimetallic carbide depend on the structure of the
precursor oxide. The results are presented in Poster 1.2.
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AC 1.1

Phase-pure Mo-V-Te-Nb-O M1 Catalysts for Propane Oxidation
Yury V. Kolen’ko, Frank Girgsdies, Robert Schlögl, and Annette Trunschke
An intensive activity in modern catalytic chemistry is devoted to practically very
important direct oxidation of propane to acrylic acid (AA), wherein the so-called M1
Mo–V–Te–Nb–O complex oxide demonstrates an utmost catalytic performance. Before
high yield at high conversion can be achieved, it is necessary to accumulate fundamental
knowledge about the structure-property relationship for this catalytic system with the
goal to deduce control over the selectivity.
In the current research, a series
of Mo–V–Te–Nb–O catalysts
were successfully prepared on a
gram scale via three different
solution-based methods: (i) a
hydrothermal-based preparation
(M1-A), (ii) purification of
oxides’ phase mixture (M1-B), and (iii) an innovative approach utilizing superheatedwater vapour treatment (M1-C). In this way, M1 particle size and morphology can be
tailored, as imaged by scanning electron microscopy. X-ray diffraction measurements
showed the resulting materials to be phase-pure and highly crystalline orthorhombic M1
phase. Transmission electron microscopy confirmed that all three catalysts composed of
single-crystalline and structural defect-free M1 particles growing along the c-axis.
According to the inductively coupled plasma-optical emission spectrometry, the
chemical composition of the products turned out to be quite alike. Moreover, element
specific mapping indicated homogenous Mo, V, Te, Nb and O content throughout M1
particles, with no evidence of secondary phases or other elements being present.
The catalytic properties
Catalyst SBET, m2/g XC3H8,% SAA, % Yield, %
of the synthesized M1 in
5.9
52
58
30
M1-A
the selective oxidation
8.8
55
43
28
M1-B
of C3H8 to AA was
13.3
56
5
3
M1-C
measured applying a
feed composition of C3H8/O2/H2O/N2 = 3/6/40/51 vol.%. All derived catalysts convert
propane and generate oxygenates, however, with decreasing of the particle size, the
selectivity to AA decreased dramatically. The fall-off in selectivity, in spite of
mentioned above structural and compositional similarity of all three M1 catalysts, is
likely attributed to the variation of the near surface chemical composition. According to
the photoelectron spectroscopy, the unselective M1-C catalyst has depleted Te and
enriched Mo surface cf. selective M1-A. Such active ensemble is appears to be
disadvantageous for the selectivity perhaps because of the disordering in the sorbed
state, as evidenced by microcalorimetric studies. Specifically, the most selective M1-A
catalyst is characterized by highest initial differential adsorption heat of C3H8 (71
kJ/mol), while unselective M1 catalyst shows weaker adsorption (64 kJ/mol) as well as
exhibits marked inhomogeneity of the adsorption sites.
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AC 1.2

Synthesis of Novel Molybdenum Carbide Nanostructures
Tom Cotter, Wei Zhang, Robert Schlögl, and Annette Trunschke
Since Levy and Boudart first demonstrated the Pt-like catalytic properties of tungsten
carbide,1 there has been increasing interest in early transition metal carbide catalysts as
substitutes for expensive noble metals in industrial catalytic processes. These
‘interstitial alloys’ of the early transition metals exhibit a wide range of compositions
and crystallographic phases which in turn have a large influence on the electronic and
catalytic properties.2 In particular, molybdenum carbide has been demonstrated with a
range of compositional phases and provides a useful basis for ternary/quaternary carbide
systems.3
Starting from single phase mixed-metal oxide (MMO) precursors such as; M5O14-type
structures, oxidic bronzes and polyoxometallate species, we have synthesised a range of
single-phase polymetallic transition metal carbides with tunable compositions and
nanostructures. These oxides were carburised in a temperature programmed reaction
(TPR) according to well established methods4 and the phase development was followed
using in situ powder X-ray diffraction.
It is observed in general that the nature of the structural precursor oxide strongly
influences the composition, morphology and crystalline phase of the resultant
polymetallic carbide. This flexibility and synthetic control combined with an
understanding of the surface composition provides us with a strong basis to understand
the reactivity of transition metal carbides in catalysis.
Recently, Solymosi et al. have demonstrated the non-oxidative dehydrogenation of
propane over unsupported α-Mo2C.5 To date, the transformation of short alkanes in
oxidative and non-oxidative conditions over molybdenum carbide remains a promising
area of research. This class of reactions will form the basis for further research into the
catalytic properties of these materials, with a strong emphasis on the nature of the
surface composition and oxidation state. With such an approach it is hoped will come a
deeper understanding of C-C vs. C-H bond activation.
References
1. R.B. Levy, M. Boudart, Science 181, 547 (1973).
2. S.T. Oyama, Journal of Solid State Chemistry 96, 442 (1992).
3. S.T. Oyama, C.C. Yu, Journal of Catalysis 184, 535 (1999).
4. J.S. Lee, S.T. Oyama, M. Boudart, Journal of Catalysis 106, 125 (1987).
5. E. Solymosi, R. Nemeth, L. Ovari, L. Egri, Journal of Catalysis 195, 316 (2000).
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AC 2.0a

Copper in C1 Chemistry
Copper based catalysts are of high industrial importance mostly due to their application
methanol synthesis (MS). They are also active in other C1 reactions like water gas shift
and methanol steam reforming (MSR). Research in the Cu project is focused on the
industrially employed Cu/ZnO/(Al2O3) composite catalyst. The approach to gain insight
into this complex nano-structured system comprises controlled preparation, precursor
chemistry, (micro-)structural analysis and the pursuit of structure-performance relations.
Technical catalysts are prepared by co-precipitation. It was shown that the exact setting
of the synthesis parameters at this early stage of preparation critically influence the
catalytic properties of the final product. This is known as the chemical memory of
Cu/ZnO/(Al2O3). Therefore, it is important to have maximum control over the synthesis
in order to guarantee that any kind of batch effect is suppressed. This is achieved by
using semi-automated equipment for precipitation, drying and calcination. Furthermore,
combination of the facilities allows continuous processes, which were applied in order
to decouple the important steps of co-precipitation and ageing (Poster AC 2.1).
The precursor material, a mixed basic carbonate, was in the focus of the investigations
in the last years. By a careful analysis of the crystal chemistry, the technically relevant
precursor phase could be identified as zincian malachite. The success of the industrial
route of preparation can be rationalized on the basis of a model for the chemical
memory involving two hierarchical micro-structure directing steps: meso- and nanostructuring of the precursor. One of the key properties is the Cu:Zn ratio of the zincian
malachite precursor, for which a lower limit exists. The best catalysts are those with a
composition near this limit. Furthermore, the potential of alternative precursors, like
hydrotalcite-like materials, is investigated. Due to an unfavourable meso-structure
(strong embedding of the active Cu clusters), the catalytic performance is significantly
lower compared to the commercial system. However, using a micro-emulsion technique
for co-precipitation leads to an increase in the final Cu surface are by almost 100 %.
The structural analysis of the typically poorly crystalline calcination products and the
activated catalysts are challenging, especially if the role of the promoter Al is of interest.
Therefore, a model approach for ZnAl mixed oxides was used. Results suggest that low
amounts of Al3+ may be incorporated into the ZnO lattice during catalyst preparation,
which strongly affects the bandgap energy and stability. Moreover, the role of the
microstructure was investigated and a strong effect on the catalytic properties was
found. Interestingly, embedding the Cu particles – though detrimental for the Cu surface
area – seems to be beneficial for the intrinsic activity of the remaining Cu surface.
Catalytic tests in MS and MSR are conducted for comprehensively characterized
catalysts in order to elucidate correlations of material and catalytic properties. Final goal
is to develop a concept for a more rational synthesis by identification of features, which
are relevant for high catalytic performance, and by a directed preparation, which favours
these features (e.g. defects, lattice strain, enhanced metal-oxide interactions).
These complex issues are addressed in collaboration with Südchemie AG, (Bruckmühl),
NanoC Sdn. Bhd. (Kuala Lumpur), Ruhr-University Bochum, Technical University
Berlin, University of Kiel, and the Helmholtz-Zentrum for Materials and Energy
(Berlin). Financial support was given by the Federal Ministry of Education and Research
(BMBF project No. 01RI0529).
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AC 2.0b

Pd in Catalysis
Palladium is a versatile hydrogenation catalyst and active in the selective semihydrogenation of acetylyne, which is a large-scale industrial process for the purification
of acetylene feedstocks. Alkyne hydrogenation was used as a test reaction in the Pd
project in the last years addressing the question, how selectivity is controlled. It turned
out that the sub-surface chemistry of Pd is a critical factor.
By in-situ photo emission spectroscopy a sub-surface Pd-C phase was observed, whose
presence is clearly correlated with the selectivity of the hydrogenation towards the
alkene. Based on this experiment, a model for the selectivity of alkyne hydrogenation
was proposed. The very active and unselective bulk Pd-hydride phase (β-hydride) is not
formed if the Pd-C phase “blocks” the sub-surface region of the metal particles.
Accordingly, low hydrogen levels were measured by prompt gamma ray activation
analysis for samples, in which the sub-surface Pd-C phase was present. In this state,
hydrogenation is restricted to the less active but much more selective surface hydrogen.
Formation of sub-surface Pd-C phases is determined by the chemical potential of carbon
in the reactant gas phase. Theoretical calculations show that the presence of C atoms in
the first and second interlayer of a Pd 111 surface is thermodynamically favourable
under the conditions of alkyne hydrogenation. Thus, formation of a sub-surface Pd-C
phase is an excellent example of an agreement between theory and experimental in-situ
observations in heterogeneous catalysis.
However, more control on the sub-surface chemistry of Pd – and in turn on the
selectivity of the catalyst – by means of catalyst synthesis is desirable, since the in-situ
formation of metastable phase is not easily mastered. Here, intermetallic compound
(IMC) catalysts turned out to be very promising candidates. Well defined thin film Pd-X
model catalysts (X = Zn, Ga, In) are studied in order to understand the changes of the
catalytically active phase in the reactive potential of the reactant gas atmosphere.
The Pd-Ga system is of special interest. IMCs in this system are no substitutional alloys,
which are usually prone to segregation under reactive conditions, but consist of a stable
partially covalent Pd-Ga network. PdGa model catalysts are exceptionally stable on
stream and hydrogen incorporation was not observed. These samples exhibit excellent
catalytic properties and are more selective and stable than a commercial Pd/Al2O3
reference sample.
Triggered by these promising catalytic properties of the unsupported Pd-Ga IMCs,
recent synthetic efforts aim at developing a precursor-based route of preparation for
nanostructured and supported Pd-Ga IMC catalysts (Poster AC 2.2).
After the successful investigation of selective hydrogenation, the project is enhanced by
introducing methanol steam reforming as a new test reaction. Furthermore, the focus
shifted more towards preparation and characterization of real catalysts in order to make
the fundamental findings available also in high surface area materials in the future.
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AC 2.1

New insights into the precursor chemistry of Cu/ZnO catalysts Decoupling precipitation and aging
Stefan Kißner, Beatrix Seidlhofer*, Wolfgang Bensch*, Robert Schlögl, and Malte Behrens

Preparation of industrially applied Cu/ZnO/Al2O3 catalysts currently follows a multi
step procedure (co-precipitation – aging – washing/drying – calcination – reduction).
The synthesis parameters of all steps strongly influence the physico-chemical and
catalytic properties of the product. A crucial step is aging of the precipitated precursor,
which was reported to be essential for a successful catalyst. During this period a pH
minimum occurs indicating re-arrangements of the precipitate most probably by
dissolution and re-precipitation. Simultaneously, crystallization of the initially
amorphous precursor and a change of colour from blue to bluish green are observed.
We realized a continuous synthesis process to suppress aging by direct spray drying of
the precipitate enabling independent investigation of the precipitation and aging
processes. The aging conditions of a CuZn model precipitate were varied using artificial
mother liquor (aqueous Na2CO3/HNO3) to simulate realistic aging conditions. Aging
experiments were performed using each time the same starting material (Cu:Zn =
70:30). Phase conversions during aging were monitored by in-situ energy dispersive Xray diffraction (EDXRD) in HASYLAB, Hamburg.
In our experiments we varied the acidity (pH 5-8) and temperature (50-70 °C). All
experiments led to crystalline zincian malachite and, in some cases, revealed the
presence of an intermediate, identified as sodium zinc carbonate Na2Zn3(CO3)4·3H2O.
The possible appearance of this phase has been reported in literature [1], but has so far
not been observed in-situ during aging or studied systematically for different conditions.
Increasing temperature at pH 7 led to earlier onset of crystallization but had no
significant effect on the important incorporation of Zn into the malachite structure [2].
Low pH values (≤ 6.5), however, inhibited formation of the intermediate and resulted in
higher levels of Zn incorporation. Thus, the beneficial effect for the final catalyst of a
slightly acidic pH during precipitation can be understood on the basis of a modified
mechanism of crystallization of the precursor during aging. Two measurements were
repeated using aqueous K2CO3 instead of Na2CO3 in the aging media. Expectedly, no
Na salts as intermediate were observed and no K salts either.
This study reveals the influence of preparation conditions on the kinetics and
mechanism of aging of catalyst precursors and contributes to the knowledge-based
preparation of Cu/ZnO/(Al2O3) catalysts by successfully relating the synthesis
parameters pH and T with material properties.
References
[1] S.-I. Fujita, A.M. Satriyo, G.C. Shen, N. Takezawa; Catal. Letters 34 (1995); 85-92.
[2] M. Behrens, F. Girgsdies, A. Trunschke, R.Schlögl, Eur. J. Inorg. Chem. 10 (2009)
1347-57
* Institute of Inorganic Chemistry, University of Kiel, Max-Eyth-Str. 2, 24118 Kiel, Germany
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AC 2.2

New Route for Preparation of Pd-Ga Intermetallic Catalysts
Antje Ota, Malte Behrens, and Robert Schlögl
Intermetallic compounds (IMC) are single-phase materials which consist of two or more
metallic species and adopt an ordered crystal structure being different from the metals
themselves.1 IMC model catalysts in the Pd-Ga system exhibit extraordinarily high
selectivities towards alkenes in alkyne hydrogenation reactions.2 The general procedure
to obtain Pd-Ga IMCs is by melting the appropriate amounts of metals at high
temperatures for many hours in argon atmosphere. This usually results in low surface
area materials (< 1 m2g-1), which are unfavourable for catalysis. An alternative approach
should be shown here. It includes hydrotalcite-like compounds (HT) of the general
composition (M1II,M2II)1-xM3IIIx(OH)2(CO3)x/2·m H2O as precursor material.
Precursors were obtained by controlled co-precipitation of a mixed nitrate solutions with
aqueous Na2CO3 (M1II = Pd; M2II = Mg, Mn, Co, Ni, Cu, Zn; M3III = Ga; 0.2 < x < 0.4).
All metal ions build up a cationic brucite-like layer with the anionic interlayer space
being filled with carbonate. Our syntheses were done in an automatic precipitation
reactor. For instance, a solution of Mg2+, Pd2+ and Ga3+ with a molar ratio of 67.5:2.5:30
was precipitated at pH 8.5 and T = 55°C. After one hour of ageing, a light brown solid
was recovered, washed and dried for 12 hours at 80°C.
The XRD pattern was typical for HT-like compounds and no indication of crystalline
PdO was detected. Elemental mapping in a scanning electron microscope revealed that
Pd, Ga and Mg are nearly homogenously distributed indicating that Pd2+ was
successfully incorporated into the HT structure. Mild calcination yields an intimate and
nano-particulate mixture of the oxides. From this meta-stable and still homogeneous
intermediate Pd-Ga IMCs can be formed by reduction in hydrogen probably by interface
reactions of reactive Pd0 and Ga-oxide nanoparticles. At 600 °C a Pd2Ga IMC catalyst
supported on MgO/Ga2Os was obtained. No crystalline Pd or other Pd-Ga IMCs could
be observed by XRD. The Pd2Ga particle size can be estimated to approximately 10 nm
from transmission electron microscopy images. The surface area of the material was 85
m2g-1 showing the high potential of the HT-precursor route to make the excellent
catalytic properties of Pd-Ga IMCs available in high-surface area materials.
In addition to planned catalytic testing in different reactions, future work in this project
aims at further optimization of this novel preparation route for IMC catalysts, as well as
at fundamental understanding of the IMC particle formation mechanism.
References
1. K. Kovnir, M. Armbrüster, D. Teschner, T. V. Venkov, F. C. Jentoft, A. KnopGericke, Yu.Grin, R. Schlögl, Sci. Technol. Adv. Mater. 8, 420 (2007).
2. a) J. Osswald, R. Giedigkeit, R. E. Jentoft, M. Armbrüster, F. Girsgdies, K. Kovnir,
T. Ressler, Y. Grin, R. Schlögl, J. Catal. 258, 210 (2008). b) J. Osswald, K. Kovnir,
M. Armbrüster, R. Giedigkeit, R. E. Jentoft, U. Wild, Y. Grin. R. Schlögl, J. Catal.
258, 219 (2008).
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AC 3.0

Metals in oxidation reactions
The new project of the department of Inorganic Chemistry “Metals in heterogeneous
catalytic oxidation reactions” has started two years ago. One of the main issues of this
project is the investigation of subsurface oxygen species in oxidation reactions.
Subsurface oxygen species was identified under reactions conditions of the partial
oxidation of methanol to formaldehyde over copper catalysts already some years ago.
This species shows a correlation with the yield of formaldehyde. In the past different
oxygen species have been determined in the Ag-O system as well. These investigations
have been continued by in situ XPS studies recently. It was shown, that the electrophilic
oxygen is correlated with the formation rate of ethylene epoxide.
In the frame of this new project a systematic study of the formation of subsurface
species in Au, Ag, Cu and Ru under reaction conditions of selective oxidation like
methanol oxidation to formaldehyde and ethylene epoxidation and their role in the
reaction will be arranged.
Poster AC 3.1 is related to Ru catalysts in CO- and methanol oxidation. It was shown,
that fully oxidized RuO2 is completely inactive in CO oxidation. RuO2 powder activated
under net-reducing conditions shows a roughening of the apical surfaces and a surface
reduction which ends in the formation of dissolved oxygen in Ru metal. This catalyst
was found to be active under all feed conditions. In situ XPS studies reveal dissolved
oxygen in Ru metal to be the only active state for the selective oxidation of methanol to
formaldehyde. The amount of dissolved oxygen causes the selectivity of the catalyst.
High oxygen content or even RuO2 leads to total oxidation only.
The formation of oxygen species under reaction conditions of ethylene epoxidation and
selective methanol oxidation over silver catalysts will be discussed in poster AC 3.2.
The formation of four different oxygen species was observed in oxygen atmospheres. In
the temperature range relevant for epoxidation reactions (150-250°C) the O1s core level
spectra are dominated by two peaks at 528.5 and 530.6 eV. At 600°C, used in methanol
oxidation, the formation of an oxygen species at 529.7 eV was mainly observed. Under
reaction conditions of selective methanol oxidation at 600°C O1s peaks at 530.6 eV and
529.7 eV are formed. The later species shows a correlation with catalytic activity. In the
ethylene epoxidation the O1s core level peaks at 529.2 eV and 530.6 eV were observed.
In collaboration with the Theory department the ethylene epoxidation over Ag-Cu alloys
was investigated. The segregation of Cu oxide was observed by in situ XPS under
reaction conditions. This is in agreement with calculations based on density-functional
theory and ab initio atomistic thermodynamics. Cu oxide is the main species observed
on the catalyst surface under reaction conditions. The more Cu oxide segregates to the
surface the higher is the selectivity. The results of this collaboration are present in poster
AC-TH.
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AC 3.1

Catalysis with oxygenated Ru
Dirk Rosenthal, Frank Girgsdies, Olaf Timpe, Raoul Blume, Gisela Weinberg, Detre
Teschner, Axel Knop-Gericke, and Robert Schlögl
On Ru, essentially three different oxidation regimes are known: chemisorbed oxygen, a
transient surface oxide state (TSO) with subsurface oxygen forming under higher
oxygen chemical potential and the thermodynamically stable RuO2. In CO oxidation
using SPEM and in-situ XPS experiments we found that the (1x1) chemisorbed oxygen
layer on ruthenium metal – one of the postulated active phases – is hardly to obtain
solely. Furthermore, none of the commercially available RuO2 powders – another
candidate – is phase pure (XRD) and fully oxidized (EDX). However, pre-calcined,
fully oxidized RuO2 is completely inactive in CO oxidation1. In-situ XRD
measurements as well as experiments in a packed bed reactor reveal long activation
times of the diluted RuO2. The resulting structure of the catalyst depends on the CO/O2
feed ratio. Activation under net-oxidizing conditions leads to oscillations in the
conversion and pronounced faceting of the apical surfaces; this catalyst is still not active
under net-reducing conditions2. Activation under net-reducing conditions leads first to
roughening of the apical surfaces accompanied by surface reduction and finally to
further reduction to TSO with subsurface and dissolved O. This catalyst is active under
all feed ratios.
In situ XPS and MS investigations of the selective CH3OH oxidation on Ru(0001),
Ru(10-10) and polycrystalline Ru reveal that the TSO state is exclusively the
catalytically active state for the formation of formaldehyde independently of the initial
Ru surface structure and oxidation state3,4. Both, activity and selectivity are very
sensitive to the CH3OH:O2 mixing ratio at a given temperature. The oxygen content of
TSO varies with the oxygen chemical potential defining the prevailing full or partial
oxidation pathway. High oxygen contents or a RuO2 states lead to total oxidation only,
whereas a metallic surface catalyzes solely to the partial oxidation to CO.
Chlorine is one of the essential basic chemicals of the chemical industry, because a large
portion of processes require at certain steps chlorine. On the large scale, it is produced
using electrolysis of NaCl (or HCl) solutions and very recently by the heterogeneous gas
phase oxidation of HCl (Deacon Process). Interestingly both processes rely on RuO2based materials! Currently, we are involved in characterizing materials used in the
above processes and find that the surface-near region of the samples undergoes strong
modification (phase changes, segregation) under reaction condition.
In summary, the complexity of the RuOx system seems to be anchored in its electronic
structure allowing easy reduction and oxygen incorporation depending on the prevailing
chemical potential of the reaction.
[1] D. Rosenthal, F. Girgsdies, O. Timpe, R. Blume, G. Weinberg, D. Teschner, R. Schlögl, Z.Phys.Chem.
223, 183 (2009)
[2] D. Rosenthal, F. Girgsdies, O. Timpe, G. Weinberg, R. Schlögl, submitted to Z.Phys.Chem.
[3] R. Blume, M. Hävecker, S. Zafeiratos, D. Teschner, E. Vass, P. Schnörch, A. Knop-Gericke, R.
Schlögl, S. Lizzit, P. Dudin, A. Barinov, M. Kiskinova, PCCP 9, 3648 (2007) [4] R. Blume, M. Hävecker,
S. Zafeiratos, D. Teschner, A. Knop-Gericke, R. Schlögl, P. Dudin, A. Barinov, M. Kiskinova, Cat. Today
124, 71 (2007)
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The nature of the atomic oxygen species on Ag and their role in
selective oxidation reactions
Túlio C. R. Rocha, Andreas Oestereich, Michael Hävecker, Spiros Zafeiratos*, Axel
Knop-Gericke, and Robert Schlögl
The selective oxidation of ethylene and methanol to ethylene oxide and
formaldehyde are two extremely important catalytic reactions in the chemical industry
performed on silver catalysts [1,2]. For both systems, the feed conversion and products
distributions are reported to depend on the oxygen species formed under reactions
conditions on the silver catalyst [2,3]. However, even though the oxygen-silver system
has been extensively studied during the last 30 years, there is still no agreement in the
literature about the different oxygen species observed on silver and their role as active
sites or spectators for oxidation reactions. We applied the recently developed in situ
photoelectron spectroscopy technique to study the oxygen species formed on Ag
catalysts in equilibrium with the gas phase at reaction conditions in the mbar pressure
range and at industrially relevant temperatures.
For a silver foil model catalyst under pure oxygen atmosphere, four different
oxygen species were found. In the temperature range relevant for epoxidation reactions
(150-250 °C), mainly two species dominated the spectrum at 528.5 and 530.6 eV, while
at the higher temperatures applied for methanol oxidation (600 °C) the main species are
observed at 529.7 eV together with minor amounts at 529.2 eV and 530.6 eV. At the
same time, formation of ionic silver was observed with different amounts depending on
the O species present, although the surface remained mainly metallic.
Under reaction conditions, for ethylene and methanol oxidations, the 528.5 eV
species are absent, but the other species are present depending on the reaction. For the
methanol oxidation, the 530.6 eV species is insensitive to changes in the gas phase, the
species at 529.2 eV are nearly totally consumed in the beginning of the reaction, while
the species around 529.7 eV present a good correlation with both methanol conversion
and product ratio (CH2O/CO2) measured by on-line mass spectrometry. On the other
hand, for the ethylene epoxidation, only the 530.6 and the 529.2 are observed under
steady state conditions with relative abundances depending on the gas feed composition.
In summary, the dissimilar bonding of these four oxygen species with silver, as
evidenced by their binding energies and their temperature dependence and the
differential formation of ionic silver points out to their different chemical nature that
ultimately leads lead to different roles in the oxidation reactions.
*: LMSPC, UMR 7515 du CNRS, 25 Rue Becquerel, 67087 Strasbourg, France
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Carbon in Heterogeneous Catalysis
In the last report period, the project Carbon in Heterogeneous Catalysis was conducted
partly in the framework of the EU-project CANAPE and partly in the project house
EnerChem of the MPS. The following four sub-projects were established: i) functionalization of carbon nanotubes (CNTs) for catalysis; ii) surface modified CNTs as catalysts
for the activation of light alkanes; iii) carbon as catalyst for biomass conversion; and iv)
carbon as catalyst (Pd, Au, Ru) support for gas and liquid phase reactions. The test reactions are the oxidative dehydrogenation (ODH) of light alkanes, the transesterification of
glyceryl tributyrate with methanol, and the decomposition of ammonia.
The CNTs surface chemistry can be tuned by nitrogen functionalization. Two different
post-treatment techniques were investigated in order to insert nitrogen-containing
groups on the surface: grafting using organic chemistry techniques and gas-phase amination using NH3 at high temperature. We developed novel procedures in which desired
functional groups are anchored directly via C-C coupling on existing structural defects.
N-CNTs obtained with this technique were directly used as basic catalyst for the
transesterification of glyceryl tributyrate with methanol. Gas-phase amination using NH3
was performed at temperatures between 200 and 600 °C. Acid-base titrations revealed
that these samples are only slightly basic because of the lack of strong basic groups.
However, when used as catalyst support, it appeared that the nature of the groups
strongly influences the catalytic activity of Pd nanoparticles. The results are summarized
in Poster AC 4.1.
We have used the unique properties of CNTs for the catalytic activation of light alkanes.
Pristine nanocarbons activate alkanes unselectively leading to total oxidation. The
surface modification of CNTs with P2O5 and B2O3 can increase the alkene yield
significantly. The ODH of n-C4H10, C3H8, and C2H6 gives alkene yields comparable to
supported vanadia catalysts. The modified CNTs maintain a high activity for up to 200 h
time-on-stream, while the selectivity at 5% C3H8 conversion increases from 20%
(CNTs) up to 70% (5 wt% B2O3-CNTs and VOx/Al2O3). For ODH of C3H8, the positive
effect of B2O3 located in the cavity and on the surface of the CNTs can be observed for
loadings as low as 0.003 wt%. Most likely also the surface defects originating from the
decomposition of volatile oxygen species are passivated. With 16O2 and 18O2 in the gas
phase, the formation of mixed labelled oxygen is only observed for the non-modified
CNTs, scrambling intermediates being most likely the origin of direct alkane
combustion and low alkene selectivity. The results are presented in Poster AC 4.2.
The department is a member of the MPS project house EnerChem. In a very tight
cooperation with three other Max Planck Institutes, we have focused on the ammonia
decomposition for hydrogen production, novel carbon nanostructures as electrode
materials for Li ion batteries, and structural characterization of novel carbon materials.
Fe, Co, or Mo carbides have been used as alternative to precious metals for ammonia
decomposition. The geometric effect and metal-support interactions were studied when
placing Ru nanoparticles inside/outside of CNTs. The results are presented in Poster AC
6.0 (EnerChem).
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Functionalization of Carbon Nanotubes and
Application in Liquid Phase Reactions
Jean-Philippe Tessonnier, Rosa Arrigo, Alberto Villa, Di Wang, Michael Hävecker,
Sylvia Reiche, Sabine Wrabetz, Dang Sheng Su, and Robert Schlögl
The carbon nanotubes (CNTs) surface chemistry can be tuned by introducing heteroatoms on their outmost walls. Nitrogen is particularly interesting as it can modify both
the acid-base character of the surface and the electronic density on structural defects.
Thus, N-CNTs are potentially interesting basic catalysts and supports.
Two different post-treatment techniques were investigated in order to insert nitrogencontaining groups on the surface: grafting using organic chemistry techniques and gasphase amination using NH3 at high temperature. Grafting on CNTs is well-documented
in the literature. The oxidation/amidation route is the most common to graft amines. We
however found that the coexistence of acidic oxygen-containing groups and basic Ncontaining groups on the surface significantly hinders the application of these materials
as basic catalyst. We therefore developed a procedure in which desired functional
groups are anchored directly via C-C coupling on existing structural defects [1]. NCNTs obtained with this technique were directly used as basic catalyst for the
transesterification of glyceryl tributyrate with methanol. The catalyst showed a high
activity as well as a good stability during recycling tests [2]. Gas-phase amination using
NH3 was performed at temperatures between 200 and 600 °C. The amount as well as the
nature of the N-containing groups was found to be strongly linked to the temperature of
the treatment. TG-MS combined with in-situ XPS measurements allowed to identify the
different contributions in the O1s and N1s XP spectra, and therefore the different groups
on the surface [3]. Acid-base titrations revealed that these samples are only slightly
basic because of the lack of strong basic groups, like amines for example. However,
when used as catalyst support, it appeared that the nature of the groups strongly
influences the catalytic activity of Pd nanoparticles. Cs-corrected HRTEM images
allowed finding correlations between the catalytic activity in the solventless selective
oxidation of benzyl alcohol and the shape of the Pd particles.
These results show the potential of functionalization techniques to design new catalysts
or tune the catalytic activity of metals through the metal-support interactions.
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Carbon-catalyzed Oxidative Dehydrogenation Reactions
Benjamin Frank, Jian Zhang, Xi Liu, Robert Schlögl, and Dang Sheng Su
In contrast to the oxidative dehydrogenation (ODH) of ethylbenzene being easy to
realize over carbon catalysts as shown in the past years, lower alkanes are usually more
stable than the corresponding alkenes. This makes great demands on the nature of active
sites to prevent consecutive alkene oxidation. Pristine nanocarbons selectively catalyze
the ODH only in case of highly stable products. Thus, besides ethylbenzene/styrene, the
conjugation of π-electrons allows the ODH of 1-butene to butadiene with a high
selectivity.1
After surface modification of carbon nanotubes (CNTs) with P2O5 and B2O3 the ODH of
n-C4H10, C3H8, and C2H6 gives alkene yields comparable to supported vanadia
catalysts.2,3 The modified CNTs maintain a high activity for up to 200 h time-on-stream,
while the selectivity at 5% C3H8 conversion increases from 20% (CNTs) up to 70% (5
wt% B2O3-CNTs and VOx/Al2O3). The CNTs can resist the surface modification and a
wide range of ODH reaction conditions. The initial evolution in the activity is
determined by the decomposition of labile functional groups and their replacement by
stable ketones. The in-situ generated (di)ketonic C=O mimics the function of active
oxygen in V2O5 catalysts. In-situ XPS during ODH of n-C4H10 reveals that the intensity
ratio of C–O single bonds and C=O double bonds on the carbon surface is low for the
P2O5 modified CNTs at 0.75±0.05, but drastically increases (1.87) in the absence of O2.
This finding indicates that ketonic C=O groups are a critical ingredient of the active
sites.2
For ODH of C3H8, the positive effect of B2O3 located in the cavity and on the surface of
the CNTs can be observed for loadings as low as 0.003 wt%. Most likely also the
surface defects originating from the decomposition of volatile oxygen species are
passivated. The high thermal stability of the composite enhances the resistance against
oxidation as compared to pristine CNTs. B2O3 as electron attracting promoter optimizes
the adsorption of O2. With 16O2 and 18O2 in the gas phase, the formation of mixed
labelled oxygen is only observed for the non-modified CNTs, scrambling intermediates
being most likely the origin of direct alkane combustion and low alkene selectivity.3
The periodic feeding of C3H8 and O2 shows that, besides the interaction of the hydrocarbons with the oxidized surface also the adsorption of hydrocarbons on the reduced
surface is detrimental to the alkene selectivity.3 C3H8 once adsorbed here inevitably
yields COx by interaction with O2, however, the surface modification with B2O3 and
P2O5 drastically reduces the amount of hydrocarbon adsorbed.
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Methane Oxidation on Pt and Li/MgO Coated Foams Investigated
by Spatial Reactor Profile Measurements
Oliver Korup, Ulyana Zavyalova, Michael Geske, Isabella Oprea, Sardor
Mavlyankariev, Raimund Horn, and Robert Schlögl
Heterogeneous catalytic reactions at high temperatures (T > 550°C) and
atmospheric or elevated pressure are characterized by high surface reaction rates,
strong impact of mass and heat transport as well as gas phase radical reactions.
Goal of the high temperature catalysis project is to investigate the mechanism of
such reactions under realistic conditions by means of in situ experiments and
microkinetic numerical simulations. The current research focus is on methane
oxidation on Pt and Li/MgO. Novel in situ experimental methods such as spatial
reactor profile measurements, cavity ringdown spectroscopy and molecular beam
mass spectrometry are being developed.
Alpha-Al2O3 foam supports were coated by Pt and Li/MgO nanoparticles using
microwave assisted combustion synthesis1 and gel combustion synthesis
respectively. Methane oxidation was studied on both catalysts by means of spatial
profile measurements2 using a self developed reactor setup. On Pt, methane
oxidation is very fast and O2 conversion is completed within the first few
millimeters of the catalyst. Oxidation products are CO2, H2O, CO and H2. The
heat produced in this narrow oxidation zone is sufficient so that the reaction
operates autothermally at temperatures of 900-1000 °C. After O2 is fully
converted, steam reforming and watergas shift increase the concentration of H2
and CO2 in the product stream. CO2 reforming is not observed. The species
profiles are independent of pressure which indicates together with the constant
rate of O2 consumption in the oxidation zone a zeroth order kinetics. In situ
Raman spectroscopy on a Pt foil indicated carbon formation upon onset of
catalytic activity. Carbon blockage of active sites could explain the observed
zeroth order kinetics.
On the isothermally operated (800 °C) Li/MgO coated foams CH4 and O2 react
preferentially in the gas phase by total oxidation to CO2 and H2O. Small amounts
of ethane and ethylene (C2) are formed at contact with the catalyst. C2 formation
continues behind the catalyst possibly due to catalyst induced gas phase chemistry.
CO formation begins close to the end of the catalyst foam and continues in the gas
phase behind the catalyst.
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Non-Chemical Concepts for Sustainable Energy Conversion
(EnerChem)
Dang Sheng Su, Jian Zhang, Xi Liu, Yu-Jun Xu, Weiqin Zheng, and Robert Schlögl
The main activities of the department AC within the EnerChem Project of the five Max
Planck institutes can be summarized as follows: 1) liquid ammonia as an energy carrier,
2) carbons for energy storage and environmental protection, and 3) structural
characterization of novel N-containing carbon materials.
1) Ammonia as energy carrier - hydrogen production through its decomposition. High
NH3 decomposition activity can be achieved up to now mainly with Ru catalysts. The
development of cheaper alternatives with the comparable performance remains a
challenge in catalysis research. Transition metals, such as Fe, Co, and Ni have been
tested for this reaction. We show that Fe-containing lava rock can be directly used as
highly efficient catalyst for NH3 decomposition. Mo carbides display similar electronic
and structural properties to noble metals. A high surface area Mo2C catalyst was tested
for the reaction and turned out to be a promising candidate to noble Ru for NH3
decomposition. The remarkable activity of Ru nanoparticles supported on CNTs was
investigated for NH3 decomposition. Large Ru particles attached to the outer surface of
the CNTs are more active than the particles inside the tubes, even though the latter are
smaller. This is ascribed to the fact that the CNT support offers different sites inside or
outside the tubular channels for Ru nanoparticles, masking the possible beneficial effect
of the enhanced electron density of CNTs with high graphitization degree. The
decreasing activity of smaller Ru particles is attributed to more difficult recombinative
nitrogen desorption from these particles.
2) Development of nanostructured carbon materials for energy storage and
environmental protection. Carbonaceous-type materials are a promising option for the
anode material in Li batteries. We have developed a facile strategy for the supermolecular assembly of impurity graphitic fragments into a coaxial nanostructure named
carbon tube-in-tube (CTIT). The successful formation of CTIT does not only represent a
unique strategy to exploit the inherent presence of impurity graphitic particles in the
CNTs, but also provides a valuable platform to investigate the effect of graphitic or
graphene fragments on the Li storage behavior of CNTs as anode material. Nanoarchitecturing of carbon nanospheres onto the surface of activated carbon gives birth to a new
composite carbon in micro- and nanometer dimensions. This novel materials exhibit a
remarkable adsorption capability for heavy-metal ions (CrO42+ and Fe3+).
3) Structural characterization of novel N-containing carbon materials. Nitrogen
containing carbons have received increasing interest as they can improve the properties
of bulk carbon. The performance of these materials crucially depends on the amount of
N in the carbon host as well as its mode of integration. In the frame of EnerChem, we
have used various characteristic tools to characterize various novel N-containing
carbons prepared at the partner Max-Planck Institutes.
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Structural Properties of Vanadia on SBA-15 and their Influence on
ODH of Propane
Philipp Gruene, Till Wolfram, Robert Schlögl, and Annette Trunschke
Vanadium oxide is considered to be an important compound in metal oxide catalysis.
However, despite its use in industrial processes, e.g., in the production of sulphuric acid,
the selective oxidation of o-xylene to phthalic anhydride and the conversion of nitrogen
oxides in exhaust gases into N2 and H2O by selective catalytic reduction, the exact
structure of the active sites remains the topic of controversial discussions. Highly
ordered mesoporous supports with large surface area allow for the deposition of a high
number of well-defined two-dimensional vanadia species enabling precise spectroscopic
investigations of their geometric and electronic structure.1 High loadings can be
advantageous for catalytic activity. Dispersion of vanadia on SBA-15 exhibits a
remarkable dependence on the degree of hydration. When exposed to air at room
temperature, layers of polymerized vanadia with vanadium in pseudo-octahedral
coordination are observed. Partial dehydration leads to the formation of smaller
aggregates of VO4 units like dimers and oligomers. This structural change can be
conveniently monitored by means of UV/Vis spectroscopy (Figure 1) and XPS.2,3 There
is an ongoing debate about the structure of fully dehydrated VxOy/SBA-15 since Raman,
UV/Vis, and X-ray absorption spectroscopy all probe different aspects of the molecular
structure of supported vanadia. Recent X-ray absorption spectroscopy points towards the
co-existence of different species and shed doubt on the exclusive presence of a single
monomeric species in catalytically relevant materials.4 Present research investigates the
influence of dispersion on the oxidative dehydrogenation (ODH) of propane. To this end
an automated synthesis of SBA-15 has been developed that affords a reproducible largescale production of the support. Catalysts with different vanadia loadings have been
prepared, characterized with respect to dispersion and oxidation state, acid-base and
redox properties, and tested in an ODH reactor.5

Figure 1: UV/Vis spectra of hydrated (a) and dehydrated (b) vanadia on SBA-15
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Synthesis and Characterization of Defective Li/MgO Nanocrystalline
Materials for Oxidative Coupling of Methane
Ulyana Zavyalova1, Isabella Oprea3, Michael Geske1, Oliver Korup1, Sardor
Mavlyankariev1, Raimund Horn1, Frank Behrendt3, Gerard Meijer2, and Robert Schlögl1
1

Inorganic Chemistry Department, 2Molecular Physics Department,
3
Technical University Berlin

Oxidative coupling of methane to ethylene (OCM) on Li/MgO is one of the main
research topics within the Berlin centered cluster of excellence “Unifying Concepts in
Catalysis” founded in November 2007. Within the Inorganic Chemistry Department
nanocrystalline Li/MgO catalysts were synthesized, characterized and tested for catalytic
activity. To verify the mechanistic picture of C2 formation by gas phase coupling of
catalytically generated CH3⋅ radicals1, a pulsed UV laser system for cavity ringdown
spectroscopy at 216nm was installed and is currently being connected to a molecular
beam mass spectrometer2. Whereas the latter can be used to screen for gas phase
radicals at the ppm level but is difficult to quantify, the CRDS system will be
specifically used for sensitive detection and quantification of CH3⋅ radicals at the subppm level.
Defect rich, nanocrystalline MgO and Li/MgO catalysts were synthesized by gelcombustion synthesis (GCS) from the metal nitrates and glycerol as chelating agent and
combustion fuel. The catalysts were characterized “as prepared” and after calcination for
10h at 800°C under Ar and O2 atmosphere by means of TEM, SEM, EDX, XRD, BET,
TG-MS, IR, UV/Vis and fluorescence spectroscopy. Catalytic tests were performed by
temperature programmed reaction spectroscopy.
GCS prepared undoped MgO consist of 5-7nm large MgO nano-cubes possessing a high
BET surface area (58m2/g) and high density of defects such as edges, corners steps and
kinks. These nanocubes can be engineered by GCS to form a hierarchical pore network
of macro- and mesopores. The pore distribution can be modified by the metal to glycerol
ratio during the GCS synthesis. Addition of even small amounts of Li (1 wt%) leads to
formation of larger (25nm) spherical particles, drastic decrease of the BET surface area
but an increased defect density. The macro-pore structure, still visible at 1 wt% Li
collapses at higher Li concentration. All materials were active for OCM but the activity
of the Li doped samples was much higher than that of the pure MgO samples. The onset
temperature for C2 formation was with 550°C the same for pure MgO and Li doped
MgO indicating that probably the same sites are responsible for methane activation on
both materials.
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Preparation and structural characterization of Li-MgO systems
Philipp Myrach,1 Anastasia Gonchar, 1 Thomas Risse, 1 Niklas Nilius, 1
and Hans-Joachim Freund 1
Ulyana Zavyalova, 2 Isabella Oprea, 2 Sardor Mavlyankariev, 2 Michael Geske, 2
Raimund Horn, 2 and Robert Schlögl 2
1

Department of Physical Chemistry, 2Department of Inorganic Chemistry

Introduction
Lithium-doped MgO samples are the key system in heterogeneous catalysis for the
oxidative coupling of methane (OCM). Although a detailed mechanism has been
proposed for this reaction, the underlying structural and electronic properties of the LiMgO system are essentially unknown [1]. To shed light onto the pristine and reactiondriven behavior of Li-doped MgO, we have prepared a set of model systems and
analyzed them with scanning tunneling and electron microscopy, electron-paramagneticresonance spectroscopy as well as optical absorption and emission spectroscopy.
Results
The systems have been fabricated via three different approaches: (i) Li-diffusion into a
MgO single crystal at 500-1100 K in UHV. (ii) Growth of Li-MgO thin films on
Mo(001) supports via precipitation of Mg-Li vapor in an O2 ambience. (iii) Gel
combustion synthesis of hierarchically-structured Li-MgO powders. The sample
morphologies were characterized with STM (sample ii) and SEM/TEM (samples iii).
The MgO/Mo films are atomically flat and defect-poor before and after Li incorporation.
The MgO nano-cubes (sample iii) are 8nm in size, but transform into spherical particles
of ∼30 nm diameter after addition of 1 wt% Li. The Li-MgO powders comprise a defectrich pore network with the pore struts consisting of MgO or Li-MgO nano-crystals. The
interaction of Li with the MgO matrix was characterized by optical techniques. While
the pristine oxide shows an exciton-mediated optical response [2], new emission lines
emerge after Li incorporation. A 3.0 eV emission peak that dominates the electroluminescence spectra of bare MgO films shifts to ~2.2 eV upon Li doping. Photoluminescence spectra (4.67 eV excitation energy) of the MgO powders initially exhibit a
2.5 eV emission band, while two additional side bands at 1.8 eV and 3.5 eV appear after
Li incorporation. The Li-doped MgO was further investigated via EPR-spectroscopy for
the existence of paramagnetic O- centers. Finally, the catalytic performance of the LiMgO powders was tested with TPR spectroscopy. The Li doped samples showed higher
CH4 conversion and selectivity towards C2H6 and C2H4 formation than the pure MgO
nano-cubes. However, the onset temperature for C2 formation (~550 °C) was found to
be similar for all samples.
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Ethylene epoxidation on Ag-Cu bimetallic catalysts: New insights on
the role of Cu by experimental and theoretical investigation
Spiros Zafeiratos§, Simone Piccinin*, Túlio Rocha, Detre Teschner, Axel Knop-Gericke,
Catherine Stampfl†, Matthias Scheffler, and Robert Schlögl
Recently Barteau et al. found that copper-silver bimetallic catalysts offer
improved selectivity compared to pure silver in the direct epoxidation of ethylene [1].
Based on theoretical calculations and ex-situ photoelectron spectroscopy results the
authors claimed that the superior catalytic performance is due to the formation of a AgCu surface alloy. Such an alloy will favor the production of EO by increasing the
difference between the activation barriers for the production of selective and not
selective products of the reaction. We demonstrate here by combining in-situ techniques
and first principle electronic structure calculations under oxygen atmosphere that the
structure of Ag-Cu alloy under operational conditions is not stable and depends on the
chemical potential.
Ag-Cu particles with diameter d > 100nm and a Cu loading of 2.5 wt% were
investigated by in situ X-ray photoelectron spectroscopy at 520 K in 0.5 mbar (O2:C2H4
= 1:2). Under reaction atmosphere Cu segregates on the surface. Cu oxide is
predominant on the surface, instead of metallic or alloyed states. These results are in
agreement with calculations based on density-functional theory and ab initio atomistic
thermodynamics. There, surface structure and morphology of the Ag-Cu particles in
constrained thermodynamic equilibrium with an oxygen and ethylene atmosphere were
studied. Temperature and pressure display a variety of structures with similar energetics.
These include thin Cu surface oxides in coexistence with clean Ag[2,3], while the 2D
alloy is not predicted to be stable.
A detailed analysis of the in situ XP spectra provides evidence for increasing ethylene
epoxide yield and selectivity as a function of the Cu oxide surface concentration. The
results show, that ultrathin copper oxide layers on silver promote ethylene epoxidation.
However, the mechanistic function of the copper oxide on ethylene epoxidation
promotion is not completely clear yet. Possibly some form of oxygen species adsorbed
on the surface copper oxide and then diffuse to silver sites, where the epoxidation
reaction is taking place. Other options to explain the increased selectivity will be
discussed.
* CRN-INFM DEMOCRITOS, Theory@ELETTRA Group, Trieste, Italy
† School of Physics, The University of Sydney, Sydney, New South Wales 2006, Australia
§ LMSPC-UMR 7515 du CNRS, Strasbourg, France
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CP 1

Reaction of Methanol to Formaldehyde on V2O3(0001) and V2O5(001):
The Role of Hydrogen Atoms
Daniel Göbke, Yuriy Romanyshyn, Sébastien Guimond+, Jacobus M. Sturm§,
Helmut Kuhlenbeck, Jens Döbler*, Ulrike Reinhardt*, Maria V. Ganduglia-Pirovano#,
Joachim Sauer*, Hans-Joachim Freund
Introduction
Vanadium oxides are catalytically active for a number of reactions, most of them
involving the transfer of oxygen atoms. A reaction occurring on V2O3(0001) as well as
on V2O5(001) is the formation of methoxy following methanol adsorption with
subsequent production of formaldehyde at elevated temperature. This reaction releases
hydrogen atoms which commonly react with oxygen atoms from the oxide substrate to
form water. The aim of the investigations reported here was to learn about the fate of
the hydrogen atoms on the surface and their role for the production of methoxy and
formaldehyde. For this purpose STM, TDS, IRAS, XPS and NEXAFS as well as DFT
and kinetic modelling were employed. V2O3(0001) and V2O5(001) were prepared as thin
layers (50 – 100 Å thick) on Au(111).
Results
On regular oxygen-terminated V2O5(001) and V2O3(0001) reactive adsorption of
methanol does not occur. Removal of surface oxygen atoms by electron irradiation
produces reactive defects were methoxy groups can form. Details of the reactions are
different for V2O3(0001) and V2O5(001). As shown by DFT calculations these
differences are largely due to differences in the oxygen vacancy formation energies.
V2O3(0001): on this substrate the hydrogen atoms released in the course of methoxy
formation bind to vanadyl oxygen atoms which terminate the surface. Upon warming
up, hydrogen atoms react in pairs to form water with a vanadyl oxygen atom, thus
producing a new oxygen vacancy. This defect reacts with methanol to form methoxy
and a hydrogen atom. The latter reacts to water with another hydrogen atoms and a
vanadyl oxygen atom, forming another defect. This is a self limiting chain reaction
which effectively doubles the number of surface defects available for methoxy
formation. At higher temperature the hydrogen atoms steer the selectivity towards
formaldehyde formation: hydrogen atoms resulting from formaldehyde formation react
with methoxy groups and form methane in addition to formaldehyde. Additional
hydrogen groups may shift the selectivity to even higher amounts of methane.
V2O5(001): here the formation of methanol from methoxy + hydrogen re-combination is
a likely process. This leads to a decrease of the surface methoxy concentration below
the formaldehyde formation temperature and the only way to stabilize methoxy up to
the formaldehyde formation temperature is removal of hydrogen out of the system by
water formation which competes with methanol formation for hydrogen atoms. These
processes lead to a certain time dependence of the methoxy concentration on the surface
which could well be reproduced with kinetic modelling.
+ Empa, Swiss Federal Laboratories for Materials Testing and Research, St. Gallen, Switzerland
*Humboldt-Universität zu Berlin, Department of Chemistry, Berlin, Germany
$ FOM-Institute for Plasma Physics Rijnhuizen, Nieuwegein, The Netherlands
# Inst. of Catal. and Petrochemistry of the Spanish Council for Scientific Research, Madrid, Spain
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CP 2

Vanadium and Molybdenum Doped TiO2(110) Layers as Models for
Supported Catalysts with Strongly Mixed Components
Osman Karslioglu, Elena Primorac, Jacobus M. Sturm, Daniel Göbke,
Helmut Kuhlenbeck, Hans-Joachim Freund
Introduction
It is well known that the choice of the support for a supported catalyst strongly
influences its catalytic activity. For the case of methanol on vanadium oxide supported
on different substrates some data have have been published by I.E. Wachs1. To learn
about the correlation of morphology, local surrounding, oxidation states and chemical
activity of metal atoms on and in a different oxide we have prepared well ordered
TiO2(110) layers doped with vanadium and molybdenum. Characterization studies were
performed using XPS, LEED, and STM. Reactivity studies will be performed at a later
stage.
Results
After having tried to prepare sufficiently thick well ordered layers of regular TiO2 on
different gold and platinum surfaces [these were chosen because of their chemical
inertness, having in mind the use of the prepared systems under conditions of elevated
pressure] we finally have chosen TiO2(110) as substrate for the preparation of the doped
layers. TiO2(110) has a perfect lattice match with the to be prepared doped TiO2(110)
layers but there is also a disadvantage which is the nearly unavoidable presence of
defects. The latter is required in order to make the crystals conductive enough for the
employed experimental methods. Their density can be controlled by heating in vacuum
to increase the defect density and heating in an oxygen atmosphere (with sufficiently
high pressure) to reduce the defect density.
Doping of TiO2 with molybdenum leads to layers with a well defined LEED pattern.
Molybdenum in the TiO2 matrix has an oxidation state of 4+ which, together with the
good LEED pattern, is a hint that the molybdenum atoms simply replace titanium
atoms. At the surface also 5+ and 6+ oxidation states are found.
The preparation of TiO2(110) layers doped with vanadium is not straight forward since
vanadium exhibits a high speed of diffusion at the temperature of layer preparation
which means that it diffuses into the TiO2(110) substrate. The prohibit this we have
blocked the vanadium diffusion with a W+TiO2 mixed layer below the vanadium doped
layer. Whether this interlayer can also block defect diffusion such that a nearly defect
free thin TiO2(110) layer can be prepared on the surface is still to be investigated.
Reference
1. I.E. Wachs, Catalysis Today 100, 79 (2005).
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Interaction of Gold with Cerium Oxide Supports:
CeO2(111) Thin Films vs CeOx Nanoparticles
Martin Baron, Oleksandr Bondarchuk,
Shamil Shaikhutdinov, Hans-Joachim Freund
Introduction
Chemical reactions on gold surfaces have received much attention owing to the unusual
catalytic properties of highly dispersed gold. In spite of a huge number of studies in this
field, the nature of the active sites in Au catalysts remains a controversial issue1,2.
Among the reaction mechanisms proposed in the literature, there are some involving
positively charged (“cationic”) Au species supported on reducible oxides such as ceria.
Moreover, nanocrystalline ceria (“nano-ceria”) as a support was found to remarkably
increase the activity of gold as compared to conventional ceria supports3. In order to
rationalise these effects we employ well-defined model systems4. Here, we present a
comparative study of morphology, electronic structure and CO adsorption of gold
supported on well-ordered CeO2(111) thin films and CeOx nanoparticles using STM,
XPS and IRAS.
Results
Atomically flat ceria films were grown on Ru(0001) using new preparation recipe with
the first step involving a kinetically-limited growth at low temperatures. Ceria
nanoparticles were grown on an ultra-thin silica film on a Mo(112) substrate using
water-assisted deposition. In contrast to CeO2(111) films, ceria nanoparticles possess
significant amounts of Ce in the 3+ oxidation state. Upon deposition on CeO2(111)
films, most of the Au particles are formed at the step edges. The particles on terraces
grow presumably through the decoration of point defects, which are more numerous on
reduced surfaces. Combined XPS and IRAS data show that partially charged Au δ+
species are formed by deposition at low temperatures (~ 100 K) and low coverages on
both ceria supports. Formation of Auδ+ on CeO2(111) films is kinetically limited and is
attributed to the interaction of the gold ad-atoms with defects. In variance to extended
ceria surfaces, where only metallic Au nanoparticles are observed at 300 K, the
“cationic” gold species are formed in abundance on nano-CeOx and exhibit enhanced
thermal stability. It is shown that nano-ceria stabilizes small Au clusters, which may
even be incorporated into the ceria nanoparticles at elevated temperatures.
References
1. G. Bond, C. Lois, D. Thompson, Catalysis by Gold, World Scientific, 2006.
2. M. Kung, R. J. Davis, H. H. Kung, J. Phys. Chem. C 111, 11767 (2007).
3. S. Carrettin, P. Concepción, A. Corma, J. M. López Nieto, V.F. Puntes, Angew.
Chem. Int. Ed. 43, 2538 (2004).
4. T. Risse, S. Shaikhutdinov, N. Nilius, M. Sterrer, H.-J. Freund, Acc. Chem. Res. 4, 949 (2008).
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Reactivity of Fe3O4(111)-Supported Pt Nanoparticles: Promotional
Effect of Strong Metal-Support Interaction in CO Oxidation
Ying-Na Sun, Mikolaj Lewandowski, Zhi Hui Qin,
Shamil Shaikhutdinov, Hans-Joachim Freund
Introduction
Metals supported on the reducible oxides often exhibit the so-called strong metalsupport interaction (SMSI)1, which in many cases causes encapsulation of the metal
particles by a thin oxide layer stemming from the support. It is usually believed that the
encapsulation will suppress catalytic reactions occurring on metal surfaces. On the other
hand, it is not obvious per se that the film will maintain the structure upon exposure to
realistic reaction conditions.
Results
We studied morphology and thermal stability of Pt particles deposited on Fe3O4(111)
films by STM and TPD of CO.2 Combined results provide strong evidence for the
encapsulation of Pt particles upon vacuum annealing at elevated temperatures by a thin
iron oxide film that is a FeO(111) monolayer in nature. The high adhesion energy
between Pt and iron oxides derived from STM data is suggested as the key factor for the
encapsulation. Reactivity studies at atmospheric pressure using gas chromatography
(GC) revealed that the Pt particles that underwent encapsulation prior to the reaction
showed higher CO oxidation rates as compared to the clean Pt particles.
To gain a deeper understanding of the role of the FeO films on reactivity of Pt, we
studied CO oxidation on a clean Pt(111) single crystal and iron oxide films grown on
Pt(111) at different CO:O2 ratios (between 1:5 and 5:1) and partial pressures up to 60
mbar at 400-450 K. Structural characterization of the model catalysts was performed by
STM, LEED, AES, and TPD. It is found that monolayer FeO(111) films are much more
active than clean Pt(111) and nm-thick Fe3O4(111) films at all reaction conditions
studied. Post-characterization of the catalysts revealed that at CO:O2 >1 the FeO(111)
film dewets the Pt surface with time, ultimately resulting in highly dispersed iron oxide
particles on Pt(111).3 The reaction rate at 450 K exhibited first order for O2 and nonmonotonously depended on CO pressure. In O2-rich ambient the films were enriched
with oxygen while maintaining the long range ordering. Based on the structurereactivity relationships observed for the FeO/Pt films, we propose that the reaction
proceeds through the formation of a well-ordered, oxygen-rich FeOx (1 < x < 2) film
that reacts with CO through the redox mechanism. The reaction-induced dewetting in
fact deactivates the catalyst.
References
1. G. L. Haler, D. E. Resasco, Adv. Catal. 36, 173 (1989).
2. Z.-H. Qin, M. Lewandowski, Y.-N. Sun, S. Shaikhutdinov, H.-J. Freund, J. Phys. Chem. C 112, 1029
(2008).
3. Y.-N. Sun, Z.-H. Qin, M. Lewandowski, S. Kaya, S. Shaikhutdinov, H.-J. Freund, Catal. Lett. 126, 31
(2008).
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Relating Methanol Oxidation to the Structure of Ceria-Supported
Vanadia Catalysts
Heather L. Abbott, Martin Baron, Alexander Uhl*, Yu Lei, Oleksandr Bondarchuk,
Dario Stacchiola+, Shamil Shaikhutdinov, Hans-Joachim Freund
Introduction
The reactivity of oxide-supported vanadia catalysts in oxidative dehydrogenation
(ODH) reactions has been shown to depend strongly on the oxide support, with
reducible oxides (e.g., ceria, titania and zirconia) exhibiting much higher turnover
frequencies as compared to irreducible oxides (e.g., silica and alumina)1,2. Structural
characterization of the catalysts, performed primarily using Raman and UV-vis
spectroscopy as well as x-ray absorption spectroscopy, has been used to postulate that
vanadia catalysts consist of isolated and polymer structures that wet the oxide supported
(so-called “monolayer catalysts”). To elucidate the surface chemistry of vanadia and to
rationalize the support effects, we employed model systems consisting of vanadia
clusters deposited onto well-ordered oxide films.
Results
Using a combination of STM, IRAS, and PES with synchrotron radiation, we
unambiguously demonstrate the formation of monomeric, O=V5+-O3 species on the
CeO2(111) surface at low vanadia loadings. A direct relationship between the
vibrational properties and the nuclearity of vanadia species (monomeric vs polymeric) is
observed by STM and IRAS that allows one to link the structure of vanadia surface
species and the Raman/IR characterization of real catalysts in a more definitive manner.
The results show that ceria surfaces stabilize small vanadia species, such as monomers
and trimers, in a 5+ oxidation state accompanied by reduction of the ceria surface.
These experimental results are fully supported by DFT calculations3. Temperature
programmed desorption of methanol on our model systems revealed two, vanadiarelated peaks for formaldehyde production. The species of low nuclearity revealed
reactivities at much lower temperatures as compared to those of higher nuclearity,
which in turn show strong similarities to reactivity of vanadia clusters supported on
alumina and silica4. It is concluded that strong support effects reported in the literature
for the real catalysts are related to the stabilization of small vanadia (5+) clusters and
the reduction of an oxide support.
References
1. I. E. Wachs, Catal. Today 100, 79 (2005).
2. M. A. Bañares, M. V. Martinez-Huerta, X. T. Gao, I. E. Wachs, J. L. G. Fierro, Stud. Surf. Sci. Catal.
130, 3125 (2000).
3. DFT calculations were performed by the group of Prof. J. Sauer at HU, Berlin 2009.
4. Y. Romanyshyn, S. Guimond, H. Kuhlenbeck, et al. Top. Catal. 50, 106 (2008).
* Present address: The University of Chicago,60637 Illinois, USA
+ Present address: Michigan Technological University, Houghton, 49931 MI, USA

45

CP 6

Atomic Structure of Antiphase Domain Boundaries and Gold
Adsorption Sites on Alumina/NiAl(110) by Dynamic Force Microscopy
Georg H. Simon, Thomas König, Gero Thielsch, Hans-Peter Rust,
Markus Heyde, Hans-Joachim Freund
Introduction
Frequency modulation dynamic force microscopy (FM-DFM) can be used for structural
analysis of surfaces as well as for characterisation and manipulation of adsorbates on
such surfaces. At equal resolution it can give additional or complementary information
to scanning tunnelling microscopy (STM) and surpasses STM on wide band gap thin
film materials and naturally on bulk insulators. Presented work explores the outstanding
resolution of FM-DFM especially in view of surface sensitivity and verifies the
applicability in the determination of structure and adsorption sites of adsorbed gold
species.
Results
Our dual mode STM/FM-DFM setup is optimised for measurements in ultrahigh
vacuum at low temperature (4.5 K)1,2. Improved images of the ultrathin alumina film
grown on NiAl(110) reproduce the film’s topography with high accuracy. They provide
a surface sensitivity of FM-DFM that is not available to any other technique. In fact can
the published data3 be considered the first independent confirmation of structural details
in the STM/DFT based model for this surface4,5. Recently, unit cell, both types of the
film’s antiphase domain boundaries (APDBs) as well as dislocation jogs within these
boundaries have been imaged in unparalleled resolution6. A symmetry aspect within the
APDBs has been discovered which solely appears in the topography making it invisible
to other techniques. Resolving such large and complex unit cells proves the capability of
this experimental approach, and has not been presented on similar surfaces before.
Furthermore do the images allow clear discrimination between the two surface species
aluminium and oxygen. This is an ideal starting point for the determination and
characterisation of atomic or molecular adsorption sites7. For the first time we present
the determination of metal atom adsorption sites on a wide band gap oxide film: gold on
alumina on NiAl(110).
References
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2. M. Heyde, G. H. Simon, H.-P. Rust, H.-J. Freund, Appl. Phys. Lett. 89, 263107 (2006).
3. G. H. Simon, T. König, M. Nilius, H.-P. Rust, M. Heyde, H.-J. Freund, Phys. Rev. B 78, 113401
(2008).
4. G. Kresse, M. Schmid, E. Napetschnig, M. Shishkin, L. Köhler, P. Varga, Science 308, 1440 (2005).
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Frequency Modulated Dynamic Force Microscopy Investigations on
Different MgO Film Thicknesses and its Surface Defects
Thomas König, Georg H. Simon, Gero Thielsch, Hans-Peter Rust,
Markus Heyde, Hans-Joachim Freund
Introduction
Color center on MgO play an important role in chemical processes on surfaces.
Adsorbed metal particles might become charged by charge transfer from color centers
resulting in an enhanced reactivity. Beside the charge transfer from color centers to
adsorbed metal particles density functional theory studies1,2 proposed charge transfer
from a metal substrate through thin MgO films to the adsorbate which has been
confirmed by scanning tunneling microscopy measurements3. Therefore, the charging of
adsorbates on thin films is not limited to the small number of defects usually present on
the surface4. The main parameters determining the charge transfer tunneling process are
the electronegativity of the adsorbate, the tunneling length and the work function of the
system. The electronegativity depends on the adsorbate itself, the film thickness can be
controlled such that it does not exceed the tunneling length.
Results
With our dual mode dynamic force/scanning tunneling microscope we studied the metal
work function shift of 1, 3 and 8 monolayers MgO grown on Ag(001). The work
function shift can be derived from scanning tunneling spectroscopy (STS)
measurements and the electrostatic force acting between tip and sample. The
dependency of the electrostatic force in parameter space i.e. frequency shift with respect
to tip sample voltage und tip sample distance has been analyzed in detail5. These studies
are the basis for detecting color centers with our dynamic force microscope.
Characterized defects by STS have been analyzed by frequency shift vs. bias voltage at
constant height. The measurements show a shift in the contact potential at the defects.
Furthermore, constant height dynamic force microscopy measurements on F0 and F+
color centers have been performed. The simultaneously recorded frequency shift and
tunneling current show an attractive tip sample interaction which is stronger for F0 than
for F+ centers. These measurements will be extended to different film thicknesses as
well as different adsorbates such as molecules. In addition the dynamics of color centers
will be investigated by e.g. manipulation experiments.
References
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Quantum Well States in One- and Two-dimensional Gold Clusters
Xiao Lin, Niklas Nilius, Hans-Joachim Freund,
Michael Walter*, Pentti Frondelius*, Karolina Honkala*, Hannu Häkkinen*

Introduction
The electronic properties of metal particles undergo dramatic changes when the number
of atoms is reduced below a few hundred and the bulk band structure breaks down into a
set of quantized states. This metal-to-non-metal transition has a number of
consequences for the electronic, optical but also chemical properties of the metal
aggregates. The presence of discrete energy levels in metal particles is usually hard to
observed with non-local spectroscopic techniques due to the size and shape distribution
of particles in an ensemble, but can be accessed with STM conductance spectroscopy.

Results
The electronic structure of ultra-small Au clusters on thin alumina/NiAl(110) and
MgO/Ag(001) films is analyzed by scanning tunneling spectroscopy and density
functional theory. Alumina-supported clusters have linear shapes and exhibit a set of
filled and empty quantum well states. The symmetry and energy dispersion of the states
is in good agreement with those of eigen-states in a 1D box potential. Linear Au clusters
develop also on the MgO support in an early growth stage, but transform into flat,
monolayer high islands with increasing metal exposure. The islands are characterized by
two-dimensional quantum well states, whose shapes resemble the orbitals of a 2D
electron gas confined by a parabolic potential. From the HOMO and LUMO
symmetries, the electron filling and charge state of particular clusters are determined. In
accordance to a DFT charge-analysis, the aggregates accumulate a number of excess
electrons due to a charge transfer from the support. The transition from non-metallic to
metallic Au behavior is determined from the evolution of the HOMO-LUMO gap as a
function of cluster size and occurs for clusters containing between 70-100 atoms.

*Department of Physics, University of Jyväskylä, 40014 Finland
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Optical Properties of Single Alkaline-earth Particles on MgO Films
Philipp Myrach, Niklas Nilius, Hans-Joachim Freund
Introduction
The outstanding optical properties of noble metal particles have been widely
investigated over the last hundred years. However, strong plasmon excitations as the
requirement for a distinct optical response occur also in most alkali and alkaline-earth
metals, making them promising candidates for optical applications as well. The reason
why simple-metal clusters are much less investigated than their noble metal
counterparts lies in their notorious chemical instability in the presence of oxygen and
water. In the present work, light emission spectroscopy with an STM is employed to
study the optical properties of individual Mg and Ca particles deposited on 8 ML thick
MgO/Mo(001) films.

Results
The Mg and Ca particles grow with distinct rectangular shapes on the MgO(001)
surface, reflecting the strong affinity of the alkaline-earth atoms to the O ions in the
oxide. Especially for the Mg-MgO interface, a perfect registry between the metal atoms
of the particle and the surface oxygen atoms is revealed. The emission properties of
both alkaline-earth materials are governed by plasmon excitations in the particle
electron gas, giving rise to photon peaks at 2.3 and 2.1 eV for the Mg and Ca particles,
respectively. The overall emission behavior is therefore similar to the one of Ag and Au
particles, which has been studied for comparison. In all examples, a distinct finestructure is found to be superimposed on the plasmon-mediated optical response. It
reflects the discrete nature of optical excitations via inelastic electron transport through
a vacuum-particle-oxide double barrier junction. High excitation cross sections are only
observed at loss energies that correspond to the separation of quantized energy levels in
the MgO conduction band, so called Gundlach resonances.
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Tailoring the Adsorption Properties of SiO2 Thin Films
Jan-Frederik Jerratsch, Niklas Nilius, Hans-Joachim Freund,
Umberto Martinez*, Livia Giordano*, Gianfranco Pacchioni*

Introduction
Wide gap oxide materials are often chemically inert and interact with adsorbates only
via defects and low-coordinated lattice sites. This unspecific adsorption behavior can be
modified by inserting artificial binding sites into the surface or by tuning global oxide
properties to alter certain binding parameters. Both approaches will be demonstrated for
a two-layer silica film grown on Mo(112), which is chemically inert in its pristine form
but becomes reactive after modification.
Results
The ultra-thin silica film is modified by inserting Li atoms into the nano-pores of the
oxide material. The adatoms diffuse to the silica-Mo interface, where they self-assemble
into a regular stripe pattern due to the distinct screening response of the Mo surface.
Upon incorporation, the Li becomes cationic and creates a strong positive surface dipole
that in turn reduces the silica/Mo work function. This work function change is
monitored with STM conductance spectroscopy, which reveals a continuous down-shift
of the silica conduction band with increasing Li exposure. The reduced work function of
the metal-oxide system now facilitates charge transfer processes from the Mo support
into adsorbates on the silica surface. This is demonstrated for Au adatoms and clusters,
which become negatively charged on the doped film according to DFT calculations.
Charged Au species exhibit a much larger adhesion, as they are able to activate effective
electrostatic and polaronic interaction schemes with the oxide surface. The Au atoms
are therefore able to nucleate on the Li-modified film, although they are unstable on the
non-doped and defect-free oxide surface.
The insertion of Pd and Fe atoms into the silica nano-pores is presented as an additional
approach to alter the oxide adsorption characteristic. The embedded species remain
close enough to the surface to anchor adsorbates on the oxide film. The anchoring
mechanism is demonstrated for single Pd, Au and Ag adatoms as well as for ultra-small
Fe clusters that only bind to the oxide surface in presence of the sub-surfaces species.
The adsorption strength hereby results from attractive interactions between the
adsorbate and the embedded anchor and a repulsive contribution exerted by the charge
density at the oxide surface.

*Dipartimento di Scienza dei Materiali, Università di Milano-Bicocca, 20125 Milano, Italy
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Preparation and Structural Characterization of Li-MgO Systems
Philipp Myrach1, Anastasia Gonchar1, Thomas Risse1, Niklas Nilius1,
Hans-Joachim Freund1, Ulyana Zavyalova2, Isabella Oprea2, Sardor Mavlyankariev2,
Michael Geske2, Raimund Horn2, Robert Schlögl2
1

Department of Chemical Physics,2Department of Inorganic Chemistry

Introduction
Lithium-doped MgO samples are the key system in heterogeneous catalysis for the
oxidative coupling of methane (OCM). Although a detailed mechanism has been
proposed for this reaction, the underlying structural and electronic properties of the LiMgO system are essentially unknown1. To shed light onto the pristine and reactiondriven behavior of Li-doped MgO, we have prepared a set of model systems and
analyzed them with scanning tunneling and electron microscopy, electron-paramagnetic-resonance spectroscopy and optical absorption and emission spectroscopy.
Results
The systems have been fabricated via three different approaches: (i) Li-diffusion into a
MgO single crystal at 500-1100 K in UHV. (ii) Growth of Li-MgO thin films on
Mo(001) supports via precipitation of Mg-Li vapor in an O2 ambience. (iii) Gel
combustion synthesis of hierarchically-structured Li-MgO powders. The sample
morphologies were characterized with STM (sample ii) and SEM/TEM (samples iii).
The MgO/Mo films are atomically flat and defect-poor before and after Li
incorporation. The MgO nano-cubes (sample iii) are 8nm in size, but transform into
spherical particles of ∼30 nm diameter after addition of 1 wt% Li. The Li-MgO powders
comprise a defect-rich pore network with the pore struts consisting of MgO or Li-MgO
nano-crystals. The interaction of Li with the MgO matrix was characterized by optical
techniques. While the pristine oxide shows an exciton-mediated optical response2, new
emission lines emerge after Li incorporation. A 3.0 eV emission peak that dominates the
electro-luminescence spectra of bare MgO films shifts to ~2.2 eV upon Li doping.
Photo-luminescence spectra (4.67 eV excitation energy) of the MgO powders initially
exhibit a 2.5 eV emission band, while two additional side bands at 1.8 eV and 3.5 eV
appear after Li incorporation. The Li-doped MgO was further investigated via EPRspectroscopy for the existence of paramagnetic O- centers. Finally, the catalytic
performance of the Li-MgO powders was tested with TPR spectroscopy. The Li doped
samples showed higher CH4 conversion and selectivity towards C2H6 and C2H4
formation than the pure MgO nano-cubes. However, the onset temperature for C2
formation (~550 °C) was found to be similar for all samples.
References
1. J. H. Lunsford, Angew. Chem. Int. Ed. 34, 970 (1995).
2. S. Stankic, M. Müller, O. Diwald, M. Sterrer, E. Knözinger, J. Bernardi, Angew. Chem. Int. Ed. 44,
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A UHV Compatible W Band EPR Spectrometer for the
Characterization of Paramagnetic Surface Species
Esther Kieseritzky, Jan Rocker, Werner Hänsel-Ziegler,
Thomas Risse, Hans-Joachim Freund
Introduction
EPR spectroscopy has proven to be a valuable tool for the characterization of
paramagnetic sites of single crystal surfaces such as point defects or metal atoms. Up
until now these experiments were performed at X-Band (10 GHz). The experiments at
X-Band sometimes suffer from a lack in spectroscopic resolution as well as intrinsic
problems with respect to the implementation of modern pulse spectroscopic techniques.
Changing the operating frequency by a factor of 10 (W-band) would resolve the
resolution issues and would provide the prospects to go beyond continuous wave
spectroscopy. For the characterization of single crystalline surfaces by EPR at W-band a
commercially available spectrometer was integrated into a UHV setup comprising
additionally STM, IRAS, LEED, Auger, TPD as well as preparation facilities. This
poster will focus on the improvements of the EPR setup introduced in the recent past.
Results
The core of the EPR setup used here is a Fabry-Perot resonator consisting of a concave
mirror attached to the microwave bridge and a planar mirror which is the bulk metal
single crystal used as substrate. The single crystal located in UHV, is separated from
the rest by a 0.1 mm thick quartz window located between the two mirrors. Mechanical
stability of the window forces the concave mirror to be situated in fine vacuum. A
crucial point for the spectroscopy is the coupling of the microwaves into the resonator.
The setups implemented initially suffered significantly from insufficient coupling range
and stability problems. The coupling device has been redesigned now using an antenna
made of 0.6mm copper wire which fits into a small rectangular hole in the concave
mirror. Coupling of this antenna is achieved by means of a three screw tuner. The tuner
is located in the part of the waveguide at ambient conditions which simplifies the
mechanical manipulation. This setup allows a critical coupling of the resonator and
provides the stability and reproducibility required. Experiments on DPPH performed in
air show that this setup has submonolayer sensitivity. For the investigation of surface
species low temperatures are desirable. This poses significant technical problems related
to the mechanical stability of the resonator structure. The solution to this problem is an
automatic stabilization procedure which utilizes the control signal of the microwave
bridge to actively manipulate the length of the outer UHV tube using a Peltier-element.
First experiments under UHV conditions adsorbing multilayer DTBN on alumina at low
temperature show the expected exchange coupled signal.

52

CP 13

Defect Chemistry on MgO Thin Film Surface
Anastasia Gonchar, Jichun Lian, Thomas Risse, Hans-Joachim Freund
Introduction
Defects play an important role in understanding of surfaces as they can alter their
chemical and physical properties considerably. Point defects are a particularly
interesting class of defects, however, a detailed characterization of these species is
rather challenging. Apart from color centers (F-centers) which were shown to have
significant impact on the properties of deposited Au particles other defects such as
suboxide (O-) anions are considered important, too. The latter are e.g. thought to be key
for an understanding of the mechanism of oxidative methane coupling which is
catalyzed by Li doped MgO surfaces. Recent efforts in this respect will also be
presented in another joint poster with the AC department (CP10). This poster
summarizes the recent efforts to prepare and characterize different paramagnetic point
defects on thin MgO (001) films.
Results
Additive Mg coloring is an altertneative route for the production of paramagnetic
surface color centers. EPR results show that the deposition of small amounts of Mg on
MgO (001) single-crystalline thin films produces a new paramagnetic species which can
be assigned to surface F centers. After an initial rise (up to 0.03 ML) the number of
paramagnetic F centers drops with increasing Mg coverage. The fate of the excess Mg
depends on temperature. At low temperature metallic Mg clusters form as shown by IR
spectroscopy of CO. At temperatures above 110 K deposited Mg simply dissolved into
the film and forms sub-stoichiometric MgO films.
The paramagnetic F-centers, prepared either by additive Mg coloring or electron
bombardment, are reactive species which undergo subsequent chemical transformations
upon contact with molecules from the gas phase. Among the different chemical
transformations the reaction with N2O is particularly interesting as it leads to suboxide
(O-) anions. This reaction can be confirmed by EPR. The O--center show an angular
dependent line shape as expected for species on a single crystalline surface. The
location of the species should differ for the different preparation methods. While the Fcenters produced by electron bombardment are predominantly located on the edges of
the MgO islands this will not hold true for the scavenged electrons created by additional
Mg deposition. The latter are considered to be located in suitable trapping sites such as
reversed corners. The poster will present the EPR spectroscopic characterization of
these sites as well as evidence for the reactivity of the suboxide (O-) anions with other
molecules from the gas phase.
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Characterization of Proteins Adsorbed on Planar Surfaces
Using Site Directed Spin Labelling
Ricarda Rintisch, Björn Pieper, Thomas Risse

Introduction
It was recently shown that site-directed spin labeling (SDSL) can be used to
characterize the structure and dynamics of proteins adsorbed to planar surfaces. A
particular focus of these investigations was to elucidate the correlation of the physical
and chemical properties of surfaces on the structure of the adsorbed proteins. To this
end supported lipid bilayers (SLB) as well as quartz surfaces were used as model
systems. It was already shown that SDSL is capable to characterize conformational
changes of proteins, however, the examples explored so far were restricted to
irreversible changes. To this end we want to extend these investigations to systems
showing reversible structural changes which can be triggered by external parameters
such as light or an electric potential. The poster will describe the progress that has been
made with respect to the correlation of surface properties and the structure of adsorbed
proteins and the characterization of reversible conformationals changes of adsorbed
proteins.
Results
T4 lysozyme (T4L) adsorbs on negatively charged lipid bilayers in a rather complex
manner, which is a function of various external parameters such as ionic strength,
temperature or concentration. An important ingredient to understand this behavior in
more detail lies in the structural properties if the lipid bilayer. We will present data on
the properties of the lipid bilayers with respect to important parameters of the system
and correlate them with the adsorption behavior of T4L. With respect to the second line
of research we have chosen to use proteins of the bacteriorhodopsin family
(halorhodopsin and channelrhodopsin II) as model systems to investigate reversible
conformational changes triggered by light or e-field. We will present the first
experimental results towards an EPR characterization of such systems. Triggering the
conformational changes by an electric field is particularly attractive in light of external
control, however, it is rather challenging for EPR spectroscopy as it involves the
adsorption of proteins on suitably modified planar metal surface covered by a water
layer. This requires a specially designed resonator. To this end the idea of a suitable
resonator and the current status of its implementation will presented.
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Design and Set-up of UHV-to-liquid Transfer Systems for in-situ STM
and SFG Investigations of Solid-liquid Interfaces
Hiroko Ariga, Rhys Dowler, Huifeng Wang, Martin Sterrer, Hans-Joachim Freund
Introduction
The development of new and the improvement of existing processes and materials in
heterogeneous catalysis is a challenging task and comprises the testing of different
material combinations as well as varying many experimental parameters. Although one
of the most important steps in a catalytic process, the preparation of supported catalysts
is often not well understood on a molecular level. With the current project we are
aiming at a better understanding of the processes at the solid-liquid interface during
catalyst preparation using a surface science approach.
The approach includes (i) the preparation and characterization of single crystalline
oxide thin films on metallic substrates under UHV conditions, (ii) a transfer of the
sample to a liquid cell where it is contacted with the desired liquid under clean
conditions, and finally (iii) the investigation of the oxide-liquid interface using Scanning
Tunnelling Microscopy (STM) and Sum Frequency Generation (SFG) spectroscopy.
This will allow for thorough characterization of oxide-water interfaces as well as in-situ
observation and characterization of the interaction of metal complexes with the oxide
surface. Subsequently, additional steps necessary to transform the precursor into the
active catalyst are carried out again under UHV. With this approach, we will be able to
follow all relevant steps in the preparation procedure of supported catalysts on a single
crystalline support. In this contribution we will present the basic design principles and
set-up of our UHV-to-liquid transfer systems, as well as first experimental STM results
obtained for metal precipitation from the liquid.
Results
The transfer system for both types of experiments has similar main features: a UHV
chamber for sample cleaning and thin film preparation, the first transfer chamber that
serves as a UHV-to-ambient pressure lock (inert gas), and the second transfer chamber
for contacting the sample with liquid in specially designed liquid cells (also in inert gas
environment). The liquid cells have been designed to allow the sample to be inserted
without removing it from the sample holder. In this way an easy and fast back-and-forth
transfer between UHV and liquid environment is guaranteed. Since the STM used is a
stand-alone instrument that cannot be integrated into a transfer chamber system, the
final transfer of the sample has to be carried out through air (with the sample surface
protected by the liquid). For the SFG experiment, on the other hand, the liquid cell
(designed as a thin layer cell) has been integrated into the transfer chamber system. In
this way, any contact of the sample to air is avoided.
First experimental STM results obtained for Pd precipitation from an aqueous PdCl2
solution onto the surface of a thin FeO(111) film supported by Pt(111) are presented and
compared to results for vapour-deposited Pd clusters on the same surface.
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Hydroxylation of Thin MgO(001) Films and its Effect
on Metal Nucleation
Esther Carrasco, Matthew Brown, Andreas Aumer,
Martin Sterrer, Hans-Joachim Freund
Introduction
Water-oxide interaction is of great importance in a number of technologically relevant
fields, among them heterogeneous catalysis. Several studies report on the promoting
effect of water in catalytic reactions, the participation of surface hydroxyls in reaction
mechanisms, and the influence of hydroxylation on the binding of metal particles to
oxide surfaces. Achieving a fundamental atomic scale understanding of water-oxide
interaction at environmentally and catalytically relevant conditions (e.g. ambient
pressure) represents, therefore, a future challenge for surface science studies related to
heterogeneous catalysis. Here, we present a detailed study of water interaction with the
surface of thin MgO films in a wide pressure range and the effect of surface
hydroxylation on metal nucleation.
Results
Adsorption of water on the surface of MgO(001) thin films of different thickness (2-20
ML) has been studied extensively from UHV to mbar pressure conditions using IRAS,
SFG, XPS and TDS. The vibrational spectra of the H2O monolayer obtained by
adsorption of water in UHV conditions and at low temperature show three sharp bands
(dangling OH and bridge-bonded OH´s from molecularly adsorbed H2O) characteristic
of an ordered H2O superstructure on MgO(001), independent of MgO film thickness.
H2O physisorption is, therefore, not affected by the presence of the underlying metal
substrate. Additional water adsorption at low temperature leads to formation of
multilayer ice which dominates the IRAS spectrum even at very low coverage. SFG, on
the other hand, is almost insensitive to bulk ice and exclusively allows observing
perturbations of the vibrational signature of the monolayer structure by subsequently
adsorbed ice. The results show that there is significant H-bond interaction between the
first and the second H2O layer, in contrast to conclusions from previous molecular
dynamics simulations. Hydroxylation studies at room temperature were carried out in a
high pressure cell up to water pressures of 1 mbar. The hydroxylation behavior of thick
MgO films obtained from analysis of the O1s photoemission signal is comparable to
MgO(001) single crystal studies showing a threshold pressure for hydroxylation of 10-3
mbar H2O. With decreasing MgO film thickness the threshold pressure gradually shifts
to lower H2O pressures. In the limit of 2 ML MgO it is by three orders of magnitude
lower than for thick MgO films. Corresponding IR spectra confirm the enhanced
reactivity of thin MgO films at high pressure conditions.
The influence of MgO surface hydroxylation on the properties of deposited gold clusters
has been studied and compared with those on a clean oxide surface. TDS and IR
experiments using CO as a probe revealed that gold particles deposited on the
hydroxylated MgO surface exhibit a higher abundance and thermal stability of low
coordinated sites. This suggests that the barrier of diffusion of Au is higher on the
hydroxylated MgO surface leading to the stabilization of small Au clusters.
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Olefin Conversions with Hydrogen on Supported Pd Model Catalyst
Wiebke Ludwig, Aditya Savara, Markus Wilde*, Katsuyuki Fukutani*,
Robert J. Madix+, Swetlana Schauermann, Hans-Joachim Freund
Introduction
Tuning the selectivity of hydrocarbon conversions with hydrogen toward desirable
reaction pathway is one of the major tasks in catalysis research and significant for many
industrial processes. In this study, cis-trans isomerization and hydrogenation of cis-2butene over a Pd/Fe3O4/Pt(111) model catalyst was studied by isothermal pulsed
molecular beam (MB) experiments, reflection-absorption infrared spectroscopy,
temperature-programmed desorption and 1H(15N, αγ)12C nuclear reaction analysis
(NRA) for hydrogen depth profiling (in collaboration with M. Wilde and Prof.
Fukutani) under well-defined ultra high vacuum conditions. We focus on exploring the
processes related to dissociative hydrogen adsorption and diffusion into the subsurface
of Pd nanoparticles and their influence on the activity and selectivity toward competing
reactions.
Results
Particularly, by applying NRA on supported Pd nanoparticles to separately monitor the
surface-adsorbed and volume-absorbed hydrogen atoms in combination with transient
MB experiments, we provided the first direct experimental evidence that the presence of
hydrogen atoms absorbed in the subsurface region of Pd clusters is required for olefin
hydrogenation [1]. Furthermore, we found that hydrogen distribution in the Pd particles
and their activity and selectivity toward the hydrogenation pathway critically depend on
presence of strongly dehydrogenated carbonaceous species, which are typically formed
under the realistic catalytic conditions. Co-adsorbed carbon was shown to induce a
sustained hydrogenation activity of Pd nanoclusters, which is not possible on the
carbon-free catalyst [1,2]. We attribute the crucial role of carbon in maintaining
hydrogenation under the steady state conditions to facilitation of hydrogen diffusion
into the subsurface region of Pd nanoparticles.
Complimentarily, we addressed the kinetics of dissociative hydrogen adsorption and its
subsurface diffusion on a quantitative level by performing pulsed MB experiments on
H2 + D2 exchange (in collaboration with R.J. Madix). In these experiments, the
concentrations of atomic deuterium species in both surface and subsurface states were
probed under the isothermal reaction conditions by applying short pulses of lowintensity hydrogen beam, which reacts with deuterium to form HD. The amplitude and
the time evolution of the HD formation rate allow to draw conclusions on the abundance
of both species and on the rate of subsurface deuterium/hydrogen diffusion.
References
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Single Crystal Adsorption Microcalorimetry for Measuring Heats of
Adsorption on Supported Model Catalysts
Jan-Henrik Fischer, José M. Flores Camacho, Jason Farmer†,
Charles T. Campbell†, Swetlana Schauermann, Hans-Joachim Freund
Introduction
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. Traditional experimental
techniques for probing the energetics of adsorption, such as e.g. thermal desorption
spectroscopy, provide reliable results only for reversible adsorption systems and cannot
be correctly applied for processes involving dissociation, clustering, diffusion into the
bulk or reaction with co-adsorbates. These restrictions can be overcome by using a
direct calorimetric measurement of the heat of adsorption. For this purpose we designed
and set up a new UHV single crystal calorimetry experiment based on the method
previously developed by D.A. King and C.T Campbell (in collaboration with C.T.
Campbell, Washington University, Seattle, USA). This method relies on the
measurement of the temperature rise upon adsorption of gaseous molecules on the
ultrathin (1-10 µm) single crystals, which is realized by application of a piroelectric
detector and an independent laser-based energy calibration.
Results
The new experimental set-up allows the calorimetric measurements in a wide
temperature range between 100 and 400 K both on the single crystals and model oxidesupported catalysts. By using differentially pumped effusive molecular beam source, a
broad range of adsorbates can be dosed on the surface. The test measurements of
adsorption heats of CO and benzene on Pt(111) were carried out at 100 and 300 K. The
detector sensitivities of about 1-2 V/µJ are found with a noise limited resolution of
about ~15 nJ. The detection limit of the calorimeter for CO adsorption on clean Pt(111)
was estimated to be 1.5×1012 molecules·cm-2s-1 corresponding to less than 0,1% of the
monolayer coverage. We obtained the absolute accuracy in energy to within a few
percent.
In the following, we applied a newly developed microcalorimetry set up to determine
the adsorption heats of carbon monoxide on Pd nanoparticles of different sizes
supported on a well-define Fe3O4/Pt(111) film. Particularly, we systematically varied
the Pd cluster size in the range of ~ 100 to 5000 Pd atoms to address the energetics of
CO interaction with the clusters of different dimensions. As a reference for the CO
interaction with an extended surface, the adsorption heats were also determined on
Pd(111). The first calorimetric measurements revealed a decrease of the initial heat of
CO adsorption on the smallest Pd nanoparticles (~ 2 nm) by about 15 kJ·mol-1 as
compared to the larger Pd clusters and the extended single crystal surface, the result,
which was predicted theoretically but to date was not confirmed experimentally.
†
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Enhanced Photodesorption from Plasmon-active Silver Nanoparticles
Supported on Thin Alumina Films
Daniel Mulugeta, Ki Hyun Kim,
Kazuo Watanabe, Dietrich Menzel*, Hans-Joachim Freund
Introduction
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]. In particular, the excitation of the Mie plasmon of noble metal
nanoparticles can lead to a large enhancement of the surface electric field and thus may
increase the photoreaction yields dramatically. We focus on the photodesorption of NO
adsorbed on silver nanoparticles (Ag NPs) deposited on thin alumina films on a
NiAl(110) substrate which exhibit a plasmon resonance at ~3.6 eV and size
dependences of adsorption states and photoreactivity on particle size.
Results
The adsorption states of NO were characterized by temperature programmed desorption
(TPD). By dosing Ag NPs (3 – 12 nm mean diameter) with NO at 75 K, a monolayer of
NO dimers was formed. Photoinduced desorption (PID) of adsorbates irradiated with
2.3 – 4.7 eV photons from nanosecond lasers was observed by mass-selected time-offlight (MS-TOF) measurements to obtain translational energy distributions, and by the
decay of the PID signal to derive photodesorption cross sections (PCS’s).
A linear shift of the TPD peak temperature of NO with the inverse of particle radius
(1/R) was found. Also, an increase of PCS with 1/R was observed at photon energies off
the plasmon resonance. On plasmon resonance, i.e., at 3.5 eV in p polarization, a
volcano like increase of PCS peaking at 5 nm in diameter (up to 40 times with respect to
Ag(111)) was observed. These behaviors can be explained by the increase of hot
electron flux at the surfaces of Ag NPs with increasing surface to volume ratio (~1/R),
and by additional hot electron production from the decay of plasmons into electron hole
pairs as well as plasmon enhancement of the surface electric field.
The effects of plasmon excitation on photoreactions of NO dimers on the Ag NPs have
also been investigated by observing photodesorption of NO by MS-TOF and REMPI
(resonance enhanced multiphoton ionization) methods. Little change was observed in
both the translational and the internal energy distributions (rotational and vibrational
temperatures). This indicates that the plasmon does not affect the photodesorption
dynamics of NO. This is in a stark contrast with the case of hyperthermal
photodesorption of Xe from the Ag NPs where plasmons play a direct role.
References
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LEEM/LEED Investigation of Fe3O4 Thin Film Growth on a Pt(111)
substrate: Morphology, Growth and Atomic Termination
Alessandro Sala, Helder Marchetto, Thomas Schmidt, Hans-Joachim Freund
Introduction
Iron oxide is widely used as a catalyst and as a support for catalytically active systems.
Although the system has been intensively studied with various techniques1,
controversies arise in the literature regarding the surface termination2-4 and structural
inhomogeneities. This clearly hinders the direct linking of surface electronic and
structural properties to chemical properties. Our aim is therefore a comprehensive and
consistent characterization of the Fe3O4 film growth on a Pt(111) substrate with well
defined preparation conditions by using the unique SMART instrument. This Low
Energy and Photo-Emission Electron Microscope (LEEM/PEEM) is specially designed
to obtain chemical and structural information with high lateral resolution.
Results
The established preparation5 of the Fe3O4 film has been observed in-situ and in real-time
by microscopy and LEED. In a first step one monolayer of iron is deposited at room
temperature on a Pt(111) surface and subsequently oxidized (pO2 = 1·10-6 mbar) at 900
K to form a complete layer of FeO. In the following, by cycles of Fe deposition and
oxidation, an about 10-30 ML thick Fe3O4 film is grown. The dependence on
preparation parameters like deposition rate, oxygen exposure or oxidation temperature
has been studied. In LEEM the Fe3O4 films show terraces a few hundreds of nanometers
wide. Furthermore, the morphology displays a Moiré like pattern with a lateral
periodicity of 61±1 nm and a 6-fold symmetry, aligned along the atomic rows of the
substrate. This pattern is regular over about micrometer wide areas and is not affected
by the atomic steps of the terraces. One explanation can be a periodic height modulation
in the oxide film which might be caused by the strain induced by the underlying Pt(111)
substrate. This is similar to the well known behavior of the single FeO layer on the
Pt(111) surface, but with a much shorter period of 2.54 nm. The surface of the Fe3O4
film exhibits a p(2x2) reconstruction with a three-fold symmetry. By dark-field imaging
we found two types of domains, which differ by a 180° rotation of the unit cell.
Depending on the preparation conditions, the ratio between these two domain types
varies between 77%: 23% and 94% : 6%. The contributions of these different domains
could be disentangled in the LEED-IV. The influence of different film preparation
conditions on the structure or on the surface termination is analyzed.
References
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SMART-II:
the Next Generation of Aberration Corrected Spectro-Microscopy
Helder Marchetto, Marcel Springer, Thomas Schmidt, Hans-Joachim Freund

Introduction
The unique 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 nm which is twice as
good as for an uncompensated LEEM/PEEM.
Results
Along with incorporating the SMART activity into the department, an analysis of the
PEEM performance of the SMART instruments has led to the conclusion, that it is
necessary to replace the magnetic Ω-filter 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. This is
best done by setting up a new instrument, called SMART-II, for which funds have been
acquired from 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.
Basing on the electron optical concept of the SMART-I a commercial high resolution
LEEM/PEEM will be used as a basic instrument, where the electrostatic Ω-filter and the
aberration corrector are implemented. Both, the filter and the corrector, are developed,
designed and constructed in our department, following the principles of the SMART-I
components.
Reference
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Quantitative Surface Structure Determination Using
Scanned-Energy Mode Photoelectron Diffraction
Werner Unterberger, Dagmar Kreikemeyer, Emily A. Kröger, David P. Woodruff,
Ts’enolo J. Lerotholi*, David A. Duncan*, Francesco Allegretti*, Matthew Knight*,
Cristine L.A. Lamont+, Kirsty Hogan+
Introduction
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 exploring possible
‘high pressure’ PhD adsorbate structure determination during surface reactions with the AC
Department.
Results
During the last two years we have completed the first structural study of an adsorbate on
V2O3(0001), namely the hydroxyl species produced either by water reaction of atomic H
adsorption1. O 1s PhD spectra from the surface OH provide the basis for a determination of
the site of the hydroxyl O atom. Contrary to prior expectation, the results show that it is the
O atoms of the outermost substrate layer, and not vanadyl O atoms, that are hydroxylated.
Calculated H adsorption energies for these two sites by Hermann & co-workers in the
Theory Department provide partial support for this conclusion.
On the TiO2(110) surface we have completed an investigation of glycine adsorption2. The
results show clearly that it is the deprotonated glycinate species, and not zwitterionic
glycine (favoured in published theoretical studies) that is adsorbed. The results also identify
the adsorption site, with the two carboxylate O atoms near-atop adjacent five-fold
coordinated surface Ti atoms, with the bonding being closely similar to that of the formate
species on this surface. In contrast to glycine adsorption on Cu surfaces, however, the
amino N atom is not involved in the bonding to the surface.
Initial ‘high-pressure PhD’ experiments have investigated the methanol oxidation reaction
over Cu(110), supported by separate UHV studies of the formate and methoxy
intermediates associated with this reaction. Preliminary results are encouraging and data
reduction and modelling is continuing. Surprisingly, even the UHV work on the methoxy
species proved challenging, due to the influence of the monochromated synchrotron
radiation on the surface chemistry.
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MP 1

IR studies on trapped ions using FELIX
Peter Kupser, Kevin Pagela, Frauke Bierau, Beate Kokscha, Gerard Meijer,
and Gert von Helden
In the condensed phase, a subtle balance between the intra- and intermolecular
interactions governs the relative stabilities of conformational structures of biological
molecules. When performing experiments in the gas phase, solvent molecules are
explicitly absent, and can possibly be added one by one. This allows to disentangle
intra- and intermolecular interactions and such studies can serve as calibration points for
theoretical investigations. In addition, mass spectrometric techniques allow experiments
on mass/charge separated molecules or molecular adducts and thus on species that might
be available only in low concentration in the condensed phase and that are hard to
measure there.
For peptides and proteins helices are among the most important structural motives.
Much effort has been directed into the understanding of parameters that govern helix
formation. We investigate short polypetides consisting of a chain of varying length of
alanine followed by a single lysine residue, as such a sequence is expected to possess a
strong propensity for helix formation. Mid-IR spectra in the C=O stretch and N-H bend
region between 1000 and 2000 cm-1 have been taken and the experimental spectra are
compared to theoretical predictions (see poster TH 21).
In natural systems, helices can aggregate and form “coiled-coil” structures. In the
condensed phase, the interactions between those helices are determined by both
electrostatic and hydrophobic terms. In the gas phase, the role of the electrostatic
interactions is strongly enhanced and dominating. It is thus interesting to investigate the
structural implications. To this end, we measured the mid-IR spectra of several peptide
complexes containing more than 50 aminoacids in the gas phase. The results are
compatible with intact coiled-coil structures1.
Mid-IR spectroscopy can also be used to obtain information on the geometrical and
electronic structure of materials such as fullerenes in the gas phase. In such an
experiment, we investigated the IR spectrum of gas-phase C60 anions2. Two bands are
observed that correlate to two of the four IR-allowed transitions in neutral C60. The
results show that the higher frequency band is strongly shifted from its position in
neutral C60 and is a sensitive marker for the charge state. The band positions and
intensities are compared to results obtained by theory as well as to known bands in solid
alkali-intercalated C60 samples and good agreement is found.
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Biomolecular ions in He-droplets; status and perspectives
Frauke Bierau, Peter Kupser, Stephan Warncke, Gerard Meijer, and Gert von Helden
The inside of liquid helium droplets provides an ideal cryo-environment for the study of
molecules1. The conditions are isothermal at 0.38 K and the interactions between the
helium and the molecules are weak, causing only relatively small perturbations on the
molecule. Because of this, helium droplet isolation has been used in many spectroscopic
experiments. In most of those experiments, a beam of helium droplets traverses a gas
cell and molecules are picked up by the droplets. A requirement is that the molecule to
be investigated has a sufficient vapor pressure. Thus, such an approach does not work
for most larger or reactive molecules, such as for example peptides and proteins or
clusters.
We constructed a setup where the helium droplets do not traverse a gas cell, but an ion
trap filled with mass selected ions. The ions are initially generated using either
electrospray ionisation or in a laser vaporization cluster source. Following mass
selection by a quadrupole mass filter, the ion beam is bend 90 degrees and injected into
the 10 cm long hexapole ion trap. After filling the trap for a few seconds with ions,
helium droplets from a pulsed source traverse the trap. The ions can be picked up by the
droplet and, as the thermal kinetic energy of the droplets is much larger than the
longitudinal trapping potential, the charged 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 acids. The droplet size can be investigated by acceleration of the iondoped droplets in electric fields followed by time-of-flight analysis. Those experiments
show that the droplets are very heavy, containing more than 108 helium atoms. A more
precise size determination can be performed by measuring the deflection of the beam in
an electric field and such measurements are presently underway.
By having a method at hand to dope helium droplets with size selected ions, a wide
variety of experiments will become possible. For example, the dopant molecules can be
investigated using optical spectroscopy. In addition, for helium droplets doped with
neutral molecules, it could be shown that those can be oriented using static electric
fields, allowing for example the absolute measurement of the transition dipole moment2.
Similar experiments should be possible with charged molecules as well, provided that
the droplets are heavy enough such that the acceleration of the charged droplets is slow
enough while orientation of the dopant in the electric field is obtained.
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Vibrational spectroscopy of gas-phase metal clusters
André Fielicke, Philipp Gruene, Daniel J. Harding, Christian Kerpal, Marko Haertelt,
Jonathan T. Lyon, and Gerard Meijer
Determination of the geometric structures of gas-phase transition metal (TM) clusters is
a vital step towards understanding the physical and chemical properties of these unusual
systems. Clusters offer the opportunity to investigate the fundamental physics in the
transition from atoms to extended materials and have the potential to act as model
systems for heterogeneous catalysts.
Infrared multiple photon dissociation (IR-MPD) spectroscopy provides a means to
measure vibrational spectra of TM clusters. As this requires an intense, tunable farinfrared light source, these experiments are performed at the Free Electron Laser for
Infrared eXperiments (FELIX) in The Netherlands. Comparison of the far-IR-MPD
vibrational spectra with calculated spectra based on density functional theory allows
identification of the geometric structure of the cluster, whilst providing important
benchmarks for theory. Here we present two examples of such studies on metal clusters.
Gold clusters have provoked much interest since the observation of high reactivity for
small supported clusters1. We have determined the structures of neutral gold clusters in
the range of 3-20 atoms, identifying the transition from 2D to 3D structures2. Currently
far-IR-MPD is the only method able to probe the structure of gas-phase neutral clusters,
which are of particular interest as they may provide a better model for supported clusters
than charged systems.
The far-IR-MPD spectra of rhodium cluster cations from 5-12 atoms have been
measured and compared with results from calculations using both pure and hybrid
density functionals. Comparing experiment and theory we find the hybrid calculations to
describe the clusters significantly better, showing the clusters to have close-packed
structures in contrast to the cubic structures predicted by pure functionals.
Much of the interest in TM clusters stems from the potential they offer as model systems
for heterogeneous catalysts. To this end we have investigated the adsorption of CO on a
range of different metal clusters, as a function of size and charge state3. The nature of
the adsorption, i.e. molecular or dissociative, the binding site of molecularly adsorbed
CO and the degree of charge transfer can be probed based on changes in the C–O
stretching frequency. Comparison with extended surfaces shows many similarities in the
adsorption behaviour, reinforcing the cluster–surface analogy.
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From FELIX to FELICE: IR multiple photon absorption spectroscopy
of magnesium-oxide, metal, and semiconductor clusters
Marko Haertelt, Jonathan T. Lyon, Vivike Lapoutrea, Joost M. Bakkera, André Fielicke,
and Gerard Meijer
Over the past decade the intense radiation of IR-FELs has been intensively used to
determine the IR spectra of, and to thereby obtain structural information on, charged and
neutral molecules, clusters, complexes, and proteins in the gas phase. Here we
summarize our recent studies on strongly bound clusters using FELIX as well as its
latest extension, the “Free Electron Laser for IntraCavity Experiments” (FELICE)1. We
will give a progress report on (a) the structure determination of neutral and charged
magnesium-oxide clusters using IR multiple photon dissociation spectroscopy and on
(b) IR multiple photon electron detachment experiments with FELICE to obtain
vibrational spectra of anionic clusters.
One of the few promising catalysts for the activation and direct functionalization of
methane is lithium doped magnesium oxide. Within the Center of Excellence “Unifying
Concepts in Catalysis”, hosted by the TU Berlin, it is the aim to gain a detailed
understanding of the reaction mechanism from the cluster to the ‘real’ catalyst. In a first
step, vibrational spectra of bare magnesium-oxide clusters are investigated via argon
tagging of the cluster, where the rare gas atom serves as a messenger for the IR
absorption. (MgO)n+ clusters which are isoelectronic with (MgO)nLiO, can serve as
model systems to study the properties of the {Li+O·-} moiety in Li doped MgO. Nonstoichiometric clusters like the oxygen-deficient (MgO)nMg+ clusters are ideal model
systems to investigate an isolated F+ oxygen vacancy (-O.-). Quantum chemical
calculations on small MgO clusters predict structures rather different from the bulk
cubic packing (J. Sauer, HU Berlin).
For anionic clusters, photoelectron spectroscopy (PES) is up to now the most general
technique to probe the structure. Despite the progress in high resolution PES, e.g. via
slow electron photoelectron imaging, only for a few systems vibrational resolution has
been obtained. For most clusters only the electronic structure has been probed, which
often just allows for general structure assignments. The high IR intensity in the far and
mid-IR provided by FELICE offers the opportunity to obtain vibrational spectra of
transition metal and semiconductor anions via multiple photon electron detachment. For
many anionic clusters the electron affinity is lower than the bond dissociation energy.
Resonant excitation of a vibrational mode followed by rapid vibrational redistribution
leads to a thermal heating of the cluster and can be followed by electron detachment
rather than fragmentation. Monitoring the depletion of the anions as function of IR
wavelength can then give the spectral information. This technique will also be applied to
anionic MgO clusters to complement the studies on the neutral and cationic species.
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Vibrational spectroscopy of microhydrated ions: solvent- and
temperature-induced effects
Torsten Wende, Ling Jiang, Risshu Bergmann, Daniel J. Goebbert, Gerard Meijer,
and Knut R. Asmis
There is an ongoing effort, spanning all branches of the physical sciences, to obtain a
detailed understanding of how ions are solvated in aqueous media. Currently, it is
difficult to extract detailed, molecular level solvent-solute interaction information
directly from bulk measurements. We use gas phase vibrational spectroscopy combined
with ab initio calculations to characterize the structure of mass-selected ion-solvent
complexes as a function of the degree of hydration. The combination of an ion trap
tandem mass spectrometer with intense and tunable IR radiation sources allows us to
measure IR photodissociation (IR-PD) spectra at variable temperature (10-300 K) and in
a wide range of the IR spectrum (100-4000 cm-1). Here we present recent results on
microhydrated nitrate, bicarbonate, magnesium nitrate and dicarboxylate ions.
Conjugate base anions, like sulfate, bicarbonate or nitrate, play a key role in atmospheric
and oceanic chemical cycles, where the surface speciation of atmospheric aerosols is far
from understood. IR-PD spectra of NO3¯ (H2O)1-6 and HCO3¯ (H2O)1-12 were measured
at 10 K in the fingerprint region, 600 to 1800 cm-1, directly probing intra- as well as
intermolecular vibrations. The first few water molecules bind in a bidentate fashion to
the terminal oxygen atoms of the anions. Onset of water-water hydrogen bonding is
observed not before n=4 for nitrate and n=3 for hydrogen carbonate and persists in the
larger clusters. In contrast to the sulfate dianions1, nitrate and bicarbonate prefer surface
solvation. The IR-PD spectra of Mg2+NO3¯ (H2O)1-7, measured in the O-H stretching
region, show that the first few waters add to the dication, which is accompanied by a
gradual increase in the cation-anion separation. A particular stable structure, that persists
up to 300 K, is found for NO3¯ ·Mg2+ (H2O)4,
Dicarboxylate dianions, ¯ O2C-(CH2)m-CO2¯ , play important roles as charge carriers in
proteins and in organic aerosols in the troposphere. Anion photoelectron spectra
combined with molecular dynamics simulations suggest that the structure of the dianion
delicately depends on the chain length m, the degree of hydration and the temperature.2
IR-PD spectra of ¯ O2C-(CH2)6-CO2¯ (H2O)0-16 ions, collisionally cooled to 10 K, were
measured in the C-H stretching and the fingerprint region. We find a non-monotonic
change in the band separation of the antisymmetric and symmetric carboxylate
stretching modes as a function of the number of water molecules n, with a characteristic
minimum at n=13, suggesting a conformation change in this size range.
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Electrostatic and magnetic trapping of decelerated neutral molecules
Fabian Grätz, Jens Riedel, Joop J. Gilijamse, Sebastiaan Y.T. van de Meerakker,
Steven Hoekstra, and Gerard Meijer
In the last few years we have worked on the electrostatic trapping of a number of Starkdecelerated molecules. Besides ground-state OH and OD radicals, which can be trapped
for up to a few seconds, we have trapped metastable CO(a3Π) and metastable NH(a1∆)
molecules. These molecules do not have a significant Stark effect in their electronic
ground state, but can be decelerated and trapped with electric fields in their first
electronically excited metastable state. The electrostatic trapping of the metastable CO
molecules allowed us to directly and accurately measure the lifetime of the lowest
rotational levels in the a3Π1 and a3Π2 states, which we found to be 2.63±0.03 ms and
143±4 ms, respectively1.
Metastable NH molecules have a much longer lifetime, which we could determine from
the measured trapping time to be at least 2.7 seconds2. The demonstration of the
deceleration and trapping of metastable NH molecules is an important step towards the
accumulation of multiple decelerated packets of ground-state NH molecules in a
magnetic trap, made possible by the unique level structure of the NH molecule. Over the
last year, we have constructed and implemented magnetic traps to reach this goal, which
promises a higher density of trapped molecules.
The interaction of molecules like OH and NH with magnetic fields is sufficiently strong
(in suitable quantum states) to be able to reflect these molecules when decelerated to
below 20 m/s from the surface of a permanent magnet3. We have implemented two
different magnetic traps: an electromagnetic trap and a trap created using permanent
magnets. We have demonstrated magnetic trapping of metastable NH radicals in both of
these magnetic traps, and we have determined the most efficient optical transfer to the
electronic ground state. The permanent magnet trap offers a larger trap volume, better
vacuum conditions and improved detection sensitivity through the reduction of scattered
laser light. In this trap we have also demonstrated the magnetic trapping of OH radicals.
We will present recent results towards the demonstration of the accumulation of
multiple packets of ground-state NH molecules in the magnetic trap.
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Collision studies with Stark-decelerated beams
Ludwig Scharfenberg, Moritz Kirste, Fabian Grätz, Henrik Haak,
Sebastiaan Y.T. van de Meerakker, 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, and holds great
promise in molecular beam scattering experiments. In comparison to conventional
molecular beams, Stark-decelerated beams offer tunability of the velocity, a narrow
velocity spread, and a high quantum state purity. This offers the revolutionary
possibility to perform molecular scattering studies as a function of the collision energy,
from low to high collision energies, and with an unprecedented energy resolution. In
particular, Stark-decelerated beams allow molecular scattering studies at low collision
energies; a fascinating, but experimentally almost unexplored territory1.
Over the last three years, we have constructed a new Stark decelerator apparatus that is
dedicated to crossed beam scattering experiments. This 2.6-meter-long state-of-the-art
Stark decelerator is now fully operational in our laboratory, and is designed to produce
molecular beams with a superior number density by operating the decelerator in the socalled s = 3 mode. The improved performance of this operation mode has been verified
experimentally using a beam of OH radicals2. This new apparatus has been used to
scatter an intense beam of OH radicals with Ar atoms, and the state-to-state scattering
cross sections for a vast number of inelastic channels have been accurately measured.
The collision energy range of 70 - 1000 cm-1 encompassed the energetic thresholds for
all the inelastic scattering channels that were probed.
A second identical Stark decelerator is currently under construction that will be placed
orthogonally with the existing decelerator. Once completed, this will allow us to study
collisions between two completely state-selected molecular species at a collision energy
between 1 cm-1 and 1000 cm-1 with an energy resolution of about 1 cm-1. The prospects
for the scattering between state-selected OH radicals and state-selected NO radicals, the
first bi-molecular scattering system that is planned, will be discussed in detail.
In a collaboration with Alec Wodtke (UCSB, USA), we are extending these methods to
surface chemistry as well. We are currently setting up a Stark decelerator apparatus to
study the interaction between molecules and surfaces. With this machine, we plan to
investigate the quantum-state selective scattering of CO molecules with Au(111)
surfaces in the energy range of Ekin = 1.0 – 3000 cm-1, with an energy resolution better
than 1.0 cm-1.
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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 a
synchrotron that consists of two hexapole half-rings that are separated by a 2 mm gap
has been built and operated successfully1,2. 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 simultaneously.
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
will present a molecular synchrotron, consisting of 40 straight hexapole segments, that
has recently become operational in our laboratory. In this multi-segment ring, a
simplified bunching scheme was implemented that resulted in improved stability. Using
this scheme, the storage of a single packet of ammonia molecules for up to 150 round
trips could experimentally be demonstrated. In this experiment, the molecules have been
kept in stable orbit for 240 meters, corresponding to a trap lifetime that is mainly
limited by the vacuum conditions in the chamber.
This new synchrotron allows for the storage of up to 20 packets of molecules traveling
clockwise and 20 packets traveling counter clockwise. As the velocity of these packets
is tunable, the collision cross section can be measured as a function of the collision
energy – an interesting new experimental approach to study molecular collisions2.
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Manipulating the motion of large molecules
Frank Filsinger, Kirstin Wohlfart, Fabian Grätz, Stephan Putzke, Jochen Küpper,
and Gerard Meijer
Large molecules have complex potential-energy surfaces with many local minima. They
exhibit multiple stereo-isomers, even at the low temperatures of ~1 K in a molecular
beam. We have developed methods to manipulate the motion of large, complex
molecules and to select their quantum states and conformational structures.
Large molecules, such as benzonitrile or iodobenzene, have a high density of rotational
states and, therefore, they exhibit only high-field-seeking states at the electric field
strengths that are required to efficiently manipulate their motion. In order to confine
these molecules, dynamic focusing schemes need to be employed. Since the Stark
curves and the effective dipole moments (the negative of the gradient of the potential
energy with respect to electric field strength) depend on the individual quantum state,
the interaction strength of the molecules with an inhomogeneous electric field also
depends on the quantum state. Generally, the lowest states have the largest Stark shift
and can, therefore, be manipulated the best.
Using an electrostatic deflector (experiments performed in collaboration with the group
of Henrik Stapelfeldt, University of Aarhus, Denmark) we have exploited this quantumstate-specificity. We have spatially separated the lowest rotational states of molecules
like iodobenzene and benzonitrile from the less polar states and from the atomic seed
gas1,2. Furthermore, we have used this setup to demonstrate the spatial separation of the
individual conformers of 3-aminophenol.
In another experimental setup we have demonstrated that alternating-gradient (AG)
focusing schemes can be used for the active confinement of beams of large molecules.
The dipole-moment dependence of the switching frequency of the AG focuser can also
be used to select the different isomers of 3-aminophenol3. In addition, we have
experimentally demonstrated that the resolution of the selector can be improved by
varying the duty-cycle of the switching sequence. Using the same dynamic focusing
scheme we have demonstrated the AG focusing and deceleration of benzonitrile using a
prototype AG decelerator4.
The quantum-state- and conformer-selected samples allow very strong degrees of laser
induced alignment and orientation1,2. This enables novel experiments with complex
molecules, e.g., X-ray or electron diffraction in the gas-phase; see poster MP 10 for
further details.
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X-ray diffraction imaging of aligned gas-phase molecules
Frank Filsinger, Gerard Meijer, Jochen Küpper
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Jan Thøgersena, Henrik Stapelfeldta
Henry Chapmanb, Marc Vrakkingc, Per Johnssond, John Spencee, and others
Molecules can be aligned and oriented in space by exploiting the anisotropic interaction
of the molecular polarizability with laser and dc electric fields. We have demonstrated
that the quantum-state selected samples produced by the manipulation techniques
described on poster MP 9 allow unprecedented degrees of alignment and mixed-field
orientation. Using elliptically polarized strong laser fields in combination with weak dc
electric fields, even 3D orientation of large asymmetric-top molecules is possible.
Upcoming X-ray Free Electron Laser sources promise the possibility to obtain structural
information on un-crystallizable and un-reproducible biological samples, such as
membrane proteins or cells. However, the high X-ray pulse energies necessary for these
experiments will induce complete destruction of the samples. Therefore, it is necessary
to obtain the diffraction pattern before multiple ionization leads to destructive Coulomb
explosion of the sample (“diffract-before-destruct”)1. In order to benchmark the X-ray
diffraction of gas-phase molecules and to experimentally test the idea of diffract-beforedestruct we have proposed to perform X-ray diffractive imaging experiments on samples
of conformer-selected and oriented ensembles of prototypical molecules. These
experiments will allow to test the general idea and to experimentally determine the
limits of dose and pulse-duration to overcome the radiation damage issue.
We have been granted beam-time for first experiments on the LCLS X-ray FEL in
California in December 2009, where we will investigate the X-ray diffraction of samples
of aligned simple molecules, such as 1,4-diiodobenzene, and study the radiation damage
thresholds. Later, we want to proceed to more complex, conformer-selected and oriented
molecules and to investigate their ultrafast dynamics in pump-probe experiments.
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Focusing and trapping of molecules with microwave radiation and
optical fields
Simon Merz, Hitoshi Odashima, Melanie Schnell, and Gerard Meijer
Molecules in high-field seeking states are attracted by a maximum of an electromagnetic field, which can be exploited to focus or even trap them. The desired fields
can be realized using either switched electric fields or electromagnetic radiation such as
microwave and optical fields. In previous projects, both focusing and trapping of
molecules in high-field seeking states has been successfully demonstrated using
switched electric fields1.
In a new project, we are evaluating the possibilities of using microwave radiation for
focusing and trapping molecules in high-field seeking states. The force exerted on a
polar molecule in microwave fields depends on the molecular dipole moment, the
detuning of the microwave frequency from the molecular resonance frequency and the
strength of the microwave field. Microwave radiation is especially suited since
spontaneous emission of rotational transitions can be neglected and thus very small
detunings to molecular transitions are possible. This can lead to a linearization of the
Stark energy, so that – in principle – strong interaction energies can be achieved.
Using a cylindrically symmetric, 120 mm long copper resonator, we can generate a
standing microwave field (TE11n modes) which acts like a positive lens on the 14NH3
molecules used here as prototype species: they experience a focusing force in transverse
directions. It is mounted directly behind the end of a Stark decelerator. We investigate
the effect of the focusing strength on i) the velocity of the molecules, ii) the detuning of
the microwave frequency and iii) the strength of the microwave field.
In a second, very similar setup we will exchange the cylindrically symmetric microwave
resonator with a very open Fabry-Pérot type resonator. This can not only be used to
focus and guide molecules in high-field seeking states, but also to decelerate and trap
them. Using fast microwave switches, the microwave field inside the resonator can be
switched on and off on a µs time scale, which is necessary for deceleration. By keeping
the microwaves turned on when the molecules are in the center of a standing wave
maximum, the molecules remain trapped.
Strong, focused laser fields have also been used to trap atoms and molecules in an
optical dipole trap. Such traps have the advantage that they are not limited to polar
molecules, since their trapping force depends on the polarizabilities of the particles. We
are currently setting up a new experiment to investigate trapping of Stark-decelerated
molecules in high-field seeking states in a crossed-beam optical dipole trap.
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Guiding, decelerating and trapping polar molecules on a chip
Samuel A. Meek, Gabriele Santambrogio, Horst Conrad, and Gerard Meijer
The manipulation of atoms with magnetic fields above a chip is a mature field of
research. Miniaturization of the magnetic field structures allows for the creation of large
field gradients and steep potential wells above the chip. Present-day lithographic
techniques enable the integration of complicated tools and devices on a compact surface
area. We here demonstrate that, similarly, one can also manipulate polar molecules
above a chip using electric fields. For molecules, however, the additional vibrational
and rotational degrees of freedom prevent the use of the laser cooling techniques that
have been successfully used to load atoms on chips. On the other hand, these additional
degrees of freedom allow the coupling to photons over an enormous range of
frequencies, from microwaves to UV, thereby opening up new experimental
possibilities. Here, we demonstrate that polar molecules can be trapped above a
microstructured array of electrodes on a chip, loaded directly from a molecular beam.
For this, a microstructured array of 1254 electrodes on a flat substrate is configured to
generate an array of local minima of electric field strength with a periodicity of 120 µm
about 25 µm above the substrate. By applying sinusoidally varying potentials to the
electrodes, these minima can be made to move smoothly over the array. Polar molecules
in low-field seeking quantum states can be trapped in these traveling potential wells.
First, we have experimentally demonstrated this by guiding metastable CO molecules at
constant velocities above the substrate1. Next, we have used this microstructured array
to decelerate metastable CO from a molecular beam. For this, the frequency of the
waveforms is chirped down in time while the molecules are above the chip.
Deceleration of metastable CO molecules from an initial velocity of 360 m/s to a final
velocity as low as 240 m/s has been demonstrated in the 15-35 mK deep potential wells
above the 5 cm long array of electrodes2.
Although the deceleration itself could be demonstrated, we lost more molecules with
increasing acceleration than the trajectory simulations predicted. The breakthrough came
when we realized that non-adiabatic transitions lead to significant trap losses, which we
prevented by switching from 12CO to 13CO. Then, we were able to demonstrate trapping
of 13CO molecules on a chip, loading directly from a supersonic beam3. The moving
traps are brought to a complete standstill over a distance of only a few centimeters,
corresponding to a deceleration of more than 105 g. After a certain holding time, the
molecules are accelerated off the chip again for detection. This loading and detection
methodology is applicable to a wide variety of polar molecules, enabling the creation of
a “molecular laboratory on a chip”.
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Deceleration of neutral molecules in a moving 3D trap
Andreas Osterwalder, Samuel A. Meek, Henrik Haak, Georg Hammer,
and Gerard Meijer
Traditionally, Stark deceleration of neutral molecules is performed using electric fields
that are rapidly switched between two different static configurations: two sets of
electrodes are arranged to produce fields with a spatial oscillation along the propagation
direction of the molecules. Due to the geometric arrangement, these oscillations are
phase-shifted by 180 degrees for the two electrode-sets. Whenever the molecules
approach a field maximum, switching from one configuration to the other guarantees
that they are not re-accelerated, but further decelerated. In this geometry, however, the
forward and transverse motions of the molecules are coupled. As a result, certain
conditions for deceleration lead to a reduction of the throughput of the decelerator.
In the experiment presented here, a different approach is chosen, similar to the one that
has been used for the implementation of the Stark decelerator on a chip (see poster MP
12): the fields are not switched but continuously modulated, and the electrodes form a
quasi-continuous periodic structure. In the case of the microstructured decelerator, the
electrodes are stripes on a flat substrate. The applied potentials are chosen such that they
form electric field minima in which the molecules are trapped. Modulation of the
voltages leads to continuous motion of the traps along the surface of the chip.
Deceleration is possible by picking up molecules in a trap that moves at the original
molecular velocity at first. This velocity is reduced while the molecules are inside,
which leads to a reduction of the molecular velocity as well.
For the present experiment, the basic principle of the microstructured decelerator is
modified in two fundamental ways: the structure is extended to three dimensions by
using ring electrodes instead of stripes, and the structure is scaled up by a factor 100,
allowing for the deceleration of macroscopic amounts of molecules. The resulting
structure forms a hollow cylinder that is sampled by ring electrodes. Application of
spatially sine-modulated voltages to these rings produces a sine wave (in voltage) along
the main axis of the tube. On the inside of the cylinder, electric fields are generated that
possess two minima per period of the sine. Synchronous temporal sine-modulation of
the voltage at each of the ring electrodes (with appropriate phase-shifts) moves the traps
along the electrode structure. The traps are sufficiently deep to accept metastable CO
molecules with a longitudinal velocity spread of ±20 m/s. Like in the microstructured
decelerator, these traps are moved at the initial molecular velocity at first. By sweeping
the modulation frequency while the molecules are inside, the latter are decelerated. In
contrast to the traditional Stark decelerator, the molecules are always in a threedimensional trap and there is no detrimental coupling between transverse and
longitudinal motion. By reducing the modulation frequency to zero, the molecules are
automatically confined in stationary traps where they can be used for further studies.
We have recently successfully demonstrated the working principle of a prototype of this
new Stark decelerator by guiding (at various constant velocities) and decelerating lowfield-seeking metastable CO molecules.
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Probing weakly bound molecules with nonresonant light
Mikhail Lemeshko and Bretislav Friedrich
Weakly-bound species, such as haloes, spend most of their vibrational period in the
classically forbidden region of the electronic potential. The accuracy required to treat
such a potential stretches current computational methods to their limits. Here we present
a versatile technique for determining the interatomic potential from the dependence of
the dissociation probability of the weakly-bound or halo molecule on the intensity of a
pulsed nonresonant laser field1. We also show that a cw laser field can be used to
control the molecules’ size.
Since diatomic molecules formed by photo- or Feshbach-association of ultracold atoms
often emerge in the highest vibrational level of a ground electronic state, they represent
prototypical quantum halo systems. Among other prominent examples of haloes are the
recently observed Efimov trimer and tetramer, the latter produced in collisions involving
halo dimers.
The technique relies on the ability to impart a value of angular momentum to the
weakly-bound molecule such that the centrifugal term concomitant with it expels the
molecule’s vibrational level from the potential and thus causes the molecule to
dissociate. Unlike in the case of rotational predissociation, the value of the imparted
angular momentum is tunable, derived from the anisotropic polarizability interaction of
the molecule with a nonresonant laser field. This interaction creates directional states in
which the molecular axis librates (shakes) about the field vector. The laser intensity
needed to impart a preordained value of the angular momentum varies characteristically
with internuclear distance. It is this characteristic dependence that can be used to map
out the probability density of the vibrational state from which the molecule was forced
to dissociate. A highly accurate long-range molecular potential can be then obtained by
inverting the vibrational probability density. This route to an accurate potential,
independent of spectroscopy or scattering, complements what can be learned from
either. We illustrate the technique’s machinery by examining Feshbach molecules of
acute interest, Rb2 (v=123) and KRb (v=99).
In addition, we derived simple and accurate formulae for the number of rotational states
supported by a weakly-bound vibrational level of a diatomic molecule and the rotational
constants of any such levels up to the dissociation threshold, and provide a criterion for
determining whether a given weakly-bound vibrational level is rotationless. The results
depend solely on the long-range part of the molecular potential and are applicable to
halo molecules2.
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An analytic model of rotationally inelastic scattering of molecules in
electric, magnetic, and radiative fields
Mikhail Lemeshko and Bretislav Friedrich
Rotationally inelastic molecular collisions occur in a variety of environments and
contexts, and have been extensively investigated observationally, experimentally, and
theoretically. Molecules colliding within a planetary atmosphere or in the interstellar
space are commonly subjected to magnetic and radiative fields, but the effects such
fields may exert on their collision dynamics have so far received little attention.
However, since external fields offer the means to control collision dynamics – either
coherently, or via the steric effect, or by tuning the energy levels, especially those of
slow/trapped molecules – the study of collisions in fields has been gaining ground
recently. Our effort focused on developing an analytic model of state-to-state
rotationally inelastic atom-molecule collisions in fields. The model is based on the
Fraunhofer scattering of matter waves and is applicable at thermal and hyperthermal
collision energies. We exemplify the field-dependent quantum collision dynamics with
the behavior of the Ne-OCS(1Σ) and Ar-NO(2Π) systems in electrostatic fields1, the HeCaH (2Σ+), He-O2 (3Σ-) and He-OH(2Π) systems in magnetic fields2, and the Na+-N2
system in radiative fields3. Recently we also mapped out the collisional behavior of an
asymmetric top, water, in an electric field. A comparison with experiment and/or closecoupling calculations, where available, demonstrates the model’s ability to qualitatively
explain the field-free features as well as the field dependence of all the scattering
features observed.
Within the model, the field effects arise due to the orientation/alignment of the
molecules in the space-fixed frame and the relaxation of the field-free selection rules.
Although limited to thermal and hyperthermal collision energies, the model is inherently
quantum and, therefore, capable of accounting for interference and other non-classical
effects. The model’s particular strengths are its ability to separate dynamical and
geometrical effects and to explain quantum scattering features qualitatively. These
include the angular oscillations in the state-to-state differential cross sections or the
rotational-state dependent oscillations in the integral cross sections as a function of the
strength and direction (steric effect) of the field.
In the face of the absence of any other analytic model of collisions in fields, the
Fraunhofer model is apt at providing a touchstone for understanding such collisions.
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Towards sympathetic cooling of molecules with ultracold atoms;
slowing molecules with a wire Stark decelerator
Adela Marian, Henrik Haak, Amudha K. Duraisamy, Peter Geng, and Gerard Meijer
We are aiming to combine an existing cold-atom apparatus with a molecular-beam
machine in order to pursue sympathetic cooling of molecules with ultracold atoms using
spatially overlapped traps. To this end, we have recently demonstrated that a magnetic
trap for atoms can be spatially overlapped with an AC electric trap1,2. Moreover, we
have experimentally verified that the magnetically trapped atoms are not perturbed by
the AC electric fields needed for trapping molecules.
For the sympathetic cooling experiment, we have recently devised a new design for a
Stark decelerator, where the electrodes are made out of tantalum wires. The total length
of this new 100 stage decelerator is only 110 mm, approximately 10 times smaller than a
conventional Stark decelerator with the same number of electrode pairs. The 0.4 x 0.4
mm2 opening for the molecular beam makes it possible to employ relatively small
voltages (±2 kV) compared with the big decelerators (±20 kV) in order to achieve the
same field strengths. Generating higher fields is therefore not as technically challenging
as for the big machines. We are already able to apply ±4 kV to the wire electrodes,
resulting in maximum electric fields of 200 kV/cm.
The high electric fields obtained with the wire decelerator make it suitable for studies of
molecules that do not have a large dipole moment. Because we combined it with a very
compact molecular-beam apparatus, giving a distance of about 230 mm from laser
preparation to the exit of the decelerator, this system is also ideally suited for
experiments with short-lived molecules, e.g. metastable CO molecules. Another nice
feature of the new design is the compatibility with ultrahigh-vacuum applications.
Using the wire decelerator, we have been able to remove more than 90% of the kinetic
energy from metastable CO molecules in a beam. We are now working on combining
our ultracold-rubidium apparatus with the new molecular-beam machine, in order to
study collisions between a beam of Stark-decelerated molecules and a cloud of
magnetically trapped atoms. At the same time, a new AC trap for rubidium atoms is
being tested, with the primary goal of increasing the available trap depth.
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Quantum reflection of helium atom beams from surfaces
Bum S. Zhao, H. Christian Schewe, Gerard Meijer, and Wieland Schöllkopf
In this project we study experimental atom optics, including reflection, diffraction, and
focusing of atoms and small molecules. We have identified quantum reflection as a
mechanism of coherent reflection from microscopically rough surfaces like, e.g. glass1.
In quantum reflection a wave packet is reflected at the attractive branch of the atomsurface potential. In contrast to classical mechanics there is no classical turning point
resulting from a repulsive potential branch. As quantum reflection takes place tens of
nanometers above the surface where the equi-potential surfaces are flat, the coherent
reflection probability is hardly diminished by the roughness of the actual surface.
In a first experiment we have observed high-resolution diffraction patterns of a thermalenergy helium atom beam reflected from a microstructured surface grating at near
grazing incidence. The grating consists of 10-µm-wide Cr strips patterned on a quartz
substrate and has a periodicity of 20 µm. Fully resolved diffraction peaks up to the
seventh order have been observed at grazing angles up to 20 mrad. With changes in de
Broglie wavelength or grazing angle the relative diffraction intensities show significant
variations which shed light on the nature of the atom-surface interaction potential. The
observations are explained in terms of quantum reflection at the long-range attractive
Casimir–van der Waals potential1.
In another experiment we have demonstrated 1-dimensional focusing of a thermal
helium atom beam by quantum reflection from a cylindrical concave quartz mirror at
near grazing incidence. Three effects have been observed to contribute to the finite focal
width; (i) the finite size of the atom beam source; (ii) diffraction at the beam-collimating
aperture; and (iii) spherical aberration. The smallest width of the focus that has been
achieved is 1.8 µm, essentially limited by spherical aberration. We have proposed to
apply near-grazing reflection from two concave elliptical mirrors in a Kirkpatrick-Baez
arrangement for 2-dimensional focusing of a helium atom beam, paving the way for a
helium atom microprobe with a lateral resolution on the order of 100 nm.
Furthermore, we have investigated the transition from quantum to classical reflection
with thermal helium atom beams scattered off various microscopically-rough flat
surfaces at near grazing incidence. For a sufficiently small normal component kz of the
incident wave-vector of the atom, the reflection probability is found to be a function of
kz only, and is explained by quantum-reflection as described above. For larger values of
kz, however, the overall reflection probability is found to also depend on the parallel
component kx of the wave-vector. The kx dependence for this, presumably, classical
reflection from the repulsive branch of the potential is material dependent and depends
also on the actual surface roughness as it is probed under grazing incidence conditions.
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Position based electron entanglement observed in the photoionisation
of diatomic molecules
Rainer Hentges, Markus Braune, Sanja Korica, Axel Reinköster, Burkhard Langera,
Daniel Rolles, Jens Viefhausb, Uwe Hergenhahnc, and Uwe Becker
The proof of entanglement on the basis of the variables position and momentum was the
original suggestion by Einstein, Podolsky and Rosen (EPR) to distinguish between a
quantum mechanical versus a local realistic description of our world. We have
succeeded on an experimental realization of this proposal by introducing dichotomic
variables for both, position and momentum, respectively. The results are consistent with
quantum mechanics showing that position is undefined as an individual variable for
entangled pairs of electrons. This finding is revealed by the counterintuitive random
emission of “red” and “blue” shifted electrons ejected from either side of dissociating
O2. It demonstrates that EPR measurements of variables in ordinary space are a
transformation between the two representations localized and coherently delocalized
into each other. This quantum eraser process emerges with the continuously changing
effective “interference fringe contrast” along the correlation angle of the directionally
resolved, coincident electron-fragment ion detection. These results are a continuation of
our work on localization and loss of coherence in photoionisation1. Our O2 results could
be corroborated and extended convincingly by the group of Reinhard Dörner from the
University of Frankfurt by studying the photoionization of N2. Triple coincidence
measurements between N2 (N:1s) photoelectrons, KVV-Auger electrons and N+-N+ ions
provided evidence for a localization of the core hole upon photoelectron emission
direction in units of internal “interference fringe pattern”2. Analyzing these data in more
detail we could show that the results are in agreement with an analysis of Bell-type
correlations of entangled particles. These two examples show that position and
momentum behave completely equivalent to spin and photon polarisation correlations
concerning entanglement3. It is a proof that all (not only the spin-like) variables of two
or more entangled particles loose their phase relationship to the outer environment and
hence their “local realistic” character. This means that the individual eigenvalues of the
corresponding variables, even position and momentum, have no physical reality
anymore4.
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Angular distributions and continuous intensity behaviour in multiphoton processes
Markus Braune, Axel Reinköster, Sanja Korica, Jens Viefhausa, and Uwe Becker
Using angle-resolved photoelectron spectroscopy at the FLASH facility in Hamburg we
have been able to distinguish various sequential and simultaneous pathways of multiphoton double-ionization of rare gases. The results show that sequential doubleionization is the dominant process if the required photon energy threshold is exceeded.
The photoelectron angular distributions of these multi-photon processes differ from a
distribution of a dipole transition showing contributions of higher order Legendre
polynomials. The corresponding higher order parameters β4 could be determined and
compared to recent calculations1,2. Our data reveal good agreement in the case of neon.
Especially for argon and krypton, the calculations predict a dramatic change in the β4values at photon energies of around 50eV and 80eV, respectively, due to the Cooper
minimum in the cross section. If one aligns the ionic β2 values regarding the Cooper
minimum with the position of this minimum in the neutral atom, the pronounced
Cooper minimum in the β4-values of the 3P ionization channel moves by about 10 eV in
photon energy. Taking this into account, our experimental β-values for argon and
krypton agree quite well with theory. Surprisingly, in this energy range the β4-values
depend strongly on the coupling of the ionic final states although the Cooper minimum
is basically a radial effect of the wavefunction of the outgoing electron. This is a clear
signature of differences in the anisotropic interactions of the photoelectron depending on
the angular momentum coupling of the ionic terms. Our data give first evidence for this
effect in argon. A substantial variation of β4 is also observed in the preliminary data
analysis of the sequential double ionization of krypton.
In case of a direct double-ionization by two photons, simultaneous emission of two
electrons leads to a continuous energy distribution ranging from zero kinetic energy up
to a maximum value depending on the photon energy and the double ionization
threshold. Correspondingly shaped signatures are not clearly observed in the spectra
indicating that simultaneous double ionization must be very weak compared to the
sequential one. This is in agreement with a preliminary calculation for, e.g., helium
predicting that the direct process should have at least two orders of magnitude less
intensity then the sequential one. For very short time delays between the steps of
sequential double ionization, a dynamical screening effect is theoretically predicted
which could give rise to continuous photoelectron intensity between the pair of
photoelectron lines caused by the sequential process. So far, only weak indications of
such a screening effect is found in our helium data.
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The evolving story of graphene
Aaron Bostwicka, Thomas Seyllerb, Eli Rotenberga, Carsten Enderlein, Yuriy Dedkov,
and Karsten Horn
The “carbon rush” to investigate the physics, chemistry, and materials science of
graphene, the single sheet of sp2-bonded carbon atoms arranged in a honeycomb lattice,
has not yet abated, although the concept of “massless Dirac Fermions” has been
preached in most major conferences, and even in the popular press. It is fair to say that
the basic properties of graphene are quite well known, and as far as the electronic
structure and the general surface science is concerned, the FHI – Erlangen – Berkeley
collaboration has had some part in this, investigating in detail within the last two years
the electronic structure (through photoelectron spectroscopy), growth morphology
(through low energy electron microscopy1), and optimized layer preparation2. In
cooperation with Roland Bennewitz’s group, the friction properties of graphene were
addressed, and a connection with electron-phonon coupling was made3. Our interest has
turned to the interaction between graphene and adsorbates, both from a
“functionalization” point of view, and to study how defects affect its transport
properties4. Hydrogen is a particularly important adsorbate since it converts the bonding
in graphene from sp2 to sp3, creating a new material (“graphane”) in which the nature of
the charge carriers changes completely and the conductivity is greatly reduced.
The properties of interfaces between graphene and different substrates will continue to
be addressed in order to find additional viable procedures for large-scale growth on
insulating or electronically totally decoupled substrates. All of the work mentioned
above has been carried out on graphene films prepared on silicon carbide, where it was
demonstrated that large films with excellent structural perfection can be produced by an
ex situ process under atmospheric pressure3. Our interest has also turned to graphene
films on metal surfaces, particularly ferromagnetic ones, since graphene layers may act
as spin filters useful for applications in proposed spintronics devices. Among the
possibilities are sandwich-like structures such as Ni/graphene/Ni, a system with a
perfect lattice match. We have shown that the magnetic moment of nickel is partly
transferred to the carbon atoms at the graphene/Ni interface where NEXAFS spectra
have clarified the mechanism of the strong interaction between the Ni substrate and the
graphene monolayer.
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MP 21
The FHI IR-FEL project; status and perspectives
Wieland Schöllkopf, Sandy Gewinner, Gert von Helden, and Gerard Meijer
For many years scientists from the FHI have been carrying out infrared spectroscopic
experiments at FELIX, the IR free electron laser facility at the FOM-Institute
Rijnhuizen, in Nieuwegein, The Netherlands. To this end scientific equipment has been
moved back and forth between The Netherlands and Berlin. Obviously, this is not a
viable approach to the most sophisticated and valuable equipment that is needed to
operate forefront experiments in IR spectroscopy of (bio-)molecules, clusters, nanoparticles or well-defined surfaces in ultra-high vacuum machines. In addition, the
amount of beam time at FELIX that is available to external users available is limited,
and in particular does not allow for time-consuming and/or high-risk experiments.
Therefore, it was decided in the summer of 2008 that a dedicated IR free-electron laser
will be set up on the campus of the FHI. This IR-FEL will produce pulsed, continuously
tunable radiation in the wavelength range from 5 to 300 micrometer with Fourier
transform-limited bandwidth for applications in molecular and cluster spectroscopy and
surface science. Main components of the FEL will comprise a linear electron accelerator
(linac) and beamline, two IR-cavities with permanent magnet undulators for the midand far-IR wavelength range, respectively, as well as an IR beam transport system that
will bring the radiation to the user experiments.
A normal-conducting S-band electron linac with variable energy between 20 and 50
MeV including an electron beam-line will be designed, fabricated, installed, and
commissioned at the FHI as a turn-key system by the US based company Advanced
Energy Systems, Inc.. To advise in the design of the complete system, we started a
formal collaboration with the Research Center Dresden, where there is ample experience
with electron beam accelerators and the operation of IR-FELs. In addition, contacts to
the synchrotron radiation facility BESSY in Berlin have been established covering
topics like, e.g., undulator construction and radiation safety. The electron pulse for the
FHI IR-FEL will consist of 10 µs long macro-pulses repeated at 10 Hz. Each macropulse contains thousands of micro-pulses of more than 200 pC charge each, repeated at
1 GHz. For 50 MeV electron energy this corresponds to a beam power of up to about 2
kW. The electrons will be steered through either one of the two oscillator FELs each
consisting of a planar hybrid-magnet undulator placed within an IR cavity. The energy
of the IR-output will be more than 10 µJ per micro-pulse and a few tens of milli-Joule
per macro-pulse. This corresponds to an optimized output in terms of mJ/µs, which is
the figure of merit for many gas-phase spectroscopy experiments.
The FEL will be located in a new building which is going to be constructed on the
campus of the FHI, next to Building D. Linac and cavities will be located in a radiationshielded underground vault, thereby fulfilling all aspects of the German radiation safety
regulations. The IR beam will be steered by mirrors through a vacuum pipe to the
adjacent Building D where user experiments from all four experimental departments of
the FHI will be set up.
In this poster presentation the design of the IR-FEL and its anticipated performance will
be described in detail, and the current status of the project will be presented.
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Electron transfer and solvation dynamics at NH3 – metal interfaces
Julia Stähler, Michael Meyer*, Uwe Bovensiepen*, and Martin Wolf
Heterogeneous electron transfer (ET) is highly important for a variety of different fields,
such as photochemistry or the development of nanoscale molecular electronic devices.
Model systems for ET phenomena are polar adsorbates on metal surfaces, as excess
electrons localize and stabilize (solvate) by rearrangement of the surrounding molecules
and therefore exhibit dynamic electronic coupling to the metal states.
We investigate the electron transfer and solvation dynamics at amorphous NH3/Cu(111)
interfaces using femtosecond time-resolved two-photon photoelectron (2PPE) spectroscopy. A first femtosecond (fs) UV laser pulse creates a hot electron distribution in the
metal. Part of it is transferred into the adlayer via the adsorbate’s conduction band. The
electrons localize at favorable sites and are energetically stabilized by reorientations of
the surrounding molecules. The concurrent electron population decay and binding
energy gain are probed by a second, time-delayed laser pulse that excites the electrons to
the vacuum. We observe two different species of excess electrons: A precursor state eP
and a solvated state eS that exhibit dynamics on femtosecond and picosecond timescales,
respectively [1]. We show by Xe titration that the electrons are localized at the
ammonia-vacuum interface, which leads to electron transfer that depends exponentially
on the NH3 layer thickness. Systematic analysis of this time-resolved and layer
thickness-dependent data enables the determination of the temporal evolution of the
interfacial potential barrier using a simple model description. Along this way we
identify the origin of the two species of solvated electrons: While the precursor state eP
is a scattering state, electron transfer from eS is characterized by tunneling through a
transient potential barrier that rises upon solvation. Furthermore, we show that –
depending on the layer thickness – electron transfer from the adsorbate to the metal can
either be thermally activated or temperature-independent. In other words, by varying the
NH3 coverage we can drive the transition between strong and weak electronic coupling
of adsorbate and metal states.
In liquid ammonia, excess electrons can lead to a metal – insulator transition which is
driven by alkali doping, i.e. changes of the charge density. With our new set up (see
abstract PC 2), we want to investigate this phase transition in amorphous multilayers of
NH3 on metal surfaces by systematic chemical and photodoping. We hope to induce the
transition from localized to free electron behavior using fs laser excitation and observe
the evolution of electronic states and bands in k-space and real time.

References
[1] J. Stähler, M. Meyer, D. O. Kusmierek, U. Bovensiepen, M. Wolf, J. Am. Chem.
Soc. 130, 27, 8797 (2008)
* Department of Physics, Freie Universität Berlin, Germany
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Accessing the ultrafast electron dynamics of photoinduced phase
transitions and electron localization at interfaces
Marcel Krenz, Sebastian Hagen, Simon Wall, Julia Stähler, and Martin Wolf
Being one of the building blocks of matter, electrons influence the physical and
chemical attributes of any material significantly. Besides their static (ground state)
properties, understanding of the femtosecond (fs) electron dynamics under nonequilibrium conditions is particularly important. Time- and angle-resolved two-photon
photoelectron (2PPE) spectroscopy is a powerful technique that directly accesses the
occupied and unoccupied electronic band structure at surfaces and can thus disclose the
non-equilibrium dynamics of electron transfer, localization, and relaxation at interfaces.
We are currently developing a new experimental setup for 2PPE spectroscopy which
combines high time, energy, and angle resolution to achieve best-possible insight into
these electron dynamics. Our regeneratively amplified laser system provides 35 fs pulses
(9 µJ @ 100 kHz) that are used to drive a collinear and a non-collinear optical
parametric amplifier (OPA/NOPA). Independently, they will grant ultrashort laser
pulses from 460-760 nm (and their second harmonic after frequency doubling), which
enables resonant excitation of electronic transitions. We will use a hemispherical
analyzer equipped with a 2D-CCD camera to simultaneously detect the kinetic energy
and momentum of the photoelectrons. In addition to the high time resolution resulting
from our short laser pulses, this detector will provide us with detailed information of the
electron population in energy and k-space.
Using these complimentary features, we want to investigate strong electron correlation
effects and electron localization phenomena at interfaces. Various materials, as for
instance charge transfer salts, exhibit insulator-to-metal transitions driven by e.g.
chemical doping or pressure variation. Using fs-laser pulses, however, such phase
transitions can also be driven dynamically. Mode-selective excitation of phonons [1]
and lattice heating [2], but also photodoping [3] can lead to ultrafast formation of the
metallic phase. All studies published so far have in common that photodoping occurs
within the material. In contrast, the present project aims at the investigation of
photodoping across an interface of the Mott insulator with a metal substrate: Hot
electrons created in the metal by fs-laser excitation are transferred across the interface to
the upper Hubbard band of the Mott insulator. If the charge density is sufficiently large,
the insulating phase will collapse and the adsorbate becomes metallic. This approach
enables the observation of “pure” doping with electrons (holes) as opposed to the bulk
material studies where photodoping actually generates an electron-hole pair. Moreover,
the surface science scheme allows for systematic studies as a function of electronic
coupling strength by variation of the substrate or non-metallic buffer layers, which will
offer valuable information for future applications of strongly correlated electron
materials.
References
[1] M. Rini et al. Nature 449, 72 (2007)
[2] L. Perfetti et al. New J. Phys. 10, 053019 (2008)
[3] S. Iwai et al. Phys. Rev. Lett. 91, 5, 057401 (2003)
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Ultrafast dynamics of highly correlated materials analyzed
with time-resolved photoelectron spectroscopy
Rocio Cortes, Laurenz Rettig*, Uwe Bovensiepen*, and Martin Wolf
One of the basic questions in solid state physics is to understand why a material behaves
like an insulator or a metal, or may even exhibit superconductivity. Systems with a halffilled band are usually expected to be metallic, however, may undergo a metal-toinsulator transition at low temperatures due to a Peierls instability (charge density waves
(CDW) formation) or electron correlations (Mott insulator transition). The interplay
between electronic and phonon degrees of freedom is also of particular importance for
the understanding of superconductors and other highly correlated materials.
Time- and angle-resolved photoelectron spectroscopy (trARPES) provides direct access
to the dynamics of the electronic structure of photoexcited materials. In particular both
single particle excitations and collective modes (e.g. phonons) can be analyzed via the
temporal evolution of the spectral function. In the last few years we have used
femtosecond trARPES in our laboratory at the Freie Universität to optically excite and
probe several model systems, in particular the Mott insulator 1T-TaS2 and the CDW
compound TbTe3, to investigate the dynamics of photoinduced insulator-to-metal
transitions directly in the time domain. In TaS2 photoexcitation by an intense laser pulse
leads to an ultrafast transition towards a gapless phase which is accompanied by
periodic oscillations of the electronic states. The qualitative difference between the
oscillatory dynamics of the CDW, the quasi-instantaneous collapse of the electronic gap
and the monotonic recovery of the electronic gap proves that 1T-TaS2 is indeed a Mott
insulator [1]. Moreover it is in clear contrast with the retarded (>100fs) response which
we observe for the transient melting of the CDW phase in TbTe3. Using trARPES we
are able to identify the role of collective vibrations in the transition and to document the
highly anisotropic coupling to the electronic system in real time [2].
Applying trARPES to highTc superconductors (cuprates and iron pnictides) we have
also studied the electron-phonon coupling to a subset of modes as well as collective
excitations in iron pnictides in real time [3].
Acknowledgement: This work was performed in collaboration with L. Perfetti, S. Biermann, A. Georges
(Ecole Polytechnique), F. Schmitt, P. Kirchmann, I. Fisher and Z.-X. Shen (Stanford University)

References
[1] L. Perfetti et.al., New J. Phys. 10, 053019 (2008)
[2] F. Schmitt et.al., Science 321, 1649 (2008)
[3] L. Perfetti et.al., Phys. Rev. Lett. 99, 197001 (2007)
*Department of Physics, Freie Universität Berlin, Germany
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Femtosecond coherent control of the orbital and spin dynamics
of electrons by intense picosecond electromagnetic transients
Tobias Kampfrath1, Martin Wolf, Alfred Leitenstorfer*, and Rupert Huber*
Many elementary excitations in nature exhibit transition energies of the order of
10meV. Electromagnetic pulses with frequencies in the terahertz (THz) range have been
proven to be efficient probes of such excitations, thanks to their low photon energy
(4.1meV at 1THz) and the possibility to detect their transient electric field (rather than
intensity). Here, we go a step further and use intense THz pulses to coherently control
the state of excitons in Cu2O [1] as well as that of high-frequency magnons in NiO [2].
An exciton is a bound electron-hole pair which can often be pictured as a
“renormalized” hydrogen atom. In Cu2O, the exciton has a binding energy of 150meV,
and its microsecond lifetime makes it interesting for Bose-Einstein condensation. A
femtosecond laser pulse is used to generate excitons in the 1s ground state in a Cu2O
crystal. Then, we apply a tailored 1-ps electromagnetic pulse with a center photon
energy of 129meV and a peak electric field of up to 0.5MV/cm to resonantly drive the
transition from the 1s to the 2p state. The exciton dynamics is monitored in real time by
detecting the reemitted THz electric-field transient. We find that the signal peak shifts to
earlier times with increasing pulse energy. At the highest intensities, the reemitted pulse
envelope even develops an oscillatory structure. For this case, first-principles
calculations show that a coherent population transfer from the 1s to the 2p orbitals with
an efficiency of up to 80% occurs, followed by two Rabi cycles. These results
encourage the use of shaped THz pulses to create excitons in any coherent state on
demand [1].
Magnons are wave-like deviations of spins from their equilibrium orientations. Magnon
frequencies are particularly high in antiferromagnets, which is of considerable interest
for ultrafast spintronics. We investigate here the prototypic antiferromagnet NiO which
exhibits a long-wavelength magnon with a frequency as high as 1THz. The spin wave is
excited by an intense 1-ps pulse with a peak magnetic field of 0.15T. We probe the
induced spin dynamics by a subsequently arriving laser pulse whose polarization
undergoes a rotation θ(t) proportional to the instantaneous magnetization at time t. The
measured θ(t) is excellently described by a pure harmonic oscillation with a frequency
of 1THz and an exponential decay with a time constant of 39ps, clearly identifying the
signal as the magnetization signature of the high-frequency spin eigenmode. Further
analysis demonstrates that the spin precession is driven by straightforward Zeeman
coupling between the spins and the THz magnetic field. This mechanism affords a novel
field of ultrafast coherent spin control in the electronic ground state [2].
References
[1] S. Leinss, T. Kampfrath, K. v. Volkmann, M. Wolf, J. T. Steiner, M. Kira,
S. W. Koch, A. Leitenstorfer, and R. Huber, Phys. Rev. Lett. 101 (2008), 246401
[2] T. Kampfrath, A. Sell, G. Klatt, A. Pashkin, S. Mährlein, T. Dekorsy, M. Wolf,
M. Fiebig, A. Leitenstorfer, and R. Huber (submitted)
1
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Controlling single molecular switches on a gold surface:
Role of the side groups and the atomic-scale environment
Micol Alemani, Carlo Dri, Sofia Selvanathan, Johannes Mielke, and Leonhard Grill
Molecular switches are highly interesting for future molecular electronics, because they
exhibit at least two stable states with characteristic (e.g. electronic) properties, which
can be achieved in a controlled and reversible way. Although such molecules have been
studied intensively by theory and in experiments in solution, only very few investigations have concentrated on such molecules on a surface. Not only the switching process
itself needs to be investigated, but also the influence of the direct environment, which
concerns on the one hand the surface and on the other hand surrounding molecules.
We have studied tetra-tert-butylazobenzene (TBA) molecules by low temperature
scanning tunneling microscopy (STM) on various noble metal surfaces [1,2]. These
molecules exhibit two isomers, trans and cis, which differ in their conformation and
their electronic structure. By applying voltage pulses of suitable intensity, the molecules
can be switched reversibly between the two states, trans and cis, which exhibit
characteristic appearances. By comparing similar substrates, fundamental differences
were found, which reveals the importance of the surface.
Moreover, various side groups have been attached to the azobenzene derivatives. By
choosing carboxyl groups, discrete assemblies of azobenzene molecules, which are
interacting via hydrogen bonds, are created [3]. Furthermore, the use of a methoxy side
group leads to various, highly ordered molecular structures on the Au(111) surface.
Switching experiments (by applying voltage pulses) revealed that, although all
molecules are chemically identical and adsorbed planar on the surface, their
isomerization ability strongly depends on the surface structure [4]. This shows that the
surrounding molecules, i.e. direct atomic-scale environment, of each molecule
determines its capability to be switched. Furthermore, some molecules within a certain
structure are efficiently isomerized (probability > 85%), while others are rarely
switched (probability <~6%). This unexpected behaviour is due to the exact adsorption
site of each molecule on the Au(111) surface, precisely determining its ability to be
switched4. Future experiments will focus on photochemical switching and the STM
investigation of exactly the same molecules before and after illumination with light.

References
[1] M. Alemani, F. Moresco, M. V. Peters, S. Hecht, K.-H. Rieder, and L. Grill,
J. Am. Chem. Soc. 128, 14446 (2006)
[2] M. Alemani, S. Selvanathan, F. Ample, M. V. Peters, K.-H. Rieder, F. Moresco,
C. Joachim, S. Hecht, and L. Grill, J. Phys. Chem. C 112, 10509 (2008)
[3] S. Selvanathan, M. V. Peters, J. Schwarz, S. Hecht, and L. Grill,
Appl. Phys. A 93,247 (2008)
[4] C. Dri, M. V. Peters, J. Schwarz, S. Hecht, and L. Grill,
Nature Nanotechn. 3, 649 (2008)
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Construction of covalently bound molecular nanostructures
by „on-surface-synthesis“
Leif Lafferentz, Christian Bombis, Carlos Villagomez, and Leonhard Grill
A key challenge in the field of molecular electronics is the bottom-up construction of
stable molecular networks with pre-defined topology and shape. Furthermore, such
networks should be capable of charge transport between the building blocks as
individual molecules in future applications will have to be linked by conducting
connections. Based on these requirements, covalent bonds are desired for the
intermolecular connections, but so far only supramolecular networks have been reported
on surfaces.
We have developed the method of "on-surface-synthesis", which allows the formation
of covalent bonds by controlling the synthetic process directly on the surface. This
procedure consists of two steps: In a first step, “activated” sites are created at predefined
sites in the molecular building blocks by the controlled dissociation of substituents.
Subsequently, the building blocks are connected at these reactive sites in the second
step during diffusion on a surface. This technique has been used successfully for the
controlled formation of covalently bound networks of porphyrin molecules on a gold
surface [1]. The covalent character of the intermolecular bonds has been proven by
various methods. Furthermore, we could show that the dimensions and shape of these
nanostructures can be precisely engineered, because the resulting nanostructures directly
reflect the chemical structure of the individual building blocks.
These results open the fascinating possibility to form molecular wires directly on a
surface. By preparing conjugated chains with lengths of up to over 100 nm from
dibromoterfluorene (DBTF) molecules, we could perform conductance measurements
through molecular wires by measuring the electric current through a single chain as a
function of its length [2]. Such measurements are important to gain a basic
understanding of the charge transport at the single molecule level. In the experiment, the
tip of a scanning tunneling microscope is used to pull single polymer strands up from a
gold surface, thus creating a electrode (surface) – molecule – electrode (STM tip)
junction. The DBTF polymers meet two important prerequisites of such experiments:
high mobility on the surface and high intramolecular flexibility. Such pulling
experiments open the exciting possibility to measure currents through single molecular
wires of up to more than 20 nm length. The results reveal that not only the electrical
conductance, but also mechanical properties of the wires can be studied. In the future,
the possibility to induce the different steps of the on-surface-synthesis reaction by light
will be investigated.

References
[1] L. Grill, M. Dyer, L. Lafferentz, M. Persson, M. V. Peters, and S. Hecht,
Nature Nanotech. 2, 687 (2007)
[2] L. Lafferentz, F. Ample, H. Yu. S. Hecht, C. Joachim, and L. Grill,
Science 323, 1193 (2009)
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Tip-enhanced Raman spectroscopy on interfaces:
Polarization effects on Raman enhancement and signal contrast
Jens Steidtner, Philip Schambach, Nicola Scott, and Bruno Pettinger
There is a growing demand for techniques to topographically and chemically investigate
interfaces on a nanometer scale. Tip-enhanced Raman spectroscopy (TERS) offers such
possibilities: However, much in contrast to metal interfaces, TERS on semiconductor
surfaces such as Si usually shows a rather low contrast of the near-field to the far-field
intensity due to the large penetration depth of visible light into the sample. This results
in a large volume probed by the far-field (>107 nm3), while the volume probed by the
near-field is comparatively small (<103 nm3). One way to overcome this problem is the
use of optical devices with a high numerical aperture (NA) and a suitable polarisation of
the incident laser light, as both influence the size of the focus and the collection depth of
the Raman signal. These factors significantly influence the achievable contrast value.
In a sense, a parabolic mirror with a high numerical aperture represents a superior tool
for focusing laser light onto a tip and collecting the scattered light. For radial
polarisation of the incident laser beam, the Raman mapping of the focal region shows a
spot size of ~λ/2 and an electric field vector that is almost exclusively longitudinally
polarised in the centre of the focus [1], essential for a large Raman enhancement.
With our UHV-TERS setup, based on a parabolic mirror with high numerical aperture,
the Raman signal of a Si wafer is increased by a factor of 2.5 upon tip approach. In
contrast, by side illumination with an objective only a signal increase factor of up to 1.3
was reported [2]. By setting the appropriate polarisation of the incident and the scattered
light, both the Raman enhancement factor and the signal contrast can be optimised.
On metal interfaces, the achievable net-increase of the Raman signal induced by the tip
can be more than 4000-fold [3]. TERS with a parabolic mirror has been used for the first
single-molecule study on Au(111) [3]. After movement of the UHV-TERS instrument to
another laboratory and adding further instrumental improvements and extensions, new
experiments are in progress. These include investigations with two-analyte systems in
order to determine the spectroscopic properties of individual adsorbates and also
extending measurements towards optically non-resonant molecules at single crystalline
surfaces as well as at individual nanoclusters.

References
[1] M. A. Lieb, A. J. Meixner, Opt. Exp. 8, 458 (2001)
[2] D. Mehtani, N. Lee, R. D. Hartschuh, A. Kisliuk, M. D. Foster, A. P. Sokolov,
J. F. Maguire, J. Raman Spectrosc. 36, 1068 (2005)
[3] J. Steidner, B. Pettinger, Phys. Rev. Lett. 100, 236101 (2008)
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Direct monitoring of plasmon resonances
in a tip–surface gap of varying width
Katrin F. Domke*, Dai Zhang, and Bruno Pettinger
Localized surface plasmon (LSP) resonances mediate enhanced excitation and radiation
processes. They strongly depend on the excitation wavelength, the particle material,
dimension and geometry as well as on interparticle distances. These effects play a crucial role
in spectroscopies based on electromagnetic field enhancement processes, but are difficult to
address experimentally. A tip-substrate cavity as present in TERS experiments can be
considered as a quite simple, but effective photonic unit, showing a tunable LSP resonance
that provides huge enhancements for optical processes. The cavity is formed by a conical Au
STM-tip of 20 nm radius located at a piezo-controlled distance z above an atomically smooth
Au(111) substrate. According to the classical dipole model, the enhanced Raman signal (~g4 =
enhancement factor) should show a sort of z–10 distance dependence resulting in a sharp decay
of the near-field with increasing tip–sample gap distance [1].
We have studied the dependence of tip-enhanced Raman (TER) spectra of a monolayer of a
guanine/perchlorate mixture on Au(111) on varying tip–surface gap in the few-nanometer
range [2,3]. For increasing tip-sample separation, we report on a steep intensity decrease
within 5-10 nm tip retraction of both, Raman bands and background that highlights the
underlying near-field enhancement mechanisms of TER spectroscopy. The experimental
curves are in excellent agreement with the theoretical prediction following a (Rs + z)–10
distance dependence, where Rs is the tip radius and z is the distance between tip and sample
[3]. In addition, we observe a remarkable blue-shift of about 100 meV of the spectral
background maximum during the first 10 nm of tip retraction. This is ascribed to the energy
shift of the gap resonance monitored as an imprint in the usually flat normal Raman
background.
References
[1] B. Pettinger, B. Ren, G. Picardi, R. Schuster, G. Ertl,
J. Raman Spectrosc., 36, 541 (2005)
[2] B. Pettinger, K. F. Domke, D. Zhang, R. Schuster, G. Ertl,
Phys. Rev. B 76, 113409 (2007)
[2] B. Pettinger, K. F. Domke, D. Zhang, G. Piccardi and R. Schuster,
Surf. Sci., 603, 335 (2009)
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Vibrational response of excess electrons in ice and spin polarization
of adsorbates observed with sum-frequency generation spectroscopy
Juraj Bdzoch, Henrik Öström*, Martin Wolf, and Christian Frischkorn
Electrons as excess charges in polar solvents result in molecular motion within the
solvent to stabilize the new charge distribution known as electron solvation. We employ
time-resolved broadband-IR-VIS SFG (sum frequency generation) spectroscopy as a
powerful technique to study the changes in the vibrational spectra of crystalline D2O ice
layers upon electron injection from a Ru(001) surface. Unlike in time-resolved photomission experiments where the electron binding energy is traced and the solvent
response is inferred subsequently, SFG vibrational spectroscopy directly monitors the
molecular reorientation induced by the excess charge. If the Ru surface is excited with
266-nm (4.65 eV) photons, excess electrons injected into the adsorbate layer induce –
dependent on layer morphology and layer thickness– drastic changes in the vibrational
spectra of the OD stretch vibration. While in amorphous ice layers only weak changes
are observed, an increase of a vibrational resonant SFG signal by several orders of
magnitude (enhancement factor 103 − 104) is found for crystalline D2O layers. The
physical and chemical processes involved will be discussed.
As a second example, we present the broadband SFG technique as a very sensitive probe
of the coupling between spin and nuclear degrees of freedom at adsorbate-ferromagnetic
interfaces, in particular CO molecules adsorbed on a thin Ni film. The SFG spectra
show a significant magnetic contrast at the resonances of the CO stretch vibration. In
particular, the magnetic contrast at the resonance of on-top CO species exhibits a
temperature dependence which very different from the temperature dependence of the
bulk magnetization observed by magneto-optical Kerr effect and the non-resonant SFG
signal. Although first principle DFT calculations deliver a zero magnetic moment at the
CO molecule, they do indicate that the magnetic signal seen in the experiment is caused
by the partial spin moment per molecular orbital aligned along the magnetization
direction. In particular the unusual temperature dependence can be related to atom and
symmetry resolved magnetization densities and their changes under the influence of
temperature activated coupling of the CO stretch vibration with thermally exited
external modes like the frustrated translation and rotation.
Acknowledgement: This work was performed in collaboration with J. Zacharias, U. Bovensiepen (Freie
Universität Berlin), I. Radu (University Nijmegen), M. Hortamani and I. Mertig (Universität HalleWittenberg) and M. Scheffler (Fritz-Haber-Institut)
* Department of Physics, Stockholm University, Sweden
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Photoinduced reactions and femtochemistry
at metal and metal oxide surfaces
Philipp Giese, Harald Kirsch, Toru Shimada,
Zefeng Ren, Christian Frischkorn, and Martin Wolf
Inducing surface reactions by light opens a different route compared to thermal
activation, which provides insights into the role of electronically and vibrationally
excited states and the dynamics of energy flow between the various degrees freedom of
the system. By employing femtosecond laser excitation the ultrafast dynamics of
elementary surface processes can be studied in real time [1]. Thereby non-adiabatic
coupling between transiently excited hot electrons in a metal substrate and adsorbate
vibrational degrees of freedom can efficiently mediate reactions. The role of resonant
infrared excitation of vibrational modes, which are strongly coupled to the reaction
coordinate, needs still to be explored. Furthermore, excitons, which are self-trapped at
defects on metal-oxide surfaces, are expected to play a crucial role in the photochemistry at oxide surfaces.
In last few years, we have extensively studied the mechanism of several association and
desorption reactions (H+H→ H2; C+O→ CO; H2O desorption) on Ru(0001) induced by
excitation with intense fs-laser pulses [2]. Albeit the initial excitation of the adsorbate
occurs either via coupling to photoexcited (non-equilibrium) substrate electrons or
phonons, the dynamics of the reaction products are determined by the ground state
potential energy surface [1, 3]. In future experiments, we will extend these studies in
two directions: First, we plan to employ temporally shaped laser pulses to control
branching ratios in surface femtochemistry and to couple such surface reactions with gas
phase species (e.g. radicals), which are generated by photodissociation with
appropriately shaped laser pulses. So far a pulse shaper and a feedback algorithm have
been implemented for these experiments. Second, we will study the surface photochemistry for the CHx/Ni(111) system in conjunction with femtosecond laser excitation
of hot substrate electrons/phonons and vibrational IR-pumping of the C-H stretch bond.
This aims to gain insights into the mechanism of the CH3 sequential dehydrogenation
dynamics on nickel surfaces.
One of the challenges of heterogeneous catalysis is the conversion of CH4 to more
useful chemicals and fuels, like C2H4, by oxidative coupling of methane (OCM). In a
collaboration with the Department of Chemical Physics (within the UniCat-Cluster), we
are currently investigating the UV-induced photochemistry of N2O on MgO surfaces.
We find photoproducts of N2O on MgO with low binding energies after excitation with
254 nm light, which supports the notion of O formation as active color centers in this
photoreaction.
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Elastic network modelling of molecular motor HCV helicase:
Inchworm translocation and DNA unzipping cycles
Holger Flechsig, and Alexander S. Mikhailov
Protein machines that operate as mechanical motors play a fundamental role in biological
cells. Binding and hydrolysis of ATP induce large-scale conformatinal changes essential
for the operation of such molecules. One of the key problems is to gain insight into cyclic
conformational motions of protein motors and understand how they are related to the
function of a particular motor in the cell.
While the structure of many motor proteins is known, modelling of dynamics of their
operation cycles presents difficulties. Because the cycles of such macromolecules
typically lie in the range of tens of milliseconds, they cannot be followed in all-atom
molecular dynamics simulations. Elastic network models, picturing a protein as a network
made up of beads connected by elastic springs, provide a middle-level description filling a
gap between simple phenomenology and full atomic dynamics [1-4].
Helicases are generally involved when separation of duplex DNA or RNA substrates is
needed. The hepatitis C virus (HCV) helicase is not only an important drug target, but also
a characteristic example of a broad class of helicase motors. According to the inchworm
operation mechanism, two mobile domains of the HCV helicase are translocating along the
upper strand of the double DNA. The third domain is attached to the lower DNA strand. It
unzips the DNA through the accumulation of elastic strains, separating the strands in every
third translocation step. While some evidence from single-molecule experiments is
available [5,6], this mechanism has never been theoretically described.
We have developed an elastic network model of the molecular motor HCV helicase and
used it to follow, for the first time, the entire operation cycle of this motor and its
interaction with DNA molecules. Both ATP-induced inchworm translocation and DNA
unzipping could be successfully reproduced in our simulations.
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Evolutionary design and statistical analysis
of oscillatory genetic networks
Yasuaki Kobayashi, Tatsuo Shibata*, Yoshiki Kuramoto§, and Alexander S. Mikhailov
Networks of interacting molecular machines are responsible for principal functions of a
biological cell and understanding of their design, operation and control is essential in
molecular cell biology [1,2]. Once such knowledge is gained, it can be further applied in
the future to engineer artificial living cells with prescribed properties or to intentionally
modify already existing microorganisms.
In the approach known as constructive biology, computer evolution based on simple
models is used to investigate basic aspects of the molecular evolution process and to design
systems with predefined functional properties. In this way, evolving cross-catalytic
molecular networks [3] and signal-transduction networks [4-6] have been investigated. The
present study is devoted to the design and statistical investigations of dynamical gene
expression networks.
In our model problem, the aim has been to design genetic networks which would exhibit
stable periodic oscillations with a prescribed temporal period. While no rational solution of
this problem is available, we have shown that it can be effectively solved by running a
computer evolution of the network models. In this process, structural rewiring mutations
were applied to the networks with inhibitory interactions between genes and the evolving
networks were selected depending on whether, after a mutation, they closer approach the
targeted dynamics. We could show that, by using this method, networks with the required
oscillation periods, varying by up to two orders of magnitude, could be constructed by
changing the architecture of regulatory connections between the genes. To reveal the
mechanism of such high dynamical plasticity and its relation to structural properties of the
constructed networks, a large set of computation data has been gathered and statistically
analyzed.
This study has been performed in the framework of the research program “Networks as
Phenomena across the Disciplines” of the Volkswagen Foundation
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Application of Quotient Rings
for Stability Analysis in Chemical Systems
Sonja Sauerbrei, Anke Sensse, and Markus Eiswirth
Concepts from algebraic geometry (polynomial rings) can be used to determine
analytically the stationary solutions in chemical reaction systems, more generally,
systems of ordinary differential equations of polynomial form. The stability analysis via
the Jacobian matrix often leads to complicated expressions which can hardly be
analyzed. It is shown that these expressions can be simplified by forming quotient rings
of the corresponding polynomial ring.
The coefficients in the characteristic equation of the Jacobian can be represented by the
normal forms obtained by generating the quotient rings so that their sign changes in
dependence of a kinetic parameter and hence the stability can be determined. The
procedure is illustrated using a well-known surface reaction.
We analytically showed the existence of bistability in typical Langmuir-Hinshelwood
mechanisms. Since the solutions resulted in complicated expressions, a simplification
via quotient rings was introduced successfully. The relevant coefficient of the
characteristic polynomial of the Jacobian matrix was simplified by substituting variables
which can be partially eliminated. This led to polynomial expressions, normal forms, a
sign change in the coefficients of which could be found and parameter constellations
were given to show bistability and a cusp.
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Large-Scale 5d Transition Metal Surface Reconstructions:
Structure and Energetics of (100) Ir, Pt, Au
Paula Havu(∗) , Volker Blum, Ville Havu(∗) , and Matthias Scheffler
The (100) surfaces of the late 5d transition metals Ir, Pt, and Au rearrange by
quasihexagonal reconstructions of their nominally quadratic surface structure. While
Ir(100) reconstructs in only one direction [(5×1)], Au(100) and Pt(100) rearrange
in both lateral directions (2D) with large unit cells that are often labeled as (5×N ),
N ≥20. Elucidating the exact packing density and reconstruction energetics of the
surface layers has been the focus of many experiments, but theory has so far been
relegated to either (5×1) approximants or simplified (semi)empirical models.
We here use our all-electron electronic structure code FHI-aims [1] to quantify the
energetics, lateral packing densities and electronic structure of the full 2D surface
reconstructions directly by density-functional theory. We consider (5×N ) unit cells
up to N =30 on five-layer slabs with two fully relaxed layers: up to 786 atoms, 336 of
which are relaxed, enabled by our sustained scalability work (time and memory) on
FHI-aims for IBM’s massively parallel BlueGene and similar architectures. In the
local-density approximation, the lateral packing densities of Au(100) and Pt(100)
(slightly larger for Au) agree quantitatively with surface X-ray diffraction [2]. As
a consistency check, Ir(100) does not reconstruct beyond (5×1). Remarkably, the
energy gain of the 2D reconstruction (5×1)→(5×N ) is nearly an order of magnitude
larger for Au(100) than for Pt(100), leading to relatively similar overall reconstruction energies when compared to (1×1) (Pt: −0.09 eV/1×1, Au:−0.07 eV/1×1). This
compares well to a revised experimental estimate for Pt(100) (−0.12±0.02 eV/1×1
[3]), but casts some doubt on the validity of an electrochemistry-derived estimate
(−0.02 eV/1×1 [4]) in vacuo for Au(100). We obtain similar results in PBE, while
the recent AM05 functional, aimed specifically at surfaces, underestimates the reconstruction energy. The calculated electronic structure substantiates earlier, qualitative arguments regarding the electronic reconstruction mechanism: a key role of
relativity through a shift of s and d valence states towards each other. We find: (i)
the valence band centers of surface Ir/Pt/Au shift down by −0.13 to −0.24 eV, but
much less for Ag/nonrelativistic Au, but (ii) small characteristic shifts between the
d and sp channels are not specific to Ir/Pt/Au, suggesting that enhanced bonding
within individual l channels (most importantly, d-d) drives the reconstruction.
(∗)
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Bulk and Surface Energies of Transition Metals
in Density-Functional Theory and Beyond
Aloysius Soon, Martin Fuchs, Bo Li(∗) , and Matthias Scheffler
The accurate quantitative determination of surface energies of metals is, to date, still
a significant challenge, both theoretically and (even more so) experimentally. While
cohesive energies can be experimentally measured rather accurately, this does not
hold true for surface energies. Most of the available experimentally derived surface
energies are obtained somewhat indirectly and often subject to experimental uncertainties such as the presence of defects and adsorbates. Density-functional theory
(DFT) calculations of metal surface energies within the local-density approximation
(LDA) for exchange-correlation (XC) have provided understanding of qualitative
trends. However, a more sophisticated and systematic treatment of XC for real metals, in particular surfaces, beyond present-day gradient-corrected approximations for
XC (GGA) has been hardly feasible – so far.
Here we analyze the surface energies of 4d-metals with (semi-)local XC functionals, using the all-electron FHI-aims code [1] and various XC functionals, as well
as quantum-chemistry and exact exchange (EXX)+RPA methods. Our slab calculations show that the recently proposed GGA functionals PBEsol and AM05 can
indeed correct the poorer results of the usual PBE-GGA. Nonetheless, we still do
not find systematic improvement in terms of decreasing errors for the absolute surface energies. To ameliorate the reliance on possible “error-cancellation” in a more
transparent and consistent way, we consider methods beyond (semi-)local DFT such
as meta-GGAs (M06-L, TPSS) and hybrid-DFT XC functionals (B3LYP, PBE0,
HSE) as well as higher-level approaches such as EXX+RPA [2,3] and highly accurate (but very demanding) CCSD(T) using a cluster correction extrapolation scheme
[4]. Our XC correction approach enables us to estimate the errors of calculated surface energies using various functionals. We demonstrate that meta-GGAs perform
very similarly to PBE-GGA, while the hybrid functionals largely underestimate the
energetics of pristine metals, in agreement with recent periodic hybrid-DFT calculations [5]. We also show that the EXX+RPA and CCSD(T) methods are promising
approaches not only towards an accurate description of bulk properties, but also for
surface energetics.
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Nature of Ar Bonding to Small Co+
N Clusters and its
Implications for the Structure Determination by
Far-Infrared Absorption Spectroscopy
Ralf Gehrke, Philipp Grüne(∗) , André Fielicke(∗) ,
Gerard Meijer(∗) , and Karsten Reuter
The intricate relationship between structural and electronic degrees of freedom of
metal clusters in the sub-nm size range dictates a precise knowledge of the geometric structure when aiming to exploit the unique optical, magnetic, and chemical
properties of these materials. Experimentally, obtaining information on the atomic
arrangement of such small particles in the gas phase remains a challenge. A technique that has proven to be very useful in this respect is far-infrared vibrational
spectroscopy by multiple photon dissociation of rare-gas complexes of the targeted
clusters [1]. However, contrary to previous studies on cationic V, Nb, and Ta clusters measured vibrational spectra of small cationic cobalt clusters show a strong
dependence on the number of adsorbed Ar probe atoms, questioning the prevalent
assumption that the latter merely act as a probe for detecting the resonant absorption of infrared photons by the metal cluster.
+
Focusing on the series Co+
4 to Co8 we therefore use density-functional theory
to analyze the nature of the Ar-Co+
N bond and its role for the vibrational spectra. In a first step, energetically low-lying isomer structures are identified through
first-principles basin-hopping runs [2]. Comparing the fingerprints of the computed
vibrational spectra for a varying number of adsorbed Ar atoms with the experimental
data enables, in some cases, a unique assignment of the cluster structure. Independent of the specific low-lying isomer, we furthermore obtain a pronounced increase
of the Ar binding energy for the smallest cluster sizes, which correlates nicely with
the observed increased influence of the Ar probe atoms on the vibrational spectra.
We can trace this binding energy trend back to the predominant contribution to the
Ar-Co+
N bond arising from the polarization of the rare-gas atom in the electrostatic
field of the cationic cluster. This motivates a simple electrostatic model that not only
explains this binding energy trend but also rationalizes the stronger influence of the
rare-gas atom compared to the preceding studies by the small atomic radius of Co [3].
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Structural Stability of Endohedral Silicon Cages:
A First-Principles Sampling View
Matthias Gramzow and Karsten Reuter
Ever since the discovery of fullerenes, cage-like cluster geometries are considered as
appealing building units for nanoscale materials. Their hollow structure facilitates
the incorporation of additional guest atoms which can then either be viewed as an
atomic-scale tailoring of the materials properties of the cage through doping or as
a perfect shielding of the encapsulated moiety. With Si, in general favoring tetrahedral sp3 -coordination, corresponding endohedral metal doping appears in fact as a
primary avenue to accomplish the stabilization of Si cage geometries at all. In light
of the sucessful synthesis of a few such structures, a central objective is to develop
a fundamental understanding of the charge transfer and hybridization within endohedral M @Sin clusters and to establish dopant−cluster size−stability relationships
that would pinpoint stable structures with desirable electronic properties.
Metal encapsulating Si20 clusters represent an appealing class in this context, considering that C20 is the smallest known fullerene cage and Si20 polyhedra form basic
building blocks in many Si clathrate materials. With preceding density-functional
theory (DFT) studies suggesting the structural stability for a variety of dopant
atoms [1], we scrutinize this proposition through an extended and unbiased exploration of the potential energy surface with a DFT-based sampling approach relying
on the minima hopping technique [2]. For all previously suggested dopant atoms this
identifies much more stable isomers in which the cage structure is broken and which
can be readily reached without crossing any significant barriers.
While this casts doubts on the general stability of such fullerene-like cages, extensive sampling of smaller M @Si+
n (M = Ti, V, Cr; n = 15 − 17) cluster indeed
confirms endohedral polyhedra as lowest-energy isomers. Particularly for the symmetric V@Si+
16 Frank-Kaspar polyhedron this stability is commonly rationalized in
terms of electronic shell closure. In this approach the electronic manifold is viewed
as an outside Si cage encapsulating a nearly-free electron gas formed by selected Si
electrons and valence electrons of the metal atom. With controversies arising about
which electrons to consider in such simple electron counting rules, the detailed geometric and electronic structure data from the sampled clusters provides a unique
opportunity to scrutinize this picture with systems that are either isoelectronic to
V@Si+
16 or have an electron deficiency or excess.
[1] K. Jackson and B. Nellermoe, Chem. Phys. Lett. 254, 249 (1996);
Q. Sun et al., Phys. Rev. B 65, 235417 (2002).
[2] In collaboration with A. Willand, A. Neelow, and S. Goedecker,
Physics Department, Universität Basel (Switzerland).
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Unravelling the Enigma of the F Center in MgO with
Many-Body Perturbation Theory
Patrick Rinke(∗) , Anderson Janotti(†) , André Schleife(‡) ,
Friedhelm Bechstedt(‡) , Chris G. Van de Walle(†) , and Matthias Scheffler
Magnesium oxide (MgO) is a ubiquitous material with a wide range of technological
applications as diverse as medicine, construction, catalysis, and microelectronics.
Many of the technologically relevant properties as well as experimentally observed
features are related to defects – the oxygen vacancy (F or color center) being the
most prominent and extensively studied. In the identification of defects first principles calculations have been a valuable complementary tool to experimental characterization techniques. Combining both, paramagnetic F centers have recently been
identified for the MgO surface [1]. For bulk MgO, however, this agreement between
theory and experiment is still absent despite more than five decades of research.
Here we present calculations based on our recently developed first principles
scheme [2] that overcomes certain intrinsic deficiencies of previous approaches by
combining density-functional theory (DFT) in the local-density approximation (LDA)
with many-body perturbation theory (MBPT) in the G0 W0 approximation. For the
self-interstitial in silicon we have recently demonstrated that our approach increases
the LDA formation energy of the neutral state by ∼1.1 eV in good agreement with
diffusion Monte Carlo calculations [2]. For MgO we find that the G0 W0 corrections
are even larger, amounting to 1.4 eV for the positive (F+ ) and 2.1 eV for the neutral
F-center (F0 ). In addition G0 W0 increases the relaxation energies by as much as
0.8 eV. We attribute this to the larger G0 W0 corrections for the charged F-centers
that incur a larger delocalization (or self-interaction) error [3] in the LDA due to
their more delocalized defect state.
Going one step further in the hierarchy of MBPT we demonstrate that the
electron-hole interaction that is not contained on the level of the G0 W0 approach is
significant for the F-center. By solving the Bethe-Salpeter equation for the optical
spectrum we find that the absorption edge shifts down by as much as 0.7 eV. This
brings us one step closer to solving the question why both, F+ and F0 , absorb at
nearly identical energies (4.95 eV and 5.0 eV [4], respectively) that has impeded
their unanimous identification in the early days of F-center characterization.
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The f -Electron Challenge: Localized and Itinerant States in
Lanthanide Oxides Unified by GW @LDA+U
Hong Jiang(∗) , Ricardo I. Gómez-Abal, Patrick Rinke(†) , and Matthias Scheffler
The accurate first-principles description of f -electron systems has been regarded as
one of the great challenges in condensed matter physics for some time. f -electron
systems are characterized by the simultaneous presence of itinerant (delocalized)
spd-states and highly localized f -states and interactions between them. Densityfunctional theory (DFT) in the local-density or generalized gradient approximation
(LDA or GGA, respectively), the traditional workhorse of the electronic structure
community, proves to be inadequate for f -electron systems due to the severe delocalization (or self-interaction) error for partially occupied f -states, in many cases
giving rise to qualitatively incorrect metallic ground states. As a first step towards
a systematic ab initio understanding of f -electron systems, we apply many-body
perturbation theory (MBPT) in the GW approach to lanthanide oxides (CeO2 and
Ln2 O3 (Ln=lanthanide series)) [1]. These compounds have important technological
applications, in particular in catalysis, where CeO2 -based compounds have attracted
considerable interest from both experiment and theory.
The GW approach corresponds to the first order term of a systematic expansion
in MBPT. Through the screened Coulomb interaction W it captures the screening
among itinerant electrons while at the same time treating exchange at the exact
exchange level. The latter should account for a large part of the many-body interactions among localized f -electrons. We apply the GW method in a perturbative
manner (G0 W0 ) to an LDA calculation including Hubbard U corrections (LDA+U )
to avoid the pathologies of LDA for these f -electron systems [1]. Good agreement
between the G0 W0 density of states and experimental spectra is observed for CeO2
and Ce2 O3 . Unlike the LDA+U method G0 W0 exhibits only a weak dependence on
U in a physically meaningful range of U values. Our G0 W0 @LDA+U calculations
provide a quantitative and qualitative understanding of the general trend observed
for the band gaps of the Ln2 O3 series in terms of the relative positions of the occupied and unoccupied f -states and reproduce the characteristic features of the series,
in particular, the four dips observed in the experimental curve [1].
In the hierarchy of MBPT, strong correlation denotes effects that go beyond exact
exchange and the weak correlation regime of GW . The good agreement between our
calculations and available experimental data demonstrates that the GW @LDA+U
method can treat both itinerant and localized states accurately for the materials
considered here, and we therefore challenge their classification as strongly correlated.
(∗)
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Effects of Strain on the Electronic Band Structure of
Group-III Nitrides
Ricardo I. Gómez-Abal, Qimin Yan(∗) , Patrick Rinke(†) ,
Matthias Scheffler, and Chris G. Van de Walle(∗)
The group-III-nitrides AlN, GaN, and InN all crystallize in the wurtzite structure
and their respective band gaps span the whole visible spectrum up to the ultraviolet
range. This makes them especially suitable for optoelectronic devices and nitridebased light emitting- and laser diodes already find wide application [1]. Due to the
large differences in lattice parameters and thermal expansion coefficients between
the substrate and the nitride overlayers, and between nitride layers with different
alloy compositions, strain is always present in group-III-nitride based devices. It
influences the optical properties, in particular, the energy of optical transitions.
Strain therefore plays a major role in the design of optoelectronic devices.
The effects of strain on the band structure are generally characterized by the
deformation potentials. Their experimental determination is quite difficult and, as a
result, the available experimental data for GaN are scattered over a very large range
[2]. For AlN and InN no experimental data are available, except for the hydrostatic
deformation potential of the band gap of InN. Previous theoretical studies have
also produced widely differing values [2]. This large uncertainty range can, in part,
be attributed to the band-gap problem of density-functional theory (DFT) in the
local-density or generalized gradient approximations (LDA/GGA).
In this work we use the Heyd-Scuseria-Ernzerhof (HSE) hybrid functional as well
as many-body perturbation theory in the G0 W0 approximation to overcome the
band-gap problem. With both methods we observe pronounced non-linearities in
the strain dependence of the transition energies that should be taken into account
in highly strained nitride materials and alloys [2]. For the linear regime around the
experimental lattice parameters, we present a complete and consistent set of deformation potentials for the three (Al, Ga, and In) nitride materials [2]. This set of
parameters constitutes important input for nitride heterostructure device modeling
and facilitates the prediction of band positions under realistic strain conditions. Our
G0 W0 and HSE results agree closely but differ from the LDA/GGA ones, in particular, for the band-gap related deformation potentials. However, under hypothetical
strain conditions that keep the volume fixed, G0 W0 and LDA give remarkably similar deformation potentials.
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Structure and Energetics of Azobenzene at Coinage Metals
using Dispersion-Corrected DFT Approaches
Erik McNellis, Jörg Meyer, and Karsten Reuter
The potential of a future molecular electronics has motivated many studies of functional organic molecules at metal surfaces. For first-principles theory it is particularly
the possibly significant contribution of dispersive van der Waals (vdW) interactions
in the molecule-substrate interaction that limits the common workhorse for largescale calculations, density-functional theory (DFT) with semi-local exchange and
correlation (xc) functionals. As higher-level theories including non-local vdW interactions by construction are presently barely tractable for corresponding system sizes,
first insight could come from computationally inexpensive semi-empirical dispersion
correction (DFT-D) schemes.
In these schemes an additional C6 R−6 pair potential term is added to the DFT
Hamiltonian and heuristically reduced to zero for smaller interatomic distances by
multiplication with a short-range damping function. While of proven accuracy for
a range of molecular systems, the applicability of the DFT-D approach to organic
molecules at metal surfaces is uncertain. This concerns notably the neglect of electronic screening. Partly covalently bonded molecules exhibit furthermore also shorter
molecule-substrate bonds that therewith fall into the distance range where the uncertainties in the damping function mingle in an uncontrolled way with the deficiencies of the employed semi-local DFT xc functional. Aiming to elucidate by how
much these shortcomings outweigh the improvement brought about by the account
of long-range dispersive interactions we study the trends in energetics, geometric
and electronic structure of the prototypical molecular switch azobenzene at the
close-packed coinage metal surfaces using a range of differently constructed DFT-D
schemes [1,2]. We obtain significantly changed adsorption geometries and a with up
to ∼ 2 eV sizable adsorption energy correction, which decisively affects the relative
energetic ordering of the trans and cis metastable states of the switch. Comparison
with detailed data from temperature programmed desorption and normal-incidence
X-ray standing wave measurements for trans azobenzene at Ag(111) [3] shows that
in particular the most recent DFT-D scheme due to Tkatchenko and Scheffler [4]
provides excellent structural properties, albeit at a pronounced overbinding. Systematically analyzing the uncertainties in the semi-empirical approach we attribute this
shortcoming primarily to the insufficient treatment of screening at the metal surface.
[1]
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Assessing the Random Phase Approximation:
CO Adsorption and Weakly Bonded Systems
Xinguo Ren, Patrick Rinke(∗) , and Matthias Scheffler
Local- and semilocal density approximations (LDA/GGA) to density functional theory (DFT), although tremendously successful in electronic structure calculations,
suffer from, amongst others, severe self-interaction errors and the absence of longrange van der Waals (vdW) interactions. These deficiencies can lead to qualitative
failures, as exemplified by the “CO adsorption puzzle” where LDA and GGA predict
the wrong adsorption site for a CO molecule on (111) surfaces of Cu, Rh, and Pt. The
recent resurgence of the “CO adsorption puzzle” and the renewed interest in vdW
interactions are tied to the more fundamental quest of finding an “optimal” electronic structure method that combines accuracy and tractability with transferability
across different chemical environments. In this context the random-phase approximation (RPA) offers a promising avenue, because it overcomes the deficiencies of
LDA/GGA by combining “exact exchange” and a correlation energy based on the
renormalized (screened) Coulomb potential that is finite for metallic systems and
takes vdW interactions into account automatically. The RPA is currently experiencing its own revived interest, facilitated in parts by the steady increase in available
computer power, and a critical assessment of the RPA is beginning to emerge.
RPA has recently been implemented in the electronic structure code FHI-aims
[1]. We perform our RPA calculations as a post-correction to either a self-consistent
DFT or Hartree-Fock (HF) ground state calculation. Test calculations on the atomization energies of small molecules reproduce available literature values very well
[2]. For CO@Cu(111) we demonstrate that RPA does overcome the pathologies of
LDA/GGA recovering the correct (on-top) adsorption site [3]. The adsorption energies themselves are also in good agreement with available experimental data [3].
The underlying mechanism of this improvement is analyzed in terms of the excitation spectrum of CO@Cu(111) computed with the GW method. In addition, we
demonstrate for a large set of weakly bonded molecules that the vdW description
intrinsic to RPA leads to bonding, however, with a tendency to underbind. Insight
into the origin of this underbinding is offered by analyzing the influence of different
input orbitals (KS or HF) on “exact exchange” and correlation separately.
(∗)
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Insight Into Ice Growth on Metal Surfaces:
Revising Simple Water Adsorption Concepts
Javier Carrasco and Angelos Michaelides(∗)
Heterogeneous nucleation of water plays a key role in fields as diverse as atmospheric chemistry, astrophysics, and biology. Ice nucleation on metal surfaces offers
an opportunity to watch this process unfold, providing a detailed molecular-scale
description of the initial stages of heterogeneous ice nucleation and growth at a
well-defined, planar interface.
Here we discuss density-functional theory studies on a number of metal surfaces
performed with a view to understanding heterogenous ice nucleation and the fundamental nature of the water-metal interaction. Specifically, the structure and dynamics of ice nanoclusters on Ag(111) [1] and Cu(111) [2] have been examined, along
with 1D and 2D ice structures that form on Cu(110) [3]. These systems reveal an
unanticipated structural adaptability of metal supported water-ice films. For example, the nanometer wide water-ice chains experimentally observed to nucleate and
grow on Cu(110) are built from a face-sharing arrangement of water pentagons. This
is the first characterization of an extended ice structure built from pentagons and
we show that pentagons are favored over other structures because they achieve optimal bonding of the water molecules to the substrate while maintaining a strong
hydrogen-bonding network. Similarly, the widely studied c(2×2) overlayer for water
on Cu(110) is shown to be stabilised through the presence of defects in the hydrogen bonded network: with the adlayer molecules “pinned” to specific adsorption
sites, so called Bjerrum defects relieve strain that would otherwise be present in the
overlayer.
Overall, these results reveal that the structure and reactivity of water and ice
at even simple close-packed metal substrates is more complex than hitherto appreciated. The subtle interplay of bonding within the overlay and to the substrate
conspires to yield a rich variety of structures and clearly shows that previous assumptions of universally applicable models such as bilayer ice growth need to be
revised.
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Structural Analysis of Silica-Supported Vanadia by X-ray
Absorption Spectroscopy: DFT Cluster Results Explain the
Experiment
Matteo Cavalleri, Klaus Hermann, Axel Knop-Gericke(∗) , Michael Hävecker(∗) ,
Rita Herbert(∗) , Christian Hess(†) , Andreas Oestereich(∗) , and Robert Schlögl(∗)
The initial view [1] of monomeric VOx species dominating the catalytic activity
on silica support assumes that monomeric and polymeric Vx Oy species can be discriminated by vibrational spectroscopy. However, this view has been questioned
by a recent study [2] combining infrared and Raman spectroscopy with densityfunctional theory (DFT) calculations. The results strongly suggest that vibrational
spectroscopy may not allow definitive conclusions about the presence of different
Vx Oy species in the catalyst. This asks for alternative spectroscopic methods as well
as more detailed theoretical studies.
We have performed DFT calculations on oxygen core excitations in vanadia-silica
model clusters which can be compared with X-ray absorption fine structure (NEXAFS) measurements near the oxygen K-edge of vanadia model catalysts supported
by SBA-15 silica. This allows us to identify structural details of the vanadia species
[3, 4] beyond vibrational analyses. The calculations, applying the StoBe cluster code,
are based on vanadia silica model clusters whose structures are identical with those
of Ref. [2] to enable a direct comparison of the electronic structure of the particles.
Calculated O 1s core excitation spectra for differently coordinated oxygen are found
to provide a clear discrimination between the different species and can be used to
explain the experimental O K-edge NEXAFS spectrum for vanadia/SBA-15. The
broad asymmetric peak near 530 eV in experiment is assigned to O 1s core excitations in the vanadia particles while contributions from oxygen inside the support
are found to dominate for excitation energies larger than 534 eV. Further, the excitation spectra of differently coordinated oxygen in vanadia differ considerably in
their energy distributions. This can explain the asymmetric shape of the experimental peak and suggests very strongly that a mixture of monomeric and polymeric
vanadia species exist at the SBA-15 support in constrast to the conventional view.
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The System Chemistry of an Alloy Catalyst:
The Example of Ethylene Epoxidation over Ag-Cu Particles
Simone Piccinin(∗) , Catherine Stampfl(†) , Spiros Zafeiratos(‡) , Túlio Rocha(§) ,
Michael Hävecker(§) , Detre Teschner(§) , Axel Knop-Gericke(§) , Robert Schlögl(§) ,
and Matthias Scheffler
Silver-copper alloys have been proposed as catalysts for ethylene epoxidation due
to their superior selectivity compared to pure silver, the predominant catalyst for
this reaction [1]. By means of density-functional theory and ab initio atomistic thermodynamics, we study the surface structure and morphology of Ag-Cu particles in
constrained thermodynamic equilibrium with an oxygen and ethylene atmosphere.
At variance with the common assumption of the formation of a two-dimensional (2D)
surface alloy, we find that at temperatures and pressures of interest for practical applications the particles can display a variety of structures with similar energetics.
These include thin Cu surface-oxides in coexistence with clean Ag [2], while the 2D
alloy is not predicted to be stable. The catalyst is therefore likely to dynamically
evolve among these structures under reaction conditions.
These findings are in agreement with in situ photoelectron spectroscopy experiments performed with Ag-Cu particles (diameter > 100 nm, 2.5% Cu) at 520 K and
total pressure of 0.5 mbar (1:2 O2 :C2 H4 ). Under pure O2 or reaction atmosphere,
the segregation of Cu to the surface was greatly enhanced (up to 50 times). Moreover, Cu oxide was predominantly found on the surface, instead of the metallic or
alloyed states [3]. On the predicted surface structures, we identify different reaction
pathways that will compete and/or synergetically interplay in the catalysis. In general, we find that the structure-dependence of the reaction is significant and often
the reaction does not proceed through the formation of (meta) stable intermediates.
This is at variance with the case of clean Ag, where a common intermediate has
been experimentally identified for the selective (formation of ethylene oxide) and
unselective (total combustion leading to CO2 ) paths. Analyzing the competing reactions, we discuss how the addition of Cu improves the selectivity and stress the
overall importance of accounting for the effect of ambient conditions.
(∗)
(†)
(‡)
(§)

Present address: CRN-INFM DEMOCRITOS, Trieste, Italy.
Permanent address: School of Physics, University of Sydney, Australia.
Permanent address: LMSPC-UMR 7515 du CNRS, Strasbourg, France.
Department of Inorganic Chemistry, Fritz-Haber-Institut.

[1] S. Linic, J. Jankowiak, and M. A. Barteau, J. Catal. 224, 489 (2004).
[2] S. Piccinin, C. Stampfl, and M. Scheffler, Phys. Rev. B 77, 075426 (2008).
[3] S. Piccinin et al., in preparation (2009).

126

TH 16

NHx and Hydrogen at Vanadium Oxide Catalysts:
Theoretical Results for Adsorption, Diffusion, and Reaction
Mathis Gruber and Klaus Hermann
Various selective oxidation reactions such as the Selective Catalytic Reduction (SCR)
of NOx or the ammoxidation of propane / propene to acrylonitrile are processed on
vanadium based metal-oxide (VOx ) catalysts in the presence of ammonia. Experiments show that at these catalyst surfaces intermediates NH2 , NH3 , and NH4 are
involved in the reactions [1, 2] where adsorption and (de)hydrogenation of NHx ,
x < 4, contribute elementary steps. In order to examine details of these elementary
steps at VOx surfaces we have performed theoretical studies employing densityfunctional theory together with gradient corrected functionals. The VOx substrate
is modeled by large clusters cut out from the ideal V2 O5 (010) surface where peripheral oxygen bonds are saturated by adding hydrogen. Apart from the perfect oxide
surface we also consider differently reduced surfaces by introducing oxygen vacancies. The reacting species NHx and hydrogen are assumed to interact as adsorbates
based on Langmuir-Hinshelwood type mechanisms. In addition to adsorption energetics, we also determine diffusion and reaction paths with corresponding barriers
using a Nudged Elastic Band (NEB) scheme.
Our calculations show first that the presence of the perfect VOx surface lowers
the dehydrogenation energy of NH3 considerably compared with the corresponding gas phase reaction (which is examined separately using the same theoretical
methods). However, this lowering is not sufficient to make dehydrogenation of NH3
likely to happen, opposite to results obtained for iron as a catalyst [3]. In contrast,
near oxygen vacancies at the reduced VOx surface NH3 dehydrogenation becomes an
exothermic process which can explain the existence of adsorbed NH2 intermediates
observed in the experiment [1, 2]. In addition, hydrogenation of NH3 adsorbed at
both the perfect and reduced VOx surface turns out to be strongly exothermic in
the calculations, again consistent with the experimental findings. The calculations of
diffusion paths and corresponding barriers show that NHx and hydrogen are rather
mobile at the VOx surface. In particular, optimized diffusion barriers for the most
strongly bound adsorbate species, NH4 , are quite low and connected with a tumbletwist motion as can be seen in corresponding diffusion animations.
[1] G. Busca et al., Appl. Catal. B 18, 1 (1998).
[2] G. Centi and S. Perathoner, J. Catal. 142, 84 (1993).
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Evidence for Hot Adatom Motion
from First-Principles Molecular Dynamics
Jörg Meyer and Karsten Reuter
The initial stages of the oxidation of metal surfaces are still far from being understood – despite their essential importance for example in the field of oxidation
catalysis. In view of the exothermicity of the dissociative adsorption of O2 at most
metal surfaces, one fundamental question concerns the energy dissipation into substrate degrees of freedom. If sufficiently slow, this could give rise to a transient
mobility of the adsorbed, but not yet equilibrated oxygen atoms. Corresponding hot
adatoms have been frequently proposed and discussed in the experimental literature
(see e.g. [1] and references therein) and could be an important ingredient to account
for in coarse-grained microkinetic models of catalytic oxidation reactions.
Using the dissociative adsorption of thermal O2 at the Pd(100) surface as a showcase, we investigate this phenomenon with a multi-faceted first-principles molecular dynamics (MD) approach. First, we evaluate the initial steering of impinging
molecules in the corrugated surface potential by performing MD simulations on
a neural network interpolated potential energy surface as computed with densityfunctional theory (DFT) and assuming a frozen substrate. Spatial distributions obtained by averaging over a million trajectories clearly show a single dominant and
barrierless entrance channel, rationalizing the experimentally determined near-unity
sticking coefficient [2]. Applying a perturbative approach [3] to selected trajectories
to account for electronically non-adiabatic effects we estimate that energy dissipation into electron-hole pairs is insignificant during this initial encounter.
To study the dissipation into substrate phonons we finally perform ab initio MD
simulations including full substrate mobility and starting from molecular configurations corresponding to the determined entrance channel. Within the limits imposed
by the periodic boundary conditions of the employed large supercell we indeed observe that the dissociation process gives rise to hot O adatoms with a transient
mobility over several surface unit-cells. In order to assess the effect of phonon reflections at the supercell boundaries we develop an approach that allows to embed the
DFT slab into a large “bath” of Pd atoms described by a modified embedded atom
potential [4] which we have re-parametrized to seamlessly fit our DFT data. First
simulations using this new “QM/metal” approach confirm the hot adatom motion,
in fact with an even faster dynamics due to the increased substrate mobility.
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Anomalous Size-Dependent Cu-Island Dynamics on Ag(100)
Michael Rieger, Christopher Zaum(∗) , Karina Morgenstern(∗) , and Karsten Reuter
Island diffusion at metal surfaces is a much studied phenomenon due to its role in
determining the island density, morphology, and therewith eventually the entire film
structure in thin film growth. Particularly, in heteroepitaxial systems unusually fast
and complex diffusion mechanisms have been identified even for larger islands, with
concomitant consequences for the mass transport during growth. For sub-monolayer
Cu islands at Ag(100) fast scanning tunneling microscopy (STM) measurements
suggest that the large lattice mismatch might similarly drive such an anomalous
dynamics, this time in fact by favoring a complex reconstruction of the entire island
structure. Here, islands containing more than 80 atoms are found to exhibit a diffusion and decay behavior similar to the one of homoepitaxial Cu and Ag islands
on Cu(100) and Ag(100), respectively. On the other hand, STM images of smaller
islands indicate a complex geometry with Cu atoms partly adsorbed in bridge sites,
and a corresponding diffusivity and decay time that is significantly higher than any
previously measured value.
These experimentally observations are supported by our density-functional theory (DFT) calculations, which also yield a reconstructed geometry for islands in
this size range. Simulated STM images of these islands show similar motives as seen
in the experimental images and rationalize the measured apparent lower height of
the reconstructed structures in terms of a local change in the electronic structure
of the adsorbed Cu atoms. The calculated energy gain due to the reconstruction
decreases for islands with increasing size. Together with the known higher stability of a monolayer Cu film at Ag(100) with all atoms in the fourfold coordinated
hollow sites this is consistent with the experimental observation of a turnover from
the reconstructed island structure to homoepitaxial islands at a critical island size,
which, however, is beyond that accessible with direct DFT calculations. In order
to arrive at a theoretical estimate, we therefore parameterize a three-dimensional
Frenkel-Kontorova (FK) model with the DFT data. In this model, the surface bonding potential is taken to be that of an isolated Cu atom at Ag(100), while the
intra-island interactions are approximated by a pair interaction determined by the
surface intermediated interaction energy of a pair of Cu atoms at the Ag surface.
This computationally undemanding FK model is employed to investigate the critical size for island reconstruction and the different diffusivity of the two island types
through extensive simulated annealing and molecular dynamics simulations.
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First-Principles Approach to Heat and Mass Transfer
Effects in In-Situ Studies of Model Catalysts
Sebastian Matera and Karsten Reuter
First-principles kinetic Monte Carlo (1p-kMC) simulations have evolved into an
important tool in the modeling of heterogeneous catalytic processes. The success
of the approach relies on the accurate treatment of two central aspects for the
reactive surface chemistry: A first-principles description of the involved elementary
processes and an evaluation of their statistical interplay that fully accounts for the
correlations, fluctuations and spatial distributions of the chemicals at the catalyst
surface. In particular, for technologically relevant environments, i.e., at near-ambient
pressures and elevated temperatures with concomitant higher product formation
rates, a third aspect in form of the heat and mass flow in the system becomes
increasingly important. During corresponding steady-state operation this concerns
for instance the transport of formed products away from the active surface and how
efficiently the large amount of heat generated by the exothermic surface reactions
can dissipate into the system.
We investigate such effects with a first-principles based multiscale modeling approach which integrates accurate 1p-kMC simulations for the surface kinetics into
a computational fluid dynamics modeling of the macro-scale flow structures at the
level of solving the continuum Navier-Stokes equations. Considering a stagnation
flow geometry as a model for in-situ measurements over single-crystal model catalysts, we focus on RuO2 (110) as a representative substrate for the frequently studied
CO oxidation reaction [1]. We find the intrinsic catalytic function to be significantly
masked at the high conversion rates reached at near-ambient gas-phase conditions.
Here, two crucial and hitherto largely unappreciated factors specific to the model
catalyst geometry are the degree of heat dissipation at the back of the thin sample
and the propensity to build-up a product boundary layer above the flat-faced surface
[2]. If corresponding limitations are not appropriately accounted for in both experiment and theory, wrong mechanistic conclusions about the atomic-scale surface
kinetics at technologically relevant gas-phase conditions may easily arise, thereby
preventing a qualified discussion of a possibly different surface chemistry across the
pressure gap from ultra-high vacuum to in-situ.
[1] K. Reuter and M. Scheffler, Phys. Rev. B 73, 045433 (2006).
[2] S. Matera and K. Reuter, Catal. Lett., accepted (2009).
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Secondary Structure of Polyalanine Peptides in Vacuo:
Computational Spectroscopy and
Density Functional Theory
Mariana Rossi, Volker Blum, Peter Kupser(∗) , Gert von Helden(∗) ,
Frauke Bierau(∗) , Gerard Meijer(∗) , and Matthias Scheffler
Predicting the secondary structure of polypeptides in vacuo provides a means to
verify and sharpen our quantitative understanding of the intramolecular interactions
that govern the structure, folding, and misfolding of proteins. We here address the
structure of Alanine-based peptides Ac-Alan -LysH+ (n=5,10,15), for which a helical
secondary structure was indicated by earlier gas-phase experiments [1].
Using van der Waals corrected [2] density-functional theory (DFT) as implemented in the all-electron FHI-aims code [3], we present vibrational “computational
spectroscopy” for all three molecules, both in the harmonic approximation and anharmonic (through Born-Oppenheimer molecular dynamics and the dipole-dipole
autocorrelation function). Our results are corroborated by comparing calculated vibrational spectra to multiple photon IR spectroscopy data, obtained at the FELIX
free electron laser for the molecules at room temperature. For the longer molecules
(n=10,15), α-helical structure models provide good qualitative agreement between
theory and experiment already in the harmonic approximation.
For Ac-Ala5 -LysH+ , an unambiguous helical structure assignment is questioned in
the literature [4]. We thus perform an extensive conformational search, including the
quantitative comparison of different DFT-GGA functionals, in two steps. We first
pre-screen O(105 ) conformers in a basin-hopping search, using the opls-aa force field.
We then take a wide range of the resulting structure candidates (125 structures total)
and post-relax them in DFT. To take into account the possibility of systematic errors
in the force field (e.g. systematic underestimation of the stability of 310 helices), we
consider the lowest-energy force field candidates from different structure families by
explicit constraints.
The predicted lowest energy structure (“g-1”) in van der Waals corrected DFT
(PBE, revPBE, and BLYP) is not a simple helix, showing instead an “inverted”
hydrogen bond (oriented against a possible helix dipole). The qualitative differences
between the harmonic spectra of different structure prototypes (g-1, α-, or 310 helical) do not yet allow for an unambiguous structure verification. The computed
anharmonic spectra (300 K) are markedly improved and show the predicted “g-1”
conformer to be clearly consistent with experiment.
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Accurate van der Waals Interactions from
Ground-State Electron Density
Alexandre Tkatchenko and Matthias Scheffler
An accurate description of van der Waals (vdW) forces remains a grand challenge for
current electronic structure theories. At present, only high-level quantum-chemical
methods [e.g. coupled cluster with single, double and perturbative triple excitations, CCSD(T)] can attain a consistently accurate description of vdW interactions.
Unfortunately, CCSD(T) is limited to rather small systems due to its high computational cost and steep O(N 7 ) scaling with system size. In contrast, all popular
local-density or gradient corrected exchange-correlation (xc) functionals of densityfunctional theory (DFT) and the Hartree-Fock (HF) approximation fail to describe
the vdW attraction. Even on average more accurate Møller-Plesset second-order
perturbation theory frequently yields unsatisfactory results.
One of the efficient approaches to describe vdW interactions is the summation of
appropriately damped interatomic C6 R−6 terms, inspired by the asymptotic dispersion energy expansion between two spherical atoms. The main shortcoming of this
approach is that it contains many empirical parameters (at least two per every atom
type in a molecule) and does not take into account the changes in the C6 coefficients
due to different chemical environments of an atom. In order to improve the accuracy
and transferability of the C6 R−6 approach, we have developed a method to obtain
all the parameters (C6 coefficients and vdW radii) self-consistently from the molecular ground-state electron density [1]. We achieve a mean absolute error of 5.5%
for the C6 coefficients when compared to reference experimental data – a significant
improvement over existing methods based on ground-state and even excited state
wavefunctions. Furthermore, our dynamic definition of the vdW radius of an atom
in a molecule turns out to be crucial to describe vdW and hydrogen-bonded systems
on equal footing.
We present applications of our approach for correcting both DFT [1] and MP2
[2] calculations for a range of systems bounded by hydrogen bonding, electrostatics,
and dispersion. Both DFT+vdW and MP2+∆vdW perform remarkably well when
compared to CCSD(T) binding energies, with the latter showing a mean absolute
error of just 3 meV from the reference data. While PBE+vdW provides a good geometry, for the energetics and electronic structure such efficient geometry optimization
should (in some cases) be followed by a PBE-hydrid+vdW calculation [3].
[1] A. Tkatchenko and M. Scheffler, Phys. Rev. Lett. 102, 073005 (2009).
[2] A. Tkatchenko et al., J. Chem. Phys., in print (2009).
[3] N. Marom et al., submitted to J. Chem. Theory Comput. (2009).
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Boosting FHI-aims: A “Conventional”, Massively Parallel
Eigensolver that is not a Bottleneck for All-Electron DFT
Volker Blum, Rainer Johanni(∗) , Felix Hanke, Hermann Lederer(†) ,
and Matthias Scheffler
(Massively) parallel computer architectures are becoming increasingly abundant,
and efficient parallel algorithms for electronic structure theory on such platforms
are thus a strong priority. In the context of our all-electron electronic structure code
FHI-aims [1], we tackle a key computational step on such architectures: the solution
of the Kohn-Sham generalized eigenvalue problem. Specifically, we demonstrate the
utility of a conventional, (Sca)lapack-like [2] eigensolver across ≈10,000 CPUs (IBM
BlueGene/P), an endeavour that is often considered futile because of the relatively
early scalability limits of standard implementations (Scalapack).
In FHI-aims, the Kohn-Sham equations are solved using numeric atom-centered
basis functions, yielding accurate basis set convergence already for rather small basis sets [1]. Compared with the numerical work required to set up the Hamiltonian
and overlap matrices, the size of the eigenvalue problem thus stays rather small,
and a conventional solver (Scalapack) does not dominate even for system sizes up to
hundreds of atoms. Note that the use of a robust, conventional eigensolver scheme
is beneficial in an all-electron implementation (no frozen core) with relatively few
basis functions: The wide spectrum of core and valence eigenvalues makes it more
challenging to find sufficiently efficient preconditioning schemes for competing iterative solvers [3]. To fairly determine (and maximize) the system size where the
eigensolver becomes dominant, we must additionally ensure optimal efficiency for all
other operations to set up the Hamiltonian (density, potentials, and integrations).
We thus also detail how to choose efficient but accurate integration grids and related
techniques (partitioning of unity, rigorous cutoff of basis function tails) in FHI-aims.
For IBM’s BlueGene architecture, and by carefully avoiding excess communication operations in all computational steps, we show that the scalability limit of conventional (Scalapack-type) eigensolvers for large systems (1000 light-element atoms)
can be pushed up to about 10,000 CPUs. In addition, the resulting solver is ≈1.5
times faster even on architectures where parallel scalability is not the bottleneck.
Finally, special steps are taken to minimize communication overhead also for small
systems (10-100 atoms), where eigensolver scalability for 1,000s of CPUs can not
necessarily be achieved due to lack of real numerical work, but where excessive communication can still become a bottleneck, e.g. for ab initio molecular dynamics.
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History and Foundations of Quantum Physics –
A Joint Project of the MPIWG and the FHI
Arianna Borrelli, Bretislav Friedrich(∗) , Edward Jurkowitz,
and Volker Blum
The project reexamines the genesis and the development of quantum physics using
the historiographical tools previously developed at the MPIWG for studying the
history of classical mechanics and of the theory of relativity. The development of
quantum mechanics is regarded as a long-term process of theory change that unfolded within a continuum of scientific methods and institutional structures. The
research of the core group at the MPIWG and FHI is embedded within an interdisciplinary and international network of scholars to ensure a broad perspective on the
subject.
At the FHI, Arianna Borrelli and Bretislav Friedrich are investigating the evolving
role of symmetry arguments in quantum theory. By 1918, Emmy Noether established
the connection between the symmetries of classical Hamiltonian systems and conservation laws. In 1926-1927, it became apparent that the linearity of Schrödinger’s
equation renders symmetry arguments even more powerful in the quantum domain
than in the classical one. Aided by group theory, Eugene Wigner could demonstrate
in 1927 that the vanishing of certain transition probabilities, captured within the
old quantum theory by empirical selection rules, was in fact a consequence of the
symmetry properties of the system’s Hamiltonian. Those same properties were also
shown to result in a new, quantum-theoretical notion of a conservation law. One of
Borrelli and Friedrich’s subprojects focuses on the transformation of the notions of
angular momentum and rotational invariance, another on the non-crossing rule as
a cornerstone of both spectroscopy and collision theory. Both subprojects attest to
the pioneering role of Wigner in applying algebraic methods in quantum mechanics.
Wigner completed his PhD in 1924 at what is the FHI today, and stayed on in Berlin
between the FHI and the TU Berlin (then Technische Hochschule Charlottenburg)
until 1932.
Edward Jurkowitz and Volker Blum examine the origins and emergence of computational theoretical methods for a quantitative, quantum-mechanical description
of atoms, molecules, and the solid state. The focus is on John C. Slater and Douglas
Hartree and their efforts to calculate accurate wavefunctions and energies for manyelectron systems. The project has traced the intellectual and institutional contexts
at MIT and Cambridge University, respectively, that crucially shaped Slater’s and
Hartree’s approaches to physics: in particular, their use of analog computing devices such as MIT’s Differential Analyzer to develop new theoretical approaches and
computational techniques to determine quantum properties for increasingly complex
physical systems. More generally, the project examines how, as computing physicists gradually began to perform calculations on, and simulate physical systems too,
complex to be tractable by means of simpler analytical approaches, a distinct set
of computational-theoretical values and standards developed, including especially a
focus on the accuracy of simulations to avoid spurious coincidences between theory
and experiment, and to identify novel physical processes.
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