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Report of the Executive Director

Within the reporting period from late 2007 to late 2009 the Institute continued to
generate a large number of important and well-received scientific findings in its
research area, as illustrated by the following reports of the individual departments
which describe the research agenda and the individual achievements in detail.

The institute has continued to further strengthen its collaborative efforts, and to
achieve an even greater coherence of the research activities pursued by the
different departments. The institute covers, in its experimental and theoretical
studies, a wide range of phenomena of Physical Chemistry ranging from
heterogeneous catalysis via surface science of nanostructures and clusters to the
study of spatio-temporal dynamics of chemical reactions and their elementary
processes, and to the manipulation and control of gas phase molecules. In all these
fields, the institute has developed focal points of common research interests,
engaging the wide spectrum of competences available in the different
departments.

The resulting unified view on research topics in the Kollegium helped the institute
to become involved in multiple and leading roles within collaborative activities in
the research landscape of the Berlin region. A highlight of these activities was the
start of activities within the cluster of excellence (COE) “Unifying Concepts in
Catalysis” that was funded by the special “Exzellenzinitiative” of the Federal
Government, and started successfully within the reporting period. All departments
of the FHI actively participate in this cluster. The CP department focuses the
participation and represents the Institute in the governing board of the COE. In
parallel to this substantial effort, the institute continues to participate actively in 4
other collaborative research centers of the Deutsche Forschungsgemeinschaft
(SFB: Sonderforschungsbereich: SFB 450, 546, 555, 658) in which strong and
focused collaborative activities connect the institute with all three Berlin
universities and other research institutes.

The most spectacular and exciting single event in the reporting period was the
award of the Nobel Prize for chemistry to G. Ertl in 2007. The fact was already

known at the meeting of the last Fachbeirat but the award was presented to G. Ertl
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on December 10, 2007. The laureate was kind enough to invite the Kollegium
and the president of the MPG as personal guests to the ceremony and to multiple
surrounding events. This week at Stockholm will be unforgettable for all of us.
The invitation was also extended to the - at the time - candidate for the vacant
director position Prof. M. Wolf who also can be seen on the photographs taken

around the event.

Coovriaht & The Nobel Foundation 2007

The Kollegium created the Gerhard Ertl Lecture as a named lecture series on
scientific aspects related to Gerhard Ertl’s work. The lecture, kindly sponsored by
BASF ES Ludwigshafen, will be held annually around the day of the Nobel prize
ceremony. It is awarded in collaboration with partnering universities of the
UniCat cluster (TUB, HUB, FUB) and held at locations of the partnering

universities. A selection committee with representatives from all partnering
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organizations awarded the first lecture in 2008 to Prof. G. A. Somorjai and the
lecture in 2009 to Prof. J. K. Ngrskov.

The FHI also initiated, in collaboration with the German Physical Society (DPG),
and sponsored by Elesevier Publishers, the Gerhard Ertl Young Investigator
Award that will be presented for the first time at the DPG spring meeting in 2010.

The Noble Prize awarded to G. Ertl created a long wave of additional honors and
awards for the laureate. The FHI is proud and very happy that G. Ertl continues to

be actively engaged in the institute and to pursue his scientific activities.

Selected honors of G. Ertl for the reporting period 2007- 2009

2007  Honorary Fellow Royal Society of Chemistry

2008  Honorary Member Physikalischer Verein, Frankfurt a.M.

2008  Honorary Member European Academy of Sciences and Art

2008  Honorary Member Berliner Wissenschaftliche Gesellschaft

2008  Honorary Member GDCh (German Chemical Society

2008  Honorary Member Dechema (German Society of Chemical
Technology)

2008  Honorary Member Deutscher Hochschulverband

2007  Otto-Hahn-Preis Gesellschaft Deutscher Chemiker, Deutsche
Physikalische Gesellschaft and the City of
Frankfurt/M.

2008  Verdienstmedaille Land Baden-Wiirttemberg

2008  Dr. honoris causa Queen’s University Belfast

2008  Dr. honoris causa Technische Universitat Miinchen

2008  GroRes Bundesverdienst- President of the Federal Republic

kreuz mit Stern of Germany

2008  Nicolaus Copernicus Medal Polish Academy of Sciences

2008  Diesel Gold Medal Deutsches Institut fir Erfindungswesen

2009  Dr. honoris causa Humboldt-Universitat zu Berlin

2009  Dr. honoris causa Comenius University, Bratislava

2008  Ertl Center for Electrochemistry and Catalysis (Gwangju Institute of Sciences
and Technology, S. Korea)

2008  Integrierte Gesamtschule Gerhard Ertl, Sprendlingen/Rheinhessen

2008  Gerhard Ertl Building (Faculty of Chemistry & Pharmacy, Ludwig-
Maximilians-Universitat, Minchen)
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A most important event was the successful conclusion of the appointment process
of M. Wolf to the position of Director of the Department of Physical Chemistry.
The Beirat was informed about the nomination at its last meeting. In the
meantime, the appointment process progressed smoothly, and the appointment
negotiations were concluded in mid-2008. Prof. M. Wolf will report on his views
and activities in a separate presentation at the opening session of the Beirat
meeting. For the initial scientific activities see the report of the PC department.
The new department of Physical Chemistry has begun to actively pursue its work,
partly on the premises of the institute, thanks to a joint effort of all other
departments who contributed to a provisional solution for experimental space for
the department. The main burden carries the MP department, where the long
awaited experimental hall in building D after complete refurbishment was
provisionally handed over to the PC department for the installation of new
experimental facilities.

The research of Prof. M. Wolf requires exceedingly high standards for the
laboratory environment. After detailed feasibility studies and extensive pre-
planning it was decided to change the master plan of the FHI building and
infrastructure renovation, and to construct a completely new building for the PC
department at the location of the now existing buildings G, H, J which will be
demolished. The original building A of the PC department is currently being
refurbished to house, as a central institute facility, a newly designed
library/common room, the administration and some additional central facilities.
The first floor will house office space for the PC department.

The preparations for installing a free-electron laser (FEL) infrared radiation
facility have moved forward rapidly. Following the decision of the MPG to fund
the construction of this facility at the FHI in August 2008, a team within the MP
Department has been planning the FEL and the associated infrastructure on the
campus. The envisioned IR-FEL, consisting of a 50 MeV electron linac and two
undulator beamlines, is presented in detail on Poster MP21. For the design of the
FEL, collaboration with Forschungszentrum Dresden-Rossendorf (IR-FEL facility

FELBE) has been initiated. In a worldwide open tendering procedure, the US
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company Advanced Energy Systems, Inc. (Medford, NY) has been chosen among
three applicants to design, manufacture, and install the electron linac.

Since operating an electron beam at this energy produces a significant amount of
y-ray Bremsstrahlung, the FEL needs to be installed in a radiation-safe vault. To
this end a new building, dedicated to house the FEL, has been planned. The FEL
vault will be located in the basement such that efficient radiation shielding will be
achieved by sand at three sides and a thick wall of special high-density concrete
on the fourth side. In addition, a 2.5-m-thick concrete ceiling will limit radiation
exposure in the building’s ground floor to less than the maximum permitted dose
levels. The institute submitted in June 2009 an application (including
comprehensive radiation safety calculations) for an official permit to setup the
FEL to the Berlin state authority. At the same time the architects submitted an
application for getting the official permit for building construction (“Bauantrag”).

Both permits are anticipated to be issued in November 2009, thereby allowing
construction to start, according to schedule, in January 2010. We anticipate to
occupy the building no later than December 2010; by then, design and fabrication
of the FEL will be finished too. Thus, installation can start in early 2011 and
commissioning could start in the summer of 2011.

The new building is depicted in the Figure below. It will be located on the present
site of a parking lot next to building D. A walkway will bridge the 5 m separation
between the buildings. While the FEL and all its auxiliary devices will be located
in the basement, the ground floor will accommodate the infrastructure for air-
conditioning, cooling water, etc. Experiments from all four experimental
departments of FHI will be set up in Building D, where 425 m? of lab space are
available in the basement and on the ground floor. The IR radiation will be steered
by mirrors through a vacuum pipe from the FEL vault to Building D and further
on to the user stations.
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New FEL building on FHI campus

25, 285

These major activities would not be possible without the constant and continuous
scientific progress in all departments of the institute. These results are
documented in the number of publications, appearing at a rate of about one paper
per working day. A similar number of invited talks from staff scientists represent
another focus of communication and dissemination activities. These activities are
recognized by the community in a substantial number of citations (10225 in 2007,
12175 in 2008 and 9631 until 1.09.2009, 4221 average citations per year over 20
years) and in honors and appointments for members of the institute. A selected list
of honours in the reporting period includes:

e Hans-Joachim Freund was elected as Member of the German Academy of
Sciences Leopoldina, Halle, (April 2009). He also received the V. N.
Ipatieff Lecture Award, Northwestern University, Center for Catalysis and
Surface Science (March 2008), and was elected Chairman of the
University Council, University Erlangen-Nirnberg (December 2007)
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e Thomas Risse was awarded the Nernst-Haber-Bodenstein Award 2008 of
the Deutsche Bunsengesellschaft fir Physikalische Chemie

e Jochen Kupper was awarded the Nernst-Haber-Bodenstein Award 2009 of
the Deutsche Bunsengesellschaft fiir Physikalische Chemie

e Swetlana Schauermann received the Fellowship of the Robert Bosch
Foundation-Excellence and Leadership Program Fast Track (2008-2010)

e Hendrick L. Bethlem received an ERC Starting Grant and accepted a
permanent position (“Universitair Docent”) at the Free University of
Amsterdam, The Netherlands, in January 2008

e Matthias Scheffler was awarded the Ernst Mach Honorary Medal for Merit
in the Physical Sciences by the Academy of Sciences of the Czech
Republic in November 2008

A number of graduate students of the institute received the Otto Hahn Medal of
the Max-Planck society for excellent thesis work: Dr. Tobias Schalow,
Department CP (2007), Dr. Sebastiaan van de Meerakker (2008), Department
MP, Dr. Sophie Schlunk (2009), Department MP.
Several members of the institute left during the reporting period to take up
academic positions:

o Friederike Jentoft took up a professorship at Oklahoma State University in

2008

e Christian Hess took up a W3 professorship at Darmstadt University in
2008

e Kazuo Watanabe left the group effective November 01, 2009, to accept a
postdoctoral associate position at Oak Ridge National Laboratory

e Dario Stacchiola was appointed to an Assistant Professorship at Michigan
Technology University

e Zhihui Qin was appointed Associate Professor at Wuhan Institute of
Physics and Mathematics (WIPM) of the Chinese Academy of Sciences

e Hiroko Ariga was appointed Associate Professor at Hokkaido University,
Japan

e Steven Hoekstra, post-doc since May 2005 and group leader since early

2008, accepted a tenure-track Assistant Professor position at the KVI in
Groningen, The Netherlands, starting November 2009
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Andreas Osterwalder received a “Forderprofessur des Schweizerischen
Nationalfonds”, or SNSF Professorship, at the EPFL, Switzerland,
effective May 2009

Hong Jiang accepted an offer for a professorship from the College of
Chemistry at Peking University (Institute for Theoretical and
Computational Chemistry) (June 2009)

Karsten Reuter was offered full professorships by the University of Kiel
(Germany), the University of Amsterdam (Netherlands), and the Tech-
nical University of Munich (Germany). He accepted the latter offer for a
chair in theoretical chemistry, but will stay with us “im Nebenamt” with a
20% appointment for one more year. His plan is to move fully to Munich
in the Summer 2010

Hardy (E.K.U.) Gross has been a Max Planck Fellow at the institute since
2006. Recently, he accepted the offer to become a Director at the Max
Planck Institute for Microstructure Research in Halle. He has been there
since October of this year, and consequently his Max Planck Fellow
status and his group have just ended

The institute finds itself in a stable financial situation. The flexible accounting
system permits to operate the budget according to scientific needs. The Figure
below shows the development of the budget over the last 7 years. Omitting the
special effects through large grants (“special funds™), the institute operates on a
stable basis of about 20 M€/a from central funding.
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Fritz Haber Institute budget 2002 -2009
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The essential additional flexibility in research comes from funding based upon
grant applications to external funding sources, but also increasingly through peer-
reviewed MPG-internal project actions. External funding comes from a wide
variety of sources, ranging from the Deutsche Forschungsgemeinschaft (DFG)
and the EU and network-funded activities with the national ministry of research
(BMBF) to purely industry-sponsored bilateral projects. Should this trend towards

a substantial role of application-based funding apparent in the reporting period
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continue, then the character of activities in the institute may change from the
solely curiosity-driven research to a larger fraction of program-oriented research.
The numerous large-scale activities that are ongoing in the institute have led the
Kollegium to agree on a master plan for administering the “special funds” section
of the budget. A long-term planning until the year 2013 was proposed, and has
been accepted by the president of the MPG. It bundles the expenditures for the
running appointment grants (G. Meijer and M. Wolf) together with grants for the
free electron laser and its research infrastructure. A substantial upgrade of the
SMART project to be carried out in 2009/2010 is also included in the planning.
The effects of this investment plan can only be seen gradually in the budget
figures but will become manifest throughout the next 4 years with large sums of
investments hiding the trend that was mentioned above.

Execution and administration of the budget has become increasingly more
complex for the institute. Apart from the ever-increasing number of externally
funded projects with their partly extensive regulatory burdens, the internal
operation of the budget has also become increasingly more regulated, requiring
the observation of substantially more rules and procedures. All this is handled by
the administration without additional personnel.

The head of administration Mr. R. Fink left the institute in 2009 to take up a new
position within the MPG. His instrumental support for the institute was taken over
for an interim period by the Administrative Director K. Horn and by the heads
within the administration. The position of R. Fink was filled with N. Jakubzig who
joined the institute on October 1%, 2009. The institute aims at improving the
existing operational and technical safety measures; these include a personalized
web-based safety training, improved safety instruction at experiments and FHI-
standards for laboratory notebooks.

The collaborative actions of the institute extend also to areas of supporting
scientific activities. The institute is engaging in many initiatives within the MPG,
both on the level of the directors and on the level of scientific, administrative and
technical staff. The FHI is “pilot institute” for many new activities from the
central administration such as for the cost-oriented accounting procedures

“Kosten- und Leistungsrechnung” (KLR), for the electronic self-archiving
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activities of the MPDL (eSciDoc) and also creates useful networking activities
amongst Max Planck Institutes. An example is the initiative of the head of our
electronics department, G. Heyne, who organized a 3-day meeting for the
electronics development engineers of the Max Planck Society at the FHI in the
summer of 2009. The idea behind this meeting was to establish direct contacts
between the — often highly specialized — electronics engineers of the various
institutes, and to provide a format for the exchange of ideas and expertise. A total
of 33 colleagues from 21 MPIs came to Berlin, where they informed each other
about ,,typical“ ongoing projects at their home-institutions in short presentations.
These presentations were followed by lively discussions during which it became
clear that often-similar tasks and problems need to be tackled, and that similar
approaches exist at the different MPIs. Possibilities for initiating and optimizing
the collaboration between the MPIs in the field of electronics development were
discussed. In view of the positive resonance from all participants of this first
meeting it was decided to hold such a meeting annually.

For the renovation of its buildings and its technical infrastructure, a master plan
has been effective since the year 2000. In the reporting period, the workshops
were relocated to a central facility (building L) and the refurbishing of the second
building of the MP department (building D) was completed. The first master plan
finishes with the refurbishment of building A. It should be mentioned that the
budget limit of the first master plan was met exactly despite the execution time of
9 years.

The redirection of the usage of building A, the installation of the new PC
department and the construction of the FEL source led to the creation of a second
master plan, and to the assignment of substantial additional funding for building
activities on campus.

The appointment of a new team of architects and civil engineers has permitted, for
the first time, the application of modern planning tools such as finite element
simulation of buildings, and for a complete analysis of the technical infrastructure
including all media supplies. A package of individual measures will be put into
operation in order to upgrade the campus, with a strict timeline dictated by the

necessity to fully provide the new department of M. Wolf with laboratory space
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and infrastructure as fast as possible, and to complete these tasks on time for the
centennial anniversary of the institute in 2011. Intense and complex planning
activities are currently ongoing to prepare for the practical action beginning in
spring 2010 with the completion of building A. All agreements of the MPG
internal bodies have been obtained and the building permission of the new

research building is pending with the national authorities.

Facility management

The extensive construction activities lying ahead, and the resulting creation of a
large number of novel infrastructural systems underline the importance of the
facility management team in the institute. U. Tisini, our technical facility
manager, and U. Reppnow, an expert for construction activities, head this unit.
The team further encompasses 5 technical workers who are in charge of
sanitation, climatization, cooling and electrical supply systems, and 3 gardeners
who take care of the park on the campus. The work of the facility management
team gradually shifts from service and minor modifications of the infrastructure to
advising the external engineers in planning, controlling construction, and
operating of the increasingly complex computer control systems of the technical
infrastructure. The building automation and control network that is under
development in the institute has been made a pilot project for the entire Max
Planck-Society, and requires substantial planning, programming and operation by
the team. It was already reported at the last Beirat meeting that the institute
engages in the development of such a system that will suit the needs of the
scientific departments in controlling a media infrastructure with strongly varying
requirements and with rapidly changing technical specifications. The PP&B
computer support team, headed by H. Junkes adapts this software according to the
needs of the institute. This project has already started before the last Beirat
meeting; is still ongoing and has led to many changes in technical specifications
and in hardware of the technical infrastructure. Through this activity, the institute
also plays a prominent role in efforts of the Max Planck Society for energy

conservation, and for innovative planning of research infrastructure.

30



We expect that this will enable the institute to cope with the challenging
complexity of facility management brought about by the increasing demands of
the experimental facilities and by the need to save on energy resources. To this
end the facility management team was able to significantly reduce the energy
consumption and costs of the institute by technical measures, and by negotiating
better contracts with suppliers at a time where the rising energy cost needs to be

compensated from the research budget.

The managing director wishes to thank the Fachbeirat - on behalf of the whole
Kollegium and the whole Fritz Haber Institute - for its continuous support and
advice over the years and for the intense efforts during the coming meeting. | wish
all of us a stimulating and fruitful session and warmly welcome you all in Berlin
in November 2009.

Robert Schlogl
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International Max Planck Research School
Complex Surfaces in Material Science
Spokesperson:
Hans-Joachim Freund
Coordinator:

Thomas Risse

Members:

Klaus Christmann, FU Harm-H. Rotermund, FHI (until 12/07)
Hans-Joachim Freund, FHI Joachim Sauer, HU

Paul Fumagalli, FU Matthias Scheffler, FHI

Klaus Hermann, FHI Robert Schlogl, FHI

Karsten Horn, FHI Reinhard Schomécker, TU

Gerard Meijer, FHI Helmut Schwarz, TU

Klaus Rademann, HU Helmut Winter, HU

Karsten Reuter, FHI Martin Wolf, FU / FHI

FU: Freie Universitat Berlin; HU: Humboldt-Universitét zu Berlin; TU: Technische Universitat Berlin;
FHI: Fritz-Haber-Institut

PhD-Student Members:

Sebastian Arndt, Germany Bo Li, PR China (until 12/08)

Rosa Arrigo, Italy (until 08/09) Xinzheng Li, PR China (until 07/08)
Martin Baron, Germany Jichun Lian, PR China (08/06 — 09/08)
Hadj M. Benia, Algeria (until 11/08) Rhys Lloyd, UK (until 06/08)

Juraj Bdzoch, Slovakia Erik McNellis, Sweden

David Blauth, Germany Norina A. Richter, Germany (since 05/09)
Tom Cotter, New Zealand (since 07/07) Michael Rieger, Germany (since 12/07)
Carsten Enderlein, Germany Yuriy Romanyshyn, Ukraine (until 06/09)
Gang Feng, P.R. China (since 01/09) Alessandro Sala, Italy (since 06/08)
Philipp Giese, Austria (since 04/09) Pablo Sanchez Bodega, Spain (until 04/08)
Anastasia Gonchar, Russia (since 07/08) Adnan Sarfraz, Pakistan

Mathis Gruber, Austria Philip Schambach, Germany (since 07/09)
Philipp Griine, Germany( until 02/09) Viktor Scherf, Kazakhstan

Jan-Frederick Jerratsch, Germany (since 01/08) Philipp Schmidt-Weber, Germany (until02/08)
Ki Hyun Kim, Korea (until 05/09) Andreas Schuller, Germany

Patrick Kirchmann, Germany (until 02/09) Konrad von Volkmann, Germany
Karolina Kwapien, Poland Yongsheng Zhang, PR China (until 05/08)

Tanya Kumanova Todorova, Romania(until 09/07) Hui-Feng Wang, PR China (since 11/08)
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General Remarks:

The International Max Planck Research School (IMPRS) “Complex Surfaces in

Material Sciences” http://www.imprs-cs.mpg.deis a structured PhD program

creating a platform for PhD students of currently 15 groups located at the Freie
Universitdt Berlin, the Humboldt-Universitat zu Berlin, the Technische
Universitat Berlin, and the Fritz Haber Institute. The school aims at creating a
unique opportunity in terms of cutting-edge research and a thorough training in
the physics and chemistry of surfaces by integrating the expertise of several
research groups. This concept was successfully evaluated in late 2006 and the
second 6 year funding period started in the beginning of 2009.

At the moment the school has 23 students, 12 being financed by funds from the
IMPRS. One of the goals for all International Max-Planck Research Schools is to
attract especially foreign students to participate in these schools. In accordance
with this guideline, currently 52 % of all participants IMPRS are foreign students

which cover a broad range of 11 nationalities.
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years. This decline results form a decrease of the MPG contribution to 365 T€
which was set as the upper limit by the general administration. This reduction of

the budget has forced us to reduce the number of students financed by the IMPRS.
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It should be noted at this point that the general administration has provided extra
funds for the year 2008 in which the originally granted budget was substantially
lower than the in previous years. This reduction of the budget in 2008 was caused
by the funding scheme which provides lower fund at the end of a funding period.
Due to the fact that the school was positively evaluated, this reduction was
compensated by the general administration.

The plan of research of the IMPRS mirrors the development of the surface science
in the last decades away from studies of highly idealized single crystal surfaces
towards complex surfaces and interfaces. The later encompasses multi-phase
systems such as layered systems, nanoparticles, and combinations between
different material classes such as metal-oxide structures. Chemical processes on
surfaces such as elementary processes in heterogeneous catalysis are one example
for questions addressed within the school. This example can be amended by
various other topics ranging from ultrafast electron dynamics to synthetic work in
the field of carbon nanotubes. In addition to experimental work there is a broad
range of theoretical efforts within this school and it is a particular aim of the
school to foster the connection between theory and experiment.

Understanding of the properties of highly complex surfaces at an atomistic level is
not only an interesting scientific subject. These questions are highly relevant for
an ever-increasing number of technological applications. This is reflected, among
other things, by the importance of modern surface analytical tools such as atomic
force microscopy, X-ray photoemission by industry. This overlap of interest in
surface processes creates a high demand for well-trained scientific personnel with
an excellent command of the concepts and techniques of modern surface science.
A variety of activities have been established to accomplish the goals of the school.
Apart from the cutting edge science pursued in the individual PhD projects a
variety of teaching efforts have been established to ensure a thorough training in
the methods, concepts, and theoretical basis of the physics and chemistry of
surfaces. First, block courses on basic as well as advanced topics taking place
every semester (for typical content see attached schedules). As of the winter term
2009/2010 the introductory courses will be organized in collaboration with the

center of excellence “Unifying Concepts in Catalysis”. The school recruits
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students with different backgrounds (chemists, physicists, material scientist). The
lectures pay particular attention to this aspect, thus providing a common
experimental and theoretical knowledge base for more advanced topics and try to
bridge the typical language barriers which exist between fields. The block courses
are amended by lectures on special topics extending and deepening the knowledge
provided in the compact block courses. (A list of lecture courses is attached
below.) A central role plays the seminar program as well as a visiting researcher’s
program. Due to the extensive seminar program within the institute and the
universities in Berlin the school does not have its own seminar series, however,
the students are invited to actively participate in the selection of speakers. The
lively exchange of ideas and an open atmosphere of discussion is a particularly
important prerequisite for the success of such an integrated effort. To this end
regular small workshops are organized. Within these workshops the students
report on the current development of their projects and discuss the achievements
as well as exchange ideas for the future progress of their project with the other
participants of the research school. Excursions to industry (e.g. AMD, SulfurCell)
offer the possibility to acquaint students with the industry perspective of surface
problems. Since most of the students will later be working in industry, it provides
the possibility to make contacts which may help in their future career.

Soft skills are often a key argument when recruiting scientists with similar
scientific background. Among others this includes communication skills, proper
time management, or the ability to manage a project efficiently. The school offers
a variety of courses to improve these skills. These include e.g. courses on
scientific presentation or training for job interviews.

Finally it is worth mentioning the two of the students from the school have been
granted awards for their work pursued within the school. Julia Stahler has
received the Klaus Tschira prize for understandable science "Klartext!" for
communicating the results of her PhD thesis to the broader public. Katrin Domke
has received the Wilhelm-Ostwald young scientist award of the Deutsche
Bunsengesellschaft fur Physikalische Chemie for her exceptional thesis entitled
“Tip-enhanced Raman spectroscopy - Topographic and chemical information on

the nanoscale."
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Current PhD-Projects within the IMPRS:

Arndt, Sebastiantnvestigation of metal catalysts with defect structures for the
activation of small molecules.
IMPRS, Germany, TU/FHI: Prof. Schoméacker/Prof. Freund

Arrigo, Rosa:Large scale synthesis of Carbon nanotubes.
IMPRS, Italy, FHI: Prof. Schlogl/Prof. Horn

Baron, Martin: Characterization of vanadia clusters on well defined GitOs.
IMPRS, Germany, FHI/HU: Prof. Freund/Prof. Winter

Bdzoch, JurajAnalysis and control of ultrafast reactions on metal surfaces.
IMPRS, Slovakia, FU/FHI: Prof. Wolf/Prof. Freund

Blauth, David:Oxidation of NiAl: structure and effects of ion influence emission
of electrons.
IMPRS, Germany, HU/FHI: Prof. Winter/Prof. Freund

Cotter, Thomas: Synthesis and characterisation of molybdenum oxide-based
model catalysts for the selective oxidation of C3 hydrocarbons and oxygenates.
IMPRS, New Zealand,FHI/TU: Prof. Schlégl/Prof. Schomécker

Enderlein, CarstenHigh resolution photoemission of low dimensional systems.
IMPRS, Germany, FHI/FU: Prof. Horn/Prof. Fumagalli

Feng, Gang:Theoretical investigation on mechanism of catalytic transfer
hydrogenation over Cu/gamma-alumina.
IMPRS, PR China, HU/FHI: Prof. Sauer/Prof. Freund

Giese, Philipp: Oxidative coupling of methane.
IMPRS, Austria, FU(UniCat)/FHI: Prof. Wolf/Prof. Freund

Gonchar, Anastasia: Chemistry and Physics of point defects on oxide surfaces.
IMPRS, Russia, FHI: Prof. Freund/Prof. Schlogl

Gruber, Mathis:Interaction and reaction of hydrocarbons on oxides: DFT model
investigations of electronic structure and spectroscopic properties.
IMPRS, Austria, FHI/FU: Prof. Hermann/Prof. Freund

Jerratsch, Jan-Frederick STM study of the adsorption properties of clean and
chemically modified oxide surfaces.
IMPRS, Germany, FHI/FU: Prof. Freund

Kwapien, Karolina: Quantum chemical reactivity studies on supported transition
metal oxides.
IMPRS, Poland, HU/FHI: Prof. Sauer/Prof. Freund

McNellis, Erik: First principles studies of molecular switches at surfaces.
IMPRS, Sweden, FHI/FU: Dr. Reuter/Prof. Wolf

Richter, Norina AnnaReaction dynamics at lithium doped MgO (001).
IMPRS, Germany, FHI/TU:Prof. Scheffler

Rieger, MichaelCO oxidation on oxidized Pd surfaces: a combined DFT and
kinetic Monte-Carlo study.
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IMPRS, Germany, FHI/FU: Dr. Reuter/Prof. Wolf

Sala, Alessandradnvestigation of catalytically active nano-cluster with high-
resolution spectro-microscopy.
IMPRS, Italy, FHI/FU: Prof. Freund/Prof. Christmann

Sarfraz, AdnanDeposition of amino acids and derivates on surfaces.
IMPRS, Pakistan, HU: Prof. Rademann/Prof. Freund

Schambach, PhilipTip enhanced Raman spectroscopy.
IMPRS, Germany, FU/FHI. Prof. Wolf/Prof. Freund

Scherf, Viktor:Adsorption of Ag on the Re(10-10) surface.
IMPRS, Kazakhstan, FU/FHI: Prof. Christmann/Prof. Freund

Schuller, Andreastnvestigation of interaction processes during grazing incidence
ion scattering.
IMPRS, Germany, HU/FHI: Prof. Winter/Prof. Freund

von Volkmann, KonradSteering of photoinduced surface reactions using
optimized femto second laser pulses.
IMPRS, Germany, FU: Prof. Wolf/Prof. Christmann

Wang, Hui-Feng: STM investigations of solid/liquid interfaces.
IMPRS, PR China, FHI/FU: Prof. Freund/Prof. Christmann
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Typical schedulesof a basic block course: 1 week, 4 lectures each day

Day 1
K. Hermann: M. Heyde:
Surface Crystallography | Scanning Probe Microscopy
H.-J. Freund: R. Schlogl:
Adsorption | Principles of Heterogeneous Catalysis
Day 2
G. Meijer: H.-J. Freund:
Advanced Spectroscopy | Adsorption Il
M. Heyde: Y. Dedkov:

Scanning Probe Microscopy

Experimental Investigation of Electroni
Structure of Solids and Surfaces

)

Day 3
K. Hermann: K. Reuter:
Surface Crystallography I Ab Initio Thermodynamics
Y. Dedkov:

Experimental Investigation of Electroni
Structure of Solids and Surfaces

x4

Day 4

K. Reuter: M. Sierka:
First-Prinicples Kinetic Monte Carlo Theory of Electronic Structure
G. Meijer: R. Schlogl:

Advanced Spectroscopy Il

Principles of Heterogeneous Catalysis

Schedule of a block coursefocussing on an advanced topic:
syner gism between theory and experiment: case studies. 2 hoursfor each lecture

Topic

Experiment Theory

Electron spectroscopy on
vanadia surfaces

H. Kuhlenbeck (FHI)

K. Hermann (FHI)

SiG,

S. Shaikhutdinov (FHI)
H. Winter (HU-Berlin)

M. Sierka (HU-Berlin)

Materials

Electronic Structure of CarbonK. Horn (FHI)

J. Carlsson (FHI)

Oxygen on transition metal
surfaces

K. Christmann (FU-Berlin

K. Reuter (FHI)

Transmission Electron
Microscopy

M. Lehmann (TU-Berlin)

D. Su (FHI)

phase

Structure of clusters in the gasA. Fielicke (FHI)

J. Dobler (HU-Berlin)

Solid State NMR of zeolites

H. Koller (Uni Minster)

J. Sauer (HU-Berlin)
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L ectur es cour ses 2008 - 20009:
WS 07/08:

"Selected Topics from the Physical Chemistry of Surfaces and Interfaces:
Heterogeneous Model Catalysis

(Prof. Dr. K. Christmann)

"Experimental and Theoretical Aspects of Surface Physics

(Prof. Dr. K. Christmann)

"Group Theory - an introductory course”

(Prof. Dr. K. Horn)

"Metal Oxides and Their Surfaces: Theory of Structure and Electronic Properties
(Prof. Dr. K. Hermann)

"Modern Methods in Heterogeneous Catalysis Research”

(Prof. Dr. R. Schlogl and Dr. F. Jentoft)

"Introduction to Surface Science"

(Prof. Dr. H. Winter)

"Solid State Physics: Introduction into Surface Physics and time resolved
Spectroscopy"

(Prof. Dr. M. Wolf

SS 08:

"Physical Chemistry of Surfaces and Interfaces: Introduction and Basics"
(Prof. Dr. K. Christmann)

"Experimental and Theoretical Aspects of Surface Physics"

(Prof. Dr. K. Christmann)

"Theoretical Material Science - Theoretische Festkorperphysik "

(Prof. Dr. M. Scheffler)

"Introduction to Surface Science"

(Prof. Dr. H. Winter)

WS 08/09:

"Selected Topics from the Physical Chemistry of Surfaces and Interfaces:
Interaction of Gases with Solid Surfates

(Prof. Dr. K. Christmann)

"Experimental and Theoretical Aspects of Surface Physics"
(Prof. Dr. K. Christmann)

"Crystallographic Tools for Surface Scientists"

(Prof. Dr. K. Hermann)

"Modern Methods in Heterogeneous Catalysis Research"
(Prof. Dr. R. Schlogl and Dr. A. Trunschke)
"Nanotechnology — Basics and Applications"

(Prof. Dr. M. Wolf)

SS 09:

"Hands-on Turorial on Ab Initio Molecular Simulations: Toward a First-Principles
Understanding of Materials Properties and Functions”

(Dr. K. Reuter, Prof. Dr. M. Scheffler)

"Introduction to Surface Science"

(Prof. Dr. H. Winter)
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Department of Inorganic Chemistry

Staff scientists:

Malte Behrens

Friederike Jentoft, Habil. until 30/08/08
Axel Knop-Gericke

Frank Girgsdies

Bernd Kubias until 31/05/08

Director: Robert Schlogl

Dirk Rosenthal

Olaf Timpe (FHI Safety Officer)
Detre Teschner

Annette Trunschke

Sabine Wrabetz

Elmar Zeitler (Emeritus), Manfred Baerns (Guest Emeritus)

Emmy-Noether Groups:

Christian Hess + 2 graduate students until 29/02/08
Raimund Horn (new) + 1 graduate student (UniCat)
+ 3 post-docs: Michael Geske, Isabella Oprea (UniCat), Ulyana Zavyalova (UniCat)

Guest scientists, staying for at least six months, paid by FHI:

Kristina Chakarova until 30/04/08
Thomas Hansen until 30/04/08
Yuri Kolen’ko

Kirill Kovnir until 31/07/08
Ed Kunkes

Giulio Lolli until 14/04/09

Nelli Muratova

Katrin Pelzer (maternity leave)
Tulio Rocha

Zi-Rong Tang until 31/01/09
Genka Tzolova-Miiller

Alberto Villa until 30/09/09
Yi-Jun Xu until 31/01/09
Zhang, Wei

Scientists, staying for at least six months, paid from external funds:

Rosa Arrigo
Raoul Blume
Almudena Celaya Sanfiz

Maik Eichelbaum
Benjamin Frank
Andreas Furche until 31/03/08
Michael Havecker
Igor Kasatkin until 11/05/09
Ming Hoong Looi until 30/04/08
Graduate students: 21

+2

+2

+6
Technicians: 6
Trainees: 3
Service Groups:
Electron Microscopy 2
Library 2

a7

Raoul Naumann

Lidong Shao

Jean-Philippe Tessonnier

Di Wang until 30/04/09
Lide Yao

Aihua Zhang until 14/10/08
Jian Zhang until 31/05/09
Binseng Zhang

Bo Zhu until 31/10/09

(8 from external funds)
IMPRS (1 until 28/08/09)
UniCat

University of Malaya

(+ 3 Service Group Electron
Microscopy)

Hermann Sauer until 31/01/09
Dangsheng Su

Katrin Quetting

Uta Siebeky
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Recent developments in the Department of Inorganic
Chemistry

Director: Robert Schlogl

1. General
2. Research concept and synopsis of results
3. Future activities
4. Research highlights
4.1.Copper in C1 chemistry
4.1.1. The nature of active “methanol copper”
4.1.2. Understanding the synthesis of Cu/ZnO/(Al,O5)
4.1.3. Pd in catalysis
4.2. Surface and sub-surface chemistry
4.2.1. Ru in oxidations of CO and of MeOH
4.2.2. Silver in selective oxidation
4.2.3. Adsorption microcalorimetry
4.3. Nanostructured carbon in catalysis
4.3.1. CNT as catalysts for C3 ODH
4.3.2. Basic CNT and fluid phase reactions
4.3.3. CoMnAIMg systems for CNT synthesis
4.4. Selective oxidation
4.4.1. V-SBA 15 systems
4.4.2. MoVTe systems
4.4.3. Synthesis of binary and ternary model carbide catalysts
4.5. Emmy Noether Group ,,High Temperature Catalysis”
4.5.1 Methane oxidation on Pt
4.5.2.0xidative coupling of methane (OCM) on Li/MgO
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1. General

The Department of Inorganic Chemistry (AC) finalized its installation in the new
building F and is now fully operational including also the outstation at BESSY
allowing to conduct complex chemistry in-situ at the synchrotron beamline ISISS.
This beamline is now an internationally widely requested research facility. With
support from the EU NOE “IDECAT” in which the department plays a leading
role a total of 17 academic collaborating groups from Europe and from the US and
4 industrial collaborations were supported by the staff from the department, many
by multi-week campaigns. Most collaborations led to publications and further
collaborative work. With this outreach we are at the limit of the capacity both
from beam time allocation and from resources we spend for the collaborative
effort.
The department has resumed its activities in building novel equipment for
conducting advanced in-situ studies. These include:
= Parameter-controlled autoclaves for synthesis and testing of catalysts
featuring in-situ measurements and feedback controls for reactants
= Variable pressure (10° mbar-500 mbar) temperature-programmed-
desorption from powders including high-pressure pre-reaction treatment
= Transport-optimized in-situ reactor for single-crystalline samples (in
collaboration with SWNG Reuter)
= High-temperature adsorption microcalorimeter
= High temperature, high pressure (1300 °C, 40 bar) reactor for
measurement of spatial profiles of gas species, surface temperature and
gas temperature through a catalyst bed (in collaboration with Emmy
Noether group)
= Combined optical diagnostics for MBMS and spatial profile reactor (in
collaboration with Emmy Noether group and Berlin COE UniCat)
= Variable pressure (0.1 mbar-1000 mbar) catalytic test reactor in

combination with variable pressure in-situ NEXAFS instrument

Some of these developments will be operating at the visit of the Beirat, some will

be still under construction.

51



The department followed the recommendation of the Beirat and changed its
attitude towards catalyst testing. The attempt to organize this crucial part of the
work through collaboration and paid services that was necessary during the
temporary installation of the department is now discontinued. The department
operates and develops a range of single-tube and multitubular reactors suiting its
needs for catalyst testing. Testing includes now screening of compounds as well
as screening of parameter fields of operation. Fluid phase testing is also being
developed to allow the use of complex substrates such as components of biomass.
In this respect two visits of members of the department to the lab of one of the
members of the Beirat were inspiring and shaped the approach to this important
aspect of the work of our department.

Several members of the department left in a short period of time after the last
meeting of the Beirat. Following the tradition that the department supports the
start-up of new groups by letting them take away critical equipment and by
discontinuing own research activities in these areas, it became necessary to
restructure the research portfolio. Supporting the finalization of respective
doctoral theses in collaboration with Profs. Hess and Jentoft discontinued the
activities in zirconium oxide research, in own synthesis of CNT composites and in
Mo-based model compounds for ODH. With the completion of the outstation at
BESSY it was possible to give away the powder laboratory photoemission
instrument that was upgraded with an in-sitt RAMAN probe by Prof. Hess. The
department decided not to engage in novel activities but to concentrate on the
existing projects and to explore their relevance in energy research being catalysis
to a large extent when it comes to the storage of primary electricity.

The existing activity on the interplay between gas-phase and surface catalysis was
strongly augmented by the creation of an Emmy Noether group (Dr. R. Horn) that
continues now these activities in excellent collaboration with the department. The
Emmy Noether group is a main gateway for the participation of the department in
the Berlin COE “unifying concepts in catalysis”. Here a concentration on the
challenging subject of understanding the mode of operation of the Li-MgO
prototype catalyst for methane coupling requires a substantial bundling of

resources from the department and from the Emmy Noether group, exceeding
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substantially the support granted from the COE. This project enjoys strong
collaborations with the MP, CP and TH departments supporting our experiment
development and producing theoretical and surface physical experimental
boundary observations for the interpretation of the structure and function of high-

performing catalysts.

2. Research concept and synopsis of results

The enormous academic efforts to transform catalysis from its discovery mode to
the design mode are still not successful despite the depth of our principal
understanding (Nobel prize 2007). The enormous scale of chemical energy
storage (20 times the size of all chemical industry) requiring catalysis strongly
underlines the even practical need to advance further in our understanding of
catalysis.

One strategy addressing this challenge unites the concepts supporting the
discovery process in various fields of catalysis. These unified concepts need then
to be founded on principles rooting back into physics such that they become
accountable by ab-initio theory. The result of such an effort should be a universal
concept of a working catalyst. The design phase encompasses then the
materialization of such a universal catalyst tailored to its specific function by
using a proven toolbox of material science approaches.

This strategy is taken from other areas developing a physical concept into a broad
range of applications such as the hard- and software industries. Within this
strategy it is of great value that the Berlin COE (UniCat) provides the broader
background for the operation of the department. More in depth, the collaboration
within the FHI provides interdisciplinary activities for practicing definition and
unification of concepts in several classes of reactions.

The AC department sees its role in such a generalized strategy in the discovery
and consolidation of the material science of the “dynamical catalyst” as corner
stone of the mentioned universal concept. This includes contributions to the
synthesis toolbox of catalysis. The department has developed a more genuine
perception of the interplay of a dynamical catalyst in its reactor environment for

the mesoscopic level shown schematically in Figure 1.
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The reactor is a “plug-flow” system exhibiting a solid catalyst and some gas phase
performing as example of a selective oxidation reaction. The solid was initially a
homogeneous pre-catalyst that transforms in inhomogeneous spatial distribution
into a variety of functionally different materials. After some time of initial
equilibration (for this reason it is essential to study catalysts not fresh but after
some equilibration also by in-situ methods) a distribution of species may be found
as sketched in Figure 1. In technical reactors the formation of a so-called “hot

spot” is a practical evidence for the zoning of materials.

HCy
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Figure 1: Mesoscopic model of the chemical system formed between a catalyst and its
reactor environment. The most relevant feedback mechanisms are indicated.

The combined action of excess heat, reactants and water will have caused
decomposition of the active phase into a mix of thermodynamically stable phases
in the zone of the deactivated catalyst. There one finds evidence for “phase
cooperation” as remnant of the active phase. The active phase seen by the input
stream is first a material exhibiting a redox state enabling the target reaction to be
performed (Al). This zone is followed by a different active phase (A2) with a
lower redox state performing unwanted reactions due to the strong drop in oxygen
potential and due to the feedback of the more reducing chemical potential of the
product onto the precursor material. In the prototype example this may be a C-C
bond cleavage reaction or the addition of water to olefins both representing

consecutive reactions leading to CO and hydrogen that scavenges all oxygen and



thus prevent further consecutive reactions at a lower temperature level of the
product over the still unactivated pre-catalyst.

With time on stream the Al zone travels through the catalyst bed driven by the
formation of stable deactivation products. This shifts also the temperature “hot
spot” through the reactor. The products at a rising temperature level are essential
to activate the pre-catalyst allowing thus for the understanding that initial
equilibration either takes a long time or can be controlled by adding reducing
species such as organic solvents or ligand residues during preparation. In this
picture the wanted catalyst is only formed through a cascade of solid state
reactions transforming the pre-catalyst into the unwanted reduced form A2 and
from there into the wanted active phase Al. It is obvious that the design of such a
sequence of transformation is still a substantial challenge for catalysis. Similar
diagrams can be constructed for other reaction types, including metal catalysts
where the phase diversity arises from surface and sub-surface compound
formation of a nominally single element active phase. Examples of this
nanoscopic rather than macroscopic phase zoning can be found in this report
(Cu/Ag, RuOy).

The zoning depicted in Figure 1 depends on the interplay of several kinetic
process chains of reactant transformations and of solid-state dynamical responses.
The feedback loops indicated in Figure 1 give the scientific justification as to why
catalyst studies have to be performed in-situ and outside the “pressure gap” being
a “local chemical potential gap”. For practical in-situ experiments it is imperative
to ensure that the conditions of a catalyst study respect the zoning and do not
drive the active system quickly through all the zones leaving behind during
observation the stable deactivated state as study object. For this reason the in-situ
experiments are only valid when spectroscopy and catalysis are recorded
simultaneously as defined in the work programme of the department.

A prototypical study highlighting the effects of macroscopic zoning is the study of
CPO of methane over Pt catalysts conducted in the Emmy Noether group. The use
of a reactor allowing experimental verification of gradients of chemical potential
through a catalyst bed has evidenced in this case the positive effect of zoning in

the oxidation potential. What effects this has on the state of the catalyst being
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active in the two zones is under investigation. It is planned to study other
reactions in this reactor, provided that a suitable form of catalyst preparation can
be found.

The pre-catalyst from Figure 1 is synthesized such that it can adapt its surface
structure to the chemical potential under operation within boundaries defined by
the bulk structure. The potential is given by the adsorption properties of the active
surface, the operation conditions and the transport properties of the catalyst
environment and may thus deviate significantly from the potential calculated from
the thermodynamics of the reaction conditions. One critical element in this
essential adaptation process is the solid-state kinetics of surface transformations
explaining the enigmatic influences of catalyst synthesis controlling the
nanostructure and thus the meta-stability of the precursor. The other element is the
effectiveness of the feedback control system provided by the gradients in reactant
composition and in energy over the catalyst bed onto the dynamics of the catalyst
material. This effectiveness is determined by the surface chemistry of the catalyst
and by the transport properties of the total system on various scales of time and
space.

These two elements are keys to understanding of the origin of gaps between
surface science and high performance catalysis. The transformation of a surface
into an active form is not a uniquely determined process but depends on the
boundary conditions in its extent and even in its qualitative result. This means that
under different conditions (e.g. low pressure, high pressure, or dry and in steam)
different results will be obtained of the dynamic transformation of an identical
precursor. Under conditions of low chemical potential the resulting structures may
be metastable, as strong kinetic hindrances freeze structures of only partial
adaptation. In this picture partly forcefully conducted debates about the nature of
active catalysts find their natural explanations. Examples of such debates within
the field of activity of the department are the discussion about the active state in
ruthenium during total and selective oxidation and the nature of the active state of
Cu during methanol synthesis.

The department makes an attempt to observe the multi-scale nature of catalysis in

its practical studies in order not to be captured by the complexity of the catalyst
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transformation pathways. This justifies the multiple methodical approaches
developed over the years and requires a highly collaborative and integrated
conduct of the projects. An impression about the multi-scale nature of catalysis as
seen by the department is given in Figure 2. The existence of two couplers
between the dimensions being the global and the local chemical potential render
the in-situ observation mandatory for meaningful catalyst characterisation. The
department understands “in-situ” as the simultaneous detection of structural and

functional properties under conditions that result in qualitatively the same kinetics

_ Figure 2. Hierarchy of
‘Fﬂ":::’y catalysis science; the colours
indicate the gross dimension.
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as under practical operation conditions. This can be verified by studying a series
of catalysts with different performance in practical conditions; under in-situ

conditions the ranking between the samples has to prevail.

Three independent factors control the kinetics of activation and deactivation of the
active phase. These are:

* The thermodynamic properties of the bulk phase including its stability

= The solid state kinetics of its response to the local chemical potential given

by the material nanostructuring

» The choice of operating conditions of the reaction
The active phase representing the terminating structure of the bulk catalyst (or the
supported material) as thin overlayers is a mixture of site-isolating components
with inter-dispersed active sites. These are considered as clusters of atoms in this
overlayer much in the way as suggested long ago by Taylor in his “checkerboard
model” of an active catalyst. The formation of this checkerboard surface is

understood as “dynamical” response of the catalyst to the combined action of the
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overall chemical potential and its local variation through the feedback loops. The
dynamical response frequently does not modify the bulk material. It creates an
inhomogeneous structure (Al, A2 in Figure 1) reflecting the local variation of
conditions in a catalyst reactor. Such a response is different from a phase
transformation as occurring during structural deactivation, following one overall
gradient in chemical potential.

The active sites themselves are also not static but are adaptive in their electronic

and chemical structure allowing thus for complex and selective transformations of

Figure 3:
Multiple dislocations

in a nanoparticle of t-
Zr0; cause mosaicity
clearly seen in the
. split reflections of the

. power spectrum. The
 resulting distorted
surface exposes
multiple under-
coordinated sites
suitable as active sites
in isomerisation

catalysis.

reactant molecules. In this way it becomes possible that a catalyst can activate a
stable molecule and does not re-activate the resulting product being less stable
than its precursor. The site- isolating matrix must provide the necessary stability
for the active site clusters to allow for their facile regeneration in the catalytic
cycle. This precludes the notion that well-ordered translational symmetric surfaces
should be highly active and selective sites but rather calls for “molecular” entities
as active sites exhibiting the necessary structural flexibility for minimizing the
activation barriers in their adaptive function. A prototypical representation of an
unexpected active phase in a refractory oxide is depicted in Figure 3.

The department has developed this lead model of an active catalyst from the
results obtained over the last years and uses it now to focus the activities within
each of the projects. The overall target is to support or correct this lead model and
to provide at first multiple qualitative supporting evidences for the model. In

particular, the microscopic chemical realization of the lead model in terms of
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generation and site isolation of active sites in various systems will be a key
activity driving projects and instrumentation development.

The department engages in method development, which allows providing in
further steps quantitative information on the catalyst dynamics suitable to be
treated with kinetic and ab-initio theoretical tools. A prototypical project is the
study (D. Teschner, P. Sautet) of sub-surface carbon in palladium catalysts
controlling their hydrogenation selectivity. In this project extensive exchange of
our ideas with the results of the CP department (S. Schauermann, Sh.
Shaikudtinov) was instrumental and helped shaping our refined views on the
overall dynamics of the system.

A central element in the overall strategy is mastering the synthesis of catalysts. In
recognition of the multiple requests from the Beirat to develop this often
neglected crucial part of catalysis science, the department has acquired a solid yet
limited base of synthetic protocols chosen to produce well-characterized
materials. Catalyst synthesis is now an integral part of all projects and no longer
left to a “synthesis group”. Cross-fertilization occurs between the specific
synthesis needs in the different projects.

The synthesis of high performing catalysts is a sequence of completely kinetically
controlled reactions many occurring without notion such as ageing of precipitates
or restructuring during washing and drying. The nature of such processes can only
be described if the synthesis batch size is large enough to allow application of in-
situ probes for process analysis and to exclude the detrimental effect of reactor
walls on synthesis kinetics. These boundary conditions led to the selection of
synthesis scales performed in the department. They are not the most economical
and are not suitable for rapid discovery but they guarantee reproducibility and
analytical control. Examples of the merits of these efforts are the understanding in
the Cu system and the generation of a family of single-phase M1 MoV Te catalysts
with different nanostructures. The progress in scaling the synthesis of V-SBA 15
model catalysts for the Berlin SFB 546 (project poly-B) allows now a multi-group
effort in characterizing different aspects of C3 ODH and eventually even leads to

an improved performance of this class of partial oxidation catalysts.
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3. Future activities

The department obtained substantial insights into the material dynamics of
heterogeneous catalysts behaving at their surfaces rather like molecular entities
than as rigid bodies. The department was able to start tracing the underlying
control mechanisms operating on different scales of time and space. Such a form
of catalysis science qualifies as a prototypical example of the emerging field of
“systems chemistry”. The department does not wish to repackage its research but
sees its approach at the forefront of chemical research despite of the old-
fashioned” study problems of large-scale chemical transformations.

The department intends to continue the exploration and deepening of the lead
model of the dynamical catalyst as described above. The portfolio of reactions is
adequate to arrive at generic conclusions about the mode of operation of a
catalyst. The application horizon will shift to issues of chemical energy storage.
Here the control of the redox chemistry of di-oxygen is a central challenge, being
exactly the same problem as studied in the department since quite some time. A
possible deepening of the MPG-wide research network “enerchem II” that is
coordinated by the department will emphasize some facets of research already
conducted. In particular, the carbon project would benefit from the extension, as
electrochemistry with carbon both in the context of water splitting and of battery
electrodes will be studied. Here we benefit from the electrochemical expertise
brought to us from the PC department that houses its electrochemistry activity in
the AC department. Cheap nanocarbon as catalyst support is of growing interest in
biomass conversion reactions involving hydrothermal synthesis reactions. This
will be studied in the PIRE consortium and also in the UniCat context with two
students of BIG NSE co-supervised with P. Strasser from TUB.

The department has started this year the work in the Seventh Framework EU
Programm Technotubes. Aim of the investigations is the optimisation of catalyst
performance by in situ surface analysis of the catalyst during the pretreatment and
the nanotube nuleaction step.

With respect to technology transfer the department has always conducted some
industrial collaborations. They serve as challenging test cases for the validity of

the results through a successful scale-up of catalyst concepts by the industrial
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partner developed in the department from fundamental insight. This cannot be
done within the scope of the MPG research. In addition, the resulting materials
and test results from pilot-plant and full plant trials that would not be available to
academic labs are most valuable input for further research. The department
actively engages in relationships with industrial catalyst manufacturers (Sid
Chemie, BASF) to stabilize its access to technical catalysis. Different forms of
collaborations are being practiced. With Siid Chemie a long-term formal relation
within the framework of the “catlab” project is under development. With BASF
the unciat platform is used as well as bilateral research projects. Additional
industrial collaborations feature the specialized in-situ analytical capabilities of

the department.

4. Research highlights

This section describes selected results providing some support for the general
concept described in section 2. The information provided at the homepage
(www.fhi-berlin.mpg.de), the poster abstracts, the department brochure (latest
edition available at the Beirat meeting) and the publication record give a more
complete insight into the research of the department. The following table lists the
projects with their target systems. The project names emerge from their history

and do not reflect their present research portfolio.

Project title Leader Key Elements Reactions studied
C1 Chemistry M. Behrens Cu, Pd, Ga MeOH synthesis
CO, hydrogenation
C,H, hydrogenation
Surface and sub- A. Knop-Gericke Cu, Ag, Au, Ru, C,H, oxidation
surface chemistry CH;OH oxidation

CO oxidation
HCI oxidation

Nanostructured D. Su C; N,B,P modified Battery electrodes
carbons Supported (L1, Pd, Alcohol (sugar)
Au, Ru, Fe, Ni, Mo) transformations
Ammonia splitting
Water splitting
CNT synthesis
Selective oxidation A. Trunschke V-SBA 15, CNT, C3 oxidation
Mo,VX,Y mixed ODH C2, C3,C4
oxides, carbides,
phosphates
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A number of long-standing academic collaborations augment the research
portfolio. The department actively contributes to the Berlin research networks
within the SFB 546 (transition metal aggregates) and the COE UniCat. Within the
MPG the department critically contributes to the research network enerchem.

Larger external projects are the “Pd project” encompassing groups in Austria ( B.
Klbtzer, M. Rupprechter) and the US (D. Zemlianov), the “intermetallics” project
conducted with the MPI CPFS (Dresden) (J. Grin, M. Armbrister), the
contribution of carboscale (with M. Muhler and W. Wirth) to the national
competence network INNOCNT and a PIRE project on renewable energies
conducted with a consortium from the US led by J. Dumesic and A. Datye. Within
the framework of the EU-NOE IDECAT and our franco-italian (G. Centi, F.
Garin) collaboration (ELCASS) the department pioneered together with the TU
Berlin the awarding of 2 European Doctoral Diplomas emphasizing the multi-

national character of the degree.

4.1.Copper in C1 chemistry

4.1.1. The nature of active “methanol copper”

The methanol synthesis catalyst based upon Cu/ZnO/Al,Os is a long-standing
study object both in the literature and also in the department. The important effect
of the microstructure of the ZnO/Al,Os; component as well as the surprisingly
large adjustability of the intrinsic activity of Cu (surface-normalized methanol
productivity) was shown by comparing two highly active Cu/ZnO/Al,0O3 samples
(Fig. 4) [1]. One system was prepared using a novel continuous method (catalyst
A), while the other one was prepared according to the conventional co-
precipitation and ageing process (catalyst B). Careful TEM analysis revealed that
the Cu phases were very similar in both samples concerning the spherical particle
shape and their size. The microstructure of the oxide component was clearly
different: ZnO was present as discrete and crystalline particles in case of catalyst
B, but as an amorphous and continuous oxide matrix in case of catalyst A. The
encapsulation of Cu particles within the oxide material resulting from the novel
synthesis was significantly more pronounced (surface:interface area ratio of Cu

particles ca. 50:50) than for the conventional system (ca. 65:35) The productivity

62



of the less-accessible system was higher due to a ca. 50 % higher intrinsic activity

of Cu in catalyst A.
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Figure 4: Mesostructure of a novel type of oxide-embedded Cu nanoparticles
(A) and of a conventional diluted system (B) in relation to their unexpected
catalytic performances in MeOH synthesis.

We believe that this is the consequence of the enlarged metal-oxide interface
contact, creating and stabilizing a non-equilibrated state of Cu, which is favorable
for catalysis. Structural investigations showed a slight expansion of the Cu lattice
parameter for the intrinsically more active sample by Rietveld refinement of XRD
data, which might be caused by lattice strain, epitaxial stress or dissolution of
foreign atom in the Cu lattice. Preliminary results have shown the applicability of
line profile analyses of neutron diffraction data for further investigation of the

structural properties of intrinsically highly active Cu [2].

4.1.2. Understanding the synthesis of Cu/ZnO/(Al,O3)
A comprehensive model was elaborated for the traditional technical synthesis with

the aim to rationalize the parameters of all unit operations. Previously the process
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was studied only phenomenologically and optimized by empirical procedures. It
was now found that a hierarchical two-step meso- and nano-structuring of the
catalyst precursor occurs during precipitate ageing and thermal decomposition of
the first carbonate precursor [3]. Zincian malachite, (Cu,Zn),(CO3)(OH),, was
identified as the for the technical synthesis relevant precursor phase leading to
highly active catalysts. One key property of this phase its evolution into a needle-
like morphology with a needle thickness of only a few nanometers upon
secondary recrystallization during ageing. The morphology pre-determines the
porosity of the final catalyst through its decomposition kinetics during calcination.
A second critical property is a Cu:Zn elemental ratio approaching unity which
leads to an effective isolation of the individual Cu active phase nanoparticles by
ZnO nanostructures being formed upon mild calcination followed by careful
reduction. The Cu:Zn ratio of zincian malachite can be estimated practically
through analysis of structural data of the precursor. The shift of a characteristic
XRD reflection was explained by a ligand field effect due to the different
coordination requirements of the Jahn-Teller ion Cu®*" (d”) and the d'’ ion Zn*" in
the common cationic lattice [4]. A clear structure-function correlation was
established between the XRD structure of the precursor and the performance of
the final catalyst in high-pressure MeOH synthesis.

The choice of parameters of the technical preparation route was partly optimized
through unintended control of the two key properties of the precursor phase. This
can now be performed much faster and to a greater extent with physical lead
properties in hand. As consequence it occurs that the synthesis parameter space
has to be re-explored when other target precursors are synthesized. Such systems
are hydrotalcite-like materials [5] or amorphous basic carbonates [1]. Without
careful re-determination of the synthesis parameters any comparison about the
performance of different precursor compounds is not valid. This has not been
done in the past as the correlations between morphology and composition of the

precursor to the kinetics of catalyst activation was not known.



4.1.3. Pd in Catalysis

Metallic Pd is a versatile catalyst and is employed in many important processes.
The successful work in the Pd project in the last years was focused on
hydrogenation reactions on Pd-X model catalysts (X = C, Zn, Ga). The sub-
surface chemistry of Pd was identified to determine the selectivity of alkyne
hydrogenation [6]. Multiple effects of sub-surface species on the electronic
structure of the surface and its adsorption properties are responsible for this
feedback loop. In general, sub-surface chemistry is switched on during high-
performance operation unintentionally through the high chemical potential of
reactants (sub-surface carbon [7]), or through in-situ alloy formation involving
support species (PdZn, CuZn). In an intended way the modification of active Pd
can be done by direct synthesis [8,9] of intermetallic compounds (PdGa)
withstanding without segregation the chemical potential of operation. The current
goal of the Pd project is to combine the ideas developed on basis of the Pd-X
models with the synthetic concepts successfully applied in the Cu project (see
above) in order to prepare highly active Pd-based catalysts. These catalysts exploit
the design of electronic structures of materials and could after successful aqueous-
phase synthesis be used practically, illustrating the contributions of the
department to the toolbox of catalyst design.

The precursor-based synthesis concept is similar to the successful preparation of
Cu/ZnO catalysts (see above) and comprises co-precipitation of small particles of
a precursors phase with Pd, Ga (and the support species) in a common cationic
lattice. Nanostructuring of the individual particles will then be done through
subsequent thermal treatment. The final formation of Pd-Ga intermetallic
compounds should occur through catalytic reduction of the oxides utilizing spill-
over effects of the nanostructured Pd component. First experiments were
performed using a hydrotalcite-like precursor of the general composition
M1, M2")  M3™ (OH)2(CO3)y2'm H,0 with M1" = Pd*", M2" = Mg”" and M3™
= Ga’". Such precursors successfully yield catalytically active and selective Pd,Ga

particles supported on Ga,03/MgO.
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4.2 Surface and sub-surface chemistry
4.2.1. Ru in oxidations of CO and of MeOH

The formation of oxygen species relevant for oxidation reactions over Ru and Ag
catalysts was investigated by different techniques. The formation of subsurface
oxygen plays an important role in the oxidation of methanol over Cu and in the
epoxidation of ethane over silver as our previous in-situ work has clearly shown.
The aim now is to show that the formation of subsurface oxygen is a more
common phenomenon, which is realized also in other metals under selective
oxidation conditions. The highly exothermic CO oxidation over RuOyx was
revisited with a flow reactor experiment for overall activity data and by in situ
XRD to clarify the role of the bulk phase of the system.

Commercial RuO,, the starting material is always not single phase RuO; as seen
by XRD or EDX. Metallic Ru can be found as “impurity” even in XRD.
Therefore commercial RuO, was re-oxidized at 1023 K. This produces single
crystals in the pm range evidenced by XRD and EBSD. These single crystals
exhibit in contrast to the expected habit (four pronounced lateral surfaces) eight
pronounced lateral surfaces. This may be caused by a reconstruction of the {100}
surfaces into a c¢(2x2) structure and of the {110} surfaces into microfacetted
c(2x2)-(100) surfaces. These RuO; crystals are initially inactive in CO oxidation
under ambient pressure flow conditions. The samples activate during an induction
period of more than 24 h either in net-oxidizing or net-reducing conditions. Under
net-oxidizing conditions kinetic oscillations occur as shown in Figure 5 right. The

apical surfaces are strongly facetted but still smooth after becoming active. After
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activation under net-reducing conditions the apical faces of the crystals are
roughened. In both cases the sample is still RuO; by bulk-sensitive XRD but the
rough faces are reduced (From EDX point analyses of morphologies seen in
Figure 5 right) Under net-oxidizing conditions the sample bulk stays RuO; in all
cases. In net-reducing conditions the phase evolves either into defective oxide or
into metal plus sub-surface oxygen depending on the sample temperature (or
synonymously on the heat of reaction).

The large data set under atmospheric reaction conditions showed that heat and
mass transport controls the phase evolution. The heated debate in the literature
about the nature of the active phase is revolving around boundary conditions: the
most active phase is metal plus sub-surface oxygen, followed by defective oxide
and by pure metal. The frequently observed co-existence of phases is caused by
the slow dynamic responses of the well-ordered Ru-O system to the local
chemical potential and explains the apparently conflicting results in the literature.
In contrast to CO oxidation, the identification of possible reaction pathways for
CH,O production from CH3OH is more complex. The present study of CH;OH
oxidation on model Ru(0001), Ru(10-10) and polycrystalline Ru catalyst
interrogates with in-situ photoemission the catalytically active states under
different reaction conditions.

Ru 3d and O 1s core level spectra, measured with photon energies of 450eV and
650eV, respectively, were used as fingerprints for the dynamic response of the
catalyst surface to changes in temperature and chemical potential realized by
molecular mixing ratios. The gas phase products were monitored by mass
spectrometry as a measure of the catalytic activity. The investigations were
carried out in the pressure range of 10 to 10" mbar using different CH;OH:O,
molecular mixing ratios and catalyst temperatures.

Our experiments reveal that the reaction pathways are identical on the (0001),
(10-10) and polycrystalline Ru surface supporting a nano-structured catalytically
active state without long-range order (structure insensitivity). This state was
identified as a non-stoichiometric oxygen-doped metal Ru,Oy. It is formed by
interaction with the reactants in the gas phase independently of the initially

present material be it oxide or metal.
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Both activity and selectivity are very sensitive to the CH3;OH:O, mixing ratio at a
given temperature. Three different CH3;OH oxidation pathways, partial oxidation
CO+H,+H,0 (a) and CH,O+H,O (b) for ratios of 2.3 and 1.5, and full oxidation
to CO,+HO (c) at a ratio of 0.75 were found to be exclusively determined by the

amount of accumulated oxygen (the y parameter in the Ru,Oy formula)
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Figure 5: RuO; in CO oxidation: Left, SEM: One of the particles rarely
observed with one rough lateral facet to be seen in the magnified micrograph.
Right: Comparison of consecutive reaction experiments with varying feed
composition, the temperature program is indicated.

controlling the interaction of the catalyst surface with the reactants CH3;OH and
O,. From a quantitative structure-function correlation it occurs that the pure oxide
phase RuO, frequently advertised as the most active state is inactive in all 3
reaction pathways under all conditions used here. The dramatic changes in the
selectivity relating to relatively small differences in the chemical state of Ru,Oy
demonstrate the critical relevance of the dynamic response of the catalyst to
changes in the surrounding chemical potential as generalized in Figure 1. It is
assumed that the variation in the y parameter changes the nature of the surface-
adsorbed oxygen species between electrophilic and nucleophilic reactivity as

evidenced in the Ag-O system.

4.2.2. Silver in selective oxidation

The silver catalyzed partial oxidation of methanol and ethylene are two important
catalytic reactions in the chemical industry [1,2]. Over the last 30 years, a wealth
of information about mechanistic details of these reactions has been obtained and

different oxygen surface species have been identified and assigned as active sites
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[2,3]. However, recent experimental results and calculations have pointed out that
this picture might be oversimplified and the role of different oxygen species as
spectators or active site is not clear [4]. The complexity of the surface termination
of such a simple object as a silver nanoparticle can be observed from Figure 6.
This image is a result of the novel aberration-corrected TEM becoming
operational throughout the last 6 month at the department. Obtaining such images
without beam-damage artefacts is still a major challenge and cannot be considered
as “analytical” technique. It is obvious that such a surface can host a range of
oxygen atomic adsorbates with quite variable interactions to the metal.

In situ photoemission spectroscopy revealed the existence of four different atomic
oxygen species for reference Ag foils under 0.5 mbar O, as shown in Figure 7.
Their relative abundance was found to depend not only on the temperature, as can

be seen in Figure 7, but also on the sample history and gas phase atmosphere. This

Figure 6: Aberration-corrected HRTEM image of an Ag surface from a
silver nanoparticle. The co-existence of translational terminations and
highly defective surface patches on the same surface can clearly be seen. The
blurred contrast of the disordered patches can be attributed to strongly
bound atomic oxygen.

clearly indicates the dynamic character of the Ag-O system under reaction
conditions and explains the large number of apparently conflicting reports about
oxygen species in the Ag-O system. Figure 6 provides an impression about the
ease at which local restructuring may occur and hence “visualizes” the dynamic
character of the system.

The different chemical nature of these oxygen species arises from the dissimilar

bonding with the Ag host as it is evidenced by the binding energies, by the
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formation of ionic Ag and also the by the temperature dependence of their relative

abundance.

Figure 7: in situ Ols core-
level spectra for Ag foil at 0.5
mbar O, and different
temperatures, at 473 K
(bottom spectra), at 873 K for
2 h (middle spectra) and after
12 h at 873 K (top spectra).
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0'5534 " 33 530 528 526 Oxygen species around 530.7
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methanol and ethylene

oxidations. However, while at 500 K under ethylene epoxidation, these species are
localized in the surface and respond to changes in the gas phase, they are
dispersed in the bulk at 873 K under methanol oxidation conditions, being less
sensitive to changes in the gas phase. Moreover, during ethylene oxidation, the
species with 529.2 eV binding energy are much more abundant than those
emitting at 529.7 eV. On the other hand, for the methanol oxidation, the species at
529.2 eV are very scarce, while the species at 529.7 eV are more evident and
exhibit a structure-function correlation with both activity and product ratio,
suggesting their role as active species in this reaction. Experiments with improved
gas analytics are planned to quantitatively correlate the activity and selectivity of
both reactions with the oxygen species identified by in situ XPS.

The Ag-Cu alloy, recently proposed as an improved catalyst for ethylene
epoxidation [5], was also investigated by a combination of first-principles
calculations with in situ photoelectron spectroscopy [6]. We studied how the

composition and structure of the catalyst surface is affected by the temperature
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and partial pressure of the reagents. The formation of a thin Cu-O surface oxide
occurred under reaction conditions while the surface alloy was found to be
unstable. Several possible surface structures were identified, among which the
surface is likely to dynamically evolve under reaction conditions. In agreement
with the literature the beneficial effect of the presence of a thin layer of oxidized
copper was clearly found; the addition of the typical co-catalyst chlorine

immediately and irreversibly destroyed the positive effect of the Cu species.

4.2.3. Adsorption microcalorimetry

Adsorption microcalorimetry is a direct method to determine number, strength
and energy distribution of the adsorption sites on a catalyst. It allows for
measuring the differential heats evolved when known amounts of gas probe
molecules are adsorbed on the catalyst surface. The evolved heat is related to the
energy of the bonds formed between the adsorbed species and the adsorbent and
hence to the nature of the bonds and to the chemical reactivity of the surface. The
data obtained of substantial value for comparing theoretical and experimental
hypotheses about reaction pathways. For this reason the method was broadly
employed in several projects of the department and yielded a surprising spread of
energetic data for the same molecule on different surfaces, some of which are
given in the Table.

As an example for the non-intuitive results of calorimetry, an activation study of
Pt-doped H-mordenite (Pt/HM) is used being relevant as a solid acid catalyst for
the isomerization of light alkanes [7]. To establish correlations between the
surface sites and catalytic properties we studied (i) n-butane adsorption by
microcalorimetry at 313K, (ii) CO adsorption by FTIR spectroscopy at RT, and
(ii1) catalytic activity in the isomerization of n-butane at 623 K. From Figure 8a
and 8b we can conclude that preparations of Pt/HM with high platinum dispersion

are highly active for n-butane isomerization only when activated properly.
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Selected calorimetric measurements on supported metal oxide and mixed metal oxides .

Probe

¥

Catalyst / Activation / Catalytic activity T adsorption q initial
molecule [K] [kJ/mol]
n-butane 0.5wt%Pt/H-Mordenite / H, reduced at 648 K /active 313 350
n-butane | 0.5wt%Pt/H-Mordenite / dehydr. at 723 K / less active 313 42
n-butane 3.5wt% VO,-Al,O3 / H, reduced at 773 K /active 313 63
n-butane ® Al,05 / H, reduced at 773 K /non-active 313 35
propane 10 wt% V,O,-SBA15 / dehydrated at 373 K / active 313 45

573K 80
637K 160

propane 3 wt% V,0,-SBA15 / dehydrated at 373 K/ active 313 45
propane SBAI15 / dehydrated at 373 K / non-active 313 32
propane | hydrothermal synth. — M1 /dehydr. at 423 K /active, 58* 313 71
propane precipitation — M1 /dehydrated at 423 K /active , 43* 313 56
propane SHWVT ** — M1 / dehydrated at 423 K / active, 5* 313 64
CNFox functionalized by NHj; at 873 K 150

CO, 673K 313 50
473 K 90

CO, Fe-CNT / dehydrated at 373 K 313 272
FelO-XT 24PS-CT / dehydrated at 373 K 191

O, *** precipitation — M1 / H, activated at 653 K 473 218
precipitation — M1/ propane activated at 653 K 257

Q, *** 8wt%V,0,-SBA15 / dehydrated at 673 K 473 248

¥

* partial oxidation of propane (POP); Selectivity to acrylic acid [mol-%]
**  superheated-water vapor treatment (SHWVT)
*** cooperation with Instituto de Quimica Fisica "Rocasolano", CSIC, Madrid (Spain)

We have adopted the calorimetric sign criterion (positive energetic quantity for an exothermic process).

The active state of Pt/HM is characterized by Brensted-acidic bridging OH

groups, by a small amount of Lewis acid sites (Al*“oct., extraframework alumina),

by small metallic platinum particles, and interestingly by an overall weak

interaction of the surface acid sites with n-butane.
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Figure 8a: n-Butane isomerization in a flow Figure 8b: Differential heats of n-butane
of 15 kPa n-butane in H, on a fully Hy adsorption at 313 K on almost fully H,-reduced
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reduced Pt/HM (blue) at 623 K. Ptv/HM (blue).
Inset: IR spectra of CO adsorption at RT of both

samples.
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4.3. Nanostructured Carbon in Catalysis
4.3.1. CNT as catalysts for C3 ODH

In the past years, the research work on gas phase reactions using CNTs as
catalysts moved from the oxidative dehydrogenation (ODH) reaction of
ethylbenzene [1-5] to the more challenging activation of lower alkanes [6-9],
where the selectivity issue plays an important role. Without further surface
modification, nanocarbons are active, but poor catalysts for the activation of the
lower hydrocarbons due to the total oxidation of the substrate and the consecutive
combustion of the alkene [6]. The surface modification of CNTs with P,Os and
B,0s5 has been performed to increase the alkene selectivity [6, 7]. The activation of
n-butane, propane, and ethane over these new materials provides alkene yields
comparable to supported vanadia catalysts. Using a low O,/alkane ratio of 0.5-1
at 673 K, the modified CNT catalyst maintains a high activity, i.e., suffers neither
oxidation nor coking, for a period as long as up to 200 h time-on stream, whereas
the selectivity at almost iso-conversion increases from 20% (oCNTs) up to 70%
(5 wt% B,03-0CNTs and VO,/Al,03) (Fig. 9A) [7, 8]. The CNTs can resist the
surface modification and a wide range of ODH reaction conditions without
structural damage. The initial evolution of activity is determined by the
decomposition of labile functional groups (carboxylic acid and anhydride,
lactone), and their replacement by high-temperature stable ketones and quinones.
In-situ generated diketonic C=0O groups mildly catalyze the selective ODH, and
apparently mimic the function of vanadyl oxygen in vanadia catalysts. The
reaction intermediates were investigated by an in-situ XPS study (Fig. 9B).

During ODH of n-butane, the intensity ratio lc.o/lc-o of C-O single bonds and
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C=0 double bonds on the carbon surface is almost the same for pristine and P,Os
modified CNTs at 0.75+0.05, but drastically increases (1.87) if oxygen is removed
from the feed gas. This finding indicates that diketonic C=O groups are a critical
ingredient of the active sites whereas C—O groups constitute inactive

intermediates or adsorbates [6].
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Figure 9 (A) ODH of propane over oCNTs, 5 wt% B,03;-0CNTs, and VO,/Al,03
C;HyOyHe = 1:1:48, 673 K.; (B) In-situ Ols XP spectra of catalysts during ODH of n-butane
taken at 648 K: (a) CNTs: n-C/.HyO, = 1:1, 0.25 mbar; (b) 5 wt% P,05;-0CNTs, n-C,Hy O, =
1:1, 0.25 mbar; (c) 5 wt% P,05-0CNTs, n-C,Hy, 0.125 mbar.

This finding is in excellent agreement with a model study using a pre-designed
aromatic molecule with diketonic functions that was performed within the
enerchem collaboration with K. Millen. The catalytic activity in ethylbenzene
ODH of this solid system representing “pure active sites” was about 40 times

higher than of the best [5] heterogeneous catalyst.

Temperature-programmed oxidation proves both the high thermal stability of the
composites and their enhanced resistance against O, as compared to the pristine
CNTs. B,0; as electron attracting promoter hinders the adsorption of O, and
blocks unselective active domains. With '°0O, and 'O, in the gas phase, the
formation of mixed labeled oxygen is only observed for the non-modified CNTs,
its intermediates being most likely the origin of direct alkane combustion and low
alkene selectivity. Besides the interaction of the hydrocarbons with the oxidized
surface also the adsorption on the reduced surface is detrimental for the alkene

selectivity [7, 8]. Again the surface modified CNTs show superior performance
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over the non-modified samples [8, 9]. In both cases, C3Hg once adsorbed on the
reduced surface inevitably yields COx by interaction with O,, however, the
surface modification with B,Os; and P,Os here drastically reduces the amount of
hydrocarbon adsorbed. Consequently, for the non-modified CNTs, the CsHg yield
is the highest under O,-rich reaction conditions. In the cyclic mode, for all the
samples the amount of C3Hg formed during one catalysis cycle is almost the same,
indicating that the surface modification affects solely the non-selective active sites

on the carbon catalyst.

The studies provide an interesting material alternative to oxide catalysts and
exhibit interesting thermal properties. In a collaborative effort with groups from
chemical engineering an attempt will be made to design other reactor concepts for
partial oxidation in order to interrogate the influence of the omni-present plug-
flow reactor concept on catalyst performance. In any case the CNT family
provides the material for studying selective oxidation with the strict exclusion of

lattice oxygen and outside of the “Mars-van Krevelen” kinetic concept.

4.3.2. Basic CNT and fluid phase reactions

Heteroatom functionalization of nanotubes, i.e., by oxygen or nitrogen, can
control the hydrophilic/hydrophobic character as well as the acid-base properties.
Two different nitrogen functionalization routes were explored: wet chemistry and
gas phase post-treatment with ammonia. For the former, we employed organic
chemistry reactions to graft the desired groups on the surface of the CNTs [10].
With this technique, we are aiming for a single-site design of the catalyst. For the
latter, carbon nanostructures are treated at high temperature (200600 °C) with
ammonia [11].

The grafting of amino groups on oxidized CNTs may suffer from the co-existence
of acidic oxygen-containing groups and basic amino groups on the surface, which
can significantly decrease the basic character of the sample. We therefore
developed a novel synthetic route to graft the desired molecules on surface defects
of pristine CNTs, directly via C-C coupling. C-H bonds located at defects

(vacancies, terminations) are activated by n-butyllithium to form surface
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carbanions. A bromoamine, i.e., 2-diethylaminoethylbromide, is then added for
electrophilic attack of the CNTs. A C-C bond between the CNT and the functional
group is created, thus leading to grafted triethylamino groups [10]. This synthesis
procedure allows the grafting of a high concentration of groups (1 mmol g”),
homogeneously distributed on both the internal and external surfaces with
remarkable thermal stability (60% of the groups are stable up to 570 °C). When
dispersed in water, the sample increases the pH to 10.3.

It was shown in the 1990s that carbon materials can be “doped” with nitrogen by
simple treatment with gaseous ammonia. We explored this route to insert nitrogen
in vapor grown carbon nanofibers (VGCNFs). High nitrogen concentrations in the
VGCNFs sample can only be achieved after pre-treatment with nitric acid. At the
low temperatures employed (200-600 °C), NH; hardly reacts with non-
functionalized carbon. However, when oxygen is present on the surface, nitrogen
is inserted on the surface by amination and amidation reactions. We found that the
nature of the nitrogen-containing functional groups and the ratio between different
species depend on the reaction temperature. This technique therefore allows
controlling the surface acid-base properties of VGCNFs via functionalization
[11]. When used as a support for catalytically active metal nanoparticles, the local

modification of the carbon electronic structure induced by the functionalization

100
®  NEt-MWCNT
804 O Hydrotalcite
a0 A NH,MWCNT
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Time (h)

Figure 10. (A) Catalytic performance of N-CNTs synthesized by grafting using the electrophilic
attack route (m) and the oxidation/amidation route (A). (B) Cs-corrected HRTEM image of a
Pd particle on a N-VGCNF.
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leads to a stronger metal-support interaction. This results in a more homogenous
distribution of metal particles and to the stabilization of non-equilibrated and
hence supposed-to-be more active metal species as shown in Figure 10 B [12].
The N-CNTs cataylsts synthesized by grafting were tested in the
transesterification of glyceryl tributyrate with methanol (Figure 10A), as a model
reaction for base-catalyzed biomass transformations [13]. The catalytic tests show
a rapid deactivation of the sample prepared via oxidation/amidation due to the
leaching of the amino groups. In contrast, the catalyst prepared via the
electrophilic attack route exhibits a higher activity than hydrotalcite, which is a
reference catalyst for this reaction, or than N-CNTs synthesized by gas-phase
procedures lacking many sites of high basicity. The grafting of amino groups onto
CNTs is a suitable method to obtain active and stable basic catalysts for
application in liquid phase reactions. Only a slight deactivation was detected after
10 runs, due to the leaching of a small amount of the anchored amines (4%) and
the inevitable loss of catalyst during the recycling test in the batch reactor [13].

A series of PA@N-VGCNFs cataylsts was tested in the oxidation of benzyl
alcohol to benzaldehyde. The results indicate that the presence of N hetero-cyclic
moieties on the surface of CNFs is beneficial for improving the wetting of the
metal and thus the formation of “raft” metal particles (see Figure 10B) exhibiting
many non-equilibrium sites with respect to (111)-terminated Pd particles often

found on conventional carbon-based catalysts.

4.3.3. CoMnAIMg systems for CNT synthesis

Although the CNT synthesis field has been extremely active over the past 15
years, research is ongoing to develop catalysts with higher activity, stability and
selectivity towards CNTs. In multi-metal systems, the active centers in
CoMnAIMg catalysts lead to a 10 fold higher CNT yield than catalysts typically
reported in the literature. It is speculated that an electronic factor should improve
the CNT vyield; we considered alternatively the in-situ nano-structuring of the
active phase through components of the catalyst mixture. The study is conducted
in collaboration with the group of M.Muhler (Bochum) taking care about the

complementing microkinetic analysis.
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CoMnAIMg mixed oxides were prepared by co-precipitation using the nitrate
precursors, followed by drying and calcination. XRD and TEM showed that after
calcination, Co atoms are dispersed in mixed oxide particles with a spinel

structure.

Figure 11. TEM images (a-c) and elemental mapping (d) of the catalyst after 6 s on stream at
485°C. The data provide an example of the analytical capabilities at the meso scale of the
department.

Catalyst grains of 250-355 um in diameter were exposed to a C;H4/H; mixture at
650°C as well as at 485°C for a short times (between 6 s and 10 min) in order to
investigate the growth mechanism of the CNTs on a macro- and on a microscopic
level. For both reaction temperatures, the catalyst grains follow the expanding
universe mechanism: the CNT growth on the surface and in the bulk of the porous
material leads to its exponential fragmentation into smaller particles. This
particular mechanism leads, after synthesis, to grains made of entangled CNTs.
On a microscopic level, the CNTs follow the tip growth mechanism when the
reaction is performed at 650°C. Cobalt atoms are reduced and sinter to form
particles of ca. 10 nm in diameter which then catalyze the CNT synthesis. The Co
dispersion in the initial mixed oxide leads to Co particles with a narrow size
distribution and therefore to CNTs with homogeneous size and structure.

Sintering of the Co atoms was not observed at 485°C. In this case, CNTs grow
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directly from the mixed oxide particles, following a root growth mechanism
(Figure 11). The data clearly indicate the beneficial effect of this complex catalyst
not to be caused by a single microscopic effect (alloying of Co) but through the
in-situ structuring at the mesoscopic scale of a single-species catalyst (Co metal)
brought into the right form and place through the interaction of the catalyst with

its reactants.
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4.4. Selective oxidation

4.4.1. V-SBA 15 systems

Highly dispersed vanadium oxide supported on mesoporous silica (SBA-15) is
used as model system to investigate the effect of the degree of aggregation of
vanadium oxo-species on the reactivity in oxidative dehydrogenation of propane.
The model catalysts are prepared via a multistep ion exchange synthesis [1].
Compared to impregnation techniques, the ion exchange procedure allows better
control of vanadia dispersion and provides homogeneous, well-defined materials.
Since the quality of SBA-15 is critical with respect to stability of the hexagonal
pore structure during subsequent calcination of the supported vanadium oxide at
823 K, the SBA-15 synthesis [2] has been optimized resulting in a reproducible

and robust procedure achieving batch sizes of approximately 25 g [3].
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V/SBA-15 catalysts with varying vanadia loading were prepared and
characterized by small angle X-ray diffraction, N, adsorption, electron
microscopy, UV-vis, Raman, and infrared spectroscopy. The adsorption of
propane was studied by microcalorimetry. The number of adsorbed propane
molecules per surface area increases with increasing vanadium content indicating
that propane is also adsorbed on surface sites associated with vanadium species.
The differential heat of adsorption of propane on V/SBA-15 dehydrated in
vacuum at 373 K is approximately 45 kJ-mol™', which is only slightly higher than
the heat of adsorption of propane determined on SBA-15 [4]. The differential heat
at low surface coverage increases significantly (170 kJ-mol™) after dehydration in
vacuum at 673 K due to stronger interaction of propane with coordinatively
unsaturated vanadium species. The quantitative determination of the abundance of
hydroxyl groups shows that under dehydration conditions an excess of hydroxyl
groups (e.g. about 10 OH but 2 V groups per nm?) over the vanadia species
remains on the surface allowing concluding that despite of the “dehydrated”

vanadia groups some hydroxyl species may play a role in the reaction pathway.

A kinetic study in a fixed bed reactor revealed that the oxidative dehydrogenation
of propane on highly dispersed vanadium oxide supported on SBA-15 (0.7
V/nm?®) is described by a simple consecutive mechanism with negligible
contributions of propane combustion [4]. Further kinetic studies are necessary to

understand the effect of V,Oy cluster size on the catalytic properties.

It is noteworthy that UV-vis, Raman, and NEXAFS experiments are differently
sensitive to structural characteristics of supported vanadium oxide [3]. The degree

of aggregation of vanadium oxo-species on the silica surface was studied by
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combining in-situ X-ray absorption fine structure (NEXAFS) measurements at the
oxygen K-edge with density-functional theory (DFT) calculations on oxygen core
excitations in vanadia-silica cluster models. A characteristic result that was
persistent over several families of synthetic reproductions is shown in Figure 12.
The comparison of theoretical and experimental NEXAFS spectra resulting from
an intense collaboration with K. Hermann from the TH department provides
evidence that dispersed vanadium oxo-species even in the highest dilution (0.7
V/nm®) are present not only as monomeric, but also as poly-oxo clusters on the
surface of SBA-15 [5]. This mixed connectivity prevails over higher loadings
with a gradual intergrowth of vanadium oxide nanocrystals until transformation
into V,0s occurs at loadings around 10 wt% vanadium in excellent agreement

with literature studies based on RAMAN and UV spectroscopies.

4.4.2. MoV Te systems

Ethane, propane, and n-butane are converted with high efficiency into oxygenates
over complex crystalline bulk catalysts containing vanadium as primary
framework component. Correlations between structural characteristics, surface
termination and catalytic properties in selective oxidation of propane to acrylic
acid have been studied over phase-pure MoVTeNbO, model catalysts consisting
of an orthorhombic bronze-like phase denominated as M1 (ICSD 55097). The
catalysts were prepared by hydrothermal synthesis in batch sizes of approximately
10 g without further product purification by chemical treatment. The synthesis
conditions have been optimized regarding temperature, time, composition and
concentration of the starting solutions [6]. The chemical composition of M1 was
varied resulting in homogeneous, isostructural materials within the now known
phase width of the M1 structure with different metal site occupancies for all four
metal components as shown by EXAFS [7]. It is found that the structure is quite
sensitive to the V-content but tolerates larger variations in the other constituents
namely Mo. The bulk compositional differences are reflected in the variation of
the lattice parameters and in the chemical composition at the surface showing a
good correlation between the concentrations of the metals in the crystalline bulk

as analyzed by EDX and ICP-OES and in the near surface region (information
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depth 0.8 nm) as measured by surface-sensitive synchrotron-XPS. The slopes of
the bulk-surface compositional correlations are different from unity, which is
indicative of a surface stoichiometry that is different from the crystallographic
stoichiometry of the M1 unit cell (Figure 13).

In-situ XPS experiments revealed an enhanced mobility of Te especially in
presence of water vapor [8]. The surface termination of the rod-like M1 crystals is
anisotropic with respect to chemical composition and abundance of structural
motives implying crystal plane specificity (structure sensitivity) of the selective

oxidation of propane. The role of the (001) crystallographic plane (see Figure 13),

Figure 13. HR-TEM image of the M1
phase along the <001> direction near
Scherzer  focus  illustrating  the
termination of M1; inset bottom: image
taken far from Scherzer focus
visualizing the M1 unit cells; inset top:
Fast Fourier Transform (FFT); insets
center: simulated images (conditioned
at a thickness of 13.2 nm and Af=-10
nm) using crystallographic models with
(top) and without (bottom) Te in the
heptagonal channels (red); hexagonal
channels are indicated in blue and
pentagonal motives are indicated in

green.

which is the basal plane of the cylindrical M1 particles, was addressed by
preparing a model catalyst preferentially exposing this surface. The specific rate
of formation of acrylic acid on the model catalyst was found to be similar to that
on the phase-pure M1 reference material, indicating that the (001) plane of the M1
crystal structure did not have better catalytic properties compared with the lateral
surface of the cylindrical M1 particles in propane oxidation [9]. Excitation-
energy-dependent valence band spectra of M1 MoVTeNb oxide clearly reveal a
substantial covalent character of the metal-oxygen bonds in M1 under reaction
conditions [10]. It is proposed that surface restructuring (see Figure 13
terminating layer perpendicular to (001)) and possible formation of M-Te linkages
leading to heteropoly oxometalate clusters may provoke spatial isolation of

vanadium-containing active sites embedded in an insulating matrix on the surface
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of the semiconductor M1. In contrast to other crystalline phases, such as the
tetragonal MosO4-type structure, the orthorhombic M1 phase seems to fulfill the
critical catalyst requirement to segregate only as 2-D structure at reaction
temperature and under the chemical potential of all reactants. We envisage a
terminating V/Te ternary layer containing the active sites, that energetically
stabilizes the M1 crystals and prevents their decomposition into more stable
constituents such as MoOj; being detrimental for selective catalytic performance
due to their total oxidation activity. Such a layer structure accounts further for the
observed structure insensitivity of the catalytic performance in spite of the

pronounced anisotropy of the bulk structure

4.4.3. Synthesis of binary and ternary model carbide catalysts

The use of multi-metal oxides as precursors for carbides is a largely unexplored
area of transition metal carbide chemistry. In particular it offers interesting
possibilities to produce tailored carbides with enhanced oxidative stability, higher
surface areas, and improved catalytic selectivity and performance. Starting from
single phase mixed-metal oxide precursors such as h-(Mo,V)Os-type oxides,
M;sOys-type  structures, (M =Mo, V,Nb), other oxidic bronzes and
polyoxometallate species, a range of binary and ternary transition metal carbides
with tunable compositions and nanostructures were synthesized. These oxides
were carburized in a temperature-programmed reaction (TPR) according to well
established methods and the phase development was followed using in-situ
powder X-ray diffraction. The catalytic properties of the novel materials are
currently explored in non-oxidative and oxidative alkane conversions. Besides
possible useful catalytic applications of the resulting carbides, it seems adequate
to explore the synthesis and performance of mixed-meal carbides as one
realisation of the reduced catalyst species proposed in Figure 1. The inter-
conversion between oxide and carbide with its related switching in catalytic
function could provide an insight into reaction sequences occurring during
selective oxidation under strong gradients in oxygen chemical potential as found

in plug-flow reactor geometries.
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4.5. Emmy Noether Group ,,High Temperature Catalysis”

The research in the high temperature catalysis project focuses on the catalytic
oxidation of methane to valuable intermediates like synthesis gas or ethylene.
Depending on the reaction (e.g. methane oxidative coupling to ethylene on
Li/MgO or autothermal methane oxidation to synthesis gas on Pt) the catalyst
operates at temperatures between 550°C and 1300°C which coined the term “high
temperature catalysis”. The research is conducted within the “Emmy Noether
Junior Research Group” “High Temperature Catalysis” associated to the
Department of Inorganic Chemistry since Juli 2008. Besides funding from the
German Research Foundation and from the department, additional funds are
provided by the Berlin COE UniCat founded in November 2007 with the
Inorganic Chemistry Department being a founding member. The Emmy Noether
Group became member in UniCat in December 2008.

High temperature catalytic reactions have in common that the chemical
transformations at the catalyst surface are typically very fast leading to a
pronounced impact of mass and heat transport on the reaction performance.
Furthermore, gas phase reaction channels mediated by free radicals can open up
either just because the temperatures are sufficient to overcome the high activation
barriers in the gas phase or because the catalyst releases radicals into the gas
phase [1]. The research strategy in the high temperature catalysis project is
therefore to develop reactor and spectroscopic experiments that allow studying
these reactions in situ, i.e. at temperatures up to 1300°C and atmospheric or even
elevated pressure. A dedicated high temperature catalysis lab has been established

in the Inorganic Chemistry Department equipped with a high temperature/high



pressure reactor for spatial profile measurements, a research grade Raman
spectrometer, a molecular beam mass spectrometer and several CW or pulsed
laser systems for Raman, Fluorescence and Cavity Ringdown Spectroscopy. The
set-up of the laboratory is constantly supported through collaboration and advice

offered by the MP department through G. Meijer.

4.5.1 Methane Oxidation on Pt

Methane oxidation on Pt has been studied by spatial reactor profile measurements
and molecular beam mass spectrometry (MBMS) with threshold ionization. For
spatial profile measurements Pt nanoparticles were deposited on reticulated o-
Al,O3 foam supports by Microwave Assisted Combustion Synthesis [2]. Gas
phase radicals were studied by MBMS in a Pt catalytic wall reactor’*. The species
profiles in Fig. 14a at 1.4 bar and the O, profiles at various pressures in Fig. 14b
show that methane oxidation proceeds very fast in a narrow oxidation zone right
at the catalyst entrance (0-2000pm). The oxidation products are H,, H,O, CO and
CO,. Upon conversion of all gas phase O,, secondary catalytic reactions such as
steam reforming and watergas shift take place (2000-20000um). CO; reforming is
not observed. Spatial profile measurements from 1.4bar-15bar (Fig. 14b) indicate
nearly pressure-independent catalytic performance which we attribute to a zeroth
order kinetics caused by blockage of nearly all available catalytic sites. In situ
Raman measurements indicate formation of highly defective sp” carbon under
reaction conditions. At pressures above 10bar methane gas phase oxidation to
CO;, and H,O starts becoming important as indicated by pre-catalytic O,
conversion (-10000um-Oum). At very high reaction temperatures (>1150°C) and
low surface to volume ratios C2 coupling products such as ethane, ethylene and
acetylene are formed [4]. Quantitative in situ measurements of CHj- radicals by
MBMS [3] reveal that the C2 products are probably formed in the gas phase
driven by heat from exothermic oxidation reactions at the Pt surface. The CHs-
radicals react in gas phase radical chain reactions with CH4 molecules to C,Hg as
the primary product which is then dehydrogenated to C,H4 and C,H; respectively.

No evidence for catalytic generation of CHj3- radicals was found.
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Fig. 14b: O; profiles at various pressures
from 1.4bar to 15bar indicating zeroth order
kinetics and pre-catalytic gas phase
chemistry.

Fig. 14a: Surface temperature and species
profiles for autothermal methane oxidation on
Pt coated foam catalysts at 1.4bar.

4.5.2.0xidative Coupling of Methane (OCM) on Li/MgO

Oxidative coupling of methane to ethylene on Li/MgO is one of the main research
subjects within UniCat. Task of the research in the Inorganic Chemistry
Department is to help bridging the gap between theory, surface science and model
catalysis (area Al) and chemical engineering (area C) by studying the catalyst
material chemistry of Li/MgO and by investigating the interaction between
surface and gas phase microkinetics and transport phenomena (macrokinetics) and
by performing in situ spectroscopy at OCM reaction conditions. To accomplish
this goal defect rich Li/MgO catalysts with various Li concentrations (0-40 wt%)
were prepared by combustion synthesis. As shown by UV/Vis and fluorescence
spectroscopy, the concentration of defects such as low coordinated O ions at
terraces, steps, corners and kinks of the MgO nanocrystals increased with
increasing Li concentration even though the surface area decreased dramatically.
The tool of fluorescence spectroscopy (Figure 15b) can be applied also as in-situ
probe to sample dynamical changes during reaction at high-performance
conditions. In a close collaboration with the CP department (Drs Nilius, Sterrer,
Risse) who study the same system, it is possible to assign the different emission
bands to surface and bulk residing defects by comparing our spectra to those
obtained from electron injection-induced light emission from model surfaces.
XRD shows that the “as prepared” catalysts consisted of a MgO and a Li,COs

phase. Upon calcination in Ar or O, the Li,CO; phase decomposes under CO,
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evolution without that an additional Li containing phase was observed by XRD.
All catalysts were active for oxidative coupling of methane to ethylene. Without
Li doping (pure MgO) the activity is lower than for the Li doped samples but the
onset temperature for C2 formation (~550°C) is the same as with Li doping
indicating that the same sites are active for C2 formation on MgO and Li/MgO.
The higher activity of Li/MgO might be attributed to a higher concentration of
active sites on Li/MgO compared to pure MgO. Fluorescence spectroscopy (see
Figure 15b) with UV excitation seems to be an adequate tool to study defects on
MgO and Li/MgO under reaction conditions even though an assignment of the
observed fluorescence bands is still missing. The assignment of these bands is
work in progress in collaboration with the CP department and with the theory
group at HU Berlin (J. Sauer).

For spatial profiles measurements reticulated a-Al,O3; foam supports were coated
by a thin layer (~200nm) of Li/MgO using again combustion synthesis. The
profile measurements reveal as shown in Figure 15 a zeroth order methane total
oxidation in the gas phase along the entire foam stack consisting of an uncoated
front foam, two catalyst coated foams and an uncoated back foam. C2 formation
starts with begin of the catalyst foams but continues also in the uncoated back
foam. Further investigation will be required to investigate whether this post-
catalytic C2 formation is due to catalyst induced gas phase chemistry or because
some catalytic material was transported with the flow into the uncoated back
foam. Based on the results of the profile measurements a reaction cell with
molecular beam sampling will be constructed and inserted into the MBMS for
radical screening of the gas phase under OCM conditions. Because the MBMS is
good for screening but difficult to quantify, Cavity Ringdown Spectroscopy [5]
downstream the sampling orifice will be used for radical quantification required
as input information for modelling the reaction sequence. As methyl radicals are
thought to be key intermediates in OCM the laser system is currently set to 216nm
to allow their specific detection and quantification based on the transition

BCA") «X(*A2”) [6].
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Fig. 15a: Species profiles for methane oxidative
coupling on Li/MgO coated foams at
atmospheric pressure.

Fig. 15b: Defect characterization on MgO
and Li/MgO by fluorescence spectroscopy.
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Schlogl, R.:The role of chemistry in the energy challengghemSusChem,
accepted (2009).

Schlégl, R., and S. Wrabet2epartment of Inorganic Chemistry - Fritz-Haber-
Institut der Max-Planck-Gesellschaft. 4th Edition Department of Inorganic
Chemistry / FHI, Berlin (2009) Total Numbers of Pages 48 p.

Steiner, S. A., T. F. Baumann, B. C. Bayer, R. Blume, M. A. Worsley, W. J.
MoberlyChan, E. L. Shaw, R. Schldgl, J. A. Hart, S. Hofmann, and B. L. Wardle:
Nanoscale Zirconia as a Nonmetallic Catalyst for Graphitization of Carbon and
Growth of Single- and Multiwall Carbon Nanotub&®urnal of the American
Chemical Society, accepted (2009).

Subbotina, I. R., V. B. Kazansky, J. Kroéhnert, and F. C. Jenkafizgral
Absorption Coefficients of C-H Stretching Bands in IR Spectra of Ethane
Adsorbed by Cationic Forms of Y Zeolitdournal of Physical Chemistry AL3,

5, 839-844 (2009).

Su, D. S.The Use of Natural Materials in Nanocarbon Synth&diemSusChem,
accepted (2009).

Su, D. S., J. J. Delgado, X. Liu, D. Wang, R. Schlogl, L. Wang, Z. Zhang, Z. Shan,
and F.-S. Xiao:Highly Ordered Mesoporous Carbon as Catalyst for Oxidative
Dehydrogenation of Ethylbenzene to Styref@emistry- an Asian Journdl,
1108-1113 (2009).

Su, D. S., and R. Schloditanostructured Carbon Materials for Electrochemical
Energy Storage Application€hemSusChem, submitted (2009).

Su, D. S., J. Zhang, A. Thomas, X. Wang, J. Paraknowitsch, and R. Schlégl:
Metal-free Heterogeneous Catalysis for a Sustainable Chen@i$teynSusChem,
accepted (2009).

Teschner, D., E. M. Vass, and R. Schl@&iotoelectron spectroscopy of catalytic
oxide materials Metal Oxide Catalysis. (Eds.) Jackson, S. Davis; Hargreaves
Justin S. J. Wiley-VCH, Weinheim (2009) 243-298.

Tessonnier, J.-P., O. Ersen, G. Weinberg, C. Pham-Huu, D. S. Su, and R. Schlogl:

Selective Deposition of Metal Nanoparticles Inside or Outside Multiwalled
Carbon Nanotube®\CS Nano, accepted (2009).
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Tessonnier, J.-P., D. Rosenthal, T. W. Hansen, C. Hess, M. E. Schuster, R. Blume,
F. Girgsdies, N. Pfander, O. Timpe, D. S. Su, and R. Schiigllysis of the
structure and chemical properties of some commercial carbon nanostructures
Carbon 47, 7, 1779-1798 (2009).

Tessonnier, J.-P., A. Villa, O. Majoulet, D. S. Su, and R. Schidgfect-
Mediated Functionalization of Carbon Nanotubes as a Route to Design Single-Site
Basic Heterogeneous Catalysts for Biomass Convergiogewandte Chemie
International Edition 48, 35, 6543-6546 (2009).

Tessonnier, J.-P., A. Villa, O. Majoulet, D. S. Su, and R. Schidgfect-
Mediated Functionalization of Carbon Nanotubes as a Route to Design Single-Site
Basic Heterogeneous Catalysts for Biomass Convergiagewandte Chemie

121, 35, 6665-6668 (2009).

Thurnherr, T., D. S. Su, L. Diener, G. Weinberg, P. Manser, N. Pfander, R.
Arrigo, M. E. Schuster, P. Wick, and H. F. Kridew challenges for the immune
defense? Effects of industrially relevant multiwalled carbon nanotubes on human
Jurkat T cells in vitro. Environmental Health Perspectives, accepted (2009).

Villa, A., N. Janjic, P. Spontoni, D. Wang, D. S. Su, and L. PAatiPd/AC as
catalysts for alcohol oxidation: effect of reaction parameters on catalytic activity
and selectivityApplied Catalysis A: Gener&64, 1-2, 221-228 (2009).

Villa, A., J.-P. Tessonnier, O. Majoulet, D. S. Su, and R. Schiagino-
functionalized carbon nanotubes as solid basic catalysts for the transesterification
of triglycerides Chemical Communication, 29, 4405-4407 (2009).

Villa, A., J.-P. Tessonnier, O. Majoulet, D. S. Su, and R. Schlogl:
Transesterification of triglycerides using N-functionalized CNTs: effect of
reactions parameter€hemSusChem, submitted (2009).

Villa, A., D. Wang, N. Dimitratos, D. S. Su, V. Trevisan, and L. PRdi:on
carbon nanotubes for liquid phase alcohol oxidati@atalysis Today, accepted
(2009).

Villa, A., D. Wang, D. S. Su, and L. Pra@old sols as catalyst in the glycerol
oxidation: the role of stabilize€ChemCatChem, submitted (2009).

Wang, D., F. Ammari, R. Touroude, D. S. Su, and R. Sctitéginotion effect in
Pt—ZnO catalysts for selective hydrogenation of crotonaldehyde to crotyl alcohol:
A structural investigationCatalysis Today, in press (2009).

Wrabetz, S., X. Yang, G. Tzolova-Mdiller, R. Schlogl, and F. C. Jentoft:
Characterization of Catalysts in Their Active State by Adsorption
Microcalorimetry: Experimental Design and Application to Sulfated Zirconia
Journal of Catalysis, submitted (2009).
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Wuttke, S., S. M. Coman, J. Krohnert, F. C. Jentoft, and E. KenSutzGel
Prepared Nanoscopic Metal Fluorides - a New Class of Tunable Acid-Base
Catalysts Catalysis Today, submitted (2009).

Xia, W., J. H. Bitter, D. S. Su, J. Quian, and M. Muhleyn impregnation on the
amorphous shell of vapor grown carbon fibers and the catalytic growth of
secondary nanofiber®iamond & Related Materialk8, 1, 13-19 (2009).

Zafeiratos, S., T. Dintzer, D. Teschner, M. Havecker, R. Blume, A. Knop-Gericke,
and R. Schl6églOn the surface reactivity of cobalt oxides for methanol oxidation.
Journal of Catalysis, submitted (2009).

Zavyalova, U., F. Girgsdies, O. Korup, R. Horn, and R. Schibtitrowave-
Assisted Self-Propagating Combustion Synthesis for Uniform Deposition of Metal
Nanoparticles on Ceramic Monolithdournal of Physical Chemistry C, in press
(2009).

Zhang, J., X. Wang, Q. Su, L. Zhi, A. Thomas, X. Feng, D. S. Su, R. Schldgl, and
K. Millen: Metal-Free Phenanthrenequinone Cyclotrimer as an Effective
Heterogeneous Catalysiournal of the American Chemical Soci€l@l, 32,
11296-11297 (2009).

Zhang, Y., S. Wei, W. Zhang, Y.-J. Xu, S. Liu, D. S. Su, and F.-STKzaa
Nanocrystals and Adsorptive Nanoporous Polymer Composites: An Enrichment
and Degradation Syster@hemSusChem, accepted (2009).

Zhang, Z., and D. S. S®ehaviour of TEM metal-grids during in-situ heating
experimentsUltramicroscopyl09, 6, 766-774 (2009).

Dissertations
Arrigo, R.: Nitrogen Functionalization of CNFs and Application in Heterogeneous
Catalysis. Technische Universitat Berlin 2009.

Geske, M.:Interaction of Surface and Gas Phase Chemistry in the High
Temperature Catalytic Methane Oxidation on Platinum.
Technische Universitat Berlin 2009.

Herbert, R.:Synthesis, Characterization and Catalysis of Nanostructured Vanadia
Model Catalysts for Partial Oxidation of Propane. Technische Universitat Berlin
20009.

Bachelor
Hermerschmidt, F.Novel Cu/ZnO catalyst precursors for synthesis of methanol.
Freie Universitat Berlin 2009.
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Invited Talks of members of the
Department of Inorganic Chemistry

Marc Armbruister

Jan. 2008

”Advanced Processing for Novel Functional Materials” APNFM
2008, Dresden, Germany

Nanoparticulate Pd-Ga Intermetallic Compounds as Highly
Selective Catalysts for the Semi-Hydrogenation of Acetylene

Manfred Baerns

Feb. 2009

Advanced Course on Catalysis, IDECAT, Villars-sur-Ollon,
Switzerland

Development of Catalytic Materials for Maximal Performance and
Their Kinetic Characterizations

Malte Behrens

July 2009

July 2009

Symposium “Strukturanalytik in der Katalyse” der Technischen
Universitat Minchen, Munich, Germany

Strukturanalytik und konzeptionelle Synthese von
Realkatalysatoren am Beispiel des Cu/Zn/Al203-Systems

Annual Meeting Partnership for International Research and
Education (PIRE): Molecular Engineering for the Conversion of
Biomass Derived Reactants into Fuels, Chemicals and Materials,
San Francisco, USA

Carbon-supported catalysts for biomass conversion

Christian Hess

Jan. 2007

May 2007

Oct. 2007

Kolloguium, SFB, Berlin, Germany
Nanostructured vanadia model catalysts for partial oxidation
reactions

Kolloguium Physikalische Chemie, TU Darmstadt, Darmstadt,
Germany

Synthesis, characterization and application of functional
nanostructured materials for catalysis and sensors

Kolloquium, Institut fir Chemie, Universitdt Osnabrick,
Osnabrtick, Germany

Synthese, Charakterisierung und Anwendung funktionalisierter
nanostrukturierter Materialien fur die Katalyse und Sensorik
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Axel Knop-Gericke

Sept. 2007

Nov. 2007

Nov. 2007

Feb. 2008

March 2008

May 2008

Sept. 2008

July 2009

EMRS Fall Meeting, Warszawa, Poland
High pressure XPS: a tool for the investigation of heterogeneous
catalytic processes

Sumitomo, Osaka, Japan
What do we learn from high pressure XPS in heterogeneous
catalysis?

9th International Conference on Atomically Controlled Surfaces,
Interfaces and Nanostructures, Tokio, Japan

Correlation between the Electronic Structure of Working Catalyst
Surfaces and the Selectivity of Heterogeneous Catalytic Reactions

LNLS Users Meeting, Campinas, Brazil
High Pressure X-Ray Photoelectron Spectroscopy: A Tool to
Bridge the Pressure Gap in Heterogeneous Catalysis

Rideal Conference, Cambridge, UK
The role of subsurface species in heterogeneous catalytic
reactions: New insights by high pressure XPS

Meeting of the Royal Society of Chemistry, Brantigham, UK
High-Pressure XPS and in situ XAS in the soft X-ray range

Marie Curie Early Stage Researcher Training Networks MONET,
Aarhus, Denmark

Ambient Pressure X-ray Photoelectron Spectroscopy: A new Tool
for (Sub) Surface Science

VIII. International Conference ,, Mechanism of Catalytic
Reactions”, Novosibirsk, Russia

Increased selectivity of Pd based catalysts in alkyne hydrogenation
reactions by the modification of their electronic structure

Friederike Jentoft

March 2008

March 2008

Seminar Chemical, Biological, and Materials Engineering,
University of Oklahoma, Norman, USA
Alkane Activation and Conversion on Solid Oxide Catalysts

University of Oklahoma, Norman, Oklahoma, USA.
Alkane Activation and Conversion on Solid Oxide Catalysts
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May 2008

May 2008

Second IDECAT Conference on Catalysis: Concepts, Complexity
and Diversity in Catalysis, Porquerolles, France
Alkane Conversion on Sulfated Zirconia and Zeolite Catalysts

Institutskolloquium, Institut fir Energieverfahrenstechnik und
Chemieingenieurwesen, TU Bergakademie Freiberg, Germany
Saure Festkorperkatalysatoren: Neue Materialien und zukinftige
Herausforderungen

Robert Schldgl

April 2007

Oct. 2007

Oct. 2007

Oct. 2007

Oct. 2007

Nov. 2007

Jan. 2008

Jan. 2008

Feb. 2008

Dow Chemical Corporation, Midland MI, USA
Selective oxidation of small alkane molecules

Workshop Katalyse/Sensorik, TU Darmstadt, Germany
Gibt es Katalysator-Entwicklung, die auf Verstandnis basiert?

Workshop on Ambient Pressure Photoelectron Spectroscopy,
Berkeley, CA, USA
High pressure photoemission in heterogeneous catalysis

SFB Symposium Berlin/Bochum: “From clusters to catalysis —
transition metal and transition metal oxides”, Erkner, Germany
V,Oy in selective oxidation: The role of structural complexity

First International Symposium on Selective Oxidation catalysis: C-
H activation via molecular oxygen (SFB 706), Stuttgart-
Hohenheim, Germany

Dynamics of Heterogeneous Catalysts

Otto-Warburg-Vorlesung,  Universitdt  Bayreuth,  Bayreuth,
Germany

Heterogen-katalytische Oxidationsprozesse: Was wissen wir heute
Uber ihre Selektivitat

Festkolloguium fir Professor H.-P. Béhm, Ludwigs-Maximilians
Universitat-Minchen, Minchen, Germany
Kohlenstoff: ein altes Element, ewig jung

Universitdt Bremen, Inst. f. Angewandte und Physikalische
Chemie, Bremen, Germany

Heterogen-katalytische Oxidationsprozesse: was wissen wir heute
uber ihre Selektivitat

UCSB-MPG Workshop, Lake Arrowhead, CA, USA
Copper in C1 Chemistry
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March 2008

April 2008

April 2008

May 2008

May 2008

May 2008

June 2008

June 2008

June 2008

July 2008

Aug. 2008

Sept. 2008

UOP LLC, Des Plaines, Ill., USA
“Nanocarbons in heterogeneous catalysis”: FHI activities — an
overview

Max Planck Materials Workshop, Schloss Reisensburg, Wiirzburg
Germany
Research Perspectives in Materials Science

Rundgesprach ,,Grenzflachenprozesse bei Energiespeicherung und
—umwandlung®, Harnackhaus Berlin, Berlin, Germany
In-situ-Methoden der Oberflachenchemie

Delhousie University Halifax, Canada
Heterogeneous catalysis as strategy for large scale energy storing

European Commission, Brussels, Belgium
Future prospects of catalysis and the importance for sustainable
chemistry

Inauguration ceremony Cluster of Excellence “UniCat”, Technical
University Berlin, Berlin, Germany
Katalyse und Oberflachenchemie

Harvard University, Cambridge, NA, USA
High pressure photoemission for in-situ studies on high performing
heterogeneous catalysts

ESF-FWF Conference “Nanotechnology of Sustainable Energy”,
Obergurgl, Austria

The critical role of heterogeneous catalysis for energy storage and
conversion

Materials Days, Universitat Rostock, Rostock, Germany
In situ studies of catalyst surfaces

14th International Congress on Catalysis, Seoul, Korea
Dynamics in selective oxidation catalysis

16th International Conference on Solid Compounds of Transition
Elements, Dresden, Germany
Pd and intermetallics in heterogeneous catalysis

Synchrotron Radiation User Meeting, Daresbury Laboratory,

Daresbury, United Kingdom
High Pressure Photo Emission in Catalysis
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Sept. 2008

Oct. 2008

Oct. 2008

Oct. 2008

Nov. 2008

Nov. 2008

Nov. 2008

Dec. 2008

Feb. 2009

Feb. 2009

March 2009

March 2009

6th International Workshop on LEEM-PEEM, Trieste, Italy
High pressure photoemission in catalysis: Still new insights in
mature systems?

Tag der Wirtschaft und Wissenschaft, Humboldt-Gymnasium,
Berlin, Germany
Katalyse nicht nur im Auto

Tandem-Vortrag mit P. Albers, ProcessNet Jahrestagung, Karlsuhe,
Germany

Kohlenstoff als Katalysator / Kohlenstoff als Trager -
Unterschiedliche Blicke auf hochdisperse Systeme

BESAC Workshop ,,Solving Science and Energy Grand Challenges
with Next Generation Photon Sources*, Rockville, Maryland, USA
Catalysis and Chemistry

CBI-Kolloguium, Erlangen, Germany
Vanadium oxides in selective oxidation catalysis: dynamics

3rd Intern. Symposium on Carbon for Catalysis — CarboCat IlII,
FHI-Berlin, Berlin, Germany
Nanostructured carbon as heterogeneous catalysts

International Workshop on Fundamentals of Lithium-based
Batteries, Schloss Ringberg, Rottach-Egern, Germany
Nanostructured carbon as heterogeneous catalysts

Nanotechnology International Forum RUSNANOTECH 08,
Functional Nanomaterials, Moscow, Russia
Nanostructured Oxides as Heterogeneous Catalysts

IWAM Conference 2009, International Workshop “Frontiers in
Materials Science, Ras Al Khaimah, UAE

Nanomaterials in heterogeneous catalysis: Cu as case study (Is this
an advanced material?)

Technische Universitat Kaiserslautern, Verleihung Steinhofer-Preis
2008, Kaiserslautern, Germany
Heterogene Katalyse: Auf dem Weg zur rationalen Entwicklung

UniCat Scientific Advisory Board Meeting, Technical University
Berlin, Berlin, Germany
Hierarchical organized solid catalysts

TU Denmark, Lyngby, Lyngby, Denmark
Pd and its Intermetallics in Heterogeneous Catalysis
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March 2009

March 2009

March 2009

April 2009

April 2009

May 2009

May 2009

May 2009

May 2009

June 2009

July 2009

July 2009

42. Jahrestreffen Deutscher Katalytiker, Weimar, Germany
Selectivity in catalytic hydrogenation and oxidation: from concepts
to materials?

ERL Kick Off Workshop, Berlin Adlershof, Berlin, Germany
Synchrotron Radiation Experiments for Energy Research

DPG Symposium (Chemical Reactions on Nanomaterials), TU
Dresden, Dresden, Germany

Ruthenium oxides as catalysts for CO oxidation: relations between
phase and reactivity?

Argonne National Laboratory, Argonne, Ill., USA
Metals as selective catalysts

IWTFSSC-2, Second International Workshop on Thin Film Silicon
Solar Cells, Berlin Adlershof, Berlin, Germany
Solar power: what do we do in the dark?

Catalysis Club Symposium, Univ. of Delaware, Newarck,
Delaware, USA
Simple and complex oxides in selective oxidation reactions

Catalysis Club Symposium, Univ. of Delaware, Newarck,
Delaware, USA
Selectivity in Oxidation Catalysis

Joint Meeting of UniCat and Northwestern University, Evanston,
USA in Berlin, Germany
Material Properties for High Performance Oxidation Catalysts

Workshop “Catalysis from first principles”, University Vienna,
Vienna, Austria
Simple and complex oxides in selective oxidation catalysis

Symposium  Prof.Guntherodt, University of Basel, Basel,
Switzerland
Nanostructured carbon as catalyst

6th World Congress on Oxidation Catalysis, Lille, France
Controlled synthesis of vanadia supported on SBA-15 by the use of
automated laboratory reactor

First Chemical Sciences and Society Symposium CS3 ,,Using the
sunlight to address the energy issues — sunlight to power the
world“, Kloster Seeon, Germany

The role of hydrogen as an energy carrier
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Aug. 2009

Aug. 2009

Aug. 2009

Aug. 2009

Aug. 2009

Oct. 2009

Presentation at discussion meeting, Dow Chemicals, Houston, USA
Silver as Catalyst for Ethylene Epoxidation

Presentation at discussion meeting, Dow Chemicals, Houston, USA
Simple and complex oxides for selective oxidation catalysis

Gordon Research Conferences: Laser Diagnostics In Combustion,
Waterville Valley, NH, USA
Partial oxidation of small hydrocarbons: the role of a catalyst

CINF Summerschool *“Reactivity of nanoparticles for more
efficient and sustainable energy production”, Sandbjerg Gods,
Segnderborg, Denmark

Synthesis of Cu nanoparticles for improved performance in C1
Chemistry

Invited by German Chemical Society Annual Meeting 2009,
Universitat Frankfurt, Frankfurt a. Main, Germany,
Welche Materialien braucht die Katalyse?

ICESS-11  (11th International Conference on Electronic
Spectroscopy and Structure), Nara, Japan
High Pressure Photoemission in Catalysis

Dang Sheng Su

Jan. 2008

June 2008

June 2008

July 2008

Oct. 2008

Oct. 2008

SFB-Seminar, Bochum, Germany
Nano-Scale Characterizations of Catalytic Materials by High
Resolution Transmission Electron Microscopy

Seminar at Department of Chemical Engineering (NTNU),
Trondheim, Norway
Carbon-only Catalysis

Chinese Conference on Electron Microscopy, Yin Chuan, China
Nano-Scale Characterization of Catalytic Materials by High
Resolution Transmission Electron Microscopy

Forum for Future Technology, Shenyang, China
Catalysis for Energy

Seminar of Institute for Chemical Physics, Dalian, China
Catalyzing Oxidation with Carbon Nanotubes

14th Chinese Conference on Catalysis, Nanjing, China
Carbon Catalysis: Potential and Challenges
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Dec. 2008

Dec. 2008

Feb. 2009

March 2009

March 2009

March 2009

April 2009

May 2009

May 2009

June 2009

Oct. 2009

Oct. 2009

2nd CNT Cambridge Symposium, Cambridge, UK
CNTs in Catalysis

CAS Symposium on Interfacial Materials, Shenyang, China
Surface and Interface of Catalysts

NanoCenter, Chinese Academy of Science, Beijing, China
Surface  Modified  Carbon  Nanotubes for  Oxidative
Dehydrogenation Reaction

Berzelii Centre EXSELENT on Porous Materials, University of
Stockholm, Stockholm, Sweden
Catalysis by Nanocarbon

XXIHrd International Winterschool on Electronic Properties of
Novel Materials, Kirchberg in Tirol, Austria

Commercial carbon nanotubes as efficient catalysts for alkene
synthesis

XXIlrd International Winterschool on Electronic Properties of
Novel Materials, Kirchberg in Tirol, Austria

Commercial Carbon Nanotubes as Efficient Catalysts for Alkene
Synthesis

J. Heyrovsky Institute of Physical Chemistry and Electrochemistry,
Czech Academy of Sciences, Prague, Czech Republic
Activation of Butane and Propane by Carbon

College of Chemistry, Zhong-Shan University, Gaungzhou, China
The Surface Structure of Working Catalysts

15th International Symposium on Intercalated Compounds,
Beijing, China
TEM and Nanoscience

1st German — Japanese Joint Symposium on Development and
Technology of Carbon Materials, Meitingen, Germany
Catalysis by Carbon

Sino-German Workshop on Designed Materials for Energy Related
Catalytic Processes, Dalian, China
Alkane Activation by Carbon

12th National Conference on Catalysis of Young Scientists, Jin

Hua, China
Metal-free catalysis: present and future
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Nov. 2009  1st International Green Energy Nanocarbon Conference, Chonju,
South Korea
Nanostructured  Carbon and Carbon  Composite  for
Electrochemical Energy Storage

Nov. 2009 FTSE FIChemE Annual Conference on Advances in Functional
Nanomaterials, Queensland, Australia
Nanomaterials for Sustainable Chemistry

Detre Teschner

Dec. 2008 27th Bessy User Meeting, Berlin, Germany
Heterogeneous catalytic hydrogenation: Through the eyes of
photons and neutrons

Annette Trunschke

Sept. 2007  Kolloquium, Leibniz-Institut fur Katalyse e.V., Berlin, Germany
Rational Synthesis of Multi-Metal Oxide Catalysts

Oct. 2008 LSAC group meeting; Laboratory for the Science and Application
of Catalysis, Berkeley, CA, USA
New look at the active surface of nanostructured molybdenum-
vanadium oxides for selective oxidation of propane to acrylic acid

Alberto Villa
June 2009 Laboratoire des Matériaux, Surfaces et Procédés pour la Catalyse

(LMSPC), Strasbourg, FRANCE
Au-Pd alloy for liquid phase oxidation
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Department of Chemical Physics

Staff Scientists:

Director: H.-J. Freund

Dr. M. Heyde

Dr. H. Kuhlenbeck (Habilitation)
Dr. N. Nilius (Habilitation)
Dr. T. Risse (Habilitation)

Dr. S. Schauermann
Dr. S. K. Shaikhutdinov
Dr. M. Sterrer

Dr. T. Schmidt

Dr. K. Watanabe

from Jan. 01, 2008
until Nov. 01, 2009

Guest scientists, staying for at least six months, paid by FHI:

Dr. Hiroko Ariga

Dr. Oleksandr Bondarchuk

Dr. Esther Carrasco Burgos

Dr. Janaina Fernandes Gomes
Dr. José Manuel Flores Camacho
Dr. Lars Heinke

Dr. Ki Hyun Kim

Dr. Daniel Loffler

Prof. Dietrich Menzel
Dr. Anastassia Pavlovska
Dr. Zhihui Qin

Prof. Karl-Heinz Rieder
Dr. Aditya Savara

Dr. Xiang Shao

Dr. John Uhlrich

Guest scientists, staying for at least six months, paid from external funds:

Dr. Heather Abbott AvH Fellow
Prof. Ernst Bauer AvH Awardee
Dr. Matthew Brown AvH Fellow
Prof. Cynthia Friend =~ AvH Awardee
Prof. Elio Giamello AvH Awardee
Dr. Xijao Lin AvH Fellow
Prof. Robert Madix AvH Awardee

Graduate Students:

Technicians:

Associated Research Group:

PP&B Group:

Crystal Preparation Laboratory:

AvH Awardee
AvH Awardee
AvH Awardee

Prof. S. Ted Oyama

Prof. Gianfranco Pacchioni
Prof. Martin Schmal

Dr. Violeta Simi¢-MiloSevié¢
Prof. Sundal Song

Dr. Dario Stacchiola AvH Fellow

23 (3 IMPRS students, 5 students paid
from external funds)

1 Internship

1 Trainee

9

Phil Woodruff (group leader)
1 student
1 postdoc

H. Junkes (group leader)
1 Trainee

4 Technicians

2 Technicians
AvH= Alexander von Humboldt Foundation
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Recent Developments in the Department of Chemical Physics

Director: H.-J. Freund

General Remarks

Since the last visit of the Fachbeirat the following changes occurred among the

staff members of the department.

Dr. Niklas Nilius finished his habilitation in Physics in July 2009 at the
Humboldt University Berlin.

Since January 2008 Dr. Thomas Schmidt was made group leader of the
Spectro-Microscopy group (SMART) within the CP Department.

A new technical staff member, Marcel Springer, has joined the Spectro-
Microscopy group effective February 01, 2008.

Dr. Kazuo Watanabe left the group effective November 01, 2009, to accept
a postdoctoral associate position at Oak Ridge National Laboratory. The
group Photo-Induced Processes will be discontinued after the student has
finished his thesis.

The CP Department is hosting (during PC construction period) the Second
Harmonic Generation and Raman Spectroscopy group associated with the
PC Department to set up joined (CP and PC) TERS experiments on
molecules on nanoparticles.

Among the postdoctoral associates in the group, Dr. Dario Stacchiola left to
become Assistant Professor at Michigan Technology University,
Department of Chemistry, and Dr. Zhihui Qin left to become Associate
Professor at Wuhan Institute of Physics and Mathematics (WIPM) of the
Chinese Academy of Sciences.

For a number of years Prof. Dietrich Menzel has been very successfully
associated with the CP Department (Photon-Induced Processes Group) on a
part time arrangement. This has been crucial for the performance of the
group, and will be continued. A similar arrangement has now been set up
for Prof. Karl-Heinz Rieder, effective August 2009, to be associated with
the Atomic Force Microscopy group.
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Honors and Awards:

Hans-Joachim Freund

- Chairman of the University Council, University Erlangen-Niirnberg
(Dec. 2007).

- V. N. Ipatieff Lecture Award, Northwestern University, Center for
Catalysis and Surface Science (March 2008).

- Invitational Lecture Series, UOP Honeywell, USA (March 2008).

- Hassel Lecture of the Norwegian Chemical Society (May 2008).

- Honorary Visiting Professorships at University of Science and
Technology of China, Hefei, China (2008), and University of
Birmingham, Birmingham, UK (2007 and 2008).

- Member of the German Academy of Sciences Leopoldina, Halle, (April
2009).

Ki Hyun Kim:
- Student Award in DIET XII (The Twelfth International Workshop on
Desorption Induced by Electronic Transitions, April 2009).

Wiebke Ludwig:
- Poster Award 2009, Meeting of the Deutsche Bunsengesellschaft, Spring
2009.

Thomas Risse:
- Nernst-Haber-Bodenstein Award 2008 of the Deutsche Bunsen-
gesellschaft fir Physikalische Chemie.

Tobias Schalow:
- Otto-Hahn-Medal 2007 for ,,Untersuchungen der Struktur und Reaktivitit
von getragenen Pd-Nanoteilchen bei Oxidationsreaktionen®.

Swetlana Schauermann:
- Fellowship of the Robert Bosch Foundation-Excellence and Leadership
Program Fast Track (2008-2010).

Members of the department have been involved in a number of other activities.

Hans-Joachim Freund

- Member of the Scientific Advisory Board of Institute for Molecules and
Materials (IMM) Nijmegen, The Netherlands (April 2008).

- Member of the International Advisory Board of the Nanoscience Center,
University of Jyviskyld (May 2008).

- Member, Board of the Cluster of Excellence “Unifying Concepts in
Catalysis” (UniCat), Berlin (Nov. 2008).

- Member of the Committee for European Research Policy associated with
the Hochschulrektorenkonferenz (March 2009).
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Member of the Scientific Council of the Helmholtz-Zentrum Berlin fiir
Materialien und Energien (April 2009).

Member, International Advisory Board of “ChemCatChem” (April
2009).

Presentations at Schools: “Katalyse: Was ist das?*
Hedwig-Bollhagen-Gymnasium, Velten 2008.

Strittmatter-Gymnasium, Gransee 2009.

Thomas Risse

Vice-Chairman of the COST action D41 “Inorganic Oxides: Surfaces and
Interfaces” (Jan. 2008).

Thomas Schmidt

Member of the BESSY-II User Committee (2008).

The following events have been organized by the department.

Annual meeting of the COST action D41 (Oct. 2007).

Visit of Research Fellows of the Alexander von Humboldt Foundation
(April 2008).

Visit of University Students from Erlangen University (Prof. Th. Fauster,
Sept. 2008).

Winterschool “Methods to Characterize Oxide Surfaces” (Feb. 2009).
Joint Meeting of the UniCat Researchers and the Catalysis Center of the
Northwestern University, Evanston, USA (May 2009).

Joint Meeting of German Science Foundation funded Indian and Chinese
Researchers (July 2009).

Visit of pupils (Strittmatter Gymnasium Gransee, July 2009).

Within the Department of Chemical Physics there are at present nine working

groups:

1. Spectroscopy
Helmut Kuhlenbeck

2. Structure and Reactivity
Shamil Shaikhutdinov

3. Atomic Force Microscopy
Markus Heyde

4. Scanning Probe Spectroscopy
Niklas Nilius

5. Magnetic Resonance
Thomas Risse
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6. Catalysis/Laser Spectroscopy
Martin Sterrer

7. Molecular Beam
Swetlana Schauermann

8. Photon-Induced Processes
Kazuo Watanabe (until 10/09)

9. Spectro-Microscopy (SMART)
Thomas Schmidt

Associated Research Group: Scanned-energy Mode Photoelectron Diffraction
Phil  Woodruff, University of Warwick,
Coventry, U.K.

In the Department of Chemical Physics we have continued to concentrate in the
last two years on structure and reactivity studies on oxide surfaces and ultra thin
films, electronic structure, and adsorption on metal and oxide nanoparticles and
instrumentation developments. The Department has also participated in a number

of projects funded from outside sources which are listed below.

A particular project involved the acquisition of “Cluster of Excellence” (CoE),
“Unifying Concepts in Catalysis” (UniCat) funded by the DFG. The Department
of Chemical Physics was deeply involved in the planning and the final proposal.

The department represents the institute in the Board of the CoE.

Further collaborations involve:

Collaboration N. Nilius: DFG, SPP 1234
“Quantum transport at the molecular scale”

Collaboration H.-J. Freund, Th. Risse, N. Nilius:
ESF COST Action D41
“Inorganic Oxides: Surfaces and Interfaces*

Collaboration H.-J. Freund, N. Nilius, Th. Risse, M. Heyde:

Center of Excellence, UniCat, Teilprojekt Al,

“Bridging Model Systems to Real Catalysis: Methane Activation on
Li Doped MgO*
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Collaboration Th. Risse:

Center of Excellence, UniCat, Teilprojekt B3,

“Towards an Atomistic Understanding of MoCo Containing
Molybdoenzymes*

Collaboration H.-J. Freund, S. K. Shaikhutdinov:

SFB 546  Struktur, Dynamik  und Reaktivitat ~ von
Ubergangsmetalloxid-Aggregaten, Teilprojekt B1
»Struktur-Reaktivitits-Beziehung von Vanadiumoxid-Aggregaten auf
geordneten Ubergangsmetalloxidoberfldchen*

Collaboration H.-J. Freund, H. Kuhlenbeck:

SFB 546  Struktur, Dynamik  und Reaktivitat ~ von
Ubergangsmetalloxid-Aggregaten, Teilprojekt C1

»Elektronenstruktur und Adsorptionsverhalten von geordneten
Vanadium-, Molybdin- und Nioboxidoberflichen* (2007)
"Theoretical Modelling of XPS and NEXAFS spectra" (2008-2009)

Collaboration D. P. Woodruff (Warwick), J. Sauer:

SFB 546 Struktur, Dynamik und Reaktivitit von Ubergangs-
metalloxid-Aggregaten, Teilprojekt C8

HStructure determination of VOy surfaces, thin films and interfaces
based on scanned-energy mode photoelectron diffraction”

Collaboration H.-J. Freund, G. Centi (Messina):

Network of Excellence, E.U.

,Integrated Design of Catalytic Nanomaterials for a Sustainable
Production (IDECAT)*

Collaboration H.-J. Freund, M. Asscher (Jerusalem):
G.IF.
»,Dynamics of Electronic Processes in Confined Environment*

Collaboration H.-J. Freund, E. Umbach (Wiirzburg):
BMBF-BESSY ,,SMART- ein hochauflésendes Elektronen-Spektro-
Mikroskop fiir die Oberflichenforschung*

Further collaborations include:
Collaboration with Brazil: H.-J. Freund and M. Schmal, Universidade Federal do

Rio de Janeiro (UFRJ), Rio de Janeiro.

Collaboration H.-J. Freund with a partner group in China: W. Huang, University
of Science and Technology of China, Chinese Academy of Sciences, Hefei,
China.

Collaboration with Finland: H.-J. Freund, N. Nilius and H. Hikkinen,
Nanoscience Center, University of Jyvéskyld, Finland.
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Collaboration on solid-liquid interfacial STM: H.-J. Freund and K. Wandelt,
Institute of Physical and Theoretical Chemistry, University of Bonn, Bonn,
Germany.

Collaboration with Hungary: H.-J. Freund and F. Solymosi, University of Szeged,
Academy of Sciences, Szeged.

Collaboration with Italy: H.-J. Freund and E. Giamello, IFM, Universita degli
studi di Torino, Torino. H.-J. Freund and G. Pacchioni, Universita degli Studi
Milano-Bicocca, Milano. N. Nilius and S. Valeri, Universita de Modena, Modena.

Collaboration with Japan: H.-J. Freund and K. Asakura, Catalysis Research
Center, Hokkaido University, Sapporo. S. Schauermann, M. Wilde, and K.
Fukutani, The University of Tokyo, Tokyo.

Collaboration with Mexico: H.-J. Freund, M. Heyde and A. Koster, Centro de
Investigacion y de Estudios Avanzados, San Pedro Zacatenco.

Collaboration with Poland: M. Heyde and M. Nowicki, Institute of Experimental
Physics, University of Wroclaw, Wroclaw.

Collaboration with Spain: S. Schauermann and K.M. Neymann, University of
Barcelona, Barcelona.

Collaboration with the UK: S. Shaikhutdinov and M. Bowker, A. Carley, P.
Davies, D. Edwards, School of Chemistry, Cardiff University, Cardiff.

Collaboration with the USA: H.-J. Freund and P.S. Bagus, University of North
Texas, Denton. S. Schauermann and C.T. Campbell, Washington University,
Seattle. H.-J. Freund and J.C. Hemminger, School of Physical Sciences,
University of California. Th. Risse and W. Hubbell, Jules Stein Eye Institute,
School of Medicine, UCLA, Los Angeles. S. Schauermann and R.J. Madix,
Harvard University, Cambridge. Freund, M. Heyde and S.T. Oyama, Virginia
Polytechnic Institute and State University, Blacksburg. H.-J. Freund and P.C.
Stair, Northwestern University, Evanston.

The department has associated with it the PP&B group, and the Crystal

Preparation Laboratory.

The following research highlights include results of research projects as well as

on instrumental developments:

° A systematic study of 1-dimensional and 2-dimensional Au clusters
supported on alumina and magnesia ultra thin films has been carried out
using scanning probe imaging and spectroscopy in collaboration with
Joachim Sauer’s (Phys. Rev. Lett. (2007)), Gianfranco Pacchioni’s (Phys.
Rev. Lett. (2008)) and Hannu Hikkinen’s (Phys. Rev. Lett. (2009))

groups.
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The concept of tailoring the electronic properties of oxide surfaces and
oxide film-metal interfaces has been substantiated by STM experiments
on Pd, Au and Fe incorporation, and on Li doping of ultra thin silica films

(Phys. Rev. Lett. (2008), Phys. Rev. Lett. (2009))

In connection with our efforts within UniCat, molecular adsorption of
taylor made (Prof. Blechert’s group, TU Berlin) organic molecules on Au
and oxide surfaces, as a prelude to the study of adsorption of the same
molecules on supported clusters in order to modify cluster-support

interaction, has been studied using STM imaging.

With respect to the study of model systems for methane activation, which
is a central theme within UniCat, successful attempts have been made to
prepare thick Li doped MgO films. Characterization of the doped film
properties using fluorescence studies with the photon STM and ESR

spectroscopy are in progress.

The development of atomic resolution AFM at cryogenic temperatures
has been pushed forward by resolving atomically the top layers of
alumina films with unprecedented quality and performing force
microscopy on MgO film surfaces (Appl. Phys. Lett. (2007), New. J.
Phys. (2009)).

It has been possible to detect the adsorption site of single Au atoms on
alumina via atomically resolved AFM images, and also to image color

center defects on MgO(100).

In collaboration with Joachim Sauer’s groups we have been able to
generate unique structure-spectroscopy-reactivity correlations for
vanadia-on-ceria-monolayer model systems, in particular with respect to

oxidative methanol dehydrogenation to formaldehyde. Monomeric and
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polymeric V,Oy species on ceria have been imaged and their vibrational
and photoelectron spectra have been assigned. This has led to a
reassignment of vibrational data in the catalytic literature and explain the
observed strong influence of the support for this reaction (Angew. Chem.

(2009).

As a reference system for oxidative methanol dehydrogenation the initial
steps of the molecules adsorption and reaction has been studied on
V,03(0001) and V,05(001) films. A correlation between defect
abundance and methoxy formation was firmly established and correlated
with theoretical studies in Joachim Sauer’s group (within the SFB 546)
(Angew. Chem. (2008)).

Also within the SFB 546 collaboration, after many unsuccessful attempts,
a strategy has been developed to grow mixed metal-titania films on

TiO,(110) singly crystal substrates.

By investigating the system Pt/ Fe;O4(111) a unique SMSI state has been
discovered where a FeO(111) film migrates onto the Pt nanoparticles.
Both, the overgrowing oxide film and the Fe;O4(111) substrate were
imaged with atomic resolution. This SMSI state exhibits the very
interesting property of enhanced activity towards CO-oxidation if the
reaction is performed under atmospheric conditions which raises the
general question whether ultrathin oxide films could be designed to
enhance chemical activity. The experiments are carried out within a high
pressure cell, using gas chromatographic detection. The SMSI state
deactivates by a dewetting of the FeO film (Catal. Lett. (2007), J. Catal.
(2009)).
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The structure of the Fe;O4(111) surface is being investigated using the
LEEM option of the SMART I (see for SMART II below) microscope,

with its unique lateral resolution of 2.6 nm.

Progress has been made in identifying and localizing adsorbed hydrogen
on and in Pd nanoparticles supported on Fe;O4(111). Resonant-Nuclear-
Reaction Analysis (r-NRA), (in collaboration with M. Wilde and K.
Fukutani, The University of Tokyo), has been used to identify and
quantify subsurface hydrogen and correlate its presence with olefin
hydrogenation (Phys. Rev. B 2007), Angew. Chem. (2008), J. Phys.
Chem. (2008)).

In collaboration with Charlie Campbell a micro-calorimeter has been built
to study adsorption enthalpies of CO on Fe;O4(111) supported Pd
nanoparticles as a function of particle size. Interesting and unexpected

behaviour has been found as a function of particle size.

Along with incorporating the SMART activity into the department, an
analysis of the PEEM performance of the SMART I instrument has led to
the conclusion, that it is necessary to replace the magnetic Q-filter by an
electrostatic analogous instrument which allows to keep the high voltage
of the electron beam as it leaves the beam splitter. 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.

Photon assisted processes on supported Ag nanoparticles in comparison
with Ag(111) single crystal surfaces have been investigated using
techniques such as mass-selected time-of-flight and resonance enhanced
multiphoton ionization (Phys. Rev. Lett. (2007), Phys. Rev. Lett. (2008),
JACS (2008)). Photodesorption cross-sections as a function of photon-

energy and particle size reveal new mechanistic aspects of the photo
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desorption process and its dynamics (energy partitioning). When
femtosecond excitation is applied very strong changes (orders of

magnitude) in cross-sections have been observed but not yet understood.

Water adsorption on MgO(100) has been studied from submonolayer
coverage to multilayer ice coverage using IRAS and SFG with respect to

dissociation and its influence on metal (i.e. Au) nanocluster formation.

A new research direction aims at a molecular-level understanding of wet
catalyst impregnation. A solid-liquid STM-SFG system has been planned
and is being tested. A thin FeO(111) film on Pt(111) has been imaged in
the liquid. PdCl, was used to deposit Pd and the clusters formed after

calcination have been imaged in air.

EPR signals from alkali and alkali earth deposits on MgO films have been
recorded and assigned (Chem. Phys. Lett. (2008)). These results are
important towards our understanding of paramagnetic species involved in

methane activation over Li/MgO within the UniCat activity.

The W-band EPR system has been fully assembled and novel concepts to
operate the resonator have been developed. The instrument has been

tested to provide monolayer sensitivity.

Protein adsorption on lipid bilayers as well as various lipid bilayer phases
using spin-labelling techniques are being studied intensely using EPR. To
access protein adsorption on metal surfaces, new resonator assemblies are
being developed. In parallel, studies began to develop addressable protein

switches by controlling the external electric field.
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Progress Reports

In the following, results from the various groups obtained during the last two

years are summarized:

Spectroscopy Group

Many studies in the past two years dealt with ordered V,03(0001) and V,05(001)
layers grown on Au(111). Adsorption/reaction studies were in the foreground of
the investigations with a certain focus put onto microscopic details of the
reactivity of the surfaces. An upcoming topic is the preparation of TiO,(110)
layers doped with molybdenum and vanadium for reaction and adsorption studies.
These studies were performed in the framework of the Sonderforschungsbereich

546 of the Deutsche Forschungsgemeinschaft.
Methanol adsorption on V,03(0001) and V,05(001)

Methanol adsorption experiments were performed for V,05(001) and V,03(0001),
focussing on the role of surface oxygen atoms and the hydroxyl groups resulting
from methoxy and formaldehyde formation. In the case of both substrates, non-
defective oxygen-terminated surfaces are inactive for reactive methanol
adsorption; only molecular adsorption occurs. If surface oxygen atoms are
removed then on both substrates already at 100 K methoxy is formed which is
transformed into formaldehyde at temperatures between 450 and 600 K. Using
different experimental (STM, IRAS, TDS, XPS, NEXAFS) and theoretical
methods (DFT, kinetic modelling) it could be shown that the hydroxyl groups
produced in the course of the methoxy formation play a decisive role. In the case
of the V,03(0001) surface the hydrogen atoms bind to vanadyl groups and form
water upon annealing. This removes vanadyl oxygen atoms from the surface, thus
forming additional sites for methoxy formation. Herewith more hydrogen are
produced which again form water and so on. This self limiting chain reaction
doubles the density of sites reactive for methoxy formation. At higher temperature
hydroxyl groups steer the selectivity for formaldehyde formation in that nearly all

hydrogen atoms produced during formaldehyde formation react with methoxy to
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produce methane in addition to formaldehyde. Additional hydrogen atoms on the

surface shift the selectivity towards more methane.

For the V,05(001) surface the role of the hydrogen atoms is somewhat different.
In this case there is a high probability for hydrogen+methoxy—methanol
recombination which occurs already below room temperature and leads to the
removal of methoxy groups from the surface at temperatures below the
formaldehyde formation temperature. The only way for the methoxy groups to
survive up to the temperature where formaldehyde production is possible
(>450 K) is the removal of hydrogen atoms by water formation which competes
with methanol formation for surface hydrogen atoms. With a kinetic model the
time dependence of the methoxy concentration on the surface could be well

reproduced.
Molybdenum and vanadium doped TiO,(110) layers on TiO,(110)

These investigations aim at learning about the properties of a supported model
catalysts (MoOy/TiO, and VO,/TiO;) with respect to the mixing of the
components, the oxidation states of the dopant ions, and their reactivity. Up to
now preparation recipes could be developed and characterization studies were
performed. After many tries to grow ordered layers of regular TiO, on different
platinum and gold surfaces (which were chosen because of their chemical
inertness) finally single crystalline TiO,(110) was chosen as substrate for the
growth of the mixed oxides. These are produced by co-deposition of titanium with
molybdenum or vanadium in an oxygen atmosphere. Molybdenum forms an
ordered mixed bulk phase with TiO, with molybdenum in a 4+ oxidation state. On
the surface also 5+ and 6+ oxidation states are found. In the case of vanadium
doped TiO,(110) additional stabilization is required due to the fast vanadium
diffusion into the bulk upon annealing. This can be prohibited by a diffusion
barrier consisting of a W+Ti0O, mixed oxide layer. Whether this layer can also
block diffusion of reduced titanium atoms is currently studied. If this is the case

this may help to produce a TiO(110) surface with a low defect density.
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Theoretical modelling of XPS and NEXAFS spectra

In co-operation with Paul Bagus and co-workers, spectroscopic details of XPS
and X-ray absorption spectra of oxides were studied. Calculations were performed
by Paul Bagus and co-workers and we took care of the experimental part. For the
case of V,05(001) the V2p X-ray absorption branching ratios were calculated
using the Russell-Saunders coupling scheme in order to get a qualitative
understanding of the previously not theoretically modelled experimental spectrum
and for the case of CeO,(111) Ceds and 5s XPS spectra were calculated with a
rigorous parameter-free theoretical approach showing that the usually used model
which explains the fine structure of the Ce XPS peaks in terms of O2p—Ce4f
charge-transfer states with different Ce4f occupations is by far too simple in that

charge reorganization within the Ce atoms also plays a significant role.

Structure and Reactivity

During the last years the group has focused on the study of: (i) the role of oxide
support dimension on the gold/ceria interaction; (ii) atomic structure and
reactivity of ceria-supported vanadia clusters in methanol oxidation; (iii)
structural and catalytic properties of iron oxide supported Pt particles in CO
oxidation. To carry out the reactivity studies at realistic pressure conditions, we
have built a “high-pressure” cell inside an UHV chamber that allowed us to
monitor reaction kinetics by gas-chromatography and to perform structural

characterizations of model catalysts ex situ.
Interaction of gold with cerium oxide supports

Chemical reactions on gold surfaces have received much attention owing to the
unusual catalytic properties of highly dispersed gold. Among the reaction
mechanisms proposed in the literature, there are some involving positively
charged (“cationic”) Au species supported on reducible oxides, in particular on
ceria. Moreover, nano-crystalline ceria (“nano-ceria’”) as a support was reported to
remarkably increase the activity of gold as compared to conventional ceria

supports. In order to rationalise these effects we performed a comparative study of
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morphology, electronic structure and CO adsorption of gold supported on well-
ordered CeO,(111) films and CeOy nanoparticles.

Ceria films were prepared on Ru(0001) using the new recipe that significantly
improved quality of the films. Ceria nanoparticles were grown on ultra-thin
Si0,/Mo(112) films using water (ice) assisted deposition. The ceria nanoparticles
(~3-5 nm in diameter) possess significant amounts of Ce in the 3+ oxidation state

(up to 60%), i.e. in contrast to CeO(111) films (<5%).

The results showed that partially charged Au®" species are formed by deposition at
low temperatures (~ 100 K) and low coverages on both ceria supports. The
formation of Au® on CeO,(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 were observed at 300 K, the
“cationic” gold species were formed in abundance on nano-CeOy and exhibited
enhanced thermal stability. Nano-ceria as a support stabilizes small Au clusters,
which may even be incorporated into the ceria nanoparticles at elevated
temperatures. These structural effects may be relevant to the enhanced reactivity

of Au/nano-ceria as reported in the literature.
Linking structure and reactivity of vanadia/ceria catalysts in methanol oxidation

The reactivity of vanadia “monolayer” catalysts in oxidative dehydrogenation
reactions has been shown to depend strongly on the oxide support, with reducible
oxides exhibiting much higher activity as compared to irreducible oxides. To
elucidate the support effects, we studied vanadia clusters deposited onto
CeOy(111) films in comparison to alumina and silica films previously studied in

the group.

Using a combination of STM, IRAS, and PES with synchrotron radiation, we
unambiguously demonstrate the formation of monomeric, O=V>"-Os species on
the CeO,(111) surface at low vanadia loadings. A direct relationship between the
vibrational properties and the nuclearity of vanadia species (monomeric Vs
polymeric), as observed by STM and IRAS, allows one to link the structure of

vanadia surface species and the Raman/IR characterization of real catalysts in a
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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 calculations performed by the group of Prof. Sauer at HU
(Berlin).

TPD spectra of methanol on our model systems revealed two, vanadia-related
peaks for formaldehyde production. The species of low nuclearity revealed
reactivities at much lower temperatures as compared to polymeric structures,
which in turn show strong similarities to reactivity of vanadia nanoparticles
formed on alumina and silica from the onset. 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 the oxide support.

Promotional effect of strong metal-support interaction on CO oxidation over Pt
supported on iron oxides

Platinum supported on the reducible oxides often exhibits the so-called strong
metal-support interaction (SMSI) via encapsulation of the Pt particles by a thin
oxide layer stemming from the support. We studied the morphology and thermal
stability of Pt particles deposited on Fe;O4(111) films by STM and TPD of CO.
The combined results provided 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. Unexpectedly, reactivity studies at
atmospheric pressure 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:O, ratios (between 1:5 and 5:1) and partial
pressures up to 60 mbar at 400-450 K. It is found that monolayer FeO(111) films
are much more active than clean Pt(111) and nm-thick Fe;O4 (111) films at all
reaction conditions studied, thus indicating that the enhanced reactivity is

intimately connected to the atomic structure of ultra-thin FeO(111) films. The
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reaction rate at 450 K exhibited first order for O, and non-monotonously
depended on CO pressure.

Post-characterization of the catalysts revealed that in an O,-rich ambient the
FeOx films were enriched with oxygen while maintaining the long range order.
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. In CO-rich ambient, the reaction is accompanied with dewetting that
deactivates the catalyst.

These findings strongly indicate that encapsulation of Pt particles by ultra-thin
oxide films may even have promotional effects, at least in oxidation reactions.
Since adsorbed species on ultra-thin oxide films supported on metallic substrates
may, under certain conditions, induce electron transfer through the film onto the
adsorbate (as recently demonstrated), it is conceivable, that such electron transfer
in turn induces reactivity between molecules, ultimately resulting in restructuring

of the ultra-thin oxide film and unexpected reactivity.

Atomic Force Microscopy

Frequency modulation dynamic force microscopy (FM-DFM) is well-suited for
atomic scale studies of wide band gap materials like oxide films or bulk single

crystals.

Atomic structure of the thin alumina on NiAl(110) and its antiphase domain

boundaries

A comprehensive atomic scale study of antiphase domain boundaries within the
alumina on NiAl(110) has been conducted. Images show in detail the surface unit
cell, both types of antiphase domain boundaries (zigzagged, straight) and lateral
displacements within these types of boundaries. Due to the loss of translational
symmetry at the boundary, structures of even increased complexity are revealed.
Lateral models for these local arrangements have been created on the basis of
adjusted unit cell structures. The before mentioned contrast matches the topmost
oxygen layer even with respect to topographic height, which adds the third

dimension to the analysis. With this the antiphase domain boundaries are shown
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to be shallow depressions. New symmetry aspects have been found in the
topography of these boundaries. The local structure of the film surface shows
evidence of substrate influence in its topography and the domain boundary
network shows indications that its growth behavior is affected by this interaction
in its very details beyond sheer appearance. Presented results can be linked to the
relation between growth and structure of an emerging class of structurally related

ultrathin alumina films.
Imaging of individual ad-atoms on oxide surfaces

In further studies we have employed this contrast to determine adsorption sites of
gold species on this oxide surface. Sites of the metal adsorbates are characterized
with respect to lateral position and chemical identity. The method allows the
determination of adsorption sites with substrate site precision in principle for any
imageable adsorbed species. Considering the capabilities of FM-DFM on bulk
insulators this will enable single ad-atom studies on oxides with spatial resolution
equivalent to or even surpassing that of scanning tunneling microscopy (STM).
An important feature of the FM-DFM contrast is the clear chemical identification
of the imaged surface species without which the adsorption site could not be
named. Results point to shallow depressions in the structure as preferred locations
for gold ad-species. The adsorption sites are not found on positions identified by

earlier theoretical work.
Atomic resolution on a metal single crystal

Furthermore, we have obtained atomically resolved FM-DFM images with our
tuning fork setup on an Ag(001) surface. The necessity of well chosen tip-surface
interaction parameters is demonstrated. A narrow parameter range makes
atomically resolved FM-DFM images scarce. The capability of our setup to
measure frequency shift and simultaneously tunneling current gives insight into
different tip trajectories and possible contrast formation mechanisms in FM-DFM
and STM. Here, one explanation is related to local variations in the decaying
signals which may originate from different density of states contributions to tip-

sample force and tunneling current.
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Work function measurements of thin oxide films on metals - MgO on Ag(001)

Also work function shift measurements of thin oxide films on metals have been
performed. It is a key parameter for charging of adsorbates with high electron
affinity on these systems. For the first time, experimental data for the work
function shift of Ag(001) induced by 1, 3, and 8 monolayers of MgO were
measured in situ by three independent scanning probe techniques. These three
techniques have been applied on the same surface area with the same tip
configuration, rendering the different approaches directly comparable.
Furthermore, the results compare well with density functional theory calculations.
The measurements are performed using a dual-mode FM-DFM/STM working in
ultrahigh vacuum at low temperature (5 K). The methods to detect the work
function shift are based on Kelvin probe force microscopy measuring the contact

potential difference, 1(z) curves and field emission resonances.

Characterization of color centers on MgO(001) films - charge states and

dynamics

A detailed understanding of surface defects is highly desirable e.g. to clarify their
role as active sites in catalysis. Here localized defects on the surface of MgO films
deposited on Ag(001) are investigated. Since the electronic structure of color
centers depends on their local position, spectroscopic signals are highly
convoluted and often difficult to disentangle. In this study we aimed to obtain
morphological and spectroscopic information on single color centers at a
microscopic level with FM-DFM in ultrahigh vacuum and at low temperature.

This scientific approach opens up the way to analyze the local morphological
nature of these defects on thin films as well as on thick bulk oxide systems. The
charge state and the position of these defects are locally characterized and
manipulated by interactions with the probing tip. The main future goal is to
capture the dynamics of atomic scale processes in FM-DFM. The dynamics of
these defects in connection with the charge state is in the focus of the current
study. Comparison with cluster calculations should corroborate the assignment of
the defects to singly, doubly or uncharged color centers as well as the

understanding of their dynamical behavior. Theoretical work is performed by with
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Gianfranco Pacchioni and Andreas M. Koster. From these calculations the relative
stabilities of different defect sites could be estimated. A direct comparison to the
corresponding experiments is possible. A major goal of the theoretical studies
would be the investigation of the dynamics of neutral and charged color centers
on MgO films with different coordination, i.e. terraces, steps and kinks. This will
be accomplished by the calculation of activation barriers and the corresponding
intrinsic reaction coordinate for the defect migrations. These results can be

compared with experimentally measured diffusion coefficients.

Scanning Probe Spectroscopy

The Scanning Probe Spectroscopy (SPS) group has focused its activities on a
topographic and spectroscopic characterization of oxide thin-films and individual
adatoms, molecules and metal aggregates bound to their surface. The main
experimental tool is scanning tunneling microscopy combined with a number of
spectroscopic techniques. Light emission spectroscopy with the STM is employed
to probe the local optical properties of oxide surfaces. Thereby, electrons are
injected from the STM tip into a nanometer sized sample region and the emitted
radiation is collected with a CCD detector. Local electronic properties are
investigated with STM conductance spectroscopy, being applied to oxide defects,
single adsorbates as well as metal particles. The group runs three low-temperature
STM setups, each equipped with special spectroscopic facilities. The research

activities of the last two years can be divided into three main topics:
Tailoring electronic and adsorption properties of thin oxide films

Wide gap oxide materials are often chemically inert and interact with adsorbates
only via defects and low-coordinated lattice sites. This unspecific adsorption
behavior has been modified by inserting artificial binding sites into the surface or
by tuning global oxide properties to alter certain binding parameters. Both
approaches were realized on a two-layer silica film grown on Mo(112), which is
chemically inert in its pristine form. Due to a porous structure, the films offers
sub-surface binding sites that can be loaded with small-sized metal atoms, e.g. Li

and Pd atoms. The inserted species are now able to anchor adsorbates on the oxide
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surface. The adhesion strength hereby results from the interplay between a
covalent contribution induced by the anchor site and a repulsive one exerted by
the electron density at the oxide surface. The anchoring mechanism has been
demonstrated for single Au, Ag and Fe adatoms, which are unable to bind to the

silica/Mo(112) film in absence of the sub-surface species.

In the second approach, the silica properties were systematically altered to make
the thin film attractive for electronegative adsorbates only. For this purpose, the
silica-Mo interface was doped with Li atoms, which ionize upon adsorption and
create a strong positive surface dipole. The resulting work function decline
promotes electron transfer from the Mo support into suitable adsorbates, which
become charged and develop new electrostatic and polaronic interaction schemes
with the oxide surface. The anionic species do strongly bind to the oxide film,
although their neutral counterparts are unstable. This concept has been
demonstrated for a Li-doped silica/Mo(112) film, which is capable to stabilize Au

adatoms and clusters even when no surface defects are available.

Li-doping has been studied for MgO/Mo(001) as well, aiming for a better
understanding of the unique catalytic properties of this system in the oxidative
coupling of methane. The Li insertion into the oxide matrix results in a
pronounced red-shift of an exciton-mediated photon-emission line of the MgO,
suggesting the formation of Li-related defect levels in the oxide band gap. For
comparable doping experiments, recipes for the preparation of epitaxial CaO and

Li,O films have been developed as well.
Investigating quantization effects and optical properties of single metal clusters

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 into a set of quantized states. This metal-to-non-metal transition is hardly
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. Discrete electronic states, arising from the
delocalization of the Au 6s electrons, have been observed for Au aggregates on

alumina and magnesia thin films. The quantum nature of these states was
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determined from maps of the electron density probability via conductance
imaging. In linear Au clusters containing 2 to 7 atoms, the energy levels show the
symmetry and dispersion relation of quantum well states in a 1D box potential. In
monolayer Au islands, on the other hand, the orbitals reproduce the eigenstates of
a free-electron gas confined in a 2D parabolic potential. A comparison with DFT
calculations revealed a higher electron count in the quantum well states of oxide-
supported clusters than expected for charge-neutral ones, indicating an electron

transfer from the metal support into the ad-clusters.

Employing light emission spectroscopy with the STM, the optical properties of
single alkaline earth (Ca, Mg) and noble-metal particles (Au) have been probed on
MgO thin films. In all three examples, the emission is governed by plasmon
modes in the particle electron gas, excited by inelastic electron tunneling across
the STM junction. Due to the higher electron density and the absence of d-states,
the emission lines are blue-shifted in the alkaline-earth with respect to the Au
particles. For all particle types, a distinct fine-structure occurs in the emission
spectra, which suggests a discrete plasmon excitation mechanism. It is traced back
to the presence of quantized transport channels in a double-barrier STM junction

consisting of a vacuum and an oxide gap.

Exploring the interaction of molecules with oxide-supported nanoparticles

Catalytic activity of a metal-oxide system is often restricted to the presence of
nano-sized metal clusters. As ultra-small aggregates are subject to constant
diffusion and aggregation processes in a reactive environment, suitable ways for
readjusting the particle dispersion needs to be established. In cooperation with the
Chemistry Department at the TU Berlin, sulfur-containing benzene derivates have
been tested in their ability to dissolve Au atoms from large particles and
redistribute them on the surface. Hereby, a single molecular transporter was found
to bind two Au atoms that are removed from the host cluster. As a consequence,
the mean particle size decreases, which is a first step towards a controlled re-

dispersion of the cluster material.
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Magnetic Resonance

The magnetic resonance group has worked on three different topics. The first
topic is embedded into the center of excellence “Unifying Concepts in Catalysis”
and focuses on an atomistic understanding methane activation using Li doped
MgO films. The second project focuses on the installation of an ultrahigh vacuum
compatible high-field electron paramagnetic resonance (EPR) experiment
operating at 95 GHz. Finally, the group has made efforts towards a
characterization of proteins on surfaces using a technique called site directed spin

labeling.
Li doped MgO/ defects on MgO

The aim of this project is to establish a suitable model system which can be used
for an atomistic characterization. EPR spectroscopy is particularly important since
the key species involved in the mechanism of methane activation on this catalyst
are radical species, namely suboxide (O°) anions and methyl radicals and EPR was

key to provide experimental evidence for these species.

First, we have investigated the interaction of Li metal with MgO(001) surface by
depositing Li metal at low temperature on 20 ML thick MgO(001) films grown on
Mo(100) surfaces. At low temperature (40 K) it is possible to stabilize a certain
fraction of the deposited Li as individual metal atoms. These atoms are
characterized by a doublet ground state and show up in the EPR by a
characteristic quartet of lines. The splitting of the two Zeeman levels of the
ground state into four pairs originates in the hyperfine interaction of the unpaired
electron with the underlying nuclear spin of the Li atoms. Based on an analysis of
angular dependent spectra it is possible to prove that these atoms are located on
the terrace of the MgO islands. The majority of the deposited Li forms small
metal clusters which can be observed by STM. With respect to the mechanism of
methane activation it is thought that substitutional doping of Mg with Li creates
suboxide (O7) anions, because of the lack of one electron introduced by the Li
doping. Various preparation methods were tried to dope MgO with Li. However,
up until now no indications were found for the presence of suboxide anions after

the preparation of these films.
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After deposition of small amounts of Li metal there are no indications for an
ionization of Li atoms and a corresponding capture of the electron in appropriate
sites of the MgO lattice. This is in contrast to the deposition of additional Mg
metal onto a freshly prepared MgO film. In case Mg is deposited at low
temperatures onto the MgO surface a new EPR line occurs which can be
attributed to the presence of scavenged unpaired electrons- usually called color
centers- on suitable surface sites. The properties of these sites are rather similar to
the paramagnetic color centers prepared by electron bombardment which have
been characterized before. However, the location of these sites are different.
While the majority of color centers prepared by electron bombardment are located
at the edges of the MgO islands and are created by electron stimulated desorption
of oxygen from the lattice, the trapping sites of the excess electrons produced by
additive Mg coloring have to be trapped on preexisting sites such as reversed

corners.

The paramagnetic color centers are interesting sites in view of the mechanism of
methane activation, because it is possible to transform them readily into suboxide
anions by reaction of the color centers with N,O. This reaction can be monitored
by EPR proving the transformation of paramagnetic color centers into suboxide
anions. Initial experiments on the surface chemistry the suboxide anions show that
there is some reactivity of the paramagnetic site with methane which currently

investigated in detail.
W-band EPR machine

The group has build up a high field (95 GHz) EPR machine operating under UHV
conditions and combines this technique with STM and IR to allow for a
comprehensive characterization of the surfaces. Increasing the operating
frequency by a factor of ten offers an enhanced spectral resolution and has the
prospects for an improved sensitivity. To adapt the high field spectrometer to
UHYV conditions it is not possible to use a monomodal resonator due to the size
requirements imposed by a wavelength of about 3 mm. Instead we decided to use
a Fabry-Perot resonator. Here, the single crystal metal surface in UHV serves as

the planar mirror of the Fabry-Perot resonator while the concave mirror is located
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in fine vacuum and sealed against the UHV by a 100 um thick quartz window.
Long term stability of the resonator structure has turned out to be a serious issue
particularly for a cooled sample. It was necessary to redesign the feedback and
control system to keep the cavity on resonance for the required period of time. To
this end it is important to notice that relative length changes between the mirrors
of 500 nm will cause a detuning of the resonator. For the given setup this renders
temperature fluctuations of about 0.1 K detrimental. Since a stabilization of the
room temperature to this degree is not feasible we have decided to actively
manipulate the length of the outer Ti tube using a Peltier element controlled by
the automatic frequency control of the microwave bridge. This design allows for
an active stabilization of the resonator structure as long as no major length
changes occur. In practice one has to wait about 2-3 hours after cooling the
cryostat before it is feasible to start a measurement. After this initial period the

system can be stabilized for long term acquisition of EPR spectra.

Deposition of Di-tert-butylnitroxide (DTBN) - a stable radical - on a thin
MgO(100) film under UHV conditions has shown that the setup has
submonolayer sensitivity. Currently, first investigations on paramagnetic surface

centers on MgO(100) are under way.

Proteins on surfaces

In the past the group has shown that site directed spin labeling combined with an
EPR spectroscopic characterization of the proteins allows to gain insight into the
structure and dynamics of proteins on planar surfaces. One of the aims of the
previous studies was to relate the information on the structure with physical and
chemical properties of surfaces. To this end we have used T4 lysozyme (T4L) a
small globular enzyme. We have shown that the interaction of T4L with model
membranes containing DOPC lipids is very weak and causes no structural
changes while mixed PC/PS bilayers cause a significant change in the adsorption
behavior. To understand this behavior it is important to understand the properties
of the lipid bilayers such as the phase behavior in more detail. This is currently
pursued. A second line of research develops the methodology to allow a

characterization of structural changes of proteins in the presence of an external
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electric field. The idea is to gain atomistic understanding of structural changes
which can be used to create addressable protein switches. The investigation of
proteins on appropriately modified metal surface is challenging for EPR
spectroscopy and requires suitable resonator structures. We are currently
developing such a resonator which has the required sensitivity to allow for a
characterization of proteins on metal surfaces. Along the same lines we started to
work on membrane proteins of the bacteriorhodopsin family which are known to
show conformational changes upon light (bacteriorhodopsin) of electric field

(sensory rhodopsin).

Catalysis/Laser Spectroscopy

In the last two years we have in part continued our investigations of adsorption
and catalytic reactions on metal single crystals and oxide-supported metal clusters
using linear (polarization-modulation IRAS) and non-linear (sum-frequency
generation, SFG) in-situ vibrational spectroscopies in high-pressure environment.
In addition, the design and set-up of in-situ experiments for the investigation of
metal precipitation from a liquid (aqueous) phase onto the surface of single-
crystalline oxide thin films has advanced. As a connection between the newly
introduced researches on solid-liquid interfaces with our previous studies on clean
oxide surfaces in vacuum or gas environment we have started to investigate the
modification of oxide surfaces with relevant gases such as H,O or CO, at elevated
pressure and the influence of surface modification on the properties of vapor-

deposited metal clusters.
In-situ studies at high pressures

High coverage CO adsorption structures (0 > 0.5) on Pt(111) were investigated in
a wide pressure (UHV to 1 bar) and temperature (150 K to 400 K) range with both
PM-IRAS and SFG. In contrast to previous high pressure studies we could show
that under certain conditions a CO super structure exhibiting two on-top CO
bands rather than a single one can be stabilized. Whether this vibrational signature
can be attributed to the domain-wall or the Moiré models described in the

literature is currently under discussion.
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The unique capability of PM-IRAS to obtain in-situ surface vibrational data and
kinetic information from a catalytic reaction at the same time was applied to study
CO oxidation over FeO(111)/Pt(111) (in collaboration with the Structure and
Reactivity group, S. Shaikhutdinov). It could be shown that a decrease in reaction
rate correlates with the appearance of an IR signal of CO adsorbed on Pt(111).
Therefore, catalyst deactivation could unambiguously be related to dewetting of

the FeO film and formation of FeOy particles.
Hydroxylation of MgO(001)

Adsorption of water on the surface of MgO(001)/Ag(001) thin films of different
thickness (2-20 ML) was studied extensively from UHV to mbar pressure
conditions using IRAS, SFG, XPS and TDS (a) in order to obtain information
about the MgO film thickness dependence of H,O physisorption and
chemisorption (hydroxylation), (b) to elucidate the interaction between the first
and subsequently adsorbed water layers, and (c) to study the influence of surface

hydroxylation on the properties of deposited metal clusters.

The monolayer H,O super structure on MgO(001) could be shown to be preserved
even in the limit of 2 ML thin MgO films providing evidence that H,O
physisorption is not affected by the presence of the underlying metal substrate.
SFG spectroscopy was used to probe exclusively the interaction between the first
H,O monolayer on MgO(001) and multilayer ice since this method is almost
insensitive to bulk ice. The results show that there is significant H-bond
interaction between the first and the second H,O layer, in contrast to conclusions

from previous molecular dynamics simulations.

In contrast to H>O physisorption, hydroxylation of MgO(001) thin films strongly
depends on MgO film thickness. The threshold hydroxylation pressure as
determined from XPS and IR spectroscopy was found to decrease by three orders
of magnitude (from 10 mbar H,O to 10° mbar H,O) when the MgO layer
thickness is decreased from 20 ML to 2 ML. The assignment of the vibrational
features as well as the structure of the hydroxylated MgO(001) surface are subject
of a collaboration with the Theory group of Prof. J. Sauer, Humboldt University,
Berlin. The influence of MgO surface hydroxylation on the properties of
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deposited metal clusters has been studied and compared with those on a clean
oxide surface for vapor-deposited gold particles. 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 stronger binding of Au to its nucleation site on the hydroxylated

MgO surface leading to the stabilization of small Au clusters.
Solid-liquid interfaces

With this new research direction we are aiming at a molecular-level understanding
of the different stages of catalyst preparation, i.e. precipitation of metals from a
solution onto an oxide support, washing, drying, calcination, and reduction. The
main in-situ experimental methods applied are solid-liquid STM and solid-liquid
SFG. In order to combine these methods with the samples used in the experiments
appropriate transfer systems and sample cells needed to be designed and
constructed that allow for clean sample transfer between UHV and liquid
environment.

In the first stage of this project, the transfer system for in-situ STM experiments
has been completed. Initial UHV-to-liquid transfer experiments were carried out
with a Ag(001) single crystal. As a next step, a thin FeO(111) film was prepared
on Pt(111). The Moiré super structure of this very well known UHV model
surface could be imaged in both air and neutral aqueous solution. As a first proof
of principle for this new set-up, Pd was deposited from a PdCl, containing
aqueous solution onto the FeO(111) surface and the resulting Pd clusters were

imaged in air.

Molecular Beam

The activities of the molecular beam group focused on two main projects: (1)
establishing the correlations between the structure of the model catalysts and their
catalytic activity in chemical reactions and (2) development of a new single
crystal adsorption microcalorimeter operating under UHV conditions for
measuring heats of adsorption and reaction on the oxide-supported model

catalysts.
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Cis- and trans-2-butene conversions with hydrogen on Pd/Fe;0./Pt(111)

In this project we continue exploring the microscopic mechanisms of olefin
conversions with hydrogen on nano-sized supported Pd clusters. Particularly, we
focus on investigation of the processes related to dissociative hydrogen adsorption
and diffusion into the subsurface region of Pd nanoparticles and their influence on
the activity and selectivity toward competing cis-trans isomerization and
hydrogenation pathways. Previously, we have shown that olefins can effectively
decompose on the catalyst surface creating a large variety of molecularly
adsorbed and/or partly dehydrogenated hydrocarbon species, which exact
stoichiometry depends on the reaction temperature. These species were
recognized to critically influence the catalytic properties of the Pd nanoparticles.
For example, co-adsorbed strongly dehydrogenated carbonaceous deposits were
shown to induce a sustained hydrogenation activity of cis-2-butene, which is
otherwise not possible on the C-free Pd particles. However, the exact role that
those carbon species play in the promotion of the persistent hydrogenation
activity remained unknown. In the last two years we established that these effects
are closely connected to the processes of dissociative hydrogen adsorption and its

diffusion into the subsurface region of Pd nanoparticles.

First, by applying 'H("°N, ay)'*C nuclear reaction analysis (NRA) for hydrogen
depth profiling (in collaboration with Prof. Fukutani, Tokyo University) to
separately monitor the surface-adsorbed and volume-absorbed hydrogen atoms in
combination with transient molecular beam experiments, we provided for the first
time a direct experimental proof that the hydrogenation reaction pathway requires
the presence of subsurface hydrogen species. The crucial role of carbon in
maintaining the hydrogenation activity under the steady state reaction conditions
was ascribed to facilitation of activated hydrogen diffusion from the surface into
the subsurface region of Pd particles. This hypothesis was recently confirmed by
the DFT calculations carried out in collaboration with Prof. K.M. Neyman
(University of Barcelona, Spain). Here, the presence of carbon species was shown
to nearly eliminate activation barriers for subsurface hydrogen diffusion, resulting

in facilitation of the diffusion rate by about three orders of magnitude under our
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experimental conditions. Carbon-induced elongation of the Pd-Pd interatomic
distances in the atomically flexible nanoclusters, creating larger surface openings
for hydrogen penetration into subsurface, was recognized to be the main reason

for such pronounced reduction of the diffusion barrier.

Secondly, to address the kinetics of dissociative hydrogen adsorption and its
subsurface diffusion as well as the abundance of both hydrogen species on a
quantitative level, we performed pulsed molecular beam experiments on H, + D,
exchange (in collaboration with R.J. Madix, Harvard University, USA). In these
experiments, the concentrations of atomic deuterium species in both surface and
subsurface states under the isothermal reaction conditions were probed by
applying short pulses of hydrogen, which reacts with deuterium to form HD. The
intensity of the hydrogen beam was chosen to be about 100 times smaller than the
deuterium flux to prevent any noticeable perturbation of the steady state
deuterium concentrations by reaction with hydrogen. 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 under the
particular reaction conditions. The first results indicate that all hydrogen-related
processes strongly depend on the presence and stoichiometry of co-adsorbed
olefin species. Thus, strong inhibition of dissociative D, adsorption in presence of
cis-2-butene as compared to the clean Pd surface was observed, even under the
conditions when the amount of dosed D, exceeded the olefin flux by nearly three

orders of magnitude.

Complementary, we carried out a series of pulsed molecular beam experiments,
where the activity and the selectivity of the model catalyst toward cis-trans
isomerization and hydrogenation of Cis-2-butene was compared under the steady
state reaction conditions and in the transient regime on the Pd-particles pre-
saturated with deuterium. Here, the reaction conditions such as the reactant
pressures and their ratios as well as the reaction temperature were varied in a large
range. This approach allows us to obtain detailed information on the rate-
determining steps and deduce the particular reaction conditions, at which

transition to hydrogen-deficient conditions occurs. Formal reaction orders in the
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cis-2-butene and deuterium pressure both under the steady state conditions and on
the surface saturated with deuterium were determined. The temperature
dependence of the cis-trans isomerization and hydrogenation reaction rates
indicates that higher activation energies are required for the hydrogenation
pathway and implies that different rate limiting steps are involved in the

competing reactions.

Heats of adsorption of carbon monoxide on Pd/Fe3;O4/Pt(111) model catalysts by
single-crystal adsorption microcalorimetry: particle size dependence

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 including 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). The method relies on the
measurement of temperature rise upon adsorption of gaseous molecules on the
ultrathin (1-10 pum) single crystals, which is realized by application of a
piroelectric detector and an independent laser-based energy calibration. The new
experimental set-up allows the calorimetric measurements in a wide temperature
region ranging from 100 to 400 K and application of a broad range of adsorbates
including both light and heavy gaseous molecules. 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/uJ 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 1.5x10'? molecules-cm™s™
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

152



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
Fe;04/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 nanoparticles 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 by about 15 kJ-mol™ 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.

Photon-Induced Processes

The activities of the group are focused on the quantitative understanding of the
plasmon excitation and the particle-size effects of photochemistry on supported
metal nanoparticles. The electronic structures, the optical properties, and the
catalytic properties of metal nanoparticles strongly depend on the particle’s size
and morphology. Especially, the excitation of the surface plasmon of metal
nanoparticles (Mie plasmon) may have tremendous influences on photochemistry
at their surfaces. The group has reported that plasmon excitation of silver
nanoparticles leads to hyperthermal chaotic photodesorption of Xe atoms by
direct electronic interaction and that it enhances photoreactions of adsorbed NO
molecules. The questions to be asked here are how and why the photochemical
activity changes with the particle size. For this purpose the group has conducted
systematic photochemical experiments as a function of particle size as well as
photon energy. Photochemistry on flat bulk metal surfaces has been also studied
as the reference of an infinite size. Experimental methods used include mass
selected time-of-flight (MS-TOF) measurement, resonance enhanced multiphoton

ionization (REMPI), and temperature programmed desorption (TPD).
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NO/Ag NPs: size dependence of photochemistry

Size controlled silver nanoparticles (Ag NPs, mean diameter 3 — 12 nm) deposited
on thin alumina films on NiAl(110) have been used for the studies of the size and
the plasmonic effects on surface photochemistry, as they possess the (1,0)-mode
plasmon resonance at ~3.6 eV. Nitric oxide (NO) molecules were used as the
probe molecules as their photochemistry on silver surfaces have been relatively
well established; the photodesorption mechanism of NO on metal surfaces has
been explained in terms the MGR/Antoniewicz model in which desorption
proceeds via a transient negative ion (TNI) state (~2.5 eV for NO dimer on
Ag(111)) created by the attachment of a hot electron from the substrate to the
adsorbate. However, a new reaction channel has been found by the group as

mentioned below.

NO molecules dosed on silver surfaces at low temperatures below 77 K form
adsorbed dimers. When heated these dimers dissociate into NO molecules or
decompose into N,O and O. It has been found that the temperatures of TPD peaks
arising from these reactions decrease with decreasing mean size of Ag NPs.
Furthermore, the peak temperature shift was found to scale to the inverse of the
particle radius (1/R). This indicates that the interaction between the NO dimers
and the Ag NPs decreases with 1/R, probably due to the reduction of dispersion

forces with decreasing size.

A 1/R dependence was also found in the photodesorption cross section (PCS) of
the NO dimers on the Ag NPs. By irradiation from a nanosecond laser at photon
energies of 2.3 and 4.7 eV, the PCS increased with 1/R from the value at Ag(111).
This scaling is attributable to the increase of the surface flux of photogenerated
hot electrons exciting the adsorbates with the surface to volume ratio: (S/V) is
proportional to 1/R. At 3.5 eV in p polarization, i.e., on the plasmon resonance,
the PCS increased much more steeply and reached a maximum ~1.7x10™'® cm? (43
times enhancement compared to Ag(111)) for 5 nm diameter, particles, followed
by a sharp decline. The volcano-like behavior is attributable to the interplay of the
size-dependences of the plasmon decay channels and the plasmon oscillator

strength.
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On the other hand, the translational temperature (T;) measured by the MS-TOF
method of NO photodesorbed from the Ag NPs was almost constant at ~700 K for
all the investigated particle sizes at 2.3 and 3.5 eV in p polarization. This suggests
that the plasmon excitation does not change the photodesorption dynamics of NO,
though it does enhance the photoexcitation probability. At 4.7 eV, however, a
linear increase of T, with 1/R was observed for particles smaller than 6 nm in
diameter. At this photon energy, electrons in the d-band can be excited. Thus, the
increase may be explained by an increasing contribution of the attachment of
photo-holes from the d-band, which may be localized at the surfaces of Ag NPs to

desorption.
State-resolved studies of photodesorption of NO from Ag NPs

REMPI measurements have been conducted to investigate the energy partitioning
into not only the translational but also the rovibronic degrees of freedom in
photodesorption dynamics of NO. A strong positive correlation between the
translational temperature and the rotational energy was found, which can be
explained by the impulsive model. However, little changes with the particle size
in translational, rotational, and vibrational temperatures were found at 2.3 and 3.5
eV. This corroborates that the photodesorption dynamics of NO is not sensitive to
the particle size and also the plasmon excitation at these photon energies. Only at
4.7 eV, significant increases in translational, rotational, and vibrational
temperatures were found for the smallest Ag NPs (~4 nm). This result is
consistent with the MS-TOF measurements mentioned above, indicating that
different mechanisms of photoexcitation and photodesorption are operative at this

photon energy.

Photodesorption of NO from Ag(111) and from Ag NPs induced by femtosecond
(fs) laser pulses (3.1 eV, 80 fs) were also studied. The PCS at Ag(111) did not
change significantly between nanosecond (ns) and fs laser pulses for laser
fluences up to 2 mJ/cm”. However, the PCS measured for NO on the Ag NPs was
found to be about 500 times larger than that for Ag(111) under fs laser irradiation.
Also, the T; of NO photodesorbed with fs pulses increased with the laser fluence.

These peculiarities can be due to an anomalous rise of electronic temperatures
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within the Ag NPs confined on the thin alumina film. More theoretical and
experimental investigations will be required to elucidate these phenomena
Photochemical N, formation from NO dimers on Ag(111)

The group has found a new photoreaction channel of the NO dimer adsorbed on
Ag(111); irradiation of 2.3 — 4.7-eV photons produces N, directly from
(NO)»/Ag(111) by the concerted scission of the two N-O bonds in O-N-N-O,
which is adsorbed in the cis form with the N-ends on the surface. The N, formed
via this channel desorbs with a very high translational temperature (5700 K) due
to a strong acceleration by the steep Pauli repulsive part of the physisorption well
of N, on Ag(111). In the gas phase NO dimer, such a path has not been found.

This can be regarded as a photochemical reduction of adsorbed NO.

Spectro-Microscopy (SMART)

The group studies the growth of thin oxide films and characterizes the chemical
and structural inhomogeneities. Furthermore, the chemical and structural
properties of individual metal nanoparticles grown on this support are in our
interest. The systems have been investigated with the SMART microscope
(SpectroMicroscope with Aberration correction for many Relevant Techniques),

which has been built up within a collaboration.

SMART-Project

The spectromicroscope SMART combines x-ray photoemission electron
spectroscopy with a low energy electron microscopy (LEEM). The direct (i.e.
non-scanning) and therefore fast imaging method enables the in-situ and real-time
observation of surface processes like film growth, oxidation or annealing by using
photo-emitted or reflected electrons. An aberration corrector improves the lateral
resolution down to 2.6 nm, which is twice as good as the best uncorrected LEEM
system. The Omega-type imaging energy analyzer together with a high flux
density beamline at BESSY-II allows photo-electron spectroscopy from selected
nanometer sized surface areas. Together with the diffraction mode this instrument
obtains comprehensive information about e.g. morphology, structure, chemical

distribution or work function of selected objects of only a few nanometers in size.
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In the last two years the installation at the new high flux-density beamline UE49
at BESSY-II has been finished. As a new routine the x-ray illumination spot on
the sample surface was directly observed with the SMART which results in a fast
focusing of an about 10 pm small, high intense x-ray spot. Additional to the
instrumental optimizations, the scientific projects of the collaborating partner
Universitidt Wiirzburg were completed: i) surface faceting induced by the organic
growth of PTCDA molecule on a vicinal Ag(111) surface and ii) the study of the

formation of CdSe quantum dots.

A new instrument with an improved performance — called SMART-II — is
currently under construction in our department and will substitute the first version
on long term. 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.

Growth and structure of Fe3O4 thin films on Pt(111)

The preparation of FeO and Fe;O4 thin films on a Pt(111) surface has been
observed in-situ and in real-time by microscopy and LEED. The influence of the
different parameters like deposition rate, oxygen exposure or oxidation
temperature on the structure, the morphology and the surface termination has been
studied. The morphology of the Fe;O4 films shows in LEEM terraces a few
hundreds of nanometers wide. Furthermore, we found an unknown Moiré like
pattern with a lateral periodicity of about 60 nm and 6-fold symmetry, aligned
along the atomic rows of the substrate. This pattern can be explained by a periodic
height modulation in the oxide film due to a strain, induced by the underlying
Pt(111) substrate.

The known but not fully understood p(2x2) reconstruction of the Fe;O4 film
surface has been investigated by local LEED and LEEM. By dark-field imaging
we found two types of reconstruction domains, each having the same three-fold
symmetry but rotated by 180° to each other. One type of domain is dominant and
covers between 70 and 95 % of the surface, depending on the oxidation
temperature. The domain size and shape correlates with the substrate morphology

like atomic steps and step bunches.
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The structure and the surface termination have been studied by local LEED-IV,
whereas contributions of the different domains could be disentangled. We found
that the preparation — e.g. the final annealing of the prepared oxide film —

influences significantly the structure and morphology of the film.

Scanned-energy mode photoelectron diffraction

This activity is based on a collaboration with Phil Woodruff at the University of
Warwick that originally involved Alex Bradshaw in the Surface Physics
Department. Christine Lamont at the University of Huddersfield also contributes
to the activity. A postdoctoral researcher based at the FHI is funded through SFB
546 of the DFG, while a research student is jointly funded by CP and AC.
Scanned-energy mode photoelectron diffraction (PhD) is a novel synchrotron-
radiation- based method to determine quantitatively the local structure at surfaces
in an element-specific and chemical-state-specific fashion. While the group
continues to exploit this method to investigate the structure of increasingly
complex small molecules (recently measurements have been made on furan,
tartaric acid and the nucleotide bases, cytosine and uracil) on metal surfaces, the
focus of the FHI-based component of the collaboration is on transition metal
oxide surfaces. During the last 2 years this aspect of the work has continued to
focus on ultra-thin epitaxial films of V,0; (most recently grown on Au(111)),
with some continuing interest in adsorbates on TiO(110). At the time of writing a
new project to study V adsorption on epitaxial CeO,(111) is also being initiated to
link to other work in the CP department. The work on V,03; grown on Au(111),
for which one obtains high-quality films as judged by sharp LEED patterns,
exploits prior characterisation work by the Electron Spectroscopy and
Synchrotron Radiation group within CP on the preparation and reactivity of the
resulting (0001) surface. We have conducted extensive investigations of a range
of adsorbate molecules on this surface, but the results have not always proved
conclusive. The as-prepared surface shows a very low activity for adsorption but
this can be enhanced by low-energy electron bombardment that is believed to
remove terminal oxygen atoms from surface vanadyl species, exposing the more

reactive V atoms. So far the PhD results do not fully support this interpretation.
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Our investigation of surface hydroxyl species on this surface, produced both by
reaction with molecular water or by adsorption of atomic hydrogen, show that it is
the O atoms in the outermost bulk layer, and not the vanadyl O atoms, that are
hydroxylated. The PhD results indicate any coverage of hydroxylated vanadyl O
atoms must be very low. This somewhat surprising result has gained some support
from theoretical results obtained within the Theory Department by Klaus
Hermann and colleagues, who find the energetics of these alternative processes
are too similar to distinguish convincingly. The results of this collaborative study
were published in 2008. The local structure of hydroxyl species on TiO,(110) has
also been investigated, again using atomic hydrogen adsorption to overcome the
need to create surface defects (bridging oxygen vacancies) to achieve reaction
with molecular water. As expected, the surface bridging O atoms are
hydroxylated, but the PhD analysis, currently being completed, will provide
quantitative information on the chemisorption bondlengths. A study of the
interaction of glycine with TiO,(110) shows that a deprotonated glycinate, and not
zwitterionic glycine, is the surface species produced, and this bonds to the surface

in a bidentate fashion though the two carboxylate O atoms.

PP&B (Personal Computers, Realtime & Image Processing)

Based on the data network infrastructure, provided by the Joint Network Center
(GNZ), the PP&B group is responsible for the installation and maintenance of the
desktop systems (including laptops), workstations, telephone system and the

electronic building control system.

The technical consulting service supports scientists of the institute in the
configuration, modification, acquisition, and adaption of computer equipment to
the experiments (in close cooperation with the service group for electronics).
Since the last meeting he group is developing a general purpose acquisition
system (iMess) based on SOAP which can be used by all experimental groups in

the future. The deployment of this software is planned for 2010.

Several server systems perform services for data storage, mail, web, printing,

number crunching and databases for different document archives. A new
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computer cluster (‘xthix' with 248 cores) was granted by the BAR (Beratender
Ausschuss fiir Rechnersysteme) beginning this year and was successfully installed
in spring 2009. This system superseded the old system ('fhix') dating to the end of
2005 and is in heavy use by different users of all departments. The centralized
storage system was expanded to 50 Tbyte within the last two years. The video
conference system is now located in a larger room in building S and is now

accepted well.

The group is housed in building S which has not been renovated so far and there
are technical obstacles concerning the placement of some server and storage

systems.
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Invited Talks of the Members of the Department of Chemical Physics
Hans-Joachim Freund

Nov. 2007 Centenary Lecture Tour, University of Southampton, Southampton,
UK
Models for heterogeneous catalysts at the atomic scale

GDCh Vortrag, Karlsruher Chemische Gesellschaft, Karlsruhe,
Germany
Atome und Cluster auf Oxidoberflachen: Atomare Einblicke in die
Katalyse

Feb. 2008 Kuwait University, Kuwait City, Kuwait
1. Nanopatrticles on oxide surfaces an atomic view
2. Reactions on model systems for heterogeneous catalysts

March 2008 APS March Meeting “Fundamental Issues in Catalysis”, New
Orleans, USA
Gold atoms, chains and islands on oxide films: looking at orbitals
and counting electrons

March 2008 V. N. Ipatieff Lectureship 1, Northwestern University, Chicago,
USA
1. Metal atoms, clusters, and nanoparticles on oxide supports
2. Ultra-thin film oxides: Materials with tailord properties
3. Optical properties and photochemistry of nanoparticles

March 2008 Invitational Lecture Series at UOP Technical Community
Organization Honeywell Technology, Des Plaines, USA
Supported metal clusters as model for heterogeneous catalysts at
the atomic scale

March 2008 Seminar Argonne National Laboratory, Argonne, USA
Ultra-thin Oxide Films as Designable Model Catalysts

April 2008  Francisco Zaera's Arthur W. Adamson Award for Distinguished
Service in the Avancement of Surface Chemistry, ACS Spring
Meeting, New Orleans, USA
Interaction and reaction of hydrocarbons with supported
nanoparticles

April 2008  George A. Olah Award in Hydrocarbon or Petroleum Chemistry:
Symposium in Honor of Israel E. Wachs, ACS Spring Meeting,
New Orleans, USA
Model studies on bulk vanadia surfaces and on supported vanadia
nanoscale systems

175



April 2008

April 2008

May 2008

May 2008

May 2008

May 2008

May 2008

May 2008

May 2008

June 2008

Physikkollogquium, Universitat lImenau, llmenau, Germany
Metallatome und Nanoteilchen auf diinnen Oxidfilmen: Systeme mit
einstellbaren Eigenschaften

Physikalisches Institut Koln, Kéln, Germany
Metal atoms and clusters on thin oxide films: Systems with
designable properties

Festveranstaltung aus Anlass des 60. Geburtstages von E. Umbach,
Karlsruhe, Germany
Atomare Einblicke in die Katalyse

“Catalysis for Society”, Cracow, Poland
Metal atoms and clusters as model systems with designable
properties

CERC3 Workshop “Surface Chemistry of Nanomaterials”, Vienna,
Austria

From atoms to nanoparticles on oxide supports: An atomic view at
structure-chemistry relations

Hassel Lecture, Oslo, Norway

1. Metal atoms and clusters on thin oxide films: Systems with
designable properties

2. Chemistry on supported nanoparticles: Model studies

Universitat Hannover, GDCh-Vortrag, Hannover, Germany
Atome und Cluster auf Oxidoberflachen: Atomare Einblicke in die
Katalyse

Symposium in honour of Wyn Roberts, Cardiff, UK
Ultra-thin oxide films as designable model catalyst system

11. Steinheimer Gespréache des Fonds fur den Hochschullehrer-
nachwuchs, Frankfurt am Main, Germany

Der wissenschaftliche Forschungsrat: Ein neues Instrument
europaischei~orschungsférderung

4th International Conference on X-rays and Related Techniques in
Research and Industry (ICXRI 2008), Kota Kinabalu, Sabah,
Malaysia
Hydrogen on and in nanopatrticles: Key to catalytic activity
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June 2008

June 2008

July 2008

July 2008

July 2008

July 2008

July 2008

July 2008

Aug. 2008

Aug. 2008

Seminar, Department of Chemistry, Universiti Kebangsaan
Malaysia Research and Industry (ICXRI 2008), Kuala Lumpur,

Malaysia

Metal atoms and clusters on thin oxide films: Systems with
designable properties

NATO ARW *“Self-Organization of Molecular Systems in Micro-,
Nano, and Macro-Dimensions: From Water to Nanoparticles, to
Nanotubes, to DNA and Proteins”, Kiev, Ukraine
Nanoparticles as models for heterogeneous catalysts: An atomic
view

3. Workshop on Nanoscale Physics and Devices, Yunnan
University, Kunming, China
From atoms to clusters: Models for heterogeneous catalysts

Catalysis Summit, Sapporo, Japan
Basic research in catalysis to sustain energy supply for the future

International Symposium on Creation and Control of Advanced
Selective Catalysis as Celebration of the 50th Anniversary of
Catalysis Society in Japan, Kyoto, Japan

An atomic view of model catalysts

Catalysis as the Pivotal Technology for the Future Society , COEX
Convention Center, 14th International Congress on Catalysis,
Seoul, Korea
Metal atoms and clusters as model systems with designable
properties: Modebkystems for catalysis

Lecture, University of Science and Technology of Hefei, Hefei,
China

From metal atoms and clusters to nanoparticles on oxide surfaces:
Model systems for heterogeneous catalysis

ECOSS-25, Liverpool, UK
Nanoparticles as models for heterogeneous catalysts: An atomic
view

Grand Challenge for Catalysis Workshop, Santa Barbara, USA
From supported atoms to nanoclusters: Surface chemistry at the
nanoscale

Annual Scientific Meeting, Center for Catalysis and Surface

Science, Northwestern University, Evanston, USA
From atoms to nanoparticles supported on oxide surfaces
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Aug. 2008

Sept. 2008

Sept. 2008

Sept. 2008

Oct. 2008

Dec. 2008

Dec. 2008

Jan. 2009

Jan. 2009

Jan. 2009

Feb. 2009

Seminar Talk, Department of Chem. Engin., University of
Wisconsin, Madison, USA

Catalytic chemistry on and in nanoparticles: Oxide supported
model systems

“Free, coordinated and supported clusters: Bridging experiment and
theory” Conacyt — DFG Workshop, Mexico-City, Mexico
Metal atoms and clusters on oxide surfaces

6th German-Brazilian Workshop, Titi-See, Neustadt, Germany
Surfaces of functional materials at the atomic level: Catalysis, a
case study

Gallei Workshop, BASF Katalysetag, Ludwigshafen, Ger many
Surface Science Models in Catalysis: An View at the Atomic Level

AVS 55th International Symposium, Boston, USA
Reactivity studies on oxide supported metal nanoparticles

2nd Forum of the AvH International Advisory Board, Berlin,
Germany

Strategies to win the best: German approaches in international
perspectivesThe European perspective: A report from the ERC

Helmut Schwarz Birthday Symposium, GDCh, Stiftung Kloster
Eberbach, Eltville, Germany

Metal atoms and clusters on oxide surfaces: Surface science quo
vadis?

Universite Libre de Bruxelles: Outstanding PhD formation day,
Bruxelles, Switzerland
Heterogeneous catalysis and nanostructures

Paul Scherrer Institut, Villingen, Switzerland
Metal nanoparticles on oxide Surfaces: Models for heterogeneous
catalysts at the atomic level

25th Annual Meeting of the Swiss User Group Surfaces and
Interfaces, Fribourg, Switzerland

Surfaces of functional materials at the atomic level: Catalysis, a
case study

Max Planck-University of British Columbia Workshop, MPI for
Solid State Research, Stuttgart, Germany

Supported metal and oxide nanoclusters: From electronic structure
to reactivity
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Feb. 2009

March 2009

March 2009

March 2009

March 2009

May 2009

May 2009

June 2009

June 2009

July 2009

Aug. 2009

Sept. 2009

COST Winter School “Methods to Characterize Oxide Surfaces”,
Berlin, Germany
Photoemission and related techniques

Model Systems for Heterogeneous Catalysis, WPI-AIMR 2009
Annual Workshop, Miyagi, Japan
From Atoms to Nanoparticles on Oxide Surfaces

22nd Symposium on Surface Science (3S), St. Moritz, Switzerland
Methanol Oxidation over Vanadia: A Combined STM, TDS, XPS,
IRAS Study

ACS Symposium “The Convergence Between Theory and
Experiment in Surface Chemistry and Heterogeneous Catalysis”,
Salt Lake City, USA

From adsorbed atoms to supported clusters: Experiments vs.
theory

CATL Symposium, Salt Lake City, USA
Reactivity studies on oxide aupported metal nanopatrticles

Ehrenkolloguium Klaus Heinz, Universitat Erlangen, Erlangen,
Germany
Heterogeneous catalysis and nanostructures

Bunsentagung, Kdln, Germany
Engineering materials surfaces at the atomic level: Catalysis as a
case study

Lecture at Rijksuniversiteit Groningen, Nijmegen, The Netherlands
Engineering surfaces at the atomic level

iINGAP-NANOCAT Summer School: "Nano designed-catalysts:
from molecules to industrial processes”, Trondheim, Norway
Models for heterogeneous catalysts: Supported nanoparticles at the
atomic scale

Surface Physics Lecture Series, State Key Lab for Surface Physics,
Institute of Physics, Beijing, China
Engineering surfaces at the atomic level

CINF Summer School 2009, Sandberg Gods (Estate), Sgnderborg,
Denmark
Reactivity of oxide supported nanopatrticles at the atomic scale

ChinaNANO 2009, Peking, China
Au nanostructures and their interaction with molecules
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Sept. 2009 Conference “Nanostructures at Surfaces - Spectroscopy at the

Atomic and Molecular Scale”, Monte Verita, Switzerland
Oxide supported nanoparticles and its reaction to reactivity

Oct. 2009 11th International Conference on Electronic Spectroscopy and
Structure (ICESS11), Nara, Japan
Effects of plasmon excitation on photodesorption of small
molecules from supported silver nanoparticles

Oct. 2009 ECASIA, Antalya, Turkey
The electronic structure of the nanoparticle-oxide interface

MarkusHeyde

May 2008 EMPA - Swiss Federal Laboratories for Materials Research,
Dubendorf, Switzerland
Atomically resolved imaging on thin oxide films by dynamic force
microscopy and beyond

Nov. 2008  Universitat Osnabrick, Osnabriick, Germany
Frequency modulated dynamic force microscopy studies on thin
oxide films

Dec. 2008 Department of Electrical, Electronic and Information Engineering,
Graduate School of Engineering, Osaka University, Japan
Dual mode frequency modulated dynamic force and scanning
tunneling microscopy: Basic concept, experimental design, signal
electronics, atomic resolution

April 2009  University College London, Materials Simulation Laboratory,
London, UK
Detailed frequency modulation dynamic force microscopy studies
on oxide films

May 2009 Innovations for High Performance Microelectronics (IHP), Leibniz-
Institut, Frankfurt/Oder
Atomic force microscopy studies on oxide films

Niklas Nilius

Jan. 2008 Humboldt Universitat zu Berlin, Arbeitsgrugpesnzflachen und

diinne Schichten, Berlin, Germany
Adsorptionsverhalten diinner Oxidefilme
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Jan. 2008

March 2008

May 2008

Feb. 2009

University of Modena, Department of Physics, Modena, Italy
Adsorption of metal atoms on thin oxide films

University of Milano, Department of Materials Science, Milano,
Italy
Au chains self-assembled on alumina thin films

Humboldt Universitat zu Berlin, Berlin, Germany
Elektronische Eigenschaften linearer Atomketten auf metallischen
und oxidischen SubstrateHdbilitation-Colloquium)

University of Modena, Department of Physics, Modena, Italy
Photon-emission spectroscopy at the nanometer scale

Thomas Risse

Dec. 2007

Feb. 2008

June 2008

June 2008

Sept. 2008

Oct. 2008

Dec. 2008

Institut fir Physik, Universitat Bielefeld, Germany
ESR Spektroskopie an wohl definierten planaren Oberflachen: von
Atomen im Ultrahochvakuum zu Proteinen unter physiologischen
Bedingungen

DPG Jahrestagung, Berlin, Germany
Molecular adsorption on bimetallic particles supported on well
defined oxide surfaces

FU-Berlin, Berlin, Germany
Tuning the properties of Au atoms and clusters supported on
MgO(001)-films

Universitat Bonn, Bonn, Germany
Wege zur Modifikation von oxidgetragerten Metallpartikeln: von
Punktdefekten zu bimetallischen Systemen

Workshop on modern magnetic resonance techniques, MPI-
Polymerforschung, Bansin, Germany

EPR spectroscopy on well defined planar surfaces: From ultrahigh
vacuum to physiological conditions

AVS annual meeting 2008, Boston, USA
Tuning the properties of Metals on Oxides: Au on MgO(001)-films
a case study

Universita Milano Bicocca, Milano, Italy

An atomistic view on heterogeneous catalysis using well defined
model systems
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June 2008 Universitat Bielefeld, Bielefeld, Germany
Structure and dynamics of proteins at well defined surfaces as
characterized by EPR spectroscopy

July 2009 TU Munich, Munich, Germany
Atomistic characterization of model catalysts: From ultrahigh
vacuum to physiological conditions

Sept. 2009  EFEPR conference, Antwerp, Belgium
Tuning the properties of single crystalline MgO(100) surfaces by
point defects

Swetlana Schauer mann

April 2008  Surface Science Seminar, Tulane University, New Orleans, USA
Molecular beam experiments on supported model catalysts

May 2008 CERC3 Young Chemists’ Workshop “Surface Chemistry of
Nanomaterials”, Vienna, Austria
Carbonaceous deposits critically control selectivity in olefin
conversions.

Nov. 2008  Surface Science Seminar, University of Tokyo, Tokyo, Japan
Molecular beam experiments on supported model catalysts

Jan. 2009 International Workshop on Oxide Surfaces (IWOX) VI,
Schladming, Austria
Hydrocarbon conversions on oxide supported model catalysts

May 2009 IDECAT Conference on Catalysis, Porquerolles, France
Hydrocarbon conversions on oxide supported model catalysts

May 2009 Institute of Physical and Theoretical Chemistry, University of
Bonn, Germany
Selectivity in hydrocarbon conversions on supported model
catalysts

Shamil Shaikhutdinov
Oct. 2007 Pacific North National Laboratory, Richland, USA
Towards understanding structure-reactivity relationships in

catalysis: Model studies

Dec. 2007 NSoS International Workshop, Linz, Austria
Iron oxide films: Twenty years after
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March 2008 Rideal Conference, Cambridge, UK
Oxide supported model catalysts: Model studies

April 2008 IMPRS Lectures, Technical University, Berlin, Germany
Growth of thin silica films on metals

Aug. 2009 ECOSS 26, Parma, Italy
Oxide surfaces: Thin films vs nanoparticles

Thomas Schmidt

Feb. 2008 Frahjahrstagung der Deutschen Physikalischen Gesellschaft, Berlin,
Germany
SMART — Spectromicroscopy with aberration correction for high
resolution surface characterization

June 2008 SRI 2008 Meeting, Saskatoon, Kanada
1. SMART - an aberration corrected photoemission electron
microscope for surface characterization on nanometer scale
2. Organic thin film growth studied by photoemission electron
microscopy

Nov. 2008 International Symposium on Surface Science and Nanotechnology
(ISSS-5), Tokyo, Japan
SMART - using an aberration corrected photoemission
electronmicroscope as a nano-analytic tool

Martin Sterrer

April 2008  COST-Workshop Paris, France
Modification of MgO(100) films at high pressures

July 2009 8 International Conference “Mechanisms of Catalytic Reactions”,
Novosibirsk, Russia
Surface science models in heterogeneous catalysis — A view at the
atomic level

Kazuo Watanabe
Feb. 2008 Farkas Symposium on Photochemistry in Organized Media, Bokek,

Israel
Surface photochemistry on nanosized metal particles
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April 2008

July 2008

Nov. 2008

Nov. 2008

Nov. 2008

Dec. 2008

April 2009

June 2009

International Max Planck Research School Block Course,
Technische Universitat Berlin, Berlin, Germany
Plasmons and photochemistry on supported metal nanoparticles

CINSaT — Kolloquium, Kassel Universitat, Kassel, Germany
Effects of plasmon excitation on photodesorption of NO and Xe
from supported Ag nanoparticles

Nanoscale Science Department Seminar, Max Planck Institute for
Solid State Research, Stuttgart, Germany

Size and plasmonic effects in photochemistry on metal
nanoparticles

Department of Chemistry, Faculty of Science, Kyoto University,
Kyoto, Japan
Size and plasmonic effects in photochemistry at metal
nanoparticles

Cluster Research Laboratory, Faculty of Science, Genesis Research
Institute, Chiba, Japan

Size and plasmonic effects in thermal and photochemistry on metal
nanoparticles

Surface Chemistry Laboratory, RIKEN, Saitama, Japan
Size and plasmonic effects in photoinduced reactions on supported
metal nanoparticles

DIET Xll, The Twelfth International Workshop on Desorption
Induced by Electronic Transitions, Pine Mountain, Georgia, USA
Size and plasmonic effects in photodesorption of NO from
supported silver nanoparticles

Special WPI-Joint Seminar, Tohoku University, Sendai, Japan
Plasmonic effects in photodesorption of NO from supported silver
nanoparticles - nanoplasmonic photocatalysts for solar energy
conversion -

D. Phil Woodr uff

May 2008

New Light Source Project Condensed Matter Workshop,
Rutherford Appleton Laboratory, Didcot, UK
VUV photoemission from solids: fast and slow
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June 2008

Sept. 2008

Feb. 2009

July 2009

Structure, Assembly and Reactivity of Molecules at Surfaces, RSC
Solid Surfaces Group Meeting, London, UK
Getting quantitative local structural information on molecular
adsorbates

PendryFest: a Fest for Sir John Pendry, FRS, London, UK
Photoelectron diffraction — ‘internal LEED’ for local surface
structure determination

Seminar by RSC: Chemistry Department, University of Warwick,
Warwick, UK
Getting quantitative local structural information for molecules on
surfaces

Lise-Meitner-Kolloquium,  Helmholtz-Zentrum  Berlin  fir

Materialien und Energie GmbH, Berlin, Germany
Understanding atomic-scale structural effects at surfaces
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Department of Molecular Physics

Staff scientists (as of November 2009):

Knut Asmis (Habilitation)
Uwe Becker (Habilitation)
Horst Conrad (Habilitation)
André Fielicke

Bretislav Friedrich  (Habilitation)
Gert von Helden

Director: Gerard Meijer

Guest scientists, staying for at least six months:

Markus Braune
Yuriy Dedkov
Thalia Deniozou
Daniel Goebbert
Daniel Harding
Ling Jiang
Sanja Korica

(AvH Fellow)

Karsten Horn (Habilitation)
Jochen Kiipper

Adela Marian (EU/AvVH Fellow)
Bas van de Meerakker

Melanie Schnell (Liebig Fellow)
Wieland Schollkopf

Jonathan T. Lyon (AvH Fellow)

Jesus Martinez Blanco

Jens Riedel

Axel Reinkoster

Gabriele Santambrogio (AvH Fellow)
Bum Suk Zhao (AvH Fellow)

Scientists (temporary) paid from external funds:

Ad van der Avoird (AvH Awardee) University of Nijmegen, The Netherlands

Phil Bunker
Wolfgang Jager
Hitoshi Odashima
Lokesh Tribedi
Boris Sartakov
Yunjie Xu

(AvH Awardee)

Graduate students: 18
Diploma student: 10
Technicians: 8

National Research Council of Canada, Ottawa, Canada
University of Alberta, Edmonton, Canada

Meiji University, Kawasaki, Japan

Tata Institute of Fundamental Research, Mumbai, India
Russia Academy of Science, Moscow, Russia
University of Alberta, Edmonton, Canada
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Recent Developmentsin the Department of Molecular Physics
Director: Gerard Meijer

General remarks

Since the last visit of the Fachbeirat, there have been some changes among the

scientific staff members of the department:

* Dr. Knut R. Asmis has been promoted to a permanent staff member.

e Dr. Hendrick L. Bethlem received an ERC Starting Grant and accepted a
permanent position (“Universitair Docent”) at the Free University of
Amsterdam, The Netherlands, in January 2008.

e Dr. Steven Hoekstra, post-doc since May 2005 and group leader since early
2008, accepted a tenure-track Assistant Professor position at the KVI in
Groningen, The Netherlands, starting November 2009.

» Dr. Andreas Osterwalder received a “Foerderprofessur des Schweizerischen
Nationalfonds”, or SNSF Professorship, at the EPFL, Switzerland, where he
moved to in May 2009.

* Dr. Wieland Schollkopf has been promoted to a permanent staff member
and as the scientist in charge of the infrared free electron laser (IR-FEL)

project at the FHI.

The ongoing research projects are described below in four different sections. The
first section deals with “Molecular physics studies with infrared radiation”. In

these studies, the IR optical properties and dynamics of molecules, clusters and
cluster-adsorbate complexes are investigated in the gas-phase. Highlights during
the last two years have been the measurement of the far-infrared spectra of neutral
gold clusters in the gas phase and the study of the microhydration of ions, i.e., the
study of the dependence of the geometric and electronic structure of ions on the
degree of hydration and on temperature. An important experimental development
is that we have been able to catch mass-selected biomolecular ions in superfluid
He-droplets, yielding interesting possibilities for future investigations. The IR

spectroscopic experiments are still largely performed at the Free Electron Laser
for Infrared eXperiments (FELIX) facility, at the FOM Institute for Plasmaphysics
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“Rijnhuizen” in Nieuwegein, The Netherlands. Complementary studies to those at
the FELIX facility are performed with table-top IR laser systems that have been
installed at the FHI. A detailed presentation of the progress in this research area is
given on the posters MP 1 through MP 5. During the last Fachbeirat meeting, the
proposed installation of a dedicated IR-FEL on the FHI campus was discussed.
Following the positive advice of the Fachbeirat, we have submitted this proposal
to the MPG in early 2008 and this project has been granted in the summer of that
year. The present status, planning and perspectives of the FHI IR-FEL project are

outlined on poster MP 21.

A large experimental effort is devoted to research under the theme of “Cold
Molecules”. The aim of these research projects is to develop experimental
schemes to achieve full control over both the internal and external degrees of
freedom of neutral molecules, and to exploit these schemes in investigations of
the properties of (samples of) cold molecules. In various experiments, time-
varying electric fields are used to slow down and trap neutral polar molecules.
Alternative methods to produce samples of cold molecules as well as a variety of
schemes to achieve further cooling or increased number densities of trapped
samples of molecules are actively being pursued. Highlights of this research have
been the quantification of trap loss due to nonadiabatic transitions, the successful
operation of the ¥ generation “molecular synchrotron”, the demonstration of
spatial separation of conformers of biomolecules, and the demonstration of the
deceleration and trapping of neutral molecules on a chip. The progress in this
research area, together with a description of future research plans, is presented on
the posters MP 6 through MP 17.

Apart from these research activities that were introduced at the FHI with the
appointment of Gerard Meijer, the ongoing research activity originating from the
former department of surface science is described in the sections on “VUV and
soft X-ray photo-ionization studies” and on “Electronic structure of surfaces and
interfaces”. Highlights of this research have been the analysis of entanglement in
the photo-ionization of homonuclear diatomic molecules and the study of the band
structure of graphene grown on silicon carbide. This research is presented in more
detail on the posters MP 18 through MP 20.
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I. Molecular physics studieswith infrared radiation

FELIX is ideally suited for a large variety of experiments in gas-phase molecular
physics. On the one hand this is due to the available wavelength tuning range,
extending from 2.5 to 250 um and thereby covering the full “molecular
fingerprint” region, and the possibility of user-controlled wavelength scanning.
The feature that really distinguishes FELIX from other lasers for applications in
this research area is that it has the highest output energy per microsecond
throughout the relevant wavelength range, which is the crucial factor when one
wants to be able to resonantly pump as much energy as possible into an isolated

molecule.

In some experiments, FELIX is used to excite neutral or charged gas-phase
molecules or molecular complexes. The change in quantum state or the
dissociation of complexes can be monitored as a function of excitation
wavelength. These experiments require the absorption of only one or two photons
and can then lead to, for example, the unravelling of the IR spectral properties of
important gas-phase molecules and ions or to an enhanced understanding of
energy transfer in molecular systems. On the other hand, FELIX can also be used
to resonantly pump several hundred photons into a single gas-phase molecule. The
internal energy can then become very high with temperatures reaching several
thousand Kelvin. Most molecules will now dissociate by evaporating off small
atomic or molecular fragments. Very tightly bound species, however, will
undergo thermionic emission, i.e. they choose to evaporate off an electron instead.
The resulting charged species can be easily detected, and monitoring them as a
function of wavelength yields information on the IR spectrum of the neutral

molecule.

The light output of FELIX comes in macropulses gibduration at a repetition

rate of 10 Hz. Each macropulse contains micropulses that are 300 fs to 5 ps long
and that are spaced by 1 ns. The bandwidth is Fourier transform limited, implying
a typical spectral resolution of several tmt a central frequency of 1000 ¢m
FELIX is therefore mainly restricted to studies in which a vibrational resolution

suffices. The available energies of about 100 mJ per macropulse make a variety of
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multiple photon excitation and double-resonance detection schemes possible. In
all of our experiments we rely on mass-selective ion detection in the end, and the

IR spectral information is obtained via the FELIX induced change in ion signal.

Since the end of 2007, the Free Electron Laser for IntraCavity Experiments
(FELICE) has also become operational at the FOM-Institute. Together with the
“in-house” user-group at the FOM-Institute, we have designed and installed a
molecular beam machine as an integral part of FELICE. In a first test experiment,
we have used this machine to study the IR resonance enhanced multi photon
lonization and fragmentation ofs€ with up to a few Joules of tunable IR light
circulating inside the cavity extremely efficient pumping of vibrational energy —

up to more than 100 eV — appeared be possible in these molecules. We have also
performed first experiments on far-IR multiple photon ionization of metal clusters
with FELICE. One future application will be IR multiple photon electron

detachment from anionic clusters as a means to obtain their vibrational spectra.

To be able to perform preparatory and complementary experiments to those
performed at the FELIX facility, we have set up different table-top laser systems
at the FHI. These systems are either based on a Nd:YAG pumped IR optical
parametric oscillator and amplifier (IR OPO/OPA), or on a tunable dye laser in
combination with non-linear frequency mixing technigques. These systems can
produce light pulses of ~ 5 ns, and are currently used to cover the region between
3 and 5um. Although the energy per pulse of these laseesystis only limited

to a few mJ, their superior bandwidth down to 0.05'@ompensates for this in
many experiments. To extend the available wavelengths further into the infrared,
we are also experimenting with the production of pulsed mid-IR laser radiation

via stimulated backward Raman scattering in crystalline para-hydrogen at 4 K.
Infared excitation of gas-phase molecules and clusters (Gert von Helden)

The experimental study of the structure and dynamics of small and medium sized
biological molecules remains an important focus of our research. The experiments

are performed in the gas phase where solvent molecules are explicitly absent; they

can be added one by one, however, thus allowing to disentangle intra- and
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intermolecular interactions. A high degree of control over the species to be
investigated is achieved by investigating mass/charge selected ionic molecules.
Over the last years, we have pioneered methods to characterize those molecules
via IR multiple photon dissociation (IR-MPD) spectroscopy and we have applied
this technique to a variety of small and larger peptides and proteins. For smaller
species, the experimental results can be compared directly to the outcome of
calculations. In case of larger species, the experimental spectra have to be
compared to those of molecules with known structures. As reference materials, we
investigated peptides that presumably have a beta sheet secondary structure as
well as species with helical structures. For the latter ones, we investigated
polymers of the amino-acid alanine, as these molecules likely have a propensity
for helix formation. There is an active collaboration with the theory department to

support and interpret the experimental data.

Frequently, however, the amount of information that can be obtained from the
spectra is limited by the fact that the molecules under investigation are at room
temperature. In addition, the IR-MPD process is inherently non-linear, causing
spectral broadenings and shifts. As a remedy, initially cold species can be
investigated, however the limitations imposed by the IR-MPD process remain. As
a new approach, we developed a machine that allows the investigation of
sustained cold species by embedding them in liquid helium droplets. Single
photon infrared absorption spectra can then in principle be recorded via
monitoring the evaporation of helium atoms from the droplet. In our set-up, the
droplets are generated by a pulsed valve, operated at cryogenic temperatures. The
superfluid droplets then traverse an ion trap, filled with mass selected ions. Upon
impact of a droplet on an ion, the ion can be embedded into the droplet and
because of the high kinetic energy of the droplet (a result of its high mass), the
doped droplet can leave the trap and be further investigated. In the summer of
2009 the first ever signal of mass selected ions in helium droplets could be
obtained using this approach. At the moment, characterization of the doped
droplets is in progress and first spectroscopic experiments are planned

immediately after that.
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Spectroscopy and chemistry of metal clusters and complexes (André Fielicke)

In our research, we focus on the investigation of the structures of metal clusters
and complexes with small molecules in the gas phase using vibrational
spectroscopy. These studies aim to obtain fundamental insights in the effects of
geometric and electronic structure on reactivity, resulting in a detailed local

picture of reactions on well-defined metal sites.

We have pursued our studies on strongly bound clusters using far-IR
photodissociation spectroscopy and extended it to transition metals relevant in
catalytic applications. Although in many cases the rare gas atoms bound to the
cluster just act as messenger of the IR absorption, we found for cationic cobalt
clusters a pronounced influence of the attached argon atoms on the vibrational
spectra. Detailed DFT based investigations (Karsten Reuter, theory department)
allowed us to explain the strong interaction between cobalt clusters and Ar atoms.
For rhodium clusters, the comparison of experimental and calculated vibrational
spectra suggests the clusters to have mainly close-packed structures, in contrast to
recent predictions of a cubic growth mechanism. This finding highlights the
importance of including some exact exchange contributions in the DFT
calculations, via hybrid functionals, for the description of clusters of late
transition metals (collaboration with Tiffany Walsh, University of Warwick, and

Stuart Mackenzie, University of Oxford, UK).

One of the highlights of our research has been the determination of the far-
infrared spectra of neutral gold clusters in the gas phase (size range from 3 to 20
atoms) from which their structure, and in particular the transition from planar to
three-dimensional structures, can be deduced. We expect to obtain a more detailed
understanding of the effects of anharmonicities and internal temperature on the
vibrational spectra from Molecular Dynamics simulations performed in the FHI

theory department by Luca M. Ghiringhelli.

In collaboration with Peter Lievens (University of Leuven, Belgium) we have
extended the studies on transition metal doped silicon clusters and also obtained

information of the structures of pure cationic and neutral Si clusters.
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A second area of research has been the study of adsorbates on the surface of
transition metal clusters. Together with David M. Rayner (NRC Ottawa, Canada)
we have now obtained a general picture on the interaction of CO with transition
metal clusters. This shows many parallels with the chemistry of CO on extended
surfaces, including the transition from dissociative to molecular binding or the
preference for higher CO coordination sites for the 4d and 5d metals. In joint
efforts with Frank de Groot and Bert Weckhuysen (University of Utrecht, The
Netherlands) to study fundamentals of hydrogenation reactions, we focussed on
the hydrogen binding to clusters of 3d transition metals and identified, for
instance, molecular Hbinding on small nickel clusters, which can be seen as
model for a precursor state to dissociation. First effects of the reaction
temperature on hydrogen binding have been revealed by vibrational spectroscopy

as well.

The studies on metal clusters are part of our activities within the Cluster of
Excellence (CoE) “Unifying Concepts in Catalysis” coordinated by the TU Berlin.

As a second contribution to this CoE we have started the investigation of
magnesium oxide clusters, which will be studied by vibrational spectroscopy and
anion photoelectron spectroscopy. For the latter experiments, a velocity map
imaging set-up has just become operational; with this set-up, we have recently

obtained first high-resolution photoelectron spectra of small gold clusters anions.

Vibrational spectroscopy of gas-phase ions (Knut Asmis)

Gas-phase vibrational spectroscopy is arguably one of the most direct and
generally applicable experimental approaches to the structural investigation of
complex gas-phase ions currently available. In the past two years we have
extended our particular implementation of this technique, namely mass-selective
infrared photodissociation spectroscopy combined with a temperature controllable
ring electrode ion trap, to measure IR spectra of ions at variable temperature (10-
300 K) and in a wide range of the IR spectrum (100-4000)crs tunable and

intense IR light sources we use FELIX as well as a table-top OPO/OPA laser

system, the latter which, combined with a novel multipass cell setup, now also
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allows us to measure IR multiple photon dissociation spectra. Complimentary
single-photon vibrational predissociation spectra are measured of the

corresponding ion-messenger atom complexes.

The central focus of our research has shifted towards characterizing the
microhydration of ions, that is, the dependence of geometric and electronic
structure of ions on the degree of hydration and on temperature. Recent studies
included the characterization of NQHO).;.s, HCO; (HO)1.12,  OOC-(CH)s-

COO™ (HO).16 and Md*NO;  (HO)1.7. The atmospherically relevant nitrate and
bicarbonate anions, measured in collaboration with the Neumark group (UC
Berkeley, CA, USA), both prefer surface solvation, in contrast to the previously
studied sulfate dianions. The suberate dianion shows evidence for a structural
change around=13. At this point more favorable hydrogen bonding drives the
initially quasi-linear dicarboxylate anion into assuming a bent, higher energy
conformation. Particularly intriguing are the microhydrated magnesium nitrate
cations. The first four water molecules sequentially hydrate the Mg dication,
leading to an exceptionally stable NOMd*(H,0). species. Currently, we are
looking for evidence of the solvent-separated ion pair, which is predicted to
appear around n=8 and is characterized by strongly red-shifted O-H stretching

frequencies.

As part of the DFG Collaborative Research Center 546 “Structure, Reactivity and
Dynamics of Transition Metal Oxide Aggregates” we continued the experiments

on metal oxide clusters, aimed at gaining a molecular level understanding of their
structure-reactivity relationship and ultimately unravelling the adsorbate/active

site/support interaction important in heterogeneous catalysis. Following the
detailed structural characterization of vanadium oxide ions ups@o\/, aided

by calculations from the Sauer group (HU Berlin), we studied cluster ions of

typical support materials (%,", AlO,", Ca&Oy,"). Particularly noteworthy were

the results on aluminium oxide cations, which revealed a previously unknown,
very stable conical structural motif, as well as the first IR spectra for gas-phase
ceria cations, which provide a crucial experimental benchmark for testing the
accuracy of DFT calculations when applied to lanthanoids. Currently, we are

constructing a novel, cryogenically cooled dual laser vaporization source targeted
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at producing supported metal oxide ion / neutral metal oxide complexes. As part
of our collaboration with the Lievens group (Leuven, Belgium), and using the
technology developed in the Fielicke group, we have extended our accessible
spectral range down to 100 ¢rrdemonstrated by measuring the IR spectrum of

AugY *-Ar, which exhibits a pair of characteristics bands at 181 and 121 cm

Our third project involves the study of molecular cluster ions. The protonated
ammonia dimer is a prototypical system exhibiting strong hydrogen bonding, in
which the proton is shared equally by two monomer units. This unusual binding
motif leads to a characteristically red-shifted, markedly anharmonic antisymmetric
stretching vibration involving the central proton. We located the fundamental
transition at 374 crh and assigned it aided by multidimensional quantum
dynamical calculations based on a 6D model Hamiltonian performed in the Kihn
group (Rostock, Germany). More recently, we looked at carbon sulfide cluster
anions together with the Sanov group (University of Arizona, Tuscon, AZ, USA).
The temperature-dependent IR spectra convincingly show, that at 10 K the weakly
bound C% -C$ dimer is predominantly present, while at higher temperatures
population is transferred very efficiently to the covalently boun8,C anion,
which represents the dominant absorbing species at 300 K.

Il1. Cold molecules

Getting full control over both the internal and external degrees of freedom of
neutral, gas-phase molecules has been an important goal in molecular physics
during the last decades. We have been exploring and exploiting the possibility of
slowing down and trapping neutral molecules by the use of time-varying
inhomogeneous electric fields. It is well known that beams of molecules with an
electric dipole moment, i.e. with an internal anisotropic charge distribution, can be
deflected and focused with static inhomogeneous electric fields. This approach
has been extensively and successfully used in the field of atomic and molecular
beams ever since the Stern and Rabi era. However, this manipulation exclusively
involved the transverse motion of the molecules. It was only in 1999, that we

experimentally demonstrated that appropriately designed arrays of electric fields
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in a so-called “Stark decelerator” can also be used to influence and control the
longitudinal (forward) velocity of the molecules in a beany. to decelerate a

beam of neutral polar molecules. Since then, the ability to produce focused
packets of state-selected accelerated or decelerated molecules has made a whole

variety of new experiments possible.

Since the first demonstration of the Stark decelerator, we have experimentally
investigated its operation characteristics in great detail. We have demonstrated the
possibility to guide molecules on overtones of the frequency with which the
electric fields are switched, and we have studied the coupling of the transverse
motion to the longitudinal motion in the decelerator. Together this has enabled us
to reach a complete, experimentally verified description of the complex three-
dimensional motion of the molecules through the decelerator. The decelerated
beams of molecules have subsequently been loaded into a variety of traps. In these
traps, electric fields are used to keep the molecules confined in a region of space
where they can be studied in complete isolation from the (room temperature)
environment. In our first experiments of this kind, we demonstrated trapping of
ammonia molecules in a quadrupole electrostatic trap, but we have demonstrated
trapping in more versatile geometries as well. Apart from ammonia, we have also
demonstrated the deceleration and trapping of OH radicals as well as of
metastable NH and CO molecules. The long interaction time afforded by the trap
has been exploited to measure the radiative lifetime of metastable states and to
study optical pumping of the trapped molecules by blackbody radiation, for

instance.

For many applications, deceleration and trapping of polar molecules in “high-
field-seeking” states is required, if only because the lowest energy level of any
molecule is high-field seeking. Manipulation of molecules in high-field-seeking
states is generally required if one aims to get full control over heavy diatomic
molecules or over large (bio-) molecules. We have shown that the concept of
alternating gradient (AG) focusing — commonly used in charged particle physics —
can be applied to polar molecules when using electrostatic dipole lenses, and AG
deceleration of molecules in high-field-seeking states has thus been demonstrated.
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To trap molecules in high-field-seeking states various AC electric traps have been
developed.

As already hinted at in the last report to the Fachbeirat, we have stopped our
studies on the buffergas cooling and magnetic trapping of molecules after the
student working on this project (Michael Stoll) had successfully completed his
PhD thesis. We had started on this project in 2004 in collaboration with Achim
Peters, junior-professor at the HU Berlin at that time, who set up a cryogenic cell
with the magnetic trap and the associated optical detection systems for this in our
laboratory. We tested and characterized the experimental set-up by trapping of Cr
atoms and identified CrH and MnH (with strong optical transitions and with 5 and
6 Pg magnetic moment in their electronic ground state, respectively) as good
candidate molecules for magnetic trapping in this apparatus. In collaboration with
Tim Steimle (University of Arizona, Tempe, AZ, USA) we investigated these
molecules spectroscopically, and accurately determined the Zeeman shifts of the
relevant energy levels. We then demonstrated buffergas cooling and magnetic
trapping of both CrH and MnH, and we determined the trapping time as a function
of the buffergas pressure and as a function of the depth of the magnetic trap. With
a maximum number of about 1@apped molecules and with trapping times on
the order of 100-200 ms even for these rather ideal molecules, however, we have
come to the conclusion that the general applicability of the combination of buffer
gas cooling of molecules with magnetic trapping is substantially curtailed at the
moment; for most of our future applications, the Stark deceleration method
appears to be better suited. In 2008, Achim Peters obtained a permanent professor
position at the HU Berlin, and he will use the setup for other experiments over

there.

Trapping of neutral polar molecules (Steven Hoekstra / Bas van de Meerakker)

In the last few years our group has focussed mainly on the Stark deceleration and
electrostatic trapping of ground-state OH radicals. The long-term goal of these

experiments is to achieve densities of trapped molecules that are high enough to

experimentally study (and manipulate) the interactions between the molecules in
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the trap. For this, the molecular densities that have been obtained thus far need to
be further increased. Already in 2001, a promising scheme has been proposed to
accumulate multiple packets of ground-state NH molecules from successive
cycles of the experiment in magnetictrap. Last year we have experimentally
demonstrated the Stark deceleration and electrostatic trapping of metastable NH
molecules, a last prerequisite for the experimental realization of this accumulation
scheme. The interaction of cold molecules with strong magnetic fields has been
explored by retro-reflecting a slow beam of OH radicals from rare-earth

permanent magnets.

When magnetic fields are used instead of electric fields to trap Stark-decelerated
molecules, the final deceleration stages can be decoupled from the trapping
potential itself, and can therefore be optimized independently. It also becomes
possible to magnetically trap molecules in a state that is not disturbed by
electrostatic fields; this is the basis of the aforementioned trap-reloading scheme
for NH molecules that we are now actively pursuing. For this, we have
implemented an electromagnetic trap for the Stark-decelerated molecules by
running a large current through two copper coils in anti-Helmholtz configuration.
Special electrodes have been developed that bring the slow molecules from the
exit of the decelerator to the trap center with minimal losses. We could
demonstrate the magnetic trapping of metastable NH molecules using this trap.
We have furthermore characterized the transfer of the metastable molecules to the

electronic ground state, an essential step for the reloading scheme.

To improve the number of magnetically trapped molecules and to improve the
trapping time we have developed a second magnetic trap, composed of permanent
magnets. Using this trap we have succeeded in magnetically trapping OH radicals.
We are currently trying to demonstrate the accumulation of multiple packets of
Stark-decelerated NH molecules in this trap. Besides higher densities we would
like to achieve longer trapping times (up to a minute), for which we might need a

cooled trap in the future.
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Cold and controlled collisions (Bas van de Meerakker)

In this newly started research group, our efforts are focused on crossed beam
scattering experiments using Stark-decelerated beams. Compared to conventional
molecular beams, Stark-decelerated beams offer tunability of the velocity, a
narrow velocity spread, and a quantum state purity that approaches 100%. In
2006, we have demonstrated in a proof-of-principle experiment the feasibility of
crossed beam scattering using Stark-decelerated beams, although the scattering
signals were limited by the rather low number densities of decelerated molecules.
In the last three years, we have constructed a 2.6 meter long and state-of-the-art
Stark decelerator apparatus that is now fully operational in our laboratory. This
decelerator is designed to produce molecular beams with a superior number
density using the so-called = 3 operation mode. This mode of operation
eliminates the loss of molecules due to unstable trajectories that is present in Stark
decelerators of earlier designs. The improved performance of this operation mode
has been verified experimentally using a beam of OH radicals. Currently, this new
apparatus is used to scatter a Stark-decelerated beam of OH radicals with Ar
atoms, and to measure the state-to-state scattering cross sections for a vast number
of inelastic channels. The collision energy is varied from 70 to 1000 anu the
behavior of the cross sections around the energetic thresholds is accurately
determined. A second identical Stark decelerator is currently under construction,
and will be placed orthogonally to the existing decelerator. Once completed, this
will allow us to study collisions between completely state-selected molecules at
collision energies between 1 ¢nand 1000 cil with an energy resolution of
better than 1 cfh The scattering between OH radicals and NO radicals, the first
bi-molecular system that is planned, will be investigated first by colliding a beam
of hexapole state-selected NO radicals with the Stark-decelerated OH radicals. For
this, a compact hexapole state selector has been developed with which an intense
molecular beam of state-selected NR® Ty, J = 1/2, f) radicals has been
produced. This crossed-beam project is part of the ESF collaborative project
(EuroQUAM) on “Collisions of Cold Polar Molecules” (CoPoMol; 2007-2010).
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A molecular storage ring, loaded from a Stark decelerator beamline, offers
interesting prospects for scattering studies as well. 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. During the last years, a molecular
synchrotron consisting of two half rings with a small vacuum gap has been
developed in our department. The broken symmetry of the ring allows for
bunching of the packet to prevent spreading out in the ring, and allows for the
storage of multiple packets of molecules simultaneously. The number of packets
that can be stored, and the efficiency of the bunching process, depends on the
number of individual segments in the ring. We are currently testing a new
synchrotron consisting of 40 straight hexapoles that has become operational
beginning of this year. Thus far we have been able to demonstrate the improved
performance of this ring and to store packets of ammonia molecules for up to 150
round trips. The future vision is to use the synchrotron to store 20 packets of
molecules going clockwise and 20 packets going anti-clockwise. These packets
will repeatedly interact at well defined times and positions, i.e., a low-energy
neutral-molecule collider as the ultimate replica of high-energy charged-particle
colliders.

Manipulating the motion of large molecules (Jochen Kipper)

Over the last two years we have further explored the possibilities to manipulate
the motion of large molecules, for which all states are high-field seeking at the
practically relevant electric field strengths. We have set up and demonstrated the
deflection, alternating gradient focusing, and AG deceleration of prototypical
large and complex molecules. These experiments employing strong
inhomogeneous electric fields are the neutral-molecule analogs of well-known
“classical” experiments, namely, the Stern-Gerlach deflector, the quadrupole mass

spectrometer, and the linear accelerator (LINAC), respectively.

We have used two setups, the electric deflector and the AG focuser, to spatially
separate the individual structural isomers of the prototypical complex molecule 3-

aminophenol and have compared the performance characteristics of these setups.
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Using the AG focuser, we have investigated the dynamic focusing scheme in
more detail, i.e., we have investigated the possibility to improve the selectivity by
changing the duty-cycle in the high-voltage time-sequence and derived an
approximate analytical and more detailed numerical description of the process.
We have also investigated, numerically and experimentally, the quantum state-
selectivity of the two setups. In a third experiment, we have decelerated

benzonitrile using the AG decelerator.

We are currently setting up an improved AG focuser experiment in which we will

experimentally investigate the focusing process on an individual-quantum-state
level. We plan to use the new setup to improve the separation of different
structural isomers of complex molecules, as well as to separate individual clusters

from the size and isomer distribution present in a cluster beam.

In collaboration with the group of Henrik Stapelfeldt at the University of Aarhus,
Denmark, we have investigated the manipulation of the rotational motion of
guantum-state-selected samples. We have set up an electric deflector in Aarhus in
order to prepare quantum-state-selected samples for laser-induced alignment
experiments. We have demonstrated unprecedented degrees of laser-induced
alignment and mixed-field orientation of iodobenzene and three-dimensional

orientation of 2,6-difluoro-iodobenzene.

In upcoming experiments we will investigate the structural and dynamical
properties of such complex molecules using quantum-state and isomer-selected,
aligned or oriented samples. In a project jointly headed by us and Henry Chapman
(CFEL, Hamburg) we will perform diffractive X-ray imaging of aligned gas-
phase molecules using the LINAC coherent light source (LCLS) at the Stanford
Linear Accelerator Center (SLAC). We have been granted beam time for this in

the first user-assisted-commissioning period in December 2009.
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Manipulating polar molecules using microwave radiation (Melanie Schnell)

One main project during the last two years has been the quantitative study of
losses due to nonadiabatic transitions of electrostatically trapped ammonia
molecules. Nonadiabatic transitions are known to be major loss channels for
atoms in magnetic traps, but had thus far not been experimentally reported upon
for trapped molecules. For this, we developed and implemented a DC electric trap
with a non-zero trap minimum, e.dhe electric equivalent of the magnetic loffe-
Pritchard trap. In such a trapping configuration, losses due to nonadiabatic
transitions are suppressed. Furthermore, we designed the trap geometry such that
a second trapping configuration with zero electric field in the center can be
generated where nonadiabatic transitions can occur. By comparison of the trap
lifetimes of ammonia molecules for the two trap configurations, the time constants
for losses due to nonadiabatic transitions can be determined directly. Nonadiabatic
transitions are seen to dominate the overall loss rate even for the present samples
that are at relatively high temperatures of 30 mK. It was also found that the
importance of trap losses due to nonadiabatic transitions depends very critically
on the detailed energy level structure of the molecule under consideration. It is
anticipated that losses due to nonadiabatic transitions in electric fields are

omnipresent in ongoing experiments on cold molecules.

Central to our research remains the manipulation of the motion of polar molecules
using microwave radiation. We recently developed a microwave setup that allows
us to transversely focus polar molecules. A near-resonant standing microwave
field (TE;1n, mode) is generated in a cylindrically symmetric copper resonator,

which is located behind the decelerator. Due to the special shape of the
microwave mode, polar molecules experience a focusing force in transverse
direction. Depending on the sign of the detuning of the microwave frequency
from the molecular transition frequency, molecules in either the low-field-seeking

or in the high-field-seeking states can be focused.

In a next step, we will exchange the cylindrically symmetric copper resonator by a
Fabry-Pérot type microwave resonator. Besides its very open design, this setup

will allow us to not only focus the molecules, but also to decelerate and trap them.
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Since the force exerted on a polar molecule in such a microwave trap largely
depends on the detuning of the cavity frequency from the molecular transition
frequency, microwave radiation is especially suited since very small detunings to
molecular transitions are possible. This can lead to a linearization of the Stark
energy, so that strong interaction energies can be achieved and even molecules
with a quadratic Stark effect can be trapped efficiently.

In a new project, we are developing and implementing a crossed-beam optical
dipole trap. Such an optical trap allows not only trapping of polar molecules in

high-field-seeking states but also of nonpolar molecules, since the trapping force
depends on the polarizability of the species and not on the dipole moment. With
such a trap, sympathetic cooling of an ensemble of trapped polar molecules with a

cloud of trapped ultracold atoms might also become possible.

Micro-structured devices to manipulate molecules (Horst Conrad)

In this project we aim to manipulate and control polar molecules using electric
field gradients produced by micro-structured electrodes. The ultimate goal is to
produce a variety of molecule manipulation tools, including lenses, mirrors,

guides, decelerators, storage rings and traps, all integrated on a chip.

By miniaturizing electrode geometries high electric fields, and even higher
electric field gradients, can be produced using modest voltages. Since a few years,
we have been experimenting with a micro-structured electrode array to guide and
to decelerate polar molecules on a chip. Rather than working with switched fields,
as in the normal decelerators, sinusoidal waveforms are applied to the electrodes
such as to generate an array of travelling potential wells above the planar substrate
with the array of micro-structured electrodes. We load molecules into these
potential wells directly from a pulsed supersonic beam; upon arrival above the
chip, the molecules are confined in tubular electric field traps approximately 20
micrometers in diameter, centered 25 micrometers above the chip, that move
along with the molecular beam at a velocity of several hundred meters per second.
An array of these miniaturized moving traps is brought to a standstill over a
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distance of only a few centimeters. After a certain holding time, the molecules are
accelerated off the chip again for detection.

Just before the last meeting of the Fachbeirat, we had already successfully
demonstrated the guiding of metastable CO molecules at a constant velocity
above this micro-structured electrode array. Shortly after that, we also managed to
demonstrate gentle deceleration of the molecules above the chip, but we observed
an unexpectedly large loss of molecules with increasing deceleration. In the
course of last year we realized that in the low electric field region near the center
of the traps, molecules are lost due to nonadiabatic transitions to non-trappable
degenerate states. In magnetic traps for atoms on a chip, this hole at the center of
the trap is commonly plugged by adding a homogeneous magnetic field. An offset
magnetic field could also be added in the present setup. For molecules in electric
traps, however, there often exists the alternative solution to simply select an
isotopologue with a favourable hyperfine level structure such that there is no
degeneracy between trappable and non-trappable states in zero electric field. The
most abundant CO isotopologdéC*®0, has no hyperfine structure and the low-
field-seekingM.Q = -1 level of thea®; (v'=0, J'=1) state is degenerate with ke

= 0 level in zero electric field, making this species susceptible to nonadiabatic
transitions. I>C'°0, however, the coupling of the nuclear spin of'fi&nucleus

with the orbital angular momentum results in a lifting of this degeneracy; the low-
field-seeking levels never come closer to the non-trappable level than 53 MHz in
any electric field, effectively preventing nonadiabatic transitions from occurring.
Therefore, by simply switching froffCO to**CO these losses were completely
eliminated and confinement of molecules in static traps on a chip could be
successfully demonstrated. The loading and detection methodology that we have
developed is applicable to a wide variety of polar molecules — provided
appropriate measures are taken to avoid nonadiabatic transitions — enabling the
creation of a gas-phase molecular laboratory on a chip.

This work is part of an FP7 EU-funded project (STREP) on “Nano-optics for
molecules on chips” (2008-2011), with the reverse acronym CHIMONO.
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Cold neutral molecules via photodetachment of anions (Andreas Osterwalder)

A project aimed at demonstrating the production of cold neutral molecules via
deceleration and photodetachment of negative ions was started in 2006 and
showed promising preliminary results by the end of 2007. lons are much more
sensitive to electric fields than neutrals, and the deceleration was therefore
expected to be much simpler. At the end of the deceleration, the negative ions
were neutralized by near-threshold laser-photodetachment to obtain the neutrals at
the same velocities. In the present setup, however, the deceleration of the negative
ions to low velocities was hampered by the presence of large densities of positive
and negative ions. As a result, the ions moved in a dense cloud with an overall
charge of zero, shielding each other from the deceleration potentials. Attempts to
filter this “plasma” and extract the negative ions alone were unsuccessful. It was
realized that the chosen source (hot filament electron source, combined with a
pulsed supersonic expansion) was not ideal for this experiment. In view of the
upcoming move by Andreas Osterwalder to the EPFL, Switzerland, it was decided
to postpone continuation of this project in the summer of 2008; Andreas will set
up an extended and improved version of this method that should eliminate the

core difficulties encountered here at his new laboratory in Lausanne.

We then focused, as a side-project, on the demonstration of an improved velocity-
filter (using an electrostatic hexapole bent in a half circle, i.e. one half of'the 1
generation molecular synchrotron) to extract polar molecules from a thermal
sample, and, in particular, on the development and implementation of a new type
of Stark decelerator in which a moveable 3D electrostatic trap is generated. The
key idea in the latter experiment is to use continuously varying deceleration fields
instead of the switched fields that are generally employed in Stark deceleration.
The method draws on the experience gained with the Stark decelerator on the
chip, which is here “only” extended to three dimensions and scaled up in size by a
factor hundred. The two main challenges in this setup were in the mechanical
construction and in the electronics required to generate the high-voltage sine
waves (20 kV peak-to-peak) with a frequency tunable between 30 kHz and dc. For

a proof-of-principle experiment, the frequency range was chosen to only go down
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to 10 kHz in order to simplify the electronics. With this setup we have recently
been able to successfully demonstrate deceleration of metastable CO molecules
from about 300 m/s to 150 m/s. The excellent signal-to-noise ratio in the first
measurements and the relatively easy control of the setup fully confirm our
expectations that this kind of Stark decelerator bears a very high potential for all
future applications of cold polar molecules.

Interactions of molecules with fields (Bretislav Friedrich)

Collisions of molecules in electric, magnetic, or radiative fields are nearly
ubiquitous in nature as well as in the laboratory. Molecules colliding in the
Earth’s atmosphere or in interstellar space are commonly subjected to magnetic
and radiative fields; in the laboratory, collisions in fields appear with particular
prominence in stereodynamics, coherent control, and molecular trapping and
cooling. Molecular collisions in fields have been the subject of a number of
theoretical studies. However, analytic models of such collisions are scarce and
limited to the collision regime near the Wigner limit. Recently, we have
developed an analytic model of state-to-state rotationally inelastic collisions of
atoms with molecules in fields, applicable at thermal and hyperthermal collision
energies. The model, based on Fraunhofer scattering of matter waves, is
inherently quantum and makes it possible to separate dynamical and geometric

effects in collisions.

Another important ongoing line of research is the theoretical study of the
spectroscopy of molecules in electric, magnetic, or radiative fields. Directional
states of molecules are at the core of all methods to manipulate molecular
trajectories. This is because only in directional states are the body-fixed multipole
moments “available” in the laboratory frame where they can be acted upon by
space-fixed fields. In the case of polar molecules, the body-fixed permanent
dipole moment is put to such a full use in the laboratory by creating oriented
states characterized by as complete a projection of the body-fixed dipole moment
on the space-fixed axis as the uncertainty principle allows. In order to achieve a

high degree of orientation, one had to rely on special properties of particular
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molecules. This has been done away with by the development of techniques that
combine a static electric field with a nonresonant radiative field. The combined
fields give rise to an amplification effect that occurs for any polar molecule, as
only an anisotropic polarizability, along with a permanent dipole moment, is
required. This is always available in polar molecules. Thus, for a number of
molecules in their rotational ground state, a very weak static electric field can
convert second-order alignment by a laser into a strong first-order orientation that
projects about 90% of the body-fixed dipole moment on the static field direction.
If the polar molecule is also paramagnetic, combined static electric and magnetic
fields yield similar amplification effects. Oriented states have a unique
spectroscopic behavior, due to thaili generisenergy level patterns and modified
Honl-London factors. Our effort is directed towards identifying oriented states
among the eigenstates of molecules in the combined fields and finding their
spectroscopic signature.

Sympathetic cooling of molecules (Adela Marian / Wieland Schollkopf)

The goal of this experiment is to use a dense, ultracold sample of magnetically
trapped rubidium atoms to increase the phase-space density of a trapped
molecular sample. Our first step was to show that a magnetic trap for atoms can
be spatially overlapped with an AC electric trap. Additionally, we have
experimentally verified that the magnetically trapped atoms are not perturbed by
the AC electric fields needed for trapping molecules. Because AC electric
trapping of neutral atoms proved to be a research project worth pursuing in its
own right, we carried out detailed studies of the dynamics in an AC trap for
rubidium and are currently testing a new AC trap with a larger trap depth. The
second step was to design and test a compact ultrahigh-vacuum molecular-beam
machine that can accommodate all the spatial and vacuum requirements imposed
by the existing atom apparatus. Subsequently, a new kind of Stark decelerator has
been developed especially for this project and in conjunction with the new
vacuum system. The electrodes of this 100 stage decelerator are 0.6 mm diameter

tantalum wires, resulting in a total length of the decelerator of 110 mm,
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approximately 10 times smaller than a conventional Stark decelerator with the
same number of electrode pairs. Next, we plan on using the packets of slow
molecules produced by such a wire decelerator for collision experiments with
magnetically trapped rubidium. This project is part of the ESF collaborative

project (EuroQUAM) on “Collisions of cold polar molecules” (2007-2010).

Atom optics and quantum reflection of molecular beams (Wieland Schéllkopf)

In this project we perform optical experiments with atomic and molecular beams
including diffraction from a reflection grating and focusing by a concave mirror.
The experiments are carried out with a molecular beam apparatus of high angular
resolution (~100 prad), originally built at the Max-Planck-Institut for
Stromungsforschung. The apparatus allows to resolve small angle diffraction of
atom beams reflected at near grazing incidence from a microstructured surface
grating (periodicity of several micron). Typically, helium atom beams are used
because of their relatively large mean de Broglie wavelength of a few Angstrom

and their narrow velocity distribution.

In recent experiments we have investigatpchntum reflection, which is the
underlying mechanism for coherent reflection at near grazing incidence. In
quantum reflection a wave packet is reflected at the attractive van der Waals
branch of the atom-surface interaction. Quantum reflection takes place tens of
nanometers above the actual surface. As equi-potential surfaces at such distances
are smooth even if the actual surface is not, coherent reflection is achieved even
for microscopically rough surfaces. Quantum reflection is effective only when the
normal component of the atom wave-vector is very small. By fitting the observed
reflectivity data with a numerical model we determined @geoefficient of the

atom-surface van der Waals interaction for various surfaces.

The probability of quantum reflection depends only on the normal component of
the wave-vector. However, for somewhat larger normal components, where the
quantum reflection efficiency tapers off, the total reflectivity is found to depend

on the parallel component as well. We attribute this behaviour to classical

reflection from the repulsive branch of the surface potential. In this regime a
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universal behaviour has been observed which is independent of the details of the
actual surface sample: for a given normal component the reflectivity increases
with increasing parallel component. Still, we expect the total reflectivity in this
regime to scale with the surface roughness. This is why we plan to try out a
graphene surface (in collaboration with the group of Karsten Horn); as it is highly
regular and smooth a large classical reflectivity can be expected.

In another experiment we have applied quantum reflection from a concave surface
to focus a helium atom beam in one dimension. The surface is a commercial
cylindrical quartz mirror with a radius of curvature of 78 m. At near grazing
incidence, where a reflectivity of several percent is achieved, the focal length is
only tens of cm because it scales as the sine of the grazing angle. The smallest
width of the focus that has been achieved is 1.8 um, essentially limited by

spherical aberration.

In another line of experiments a beam of methylfluoride molecules is scattered off
a microstructured surface grating. When a positive voltage is applied to every
second grating stripe and a negative voltage to every other second stripe, a strong
static electric field is created above the surface. In the direction normal to the
surface the field decays exponentially. Therefore, polar molecules in low-field-
seeking states approaching the surface are repelled. We have observed the
resulting specular reflection, i.e. the electric field forms a mirror for polar
molecules. As the equi-potential surfaces are corrugated, diffraction peaks are
expected in addition to the specular reflection. We expect to observe the
diffraction pattern with an improved microstructure grating that has recently been

fabricated for this experiment.

[11. VUV and soft X-ray photo-ionization studies (Uwe Becker)

During the last two years, our research program has concentrated on two topics,
namely (i) the analysis of coherence and entanglement in the photo-ionization of
homonuclear diatomic molecules, and (ii) the study of nonlinear multi-photon
processes by angle-resolved electron spectroscopy using the Free Electron Laser

in Hamburg (FLASH) as photon excitation source.
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In the first project we succeeded in the analysis of electron entanglement in
ordinary space, an effort extending the corresponding studies in quantum optics,
which employed spin-like variables for entanglement only. Because position and
momentum are continuous variables, which can have any arbitary eigenvalue, we
had to introduce corresponding dichotomic variables for a Bell type analysis
instead. These are the complementary sets of varigblasle(g) and ungerade

(u), representing bipolar positions, abdckward(b) andforward (f), representing
dichotomic momentum directiongtit of and “in to” the molecule regarding the
direction of the emitted electron. The two sets of variables are eigenstates of the
parity and momentum operator, respectively. The complementary systems parity
and momentum offer the possibility of a Bell type entanglement analysis
analogous to the corresponding spin-based experiments. A Bell type analysis
requires the determination of correlations of a particular variable between the
entangled particles, which have to be measured in coincidence. Entirely correlated
events correspond in our case to entirely localized, and entirely uncorrelated
events to entirely delocalized positions, which is an alternative description to be
either in thegerade or ungeradesymmetry eigenstate. Apart from these two
extreme situations that correspond to a relative phase/®@fahd 0 (2) between

the two eigenvalues of the variable positideft* and “right” there is, however, a
continuum of other phases that may be realized. In order to observe the
continuous phase change between these two complementary systems by
coincidence experiments one has to employ momentum eigenvalues differing in
size regardindorward andbackward emission. This is in case of the undisturbed
eigenvalued andb, however, unfortunately not given. Their entanglement is a
property, which is in principle hidden from any outside observation and has hence
no physical reality. However, in two particular cases nature offers a window into
the hidden world of entanglement in ordinary space. This is the regime of intra-
molecular scattering associated with photoelectron emission and the occurrence of
Doppler induced energy shifts of electrons emitted during dissociation. In both
cases the momentum eigenvaldeand b differ in size, making a Bell type
analysis of entanglement possible. We succeeded in both cases, proving that the
individual eigenvalues of the variable position have indeed no physical reality for
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a pair of two or more completely entangled particles, such as two emitted

electrons or one emitted electron and one remaining fragment ion, as in our case.

In the second project we used angle-resolved photoelectron spectroscopy at the
FLASH facility to study the nonlinear multi-photon processes emerging in the
photo-ionization of atoms, molecules and clusters as a function of photon
intensity. As reported already last time, sequential processes dominate the two-
photon double photo-ionization once the required photon energy for this process
is exceeded. This time we concentrated more on the angular distributions of the
corresponding photoelectrons, which are characterized by an additional
asymmetry parametef,. Briefly, our experiments showed an unexpected
behavior of this asymmetry paramet@s in the energy region of a Cooper
minimum. Although the occurrence of such a minimum of the partial photo-
ionization cross section is basically a radial effect of the wavefunction of the
outgoing photoelectron, our data show distinct differences ofthelffavior upon

the angular momentum coupling of the electrons in the remaining ion. This is a
clear indication of a coupling dependency of the anisotropic final state
interactions of the outgoing photoelectron. Theory predicts even more dramatic
effects in this direction, which we plan to study in the forthcoming beamtime
period at FLASH. Regarding the intensity distribution between the one- and the
two-photon induced peaks in the photoelectron spectrum, different theoretical
models predict very different intensity distributions depending on the role of
dynamical screening. Strong screening should give rise to increasing continuous
photoelectron intensity between the two photoelectron peaks caused by the direct
or the sequential process. So far, our data provide only weak evidence for the
existence of such a screening effect. However, we plan to search for this
interesting phenomenon at more appropriate photon energies during future beam
time periods at FLASH.

V. Electronic structure of surfacesand interfaces (Karsten Horn)

The investigation of the properties of graphene, the single layer of hexagonally

coordinated carbon atoms, has been at the focus of research in our group.
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Graphene is one of the most interesting materials in solid state physics, on account
of its unique electronic structure (“massless Dirac Fermions”), constituting the
ultimate 2-dimensional material. Since its experimental “discovery” about five
years ago, a veritable rush has ensued to characterize this material and to use it in
various applications. Surface science methods have been most important for an
elucidation of various aspects of graphene’s physical and chemical properties. We
have investigated the band structure of graphene grown on silicon carbide as a
monolayer and in multilayers, both as a pristine material and under different
conditions of doping, using angle-resolved photoemission in collaboration with
groups in Berkeley and the University of Erlangen. These studies have been
central to an understanding of the band structure of graphene, in particular near
the so-called Dirac point, and have received widespread attention in the
community. A considerable amount of work has been devoted to the question
whether a gap opens up at the Dirac crossing point of the linearly dispersing
bands. This controversial point has been clarified — from our point of view —
through the study of symmetry-related intensity changes, showing that any gap
opening must be well below 100 meV. Other studies have addressed the
morphology of graphene on silicon carbide using LEEM and STM; these have
been used in the optimization of growth processes leading to “wafer’-like quality
of graphene films grown under atmospheric pressure. More recently, we have
added graphene grown on metal surfaces to our scope of experiments. Graphene
on ferromagnetic substrates is of great interest for a possible use as spin-filtering
devices in spin field-effect transistors. We are also currently involved in a
program of studies related to a functionalization of graphene through hydrogen
and other adsorbates, as well as intercalation of metals between the substrate and
the graphene layer, with a view to studying the effect of charge transfer and the
transition form a sp to a sp-bonded situation in the carbon network. Other
projects in the group concern STM studies of possible novel procedures for

graphene growth using coronene, a seven-membered benzene ring molecule.
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SFB 450 Seminar, Fritz-Haber-Institut, Berlin, Germany
Deceleration and trapping of neutral polar molecules

MOLEC XVII, St. Petersburg, Russia
Crossed beam collision experiments with Stark-decelerated beams

Stereodynamics 2008, Dalian, China
Crossed beam collision experiments with Stark-decelerated beams

Faraday Discussions 142: Cold and Ultracold Molecules, Durham,
UK
Collision experiments with Stark-decelerated beams

DAMOP 2009, Charlottesville, VA, USA
Experiments with Stark-decelerated beams and trapped molecules

Colloquium, Laboratoire Aimé Cotton, Orsay, France
Taming molecular beams

Colloquium, University of Freiburg, Freiburg, Germany
Taming molecular beams

Gerard Meijer

Nov. 2007

Nov. 2007

Nov. 2007

Jan. 2008

GdCh Kolloquium, University of Wirzburg, Wirzburg, Germany
Deceleration and trapping of neutral polar molecules

Seminar, Center for Ultracold Atoms, Harvard/MIT, Cambridge,
MA, USA
Deceleration and trapping of neutral polar molecules

Seminar, Steacie Institute for Molecular Sciences, NRC, Ottawa,
Canada
Deceleration and trapping of neutral polar molecules

16™ Symposium on Atomic and Surface Physics and Related

Topics, SASP 2008, Les Diablerets, Switzerland
Deceleration and trapping of neutral polar molecules
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March 2008

March 2008

March 2008

April 2008

June 2008

Sept. 2008

Sept. 2008

Sept. 2008

Oct. 2008

Oct. 2008

Oct. 2008

Oct. 2008

Oct. 2008

ESF-FWF Conference on Quantum Optics: From Photons and
Atoms to Molecules and Solid State Systems, Obergurgl, Austria
Deceleration and trapping of neutral polar molecules

APS Spring meeting, Focus session on Photophysics of Cold
Molecules, New Orleans, LA, USA
Molecular collision studies with Stark-decelerated beams

Physics Colloquium, University of Groningen, Groningen, The
Netherlands
Cold molecules

EuroQUAM Inauguration Conference on Cold Quantum Matter,
Barcelona, Spain
Molecular collision studies with Stark-decelerated beams

Colloguium, Max Planck Institute for Nuclear Physics, Heidelberg,
Germany
Taming molecular beams

Gordon Research Conference on Molecular and lonic Clusters,
Aussois, France
Taming molecular beams

The 8" IAMS retreat, Yi-Lan, Taiwan
Taming molecular beams

Seminar, National Institute of Information and Communications
Technology, Tokyo, Japan
Deceleration and trapping of neutral polar molecules

Physics Colloquium, Tokyo University, Tokyo, Japan
Deceleration and trapping of neutral polar molecules

Physics Colloquium, Toyama University, Toyama, Japan
Deceleration and trapping of neutral polar molecules

Seminar, Genesis Research Institute, Ichikawa, Chiba, Japan
Deceleration and trapping of neutral polar molecules

Norman Hascoe Distinguished Lecture, University of Connecticut,
Dept. of Physics, Storrs, Connecticut, USA
Taming molecular beams

92" annual meeting of the Optical Society of America, Frontiers in

Optics 2008 & Laser Science XXIV, Rochester, New York, USA
Manipulating polar molecules: traps, synchrotrons and chips
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Jan. 2009

May 2009

May 2009

May 2009

May 2009

June 2009

June 2009

June 2009

July 2009

July 2009

July 2009

Colloquium, University of Southampton, Dept. of Physics and
Astronomy, Southampton, United Kingdom
Taming molecular beams

Durham Lectures 2009, Public Lecture, University of Durham,
Durham, UK
Cold molecules

Durham Lectures 2009, Physics Lecture, University of Durham,
Durham, UK
A molecular laboratory on a chip

Durham Lectures 2009, Chemistry Lecture, University of Durham,
Durham, UK

Infrared spectroscopic characterization of gas-phase clusters and
cluster-adsorbate complexes

Symposium on Interfaces in Molecular Systems, The Fritz Haber
Center for Molecular Dynamics, Kibbutz Tzuba, Israel
A molecular laboratory on a chip

XXIII International Symposium on Molecular Beams, Dalian,
China

Taming molecular beams: towards a molecular laboratory on a
chip

Colloquium, Helmholtz Centre Berlin for Materials and Energy,
Berlin, Germany
Accelerator physics with neutral molecules

European Graduate College on Quantum Interference and
Applications, Berlin, Germany

Taming molecular beams; towards a molecular laboratory on a
chip

Chemistry & Biochemistry Seminar, Arizona State University,
Tempe, Arizona, USA
Towards a molecular laboratory on a chip

Colorado Cold Molecule (CoCoMo) workshop, JILA, University of
Colorado, Boulder, CO, USA

Taming molecular beams; towards a molecular laboratory on a
chip

XXVI International Conference on Photonic, Electronic, and
Atomic Collisions, Kalamazoo, MI, USA

Taming molecular beams; towards a molecular laboratory on a
chip
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Aug. 2009

Sept. 2009

Oct. 2009

Oct. 2009

Nov. 2009

18" International Mass Spectrometry Conference, Bremen,
Germany
Taming molecular beams

Seminar, Cluster of Excellence on Quantum Engineering and
Space-Time Research (QUEST), Braunschweig, Germany
Stark-deceleration of molecules

Summerschool of the Center for Functional Nano-Materials,
Karlsruhe, Germany
Infrared spectroscopic characterization of gas-phase clusters

Asilomar Conference on Mass Spectrometry, Asilomar, CA, USA
Infrared spectroscopic characterization of metal clusters, metal-
oxides and cluster-adsorbate complexes

Kolloguium, Nordrhein-Westfalische Akademie der
Wissenschaften und der Kiinste, Dusseldorf, Germany
Molekile in Zeitlupe

Andreas Osterwalder

Jan. 2008

May 2008

Seminar, SNF Bern, Switzerland
Cold neutral molecules - novel production schemes and application
to reactive scattering studies

Kolloquium, Technische Universitat Berlin, Berlin, Germany
Kalte Atome und Molekdile

Ludwig Scharfenberg

Feb. 2008

Diavolezza meeting, Diavolezza, Switzerland
Towards scattering experiments with Stark-decelerated molecular
beams

Wieland Schollkopf

Nov. 2007

Feb. 2008

International Workshop on Atomic Physics, Dresden, Germany
Trapping of Rb atoms by AC electric fields

Seminar, Physikalisches Institut der Universitdt Heidelberg,
Heidelberg, Germany

Diffraction of molecular beams from a microstructured quantum-
reflection grating
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Dec. 2008

Jan. 2009

Quantum Optics & Laser Science Seminar, Imperial College,
London, UK
Experiments with an AC electric trap for Rb atoms and with He
atom beams

Seminar, Helmholtz Centre Berlin for Materials and Energy,
Berlin, Germany
The IR-FEL project at the Fritz-Haber-Institut in Berlin

Bum Suk Zhao

May 2008

Oct. 2008

Nov. 2008

May 2009

May 2009

June 2009

Peter Zieger

Feb. 2008

Seminar, Department of Chemistry, Seoul National University,
Seoul, Korea

Controlling translational motions of neutral molecules and atoms
without using internal state transition

Seminar, Department of Materials Science and Engineering,
Gwangju Institute of Science and Technology, Gwangju, Korea
Quantum reflection of helium atom beams from a microstructured
grating and a concave mirror

Seminar, Department of Physics and Astronomy, Seoul National
University, Seoul, Korea

Quantum reflection of helium atom beams from a microstructured
grating and a concave mirror

Seminar, Department of Chemistry, Korea Advanced Institute of
Science and Technology, Daejon, Korea

Coherent reflection and focusing of He atom beams from rough
surfaces at near-grazing incidence

Seminar, Department of Physics, Korea University, Seoul, Korea
Coherent reflection and focusing of He atom beams from rough
surfaces at near-grazing incidence

Seminar, Department of Physics, Pohang University of Science and
eTechnology, Pohang, Kyungbuk, Korea

Coherent reflection and focusing of He atom beams from rough
surfaces at near-grazing incidence

Diavolezza meeting, Diavolezza, Switzerland
Production, deceleration and electrostatic trapping of metastable
NH molecule
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Department of Physical Chemistry

Staff scientists:

Markus Eiswirth
Christian Frischkorn
Leonhard Grill
Alexander Mikhailov
Bruno Pettinger
Julia Stahler

Gerhard Ertl (Emeritus)

Director: Martin Wolf

(Habilitation) from 09/2008
(Habilitation) from 07/2009

50% appointment until 04/2011
from 04/2009

Guest scientists, staying for at least six months:

Sebastian Hagen

Jesus Martinez

Yasuaki Kobayashi
Carlos Villagomez Ojeda
Peter Plath

Sonja Sauerbrei

Nicola Scott

Zefeng Ren

Simon Wall

Peter West

Scientists (temporary) paid from external funds:

Rocio Cortes
Makoto lima
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Oliver Rudzick
Toru Shimada
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1. General

The Department of Physical Chemistry is currently in a transition period. In
connection with the appointment of a new director in 2008 and substantial
changes in the infrastructure, a restructuring of the department and the develop-
ment of new scientific activities are planned for the next 2-3 years. This report is
split into two parts: First, a brief summary of the ‘status quo’ at the FHI and the
Freie Universitat Berlin is given followed by an overview of the future research
directions of the department. The second part reports about the existing projects at
the FHI, and those at the FU Berlin which will be transferred to the FHI. These

projects are also documented in the poster abstracts.

1.1 Current activities at the FHI and FU Berlin

Due to the renovation of the historical Building A the members of the department
are currently located at several sites of the FHI campus and at the FU Berlin. The
departments of Inorganic Chemistry, Molecular Physics and Chemical Physics
have generously provided space to relocate existing equipment and to setup new
experiments in the lab area dedicated to the future Free Electron Laser at the FHI.
With the completion of Building A in 2010 the projects from the FU Berlin will

be transferred to the FHI. Currently the planning for a new building with special
infrastructure for laser experiments is performed; the construction of this building
shall be finished until the end of 2011.

At the FHI a new research group is currently set uduia Stéhler which will

focus on ultrafast electron dynamics and correlation effects at interfaces using
time- and angle-resolved photoemission spectroscopy. Furthermore, three groups
are active, which have started their research under the former director, Prof. G.
Ertl. The groups oMarkus Eiswirth andAlexander Mikhailovstudy complex
dynamics in chemical systems, in particular, nonequilibrium pattern formation in
electrochemical systems and problems of nanobiology and active soft matter. The
technique of tip-enhanced Raman spectroscopy is developed by the group of
Bruno Pettingerto study individual molecules and nanostructures under UHV

conditions.
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The research group dMartin Wolfis still located at the FU Berlin and focuses on
electron dynamics in correlated materials and adsorbate overlayers, molecular
switches at surfaces, THz time-domain and vibrational spectroscopy as well as
photoinduced surface reactions. In the last two years several younger scientists
received offers for university professorshipsica PerfettiandUwe Bovensiepen
accepted offers from the Ecole Polytechnique Palaiseau and University of Essen-
Dusiburg, respectively. AlsdPetra Tegederwill continue her research on

molecular switches on a W2-position at the FU Berlin.

In this context only some of the current activities at the FU will be transferred to
the FHI: The scanning tunneling microscopy group, which is headeddmnhard

Grill, will focus on functional molecules on surfaces and their controlled
manipulation by tunneling electrons, electric fields, chemical forces and light.
Also the growth of controlled architectures from weakly bound supramolecular
and covalently bound macromolecular nanostructures will be studied. The
activities on photoinduced surface reactions (headeHhnystian Frischkorn)

will be developed further aiming towards control of reactions by ligbbias
Kampfrath (currently at AMOLF) will join the department in March 2010 and will
set up a new group to study the dynamics of solid state materials by time-resolved
optical spectroscopy and intense THz fields. In addition, several other research
groups may be created in the next years. The final organizational structure of the
department will consist of approximately ten small research groups headed by a

junior or staff scientist.

1.2 Planning of the Department of Physical Chemistry

The research of the Department of Physical Chemistry will be focussed on the

dynamics of elementary processes at surfaces and interfaces and in solids. A key
goal is to develop a microscopic understanding of electronic interactions and

correlations as well as of photoinduced reactions and molecular processes at a
single molecule level. On the one hand the dynamics of such processes will be
studied by ultrafast spectroscopy directly on the relevant time scales. Hereby a
broad spectrum of laser-based techniques allows analyzing the dynamics of

electron transfer processes and vibrational degrees of freedom at adsorbate
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covered surfaces, the dynamics of electronic excitations and scattering processes
in solids, and the mechanisms of optically induced phase changes in highly
correlated materials. On the other hand molecular processes at surfaces will be
studied on a single molecule level and employing various schemes of optical
excitations. This includes also studies of photo-induced surface reactions.
Scanning probe microscopy (in part combined with optical excitation) allows
imaging, manipulation and spectroscopy as well as inducing and probing of
chemical processes of individual molecules. For the preparation and
characterization of these systems various surface science methods are employed.
Further activities of the department in the field of complex dynamics of chemical
systems focus on problems of nanobiology and electrochemistry. Here, theoretical
studies of reactive soft matter, individual molecular machines and networks of
interacting molecular machines are performed, complemented by the studies of
nonequilibrium pattern formation in electrochemical systems and general aspects

of chemical kinetics.

In the next few years research at the Department of Physical Chemistry will be

structured into three areas:

» Ultrafast Dynamics in Solids and at Interfaces
* Molecular Processes at Surfaces

* Complex Dynamics

In the following, some key goals and general research directions of these areas are
discussed. A more detailed account of the current projects and their future

planning is given in part 2.1 - 2.3.

Ultrafast Dynamics in Solids and at Interfac&esearch in this area aims towards

the understanding of electronic correlations, interactions and scattering processes
in solids and at interfaces and will be pursued in several directions:

(i) Some of the most fascinating problems in solid state physics like super-
conductivity or metal-insulator transitions arise from electron correlation effects
and coupling between electronic and other degrees of freedom of a material (e.g.
lattice, orbital or spin excitations). Such electron correlation effects are

particularly strong in low-dimensional systems like layered materials or quasi

251



one-dimensional systems. Direct time-resolved studies of the ultrafast dynamics
of such highly correlated materials open a new dimension, which vyields
information complementary to conventional frequency domain spectroscopy or
transport measurements. For example, photoexcitation can drive a material into
different regions of a phase diagram, which are not accessible under equilibrium
conditions. Furthermore, the coupling strength of collective modes to different
states of the electronic band structure as well as their damping can be studied
directly in the time domain. In particular, the dynamics of the opening and closing
of electronic gaps at the Fermi level provides fundamental information about the
mechanisms of photoinduced phase transitions.

Studies of the ultrafast dynamics of low-dimensional correlated systems will
therefore be a key topic of research of the department. As time-resolved photo-
emission spectroscopy provides the most direct access to electronic structure,
several experimental setups will be developed including high-harmonic generation
(HHG) of VUV laser pulses at high repetition rates (10-100 kHz). The latter
approach opens also the possibility to extend such studies into the attosecond time
domain. These time-resolved studies will be complemented by high-resolution
photoemission experiments at the corresponding photon energies using laboratory
or synchrotron light sources.

(i) Another important aspect in such studies of non-equilibrium dynamics of
solids is how selectively the system is excited and brought out of equilibrium. As
many fundamental excitation energies in solids (e.g. phonons, magnons) are in the
range of several meV to a few 100 meV, excitation and optical spectroscopy of
solids in the (far to near) infrared regime can most directly address such low-
energy transitions. For example, resonant pumping of IR-active phonon modes
provides a selective way of excitation, which is fundamentally different from the
response to a hot carrier distribution created by absorption of visible or UV
photons. So far most time-resolved studies of solids have been restricted to the
latter regime, i.e. to excitation energies much larger that the fundamentals gaps or
collective modes. A key goal is therefore, to develop schemes to selectively excite
low frequency modes using the electrical (or magnetic) field of intense THz or IR

pulses and to analyze the response of the material with appropriate spectroscopic
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(THz, optical or photoemission) techniques. These studies will be complemented
by THz absorption and emission spectroscopy (see 2.1.3).

(i) Electron dynamics at surfaces and at interfaces will be another direction of
research. Interfaces (like molecule-metal or molecule-oxide) allow studying
fundamental processes like interfacial electron transfer, carrier localization or
electron solvation processes, which are of relevance for surface chemistry, organic
photovoltaic and electrochemistry. The well established technique of time- and
angle-resolved two-photon-photoemission (2PPE) will be developed further to
obtain state-of-the art (<20 fs) time resolution with tuneable laser pulses
combined with parallel momentum detection. Furthermore fundamental studies of
the photoemission process will be performed, for example, by using phase-
stabilized laser pulses to study the role of the carrier-envelope phase in nonlinear

photoemission at surfaces.

(iv) Further activities in this area will depend on the future hiring of research
group leaders. For example, time-resolved nonlinear optics could be applied as a
highly interface- and symmetry-sensitive spectroscopy to study carrier or spin
dynamics at interfaces of materials with anisotropic electronic or antiferro-
magnetic properties. Adding spin-resolved detection to time-resolved photo-
emission spectroscopy would provide access to the dynamics of spin-orbit inter-

actions and spin-dependent scattering processes at surfaces.

Molecular Processes at Surface$he second major research area of the
department is devoted to studies of elementary processes of molecules at surfaces
using scanning probe techniques as well as to studies of photoinduced surface
reactions. One of the long-term goals is to combine these approaches to study
light induced processes on individual nanostructures. A further goal is to induce

and control surface reactions by light via appropriate excitation schemes.

(i) Scanning tunneling microscopy at low temperatures opens fascinating possi-
bilities for the study of molecular processes as it allows on the one hand to induce
chemical processes or intramolecular changes via manipulation (by tunneling
electrons, electric fields, chemical forces or light) at the single molecule level in a
controlled way. On the other hand, the induced changes (and thus the molecular
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function) can be analyzed in detail by imaging and spectroscopic characterization
before and afterwards, even with respect to the atomic scale environment.
Furthermore, the ccontrolled growth of supra- and macromolecular nanostructures
from functional building blocks on different surfaces is a key topic in the research
activities, because it allows to assemble molecules in a specific, pre-defined
architecture. Depending on the chemical structure of the molecules, various
intermolecular interactions — from weak van der Waals to strong covalent forces —
are used for the molecular coupling. In the next years, the activities will be
extended to the growth of heterogeneous, covalently bound, nanostructures that
include molecular units with a specific function. By using molecular wires as
connection between the functional building blocks, the possibility of charge
transfer/transport through such an architecture will be explored. Such systems
could open the way towards functional molecular circuits at the atomic scale, the
central issue in the field of Molecular Electronics.

(i) Combining scanning probe microscopy with optical spectroscopy allows both
topographic imaging as well as spectroscopic investigation of individual
nanostructures or molecules without limitations from inhomogeneous broadening.
Tip-enhanced Raman spectroscopy (TERS) exhibits such spatial resolution on the
nanometer scale and allows the identification and characterization of molecular
adsorbates by vibrational (Raman) spectroscopy. The current TERS activities of
the department will be further developed to study individual Raman active
molecules on single crystal and nanostructured surfaces prepared under UHV
conditions. This will be done in cooperation with the Department of Chemical
Physics (Prof. Freund). A long term goal is the combination of TERS (or local
optical excitation) with low-temperature STM, which would combine the potential
of atom manipulation with several means of spatial resolved optical/tunneling
spectroscopy. Application of TERS to liquid-solid interfaces including electro-

chemical potential control could also be an attractive route.

(i) Controlling chemical reactions by light is a longstanding dream of laser-
chemistry, whereby, bond-selectivity competes with rapid vibrational energy
redistribution (IVR). However, using amplitude- and phase-shaped femtosecond

laser pulses optimum control of chemical reactions can be achieved for molecules
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in the gas phase or in solution. Transfer of such concepts to femtochemisty at
metal surfaces is hindered by rapid dephasing and energy dissipation processes.
Two routes to achieve light induced control over surface reactions will be
investigated: One approach will combine optimum control of gas phase reactions
in a flow reactor (to generate e.g. radicals) with surface femtochemistry on a
catalyst in direct contact with the gas phase. The target of control could be either
optimization of branching ratios (selectivity) or the reaction yield. Another route
is based on resonan IR pumping of vibrational modes which are strongly coupled
to the reaction coordinate and will emply intense femtosecond IR pulses in
conjunction with visible or UV excitation of hot substrate electrons. The goal is to
explore the reactivity and dynamics of vibrationally ‘hot’ adsorbates, which are
resonantly heated by IR excitation. Such studies will be first performed using
laser based IR sources in the lab (exciting high frequency vibrational modes), but
will be later extended to experiments at the infrared free electron laser of the FHI

to address also excitation of low-frequency (external) modes.

Complex DynamicsStudies of complex dynamics in chemical systems continue a
tradition of research on nonlinear dynamics and spatiotemporal pattern formation
established by its former director, Prof. G. Ertl. In the next years, two main
research directions will be pursued:

(i) The first aims on the understanding of complex nanoscale dynamics in
biological systems and, specifically, in single-molecule protein machines.
Modeling of slow conformational relaxation processes in proteins and of ligand-
induced mechano-chemical motions in such macromolecules will be performed.
Furthermore, complex self-organized collective dynamics in biochemical
networks will be studied. This theoretical research may have important practical
applications, with singe-molecule machines providing the basis of a new
nanotechnology generation. Using low-temperature STM, elementary molecular
interactions und self-assembly of molecular architectures in two dimensions can
be also studied experimentally as described above. These links, joining
experimental and theoretical investigations within the department, shall be
explored.
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(i) The second activity includes experimental and theoretical investigations of
spatiotemporal self-organization in electrochemical processes. Additionally,
general aspects of chemical kinetics are analyzed. In the future mechanistic
studies of electrochemical processes, which are relevant for applications in fuel
cells and for energy conversion, shall be extended and will be studied in
cooperation with the Department of Inorganic Chemistry (Prof. Schlogl).

The proposed activities of the department will depend in part on the future hiring
of staff scientists and can become only fully operational after the new building is
available. This will strongly enhance the cross links between different projects

and allow to operate the laser infrastructure under optimum conditions.
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2. Projects

2.1 Ultrafast Dynamics in Solids and at Interfaces

Electronic correlation and interactions are at the heart of solid state physics and
chemical bonding. In dissipative systems with many degrees of freedom (like

solids and surfaces) time-resolved spectroscopy can provide unique information
about the interaction between different subsystems (e.g. electronic and nuclear
degrees of freedom), which cannot be obtained from frequency domain

spectroscopy. The study of the non-equilibrium, ultrafast dynamics in solids and

at interfaces allows therefore to gain fundamental insights into elementary

processes like electron transfer and localization, electron-phonon coupling and

energy relaxation.

2.1.1. Dynamics of Interfacial Electron Transfer

Electron dynamics at molecule-metal interfaces is of key relevance for a variety of
application e.g. organic light emitting devices, nanoscale molecular electronic
devices or organic solar cells. The investigation of interfacial electron dynamics
requires access to energy and momentum distribution of a non-equilibrium
electron population and a temporal resolution of femtoseconds, i.e. on the
timescale where electronic excitations occur and relax. Femtosecond time- and
angle-resolved two-photon photoelectron (2PPE) spectroscopy grants insight into
the occupied and unoccupied electronic band structure at surfaces. Thereby, a first
laser pulse qump) creates a non-equilibrium electron population and a second,
time-delayed pulse p(obg, monitors the subsequent electron dynamics by
photoexcitation of the transient electron distribution above the vacuum level.

So far, the group addulia Stahler(and coworkers at the FU Berlin) has focussed

on electron transfer (ET), localization, and relaxation dynamics at polar molecule-
metal interfaces. These systems are particularly interesting, as excess electrons in
polar environments such as ice or ammonia localize and stabilize (solvate) by
rearrangement of the surrounding molecules. Systematic studies of the influence
of the substrate’s electronic band structure, the adsorbate’s structure and
morphology, solvation site, temperature, coverage, and solvent unveil the
fundamental electron dynamics occurring at such interfaces: Metal electrons are

photoexcited to unoccupied metal states and are injected into the adlayer via the
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adsorbate’s conduction band. The excited electrons localize at favorable sites and
are stabilized by reorientations of the adjacent molecules. Concurrently, they
decay back to the metal substrate, as it offers a continuum of unoccupied states.
The process of electron solvation leads to a decreasing electronic coupling
between the excess electron and the substrate states. This competition of electron
back transfer and solvation facilitates the study of heterogeneous electron transfer
as a function of coupling strength. For amorphous ice-metal interfaces, the
electron transfer is initially dominated by the substrate’s electronic surface band
structure. With increasing solvation, a transient barrier evolves at the interface that
increasingly screens the electrons from the substrate and that determines the

excess electron residence time [1].
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Fig. 1. Left: Electron population traces for amorphous;Mid(111) for various layer
thicknesses. The residence time increases with increasing coverage. Right: The excess
electron residence time rises exponentially with layer thickness due to a decreasing wave
function overlap with the substrate as illustrated by the inset. The inverse range
parameterg3, S, andfS; correspond to three “snapshots” of electron solvation at early
(<3 ps), intermediate (10-20 ps), and late time delays (30-70 ps) [2].

For amorphous NEICu(111) interfaces, two species of solvated electrons were

found, one exhibiting electron dynamics on femtosecond, the other one on
picosecond timescales [2]. A similar transition between ET regimes was observed
as for water ice. Using Xenon overlayers to test the influence on the electron

binding energy, the solvation site (bulk versus surface) could be determined [3].
For NH/Cu(111) interfaces, the excess electron is bound at the ammonia/vacuum
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interface and its distance to the metal substrate can thus be varied in a systematic
way. Key results are displayed in Fig 1. The analysis of the exponential
dependence of the tunneling rate on the layer thickness indicted a transient
evolution of tunneling barrier (see Fig. 1 right) [2]. For thicker layers the weak
coupling limit is reached, where the electron transfer is mediated by thermally
activated rearrangement of the solvent. Upon crystallization, the electron
dynamics slow down significantly both for,O and NH, as the electrons reside

for minutes in the adlayer. After the ultrafast formation their energetic
stabilization spans up to 17 orders of magnitude in time. Their high degree of
screening is achieved by localization at orientational defects at the adsorbate-

vacuum interface [4].

Currently, the group develops a new setup for 2PPE spectroscopy at the FHI that
will have a significantly improved time resolution due to shorter laser pulse
durations, higher pulse energies for high density excitations, and parallel detection
of the electron momentum due to a hemispherical analyser equipped with a 2D-
CCD camera. The regeneratively amplified fs-laser system (35 fs, 250 kHz) will
pump both, a collinear and a non-collinear optical parametric amplifier
(OPA/NOPA) which will provide independently tuneable light from 460-760 nm.

In particular the NOPA, which delivers <20 fs laser pulses, will enable the
observation of electronic transitions that have not been accessible for the previous
setup. Using this improved experimental design, several new directions will

become accessible:

Building on the understanding of the electron dynamics at polar molecule-metal
interfaces, chemical reactions with such excess electrons can be studied. In
particular, the enormous lifetime of excess electrons in crystalline solvents can be
used to initiate electron-driven processes as has been already shown for the
dissociation of CFGlon D,O/Ru(001) [5]. In addition, we plan to make use of the
surface-bound excess electrons on amorphous ammonia layers on Cu(111). The
coverage-dependent residence times and the transient presence of the excess
electrons at the ammonia-vacuum interface may thus be utilised to trigger

electron-induced reactions and study the respective timescales and cross sections.
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Another exciting direction is the study the dynamics of strong correlated electron
systems at interfaces, which are often related to electron localization phenomena
and which can be induced by photodoping. This will be discussed in the

subsequent section (2.1.2).
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2.1.2 Photoinduced Dynamics in Correlated Materials

One of the basic questions in solid state physics is to understand why a material
behaves like an insulator or a metal. Systems with a half-filled band are usually
expected to be metallic, however, may undergo a metal-to-insulator transition at
low temperatures due to Peierls instabilities or electron correlations. This
interplay between electronic and phonon degrees of freedom is of general
importance for the understanding of various classes of highly correlated materials
like superconductors, charge density wave (CDW) compounds or Mott insulators.
Excitation with ultrashort laser pulses may induce a collaps of the respective gaps
in the electronic structure via photodoping as well as excitation of collective
(vibrational) modes in the material. Time- and angle-resolved photoelectron
spectroscopy (trARPES) provides direct access to the dynamics of the electronic
structure of such photoexcited materials. In particular both single particle
excitations as well as collective modes (e.g. coherent phonons) can be analyzed
via the temporal evolution of the spectral function. In contrast to 2PPE
spectroscopy typically a UV/VUV laser pulse is used to probe the transient
changes of the electron distribution function around the Fermi level (i.e. both the

occupied and normally unoccupied electronic states).

In the last few years the photoemission group at the FU Berlin has used
femtosecond trARPES to optically excite and probe two model systems, namely
the Mott insulator 1T-TaSand the CDW compound Tb3eto investigate the
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dynamics of insulator-to-metal transitions directly in the time domain. In TaS
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 (charge density breathing mode), which is lasting for 20 ps without
perturbing the insulating phase [1]. The qualitative difference between the
oscillatory dynamics of the collective CDW mode and the quasi-instantaneous
collapse of the electronic gap followed by a monotonic recovery of the electronic
gap prove that Ta$s indeed a Mott insulator, which is also supported by DMFT
calculations. Moreover it is in clear contrast with the retarded (>100fs) response
which is observed for the transient melting of the CDW phase ins[B.eTwo
coherently excited collective modes are observed in this system; one of them only
in the CDW phase at low fluence. The latter is attributed to the CDW amplitude
mode, which modulates the spectral function particular strongly at the Fermi
surface (see Fig. 2).
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Fig. 2. Time-resolved photoemission spectroscopy of the CDW compound.Tope
Fermi surface of the CDW phase. The red line shows investigated region of the Brillouin
zone (BZ). (b)—(d) Pump-probe spectra recorded for different momentum vegtors k
Bottom: Snapshots of the electronic structure ofgbfbe different time delays after
photoexcitation [2]. Note the delayed collapse of the CDW gap after 100 fs and the
pronounced oscillations in the spectral functionkat k- (panel d) arising from the
coupling to the CDW amplitude mode.

261



Using trARPES allows thus 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]

In the future these studies will be expanded in three directions:

(i) Studies of the photoinduced dynamics of conventional (BCS) and high T
superconductors: So far trARPES has been applied to investigate the cuprate
superconductor Bi2212, where an ultrafast (<50 fs) electron thermalization and
cooling of the electronic temperature on two distinct timescales has been
observed. This observation of a bottleneck in the energy flow from the electrons
to the lattice suggests that only a minor subset (20%) of all phonon modes
contribute to the e-ph coupling with an interaction strength which is strongly
anisotropic but weak [3]. Currently these studies are extended to the novel iron
pnictides superconductors. A major goal is to investigate the dynamics of
superconductors under very weak excitation conditions (i.e. without completely
breaking the superconducting state). This will require substantial improvements of
the sensitivity of the trARPES experiment.

(i) The group ofJulia Stahlerplans to drive insulator-to-metal transitions by
photodopingacrossthe interface between layered Mott insulators and a metallic
substrate. Strong electron correlation effects, leading to e.g. insulator-to-metal
transitions, are often related to electron localization phenomena. As the charge
density is crucial for these phase transitions, they can be either statically induced
by chemical doping or pressure variation or dynamically by mode-selective
excitation of phonons, lattice heating, and photodoping. However, all studies
known to date apply photodoping to bulk materials only. In a new approach
photoexcited hot electrons in a metal substrate will be photoinjected from the
metal into the upper Hubbard band and induce — if their density is sufficiently
large — a collapse of the gap, i.e. the adlayer will become metallic. These
experiments will unveil the role of “pure” doping with electrons (or holes) in
contrast to the previous experiments with bulk materials where photodoping in

fact leads to electron-hole pair (exciton) formation.
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(iif) The work on anisotropic CDW compounds will be continued with a systema-
tic study of several REgR = lanthanide) compounds, some of which exhibit two
CDW gaps, which open at different temperatures. Closely related is the problem
of Peierls instabilities in quasi-one-dimensional metallic chains, which can be
epitaxially grown on semiconductor surfaces. As the current trARPES setup with
6 eV photons (and corresponding low kinetic energies of the photoelectrons)
provides only limited access to the full Brillouin zone, a key development would
be a VUV source which operates at 9 eV photon energy. First steps in this

direction using high-harmonic-generation (HHG) are currently under way.

[1] L. Perfetti, P. A. Loukakos, M. Lisowski, U. Bovensiepen, M. Wolf, H. Berger, S. Biermann,
and A. Georged\lew J. Phys10, 053019 (2008)

[2] F. Schmitt, P. Kirchmann, U. Bovensiepen, R. G. Moore, L. Rettig, M. Krenz, J.-H. Chu,
N. Ru, L. Perfetti, D. H. Lu, M. Wolf, I. Fisher, Z.-X. She3cience821, 1649 (2008)

[3] L. Perfetti, P. A. Loukakos, M. Lisowski, U. Bovensiepen, H. Eisaki, and M. Wolf
Phys. Rev. Letf9, 197001 (2007).

2.1.3 Ultrafast optical spectroscopy of low-energy excitations

Many elementary excitations in nature occur at transition energies of the order of
few meV to several 10 meV, i.e. at frequencies in the terahertz (THz) regime.
Examples are quasi-free electrons in plasmas of ionized gases, Cooper pairs in
superconductors, excitons in semiconductors or low frequency phonons and
external vibrational modes of adsorbates. Electromagnetic pulses with THz
frequencies have been proven to be efficient probes of such excitations thanks to
their low photon energy (4.1 meV at 1 THz), their large bandwidth (typically
more than one octave), and the possibility to detect the transient electric field
(rather than intensity) directly in the time domain. In addition, the short pulse

duration (typically less than 1 ps) makes it possible to study ultrafast processes.

In the last few years the THz group at the FU Berliobjas Kampfrath and
Christian Frischkorn) has implemented THz transmission spectroscopy, whereby
the carrier dynamics in a thin sample is triggered by the absorption of a
femtosecond laser pulse and, after some delay, probed by a broadband THz pulse.
Recently, the mechanism of the far-infrared absorption of carbon-nanotube films
has been identified to originate from electronic transitions over the band gap of
nanotubes with a small electronic gap of ~10 meV [1]. This finding is important
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for the understanding of the THz transmittance as a sensitive probe of the doping
level of nanotubes. Based on the same pump-probe technique, a new scheme to
measure the electronic heat capacity of the high-temperature superconductor
BSCCO has been developed. This approach relies on the fact that the energy
absorbed from the incident pump laser pulse is first deposited in the electronic
system of the solid and allows highly selective heating of the electrons. Currently
these studies are extended to various doping levels (critical temperature) in
BSCCO. Furthermore, the temperature dependence of optical conductivity of the
conducting polymer PEDOT:PSS used in organic photovoltaics has been

investigated.

On the other hand THz radiatigenerated by a laser-excited sample can serve as
a probe of the sample dynamics. In THz emission experiments with ferromagnetic
Fe films the emitted THz radiation was found to be extremely sensitive to the cap
material (interface properties) of the Fe film. A detailed analysis shows that the
THz radiation reflects the motion of spin-polarized electrons parallel to the two
interfaces of the Fe film. This information might be highly relevant for spintronic

devices based on the interface-dominated giant magneto-resistance effect.

Future work at the FHI using THz spectroscopy will use this experimental and
theoretical know-how to investigate important materials such as high-temperature
superconductors, organic materials for photovoltaics, ferroelectrics, and magne-
tically ordered systems. The experimental setups will be improved to further

increase the signal-to-noise ratio and to make reflection measurements possible.

Instead of using THz radiation agpeobe of electrons, intense THz transiewts

order MV/cm have been uséd coherently control the state of excitons in,Qu

[2]. Key results, which demonstrate coherent population transfer from the 1s to
the 2p orbitals, are shown in Fig. 3. These results encourage the use of shaped
THz pulses to create excitons in any coherent state on demand. From a general
perspective this work demonstrates the possibility to employ THz not only as
probe of the carrier dynamics, but to resonantly induce non-linear processes in
materials (e.g. Rabi cycles) in the THz regime, which catifeetly monitored in

the time domain via ultra-broadband electro-optic sampling
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Fig. 3: Left: Scheme for coherent control of a bound exciton. A cold gas of excitons in
Cuw0 is generated by a fs laser pulse and subsequently an intense THz electromagnetic
wave (red arrow) resonantly drives the transition from the 1s exciton ground state to the
2p first excited state. Right: (a) Real-time profile of the THz pump pulse (red) and
measured reemitted THz fields (blue) for different driving field (0.065-0.5MV/cm). The
maximum of the reemitted field shifts to earlier times even develops an oscillatory
structure. (b) First-principles microscopic theory, showing for trace (v) a coherent
population transfer with an efficiency of up to 80%, followed by two Rabi cycles [2].

In the future this approach will therefore be extended to drive basically various
low-energy excitation of a physical system into a nonlinear regime. Highly
relevant and fascinating examples are low-energy molecular vibrations or spin
waves. Several strategies to generate and optimize intense THz pulses will be
investigated. Furthermore we will explore in how far light-management principles
from the field of nano-photonics can be implemented into the field of non-linear

THz spectroscopy.

[1]  T. Kampfrath, K. von Volkmann, C. M. Aguirre, P. Desjardins, R. Martel, M. Krenz,
C. Frischkorn, M. Wolf, and L. PerfettPhys. Rev. Letfl0], p. 267403 (2008).

[2] S. LeinB, T. Kampfrath, K. v.Volkmann, M. Wolf, J. T. Steiner, M. Kira, S. W. Koch,
A. Leitenstorfer, and R. HubdpPhys. Rev.Lettl01, p. 246401 (2008).
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2.2 Molecular processes at surfaces

Chemical reactions at surfaces occur via a sequence of elementary steps, which
are controlled by interactions on a molecular level. The study of molecular
processes at surfaces on a single molecule level can therefore yield important
contributions for a microscopic understanding of surface reactions. Inducing
surface reactions by light opens a different route compared to thermal activation
providing insight into the role of electronically and vibrationally excited states
and the dynamics of energy flow between the various degrees freedom of the
system. Studies of molecular processes at surfaces are performed by several
groups which employ complementary spectroscopic techniques with high spatial

or temporal resolution.

2.2.1 Nanoscience with functional molecules

The group ofLeonhard Grillinvestigates functional molecules on metal surfaces
or on thin insulating films, which allow to decouple the molecules electronically
from the substrate. By using scanning tunneling microscopy (STM) at low
temperatures below 10 K, single molecules are imaged with sub-molecular
resolution and characterized spectroscopically. Furthermore, the STM tip is used
for manipulation by using the interatomic forces between tip and molecule, the
tunneling electrons or the strong electric field in the junction. Such manipulation
experiments allow to induce intramolecular conformational changes or to

dislocate molecules or atoms with atomic scale precision in a controlled way.

The research of the group is focussed on the understanding of chemical processes
at the single molecule level, molecular “nanomachines” with specific mechanical
or electrical functionalities, for instance molecular wheels or switches,
respectively, and growth processes of molecular structures and architectures on
surfaces. The latter is divided into supramolecular structures with rather weak
intermolecular interactions and the bottom-up construction of (covalently bound)

molecular nanostructures, the so-called “on-surface synthesis”.

One important class of molecules are molecular switches, which are molecules
that exhibit at least two stable states (conformations) with characteristic
properties. While these molecules are well studied in solution, the knowledge
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about the switching processes on a surface is still very limited. Based on the
successful switching of the so-called TBA molecules in our group, we have
systematically changed the substrate and added side groups to these molecules.
The use of carboxylic acid groups leads to intermolecular hydrogen bonds and
characteristic rosette assemblies in which a discrete number of six molecules is
connected in a well defined structure. Moreover, the attachment of a methoxy
group causes the formation of different close-packed structures on the surface.
Interestingly, molecules are only able to switch in some of these structures and
only in particular adsorption sites, leading to periodic switching. These results
revealed for the first time the importance of the atomic-scale environment, i.e.
surrounding molecules and surface atoms, on the switching capability of the

molecules.

“Activation”
and
connection

Fig. 4: STM images of a single molecule before (left) and of a molecular chain (right)
after the formation of intermolecular covalent bonds by “on-surface-synthesis”. The
chemical structures of the initial building block and the chain are indicated [1].

The central research topic of the group of Leonhard Grill is the polymerization of
molecules directly on the surface. This so-called “on-surface-synthesis”, which
has been developed in the group in the last years, allows the formation of covalent
bonds between molecular building blocks on the surface (see Fig. 4). As the
dimensions and shape of the resulting macromolecular networks directly reflect
the chemical structure of the initial building blocks, we could form different
topologies as dimers, chains (see Fig. 4) and networks on gold. In the last year,
this method has been extended to another molecule, terfluorene, and the formation

of homogeneous conjugated polymers with lengths of more than 100 nm could be
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demonstrated. Moreover, the electronic transport has been measured through
single molecular wires by pulling them up from a Au(111) surface with the STM
tip and thus continuously changing their length up to more than 20 nanometers
[2]. This particular manipulation experiment allows the determination of the
conductance as a function of the molecular wire length in the junction. The
conductance curves show not only an exponential decay, but also characteristic
oscillations, as one molecular unit after another is detached from the surface

during stretching.

[1] L. Grill, M. Dyer, L. Lafferentz, M. Persson, M. V. Peters, S. Hecht,
Nature Nanotechr2, 687 (2007)
[2] L. Lafferentz, F. Ample, H. Yu, S. Hecht, C. Joachim, L. G8ltjence323 1193 (2009)

2.2.2 Tip enhanced Raman spectroscopy

There is a growing demand for techniques to topographically and chemically
investigate interfaces on a nanometer scale. Tip-enhanced Raman spectroscopy
(TERS) has proved to be a powerful tool in this respect as its scanning probe
component exhibits spatial resolution on the nanometer scale and its spectroscopic
component permits the identification and characterization of adsorbates. This
approach has a great potential for application in nanoscience as it provides
vibrational spectroscopy with very high sensitivity and nanometer resolution.

The group ofBruno Pettingerhas transferred the TERS approach to UHV by
using a unique concept that places (i) a high numerical aperture parabolic mirror
adjustable in between the STM scanner and the sample and (ii) all other necessary
optics on a common platform with the STM. In 2007 first promising results have
been obtained [1]. However, the first version of this instrument permitted only the
proof of principle. Therefore, the current task is to improve the instrument along
various lines in order to make UHV-TERS applicable for advanced UHV studies.
For example, the optical alignment could not always be maintained, in particular
after pumping down and baking out. Consequently, piezo-driven mirrors have
been installed permitting a re-alignment of the optical path inside the UHV
chamber. In connection with renovation of building A and the movement of the

instrument to a laboratory in the Department of Chemical Physics some of the
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improvements had to be postponed. A more elaborated task, which is currently
under progress, is to add a preparation chamber to the system which allows the
preparation and characterization of sample and tip under UHV conditions and the
transfer to the TERS/STM unit for vibrational and structural investigations. This

includes the preparation of structured interfaces such as nanoclusters on oxide
films on a support, a topic that is pursued in cooperation with the Department of

Chemical Physics. Currently new experiments are in progress. These include
investigations with two-analyte systems in order to determine the spectroscopic
properties of individual adsorbates. The measurements will be extend also
towards optically non-resonant molecules at single crystal surfaces as well as at to

individual metal nanoclusters on oxide surfaces.
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Fig. 5: Scheme for tip-enhanced RamanER and background intensities for varying
spectroscopy (ambient conditions). distance parameteR+ z and different
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B: illuminated STM tip at variousthe tip apex (30 nm)z is the gap width
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The group has also developed different setups for TERS and performed
mechanistic investigations. One of the crucial properties of TERS is its tip-sample

distance ) dependence (see Fig. 5). The intensities of the Raman lines and the
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broad TERS background, decay rapidly with increasing tip-sample distance
which is nearly complete within 10 nm withdrawal of the STM tip in the

direction. A ((Rs+d)/(&+z))10 dependence has been derived from a simple

near-field model, wherdR, is the tip radiusd is the minimum distance (~1 nm)

[2]. In addition, the maximum of the broad Lorentzian-shaped TER background is
substantially blue shifted in energy with This effect is ascribed to a
corresponding blue shift of the energies of localized plasmon modes upon tip

retraction.

Another TER study, highlighting the analytical power of TERS, concerns cobalt
tetraphenyl-porphyrin (CoTPP) adlayers formed on a Au(111) single crystal [3].
The Raman vibrational fingerprints collected from the nm-sized near-field region
just below the STM tip can be correlated with the adsorbate structures seen in the
STM images. The TER features of the disordered phase is assigned to CoTPP
complexes with CO and/or NO axial ligands, whereas the ordered phase does not
show any indication of additional axial complexation of CoTPP.

[1] J. Steidner and B. Petting&hys. Rev. Letl00, 236101 (2008).

[2] B. Pettinger, K. F. Domke, D. Zhang, G. Piccardi and R. Schuster,
Surf. Sci.603 1335 (2009).

[3] K. F.Domke and B. PettingeChemPhysChert0, 1794 (2009).

2.3.3 Photoinduced Surface Reactions and Vibrational Spectroscopy

Surface femtochemistry is initiated by ultrafast laser excitation of an adsorbate-

covered metal surface, whereby the non-adiabatic coupling between transiently
excited metal electrons and adsorbate vibrational degrees of freedom can
efficiently mediate chemical reactions. Due to the ultrafast response of the metal

electrons this process can serve as a fast “trigger” of surface reactions. On the
other hand, vibrational resonant sum frequency generation (SFG) spectroscopy
provides a surface sensitive tool to probe chemical species, with the potential to

time-resolve such ultrafast reactive processes.

The group of Christian Frischkorn has studied the mechanism of several

association and desorption reactions (H+H,; C+O—CO; H,O desorption) on
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Ru(0001) induced by excitation with intense fs-laser pulses [1, 2]. It could be
demonstrated that the dynamics of the reaction products are determined
predominantly by the ground state potential energy surface although the energy is
brought into the system via electronic transitions to excited states. For future
experiments, the group has setup a pulse shaper and plans to use temporally
shaped laser pulses to control branching ratios of femtosecond laserinduced
surface reactions. Of particular interest is the coupling of such surface reactions
with gas phase species (e.g. radicals), which are generated by photodissociation
with appropriately shaped laser pulses. These experiments will be combined with
mass spectrometry and SFG spectroscopy to obtain insights into transient

reactions products.

In a collaboration with the department of Chemical Physics (within the cluster of
excellence UniCat), the group is currently investigating the UV-induced photo-
chemistry of NO and CH on MgO surfaces to elucidate the role excitons and
color centers in this photoreaction. In the future these studies will be
complemented by the surface photochemistry for ther@tcals in conjunction

with femtosecond laser excitation of hot substrate electrons/phonons and
vibrational IR-pumping of the C-H stretch bond.
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The group has also used IR-broadband SFG spectroscopy as a sensitive probe of
the coupling between spin and nuclear degrees of freedom at adsorbate-
ferromagnetic interfaces, namely CO molecules adsorbed on a thin Ni film. The
SFG spectra in Fig. 6 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 of the nickel film as observed
by magneto-optical Kerr effect and the non-resonant SFG signal. Spin-resolved
DFT calculations where performed in collaboration with Theory department (Prof.
M. Scheffler). The observed temperature dependence may be attributed to atom
and symmetry resolved magnetization densities and their changes under the
influence of the coupling of the CO stretch vibration with thermally exited

external modes like the frustrated translation and rotation of the CO molecules.

Currently, SFG spectroscopy is also employed to study the vibrational signature
of photoinjected electrons in crystalline@ ice layers on a Ru(001) surface. A
‘giant’ increase of the SFG signal is observed (enhancement factekOfat a
specific resonance energy, which may be attributed to highly polarizable electron-
water complexes formed after relaxation of the photoexcited excess electrons.

[1] C. FrischkornJ. Phys.: Condens. Matt@0, 313002 (2008)
[2] S. Wagneet.al.,,New J. Physl0, 125031 (2008)
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2.3  Complex Dynamics

Studies of complex dynamics in chemical systems have been performed in two
groups which build on the tradition of research on nonlinear dynamics and
spatiotemporal pattern formation established in this department by its former
director, Prof. G. Ertl.

2.3.1 Spatiotemporal Self-Organization

The group oMarkus Eiswirthhas combined theoretical studies with experimental
investigations. The attention has been focused on problems of nonequilibrium
pattern formation in electrochemical systems. Additionally, general aspects of

chemical kinetics and statistical descriptions have been analyzed.

Theoretical investigations of pattern formation using reaction-migration equations
were extended to partially insulated ring electrodes; these studies reproduced
among other behaviors the saltatory conduction resulting from a pattern induced
by the insulated part (so that the mechanism is quite different from classical
saltatory conduction in nerve axons). Furthermore, mechanistic studies were
carried out in cooperation with H. Varela (Sao Carlos, Brazil) on the oxidation of
alcohols on Pt. A mechanism explaining kinetic instabilities in methanol oxidation
was developed, it was analyzed using stoichiometric networks, algebraic

geometry and numerical simulations.

Experimental studies of spatiotemporal self-organisation in electrochemical
systems included a systematic survey of patterns at low conductivity in the
electro-oxidation of formic acid on a Pt ring as well as first results with

geometries exhibiting close working and counter electrode, which were carried
with the same reaction using a Pt ribbon. An understanding of the latter geometry

is crucial for modeling industrial applications (e.g. fuel cells).

These mechanistic studies of electrochemical processes will be extended in the
future in cooperation with the Department of Inorganic Chemistry (Prof. Robert
Schlégl) and also in cooperation with the newly founded Ertl Center for
Electrochemistry and Catalysis (Gwangju Institute of Science and Technology,

Korea), where Markus Eiswirth has been appointed as a vice director.
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Concepts from algebraic geometry (polynomial rings) can be used to analytically
determine the stationary states of a chemical reaction network and solve the
stability problem. This approach can often lead to complicated expressions which
are difficult to analyze. It has been shown that these expressions can be simplified
by forming quotient rings from the original polynomial ring in such a way that
only the remainders need to be taken into account for the stability analysis.
Further studies are needed in order to determine which method would work best

for a given mechanism.

The order structures (majorization) can be used to characterize dynamical
processes without (or before) specifying any kinetics. Earlier studies were
extended to include sinks and sources via weak sub- and supermajorization. This
gives a better description, e.g., of bubble size distributions during foam decay.
The latter were further characterized by using the Lorenz curves and Renyi
dimensions. Future applications may include gas evolution systems and the
separation of fluids, but no experiments in this direction have been carried out so

far.

2.3.2 Complex Systems

The group ofAlexander Mikhailovhas completed its transition to new research
directions. Theoretical studies of nonequilibrium pattern formation in surface
chemical reactions are terminated and attention is focused instead on a class of
problems related to nanobiology. Generally, the research on reactive soft matter,
individual molecular machines and networks of interacting molecular machines is
performed.

Weakly condensed systems, representing soft matter, are characterized by low
cohesion and high structural lability. At equilibrium, they show a great variety of
structural phase transitions taking place as temperature or other external
parameters are changed. Chemical reactions in such systems can interfere with the
phase transitions, leading to a wealth of nonequilibrium, stationary or dynamical,
structures. Their special property is that such structures can be very small, with
the characteristic scales extending to the nanodomain. Nonequilibrium soft matter

plays a fundamental role in biological cells and may emerge as the basis of a new
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nanotechnology generation. Within the last two years, theoretical investigations of
nonequilibrium Langmuir monolayers, biomembranes with active protein
inclusions and thin liquid layers with floating molecular machines have been
performed in the group. First results of such investigations are summarized in a
review article of A. Mikhailov and G. Ertl which has appeared in 2009 in the
special issue ac€hemPhysChem

At the level of single macromolecules, protein machines provide a spectacular
example of nonequilibrium soft matter. In response to the energy supplied to them
in the chemical form with individual ATP molecules, such proteins perform
ordered internal mechanical motions, cyclically changing their spatial
conformations. In molecular motors, such internal motions are used to generate
mechanical work. In enzymes, they allow to facilitate catalytic events by bringing
together the reacting molecules attached to a protein and by implementing a
conformation optimal for the catalytic conversion. These important
conformational motions are slow and typically have characteristic timescales of
the order of tens of milliseconds. Therefore, they remain well beyond the limit of
the modern all-atom molecular dynamics simulations, where only microsecond
processes could be so far traced. Thus, coarse-grained descriptions are needed.
The use of elastic-network models of proteins allows to speed up computer
simulations and to follow slow ligand-induced conformational motions in protein

machines.

Fig. 7 Two snapshots from a simulation of the molecular motor HCV helicase
interacting with DNA. The upper protein domains (red, blue) actively translocate
along a strand, while the lower domain separates the two DNA strands by
repeatedly breaking the base pairs.

275



Analyzing slow conformational relaxation motions in classical motor proteins
(Myosin, Kinesin, -ATPase), it was found that they proceed along well-defined
trajectories, stable against noise and external perturbations, - which is essential for
the robust machine operation. As the next step, dynamical elastic-network
modeling of whole operation cycles of the molecular motor HCV helicase,
splitting the double DNA, has been for the first time performed (see Fig. 7). These
investigations are carried out in collaboration with the Osaka University (Prof. T.

Yanagida) and the Toronto University (Prof. R. Kapral).

In a cell, protein machines operate in ensembles characterized by complex
networks of molecular interactions. Their collective operation resembles that of a
factory with many interwoven assembly lines. This factory is however self-
organized and, moreover, it can robustly function despite the high noise level and
frequent structural perturbations caused by biological mutations. Understanding
principal mechanisms of self-organization, control and evolution in dynamical
networks of interacting machines is important not only in cell biology, but also for
the design of future artificial productions systems which may involve a large

number of active nanodevices.

The group patrticipates in an international project devoted to the studies of self-
organizing machine networks and collaborates within this project with the groups
from the universities of Arizona (Prof. D. Armbruster), Sapporo (Prof. Y.
Nishiura), Kyoto (Prof. Y. Kuramoto), ETH Zurich (Prof. D. Helbing) and the
Max Planck Institute for Molecular Genetics (Prof. M. Vingron). Investigations
are focused on dynamical self-organization in networks of interacting cyclical
automata, providing simplified descriptions of real machine networks. Moreover,
evolutionary optimization methods are employed to design, in computer
simulations, network architectures with the properties of self-correction against
errors, allowing such network-based systems to operate at a high level of noise

and structural damage.

The group of A. Mikhailov is also involved in an initiative to establish the Berlin
Center for Studies of Complex Systems which aims to promote international
scientific exchanges and collaborations in this research field.
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3. Research projects funded from outside resources:

Leonhard Grill:
 European research project (ICT FETAlternative routes towards
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molecule manipulation and spectroscopy with low-temperature STM)

Leonhard Grill and Martin Wolf :

» Collaborative Research Center SFB 658 “Elementary Processes of Molecular
Switches at Surfaces”, projet€Complex switching units and molecular
architectures, studied by scanning tunneling microscogylanostructuring,
single molecule spectroscopy and manipulation with low-temperature STM)

Christian Frischkorn and Martin Wolf:

* Collaborative Research Center SFB 450 “Analysis and Control of Ultrafast
Photoinduced Reactions”, projectUltrafast Dynamics of Ultrafast
Photoinduced Reactions at Surfacegsurfaces femtochemistry, vibrational
spectroscopy and electron dynamics at adsorbat/metal interfaces)

Alexander Mikhailov:

e Collaborative Research Center SFB 555 “Complex Nonlinear Processes”,
project “Self-Organization = Phenomena at Active Interfaces”
(nonequilibrium Langmuir monolayers and biomembranes)

e EU Marie Curie Research Training NetwofPATTERNS: Unifying
Principles of Nonequilibrium Pattern Formation”(nonequilibrium pattern
formation in soft matter)

* Volkswagen Foundation, international proj&self-Organizing Networks of
Interacting Machines” (design and analysis of model machine networks)

« DFG Research Training Group (Graduiertenkolleg) “Nonequilibrium
Collective Dynamics in Condensed Matter and Biological Systems”, project
“Active Microfluidics Based on Floating Molecular Machines”(protein

machines in thin liquid layers)
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Martin Wolf:

DFG Priority Program SPP 1355 “Elementary Processes of Organic
Photovoltaics”, projectElectronic properties of interfaces with conjugated
polymers” (photoelectron spectroscopy and carrier dynamics in polymer
based organic films)

German-Israel Foundation (GIF), cooperation with Prof. Micha Asscher,
Hebrew University of Jerusalem, projet®hotochemistry and electron
dynamics of oriented molecules within a nano-capacitdghotochemistry

and charge transfer processes in thin molecular fims)
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