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Ultrafast photo-induced electron transfer in self-assembled donor-acceptor
coordination cages and Prussian Blue Analogues.

Jennifer Ahrens
Max-Planck-Institut fir biophysikalische Chemie, am FaRberg 11, 37077 Géttingen.

This work focuses on the investigation of photophysical properties of different
supramolecular metal complexes, which were characterized by femtosecond pump-probe
spectroscopy. In this work two different metal complexes were analysed. On the one hand,
Pd(I1) complexed donor-acceptor double cages based on phenothiazine (D) and anthraquinone
(A) ligands were examined with regard to a photoinduced charge separation and thus their
potential use for photovoltaic applications. On the other hand, Prussian Blue Analogues were
considered which are known for their switchable spin and redox states. Particularly in relation
to information processing at molecular level they offer a potential application field as
nanoscale electronic components. In this work the focus of investigation lies on dinuclear and
tetranuclear Fe/Co Prussian Blue Analogues and their ability for CTIST (charge transfer
induced spin transition).

[1.] M. Frank, J. Hey, L. Balcioglu, Y.-S. Chen, D. Stalke, T. Suenobu, S. Fukuzumi, H. Frauendorf, and G.
H. Clever, Angew. Chem. Int. Ed. 52, 10102 (2013).

[2.] M. Frank, J. Ahrens, M. Bejenke, M. Krick, D. Schwarzer, and G. H. Clever, J.Am.Chem.Soc. 138,
8279 (2016).

[3.] J. Ahrens, M. Frank, G. H. Clever, and D. Schwarzer, Phys. Chem. Chem. Phys. 19, 13596 (2017).



Minimum energy pathways for the dissociation of diatomics on metal(111)
surfaces

Jan Altschaffel, Alexander Kandratsenka and Alec M. Wodtke

Max-Planck-Institut fir biophysikalische Chemie, Goéttingen, Germany

Dissociation of molecules on metal surfaces is an elementary step in heterogeneous catalysis and so
plays an important role in many industrial applications. To understand the energetics of dissociation
processes we carried out the minimum energy path DFT calculations on the GGA-level with the
FHI-aims code [1]. We were particular interested in the geometry of the transition state, so we used
the string method to evaluate the minimum energy pathway (MEP) and then by means of the
climbing image method we determine the transition state more accurately [2]. We focus on the
systems, which were experimentally studied in our group, such as HCI/Au(111), NO/Au(111) and
NO/Ag(111) [3].[4].

MEP calculations related to the CO oxidation on Pt(111) for different CO coverages are presented,
too.

[1]: V. Blum et al., Comp. Phys. Comm., 180, p. 2175-2196. 2009.
[2]: W. E et al., J. Chem. Phys., 126, 164103, 2007.

[3]: P. R. Shirhatti et al., J. Phys. Chem. Lett., 7, p. 1346-1350, 2016.
[4]: B. C. Kriiger et al., J. Phys. Chem. Lett., 7, p. 441-446, 2016.



Velocity-Resolved Kinetics using lon Imaging - CO oxidation at Atomically
Flat and Stepped Pt and Pd Surfaces

D. Borodin, J. Neugebohren, M. Schwarzer, H. W. Hahn, D. J. Harding, D. Schwarzer, A.
Kandratsenka, D. J. Auerbach, C. T. Campbell, A. M. Wodtke, T. N. Kitsopoulos.

Institut fir Physikalische Chemie, Georg-August-Universitat Gottingen, Germany

The present work offers a detailed study of the reaction dynamics and kinetics of the
CO oxidation on Pt(111), Pt(332) and Pd(111) by means of molecular beams, spatial ion
imaging and velocity-resolved kineticst.

Experiments at platinum and palladium surfaces shows a bimodality in the kinetic energy
distribution of the CO, product. The slow channel has kinetic energies close to those expected
from molecules in equilibrium with the surface temperature, while the fast channel has a
much higher kinetic energy release. The thermal component is the dominant pathway for the
formation of CO; at Pt(332), while a larger fraction of the hyperthermal CO, component
contributes to the overall flux at Pt(111) and Pd(111). We could assign the thermal CO,
component to be formed at atomic steps and the hyperthermal component to be formed at
terraces.

We have developed a kinetic mechanism which includes three elementary CO, forming
reactions at steps and terraces ). From our new approach to measure reaction kinetics at
surfaces we can derive product flux vs. reaction time profiles. In combination with numerical
modeling we are able to derive the elementary rate constants for three CO, forming reactions
at the platinum and palladium surfaces. In contrast to previous studies, we do not find
evidence for a coverage dependent activation energy as proposed in previous studies. We
claim that these effects result from the fact that previous works were not sensitive for
elementary step reactions of CO, formation.

[1] D.J. Harding, J. Neugebohren, H. Hahn, D. J. Auerbach, T. N. Kitsopoulos, A. M. Wodtke, J. Chem. Phys.
2017, 147, 013939.

[2] J. Neugebohren, D. Borodin, H. W. Hahn, J. Altschéffel, S. Kandratsenka, D. J. Auerbach, C. T. Campbell,
D. Schwarzer, D. J. Harding, A. M. Wodtke, T. N. Kitsopoulos, submitted 2017.



Femtosecond pump-probe-spectroscopy in condensed xenon-
elucidation of the electronic structure and relaxation dynamics
in search of solvated electrons

Jan-Hendrik Borter
Max-Planck-Institut fir biophysikalische Chemie Gottingen, Germany

Tim Vogler, Peter VVohringer,
Institut fiir physikalische und theoretische Chemie, Rheinische Friedrich-Wilhelms-Universitat Bonn, Germany

Solvated electrons are well known for over two decades!™ from deep blue solutions produced
by dissolving alkali metals in ammonial®. The color originates from their broad intense
absorption band in the visible spectral re?ion[sl. Although a strong dependence of the position
of the band on the solvent is apparent™™ and polar liquids like water and ammonia were
investigated thoroughly™, little is known about the exact mechanics and dynamics of their
stabilization in nonpolar media.

In order to find solvated electrons and possibly understand their formation and relaxation or
decay dynamics in quite nonpolar®® however highly polarizable!” supercritical xenon,
femtosecond multiphoton-UV/VIS-pump-near-IR-probe-spectroscopy was used. Prior to this,
analysis of the electronic structure of xenon in gaseous, solid and liquid phase was conducted
to find appropriate wavelengths for pump (creation) and probe (excitation) beam.

[1] H. Davy; Annal. d. Physik, 35, 6, 1810, S. 149-178;

[2] W. Weyl; Annal. d. Physik, 199, 10, 1864, S. 350-367;

[3]J. W. Wishart, B. S. M. Rao; ,,Recent Trends in Radiation Chemistry*, Chapter 2, M. Mostafavi; Isabelle
Lampre World Scientific, 2010; S. 21-58

[4] P. V6hringer; Ann. Rev. Phys. Chem., 66, 2015, S. 97-118;

[5] J. L. Fulton, J. P. Blitz, J. M. Tingey, R. D. Smith; J. Phys. Chem., 93, 10, 1989, S. 4198-4204

[6] R. L. Amey, R. H. Cole; J. Chem. Phys., 40, 1, 1964, S. 146-148;

[7] M. Binnewies, M. Jackel, H. Willner, G. Rayner-Canham; ,,Allgemeine und Anorganische Chemie*, 2.
Auflage; Spektrum Akademischer Verlag, Heidelberg, 2011; S. 601-610



Vibrational dynamics of molecules at interfaces studied with laser-induced
infrared fluorescence spectroscopy

Li Chen, Dirk Schwarzer, Jascha A. Lau, and Alec M. Wodtke

Dept. of Dynamics at Surfaces, Max Planck Institute for Biophysical Chemistry
Gottingen, Germany

We perform frequency- and time-resolved laser-induced infrared fluorescence spectroscopy
(LIF) measurements to study dynamics of molecular vibrational energy flow at solid
interfaces. Using an ultra-sensitive infrared emission spectrometer equipped with a
superconducting nanowire single-photon detector (SNSPD), we are able to detect molecular
emission in a broad spectrum range (2-7 pm) of mid-infrared with sub-monolayer sensitivity
and sub-nanosecond time resolution.

(a) (b) (c)
. Over-layer 2C'¢0

NaCl(100) ‘ NaCl(100) ‘ NaCl(100)

Figure 1 Vibrational dynamics of CO at different interfaces. (a) CO/NaCl (100); (b) CO (overlayer)/CO (first layer)/NaCl
(100); (c) Bc*0 /*2C**0 /NaCl (100). At each case, the CO molecules at the layer pointed by the excitation laser pulse are
excited. The substrate NaCI(100) surface is kept at 7 K.

Here, | report LIIF study of vibrational dynamics of CO molecules at three solid interfaces
(Fig. 1):

1) CO/NaCl (100) (Fig. 1a): lateral CO-CO molecular dipole coupling among the CO
molecules in the monolayer as well as the CO-NaCl surface phonon coupling;

2) CO (overlayer)/CO (first layer)/NaCl (100) (Fig. 1b), vibrational energy flow from the
excited first layer CO to the overlayer CO or to the NaCl (100) substrate;

3) Bc®0 /*2c'®0 /NaCl (100) (Fig. 1c): vibrational energy flow from light CO isotope
(*2C™0) to heavy isotope (**C*®0) due to the molecular dipole-dipole coupling, and
the interaction range of this dipole coupling.



Modelling non-adiabaticity in thermal recombination reactions on metal
surfaces: Transition state theory with dynamical corrections.

Oihana Galparsoro
Institute of Physical Chemistry, Georg August University, Gottingen, Germany

In order to accurately describe atomic scale motion associated with chemical reactions that are
relevant to many important industrial processes, the experimentally evidenced non-
adiabaticity in gas-surface interactions must be included. Furthermore, to fully characterise
the influence of Born-Oppenheimer approximation [1] (BOA) failure on reactions is essential
to developing the next generation of predictive theory of surface chemistry. A model systems
for which appears likely that electronic coupling can influence reactivity are H2
recombinative desorption on the Au(111) and Cu(111) surfaces. This systems have a late
barrier for dissociation located close to the surface and with large internuclear distance [2].
Such characteristics, as well as current measurements by metal-insulator-metal (MIM)
junctions when H atoms interact with Au [3], indicate that electronic excitations might be
relevant in the recombination rate constants.

Transition state theory (TST) is undoubtedly the most successful and widely employed
theoretical approach for studying reaction rates involving species that undergo reaction
at or near thermal-equilibrium conditions. To go beyond the BOA, non-adiabaticity is
introduced within the dynamic factor that corrects the TST constant rate. An accurate
description of the electronic excitations is accomplished with the recently developed ab-
initio molecular dynamics with electronic friction (AIMDEF) method [4]. This method
is based on the local density electronic friction (LDFA) [5] method, which was recently
shown to successfully model translational energy loss measurements for H colliding
with Au(111) [6].

[1] M. Born, et al. Ann Phys-Berlin 84, 0457-0484 (1927).
[2] Wijzenbroek, J. Chem. Phys. 145(14), 144701 (2016).

[3] E. Hasselbrink, Surf. Sci. 603, 1564-1570 (2009).

[4] D. Novko, et al. Phys. Rev. B, 92(20), 201411 (2015).

[5] J. I. Juaristi, et al. Phys. Rev. Lett. 100, 116102 (2008).
[6] O. Binermann, et al. Science 350, 1346-1349 (2015).



Molecular Beam Scattering from Ultrathin Metallic Films of Ag/Au(111)

Christoph Steinsiek™”, Pranav Shirhatti*”, Jan Geweke*"*,
Christof Bartels’, Alec M. Wodtke*"®*

& Max Planck Institute for Biophysical Chemistry, Gottingen, Germany
® University of Géttingen, Géttingen, Germany
® Ecole Polytechnique Fédérale de Lausanne, Lausanne, Switzerland
¢ University of Freiburg, Freiburg, Germany
¢ International Center for Advanced Studies of Energy Conversion, Gottingen, Germany

We investigated the effect of layers of Ag/Au(111) with defined thickness on molecule-
surface scattering processes. Beam scattering methods combined with laser-based detection
techniques were used to compare these effects for scattering of NO and CO molecules.
Translational energy exchange with ultrathin metallic films of Ag/Au(111) was examined for
Ag film thicknesses up to 33 ML at an incidence translational energy of 0.6 eV. For both
molecules, we observe a gradual decrease of the mean final translational energy with film
thickness for 0 - 3 ML Ag/Au films before reaching a constant value for higher thicknesses.
The results are consistent with experimental data for pure Au(111) and Ag(111) crystal
surfaces and the comparable thickness dependence of the final translations energy suggests
that this kind of inelasticity is purely dominated by mechanical properties of a surface.
Furthermore, we measured the thickness-dependent relaxation probabilities of NO(v = 2) and
CO(v = 2) scattered from Ag/Au(111). Here, both molecules show a significantly different
trend. For NO(v = 2), relaxation gradually increases between 0-3 ML Ag/Au until reaching a
constant value, dominated by multi-quantum relaxation into the vibrational ground state.
Comparisons with the work function strongly suggest that this property determines the
amount of vibrational energy loss during the collision event. However, for CO(v = 2),
scattering from Au(111) and films above 3 ML Ag/Au(111) exhibit similarly low relaxation
probabilities while for a thickness of 1 ML Ag/Au, a maximum of vibrational relaxation into
the ground state is observed. In this case, the surface work function does not seem to
substantially influence vibrational relaxation, probably due to the low electron affinity of CO
(-1.5 eV) in comparison to NO (0.026 eV).



Towards a generalized Effective Medium Theory formalism for H atoms
interacting with metals surfaces.

Nils Hertl, Marvin Kammler, Svenja M. Janke, Alec M. Wodtke and Alexander Kandratsenka.

Georg-August-Universitat Gottingen, Institut fir Physikalische Chemie, Tammannstr. 6, 37077 Géttingen, Germany
Max-Planck-Institut fiir biophysikalische Chemie, FalRberg. 11, 37077 Goéttingen, Germany

Recently, detailed theoretical and experimental investigations of energy transfer between hydrogen
atoms and late fcc transition metal (111) surfaces have been made and on the basis of these
experiments, it was possible to clarify the role of electron-hole pair excitation during the scattering
process. [1-4] However, those investigative efforts excluded metals that tend to crystallize in other
crystal structures, such as body centered cubic (bcc) and hexagonal close packed (hcp), because the
theoretical methods in those investigations are based on Effective Medium Theory (EMT) [5], a theory
that has been formulated to describe fcc metals and their alloys. Here, | present my first efforts to
extend the EMT formalism to describe hydrogen atoms interacting with bcc metal surfaces. A hydrogen
atom at a W(111) surface has been chosen to serve as a test system. In addition, | will briefly outline
further research efforts that are planned in future.

[1] O. Bunermann, H. Jiang, Y. Dorenkamp, A. Kandratsenka, S. M. Janke,  D. J. Auerbach, and A. M. Wodtke, Science,
2015, 350, 1346-1349.

[2] S. M. Janke, D. J. Auerbach, A. M. Wodtke, and A. Kandratsenka, J. Chem. Phys., 2015, 143, 124708.

[3] M. Kammler, S. M. Janke, A. Kandratsenka, and A. M. Wodtke, Chem. Phys. Lett., 2017, 683, 286-290.

[4] Y. Dorenkamp, H.Jiang, H.-J. Kockert, N. Hertl, M. Kammler, S. M. Janke, A. Kandratsenka, A. M. Wodtke, and
0. Biinermann, J. Chem. Phys., 2017, submitted.

[5] K. W. Jacobsen, P. Stoltze, and J. K. Narskov, Surf. Sci., 1996, 366, 394-402.



Threshold Energy and Dynamics of C-H[D] bond Formation on Epitaxial
Graphene at Zero Surface Coverage

Hongyan Jiang®, Yvonne Dorenkamp®, Marvin Kammler*?, Alexander Kandratsenka %, Alec M.
Wodtke'? , Oliver Biinermann®?

! Institut fiir Physikalische Chemie, Georg-August-Universitat, TammannstraBe 6, 37077 Géttingen
“Department of Dynamics at Surfaces, Max-Planck-Institut fur biophysikalische Chemie, Am FaRberg 11, 37077
Gottingen

C-H bond formation on graphene is highly relevant in many research fields and has been
intensively studied for decades. However, two key aspects of the adsorption are still
experimentally not known, one which is the adsorption threshold and another which is the energy
dissipation characteristics of the newly formed C-H bond. We present experiments on H atom
scattering from epitaxial graphene under zero surface coverage. Two separated scattering
channels are observed, corresponding to scattered atoms that fail and succeed in crossing the
adsorption barrier. Utilizing the dependence of the two scattering channels on the normal
incidence energy, the thresholds for initial adsorption are determined: 0.47+0.02 eV for H atom
and 0.44+0.06 eV for D atom. Together with ab initial molecular dynamics simulations, we
show that scattered H atoms that succeed in crossing the barrier loose on average 1 eV energy
[half of its incidence energy] in one vibrational period of C-H stretch, pointing to an extremely
fast energy dissipation mechanism.



CVD Growth and Properties of 2D Transition Metal Dichalcogenides

James E. Johns

Department of Chemistry, University of Minnesota, Minneapolis, MN 55455, U.S.A.

In this talk, I’ll present a brief overview of why 2D materials and transition metal
dichalcogenides have become one of the hottest fields in chemistry, physics, and materials
science. These materials share a common layered structure and chemical formula of MX5, where
M is a variety of transition metals and X is either S, Se, or Te. I’ll present a brief overview of
their electronic structure, including an introduction to valley polarization. I’ll present some of my
lab’s recent work in developing strategies for growing high quality crystals of monolayer and
few layer TMDCs by chemical vapor deposition, highlighting how the growth of these layered
materials differs from the growth of traditional inorganic crystals. Finally, I’ll talk about our
lab’s growth of epitaxial and atomically abrupt interfaces in 2D TMDCs, and how those
interfaces can influence the electronic properties of the material.



Hydrogen atom scattering from a free-standing
Graphene surface

Marvin Kammler, Alec M. Wodtke, and Alexander Kandratsenka
Max Planck Institut fiir biophysikalische Chemie, Gottingen, Germany
Institut fir physikalische Chemie, Georg-August-Universitat Gottingen, Germany

We use classical molecular dynamics (MD) simulations to model the scattering of H-atoms
from a graphene surface. The Tersoff-Brenner second generation reactive empirical bond or-
der (REBO) potential [1] serves as the global potential energy surface (PES). This general
purpose PES can describe the interaction of H with all kinds of carbon orbital hybridizations
[2]. It is, however, not accurate enough for our purposes. After reparametrization, we can now
reproduce DFT energies with an RMSE of 160 meV. This ensures the reliability of our MD
simulations because barrier heights and chemisorption wells are properly described. These
decisive features determine whether an incoming H-atom experiences adsorption or reflection.

Our results overall match recent experiments performed by the Binermann group [3]. The
model explains the intensities of the fast and slow peak that the group found in the energy loss
spectra which depend on the polar angle of the incident beam. It also describes the very
efficient energy transfer between the projectile and the surface that leads to sticking. The
REBO PES predicts temperature- and angle- dependent sticking probabilities and a large out
of plane contribution to energy loss spectra when the slow component is present.

References

[1] D. W. Brenner et al., J. Phys. Condens. Matter, 14:783-802, 2002.
[2] A. Delcorte et al., J. Phys. Chem. B, 105:9474-9486, 2001.

[3] O. Buinermann, (Private Communication, 2017).



Associative Desorption of Hydrogen from Coinage Metals

Sven Kaufmann *°, Quan Shuai *°, Kim Papendorf °, Dirk Schwarzer *°, Daniel J. Auerbach *°,
Alec M. Wodtke *°*

9 Department of Dynamics at Surfaces, Max Planck Institute for Biophysical Chemistry, Am FaRberg 11,
37077 Gottingen, Germany.
Institute for Physical Chemistry, Georg-August University of Goettingen, Tammanstral3e 6, 37077
Gaéttingen, Germany.
International Center for Advanced Studies of Energy Conversion, Georg-August University of
Gottingen, Tammanstrale 6, 37077 Gottingen, Germany.
Present address: Institute for Molecules and Materials, Radboud University, Heijendaalseweg 135,
Nijmegen 6525 AJ, the Netherlands.

In this work, the recombinative desorption of hydrogen isotopologues from metal surfaces is
studied. Due to the application of a permeation technique the molecule formation mechanism
on the single crystal surfaces is restricted to the Langmuir-Hinshelwood reaction of two
chemisorbed hydrogen atoms. Quantum state resolved measurements of the product’s energy
distributions are analyzed using the principle of detailed balance, which yields quantitative
information about the dynamics of the reverse process of dissociative adsorption. Presented
are results for single crystal surfaces of the three coinage metals copper, silver and gold. This
formation of the simplest molecule on transition metals with filled d-shells constitutes ideal
benchmark systems for computational chemistry in surface science. Comparison of our results
to such high-level ab initio calculations™® are presented, as well as comparison to other
experimental datal’?. These results are then discussed in the light of chemical accuracy
claimed by theory!?!. Further results argue for a reevaluation of the non-adiabacity regularly
assumed for this very simple chemical reaction at metal surfaces.

[1] Hammer, B. & Narskov, J. K., Nature, 376, 238-240, (1995).

[2] Diaz, C. et al., Science, 326, 832-834, (2009).

[3] Diaz, C. et al., Physical Chemistry Chemical Physics, 12, 6499-6519, (2010).

[4] Nattino, F. et al., The Journal of Chemical Physics, 141, 124705, (2014).

[5] Wijzenbroek, M. et al., The Journal of Chemical Physics, 145, 144701, (2016).

[6] Jiang, B., & Guo, H. Physical Chemistry Chemical Physics, 16, 24704-24715, (2014).
[7] Michelsen, H. A. et al., Physical Review Letters, 69, 2678-2681, (1992).

[8] Michelsen, H. A. et al., The Journal of Chemical Physics, 98, 8294-8307, (1993).

[9] Rettner, C. T. et al., The Journal of Chemical Physics, 102, 4625, (1995).

[10] Murphy, M. J., & Hodgson, A., Physical Review Letters, 78, 4458-4461, (1997).
[11] Murphy, M. J., & Hodgson, A., Surface Science, 390, 29-34, (1997).

[12] Murphy, M. J., & Hodgson, A., The Journal of Chemical Physics, 108, 4199, (1998).



The “Mobile Beamer”-an atomic and molecular beam surface scattering
apparatus for the use at VUV free electron lasers

Bastian C. Kriger
Georg-August-Universitat Gottingen, Institut fur Physikalische Chemie,
Tammannstr. 6, 37077 Gottingen, Germany

The “Mobile Beamer” is designed for surface scattering experiments on atoms and molecules
making use of the advantageous properties of the radiation produced by the VUV free
electron laser in Dalian (DCLS). The VUV radiation will be used for the production of beams
of atoms (O, C, N) in different electronic states by dissociation of small molecules. In
addition, the tunable VUV light source can be used for the detection of molecules. As the
project is in the late design/early construction phase | would like to discuss our ideas for this
project with you at my poster.



Surprisingly long-lived vibrational lifetime of CO on Au(111): A time
resolved sum frequency generation study

Sumit Kumar, Dirk Schwarzer and Alec M. Wodtke
Dynamics at Surfaces
Max-Planck-Institut fir biophysikalische Chemie, Géttingen
Institut flir Physikalische Chemie, Georg-August-Universitat, Géttingen

Vibrational lifetime of an adsorbate on a metal surface is of general interest to the scientific
community and particularly much relevant in the field of surface science. The reported
studies till date demonstrate that the vibrational lifetime of a molecule significantly depends
upon the surface properties of substrate. Adsorbate on semiconductor or insulator has
vibrational lifetime of few nanoseconds.' Vibrational lifetime of excited (v=1) state of
physisorbed CO on NaCl(100) is in millisecond timescale (~4.3 ms).? In contrast, vibrational
relaxation of excited (v=1) state of strongly bound molecule such as CO on metals (Cu or Pt)
takes a few picoseconds (~2 ps).>* Unfortunately, the similar study of vibrational lifetime of
weakly bound adsorbate on metal is absent in the literature. Therefore vibrational lifetime
measurement of CO on Au(111) has been chosen for the study as Gold, being the noblest
metal®, prefers weak adsorption of molecules.

In the current work, we have directly measured the vibrational lifetime of CO on Au(111). A
newly designed experimental setup has been built to achieve mechanical vibration free
surface at low temperature (~25K) for this measurement. We have measured frequency and
time domain sum frequency generation spectroscopy using picosecond laser pulses.
Spectroscopic measurement of a weakly bound adsorbate-metal system having a low
absorption cross-section has been successfully achieved. Vibrational sum frequency
generation spectroscopy shows that the stretching vibrational frequency of CO on Au(111) is
2131 cm™. Interestingly, the current study first time experimentally demonstrates the
presence of a comparatively long-lived vibrational state of adsorbate on the metal surface.
An IR-pump-probe sum frequency generation spectroscopy shows that the vibrational
lifetime of vibrationally excited CO (v =1) on Au(111) is 6210 ps.

References:

(1) LaR, K.; Han, X.; Hasselbrink, E. J. Chem. Phys. 2005, 123, 051102.
(2) Chang, H.-C.; Ewing, G. E. Phys. Rev. Lett. 1990, 65, 2125.

(3) Beckerle, J. et al. J. Chem. Phys. 1991, 95, 5403.

(4) Owrutsky, J. et al. J. Chem. Phys. 1992, 97, 4421.

(5) Hammer, B.; Norskov, J. K. Nature 1995, 376, 238.



Vibrational Energy Pooling in a CO/NaCl(100) Monolayer: Kinetic
Monte Carlo Simulations

Jascha A. Lau,*® Li Chen,? Dirk Schwarzer,? and Alec M. Wodtke®”

a) Max Planck Institute for Biophysical Chemistry, Am Falberg 11, 37077 Goéttingen, Germany
b) University of Gottingen, Institute of Physical Chemistry, Tammannstr. 6, 37077 Géttingen,
Germany

Vibrational energy pooling allows efficient population of highly excited vibrational
states via the exchange of vibrational quanta between two molecules (e.g. CO(v=n) +
CO(v=m) — CO(v=n+1) + CO(v=m-1) ). The temporal evolution of each vibrational
state after laser excitation can be monitored using time-resolved and dispersed laser-
induced infrared fluorescence (LIIF). With a superconducting nanowire single-photon
detector (SNSPD), which has been recently used to measure the pooling dynamics of
the CO/NaCI(100) multilayer system with unprecedented sensitivity,[) we are able to
measure dispersed fluorescence from a CO monolayer on NaCIl(100) for the first time.
Upon pumping the fundamental transition of CO with a short laser pulse (~ 5 ns) at a
surface temperature of 7 K, infrared fluorescence originates from v=4 up to v=27.

In 2002, Corcelli and Tully™ proposed a theoretical model to calculate the rate
constants for vibrational energy pooling in the monolayer based on LIIF experiments
by Chang and Ewing,™ who could only measure the total fluorescence. Kinetic Monte
Carlo simulations using the original theoretical model fail to reproduce the population
in high vibrational states observed in the experiment. By adjusting the model, good
agreement with the experimental data is obtained. The key adjustments can be used to
extract information on the coupling between CO and the NaCl(100) surface phonons,
the electric dipole moment function of CO at the surface, and possible vibrational
energy transfer to the first excited electronic state of CO (V-E energy transfer).
Combining the highly detailed experimental data and the kinetic simulation thus
provides a profound understanding of the energy dissipation and energy transfer
dynamics for the CO/NaCl(100) system.
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Scattering of NO from thin film VO, surfaces
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Vanadium oxides are among the most used heterogeneous catalysts in industrial applications.
Vanadium dioxide (VO,) is also of interest for the understanding of general interactions
between surfaces and gas molecules. It shows a Mott transition at 68°C, at which it changes
its electrical properties from insulating to conducting.!! Hence, it provides an adjustable band
gap to probe non-adiabatic effects governing vibrational energy transfer between molecules
and surfaces.>® This work presents the preparation of VO, thin films in a chemical vapor
deposition process and subsequent molecule surface scattering experiments.

[1] N. F. Mott, Metal-Insulator Transition, Review of Modern Physics, 1968, 40, 677-683.

[2] Y. Huang, et. al., Vibrational Promotion of Electron Transfer, Science, 2000, 209, 111-114.

[3] B.C. Krlger, et. al., Vibrational Inelasticity of Highly Vibrationally Excited NO on Ag(111), Journal of
Physical Chemistry Letters, 2016, in submission.



Scattering NO from Pt(111) and graphene/Pt(111)
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Scattering small molecules from well-defined surfaces is an exceptional way to investigate
energy transfer processes at the gas-solid interface. NO scattering has been performed for
different surfaces, such as Ag(111), Au(111) and Ge(111). To this date, there has been little
work on small molecule scattering from graphene, a single graphitic layer which can be used
as a very sensitive gas detector.

In this work, NO(v=0) and NO(v=3) have been scattered from graphene/Pt(111) synthesized
via CVD and from the clean platinum surface. When scattering NO(v=3), nearly no
vibrational relaxation is observed on platinum and graphene. On the other hand, vibrational
excitation of NO(v=0) is observed on both surfaces. For graphene the NO(v=1) signal
increases by a factor of 3.5 whereas it increases by a factor of 5 for the clean platinum
surface.



New theoretical methods for chemical dynamics at surfaces

Thomas F. Miller 111
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Division of Chemistry and Chemical Engineering
California Institute of Technology

Chemical reactions at surfaces pose extraordinary challenges from the perspectives of both
electronic structure and chemical dynamics. In this talk, I will focus on recent methods,
including those based on ring-polymer molecular dynamics [1-3], surface hopping [3], and
embedded mean-field theory [4-5], that we have developed to address these challenges and to
apply them to both electronically adiabatic and non-adiabatic dynamics at surfaces.

1.  Annu. Rev. Phys. Chem., 64, 387 (2013).
2. J. Chem. Phys., 145, 204118 (2016).
3. arXiv:1709.06722

4. J. Chem. Theory Comput., 11, 568 (2015).
5. J. Chem. Theory Comput., 13, 4216 (2017).



CO-Oxidation at Platinum

Jannis Neugebohren
Georg-August-University, 37077 Gottingen, Germany

“CO oxidation is one of the best-known heterogeneous
reactions and can thus be regarded as a benchmark
system.”

Hans-Joachim Freund, Gerard Meijer, Matthias Scheffler, Robert Schldgl and Martin Wolf,
Angewandte Chemie — International Edition, 2011.

“.CO oxidation should be considered a benchmark for
experiments.”

Alec M. Wodtke, Wodtke Group Seminar, 2017



Challenges and opportunities in C1 chemistry
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C1 molecules include CH4, CO, CH30H and COs. In this talk, I will focus mainly
on CO, the chemistry of CO conversion to chemicals and fuels. The most challenging
is the controlled C—C coupling leading to desired products, for example, ethylene,
aromatics and etc, without over-hydrogenation or polymerization to long chain
hydrocarbons.® 2 We recently reported that coupling of partially reduced oxide surface
and confined acidic zeolite pores makes it possible to tune the products of syngas
conversion.*® This is enabled by a nanocomposite with bifunctionalities, which
affords two types of active sites with complementary properties. The partially reduced
oxide surface (ZnCrOx) activates CO and H,, and C—C coupling is subsequently
manipulated within the confined acidic pores of SAPO-34 zeolite. Thus a selectivity
of light olefins C,™—C,4~ up to 80% in hydrocarbons is obtained, far beyond that
obtained by conventional Fischer-Tropsch synthesis.>* The products can be directed
to aromatics with a selectivity up to 74% upon modification of the catalyst.®
Characterization with synchrotron-based vacuum ultraviolet photoionization mass
spectroscopy (SVUV-PIMS), in situ near ambient pressure X-ray photoelectron
spectroscopy (XPS) implied that ketene (CH,CO) likely plays an important role as an
intermediate. These findings open up a new avenue for manipulating the product
selectivity in syngas conversion. Some understanding on the mechanism for
selectivity control has been gained and is going to be discussed in the presentation.
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Post-permeation associative desorption of hydrogen from a Ag(111) surface

Kim Papendorf *°, Sven Kaufmann *°, Quan Shuai , ¢, Dirk Schwarzer *°, Daniel J.
Auerbach *°, Alec M. Wodtke "¢

®Department of Dynamics at Surfaces, Max Planck Institute for Biophysical Chemistry, Am FaBberg 11,
37077 Géttingen, Germany.

®Institute for Physical Chemistry, Georg-August University of Goettingen, TammanstraRe 6, 37077
Gaottingen, Germany.

“International Center for Advanced Studies of Energy Conversion, Georg-August University of Gottingen,
Tammanstrale 6, 37077 Gottingen, Germany.

Ypresent address: Institute for Molecules and Materials, Radboud University, Heijendaalseweg 135,
Nijmegen 6525 AJ, the Netherlands.

In this experiment, we used the permeation technique to study the associative desorption of H,
and D, from a Ag(111) surface. Quantum state specific time-of-flight (TOF) distributions were
obtained and the principle of detailed balance was applied to extract information about the
dissociative adsorption process. Our results are compared to other experimental data™® which
were acquired by a different technique at lower temperatures and to high-level ab initio
calculations!”®. After copper and gold, we complete our investigation of the associative
desorption of hydrogen from the coinage metals. The properties of silver were expected to lie
somewhere in between copper and gold™. Contrary to those expectations, the adsorption on
silver exhibits an extraordinarily high barrier which strongly depends on the vibrational state
while rotational excitation shows almost no effect.
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Investigating mode specificity of nonadiabatic behavior at surfaces
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In recent decades, molecular beam scattering experiments—primarily on diatomic
molecules—have demonstrated signatures for distinct mechanisms of vibrationally inelastic
energy exchange between molecules and metal surfaces. Namely, mechanical kinetic energy-
vibration (T-V) coupling and electronically non-adiabatic electron hole pair-vibration (eHP-
V) coupling are both important processes that exhibit qualitatively different dependences on
incidence kinetic energy and surface temperature. In polyatomic molecules, these mechanisms
might happen simultaneously and mode selectively. Research on diatomic molecules suggests
that the eHP-V mechanism involves transient electron transfer from the surface to the
molecule, suggesting that the mode selectivity in polyatomics will obey Franck-Condon rules
for electron attachment. To look for mode specificity in the electron transfer process, we have
scattered formaldehyde, prepared in different vibrational levels of the metastable a °A,
electronic state from a low-work function Cs-covered surface and made quantitative
measurement of the exo-electrons emitted from the surface. Preliminary results of this
experiment will be presented along with measurements of the vibrational and isotopologue
dependence of the 4 A, dissociative lifetime, which is relevant to below-barrier dissociative
tunneling.



Determination of fuchsine-Kaolin:Alginate composite surface
interactions: Textile dye remediation from wastewater
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Remediation of textile dyes using polymer layer silicates composite has been used
for many publications. In this study biopolymer (Alginate) has been reinforced with layer
silicate (kolin), thereby increasing the adsorption properties of both alginate and kaolin,
and to use it as an efficient adsorbent to remove fuchsine dye. In the adsorption of dye
molecules-adsorbent surface interactions and interactions between dye molecules are
important. Therefore in this study, chemical interactions of adsorbent and the adsorbent
surface and the adsorbate—adsorbate interactions will be determined.

All the remediation experiments were conducted using 0.20 g of the composite and
100 mL of 5.0 mg L™ except for isotherm study where the concentration of fuchsine varied
from 0.5-50 mg L™. Suspensions were shaken on an orbital shaker at a constant speed of
100 rpm.

Composite material adsorbed 93% (2.32 mg g™) of fuchsine from aqueous system
within 240 min. The adsorption process followed pseudo first order kinetic model with a
rate constant of 0.023 min™. Isotherm study showed that the Langmuir-Freundlich
combined isotherm model fit the isotherm data with a maximum adsorption capacity of
20.96 mg g™ and a heterogeneous index value of 1.42. The adsorption is a heterogeneous
adsorption process, which forms a layer of fuchsine on the adsorbent surface through
chemical bonds and multilayers of fuchsine through hydrogen bonding.

Further studies will be conduct on determination of the adsorbate-adsorbent surface
interaction with dye molecules surface scattering and temperature programed desorption.

Financial assistance from National Research Council- (Grant No13-087) is acknowledged.

Keywords: Adsorption, Alginate, Fuchsine, Kaolin, molecules beam surface scattering,
temperature programed desorption



Velocity-Resolved Kinetics using lon Imaging - CO oxidation and trapping
at Pt(332) and Pd(111)

M. Schwarzer and D. Borodin, J. Neugebohren, H. W. Hahn, D. J. Harding, A. Kandratsenka,
D. J. Auerbach, C. T. Campbell, A. M. Wodtke, T. N. Kitsopoulos

Institute of Physical Chemistry, Georg August University Gottingen, Germany

The present work offers a detailed study of the reaction dynamics and kinetics of the
CO oxidation and trapping on Pt(332) and Pd(111) by means of molecular beams, spatial ion
imaging and velocity-resolved kineticst".

Experiments at Pt(332) and Pd(111) show a bimodality in the kinetic energy distribution of
the CO, product. While a thermal component is the dominant pathway for the formation of
CO; at Pt(332), a larger fraction of a hyperthermal CO, component contributes to the overall
flux at Pd(111). We assign the thermal CO, component to be formed at atomic steps and the
hyperthermal component to be formed at terraces.

We have previously developed a kinetic mechanism which includes three elementary CO,
forming reactions at steps and terraces'®. We make use of numerical modeling to derive the
elementary rate constants for three CO, forming reactions at Pt(332) and Pd(111). In contrast
to previous studies, we do not find evidence for a coverage dependent activation energy as
proposed in previous studies. We claim that these effects result from the fact that previous
works were not sensitive for elementary step reactions of CO, formation.

We make use of transition state theory and the Serri-Tully-Cardillo model™ to get a detailed
insight into the nature of the CO desorption process at Pt(332). We find that the overall
desorption process is best described by step-assisted desorption and not direct desorption from
steps. Furthermore we are able to make an estimation of the CO step-terrace binding energy
difference at platinum.
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Chem. Phys. 2017, 147, 013939.
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Scattering highly vibrationally excited CO from a Au(111) surface

Roman J. V. Wagner,* Niklas Henning,* Bastian C. Kriiger,! G. Barratt Park,*? Tim
Schafer,! Alec M. Wodtke'**

! University of Géttingen, Institute for Physical Chemistry, TammannstraRe 6, 37077 Géttingen, Germany
2 Max-Planck-Institute for Biophysical Chemistry, Am FaRberg 11, 37077 Géttingen, Germany
* International Center for Advanced Studies of Energy Conversion, University of Géttingen,
Tammannstralle 6, 37077 Gottingen, Germany

A molecule colliding with the surface of a solid may lose or gain vibrational energy during the
collision event. At metal surfaces, electronically non-adiabatic dynamics become important for the
vibrational excitation or de-excitation of small molecules. Electronically non-adiabatic dynamics are
characterized by a strong coupling between the nuclear motion of the molecule (vibration) and the
electronic degrees of freedom of the metal (electron-hole pairs). As the non-adiabatic energy transfer
involves an electron transfer from the surface to the molecule, the non-adiabatic propensity of a certain
molecule-surface system depends on both the work function of the surface and the electron affinity of
the molecule. It has been demonstrated that non-adiabatic effects dominate the energy transfer process
when scattering highly vibrationally excited NO from a Au(111) surface because of the high vertical
electron binding energy at extended bond lengths. However, NO is the only molecule that has been
prepared in high v states for surface scattering experiments so far. We report on the direct scattering of
highly vibrationally excited CO(v = 17) from a clean Au(111) surface. In contrast to NO, highly
vibrationally excited CO exhibits a significantly lower vibrational relaxation probability which
increases with incidence speed. These findings can be explained by the considerably lower vertical
electron binding energy of CO.



Constructing the full-dimensional potential energy surface for the atom-surface
interaction using the high-capacity neural network fitting procedure.
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“sebastian.wille@mpibpc.mpg.de

To get an insight and to fully describe the interaction of atoms (mostly hydrogen) with surfaces (e.g.
gold and graphene), the existence of an accurate full-dimensional potential energy surface (PES) is
crucial. So far the effective medium theory (EMT) has been used to construct a PES by fitting to
energy data derived from density functional theory (DFT). The aim of my work is to implement the
biologically inspired high-capacity neural network (NN) fitting procedure and use it as an
alternative rout to fit the DFT energy data producing finally a PES. The NN approach is expected to
be more universal and accurate compared to EMT. This is important since the scope of potential
application is drastically increased due to the experimental studies recently done in our department.

The NN procedure has already been proven to adequately describe the H@graphene, which makes
it possible to effectively simulate the scattering for this system in the large range of incidence
conditions.
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Increased single-domain size of tungsten disulfide through controlling
growth temperature and pretreatment of substrates

Byeong Uk Ye
Ulsan National Institute of Science and Technology (UNIST), Ulsan, South Korea

We wish to explore how short-lived electronic excitations in the solid state can influence
collisional dynamics, a direction of non-Born-Oppenheimer dynamics that has yet to be
explored. Semiconductors are clearly the place to start this type of work as lifetimes of
excited electronic states of semiconductors are often on the time scale of our H-atom pulse or
longer. Unfortunately, traditional semiconductors like Si present problems. First, excited
electron-hole pairs (EHPs) in a bulk semiconductor like Si can clearly be produced by
photoexcitation; however, they may not have significant coupling to the H-atom, which is
interacting at the surface. This is further complicated by the fact that Si surfaces have
dangling bonds and must be passivated - often they are passivated by an oxide Another
problem arises from the fact that Silicon is an indirect band-gap semiconductor, meaning
optical transitions are nominally forbidden. The bulk layered materials are indirect band-gap
semiconductors; however, inversion symmetry is broken in the monolayer and many
transition metal dichalcogenides (TMDs) become direct band-gap semiconductors; they,
therefore, interact strongly with light. Choosing monolayers of tungsten disulfide (WS2) is a
particularly interesting way to overcome these problems. WS2 is a promising material for
future nanoelectronics and optoelectronics. It has remained a great challenge to grow large-
size crystalline and high surface coverage monolayer WS2. In this work, we investigate the
controllable growth of monolayer WS2 evolving from triangular flakes to continuous thin
films by optimizing the concentration of gaseous WS2, which has been shown a both
thermodynamic and pretreatment growth factor. Previous results, ZnO nanostructure growth
has been studied on various substrates through several surface treatments such as UV/Ozone
and plasma. After UV/Ozone treatment, the density of nanostructure has been increased a
hundredfold and uniformity of diameter has been improved as well. The increase in WS2 size
can be explained by the enhanced nucleation probability and the growth velocity, caused by
the additional precursors supplied during the rapid cooling.
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