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Preface

The international Symposium on Atomic, cluster and Surface Physics, SASP,
is a continuing biennial series of conferences, founded in 1978 by members of
the Institute of Atomphysik, now Institute of lonphysics and Applied Physics
of the University of Innsbruck, Austria. SASP symposia aim to promote the
growth of scientific knowledge and effective exchange of information among
scientists in the field of atomic, molecular, cluster and surface physics,
stressing both fundamental concepts and applications across these areas of
interdisciplinary science. A major focus of SASP 2014 is on ion-molecule
reactions.

Since the beginning, the SASP format has been similar to that of a Gordon
Conference, with invited lectures, hot topic oral presentations, posters and
ample time for discussions. The attendance to the symposium has been kept to
about 100 participants to favor interdisciplinary and multidisciplinary
discussions.

SASP usually takes place in Austria, but every second time, it may be held in
another alpine country. So far, the SASP conferences were held in the
following locations:

1978 Zirog, Italy 1998 Going, Austria

1980 Maria Alm, Austria 2000 Folgaria, Italy

1982 Maria Alm, Austria 2002 Going, Austria

1984 Maria Alm, Austria 2004 La Thuile, Italy

1986 Obertraun, Austria 2006 Obergurgl, Austria

1988 La Plagne, France 2008 Les Diablerets, Switzerland
1990 Obertraun, Austria 2010 Obergurgl, Austria

1992 Pampeago, Italy 2012 Alpe d'Huez, France

1994 Maria Alm, Austria 2014 Obergurgl, Austria

1996 Engelberg, Switzerland
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SASP Erwin Schrodinger Gold Medal 2014

The ,,SASP Award for Outstanding Scientific Achievements” was initiated in
1992 by the SASP International Scientific Committee. This award is granted
during the bienniel SASP meeting to one or two scientists, chosen among
those who have strong connections to the activities of SASP.

The recipient of the SASP award 2014 — in the form of the “Erwin
Schrédinger Gold Medal” designed by Zdenek Herman — will be

Stephen D. Price, University College London,
United Kingdom

Stephen D. Price, from the University College London, United Kingdom, will
receive this award for his outstanding contributions to ion chemistry, in
particular to ion-molecule reactions of singly and multiply charged ions in the
gas phase.



2014

At previous SASP meetings the Schrodinger Gold Medal was awarded to:

1992
1994
1996
1998
2000
2002
2004
2006
2008
2010
2012

David Smith, Birmingham, UK

Zdenek Herman, Praha, Czech Republic

Werner Lindinger and Tilmann Mark, Innsbruck, Austria

Eldon Ferguson, Boulder, USA and Chava Lifshitz, Jerusalem, Israel
Jean H. Futrell, Richland, USA

Eugen lllenberger, Berlin, Germany

Anna Giardini-Guidoni, Roma, Italy

Davide Bassi, Trento, Italy and Martin Quack, Ziirich, Switzerland
Helmut Schwarz, Berlin, Germany

Kurt Becker, New York, USA

Dieter Gerlich, Chemnitz, Germany and John Maier, Basel, Switzerland
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Cryogenic ion vibrational and electronic predissociation
spectroscopy

Mark A. Johnson
Yale University

I will discuss how the cooling, mass selection, and processing of cryogenic ions
provides powerful opportunities for the detailed characterization of their structures as
well as the rational synthesis of labile reaction intermediates. This is accomplished
by first cooling the ions close to 10K and condensing onto them dozens of weakly
bound, chemically inert small molecules or rare gas atoms. This assembly can then
be used as a medium in which to quench reactive encounters by rapid evaporation of
the adducts, as well as provide a universal means for acquiring highly resolved
vibrational action spectra of the embedded species by photoinduced mass-
loss. Moreover, the spectroscopic measurements can be obtained with readily
available, broadly tunable pulsed infrared lasers because absorption of a single
photon is sufficient to induce evaporation. The method is implemented with a hybrid
photofragmentation mass spectrometer involving two stages of mass selection with
two laser excitation regions interfaced to the cryogenic ion source. Specific recent
examples include the structure of small building blocks of ionic liquids and the
temperature dependence of the electronic spectrum of Rhodamine 6G.
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Molecular Rydberg states and ions: high-resolution
spectroscopy and electrostatic trapping

Daniel Sprecher, Christian Seiler and Frédéric Merkt
Laboratorium fiir Physikalische Chemie, ETH Ziirich

Molecular Rydberg states are electronically excited states in which the electron can
be described as moving in a distant orbit around the molecular ion core. High-
resolution spectroscopy of such states provides information on the interaction
between the electron and the ion core and, by extrapolation of the Rydberg series, on
the energy level structure of the ion core. Multichannel quantum defect theory
(MQDT) is very powerful tool to analyze the Rydberg spectrum of a molecule and to
derive sets of physically meaningful parameters describing the interaction between
the Rydberg electron and the molecular ion core [1]. In the past ten years, we have
combined high-resolution spectroscopy in the vacuum-ultraviolet and the sub-
millimeter-wave ranges of the electromagnetic spectrum and MQDT to study the
rovibrational structure (including the fine and hyperfine structures) of molecular
Rydberg states. In these studies, we have obtained new information on the role of
nuclear spins in photoionization and have developed reliable methods to measure the
rovibrational and hyperfine energy level structures of molecular ions [2,3]. Results of
recent investigations of the Rydberg spectrum of H, and He, will be presented which
have served, among others, (i) to determine the dissociation energies of H,, HD and
D, and the hyperfine structure of H,", HD" and D," with high accuracy, and (ii) to
study the interaction between Rydberg levels of gerade and ungerade electronic
symmetry in HD [4]. Given the focus of SASP 2014 on molecular ions, I shall also
briefly present results on the electrostatic trapping of Rydberg molecules [5] and
argue that a Rydberg-molecule trap is a trap in which ions are doubly trapped, by the
Rydberg electron and by the weak electrostatic potential. Such traps may offer
advantages over more conventional ion traps.

References

[1] Ch. Jungen, Elements of quantum defect theory, in Handbook of high-resolution
spectroscopy, Eds. M. Quack and F. Merkt (Wiley, Chichester, 2011)

[2] J. Liu, E. J. Salumbides, U. Hollenstein, J. C. J. Koelemeij, K. S. E. Eikema, W.
Ubachs and F. Merkt, J. Chem. Phys. 130, 174306 (2009)
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[3] D. Sprecher, Ch. Jungen, W. Ubachs and F. Merkt, Faraday Discussions 150, 51
—70(2011)

[4] D. Sprecher, Rovibronic and hyperfine interactions in Rydberg states of
molecular hydrogen, Dissertation, ETH Ziirich, 2013

[5] Ch. Seiler, Rydberg-Stark deceleration and trapping of atoms and molecules,
Dissertation, ETH Ziirich, 2013
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The stereodynamics of inelastic scattering of NO(X) by Ar

Mark Brouard*, Helen Chadwick, Chris Eyles, Sean D.S. Gordon, Balazs Hornung,
Bethan Nichols,
Department of Chemistry, University of Oxford,
The Physical and Theoretical Chemistry, Laboratory, South Parks Road,
Oxford OX1 3QZ, United Kingdom

F. Javier Aoiz
Departamento de Quimica Fisica, Facultad de Quimica,
Universidad Complutense, 28040 Madrid, Spain.

Arjan Gijsbertsen
Laser Center and Department of Physical Chemistry, Vrije Universiteit,
Amsterdam, De Boelelaan 1083, 1081 HV Amsterdam, The Netherlands

Steven Stolte
Laser Center and Department of Physical Chemistry, Vrije Universiteit,
Amsterdam, De Boelelaan 1083, 1081 HV Amsterdam, The Netherlands, and
Atomic and Molecular Physics Institute, Jilin University, Changchun 130012, China.
and
Laboratoire Francis Perrin, Batment 522, DRECEM/SPAM/CEA Saclay, 91191 Gif
sur Yvette, France

New velocity map ion-imaging results will be presented for the inelastic scattering of
NO(X) by Ar, and other rare gases, in which the NO(X) molecule is fully quantum
state-selected both before and after collision. State-to-state differential cross-sections
(DCSs) and collision-induced angular momentum orientation and alignment of the
fully A-doublet resolved inelastic scattering of NO(X’IT,,,v=0,j=1/2,f) with Ar have
been measured at a collision energy of 530 cm’.

The dependence of the DCSs and angular momentum polarization on rotational and
A-doublet state will be discussed in detail, with reference to simple classical and
semi-classical models, as well as to exact quantum scattering calculations. A
particular focus of the talk will be a discussion of the quantum mechanical origin of
collision induced angular momentum orientation.
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New experimental results will also be presented in which we have measured the
DCSs and polarization on the inelastically scattered NO(X) products arising from
collisions with oriented NO molecules. These results may be considered the first
‘complete’ experiment on the inelastic scattering of NO(X) by the rare gases.

*email address: mark.brouard@chem.ox.ac.uk
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Molecular beam studies of polyatomic multichannel
nonadiabatic reaction dynamics of oxygen atoms

Piergiorgio Casavecchia, Francesca Leonori, Nadia Balucani
Dipartimento di Chimica, Universita degli Studi di Perugia
Via Elce di Sotto, 8 - 06123 Perugia, Italy

Small unsaturated hydrocarbons, such as C,H, (acetylene), C,H4 (ethylene), C;Hy
(allene and methylacetylene) and C;Hg (propene), are crucial intermediates in
hydrocarbon combustion, where their dominant consumption pathways are reactions
with ground-state oxygen atoms, OCP) [1,2]. These reactions are characterized by a
variety of energetically open, competing radical and molecular product channels,
some of which can take place only via intersystem crossing (ISC) from triplet to
singlet potential energy surfaces (PES). In combustion modelling, among the most
important information needed for each of these elementary multichannel reactions of
OCP) are: (a) the overall rate constant, (b) the identity of the primary products, and
(¢) the branching ratios (BRs) possibly as a function of collision energy E.
(temperature). While kinetics experiments are able to satisfy point (a), point (b) and
(c) still represent a challenge for kinetics, although considerable progress has
recently been made [3]. The method most suitable to tackle this challenge is the
crossed molecular beams (CMB) scattering technique with “universal” mass
spectrometric detection [4] based on “soft” ionization by tunable energy electrons [5]
or VUV synchrotron radiation [6].

In this talk we will report on our recent investigations of the reaction dynamics of
O(C’P) with acetylene [7], ethylene [8], allene [9], methylacetylene [10] and propene
[11] using the CMB method. By exploiting “soft” electron-ionization we have probed
all energetically allowed product channels (up to ten in O+C;H,) and characterized
the dynamics, branching ratios and extent of ISC. The BRs for the five competing
channels leading to H-+CH,CHO, H+CH;CO, H,+CH,CO, CH;+HCO, and
CH,+HCHO from O+C,H, are analyzed together with those obtained from kinetics
studies at room temperature [12] (E. =0.9 kcal/mol). The combined kinetics and
dynamics results have allowed us to examine the BRs and the extent of ISC in a wide
range of Ecs (temperature), from ~1 kcal/mol (300 K) up to ~13 kcal/mol (4300 K).
Experimental results are compared with those of available statistical calculations on
ab initio PESs for all systems and with those of quasiclassical trajectory surface-
hopping computations carried out in a synergic fashion by the group of Bowman on
coupled ab initio triplet and singlet PESs for the benchmark multichannel
nonadiabatic reaction O+C,H,. ISC is found to increase strongly with molecular
complexity (from about 0% in O+C,H, up to about 50% in O+C,H, and more than
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90% in O+CH,CCH,) and to depend on molecular structure (about 80% in
O+CH;CCH).

Acknowledgments: Support from MIUR (PRIN 2010-2011 grant 2010ERFKXL) and
EC COST Action CM0901 “Detailed Chemical Models for Cleaner Combustion” is
gratefully acknowledged.
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Molecular features in complex environment: cooperative team
players during excited state bond cleavage

Sebastian Thallmair, Matthias Roos, Benjamin Fingerhut, Regina de Vivie-Riedle
rdvpc@cup.uni-muenchen.de

Department Chemie, Ludwig-Maximilians-Universitdt, Miinchen

Photoinduced bond cleavage is often employed for the generation of carbocations,
which are central to Sy1 reactions. Benzhydryl derivates are prominent precursors in
organic chemistry. Depending on the leaving group, the photoinduced bond cleavage
occurs on a femtosecond to picosecond time scale and typically leads to two
distinguishable products, the desired benzhydryl cations and as competing by-
product the benzhydryl radicals. Conical intersections are the chief suspects for such
ultrafast branching processes. We show for two typical examples, the neutral
benzhydrylchloride and the charged diphenylmethyltriphenyl-phosphonium ions that
the role of the conical intersections depends on the interplay of molecular features
with the environment. It turns out to differ significantly for both precursors.

Our analysis is based on quantum chemical, quantum dynamical and on-the-fly
calculations. The experimental optical signal we use for comparison is recorded by
the Riedle group (LMU, Physik) with high temporal resolution. In case of
benzhydrylchloride we can directly connect the observed signals to two early conical
intersections close to the Franck Condon region, in case of the
diphenylmethyltriphenylphosphonium ion dynamic solvent effects are needed to
activate a conical intersection at larger distances along the reaction coordinate.
Including the dynamic effect of the solvent, we could clarify the individual bond
cleavage mechanism and outline how chemical modifications can be used to control
the dissociation and the stability of the carbocations independently.
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Controlled complex molecules for cool chemistry and hot
imaging

Jochen Kiipper

Center for Free-Electron Laser Science, DESY, Notkestrasse 85, 22607 Hamburg,
Germany
Department of Physics, University of Hamburg, Luruper Chausse 149, 22761
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The Hamburg Center for Ultrafast Imaging, Luruper Chaussee 149, 22761
Hamburg, Germany

The structure function relationship is still a largely open area of molecular sciences.
On the one hand there is vast evidence for structural influence in chemistry and
biology, with highly successful abstractions even at the textbook level. On the other
hand, there is very little direct experimental evidence for the details of this structure-
function relationship. We have demonstrated a new approach toward the
investigation of the influence of conformational details in the molecular structure on
the reactivity of gas-phase reactions. In a benchmark experiment, we measured the
chemical reactivities of the cis and trans conformers of 3-aminophenol with Ca" ions

[1].

In the second part I will discuss approaches toward the disentangling of the chemical
dynamics of individual molecular species with temporal and spatial atomic
resolution. The recording of these so-called molecular movies, the atomically
resolved structural dynamics of complex molecules, is within reach. Corresponding
modern experiments in the molecular sciences range from ultrafast attosecond
electron dynamics investigations of diatomic molecules to the coherent diffractive
imaging of nanocrystals or viruses of biological samples [2]. The successful filming
will often rely on strongly controlled molecular samples. This includes the separation
of individual structural isomers [3,4] or even single quantum states of complex
molecules [5,6], but also the ability to strongly fix complex molecules in space [7,8],
and to deliver them to the interaction point of the probe experiment, such as modern
table-top laser systems, free-electron lasers, or electron beams.

In this presentation I will discuss our endeavors to get complex molecules under
control, including the spatial separation of different species and the one- and three-
dimensional alignment and orientation. I will discuss the chemical reactivities of
conformers and discuss future possibilities to study the structure-function
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relationship in bimolecular reactions. Moreover, the controlled samples of such
many-body quantum systems have been successfully employed in various benchmark
experiments toward the recording of molecular movies and I will discuss the state-of-
the art and future possibilities.
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Cold and Controlled Collisions using Stark-decelerated
molecular beams

Sebastiaan Y.T. van de Meerakker

Radboud University Nijmegen, Institute for Molecules and Materials, Nijmegen, the
Netherlands

Over the last years methods have been developed to get improved control over
molecules in a molecular beam [1]. With the Stark decelerator, a part of a molecular
beam can be selected to produce bunches of molecules with a computer-controlled
velocity and with longitudinal temperatures as low as a few mK. The molecular
packets that emerge from the decelerator have small spatial and angular spreads, and
have almost perfect quantum state purity.

These tamed molecular beams are ideally suited for molecular scattering
experiments, and allow for precise state-to-state scattering experiments as a function
of the collision energy. I will report on low-energy scattering of OH with rare gas
atoms, revealing the quantum threshold behavior of state-to-state inelastic cross
sections [2,3]. Recently, we have exploited the state purity of Stark decelerated
beams to study inelastic scattering between two state-selected molecules, using the
two open shell radicals OH + NO as a model system [4]. Finally, I will present our
first results on the combination of Stark deceleration and velocity map imaging. The
narrow velocity spread of Stark-decelerated beams results in scattering images with
an unprecedented sharpness and angular resolution. This has facilitated the
observation of diffraction oscillations in the state-to-state differential cross sections
for NO + Ar.

The study of molecular collisions at low collision energies (1- 20 cm™) is another
exciting avenue. [ will report on recent measurements (performed at the University of
Bordeaux) of scattering resonances for inelastic collisions between O, and H, [5],
and our future plans to scatter Stark-decelerated with Zeeman-decelerated molecules.
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The advantages and potential of drift-tube chemical ionisation
mass spectrometric techniques for the detection of threat
agents

Chris A. Mayhew
School of Physics and Astronomy, University of Birmingham, UK

It is a considerable pleasure to have the opportunity to formally thank Professor
Tilmann Mérk for not only our many fruitful collaborative projects during the last ten
years, but also for the kindness and generosity he has shown to me. It has been a
privilege to have had the opportunity to work with Tilmann and his colleagues in
Innsbruck. I therefore wish to dedicate this presentation to Tilmann on the occasion
of his 70" birthday.

1. Background

Two major drift-tube analytical instruments are widely used for trace gas detection in
many areas of application, ranging from tree emissions through to breath analysis.
These are the ion mobility spectrometer (IMS) and the proton transfer reaction mass
spectrometer (PTR-MS). Of the two, PTR-MS is perhaps the more versatile of the
two [1,2]. A review of the literature shows that approximately 50% of reported PTR-
MS activities involve VOCs (anthropogenic and biogenic) in the environment.
Another 30% of publications are associated with food science, while health science
accounts for approximately 15% of publications. The remaining 5% of papers deal
with a multitude of topics, including homeland security (the focus of this
presentation). In contrast to PTR-MS, IMS has been predominantly used for
chemical warfare agent and explosive detection [3].

The majority of analytical research has on the whole been the result of individual
groups working in their own particular fields, with little communication between
them. However, there is considerable synergy and complementarity associated with
these applications, as schematically represented in the diagram on the next page. The
intention of this diagram is to illustrate that developments made in one area of
application could be easily used to great effect in another. For example, the more
established atmospheric areas of PTR-MS research could aid the development of the
new and emerging area of Homeland Security. Sampling techniques developed for
the environmental sciences could potentially find use in homeland security (e.g.
thermal desorption).

The historical development of PTR-MS can be traced back to the measurements of
the rates of fast ion-molecule reactions in the 1960s and
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1970s using flow tube methods. The technology used for measuring the kinetics of
these reactions morphed in the middle 1990s into the PTR-MS analytical technique.
The seminal work in this area was carried out by Professor Werner Lindinger and his
team at the University of Innsbruck. By the time of his untimely death in 2001,
Werner and his colleagues had demonstrated the applicability of PTR-MS as an
analytical tool for monitoring trace gases in several environments and had
established a spin-off company (Ionicon Analytik GmbH) for the commercial
exploitation of this novel technology [4]. His legacy was successfully carried
forward, developed and expanded by his colleagues in the company, and most
notably by Tilmann Mérk (the first Chief Executive Officer after Werner Lindinger).
Tilmann’s creativity, enthusiasm, drive and warmth have significantly contributed to
the successful development of PTR-MS and to the success of Ionicon Analytik
GmbH. Importantly, Tilmann and colleagues have uniquely combined instrumental
development with an active and internationally leading research programme. An
important area of recent development is that associated with threat agent detection.
This is an area of research that I have had the opportunity of working on with
Tilmann and his colleagues.

The aim of this presentation is to review our work on threat agent detection, which
ultimately involves an understanding of fundamental ion-molecule processes, the
subject of SASP 2014, and highlight how it compares with current research involving
IMS-MS.

2. The Detection of Threat Agents

Both PTR-MS and IMS are drift-tube based technologies that can be used for the
detection of threat agents. In positive ion mode protonated molecular species are
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generally used as reagent ions. There are, of course, differences. IMS relies on
pulsing ions into a drift region and then the different arrival times of the ions at the
end of the drift region are used to provide selectivity. Furthermore, IMS operates
with the drift tube at high pressures (typically one atmosphere) so that protonated
water clusters are the dominant reagent ions. Given that the proton affinities of
(H,0), clusters (n > 1) are greater than that of the H;O monomer, this limits the
range of chemicals that can be detected, which can be beneficial, e.g. for example by
eliminating certain VOCs. However, it can equally well lead to limitations. For
example, in positive ion mode IMS cannot easily detect solid explosives (TNT,
PETN, HMX, etc.) and so for the detection of such compounds an IMS operates in
negative ion mode.

IMS is currently the most commonly deployed chemical analysis technology for the
detection of threat agents in trace amounts in security areas. Despite its sensitivity
and robustness, IMS has certain disadvantages; the most critical is its limited
chemical specificity. This can cause false positive signals resulting from the
erroneous identification of harmless interferents as a threat agent. The rapid detection
of traces of threat agents adhered to people or objects with a high level of confidence
(low rate of false positives) in ambient air with a sensitivity that equals or surpasses
that of IMS, but has a superior selectivity, requires a new analytical approach. PTR-
MS does not only have a comparable if not higher sensitivity, but it also provides a
higher selectivity than is possible with IMS and hence a higher confidence in
compound assignments. PTR-MS has therefore an as yet untapped potential to
support security personnel in detecting threat agents and to identify people who have
handled such agents (e.g. through traces on hands, clothing, etc.). The rapid
identification of trace quantities of threat agents with a high level of confidence is of
great importance to the military and emergency responders, and as well as
applications in checkpoint security areas such as airports, harbours and train stations.

In this presentation we will illustrate the capabilities of both IMS and PTR-MS for
the rapid detection of a broad range of threat agents (explosives, chemical warfare
agents and illicit drugs). One of our most interesting findings to date was the
observed dependence of the intensity of protonated TNT as a function of the reduced
electric field (the ratio of the electric field, £, and the buffer gas number density, N).
(E/N is a key PTR-MS operational parameter defining the collisional energy.) This
dependence is illustrated in figure 1 (a) and is compared to that for PETNH" shown
in figure 1 (b), which shows the more usual behaviour of decreasing protonated ion
intensity with increasing E/N. The explanation for the behaviour of TNTH" lies in
unusual secondary ion-molecule chemistry taking place in the drift tube [5].
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Figure 1: lon signal intensities for protonated (a) TNT and (b) PETN as a function
of E/N recorded using a PTR TOF-MS instrument.

In another study we have demonstrated the use of a switchable reagent ion source to
improve the PTR-MS instrument’s selectivity for the detection of TNT, TNB, PETN
and RDX [6]. Selectivity is improved owing to the production of different product
ions resulting from changes in the reagent ion-molecule chemistry. Furthermore, we
have shown that under the right conditions the switching of the ion chemistry can be
rapid (seconds), making PTR-MS an ideal complementary instrument to IMS for use
in the world of homeland security.
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Mass Spectrometry and Catalysis Research: A Happy
Marriage

Helmut Schwarz, Nicolas Dietl, Maria Schlangen

Institut fiir Chemie, Technische Universitdt Berlin, 10623 Berlin (Germany)

We shall present selected examples of gas-phase reactions which are of timely
interest for the catalytic activation of small molecules. Due to the very nature of the
experiments, detailed insight in the active site of catalysts is provided and — in
combination with computational chemistry — mechanistic aspects of as well as the
elementary steps involved in the making and breaking of chemical bonds are
revealed.

Examples to be discussed include inter alia: (i) Metal-mediated carbon-carbon bond
formation; (ii) low-temperature, catalytic oxidation of CO; (iii) oxygen-centered
radicals as active sites in catalytic hydrocarbon activation, e.g. the oxidative coupling
of methane 2CH, = C,Hs.

It will be shown that mass-spectrometry based studies on 'isolated' reactive species
provide an ideal arena for probing experimentally the energetics and kinetics of a
chemical reaction in an unperturbed environment at a strictly molecular level, and
thus enable the characterization of crucial intermediates that have previously not
been within the reach of conventional condensed-phase techniques [1].
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The Method of Increments applied to Adsorption on Surfaces
Beate Paulus
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The method of increments [1] for the correlation energy in solids is based on the
expansion of the correlation energy in terms of localized orbital groups. Any size-
extensive correlation method like coupled cluster can be used for the correlations, the
Hartree-Fock treatment is performed for the extended systems. The methods will be
used for the determination of highly accurate adsorption energies especially in the
case of physisirption, where dispersion effects play an significant role. We have
applied the method of increments to the adsorption of small molecules on ionic
surfaces [2]. Here I want to present the results for water on graphene [3] and carbon
nanotubes as example for a purely van der Waals bound system an compare with
dispersion corrected DFT functionals.
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Bombardment induced ion transport through glasses and
polymers: conductivity measurements and diffusion profiles

David Budina, Pramod V. Menezes, Martin Schifer, Susanne Schulze, Julia Zakel,
Karl-Michael Weitzel

Chemistry Department, Philipps-Universitit Marburg, Marburg, Germany

Recently, we have reported a new experimental approach for determining the ionic
conductivity of a broad range of materials ranging from ion conducting glasses to
polymer films [1,2,3]. The approach is based on bombarding the surface of the
sample with an alkali ion beam. The adsorption of ions on the sample surface causes
a well defined surface potential. The backside of the sample is connected to a
grounded metal electrode. The potential gradient and the concentration gradient
arising from this adsorption induce ion transport through the sample which is
detected as a current on the backside electrode. The conductivity of the sample can
be determined by measuring the ion current at the backside electrode as a function of
the kinetic energy of the bombarding ions. The technique is termed bombardment
induced ion transport (BIIT).

In general the BIIT experiment induces an electro-diffusion profile in the sample,
which we are able to analyze by means of ToF-SIMS (time of flight secondary ion
mass spectrometry). The entire diffusion profile can be quantitatively described
based on a Nernst-Planck-Poisson model both in the case of a glass [4] and of a
polymer film [5]. This analysis provides additional information on the space and
concentration dependence of diffusion coefficients.

In this contribution we wish to demonstrate the current capabilities and limitations of
the technique. As a matter of fact the technique is particularly powerful for extremely
small conductivities. In the case of glasses the experiment is capable of addressing
the mixed alkali effect by bombarding e.g. a sodium ion conductor with a potassium
ion beam. In the case of polymer films employing the correspondingly high ion beam
energies we can address the regime of dielectric breakthrough.
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Single particle aerosol mass spectrometry
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1. Introduction

Laser based mass spectrometry is a convenient method for the on-line analysis of
aerosols on single particle level. Thereby, the identification of organic molecules that
are of great interest because of their effects on human health is often complicated due
to a high degree of fragmentation during the ionization process. To achieve a good
identification of these organic compounds, the commonly used one-step laser
desorption/ionization can be replaced by a two-step approach. Hereby, particle bound
molecules are desorbed either by thermal desorption or by laser desorption in a first
step. These volatilized molecules are ionized in a second step with a subsequent laser
pulse. The selection of the wavelength and the energy density of the ionization laser
can hereby have a large influence on the selectivity of the ionization process.

2. Methods

A differentially pumped inlet system is used to remove the gas phase of an aerosol
sample and to generate a particle beam. The particle beam crosses two cw-laser
beams and the light they scatter is detected and the time shift between the two
scattering events is measured. That provides information about the aerodynamic
diameter and velocity of single particles (SP). A CO,-laser that is triggered according
to the individual particle velocimetry is used for laser desorption (LD), and a KrF-
excimer laser for resonance-enhanced multiphoton ionisation (REMPI), that is
selective for polycyclic aromatic hydrocarbons (PAH). Alternatively, the KrF-laser
can also be used for a one-step laser desorption/ionisation, which allows the
detection of inorganic compounds but causes fragmentation of organic molecules.
Furthermore, laser desorption can be replaced by thermal desorption (TD) by
impingement of the particles on a heated metal surface. All three modes (LD-
REMPI, TD-REMPI and LDI) can be performed with the same setup by choosing
accordant trigger settings for the lasers. The produced ions are detected by means of
a bipolar reflectron time-of-flight mass spectrometer (TOF-MS).
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3. Results

Several aerosol samples were investigated with the three different modes mentioned
above (LDI, LD-REMPIL, and TD-REMPI) of a SP-TOFMS. While the LDI-mode
mainly provides information on inorganic compounds, the LD-REMPI-mode delivers
information on organic compounds, especially on PAH and alkylated PAH. It was
also possible to differentiate particles according to their origin by means of the LD-
REMPI-technique by their detected PAH patterns. It could be shown, that particles
deriving from combustion of hard and soft wood and particles deriving from diesel
and gasoline car exhaust, show different PAH patterns. For example retene, a C4-
alkylated phenanthrene, (m/z = 234) is a marker for the combustion of coniferous
wood. This also allows the source identification of ambient aerosols on a single
particle level in some respects. Furthermore, the field capability of the TD-REMPI-
SP-TOFMS setup was proven in the scope of a measurement campaign in Augsburg,
Germany in winter 2010 with the aim to investigate the impact of wood combustion
on ambient aerosol, since thermal desorption is more robust and field suited than
laser desorption. The detection of wood combustion related aerosol particles in a size
range from ~400 nm to 5 um was successful with this method. The detection of
retene was also successful on several particles, so particles containing retene are
dedicated to domestic heating. By analysing the sizing data, it could be shown, that
particles containing PAH exhibit a different size distribution than PAH-free particles.
The temporal variations of the occurrence of the observed particles indicate, that an
important fraction of these particles derive from re-suspension and agglomeration
processes in the atmosphere. In future work, the two-step LD-REMPI-mode will be
combined with a one-step LDI-process. By means of this method, information of
organic (specially PAH and alkylated PAH) and inorganic compounds will be gained
on a single particle level.
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In kinematically complete experiments on electron impact ionization the momentum
vectors of all particles in the initial and final collision state fixed. Therefore, such
studies give detailed insight into the scattering process and can be used to critically
test ab-initio calculations, e.g. for the ionization of atoms [1]. For more complex
targets like molecules and clusters the momentum vectors of ionic fragments yields
information on reaction channels and for linear molecules on their spatial alignment.
Using the experimental technique of the reaction microscope such multi-particle
coincidence experiments become feasible due to its high detection efficiency
covering essentially the complete solid angle for electrons and ions.

In Figure 1 a schematic view of the reaction microscope is shown. Charged particles
produced in the overlap region of a pulsed electron beam and a supersonic gas jet are
extracted by means of homogenous electric and magnetic fields and projected onto
time and position sensitive detectors. The data for each collision event are stored and
evaluated in an offline analysis in order to determine the particle momentum vectors
and the cross sections of interest.
Here results of a few exemplary y,
studies for targets of increasing Pulsed J L{Xz
size will be presented: For
ionization of H, a strong
dependence of the collision
dynamics on the  spatial

. Ion-
ahgnment . of the target detector Electron-
molecules is observed. Low & B detector
energetic ionized electrons are Helmholtz - coils

predominantly emitted along the

g Figure 1: The reaction microscope
molecular axis [2].
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Collisions involving small noble gas clusters reveal multiple scattering processes and
various cluster dissociation mechanisms [3].

For more complex molecules like CH4 we demonstrate how the detailed knowledge
on the kinematics of the final state particles allows disentangling the molecular states
involved in the dissociation process [4].

Finally, future experiments on the ionization of biologically relevant molecules by
low energy electrons (E, <20 eV) will be discussed.
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Velocity slice imaging is discussed in context to dissociative electron attachment of
CF,4, CF;ClI and CF;l, the underlying resonances and the energetics and dynamics of
the formation of selected fragments.

Introduction

In the last decades the importance of Dissociative Electron Attachment (DEA)
processes in a variety of industrial processing techniques as well as in naturally
occurring phenomenon has become increasingly clear. These include plasma-
processing and plasma based devices, nano-technological writing methods, such as
Focused Electron Beam Induced Processing (FEBIP), [1,2] and biologically relevant
processes such as radiation damage to biologically important molecules. [3] In this
context the importance of a deeper understanding of the physics, energetics and
dynamics behind these processes has become increasingly clear.

Conventionally, gas phase DEA experiments are mainly conducted in crossed-beam
experiments where target molecules are exposed to a quasi-monochromatic low
energy electron beam and the negative ion yield is recorded in dependency of the
electron energy. Such experiments reveal branching ratios, and in some cases
absolute cross sections for fragment ion formation and also give a fair picture of the
energy associated with the underlying negative ion resonances. Quantum chemical
calculations and comparison with other scattering and photo-excitation experiments,
often allow for the deduction of the nature of the underlying resonances, the
composition of the neutral fragments and the dissociation dynamics.
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Velocity Slice Imaging is a powerful technique that has recent found application in
Dissociative Electron Attachment (DEA) studies, and has proven valuable in
accessing information on DEA processes that is not accessible with conventional
experimental methods.[4-6] In this contribution we present VSI-DEA data for
selected fragments from CF,, [5] CF;Cl [6] and CF;I as examples of such processes.

Experimental

The current VSI-DEA instrument, was constructed by E Krisnakumar (TIFR, India)
in collaboration with N. J Mason at the Open University, UK. It consists of crossed
electron and molecular beams and a detection system composed of a time of flight
(ToF) mass spectrometer with a position sensitive detector. The electron beam is
pulsed with an on-time of 200 ns, in which the initial negative ions are formed. The
electron pulse is then followed by a time delay of about 200 ns, in which the kinetic
energy release in the respective DEA processes leads to spatial expansion of the
fragments formed, i.e., the formation of a Newton sphere that reflects the angular
distribution of the fragments, and their kinetic energy. The Newton sphere of the
anions formed is then extracted in to the ToF and detected on a position sensitive
detector consisting of a Z stack of three 75 mm micro channel plates, and a
phosphorous screen. By timing of the detector pulse, the central slice of the Newton
sphere of the anionic fragments can be obtained and thus their kinetic energy and
angular distribution. Figure 1 shows an example of such distributions recorded for
the F and CF3 1on yield from CF4 at two different incident electron energies for
= A each fragment [5].

Note, that by using this method the angular
distribution of the negative fragment ions can
be obtained simultaneously over the whole
(0-360°) angular range, without any
reconstructing algorithms like inverse Abel
transformation and at the same time the
kinetic energy can be measured.

To obtain information on the symmetry of the
resonances the angular distribution can be
fitted with a polyatomic extension [7] of the
diatomic model proposed by O'Malley and
; | Taylor [8].

Figure 1: Velocity Slice Images of F~ (upper) at 5.5 eV (left) and 7.5 eV (vight) and
of CF; (lower) at 5.5 eV (left) and 8.5 eV (right). The electron beam traverses
downwards and through the center of each figure. Adapted from ref. [5].
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VSI of selected DEA fragments from CF4, CF;Cl and CFsl

Here we describe VSI experiments on the halogenated methane derivatives CF,4 [5]
CF;Cl1 [6] and CF;I and we show that in each of these cases the VSI technique allows
for insight in to the DEA processes that would not be accessible with conventional
methods.

Tetrafluoromethane, CF, is a tetrahedral molecule that falls within the T4 symmetry
group while the expected elongation of one of the C—F bonds in the DEA process
should lead to a temporary negative ion (TNI) of Cs;, symmetry. This is reflected in
the angular distribution observed [5], which we find only adequately described
through linear combination of both the target and product state, and we argue that the
DEA process needs to be described as a quantum superposition of both these sates.
Hence, both the Ty symmetry of the target and the C;, symmetry of the product
temporary negative ion must be accounted for to describe this reactive scattering
process. Furthermore, the strong coupling of the electronic and nuclear kinetic
energy in this highly symmetric molecule is reflected in the total kinetic energy
release (KER), upon DEA. This is especially clear in the KER in the CF;™ formation
where two distinct processes are observed. We attribute these to a geometrical
relaxation of this fragment in the DEA process, at incident electron energies below
the threshold of the ion formation, and the formation of a geometrically restrained
fragment when the electron energy is sufficiently high and the energy release through
the adiabatic electron affinity of the relaxed ion is not necessary to enable the
process.

Trifluorochloromethane, CF5Cl is another example where VSI reviles features in the
electron attachment process that are not accessible in conventional experimental
setups [6]. This is most noticeably for the F formation, which appears in the DEA
ion yield through one broad contribution centered around 4 eV. In this case the
velocity slice images revile two distinct components, one with high KER and the
second with close to thermal kinetic energy distribution. Hence this contribution is
composed of two distinct resonances not distinguishable in conventional DEA
experiments [9, 10]. While the angular distribution of the high KER F~ ions agrees
well with a shape resonance of A; symmetry where the incoming electron is trapped
into the low-lying a,;(C-F o*) orbital. The low KER through the second resonance,
however, does not allow us to acquire the angular distribution associated with this
resonance.

Trifluoroiodomethane; CFsl, is another example where the VSI reveals features that
are not accessible in conventional DEA experiments. For this molecule it is well
established that the CF; formation is associated with exceptionally high KER [11].
This is also clear from the expansion of the Newtons sphere in the velocity slice
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images of this fragment. However, in the velocity slice images a low KER
component is also clearly visible, indicating that two different processes are
responsible for the CF; production in this range. Our current analyses of these data
lead us to propose that the high KER channel in this case is associated the ground
state if the neutral i0odine 212/3 as the complementary fragment to CF; , while the low
KER component is associated with the excited state T Hence, the data on the
kinetic energy of the CF; ions, and thus the KER in this dissociation process, reviles
information on the electronic state of the neutral counterpart.
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The radiosensitizing activity of 5-halouracils have long been known [1]. These
halogenated molecules replace thymine units in DNA and increase the sensitivity to
ionizing and UV radiation [2]. Theses properties would arise, at least in part, from
efficient mechanisms for dissociative electron attachment (DEA). It is well-known
that free electrons are the most abundant secondary species generated by ionizing
radiation in the biological matter, and the formation of transient negative ion (TNI)
states often give rise to dissociative processes that may damage the DNA and other
biomolecules. In halo-uracils, the substituents are heavy atoms with high electron
affinities and polarisabilities that tend to stabilize the TNI’s, thus allowing for
significant vibrational relaxation.

¢ ¢

© ()

Figure 1: Geometrical structures of uracil (left) and 5-X-uracils (vight), where the
halogen atom (X=F, Cl, Br, 1) is indicated in green.

In spite of their importance, the literature on electron interactions with halouracils is
relatively scarce, especially on the theory side. In this work, we report on the shape
resonance spectra of 5-X-uracils (X=F, Cl, Br, I), as obtained from elastic scattering
calculations. Shape resonances are TNI’s formed by electron attachment to vacant
virtual orbitals of the molecular ground state (core-excited anion states are not
accounted for). The scattering calculations were performed with the parallel version
of the Schwinger Multichannel Method implemented with Pseudopotentials
(SMCPP) [3] and indicate a rich spectrum of ©* resonances and ©* bound anion
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states, as well as o* states arising from the Cs—X bonds (see Fig. 1). We also survey
the potential energy surfaces of the bound states of these molecular anions employing
standard electronic structure techniques, namely density functional theory (DFT)
with the hybrid B3LYP correlation-exchange functional.

The calculated resonance spectra are in good agreement in the available electron
transmission (ET) data for the 5-halouracils [4] (although, to our present knowledge,
no calculated scattering cross sections have been reported for the 5-halouracils, our
results for uracil are in agreement with the available calculations). While our DFT
results are also consistent with those reported by Li et al. [5], we further explore the
potential surfaces of the valence bound states. While we have not performed
dynamics simulations, both the present scattering and bound-state calculations are
compatible with the very rich DEA data [6] that points out a complex branching of
the dissociation cross section.
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The Earth’s atmosphere is mainly composed of nitrogen, oxygen, argon and water
vapor. In addition, it contains inorganic trace gases and a myriad of organic trace
gases that are either directly emitted from biogenic and anthropogenic sources or
formed in atmospheric chemical reactions. Organic trace gases have been detected in
the Earth’s atmosphere at ppg-to-ppm (10™ to 10 v/v) levels and many of them
have been linked to climate change, air quality deterioration and human health
effects. Organic trace gases affect the Earth’s radiative budget; they alter
photochemical oxidant levels in the atmosphere and influence the formation, growth
and properties of aerosol particles.

The huge number and complexity of organic trace gases in the atmosphere, their
reactivity and low abundances pose a great challenge to the environmental analytical
chemist. Chromatography is still the method of choice for many applications but the
analysis is slow and often prone to artifacts. Based on the initial work by F. Arnold in
the 1980ies, on-line chemical ionization mass spectrometry (CIMS) has become an
important analytical tool for real-time detection of organic trace gases in the
atmosphere. On-line CIMS relies on direct and continuous sample injection into an
ion source, trace gas ionization via ion-molecule reactions and mass spectrometric
detection of diagnostic ions that preserve the compositional information of the
neutral analyte molecules (e.g. protonated analyte ions or ion-analyte adducts).

The currently most widely used on-line CIMS instrument in atmospheric
composition research is the proton-transfer-reaction mass spectrometer (PTR-MS)
which was originally conceived in W. Lindinger’s group in Innsbruck in the mid-
1990ies. Recent years have, however, seen the emergence of a series of innovative
on-line CIMS methods and instruments that have led to the discovery of previously
undetected trace gas species in the atmosphere. In my talk, I will review the state-of-
the-art of atmospheric organic trace gas detection by on-line CIMS and demonstrate
how ion-molecule reactions are currently used for analytical purposes in atmospheric
composition research.
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Radiation induced processes in nucleobases have been investigated intensively in
recent years in order to better understand the fundamental processes that can initiate
DNA and RNA lesions [1]. Further interest relates to the mechanisms underpinning
the remarkable photo-stability of DNA bases and their possible evolutionary
implications. While studies of isolated molecules generally provide the clearest data
interpretations, equivalent measurements on hydrogen-bonded complexes enable
closer analogies to be drawn with biological environments where different isomeric
forms, excited state dynamics, energy dissipation processes, and (unimolecular or
intermolecular) reactive pathways can be significant.

)
n
'

1.0E-03 s
220 nm (5.64 eV) MPI 2 C3H,N,O*
8.0E-04 - 3 2 a3
2 A
6.0E-04 1 = 1.5 A
m/z = 84 o Pat
g 4.0E-04 1 C,H,N,O* (+ CO) 3 17
=]
S 2.0E-04 1 £ s P
o m 2 A
- 0.0E+00 NP B P TN ) T P L o4 AN DA
2] 4.8 5 52 54 56
- +
£ 10E-05 A _ u
S 200 eV electron impact Photon energy (eV)
[=] 8.0E-06 -
(6]
6.0E-06 -
4 .0E-06 A
2 0E-06 -
0.0E+00 ~

70 80 90 100 110 120

™ orbital o(n-) orbital

Mass / charge (m/z)

Figure 1: (Left) Comparison of MPI (220 nm, 6x10" Wem™) and EI (200 eV) mass
spectra or uracil [2]. (Top right) Photon energy dependence of C;HN>O"
production as a percentage of the total signal for uracil MPI [2]. (Bottom right) Two
orbitals [3] involved in the ring-opening excitation that we associate with CsH,N,O"
production (the CO group that we expect to be abstracted is circled).
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By comparing dissociative ionization by electron impact (EI) and UV multi-photon
ionization (MPI) of isolated and clustered nucleobases, we have obtained evidence
indicating isomeric transitions in neutral electronic excited states. In particular, a new
fragment ion (C3;H4N,O") has been observed from gas-phase uracil by single-color 2-
photon absorption at photon energies below 5.29 + 0.06 eV (see Fig. 1 for MPI and
EI mass spectra as well as the MPI photon energy dependence for C;HN,O"
production) [2]. This channel is not activated by EI and the threshold agrees closely
with the minimum calculated activation energy (5.25 eV, CASSCF) for a ring
opening conical intersection from the lowest-lying 'mn* state to a 'o(n-m)n* closed
shell state [3]. Moreover, the predicted ring opening transition leaves a CO group at
one end of the isomer (see Fig. 1 for the optimized geometry of the o(n-m) orbital),
apparently vulnerable to abstraction. Further results include identifying C;H;NO"
production via metastable dissociation of the uracil radical cation (1.3-13 ps after
ionization) and detecting neutral CO fragments.
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Figure 2: MPI (220 nm, 4x10° Wem™) of uracil in dry (upper plot and inset) and
hydrated conditions (lower plot).

EI and MPI mass spectra of nucleobase-water clusters have been compared with
equivalent dry measurements to assess hydrogen-bonding effects on dissociative
ionization. In general, increased production of relatively large fragment ions (e.g.
C;H;NO™ from uracil — see Fig. 2) due to hydration can attributed to energy
dissipation via cluster dissociation limiting sequential dissociation processes.



52 SASP

However, hydration suppresses the C;H,N,O" channel highlighted above, indicating
a different process by which the hydrogen-bonded environment stabilizes uracil with
respect to excited state ring opening [3]. The result may be due to the presence of
hydrogen-bonded water moieties decoupling the excited states involved in the ring-
opening conical intersection associated with this dissociative MPI channel.
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Figure 3: Experiment to probe electron attachment to selected clusters.

A major challenge in analyzing radiation-induced processes in clusters is the broad
distribution of sizes and configurations produced by supersonic expansion sources
(or alternative cluster sources, for example utilizing laser ablation). The last part of
the talk will report progress in the development of a new experiment to analyze low
energy electron interactions with selected neutral isomers and clusters (Fig. 3) [4].
This exploits a Stark deflection system developed by Kiipper and co-workers at
DESY. They have recently applied the method to separate singly hydrated indole
from momomers and larger clusters in a mixed beam [5].
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Molecular spectroscopy in superfluid helium nanodroplets has become a widely
recognized technique to prepare and study molecules and molecular aggregates at
low temperatures [1]. Compared to “classical” host systems such as solid matrices,
helium droplets have been shown to exhibit greatly reduced inhomogeneity and to
allow for free rotation [2]. This is a consequence of the quantum nature of superfluid
helium. From the very beginning the experimental data favoured a dopant species to
be surrounded by a non-superfluid helium solvation layer in order to explain helium
induced spectroscopic features [3]. While experimental results provide much
evidence for this model one might think of alternative explanations. We present a
critical review of our own work on electronic spectroscopy which includes
spectroscopy of molecules, molecular aggregates and photochemical reactions. As a
result the electronic degree of freedom appears to be a key quantity which is
responsible for many of the helium induced features observed in electronic spectra.
This may be of consequence for further experimental and theoretical activities.
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Dynamics of molecules and clusters in helium droplets
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1. Introduction

Droplets of about 10* helium atoms (Hey) represent a nanometer-sized superfluid
medium of 0.4 K temperature and the least interacting matrix material for molecular
spectroscopy. They can be doped with one or several atoms or molecules that move
freely in or on the droplets and may form complexes in this cold environment. Very
weakly bound species and even unusual conformers are observed and can be
investigated with any method that is commonly applied to molecular beams: laser
spectroscopy and ionization, mass spectrometry, spin resonance, measurements in
external electric or magnetic fields [1].

Although the dopant-helium interaction is very weak, the influence of the quantum
solvent helium may alter relaxation pathways after electronic excitation or barrier
heights towards dopant aggregation. In the following, three examples from our recent
work on metal doped helium droplets will be discussed.

2. Formation of cold alkali-alkaline earth molecules

While most atomic or molecular dopants are localized in the center of a helium
droplet, alkali and some alkaline earth species remain at the droplet surface due to
their very weak He-dopant binding potential [1]. A large difference in the respective
solvation energies for different dopants can even give rise to a potential barrier
against the reaction between two dopants as we have recently shown for the van der
Waals interaction between heliophilic rare gas and heliophobic alkali dopants [2]. In
contrast, two heliophobic dopants like one alkali (Ak) and one alkaline earth (Ake)
atom can very well form a diatomic molecule on the droplet surface. Ak-Ake
molecules have attracted considerable attention as candidates for the formation of
ultracold molecules with a magnetic and an electronic dipole moment. In order to
explore this interesting group of molecules, we recently recorded laser excitation
spectra of LiCa [3] and RbSr on helium droplets. Our own quantum chemistry
calculations allowed the assignment of 6 electronic band systems [3].
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In contrast to the surface located Ak and Ake species, transition metals like
chromium show a much more complex behaviour when placed on a helium droplet
and excited by lasers. In its ground state, the Cr atom is localized in the center of the
droplet while different electronically excited states exhibit different solvation
energies in helium which gives rise to complex relaxation patterns after laser
excitation: Among these, septet-quintet transitions and expulsion of Cr from the
droplet after electronic excitation were observed [4, 5]. Laser excitation of Cr, in Hey
around 22000 cm’ results in predissociation whereupon the Cr quintet state
dissociation products could be further excited in the droplet and recombined as
observed in the resulting mass spectra [6].

4. Silver clusters formed in helium droplets followed by surface
deposition
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Clusters and nanoparticles of transition or coinage metals can be formed inside large
helium droplets by employing an electron bombardment oven for evaporating high
temperature metals [7]. Silver clusters of 500 to 3000 atoms were produced this way,
deposited on amorphous carbon substrates and analyzed by transmission electron
microscopy. The results were compared to morphologies obtained by molecular
dynamics simulations and indicate that the metal clusters experience a rather soft
landing on the substrate “cushioned” by the evaporating helium surroundings [8].
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1. Introduction

Since its introduction about twenty years ago, helium nano droplet isolation
spectroscopy (HENDI) has evolved into an almost routinely applied and very
versatile variant of matrix isolation spectroscopy. As opposed to other matrix
techniques, spectra of molecules embedded into the cold (< 0.5 K) quantum liquid
helium clusters usually exhibit resolved rotational structure. The weakness of the
helium-molecule interaction ensures that vibrational band origins are only slightly
shifted relative to the free molecule situation. Most spectroscopic data were obtained
for large helium clusters (10° — 10° atoms) with broad size distributions. Helium
cluster size resolved infrared or microwave spectra have been observed only for a
very limited number of systems like OCS@He, [1] and CO@He, [2]. The low
temperature conditions lead to compact rotation-vibration bands which typically
cover only about 1 cm™ such that bands arising from different simultaneously present
cluster sizes can be sufficiently well separated to allow their assignment. Size
assignment is vastly simplified for charged species by standard ion mass selection
techniques such that size specific spectra can be measured. In spite of the low
number densities achievable for ions, high resolution spectra have been observed by
sensitive depletion techniques [3,4] which exploit the predissociation of the weakly
bound complexes following vibrational or electronic excitation. Even though the
existence of stable complexes between helium atoms and diverse molecular ions is
well known from the mass spectra routinely recorded in experiments on neutral
precursors only N, He, and OH' He have been spectroscopically characterised. The
observed ion yield distributions often exhibit distinct stability patterns.

We identified the systems CO'He, and OH'He, as excellent candidates for a
theoretical exploration of their intermolecular potential [5] and the prediction of their
structure, stability, and vibrational properties. He-CO" is also an interesting
astrophysical collision system.
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2. Computational methods

We performed (R)CCSD(T) calculations with large diffuse basis Dunning type basis
sets to construct accurate potential surfaces for the interaction between helium atoms
and the diatomic molecular ions CO" , NO', and OH'. The ab initio interaction
energies were converted into analytical two- or three-dimensional representations.
The two-dimensional representations for the CO He and NO'He potentials V(R, 9 ;v)
depend explicitly on intermolecular Jacobi coordinates R and 3 and parametrically on
the diatomic vibrational quantum number v and were obtained by computing the
interaction energies for a large grid of R and 9 values with the diatomic distance
frozen at its expectation value in a given vibrational state. The strong proton affinity
of rare gases requires a more advanced treatment for OH' He: The adiabatic two-
dimensional surface V(R, 9 ;v) is constructed from the original full three-dimensional
surface by solving the intramolecular OH vibrational problem for each (R, 3) cut and
adding the (R, 9)-dependent vibrational term in state v to the electronic minimum [6].
These surfaces are used to construct many body models including the He-He
dispersion interaction and additional induction terms. We solve the vibrational many
body problem with a special version of diffusion quantum Monte Carlo (DMC)
technique which allows rigid body constraints [7] to predict the cohesive energies,
quantum averaged structures and size dependent vibrational frequency shifts of these
species. For the triatomic clusters we also employ a discrete variable approach using
an exact expression for the kinetic energy operator to compute rovibrational states.

3. Results

For CO'He we find an electronically bent minimum energy arrangement with a
Jacobi angle near 45°, a electronic binding energy of 275 cm™ and a barrier to
linearity of about 60 cm”. The ground state vibrational wave function shows
significant floppiness and a noticeable amplitude for the linear particle arrangement.
Our rovibrational calculations for CO He show this triatomic complex to belong to
the class of quasi linear molecules [5]. Our DMC calculations for CO He, clusters
with n up to 50 yield a stability pattern with magic numbers at n=6, 8, and 11 and
closure of a first shell of helium atoms around the CO" ion at n=14 (see Fig. 1). We
predict a blue shift reaching a peak value of about 2.7 cm™ at the magic number
n=11, then dropping to about 2 cm™, and passing through another weak maximum
near n=20 before reaching about 1.8 cm™ for the largest clusters.
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Figure 1: Incremental binding energy and vibrational frequency shift for CO"He,
clusters

The OH'He triatomic complex has a relatively rigid linear structure with an
electronic interaction energy of 690 cm™. This value increases to 750 and 894 cm’™
for the adiabatic v=0 and v=1 surfaces, indicating a very pronounced red shift of the
OH vibration. The tightening of the complex upon OH vibrational excitation also
affects the intermolecular zero point energy which partially compensates the
deepening of the surface such that the final prediction of the n=1 frequency shift is
64 cm’', very close to the experimental value of 66 cm™ [3], see Fig. 2. We find a
magic number at n=12 indicating shell closure which coincides with a minimum of
the size dependent red shift of 34 cm™. This reduction of the red shift is related to a
blue shifting effect of helium atoms located on the O side of OH". The onset of a
second helium shell leads to an initial slight rebound of the frequency shift before
receding again.
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4. Concluding remarks

The strong permanent dipole moments and computed large dipole transition moments
of CO'He, and OH He, should allow the observation of their infrared predissociation
spectra. Comparison with the known spectra of neutral CO inside helium clusters can
shed new light on the role of superfluidity in molecular rotation inside liquid helium.

References

[1] A.R. W. McKellar, Y. Xu and W. Jager, Phys. Rev. Lett. 97, 183401 (2006)

[2] A.R. W. McKellar, J. Chem. Phys. 125, 164328 (2006)

[3] D. Roth, S. A. Nizkorodov, J. P. Maier, and O. Dopfer, J. Chem. Phys. 109, 3841
(1998)

[4] E. J. Bieske and J. P. Maier, Chem. Rev. 93, 2603 (1993)

[5] M. Mladenovi¢ and M. Lewerenz, Mol. Phys. 111, 2068 (2013)

[6] M. Meuwly, J. P. Maier and P. Rosmus, J. Chem. Phys. 109, 3850 (1998)

[7] D. Blume, M. Lewerenz, F. Huisken, and M. Kaloudis, J. Chem. Phys. 105, 8666
(1996)



62 SASP

Cold Ion Spectroscopy for Structural Determination of
Peptides and Proteins

Natalia S. Nagornova, Vladimir Kopysov, Oleg V. Boyarkin
Laboratoire de Chimie Physique Moléculaire, Ecole Polytechnique Fédérale de
Lausanne, Station-6, CH-1015 Lausanne, Switzerland

Spectroscopy of protonated biomolecules provides benchmarks for
calculations of intrinsic three-dimensional structures of these large species. We
employ double-resonance photo-fragmentation approach to measure UV and
conformer-selective IR spectra of cryogenically cooled, protonated biomolecules as
large as decapeptides, their water complexes and small proteins. Cooling of the
molecules is essential to suppress thermal congestion and achieve vibrational
resolution in the spectra, thus providing a significant number of details — a molecular
fingerprint. These fingerprints reveal frequencies and, since recently, absolute
intensities of vibrations, which must be reproduced by theory for validation of the
correct ion structure. To view more details of such fingerprints we are adding one
more dimension to UV photofragmentation spectroscopy by combining it with high
mass-resolution analysis of UV-induced fragments. We report on progress in
coupling our cold ion instrument to a commercial Orbitrap mass-spectrometer.

For large molecules structural calculations with spectroscopic accuracy
become too lengthy and challenging to rely on. We present a few examples, where
certain important structural determinations can be obtained directly from
spectroscopy of biomolecules, yet without calculations.
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Within in the current effort of designing novel nanomaterials, carbon nanostructures
occupy a special place. This is due to the broad range of their properties which can
be tuned to match an equally broad variety of actual or potential applications. While
carbon nanostructures have been established as promising candidates for new electric
devices, their magnetic properties have received attention only quite recently.
Magnetic carbon nanostructures, however, hold great promise for potential
applications in nanodevices based on spintronics [1-3], operating with spin currents
rather than currents of electric charge, as employed in conventional electronics [4].
While basic carbon nanostructures, such as graphene, periodic carbon nanotubes, or
fullerenes are spin zero systems in their ground states, magnetism may be induced in
these structures by encapsulating magnetic components into the interior of the
nanosystem [5].

Also, radiation damage [6,7] and defect formation [8, 9], as achieved by irradiating
the nanosystem with high-energy particles, have been shown to give rise to magnetic
ordering. However, extended carbon structures can also acquire magnetic ground
states as a consequence of dimensional reduction. As is well known, graphene strips
of finite width with zigzag-structured edges, zigzag graphene nanoribbons (ZGNRs),
have been shown to be magnetic [10, 11], associated with lowering the dimension of
graphene from two to one, and an analogous observation has been made for zigzag
nanotubes if their dimension drops from one to zero [12, 13, 14].

The focus of this contribution is on single-walled carbon nanotubes (SWCNTSs) of
the zigzag type. The impact of various structural and environmental tube parameters
on the magnetism of these systems, among them curvature, topological defects as
well as metal atom impurities, will be discussed.

Among the axially confined hydrogenated (n,0) SWCNTSs examined in our work by
plane-wave density functional theory (DFT), with tube indices n ranging from 5 to
24, and with lengths up to eleven transpolyene rings, antiferromagnetic (AFM)
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coordination has been found to prevail for n = 7-24. Thus, beyond a threshold index
of n = 6, the systems investigated here display the magnetic behaviour expected on
the basis of Lieb’s theorem [15]. For SWCNTs of higher curvature, as represented in
this work by the systems with n = 5 and 6, distinct variations of the magnetic phase
with the tube length were observed, in analogy to layered transition metal composites
consisting of a spacer unit surrounded by two ferromagnetic segments.

With respect to the size of the magnetic moment generated by unpaired electrons in
the ferromagnetic (FM) phase at the SWCNT edges, and its variation with n, an
elementary pattern is identified, involving a universal relation between the magnetic
moments of these finite ZGNRs in the asymptotic range and those of the longest
SWCNTs analyzed in this work. Specifically, deforming the ZGNRs into SWCNTs
of the zigzag type reduced their magnetic moment by 2.

Recent simulations [16] have extended these basic systems to cross-linked carbon
nanotubes (CLCNTSs), composed of three SWCNTSs. These composites are of interest
for both nanomechanics and nanoelectronics. Various CLCNT models, differing
from each other by the structure of the contact regions of the three SWCNT
constituents, were explored in terms of their geometric, electronic, and magnetic
properties. Various magnetic phases, as obtained by combining finite SWCNTSs in
ferromagnetic (FM) or antlferromagnetlc (AFM) coordlnatlon were dlstmgulshed

é% %;:;ﬂ B

%
E

(a) (b)
Figure 1. The three prototypes of cross-linking architectures investigated in this
work.

Three types of CLCNTs were analyzed by use of plane-wave DFT, differing from
each other by the structure of the contact region between the sidewalls and the bridge
(see Figure 1). In particular, a previously established structure (connection (c)) with a
complex arrangement of topological defects in the contact region, involving
pentagons, heptagons, and octagons, is contrasted with two alternative structures
with pentagons and heptagons only (connections (a) and (b)). In terms of magnetism,
three configurations were distinguished: both sidewalls in AFM (FM) coordination,
and a mixed case where one sidewall realizes AFM, the other FM coordination.
Connections (a) and (c¢) were shown to display the expected hierarchy of magnetic
phases, with the AFM-AFM (FM-FM) ordering at highest (lowest) stability.
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Different stability sequences were found for connection (b), demonstrating that the
structure of the contact region exerts a strong influence on the relative energies of the
three magnetic phases. Inspection of the corresponding linear spin density
distribution profiles in conjunction with the associated total magnetic moments
suggest that these differences are correlated with the presence of finite magnetic
moments in the contact regions of connections (a) and (b) which may exhibit AFM or
FM order across the bridge.

The magnetic properties of the CLCNTSs considered here provide the key to a closer
understanding of their adsorption features. As established for connection (c), places
of enhanced spin density along both the sidewalls and the bridge of the CLCNT
emerge, by the criterion of the hydrogen atom adsorption energy, as preferred sites of
hydrogen atom attachment. This pattern is related to an increased tendency of
covalent bond formation at places where the density of unpaired electrons is high.

In continuation of this research, it will be interesting to determine the transport
properties of the CLCNTSs considered here. As shown in this work, the stabilities of
selected magnetic configurations, involving AFM-AFM, FM-FM, and mixed
junctions, can be sensitively manipulated by adjusting the structure of the contact
region joining the bridge and the sidewalls. This effect might be exploited to generate
a wide variety of magnetic networks of interest for spintronics applications.

Support from the Tennessee NSF-EPSCoR grant TN-SCORE (NSF EPS 1004083) is
gratefully acknowledged.
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Helium nanodroplets provide a convenient low temperature environment in which to
study small clusters and complexes, particularly using spectroscopic techniques such
as laser-induced depletion spectroscopy. A natural progression is to exploit helium
droplets to grow larger objects, and in particular nanoparticles. Helium droplets offer
some unique features as a medium for growing nanoparticles. These include: (1)
chemical inertness; (2) a very low temperature (0.4 K); (3) the high thermal
conductivity of superfluid helium, which leads to rapid cooling of dopants; (4) good
dopant mobility; (5) the ability to add materials sequentially, enabling the easy
formation of core-shell nanoparticles. In addition, there is an expectation, which
seems to be borne out by the scarce experimental evidence available so far, that a
nanoparticle encased in helium can be soft-landed onto a surface. These factors offer
a route to a large array of new and interesting types of nanoparticles [1].

This presentation will provide an overview of recent work in our laboratory on the
formation and  deposition of -
nanoscale objects grown inside
helium droplets. This will include
preliminary studies of core-shell
nanoparticles, including information
on their magnetic properties. In
addition the formation of narrow
chain structures in large helium
droplets will also be described (an
example of a metallic chain is shown
opposite). Here the evidence
suggests that these long chains,
typically hundreds of nm in length
but very narrow (<10 nm), are
formed by the ‘pinning’ of dopant
atoms to quantized vortices in the
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helium droplets, as first proposed by Gomez et al. [2]. The formation of these chains
for a variety of dopants will be shown and a mechanism will be proposed which
accounts for their dependence on droplet size.
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Direct dynamics simulations of gas-phase Sy2 nucleophilic
substitution reactions. Atomistic mechanisms and comparisons
with experiment
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Direct dynamics simulations have been performed for gas-phase Sy2 nucleophilic
substitution reactions. An important component of these calculations are comparisons
with molecular beam ion imaging experiments of the Roland Wester research group
and gas kinetic experiments of the Albert Viggiano research group. Excellent
agreement is found between the simulations and experiments. The simulations
provide an atomistic understanding of the experimental results, which include
product energy distributions, velocity scattering angle distributions, and gas kinetic
rate constants. Important publications describing this research are references 1-6, and
the review in reference 7.
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Ion-neutral chemistry at ultralow energies: Dynamics of
reactive collisions between laser-cooled ions and atoms in an
ion-atom hybrid trap

O. Dulieu’, F. H.J. Hall*, P. Eberle®, G. Hegi, M. Raoult”, M. Aymar®, and S.
Willitsch®
“ Department of Chemistry, University of Basel, Switzerland
b Laboratoire Aimé Cotton, CNRS/ Univ. Paris Sud/ ENS Cachan, Orsay, France

Cold chemical reactions between laser-cooled Ca” or Ba” ions and Rb atoms were
studied in an ion-atom hybrid trap [1]. Reaction rate constants were determined in the
collision energy range E../ks = 20 mK-20 K. Product branching ratios were studied
using resonant-excitation mass spectrometry. The dynamics of the reactive processes
including the radiative formation of CaRb’ and BaRb" molecular ions has been
analyzed using high-level quantum-chemical calculations of potential energy curves
and quantum-scattering calculations for the radiative channels [2, 3]. It is shown that
the energy dependence of the reaction rates is governed by long-range interactions,
while its magnitude is determined by short-range non-adiabatic and radiative
couplings which induce a chemical change. The quantum character of the collisions
is predicted to manifest itself in the occurrence of narrow shape resonances at well-
defined collision energies. The present results highlight both universal and system-
specific phenomena in cold ion-neutral reactive collisions.

This work was supported by the Swiss National Science Foundation (grants nr.
PP0022 118921 and PPOOP2 140834) and the COST Action MP1001 "Ion Traps for
Tomorrow's Applications".
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Scattering Quantum Dynamics of NO with Cu

B. Murali Krishna, J. Lefevre and Roberto Marquardt
Lab. de Chimie Quantique — UMR 7177 CNRS/Université de Strasbourg

Graham A. Worth
Department of Chemistry — University of Birmingham

1. Introduction

The interaction of copper atoms with nitric oxide radicals is described in terms of
global, analytical potential energy surfaces derived from ab initio calculations
published previously [1-3]. These surfaces are used here for wave packet calculations
within the Multi-Configurational Time Dependent Hartree (MCTDH) program [4] to
simulate the collision dynamics of Cu with NO. Results indicate the existence of a
rather long lived intermediate complex. Reactions involving these species are
important in atmospheric chemistry and catalysis [5], as well as in various
biochemical reaction pathways [6]. Understanding the elementary steps in the
collision process of these species is therefore relevant. NO dimer clustered on Cu
atoms have been observed in infrared spectroscopy of matrix isolated CuNO [7].
CuNO and its cation have been observed in the gas phase by neutralization-re-
ionization mass spectrometry [8].

In the present contribution we report on collisions at energies in the order of some
tens of meV, at which NO-bond cleavage will hardly be possible. The problem is
addressed fully quantum mechanically, however. The results allow us to predict that
experiments involving ultra-fast laser spectroscopic techniques should now become
feasible with metal nitrosyl complexes. Calculations will be carried out on the lowest
adiabatic potential energy surface for this system.

2. Methods

The nuclear motion is described in terms of the time dependent wave function
l//(rd,rvﬂ), where is7, the length of the vector linking the center of mass of the NO

molecule with the Cu atom, 7, is the length of the vector linking the N and O atoms

and 6 is the polar angle between the two aforementioned vectors. This function is
determined as the solution of the time dependent Schrodinger equation with a
Hamiltonian can be given in terms of an exact kinetic energy Hamiltonian 7 [9].
With this approach we can calculate states of well defined total angular momentum
and parity. The potential energy operator is the global analytical representation for



2014 73

the lowest adiabatic electronic state of the CuNO system derived in [3]. We use the
MCTDH program [4] to determine the time dependent wave function and refer to the
documentation of this code [4, 10, 11] for further details on the methods used. We
just point out here that, to obtain converged results, an effective “MCTDH-
Hamiltonian matrix” of rank 4400 was sufficient, whereas the rank of a conventional
Hamiltonian matrix would be on the order 440000.

3. Results

To validate our approach, we find that vibrational eigenstates are identical to the
eigenstates obtained with an independent variational program to solve the time
independent Schrodinger equation restricted to the equilibrium region [3] which
agree well with experimental values obtained in matrix isolation [7]. Note, however,
that in [7] the attribution of transition is erroneous [3]. On the basis of this good
agreement for vibrational transitions we discuss a simulation of the collision process
by inspection of the wave packet dynamics. We start with a situation where the initial
state where electrons are in their lowest possible adiabatic state and the NO molecule
is in the rotational and vibrational ground state. The state is a Gaussian superposition
of incoming scattering waves in the , coordinate with an averaged kinetic energy of

100 meV.

Figure 1 shows snapshots of the reduced probability density of this state at different
times of the evolution (axes give the x and y coordinates of the molecular plane in
units of 100 pm). This wave packet is initially (=0 fs) localized at a distance of
500 pm, well outside the half-circle marked by S in the figure. This half-circle
indicates the region where Cu and NO interact strongly (see Figure 4 in [3]) and
marks somewhat the region of definition of the CuNO complex. While localized in

r,, it is completely delocalized in 6, because we simulate here the collision

dynamics for a rotationless NO molecule (j=0). After 260 fs, the wave packet has
already penetrated almost completely the collision active region. We notice a
splitting of the wave packet with an important localization of a portion of the wave
packet in the vicinity of the potential minimum.
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After 440 fs, the wave packet has started to move outside the collision region, while
spreading out in the energetically accessible region. After 600 fs, the largest portion
of the wave packet has left the collision region, moving outwards. A smaller portion
remains in the region around the potential minimum, keeping a kind of “memory” of
its location.

The figure allows to appreciate the rather long time interval for the existence of the
complex, during which modern techniques could enable us to detect and analyze the
complex, for instance via ultra-short spectroscopy coupled to molecular beams.
Scattering matrix elements using the formula derived by Tannor and Weeks [12]
show that the collisions lead to a very efficient tranfer of translational to internal
rotational motion of the NO molecule.

4. Conclusions

The quantum dynamics of the scattering of Cu atoms with NO molecules has been
calculated with the Heidelberg Multi-Configurational Time Dependent Hartree
method. It has been shown, for the first time, that this method can be used to
calculate in a realistic way the wave packet propagation, the spectroscopic and the
scattering signature of a system involving a heavy element by determination of
infrared bands and scattering probability distributions. The results indicate that the
intermediate CuNO complex might exist in the gas phase, as a result of the collision,
during a time interval of at least 200 to 300 fs. This time is sufficiently long to
foresee the interaction of the complex with ultra-short or intense laser pulses in order
to characterize spectroscopically its nature. In future applications of the present
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methods, we plan to include several excited electronic states, the potential energy
surfaces of which have already been determined from ab initio calculations [2].
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Atmospheric pressure ion chemistry studied by Ion mobility-
mass spectrometry

Stefan Matejcik, Martin Sabo
Department of Experimental Physics, Comenius University, mlynska dolina F2,
84248 Bratislava, Slovakia

1. Introduction

This work was motivated by the aim to understand the generation of negative and
positive ions in air in CD sing lon Mobility spectrometry — Mass Spectrometry (IMS-
MS) technique. The knowledge obtained in this study we plan to apply for selective
formation of the specific negative and positive ions. The CD discharge has a great
potential to be used as ion source for IMS. The selectivity of the generation of
positive and negative ions in CD increases the applicability of CD ion source for
atmospheric pressure chemical ionisation (APCI). This results in improvement of the
selectivity of the analytical methods (IMS and MS). The main application of the
IMS-MS instruments is in analytical sciences; however we will demonstrate its
application for fundamental sties in the field of ion-molecule reactions at
atmospheric pressure.

The mass spectrometry studies of the negative and positive ions formed in corona
discharge (CD) in air at atmospheric pressure were performed by several laboratories
[1-5]. While in the case of positive CD the primary ions are quickly converted to
stable H;0"(H,0), or NO"(H,0), ions [1,2], the spectra of negative polarity are more
complex. This is mainly due to sensitivity of negative CD to many parameters like
discharge power, gas flow, gas composition, pressure, temperature, etc.. In negative
CD in dry air different negative ions were reported NO,', O;, OH", COs’and NO;™ [3],
COj;™ and its water clusters [4] in ambient air. The time evolution of the ions (1 and
10 ms) and the effect of humidity were investigated by Nagato et al. [5]. The role of
neutrals formed in CD gap in negative ions composition was elucidated by Ross and
Bell [6]. They applied different gas flow conditions (flow directions, flow rates)
through CD gap, what resulted in changes in negative ion composition from Oj,
CO;™ and NOj™ (normal flow) to O,” and CO4 (reverse flow). We continue the study
of the positive and negative ion chemistry associated with CD in order to improve
and optimise new sorces of ions for IMS and IMS-MS.

2. Experiment

The Corona Discharge Ion Mobility Spectrometry orthogonal acceleration time of
flight spectrometer (CD-IMS-0aTOF) instrument was developed at Comenius [7].
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The IMS is operated at atmospheric pressure in positive and negative polarity. The
detailed description of IMS was given in our earlier work [7].

The CD-IMS-0aTOF instrument was able to operate in three modes in single IMS
mode, in single TOF mode when the SG of IMS was fully open and in the two-
dimensional mode used when the both spectrometers works synchronically together.
In order to obtain sufficient data was the operation time of CD-IMS-0aTOF in the
two-dimensional mode in the range 5-10 minutes.

3. Results and discussions

The IMS and MS spectra of ions generated in CD at 800 ml/min of N, flow and 14
pA CD current are shown in the Figures 2a. The dominant reactant ion peak of IMS
(8.08 ms reduced mobility 2.06 cm’V's™") was composed of H;0".(H,0), ions
(n=1,2,3) (m/z= 37, 55 and 73 Da in MS).
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Figure 1: IMS and MS spectra of positive ions formed in CD in N, and in air.

The second reactant ion peak in the Figure 1a (7.54 ms, reduced mobility 2.21 cm*V"
's) was composed of NO*.(H,O)n (n=0,1,2) ions (m/z=30, 48 and 66 Da). The NO
is formed in CD and the change of the feed gas from N, (5 ppm O,) to air results in
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increased formation of NO and consequently in increased NO' generation via
processes:

02+/N2+ +NO — NO++ 02/N2 (1)
The high efficiency of NO generation in CD (Figure 1b) was additionally supported
by special design of the CD including gas flow directions and flow rates, which is
described in the paper [8].
The negative CD under standard flow conditions in air results in spectra depicted in
the Figure 2.
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Figure 2: Two dimensional IMS-MS spectrum of negative CD in air.

In the Figure 2 a peak in IMS spectrum is located at (11.4 ms reduced mobility 1.75
ecm’V's™). This IMS peak is composed of the ions with m/z 62, 125 and 188 Da. The
m/z of 188 Da we assign to NO; .(HNO;),. The fragmentation of NO; .(HNOs),
occurs already in IMS drift tube and in IMS-MS interface. The peak in IMS (drift
time 9.88 ms and reduced mobility 2.02 cm’V™'s™") at T=295K) has a significant tail,
which is composed only of NO;3 .(HNO;) and NO; . The presence of the tail we
elucidate by the dissociation of NO;3 .(HNQO;), in IMS drift tube, to its monomer
NO; .(HNO3) ions. We were able to determine the lifetime of the NO; .(HNOs), for
dissociation into NO; .(HNO3) to 8.0+0.5 ms (under present experimental conditions
(for following experimental conditions T=295K, p=1005 mbar, E from 588 to 242
V/cm).
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4. Conclusions

IMS-MS technique is a powerful toll to study negative and positive ion formation in
CD in air and air constituting gases. We have found ways to selectively generate
different ions in CD in air using different discharge conditions, which give to the CD
a broad application in analytical sciences for APCI.
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Fragmentation of complex biomolecular systems upon
interaction with multiply charged ions
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Centre de recherche sur les ions, les matériaux et la photonique - CIMAP
UMRG6252 CEA/CNRS/ENSICAEN/Université de Caen Basse-Normandie.

Interactions of multiply charged ions with biologically relevant systems have been
studied in a crossed-beam apparatus. Appearance sizes and mass distributions of q-
fold charged clusters will be given and compared for different systems. Delayed
evaporation in cytosine clusters will be discussed. Finally, a new experimental set-up
allowing the study of size selected clusters will be presented.

The use of ion beams (protons or carbon ions) is increasingly employed in medicine
for the treatment of cancer because unlike conventional radiotherapy it allows a
proper localization of the energy deposition in the tissue and thus spares the
surrounding healthy organs. Therefore, in recent years, many studies have focused on
the interaction between multiply charged ions and small molecules of biological
interest such as DNA bases or amino acids [1, 2]. These studies, conducted in the gas
phase on isolated molecules, have allowed understanding the intrinsic properties of
these biomolecules and the fundamental mechanisms involved at the molecular level.
However, they are not representative of the complexity of interactions in vivo and do
not take into account the influence of the environment on the stability of
biomolecules. A first step to simulate the chemical environment of biomolecules is to
study biomolecular clusters [3, 4].

Experiments on biomolecular clusters were performed with a crossed beam
apparatus, a detailed description of this set-up can be found in Ref.[5]. Molecules are
evaporated in a resistively heated oven and are being carried away by a buffer gas
(helium) toward the condensation channel, kept at liquid nitrogen temperature, where
they will aggregate. The collimated cluster beam then collides with a pulsed ion
beam delivered by an ECR ion source. The cationic fragments are analyzed in mass-
over-charge by a linear time-of-flight mass spectrometer. In order to increase the
detection efficiency over a large mass range, the ions are post-accelerated towards a
conversion plate kept at 25 kV and the secondary electrons produced by the impact
on the plate are detected with a three-stage MCP detector.
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The interaction with highly charged ions leads to the formation of a multiply charged
cluster in an excited state. It will decay, dissipating the excess charge and energy
(few to tens of eV) transferred during the collision, by a combination of evaporation,
fission and intramolecular fragmentation. The latter process is observed only in a few
cases; the intermolecular bonds (hydrogen bonds in the case of biomolecular
systems) break preferably [4]. Below a critical size (n.), the energetic barrier against
fission disappears and the cluster can no longer accommodate the charges and breaks
due to the Coulomb repulsion. Experimentally we observe appearance sizes (1)
which are usually larger than the critical size of the system. In figure 1, we report the
appearance sizes for q-fold charged clusters (q from 2 up to 5) for the DNA (or
RNA) bases cytosine, adenine, thymine, uracil and amino acids a-alanine, o-
aminobutyric acid and f-aminobutyric along with other systems.
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Figure 1: Appearance size for multiply charged clusters. Values for C;H, and CO,
clusters are from electron impact ionization [6]. All the others systems were
measured in Caen with low energy ions typically O°" at 50 keV for DNA bases [3],
He" at 11 keV for amino acids and Xe’"" at 400keV for Cy[7].

A typical TOF spectrum of cytosine clusters after interaction with O°" ions at 50keV
is shown in figure 2. The measured appearance sizes of (Cyt),*" for q=2,3 and 4 are
13, 29 and 55, respectively. The spectrum presents a large background partly due to
delayed evaporation processes. Indeed after ionization, energy redistribution and
cluster dissociation occur within a few ns, but evaporative cooling still continues to
occur within a few ps. Evaporation of one monomer from singly-, doubly- or triply-
charged cytosine clusters in the first extraction region of the time-of-flight mass
spectrometer can be seen experimentally by onsets in the spectra (see inset in
figure 2).
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Figure 2: Time-of-flight spectrum of the cationic products of the interaction of
cytosine clusters with O ions at 50keV. Inset: the dash lines correspond to the
calculated delay for the loss of one monomer from a singly charged (red), a doubly
charged (blue) and a triply charged (red) cluster.

A new experimental set-up (see figure 3) is in the final stage of development, it will
be dedicated to the study of size selected biomolecular clusters. The idea behind the
development of such an apparatus is to determine the influence of the environment
on the fragmentation of biomolecules upon interaction with multiply charged ions.
Indeed, by controlling the number of water molecules attached to the system under
study we will be able to quantify the so-called direct and indirect effects of ionizing
radiation.

In this experimental set-up, the beam of biomolecular complex (nano-hydrated
biomolecules) is formed by an electrospray ionization source, collimated in a funnel
before being mass-selected by a quadrupole mass analyzer. In order to obtain a beam
of sufficient density, the biomolecular ions are accumulated in a Paul trap before
entering the interaction zone. The projectile ion beam is shaped by a quadrupole
triplet in order to optimize the overlap between the two ion bunches. The fragments
from the collision are analyzed by a time-of-flight mass spectrometer which can
operate in both linear or reflectron modes.
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Figure 3: Experimental set-up (PIBALE) for the study of size-selected biomolecular
clusters.
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The reactions of gas-phase dications and trications with
neutral species: reactivity and dynamics

Stephen D. Price
Chemistry Department, University College London, 20 Gordon Street, London
WCIH 0A4J, UK.
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There is increasing interest in the role of molecular dications (doubly-charged
molecules) in both astrochemistry and the chemistry of planetary ionospheres.'”’
Small molecular dications, such as N,*, are highly energy-rich metastable species
with lifetimes to dissociation ranging from femtoseconds to many seconds.® This talk
will discuss the consequences of the
G bimolecular interactions of molecular and
o' 4 ‘ atomic dications, and trications, with other
atoms and molecules.

. ; Recent laboratory developments have shown
NN i that molecular dications possess a rich and
T Lo Teh unusual bimolecular chemistry.” As Welll as
) ' the expected electron-transfer reactions,
molecular dications exhibit extensive bond-
forming reactivity in low-energy collisions
with neutral molecules. These ‘“chemical”
reactions usually generate pairs of product
monocations, often accompanied by neutral
species:

Section of a coincidence
spectrum recorded following
collisions ofN;2+ with O; at 7.1
eV. The spectrum clearly shows
two dissociative electron transfer
reactions and two bond-forming
reactions forming NO*

N2 +CH, » N+ NGCH +H

The product monocations from these reactions possess considerable translational
energies and can have markedly different reactivity to that of thermalised
monocations in a given energized medium.

The reaction dynamics of these unusual reactions can be investigated by traditional
mass spectrometry and by multi-parameter coincidence experiments.'”'®  The
coincidence experiments allow a detailed investigation of the kinematics of these
reactions revealing unusual reaction pathways, involving sometimes involving initial
complexation with the neutral species.
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N2+ 0, — [N,O, 2 - N,O* + O

N202+ g N2+ + O+

A discussion of the dynamics of dication reactions will be illustrated by recent
experimental studies of the reactions of N,*" and 0,%" with small organic molecules.
In these experiments O,”" displays a quite remarkable range of bond-forming

reactivity.

We will also discuss the extension of our multi-parameter coincidence experiments
to investigate the reactivity of atomic and molecular trications (I**, Xe’*, CS,’") with
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Sections of representative mass spectra
recorded following collisions of '™ with (a) CO
at a centre-of-mass collision energy T, = 4 eV

and (b) and SO, at T,,, = 2 eV.
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Titan harbors an ionosphere in which solar photons and associated photoelectrons
(hv/ey) dissociate and ionize the major neutral molecules, N, and CH,;. The
subsequent formation of complex ions has been observed by the Ion and Neutral
Mass Spectrometer (INMS) onboard the Cassini spacecraft. The chain of reactions
leading to these more complex species has been extensively studied through
photochemical modeling, which reproduces the general composition of the
ionosphere, with peak densities near 1150 km dominated by HCNH', C,Hs", and
CHs'.

It is however, a recurrent problem amongst Titan ionospheric models (from either the
Cravens [1, 2], Waite [3, 4] or Yelle [5, 6] groups) that they predict an HCNH"
density that is typically 2-3 and up to 5 times higher than observed by INMS.
HCNH' being the major ion, this issue is associated to the overestimation of
electrons in models assuming local balance between photoionization and ion-electron
recombination [7].
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A flowchart highlighting our current understanding of the reactions producing and
consuming HCNH" is presented in Figure 1. Primary ions (N, N, CH,") react with
CH, to form CHs', and C,Hs" via CH;". CHs" and C,Hs" further give a proton to
HCN to produce HCNH". The latter is mostly lost by dissociative recombination with
thermal electrons (er’) and proton transfer to neutrals having a higher proton affinity
(C4H,, C,H;3CN, etc.). These primary steps of the chemistry have been validated with
dedicated laboratory experiments performed by our group, at room temperature and
below ([8] and unpublished results). We and others [4] have extensively focused on
the discrepancy between observed and modeled HCNH" densities. A summary of
these studies is given below.

Figure 1: Flowchart highlighting the

| mzﬂ very first steps of the ionospheric
chemistry.

2}.
2
ég

lonization (hv/ey): orange. lon-neutral
reactions with CH, (black), C,H, (blue),

CH*| (CH,* < C,H, (pink), HCN/HNC (cyan) and
C>H;CN (red).
lon-electron dissociative recombination
v (er): green.
> @"LL\ ......... .

1. Primary ionization: We have recently demonstrated that high-resolution cross-
sections are necessary to accurately describe the photoionization of N, [9]. With
these cross sections, the models can accurately reproduce the observed CH;" and
CH," densities but their impact on HCNH" is minor [3].
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2. lon-molecule reactions: Most of the reactions in Figure 1 have been extensively
studied experimentally, and rate coefficients are well known, at least at room
temperature [10] or can be reasonably assumed to be equal to the capture rate
coefficient [5]. The temperature dependence of these rate coefficients is expected
to be small and although branching ratios can exhibit a stronger dependency, the
uncertainty on kinetic parameters associated to the low Titan temperature (150 K)
cannot alone lead to a decrease of the HCNH " density by a factor of 2-3 ([11] and
unpublished results).

3. Electron recombination of HCNH': Electron recombination is the major loss for
HCNH'. The electron recombination rate is dependent on both the electron
density and temperature. Runs using different realistic sets of values for the
electron density and temperature show that these parameters have some effect on
the HCNH" density but cannot completely solve the problem. Both electron
recombination rate constants available in the literature [12, 13] were also tested
but none is fast enough to lead to a sufficient loss of HCNH" [4].

4. Atmospheric parameters: Another potential culprit for the model overestimation is
the HCN atmospheric density, which is poorly constrained by INMS. However,
while decreasing the HCN density has the desired effect of decreasing the HCNH"
density, it does so at the expense of the CH;" and C,Hs" densities, which are as a
consequence overestimated. Therefore, the HCN profile cannot be responsible for
the HCNH'" overestimation [4].

5. Heavy species: Large amounts of undetected heavy neutrals could lead to a
significant loss of HCNH" through proton exchange reactions. However, the
expected scale height of such species is incompatible with the large excess of
HCNH" still observed at higher altitude. The positive - negative ion
recombination rates and negative ion densities are too small to be competitive
with ion - neutral reactions [4].

6. Missing reactions of HCNH" with light species: The reaction of HCNH" with H,,
CH,, C,H, or C,H4 would lead to enough destruction of HCNH' to reproduce the
observations, were the rate coefficients close to 10" cm® s [4]. This suggestion
prompted some new experimental investigations, which confirm that the rates are
much slower than required (typically k < 5x10™ cm® s™) [14]. Theoretical
calculations performed by one of us for HCNH™ + C,H; support those
conclusions.
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. Missing excited state of N': The dissociative ionization of N, is known to lead to

N'('D) + N(*S) but so far, models only consider the production in the N'CP) +
N(CD) states [9]. The N('D) state has a lifetime of 258 s [10] and its
consideration in the calculations could in principal significantly impact the
subsequent chemistry although in practice its effect is expected to be small [11].

. Different isomer of [CH,N"]: The coexistence of two or more [C_H,N"] isomers in

Titan's atmosphere could explain the observed discrepancy. Although the singlet
linear HCNH" is the most stable form, four triplet isomers with stable geometries
have been computed [15]. However, based on the reactions forming [CH,N'] in
the Titan models, linear HCNH" is likely the only isomeric form, in agreement
with the observations in laboratory experiments [13, 14].

We showed that none of the above suggestions could satisfactorily solve the HCNH"
problem. We hope that this presentation will trigger some suggestions of other
missing processes that could be investigated.
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The X I3, hydroxyl (OH) radical has been isolated in superfluid *He nanodroplets
and probed with infrared (IR) laser depletion spectroscopy. From an analysis of the
Stark spectrum of the Q(3/2) transition, the A-doublet splittings are determined to be
0.198(3) and 0.369(2) cm” in the ground and first excited vibrational states,
respectively. These splittings are 3.6 and 7.2 times larger than their respective gas
phase values, which can be compared to the factor of 1.5 increase previously
observed for NO by Havenith and co-workers [1]. A model is presented that
assumes a realistic parity dependence of the rotor’s effective moment of inertia and
predicts a factor of 3.6 increase in the OH ground state (J=3/2) A-doubling when the
By’ and By rotational constants differ by less than one percent.

We have also explored the low temperature (0.4 K) in-situ association reactions
between OH and other small molecules, such as O,, C;H, and H,O. Following the
sequential pick-up and solvation of OH and O,, the IR spectrum in the 3500-3700
cm’' region reveals bands that are assigned to the v, (OH stretch) fundamental and
vitve (OH stretch plus torsion) combination band of the covalently bound trans-
HOOO isomer. Despite the characteristic low temperature and rapid cooling of
helium droplets, there is no evidence for the formation of the previously predicted
weakly bound OH-O, van der Waals complex, which implies the absence of a
kinetically significant barrier in the entrance channel of the reaction. There is also no
spectroscopic evidence for the formation of cis-HOOO, which is predicted by theory
to be nearly isoenergetic to the trans isomer.

Stark spectroscopy of the trans-HOOO species provides vibrationally averaged
dipole moment components that qualitatively disagree with predictions obtained
from CCSD(T) computations at the equilibrium, planar geometry, indicating a floppy
complex undergoing significant large-amplitude motion. A Hamiltonian in internal
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bond-angle coordinates is derived to account for this large-amplitude motion, and the
expectation values of the inertial dipole moment components are compared to those
obtained from the Stark spectra, revealing a fundamental error in the underlying
single-reference CCSD(T) potential energy surface.

The ro-vibrational a- (OH) and b-type (CH) stretching bands of the T-shaped OH-
C,H, complex reveal the effects of partially quenched electronic angular momentum.
A model is presented, which accounts for this quenching phenomenon upon complex
formation, along with a discussion of the expected He-solvation effects.
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We developed a home-made 1 meter long drift tube coupled to a time-of-flight mass
spectrometer. We will first use the competition between globular and helical
structures for a transmembranar peptide issued from the M2 protein of the influenza
virus to illustrate theoretical approaches developed to interpret experimental data. In
a second series of examples, we will address the influence of formation of complexes
on conformation. An unfolded to folded transition of a salivary intrinsically
unstructured protein upon binding to tannins will be discussed. Clusters of tannins
bound to the proteins have been identified, isolated and characterized. Finally, we
will show how a global strategy for identification of structures and study of folding
dynamics can include ion mobility spectrometry and gas phase spectroscopy. In
particular, results on action-FRET will be displayed for the first time.
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Electrons solvated with water molecules in the gas phase not only exhibit interesting
dynamics [1], but also a rich and multifaceted chemistry with small molecules. These
fundamental chemical reactions can be studied by Fourier transform ion cyclotron
resonance (FT-ICR) mass spectrometry [2].

Clusters of the composition (H,0),”, n = 30-100, provide an ideal medium to
investigate one electron reductions. Several molecules have been found to undergo
the first step of the Birch reduction, including acetonitrile [3], chlorobenzene [4], as
well as di- and trifluorobenzene [5]. In these reactions, electron transfer to the
incoming molecule is followed by proton transfer from the water cluster, reaction (1).
A neutral, hydrogenated radical evaporates from the cluster, leaving behind
OH'(H,0),,. With the halobenzene molecules as reactants, however, Birch reduction
competes with halogen abstraction, leading to formation of a hydrated halide ion,
reaction (2).

(H,0),” + M — OH'(H,0),, + MH' + (n-m-1) H,0 (1)
(H,0),” + XR — X'(H,0),, + R' + (n-m) H,0 )

Electron induced bond cleavage is also observed with methyl mercaptane CH;SH
and dimethyldisulfide CH3;SSCH; [6]. The products, however, differ from the
reactions with bulk hydrated electrons, presumably due to the reduced cage effect in
gas phase clusters.

Many molecules, e.g. O, and CO,, simply form hydrated radical anions. In these
cases it is particularly interesting to analyze the thermochemistry of the reaction with
nanocalorimetry [7]. These data in turn yield access to the hydration enthalpy of the
radical anion in bulk solution.

Hydrated electrons are not only destructive. They may also induce oligomerization
reactions, e.g. with acrylic acid, or the formation of five membered rings in the case
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of methyl acrylate [8]. The complex reaction sequence of the latter reaction only
became evident through the high mass resolution of the FT-ICR technique.
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According to IUPAC, a chiral molecule contains an atom, which holds a set of
ligands in such a spatial arrangement, which is not superimposable on its mirror
image [1]; this definition is a generalized extension to the asymmetric carbon atom.
Homo-chirality in Nature prefers L- over D-amino acids and L- over D-sugars [2].
Examining protein databases to look for post-translational modifications in proteins
revealed that from the 187941074 amino acids documented in the database, only 837
D-isomers were found among which about 79 % were alanines [3]. One can imagine
that far more chiral than non-chiral molecules exist. Chiral molecules are very
important in pharmaceutical research. In order to fulfill the FDA’s requirements for
admission of drugs in the US, specifications for the final pharmaceutical product
should assure identity, strength, quality, and purity from a stereo-chemical viewpoint
— being a lesson learned from the contergan (thalidomide) case in the 1960°s.
Chromatographic separation of enantiomers proved important to investigate the
teratogenic potential of thalidomide [4].

We focus on the role of chiral molecules at the border between chemistry and
physics, also in relation to the current attempts to measure parity violating effects in
molecular spectroscopy [5,6]. Parity violation in particle physics was first predicted
and shortly thereafter experimentally verified by various research groups [7-9]. It
was realized with delay that parity violation has an immediate consequence in
chemistry, namely that it introduces a tiny energy difference between enantiomers
isolated in the gas phase [10,11]. This implies that the heat of reaction for inter-
conversion between enantiomers is different from zero, although very small, e.g.
A, H° =~ 107 kJ/mol in case of CHBrCIF [12,13]. The energy difference between
two enantiomers results in slightly different spectra with small shifts, independent of
the spectral region considered. Various early attempts to measure those shifts in
NMR [14] and Méssbauer [15] spectra have been reported, however, none of those
with success. Optical spectroscopy in the infrared (and microwave) region are
considered to be more suited for measuring frequency shifts because the molecular
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system can be investigated under nearly isolated conditions; recent reviews
summarize our current understanding of the role of molecular parity violation [1,2].
We have shown, however, that the interpretation of line shifts require a deep
understanding of the high-resolution spectroscopy, including for example the
influence of nuclear spin on molecular rotation [16].

Chiral methane derivatives are discussed in relation to efforts for experimental proofs
of parity violation in molecules [1,2,17]. When a spectroscopic route is pursued
[1,2], the separation of the target compound into its enantiomers is mandatory. In the
past, the separation was achieved by fractional crystallization [17] — this method was
introduced at the beginning of stereochemistry when Louis Pasteur separated large
crystals of sodium ammonium tartrate using tweezers and a magnifying glass in
1848 [18].

Chromatographic separation of enantiomers is very difficult when large quantities (a
few gram) are involved. While a separation on an analytical scale (a few microgram)
is possible by using chiral stationary phases, there is no guarantee that a separation
can be achieved by up-scaling using the same chiral column material. The search for
column material, which facilitates such separation is of utmost importance but very
difficult. We report our achievements in this respect [19].

Most recently, CHBrCIF has been used to demonstrate the capability of gas-phase
Coulomb explosion imaging (CEI) for the direct determination of the spatial atomic
arrangement of molecules in the gas phase [20]. Next, the enantio-enrichment of R-
and S-CHBrCIF in large quantities is needed to demonstrate that COLTRIMS-CEI
(“cold target recoil ion momentum spectroscopy”) can be used to determine the
absolute configuration in a direct manner under isolated conditions. We will report
our most recent achievements towards this goal [21].
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Polarization-shaped pulses are applied in order to improve the two-photon excited
fluorescence contrast between two dyes by taking advantage of their molecular
fluorescence anisotropy. This is reported for rhodamine B (RhoB) and stilbene 3
(Sti3) in glycerol through altering their fluorescence contrast by phase-shaping of
perpendicular polarization directions.

1. Introduction

Fluorescence spectroscopy by multi-photon excitation enables to exploit nonlinear
and interference effects [1]. This allows particularly for three-dimensional imaging
by two-photon microscopy e.g. for conducting cancer diagnosis [2]. Polarization
anisotropy can moreover provide information about molecular orientation,
aggregation, and rotational diffusion, which is not accessible by other observables
[3].

Recently it has been demonstrated that phase-shaped laser pulses can be used for
selective two-photon excitation which yields higher contrasts than with spectral
filters [4]. Not only shaping of phase and amplitude but also full control including
polarization can be performed [5,6].

Here the selective excitation of two fluorescent dyes in glycerol by polarization-
shaped laser pulses is reported. The pulses consist of two orthogonal linearly
polarized sub pulses, where the phase of the horizontally polarized sub pulse is
optimized to excite one dye while the phase of the vertically polarized sub pulse is
optimized for the other dye. Due to fluorescence anisotropy the contrast between
both fluorescence signals can be altered by using a polarizer before the detector. This
method can be applied to improve imaging in medicine and biology.

2. Experiment

The laser pulses are delivered by a regenerative amplifier (RegA 9050, Coherent)
with a repetition rate of 284 kHz. The FWHM was set to 24.5 nm at a central
wavelength of 805 nm. The pulses were shaped by a spatial light modulator (SLM-
640, CRi) having two liquid crystal arrays with optical axes at £45° in a 4f-setup,
consisting of two diffraction gratings of 1200 lines/mm and two cylindrical lenses of
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250 mm focal length. The two arrays are used to generate two perpendicular linear
polarized independently shaped pulses. One half-wave plate (HWP) is issued to
compensate for different reflectivity in horizontal and vertical polarization. Another
HWP is placed after the SLM-640 to rotate the polarization from +45° and —45° to 0°
and 90°. This method of polarization shaping and its capabilities is described in ref.
[7]. The shaped pulses with pulse energies up to 400 nJ are focused with a f = 50 cm
lens into a cuvette filled with the dye solution. The fluorescence-signal is collected
by two lenses which focus the light on a spectrometer behind a polarizer. A third
HWP is used to measure the anisotropy. The pulses shapes are detected by recording
cross-correlation traces for 10 different positions of the third HWP [8]. Polarization
and anisotropy are calculated from cross-correlation traces and spectra, respectively.
The dye concentration was 4 mM for Sti3 and 0.04 mM for RhoB.

Both dyes show two-photon absorption around 805 nm with different spectral
slopes for Sti3 and RhoB. This enables to influence the fluorescence contrast by
phase-shaping. The dye emission was distinguished with a spectrometer and both
show high polarization anisotropy in glycerol. While the emission of RhoB has the
same polarization for all wavelengths, Sti3 has two overlapping emission bands with
perpendicular polarization [9,10]. This leads to a leap of the orientation curve around
460 nm. For the RhoB fluorescence and the longer wavelengths of the Sti3
fluorescence the principal axis of the polarization ellipse is parallel to the
polarization of the exciting laser pulses. The anisotropy of Sti3 is matched to that of
RhoB by selecting the range 520-540 nm. This condition is applied for polarization-
shaping.

3. Theory

The fluorophore molecules are randomly oriented in a liquid. Most of the photo-
excited molecules have transition dipole moments oriented close to the irradiating
light polarization. The fluorescence polarization direction is in most cases parallel to
the transition dipole moment, if the molecules do not lose their orientation by
rotation. Anisotropy is defined as
L AL-n

I, +21,
with the intensities /; and /, being the two components of the fluorescence signal
polarized parallel and perpendicular to the exciting light. /; and /. itself are composed
of the fluorescence components by the horizontally and vertically polarized part of
the laser pulse.
The contrast between the fluorescence signals (1}, [5) of two dyes is

(1)
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k(1 1) =2t 2
I +1,

The contrast depends on polarization orientation and anisotropy of the fluorophores.
The contrasts parallel and perpendicular to the polarization direction are & and kj.
The goal is to achieve a large difference

Ak(1,,1,) = [k (1, 1) =k (1, 1) - 3)

This value is dependent on the fluorophores and the applied laser pulses.

4. Results
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Figure 1: Pulse shape to excite Sti3 in horizontal and RhoB in vertical polarization
direction. On the left, intensity (solid line), ellipticity (dashed), and orientation
(dotted) is displayed. A 3-dimensional pulse representation is shown right hand.

To find pulse shapes leading to a high contrast, phases of the form
o(4) = Als -+ )

were written on the modulator for different wavelengths y. For each 1, the contrast &
was calculated by taking the integrated intensities of the RhoB and Sti3 spectra. This
was done separately for both modulator arrays. Due to the shape of the absorption
curves the Sti3 fluorescence is higher for shorter wavelengths 4, whereas the RhoB
fluorescence increases for longer 4o. The maximal contrast difference, a measure for
improved selectivity, is 0.3. The parameters used for polarization-shaping are A =
5-10° fs’, Ao = 792 nm for a horizontally polarized sub pulse to efficiently excite Sti3
and 4y = 816 nm for a vertically polarized sub pulse to excite RhoB. These
parameters were chosen to receive high contrast and similar intensities in both
polarization directions. The temporal shape of this pulse measured by cross-
correlation is shown in Fig. 1. Its emission spectra were recorded for different
polarization angles.
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For each direction the signal was integrated over the right part of the Sti3 spectrum
(520-540 nm) and the whole RhoB spectrum (560—-650 nm). The signals were
normalized by dividing by the maximal value before calculating the contrast. The
contrasts are shown in Fig. 2 in comparison to the contrasts of a linear polarized
pulse. While the contrast of the linear pulse stays almost constant for all angles the
contrast of the polarization-shaped pulse varies from —0.02 to 0.15. This exemplifies
the improvement of using polarization shaped laser pulses for two-photon
fluorescence.
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5. Conclusion

Improved fluorescence signal separation for two dyes with similar anisotropy was
demonstrated by using polarization-shaped pulses. This method could be applied for
imaging in biology and medicine.
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1. Introduction

The bimolecular substitution reaction of chloride and methyl iodine belongs to a
fundamental class of chemical reactions. In solution it is a very well understood
reaction serving as an essential everyday tool in organic and inorganic synthesis. In
contrast to the behaviour in solution the reaction shows many facets in the gas phase
which offer the possibility to distinguish solvent effects from the intrinsic dynamics.
The gas phase reaction has been investigated experimentally in a crossed beam
experiment [ 1] as well as by on-the-fly trajectory calculations [2].

In this contribution we employ quantum dynamical wave packet calculations to study
the SN2 reaction. Bond breaking and formation occurs on the subpicosecond time
scale and the associated energy redistribution among the internal molecular and
translational degrees of freedom is followed in detail. We inspect the dominant
reaction mechanism — the so called Walden inversion where the nucleophile attacks
from the backside under the inversion of the CH; group. We use specially designed
reactive coordinates which allow for an efficient description of the reaction,
including the role of the spectator mode (CH; umbrella motion). It is known from
experiments [1] and theoretical studies [2] that in this direct rebound mechanism the
reactivity is suppressed even though there is no net barrier. The quantum dynamical
calculations show that the reaction is not sufficiently characterized by the stationary
points on the potential energy surface (PES) but by its dynamical properties.

2. Theoretical approach

For the quantum dynamical description of the reaction to be possible a set of suitable
reactive coordinates has to be chosen. A full dimensional description would involve
15 degrees which is not treatable by a direct spatial discretization. A collinear
geometry as depicted in Fig. 1 is chosen which implies a strict C;, symmetry. For the
collision of the chloride and the methyl iodine the most important coordinates are the
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iodine-carbon distance (r¢;) and the chloride-carbon distance (rcc)). During the
reaction the angle of the H-atoms in the CH3 group (®) also changes (umbrella
motion). With this set of coordinates a quantum dynamical calculation on a regular
spatial grid would already be possible but not very efficient. This choice would also
include regions on the potential energy surface which are of no relevance at collision
energies below 3.5 eV. The molecular coordinates r¢y, rccj, and ® are thus expressed
as functions of a set of new reactive coordinates called q;, q,, and q; by a unique
transformation. The coordinate q; represents the intrinsic reaction coordinate (IRC).
The coordinate q, describes a parallel shift of the IRC path in the r¢j-rec plane. The
third coordinate coordinate qs is related to a parallel shift of the IRC path along ®.
To carry out the wave packet calculations the time dependent Schrodinger equation is
solved numerically on a spatial grid. The IRC path and the involved PES is
determined in a quantum chemical calculation (MP2/ECP46MWB/aug-cc-pVDZ).

rc-i

0
Figure 1: The geometry for the gas phase collinear collision reaction of methyl
iodine and chlorine. The figure shows the choice of coordinates which are of major
importance for the reaction: The CCl and the CI bond are directly involved in the
bond formation and bond cleavage process. The angle of the Hydrogen atoms O is
called umbrella motion. It follows the reaction and undergoes and inversion.

3. Results

In previous experiments a suppressed direct reaction has been observed [1] for
relative energies below 0.5 eV. With the model explained in Sec. 2 it is possible to
observe the direct collision dynamics. Processes which are due to rotation or the
energy redistribution in internal degrees of freedom other than the CI bond are not
included. Under experimental conditions those excluded effects lead to trapping in
the anion-dipole complex and increase in the overall reaction probability but on a
much longer time scale which is dominated by the rotation of the complex. The
presented reaction probabilities have to be considered as a relative measure.
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In Fig. 2 the reaction probabilities for different relative energies are shown. Even
though there is no net barrier in the system about 0.55 eV is required to obtain a 50
% reaction probability. Experimental results show a similar qualitative trend. For
smaller energies the major part of the wave packet is reflected back since the
coupling between the CCl bond and the CI bond is not sufficient. To study the
influence of the umbrella mode on the reaction, this mode can be included in the
model as active coordinate (3D) or as a relaxed coordinate (2D). Comparison of the
reaction probabilities of both models against each other shows that the reaction
probabilities are shifted to smaller relative energies. However no fundamental
difference in the mechanisms could be found. It can be concluded that the umbrella
mode serves as a correction to the quantitative description.

Moreover from the analysis of the propagated wave packets an intuitive concept of a
dynamical barrier can be derived. By looking at the time dependent position
expectation values of the transmitted wave packet it becomes clear that the major
part of the wave packet has to overcome a significant barrier on the multi-
dimensional PES. We define the dynamic barrier as the maximum of the projection
of the wave packet path onto the potential. The height of the dynamic barrier scales
linear with the relative collision energy. The dynamic barrier reflects the dynamical
reaction path and adapts the familiar concepts of stationary points on the PES like a
transition state to dynamics.

100 - -
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Figure 2: Calculated relative reaction probabilities for the direct rebound
mechanism versus relative energy. A main feature of the reaction is the suppressed
reactivity of the reaction. This feature is qualitatively reproduced in the 2D model of
the direct reaction (black, solid line). The comparison with the 3D model shows the
influence of the spectator mode (grey, solid line): The reactivity is slightly increased
(shifted by = —0.2 eV).
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4. Conclusion

We have shown wave packet calculations in a reduced dimensionality model which
resolves the direct rebound mechanism and reproduces its main features. A novel
concept for the representation of the direct usage of the reaction path and its parallel
shifts allows for a efficient description on a spatial grid covering a limited energy
range of interest on the PES.
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1. Introduction

The international experimental fusion reactor ITER is being built in the south of
France. Its aim is to demonstrate the usability of fusion for commercial energy
production. ITER will be the first fusion machine to ever produce net energy, with a
goal of delivering ten times the energy it consumes.

The interaction of a fusion plasma with the walls of its containing vessel will
however constitute one of the key challenges in the successful realization of a future
fusion power plant. A profound knowledge about sputtering yields of plasma facing
components under the impact of fusion relevant ion species is hence desired. The
evolution of plasma facing materials like beryllium in the environment of a burning
fusion plasma, especially also the mixing of materials, is of considerable interest. In
addition, also the retention of hydrogen isotopes in plasma facing components is of
major concern. Particularly the build-up of a tritium inventory within the plasma
vessel imposes operational limits due to safety considerations.

ASDEX Upgrade was the first fusion machine to operate with a full tungsten wall
[1]. In order to reduce the power loads to the divertor target plates at the bottom of
the machine to acceptable values, radiation cooling is essential [2]. With the
elimination of carbon as a plasma facing material in an all-metal wall fusion device
however, radiation cooling from intrinsic impurities does no longer suffice and has to
be replaced by the seeding of additional impurities [2]. In ASDEX upgrade nitrogen
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seeding with feedback control has successfully matured into a standard operational
scenario [1].

In this work we present detailed studies of the interaction of N as well as deuterium
ions with a Be surface. On the one hand we investigated transient surface conditions,
where one can observe the build-up of a surface layer containing N and D
respectively. In addition we also studied steady state conditions, where the formation
and the erosion of this modified surface layer is in dynamic equilibrium.

2. Experimental setup

We investigated total sputtering yields of BE surfaces at IPP Garching using a highly
sensitive quartz crystal microbalance (QCM) technique developed at TU Wien [3-4].
The centerpiece of the setup is a stress compensated (SC) cut quartz crystal, which is
driven at its thickness shear mode in series resonance at a resonance frequency of
about 6 MHz. One side of the quartz crystal is coated with a 500 nm thick Be layer.
The Be surfaces are fabricated by thermionic vacuum arc deposition at the National
Institute of Laser, Plasma and Radiation Physics in Bucharest [5]. They were
transferred in air before being installed in a vacuum chamber for sputtering yield
investigations. The Be samples used in our studies thus exhibit a native oxide layer
on the surface.

Total mass changes of the target film are determined from a change in resonance
frequency of the quartz crystal according to the relation Aff = -Am/m [6]. In our
experiments the sputtering yield is derived from the slope of a fit to the frequency-
change curve with fluence.

In order to minimize influences of temperature changes during ion bombardment on
the resonance frequency of the quartz crystal, measurements were always conducted
at 192°C, which is a temperature where the resonance frequency of the quartz is least
sensitive to temperature fluctuations. A sophisticated electronics permits the
detection of mass changes of as small as 0.2 amu/ion-nA/cm’ [3], corresponding to
mass changes of approximately 5-10” Be monolayers per second.

A schematics of the experimental setup can be found in figure 1. The quartz is
mounted on a sample holder in a UHV chamber at a base pressure of approximately
1-10” mbar. It is equipped with a faraday cup for frequent ion current density
determination in between surface sputtering.
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Figure 3 Schematic of the experimental setup (not to be scaled)

The N,  as well as D," ions used in our studies were produced in an electron impact
ion source (SPECS IQE 12/38). The source is equipped with a Wien filter, which is
used to select a specific mass from the extracted ion beam. By means of two lenses
and a pair of deflection plates, the extracted ion beam is guided and focused onto the
sample position in the experimental chamber. By applying AC voltages of different
frequency to the deflection plates, the beam is rapidly scanned over the whole active
area of the crystal in order to guarantee an accurate determination of the ion current
and to avoid mechanical stress due to non uniform mass removal.

3. Results

In-situ and in-real-time investigations of the total sputtering yield of Be surfaces
under N,” and D," ion impact respectively were conducted under controlled
laboratory conditions. In particular the evolution of the mass change per incident
projectile, as a function of the applied cumulative ion fluence was determined for
both ion species.

When bombarding a virgin Be sample by 5 keV N," ions (corresponding to. 2.5 keV
per N constituent), one finds that the observed rate of mass change depends strongly
on the applied ion fluence (at constant flux). This is most significant for very low
fluences. The interaction of the N projectiles and the Be surface is first dominated by
a high net erosion. This fast mass loss can most likely be attributed to the removal of
loosely bound adsorbates. It is followed by a net mass increase due to dominant N
implantation. After some 10" N per cm’ have been applied to the surface,
equilibrium surface conditions are established, i.e. the net mass change per impinging
ion is furthermore independent from the ion fluence. In steady-state a net mass
decrease is observed. This behavior can be ascribed to the formation of a Be nitride
surface layer within the ion penetration range as it has been observed in recent
studies [7].
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Subsequently, sputtering yields of the so-formed Be nitride layer under steady state
conditions, i.e. were the formation and the erosion of the modified surface layer is in
dynamic equilibrium, were in investigated for different N, projectile energies.

In a similar way experiments using D, ions were conducted. The evolution of the
mass change per incident D projectile was determined for both, a previously N
saturated Be nitride surface as well as a virgin Be sample. In both cases for low D
fluences again a regime of net mass increase is observed, as a result of dominant D
implantation. Steady state surface conditions are reached after an accumulated ion
fluence of more than 10" D per cm®. For the virgin Be surface approximately twice
the fluence is needed to reach steady state as in the case of the Be nitride surface.
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1. Introduction

How molecules point in space—that is, their spatial orientation—determines how
they interact with their environment. Exchange of energy, photons, and particles as
well as chemical reactions are all elementary processes that depend on orientation.
Electron transfer reactions are of particular interest because of their importance in a
remarkably wide range of phenomena.

In this work, we examine electron transfer reactions at surfaces, which control the
change of oxidation state in surface chemistry, a critical factor understanding
catalytic activity and selectivity.

Two different approaches are presented. In a first experiment we studied the
incidence translational energy dependence of steric effects in electronically non-
adiabatic collisions of NO(v = 3) molecules with a Au(111) surface." We employed
a recently developed technique to orient beams of vibrationally excited NO
molecules at incidence energies of translation between 0.08 and 0.89 eV

We find a strong orientation dependence for vibrational relaxation of a diatomic
molecule colliding with a metal surface, an energy transfer process driven by
electron transfer. These observations represent a challenge to modern theories of
surface chemistry.

In a second approach we investigated the relaxation mechanism of electronically
excited molecules at surfaces. For this, we combined a Stark decelerator with a
molecular beam-surface scattering setup and investigated the quenching of
metastable CO* (a’IT) at a clean Au(111) surface.” We further studied the effect of
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surface coverage on the relaxation process and found a strong correlation between
the coverage and the emission of surface electrons.

2. Experimental

The results presented here have been produced on two different experimental setups.
Steric dependence studies of the vibrational relaxation probability of NO(v = 3) in
collisions with a Au(111) surface have been performed on a typical molecular beam
surface scattering apparatus equipped with a high voltage orientation electrode
shown in Fig. 1.
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Figure 4: Experimental setup of the orientation experiments. The molecular beam
originates at the nozzle on the left side of the experiment. The high voltage electrode
is mounted close to the surface enabling orientation of NO molecules employing the
linear Stark effect.

Measurements on electronically excited CO have been carried out on a UHV surface
scattering chamber combined with a Stark decelerator as depicted in Fig. 2. A
decelerated molecular beam pulse of metastable CO molecules is scattered from a
Au(111) surface. The surface can be temperature controlled between 25 K and 1000
K and the chamber is equipped with a temperature programmed desorption (TPD)
device. This allows a controlled coverage of the surface with a variety of different
adsorbates.
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Figure 5: Cutout of the experimental apparatus of the metastable CO experiment.
The molecular beam is produced at the nozzle (red) and passes hexapole (green) and
decelerator (orange) before entering the UHV chamber. The Au(l11) surface is
mounted to a movable sample holder (orange) and can be temperature controlled
between 25 K and 1000 K.

3. Results

Both studies investigated the influence of the scattered molecules’ incidence
conditions on the relaxation process.

The results obtained by scattering vibrationally excited NO from Au(111) clearly
suggest a relaxation mechanism that strongly depends on the orientation of the
colliding molecules: The survival probability of NO(v = 3) is drastically reduced
when the NO molecule hits the surface with the N-atom first. See Fig. 3.

In contrast, the influence of the CO* molecule’s incidence conditions on the
relaxation mechanism in metastable quenching on Au(111) is much weaker. No
incidence translational energy dependence could be observed. However, the
composition of the surface drastically affects the electron emission during the
quenching process. Even a monolayer of an adsorbed rare gas can increase the
electron emission yield by a factor of ~3.5.
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Figure 6: Vibrational state distributions of: 1) scattered unoriented NO(v=3) (green
bars), 2) NO(v=3) with an incidence orientation of O-atoms pointing towards the
surface (red bars), and 3) NO(v=3) scattered with an incidence orientation of the N-
atoms pointing towards the surface (blue bars) from a Au(111) surface.
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The dissociation of water on transition-metal surfaces plays a major role in
heterogeneous catalytic reactions, like steam reforming or the water-gas-shift
reaction. Despite this importance no experimental studies on the dynamics of the
dissociative chemisorption of water on metal surfaces have been reported. However,
ab-initio work of several groups predicts vibrational activation of the dissociative
chemisorption of water on Cu(111) surfaces'™.

In our study, we combine a molecular beam/surface science apparatus with powerful
continuous wave (cw) infrared lasers to investigate the influence of selective
vibrational excitation on the chemisorption of D,O on a Ni(111) single crystal
surface. A molecular beam of water with well defined speed is sent to the solid
surface. Before the collision the water molecules are excited to specific rovibrational
states with one quantum or two quanta of O-D stretch by double-resonance laser
excitation. Auger electron spectroscopy is used to quantify the dissociative
chemisorption probabilities at a surface temperature above the desorption
temperature of molecular water. The dissociation probability of water on Ni(111) is
greatly increased if the molecules are prepared in v=2 by rovibrational excitation. To
the best of our knowledge, we present the first experimental proof of vibrational
enhancement of water dissociation on a metal surface.

The results of this study will help to clarify the role of vibrational energy transfer in
the dissociation of water on metal surfaces and will serve as a stringent test for
theoretical studies and hence contribute to a detailed predictive understanding of the
mentioned processes.
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1. Introduction

Electron attachment and the consequent formation of anions have been and remain at
the focus of interest in the field of electron-initiated chemistry. Such resonant
processes occur at well-defined incident electron energies and are thus easily
recognized among the different electron-molecule interaction mechanisms [1,2].
Also, dissociative electron attachment (DEA) can be highly selective, i.e., lead to
rupture of specific bonds within a molecule [3]. However, electron impact ionization
near threshold where formation of the intact molecular radical cation dominates or
the number of fragmentation channels is still limited can also initiate well-defined
reactions. This is even highly appealing because the intact radical cation is the largest
possible reactive species and thus can induce syntheses that may be classified as atom-
efficient and are relevant to areas as diverse as surface functionalisation and
astrochemistry [4]. This contribution reviews typical radical cation reactions as
known from organic chemistry [5] and their relevance to the study of electron-
initiated chemistry in the condensed phase [4].

2. Radical cation chemistry — an overview

The reactivity of radical cations has been reviewed previously from the perspective
of organic synthetic chemistry [5]. Radical cations in their ground states are formed
near the ionization threshold by removal of an electron from the HOMO of closed-
shell molecules which may have o-, -, or non-bonding (n) character and defines the
site within the molecule from which the charge is removed, the so-called
electrophore. Typically, ionization from m and n orbitals can produce an intact
molecular radical cation and is thus of interest for synthesis while ionization from a
orbital leads to dissociation of the respective bond.

Besides bond dissociation, radical cations undergo different types of reactions
relevant to electron-initiated synthesis (Fig. 1). Of particular interest are
cycloadditions and the addition of the radical cation to a nucleophil as these can
couple a given reactant to a variety of other molecules. Recombination of the radical
cation with another radical is likely if concurrent ionization processes lead to both
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the intact molecular radical cation and a cation and radical pair. Recombination of
the radical cation with the molecular radical anion [M]", however, is unlikely as the
latter is usually formed only at near-thermal E, and thus considerably below the
threshold for ionization and consequent formation of [M]™". It would require the low-
energy secondary electron released upon ionization to be trapped by an adjacent
molecule yielding [M]".

A particular property of organic radical cations is their strong acidity. This can lead
to proton transfer in the condensed phase and should also be considered when
explaining the outcome of an electron-induced reaction.

Generation of radical cation:
OAB —%., @AB
Decay of the radical cation:
©AB —— (DA+B* or (D-A+B* Dissociation

&AH —— OA+H Deprotonation
®AB — - @BA Rearrangement
GAB or_‘:e. @AB o OAB Electron transfer

Reaction with closed-shell molecules:
@&AB+Nu —— ﬁu-G)—A—B Attack of nucleophil
@AB + CD — . Cyclicproduct  Cycloaddition
@AH+Nu — . (A +HNu Protontransfer

Reaction with second reactive intermediate:

&AB+R — R{&AB Radical attack

26>A-B — s (OAB@ Dimerization

@AB + RA* — - RAQAB Reaction with
radical anion

Figure 1: Schematic of typical reactions of radical cations. The circle refers to an
electrophore of either m- or non-bonding character.

3. Chemical synthesis initiated by electron impact ionization [4]

An example for a reaction of an intact molecular radical cation with a nucleophil is
the formation of ethylamine (C,HsNH;) in condensed mixtures of ethylene (C,Hy)
and ammonia (NH;). The reaction is driven by strong Coulomb forces between
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adjacent molecules arising after ionization (Fig.2). Here, because of similar
1onization thresholds, both reactants can acts as either the radical cation or the
nucleophil. The stable neutral product then results upon neutralization of the
ethylamine radical cation by recombination with thermalized electrons present in the
molecular layer during electron exposure:

> 1P

+o
NH —_— NH C,H .
3 - 3 % H NH;
H H
H H sp H + H NHg H H
H H -¢€ H H l o
H NH,
H H
H H

Figure 2: Radical cation reaction with a nucleophil explaining the electron-induced
formation of ethylamine from ethylene and ammonia.

Proton transfer resulting from the strong acidity of radical cations can also explain the
formation of specific products. As an example, 2-propanol was detected following
electron exposure onto condensed layers of acetaldehyde (Fig. 3). Here, ionization leads
to proton transfer to an adjacent acetaldehyde and dissociation of the remaining
[H;CCO]J fragment to CO and a CHj; radical. The radical can then add to the protonated
acetaldehyde yielding the 2-propanol radical cation. Neutralization by thermalized
electrons then again yields the final product.

+o

P > IP

HyC — He4
H =€ H
o H_.O0" TH o
Hac—/< T — H_-,C—</ + °F
H CH; H CH,
l-co
H\ H\ +o %
” 0 olH
/4
H30+H -— H30+H -— H3C—< + .cH,
CHy CH, H

Figure 3: Proton transfer reaction explaining the electron-induced formation of 2-
propanol from acetaldehyde in condensed molecular layers.
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Finally, electron-impact ionization of hexamethyldisiloxane = (HMDSO,
(CH;);SiOSi(CHs)s) yields [HMDSO-CH;]" as dominant fragment at least within the
first 10 eV above the ionization threshold. The undercoordinated cationic Si site of
[HMDSO-CH;]" can react with further HMDSO to form an intermediate with trivalent
and positively charged oxygen which eliminates tetramethylsilane (Si(CHj)y4) to yield a
longer linear siloxane cation (Fig. 4).

\Si’O‘Si/ >|P \S_,O\S_V
- 5 i i
NS eecH, TN
\_ O 4+
/Si\ Si >S< \, i/ \Si/ ESi/
| (o] o’ \ - Si(CH,), O/ ‘ot N\
T -V -
\S"O\S'/ /]'\‘ \'\ /N
1 |
N SO O
AT

Figure 4: Cation reaction explaining the electron-induced formation of larger siloxanes
Sfrom HMDSO.
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The dissociation of diatomic molecules is an important topic for different
areas of research, like chemistry and astrophysics and quantum information.
Particularly, it is a possible means of obtaining the so called “twin atoms”, that will
share some coherence between them because they are linked to the same molecular
state. Detection of their spin coherence may allow such basic quantum mechanics
tests in the same way that it is done for twin photons[1]. For instance, this has been
pursued with the use of van der Waals molecules such as Hg, [2]

The superexited states of the H, molecules have been shown to be good
candidates to perform twin photons experiments, using the dissociation in twin H(2p)
atoms with subsequent emission of correlated Lyman-a photons [3]. Since spin
analysis of H(2s) atom can be achieved through the use of Stern Gerlach
interferometry [4], it is legitimate to investigate the dissociation of superexited states
of the H, molecule in pairs of twin spin-polarized H(2s) atoms.

We present the first step of this study where we have revisited the
dissociation of H, molecules excited by electron impact. The electron beam is
produced by a high intensity, pulsed electron gun, and can have energies ranging
between 30 to 200 eV. A cold H, molecular beam is obtained by supersonic
expansion through a Campargue nozzle, in order to keep internal degrees of freedom
at a low temperature and to obtain a high intensity flux. We have addressed
dissociation by electron impact, rather than by photodissociation, in order to avoid
limitations imposed by the selection rules governing the radiative transitions,
encountered in previous experiments. With one detector, placed several centimeters
away from the collision centre, one can analyse the neutral fragments as a function of
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their time-of-flight (TOF) through Lyman-a detection. Measurements with two
detectors show evidence of coincidence of pairs of H(2s).
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A standard way of probing nuclear motion in molecules is by a time-resolved
ultrafast spectroscopy. Resonant electron scattering on molecules provides and
alternative tool of obtaining the dynamical information — it is encoded in cross
sections for individual scattering channels. This results from the fact that a typical
lifetime of an electron-molecule compound state (transient negative ion, resonance)
with respect to electron autodetachment is in the order of picoseconds - timescale
directly comparable with the timescale of intra-molecular motion. The resonant
potential surface is often dissociative and the geometry distortion prior to the electron
detachment leads to the vibrational excitation of the molecule. If the geometry
distortion goes beyond the crossing point where the electron starts to be bound the
detachment channel is suppressed and the resonance decays via producing negative
ion and neutral radical. This channel is called dissociative electron attachment
(DEA). The individual VE and DEA cross section thus reflect the position of atomic
nuclei in the various stages of molecular dissociation.

In this contribution, we focus on small molecules where the incoming electron is
captured into a vacant w* orbital of the target molecule and where the dissociation is
provided by the symmetry lowering of the transient negative ion (n*/c* mixing
mediated by vibronic coupling). A prototype molecule for such behavior is acetylene
C,H,, where the dissociating hydrogen atom follows an out of line trajectory.
Replacing one hydrogen by a methyl group (methylacetylene) provides three more
possibilities for an abstraction site and opens an intra-molecular competition between
symmetry and proximity: the abstraction of acetylenic hydrogen has to be mediated
by vibronic coupling, whereas abstraction of methyl group hydrogens is allowed
without such symmetry lowering. However, the later ones are spatially further from
the resonance centered on the C=C bond. The experiments with partially deuterated
methylacetylene show, that it is the acetylenic C-H bond which is dissociative which
indicates a strong effectivity of vibronic coupling.

An interesting situation arises in formic acid HCOOH where where two dissociation
mechanisms are a priori possible: the one mediated by n*/c* mixing or the one
where direct dissociation proceeds following electron attachment into o*(OH)



2014 125

orbital. Experiments with isotopically substituted isomers shown that the second
process is actually operative here [3].

(a) | . G TR B I
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Figure 1. DEA cross sections for the abstraction of an H atom in acetylene
(multiplied by one half), methylacetylene and partially deuterated methylacetylene.
(b) and (c) The lowest unoccupied ©* orbitals of acetylene and methylacetylene,
respectively, demonstrating the symmetry character of the resonant wavefunction.
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Over the last several years, we have used cold, linear RF-ion traps to measure
electronic and vibrational spectra of large biomolecular ions produced in the gas
phase by electrospray [1]. In these experiments, we monitor the absorption of IR or
UV radiation by action spectroscopy, in which we detect fragment ions generated
upon UV excitation using an analyzing quadrupole. While helium buffer-gas cooling
to ~10 K removes the spectral complexity arising from thermally populated
vibrational states and narrows the rotational state distribution, the spectra of large
molecules can still exhibit considerable complexity arising from the distribution of
conformational states trapped at low temperatures. These kinetically trapped
conformations, which will not relax upon further cooling, may contain memory of
the conformation of the molecules in solution.

To further simplify the complex spectra of large molecules, we would like to separate
different conformational states of the molecules before injecting them into a cold ion
trap. Our first approach has been to use Field Asymmetric Ion Mobility
Spectrometry (FAIMS) for conformational preselection, which separates ions on the
basis of the difference in their mobility at high and low electric fields. Applying this
approach to the 9-amino acid peptide Bradykinin, we have shown that after
conformational selection, we can cool and trap molecules without extensive
conformational scrambling [2], although the resolution in distinguishing
conformations was limited.

To be able to increase our ability to resolve conformational states before injecting
them into our trap, in collaboration with David Clemmer’s group we have recently
added to our cold-ion spectrometer a stage of drift-tube ion mobility separation [3],
which allows us to sort molecules according to their orientationally averaged cross
section. At the same time we have designed a cold, planar RF ion trap that is directly
coupled to a time-of-flight mass spectrometer, which we use after ion-mobility
separation. The combination of these techniques should allow us to further simplify
the spectra of large, complex molecules as well as investigate of correlation between
gas-phase and solution-phase structures.
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A universal method has been developed for measuring spectra of molecular ions in a
22-pole radio frequency trap at 5 K. It is based on laser induced inhibition of
complex growth. The first successful measurements have been demonstrated on the
AT, -XX g+ electronic transition with some thousand N,' ions, helium densities
of 10" cm” and storage times of 1 s. The reduction of the number of N, —He
complexes is the result of an interplay between excitation, radiative and collisional
cooling, ternary association and collision induced dissociation. The electronic
spectrum of N, " could be recorded in spite of a ternary rate coefficient of only 107"
cm®s ™! for N," —He formation.

The technique is universal, because complexation of ions with helium can be
impeded over a wide wavelength range. Depending on the molecule and the detailed
kinetics of interest, the experimental parameters have to be adjusted: laser power,
temperature, density and storage and interaction time, leading up to 10'° collisions. In
the case of larger ions, internal conversion following electronic excitation forms
“hot” ions, reducing the attachment of helium and thus making the method
applicable.
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CO; ice is one of the most abundant components in ice-coated interstellar dust grains,
besides H,O and CO. Yet, the most favorable path to CO, ice is still not fully clear.
Among the three possible routes,

HCO+0—-CO,+H, CO+0OH—CO,+H and CO+ 0 — CO,,

the one where a CO molecule reacts with an OH radical is the obvious one when the
OH radicals are produced by photodissociation of water molecules.

Molecular dynamics calculations on different kinds of CO-H,0 ice systems have
been performed at 10 K in order to demonstrate that the reaction between CO and an
OH radical resulting from H,O photodissociation through the first excited state is a
possible and plausible route to form CO; ice.

Our calculations [1], which take into account different ice surface models, suggest
that there is another product with a much higher formation probability
((3.00+0.07)x107?), which is the HOCO complex, whereas the formation of CO, has
a probability of only (3.6£0.7)x10™*. The initial location of the CO is key to obtain
reaction and form CO,: the CO needs to be located deep into the ice. The HOCO
complex becomes trapped in the cold ice surface in the trans-HOCO minimum
because it quickly loses its internal energy to the surrounding ice, preventing further
reaction to H + CO,.

Several laboratory experiments have been carried out recently [2] and they confirm
that CO, can also be formed through other, different routes. Here we compare our
theoretical results with the data available from experiments studying the formation of
CO, through a similar pathway as ours, even though the initial conditions were not
exactly the same [3].
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Our results show that also the HCO van der Waals complex can be formed, but now
through the interaction of a CO molecule with an H atom that is also formed as a
product of H,O photodissociation. Thus, the H + CO reaction can be a possible route
to form HCO ice and, provided there is a source of atomic oxygen, also to form CO,
ice.

Finally it is realized that the bombardment of water molecules with energetic H
atoms resulting from the photodissociation process, provides an additional source of
OH radicals through the

H,O + H — OH + H, reaction. This channel was not taken into account in our MD
simulations since all water molecules but the dissociating one were treated as rigid
rotors. The secondary OH radicals have a translational and rovibrational energy
distribution that differs from the primary ones.

Furthermore yet another OH radical may react with a trapped HOCO radical and still
lead to the formation of CO, (and H,O). It was shown that in gasphase the reaction
has a high probability.[4] This route would bring theoretical and experimental
formation rates in agreement and is subject of current investigation.

In our original calculations [1] for the OH CO interaction the LTSH potential energy
surface [5] was used. Recently it was found that a newer potential energy surface [6]
gives rather different outcomes for the enhancement of the gas phase reactive cross
section by OH vibrational excitation. Also these effects on our model will be
discussed.
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1. Introduction

To disentangle spectra of complex or fluxional ionic molecular species mass-selection
and cooling of the ions is essential. This is fulfilled in low-temperature ion trapping
experiments in which a multipolar ion trap (22-pole trap) guarantees relaxation to low
temperatures. Due to the low number of trapped ions (~10000), some sort of action
spectroscopy has to be applied, laser induced reactions (LIR) being the main
workhorse in our group.

As an alternative pathway, at temperatures below 10 K attachment of helium atoms to
the stored ionic species can be exploited for spectroscopy. While traditionally tagging
of ionic species with rare gas atoms enables predissociation IR spectroscopy of the
complex, narrow-band excitation of the naked species prior to tagging can hinder or
slow down the attachment process. This has been termed 'laser induced inhibition of
complex growth', LIICG, and successfully tested in our laboratory on different ionic
species. Advantages of LIICG are operation at the lowest temperatures obtainable with
commercial cryogenic refrigerators (4K) and in particular its general applicability to
any ion.

LICG has been demonstrated so far in our group for the rotational spectroscopy of
HCO" and CO", the rovibrational IR spectroscopy of CHs" [1] and CD,H’, as well as
the electronic spectroscopy of N," in the group of John Maier in Basel [2]. In this
contribution, we shall mainly concentrate on the rovibrational spectroscopy of CD,H".
The very high resolution and accuracy obtained by the combination of low
temperature, narrow-band IR radiation and calibration by a frequency comb [3] allows
predictions of rotational transitions with microwave accuracy.

2. Experimental details

For the measurements two recently completed tandem mass spectrometric 4K 22-pole
ion trap machines have been used, one of them described in detail in [1] and sketched
in the figure below. For the spectroscopy of ionic species A", a precursor gas is ionized
in a storage ion source, the generated A" ions mass-selected in a first quadrupole mass
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spectrometer, and about 10000 of them injected into the 3.7 K 22-pole trap constantly
filled with about 10'* cm™ helium. Within a trapping time on the order of 500 ms up to
several 1000 A'-He species can be generated. This attachment is then hindered by the
exciting mm-wave radiation (multiplier chain) or IR radiation (1W 3pum OPO) entering
the machine through appropriate windows (diamond or CaF,) and traversing the trap.
To obtain a spectrum, the second quadrupole mass spectrometer is adjusted to the mass
of A"-He, and the resulting counts recorded as a function of radiation frequency.

COLTRAP
Cologne lon Trap

3. rotational LIICG-spectroscopy of CO" and HCO"

As a test case for rotational LIICG spectroscopy the well-documented transitions N;
=0, — 13 of CO" at 118.1 GHz and J=0-1 of HCO" at 89.2GHz have been detected.
The decrease of A"-He counts observed on resonance is on the order of 5%, requiring
complete kinetic modeling for a full understanding. At the moment, the width of the
lines is dominated by pressure broadening. Investigation of unknown rotational
transitions (e.g. CD,H", see below) will follow.

4. vibrational LIICG-spectroscopy of CD,H"

CDs;H precursor gas (Cambridge Isotope Laboratories, Inc.: Methane D3, 98%) has
been used for the production of CD,H". CD,H" is a planar asymmetric top with Cay
symmetry, and the spectroscopy of its v, band centered around 3066 cm™ was
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pioneered by Oka 20 years ago in a discharge tube [4]. Due to the low temperature
conditions of LIICG only about 16 lines from the lowest J=0,1,2 states could be
detected, the transition 1g;«—1,y for the first time. The figure below shows a stick
spectrum of the measured lines together with a detailed view of the band center
11;<=0g. Its center frequency has been determined in this work to
(3066.112466+0.000013) cm™ by multiple measurements with a frequency comb [3].
Both the width of the measured lines as well as the rotational population indicates that
the ions have a temperature below 12K, as also found in the case of CHs' [1].
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5. Outlook and Summary

To access higher J-states, LIR of CD,H" at elevated temperatures will be applied. As in
the case of CH,D" [5], the high signal-to-noise ratio of LIR enables accurate IR
measurements yielding rotational predictions with sub-MHz accuracy. These rotational
transition frequencies can then be confirmed and refined by applying rotational LIICG
as demonstrated for CO" and HCO". After the tentative detection of CH,D" in space
[6], this makes a search of interstellar CD,H" feasible in the future.

The apparent general applicability of LIICG to any bare cation and to any sort of
spectroscopy (rot/rovib/electronic) opens up many new pathways. In particular, LIICG
makes rotational spectroscopy of mass-selected cold cationic species feasible, which is
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not possible in discharge experiments. The application of LIICG to anions will be
tested in the future.
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1. Introduction

Astronomical observations and space missions to planets within our Solar System
have shown that the interstellar medium (ISM) as well as the atmosphere of some
satellites (e.g. Saturn’s moon Titan) host a large variety of molecules with an
increasing degree of complexity [1] and the characterization of their formation
mechanisms can help to understand the formation of solar systems. In addition to the
heterogeneous chemistry occurring on the surface of ice grains in molecular clouds,
gas-phase chemistry can play an important role in “post-processing” the organic
material liberated from the grains, especially when highly reactive species such as
ions are involved. Ions, as well as excited species, can form in some particularly hot
regions of the ISM as well as in the ionosphere of planets.

In the past we have investigated the formation mechanisms of aromatic, polycyclic
aromatic and carbon ring chains by studying ion-molecule association reactions
leading to the formation of new C-C bond between phenyl, ethyl, naphthyl and
biphenyl cations with neutral arenes [2]. In this contribution we describe recent
results on two different topics:

a) reactions of radical cations with neutrals of relevance for the formation of species
containing C, H, N and O atoms in the ISM

b) reactions of unsaturated nitrile cations with other nitriles, of relevance for the
synthesis of CN containing species in Titan’s atmosphere.
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2. Experimental approach and results

Ion-molecule reactivity is investigated using tandem mass spectrometric techniques,
and different types of ion sources are used to control the amount of internal
excitation during production of the molecular ions. Branching ratios of ionic products
and absolute values of reactive cross sections as a function of the collision energy
can be measured. In some cases photoionization via synchrotron radiation is used to
generate cations with a known amount of internal energy and measure their reactivity
using the “reactive monitoring” technique [3].

a) Reactions of ions with neutrals of relevance for the formation of C, H, N and
O containing species

Several organic compounds have been detected in the ISM, among them unsaturated
hydrocarbons, carboxylic acids, aldehydes, ketones, alcohols, nitriles and cyanides.
Reactions between ions and neutrals containing C, H, O and N atoms are of
paramount importance in the context of exobiology, since they may lead to the
synthesis of prebiotic building blocks and hence biomolecules. We have focussed our
attention on reactions involving radical cations of the simplest carboxylic acids
detected in the ISM (HCOOH and CH;COOH) and the simplest nitrile (CH;CN)
reacting with the corresponding neutrals and the smallest unsaturated hydrocarbon
(C,Hy). In particular we have investigated the following reactions:

CH;CN" + HCOOH (1)
CH;CN" + CH;COOH )
CH;CN™ + C,H, 3)
HCOOH™ + CH;CN 4)
CH;COOH" + CH;CN (5)

Since CH;CN™ is known to easily isomerize to CH,CNH™ upon ionization [4]
reactions of the latter cation with HCOOH and CH;COOH have also been
investigated by producing CH,CNH"" via dissociative ionisation of butyronitrile,
C;H;CN. The main product channels for reactions (1)-(2) and (4)-(5) are due to
proton and electron transfer, while for reaction (3) the formation of an adduct ion, as
well as the loss of H, from the adduct is observed, as shown in Figure 1. In the same
figure the difference in reactivity of CH;CN"/ CH,CNH " with respect to proton and
electron transfer is observed and it can be used to estimate the amount of
isomerization of the C,H;N"" radical cation.
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Figure 1: Mass spectrum of the reaction of CH;CN""/ CH,CNH " (from acetonitrile
or butyronitrile) with C,H,. The pressure of ethylene in the scattering cell is 6x10

mbar, as measured by a spinning rotor gauge, and the collision energy is in the
range 0.2-0.3 eV in the CM.

b) Reactions of nitrile cations of relevance for Titan atmosphere

Motivation for this study stems from the observation of nitriles in Titan atmosphere,
both as neutral and ionic species. In particular an ion of molecular formula C;HsNH"
has been detected in Titan’s ionosphere during the Cassini-Huygens mission and it
has been assigned as the protonated form of C4H;sN nitriles [5]. Several isomers exist
for C,HsN, namely crotonitrile, allylcyanide, pyrrole, methacrylonitrile and
cyclopropyl cyanide [6]. We have generated the protonated species C;HsNH' from
different neutral isomers and we have investigated their reactivity with the
corresponding neutrals as well as with the smallest of nitriles CH;CN. In the case of
unsaturated non cyclic nitriles the protonated species easily form proton bound
dimers with their neutrals as well as with CH3CN. Interestingly in the case of
crotonitrile the proton bound dimer [(C,HsN),H]" shows the loss of an HCN
molecule to give an ion of molecular formula C;H;(N" that may represent a possible
pathway through which small nitriles can grow into larger species. Hence this
reactive channel can contribute to explain the existence of large N-containing
unsaturated hydrocarbons on Titan. More detailed results will be presented at the
meeting.
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1. Introduction

The reaction between O and H, has two exothermic channels that are relevant at low
temperatures. Those are the associative detachment

k
O™ +H, > Hy,0+e" (D
and hydrogen atom transfer
K
O +H, - OH +H. )

These reactions have been studied before using drift tube, flowing afterglow, tandem
mass spectrometer, and ion trap instruments (McFarland et al. 1973, Viggiano et al.
1991, Jusko et al. 2013) at temperatures above 300 K (176 K by Viggiano (1991)).
The energy partitioning in reaction (1) has recently been studied using an electron
spectrometer capable of measuring the energy distribution of the detached electrons
(Jusko et al. 2013). This abstract presents the results of our recent experimental work
extending the measurements of the rate coefficients down to 10 K.

2. Experimental

The experiment was conducted using the ion trapping technique. Our setup is based
on the 22-pole radiofrequency ion trap (Gerlich, Horning 1992). The O ions are
produced in a storage ion source (Gerlich 1992) by the electron bombardment of N,O
precursor gas. The O ions are precooled in the storage ion source approximately to
the room temperature. After mass selection using a quadrupole mass filter, the ions
are injected into the 22-pole trap. The temperature of the trap is variable in the range
10-300 K. The ions are thermalized to the trap temperature by buffer gas cooling
with helium. The reactant H;, is leaked directly into the trap and the absolute density
of the reactant is calibrated using a spinning rotor gauge. After a certain trapping
time, the stored ions are extracted from the trap, mass analyzed using a second
quadrupole mass filter, and detected using a microchannel plate detector. A standard
procedure for studying the ion molecule reactions in the trap consists of repeatedly
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trapping and extracting the ions with various trapping times. This way the time
evolution of ion numbers can be obtained.

3. Results and discussion

In case of the reactions (1) and (2), we can observe the decrease of the of O count
(No) due to both reactions and an increase of the OH™ count (Noy) due to reaction (2).
The time evolution of the ion counts is governed by the following differential
equations

0 =+ k)HalNo, O = Ky [Ha N, 3

where [H,] indicates the number density of the reactant. These equations can be
solved analytically and the measured data are analyzed by least squares fitting with
the analytical solutions. An example of the measured data with the analytical fits is
shown in the figure 1. By measuring at various trap temperatures, we were able to
obtain the temperature dependence of rate coefficients of reactions (1) and (2) in the
temperature range 10-300 K. Our results in comparison with previous work of
McFarland et al. (1973), Viggiano et al. (1991), and Moruzzi et al. (1968) are shown
in figure 2. We can observe that the rate coefficient of reaction (1) is comparable to
the Langevin reaction rate coefficient (k=1.56x10” cm’s™) in the temperature range
of our measurement. However, a distinct maximum of the rate coefficient is present
at temperature approximately 40 K. This unexpected maximum indicates a specific
shape of the potential energy surface of the O—H, system. Theoretical studies of this
system in collaboration with the Institute of Theoretical Physics of Charles
University in Prague are in progress in order to fully understand the origin of the
observed behavior. Also the isotopic effect of exchanging H,/D, has been studied in
our laboratory and is being prepared for publication.
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Figure 1: The measured numbers of trapped O and OH as a function of the
trapping time. Data obtained at two trap temperatures are shown and the
corresponding fits with analytical curves are indicated by the dashed and dotted
lines. The differences between the data at two temperatures are mainly due to
different H, number densities in the trap.
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Figure 2: Temperature dependence of the reaction rate coefficients of reactions (1)
and (2). The filled circles indicate the data obtained in this work. The results of
previous measurements by Viggiano et al. (1991) and McFarland et al. (1973) are
indicated by the hollow triangles and circles respectively. The dotted and solid lines
indicate the rate coefficient of reaction (1) reported by Moruzzi et al. (1968) and

Mauer & Schulz (1973) respectively.
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Dynamic two-dimensional mapping of gaseous combustion and
pyrolysis product concentrations in solid-fuel combustion:
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Combustion and pyrolysis are extremely complex and dynamic chemical processes,
that are by far not fully understood. This is in particular true when complex
condensed-phase fuels (such as liquid petrochemical fractions) or solid fuels (such as
biomass) and transient combustion processes are considered. The gas phase
chemistry of solid fuel combustion in the fuel’s voids and pores is extremely difficult
to address by conventional analytical methods. In the last years photo ionisation mass
spectrometry (PIMS) was established as a fast on-line analytical technique to analyse
the chemical signature of highly dynamic combustion and pyrolysis processes in
cigarettes during puffing [1]. Recently a new combination of PIMS (laser based
single photon ionisation, 118 nm) and a capillary microprobe sampling system (u-
probe) was developed, allowing direct examination of the composition of organic
vapours even in the centre of the cigarette’s combustion zone [2]. This p-probe-
PIMS approach was then further developed to a spatial and temporal resolved
mapping method. For this, repetitive smoking experiments with a reproducible
smoke machine and standard reference cigarettes were done. Different sampling
positions in the cigarette tip were multiply addressed by p-probe PIMS
measurements. The time resolved PIMS sequences were later combined to spatially
resolved, time-dependent “maps” for the different compounds. This new technique
for dynamic mapping was used to measure quantitative distributions of nitrogen
monoxide, benzene and oxygen in the burning tip of a cigarette during a 2 second
lasting puff (with up to 100 ms time resolution). The different formation and
destruction zones of the investigated compounds in the reaction region and their
dynamic changes were observed during the puff, and space-resolved kinetic data was
obtained. For example, the classical formation and destruction mechanisms of NO
during the puff (fuel-NO formation and re-burn in hydrocarbon rich zones) could be
observed in a space- and time-resolved manner. The p-probe-PIMS mapping
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technology can be applied for comprehensive chemical studies on various
combustion or pyrolysis systems as well as on model systems for catalytic processes
or any other heterogenic processes at the gas/solid or gas/liquid boundary layer and
thus is of large interest for fundamental and applied research.
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Obtaining an atomic-level understanding of the dynamics of energy conversion at
surfaces remains a richly complex and challenging area of modern research in
physical chemistry. A general strategy to this field follows the lessons of gas-phase
bimolecular chemical dynamics, where simple model systems are studied
experimentally with great care while theoretical simulations are developed.

One of the simplest systems to think of is Hydrogen atom scattering from a single
crystalline surface. A new apparatus to experimentally investigate this model system
with extraordinary precision is presented. Laser photolysis of Hydrogen lodide is
employed to produce a monochromatic Hydrogen atom beam with well-defined
initial directions. Kinetic energies between 100 meV and 6 eV can be produced by
tuning the wavelength of the photolysis laser. The final kinetic energy and scattering
angle are measured with extraordinary resolution employing Rydberg Atom Tagging.
Both techniques are adopted and combined with a state of the art surface scattering
machine, introducing an entirely new approach to surface analysis. High control of
experimental parameters as well as angular and energy resolved detection give a very
detailed picture of the scattering process.

Recently, first experiments scattering Hydrogen atoms from an Au(111) surface were
performed. Kinetic energy loss spectra were recorded for various polar and azimuthal
incident and scattering angles. The time-of-flight spectra clearly show two different
components: The first component is characterized by small kinetic energy loss and
narrow energy spread, the second by large kinetic energy loss and wide energy
spread. Both show different dependencies on the incident and scattering angles. The
experimental results are compared to high level theoretical calculations and the
importance of electronically non-adiabatic processes and penetrating collisions is
discussed.
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Structure of benzene dication represents a puzzle. While the double ionization of
benzene leads to the classical six-membered ring structure, it has been suggested that
upon ionization rearrangements to more stable structures take place.' Theoretically,
several structures have been proposed.” We have investigated the structure of doubly
ionized benzene by infrared predissociation spectroscopy of helium-tagged
complexes.’ It is shown that part of the generated dications C¢Hg " retain the six-
membered ring structure while the other part undergoes a rearrangement to the most
stable pyramidal structure with a CsHs base and CH at the apex. Using isomer
selective heating by a CO, laser, complexes with the classical six-membered ring
structure have been destroyed and the pure IRPD spectrum of the pyramidal dication
obtained.
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Polycyclic Aromatic Hydrocarbons (PAHs) consist of fused aromatic carbon rings
(C.H,,). When internally heated, they may get rid of their excess energy by emission
of photons, electrons, or by fragmentation. The latter normally proceeds through the
emission of H-atoms or C,H, molecules, rather than CH,-loss (x=0,1,...). This is
well understood based on very large differences in dissociation energies — about 11-
17 eV for the latter processes and about 5-7 eV for emission of H or C,H,.

In this work [1], we show that CHy-loss is a prominent decay pathway in 110
eV center of mass energy PAH" + He collisions. This is due to prompt atom
knockout processes in billiard-ball-like nuclear interactions. We demonstrate
that such processes become increasingly more important with PAH size (cf.
Fig. 1) and lead to the formation of defect structures with highly reactive sites
related to those found in graphene [2-4]. Prompt knockout processes may thus
open up different routes to the formation of larger molecules compared to
statistical fragmentation processes which favor the fragmentation channels
with the lowest dissociation energies. This was recently demonstrated in
collisions between He?' ions and clusters of Cg molecules, where single
carbon knockout from one Cg, molecule led to the formation of dumbbell-
shaped C;;9" in Cso" + C4o bond-forming reactions [5].
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Figure 1: Mass loss spectra for PAH  + He collisions at 110 eV center-of-
mass energy. The CH,-loss peak (highlighted in gray) is due to prompt carbon
atom knockout processes and becomes more prominent with increasing mass
of the PAH parent ion. The spectra are normalized to the total integrated
intensity of the carbon loss fragments.
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Titan, Saturn’s largest moon, exhibits a dense atmosphere characterized by a thick
orange haze and mainly composed of molecular nitrogen and methane as well as
numerous other organic compounds such as nitriles. The chemistry taking place in its
atmosphere is complex and still not completely understood. Yet, results from the
Cassini-Huygens mission have shown that ionospheric chemistry must play a more
important role than previously thought. The discovery of CN’, C;N™ and CsN°
together a large amount of heavy cations and anions in the upper atmosphere [1-3]
came indeed as a surprise and suggests that they contribute to the formation of
aerosols particles.

In this context, we have undertaken experimental investigations of ion-molecule
reactions involving small anions such as CN', C;N" and CsN™ in a common effort
between several French and Czech groups [4-7].

In the last SASP meeting, we have presented the study of the CN™ + HC;N reaction in
a tandem mass spectrometer as a function of the HC;N target pressure in order to
explore different collisional conditions. The primary and secondary reactions with
HC;3N are found to be extremely efficient, resulting in anionic products of rapidly
growing size. A detailed mechanism for the growth of these species has been
proposed and its relevance to the growth of heavy anions in Titan's ionosphere
discussed [4].
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Our objective is now to precisely caracterize each step of this mecanism by studying
the reactions in a single collision regime and by measuring rate constant and absolute
reaction cross section as a function of temperature and collision energy.

Rate constant of the CN° + HC;N reaction has been measured as a function of
temperature from 300 K down to 49 K [5,6] in the french group of S. Le Picard et al
at the University of Rennes 1. Low temperature measurements have been achieved
with the help of the CRESU technique [6].

In this contribution, we will present a FT-ICR study at 300 K [7] done at Orsay with
the MICRA setup [8] of the following reactions:

CN° + HC;N
CN° + HC;N
CN - HC;"N
G°N o+ HC:;N
35— CN
30
~ 25+ Cs' N
3
& 20
7))
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Figure 1: Mass spectrum of the CsN* parent and C5°N° product anions resulting
from the proton transfer channel in the CsN" + HC5"N reaction

CN" and C5N” parent ions have been produced by dissociative electron attachment on
BrCN and BrC;N respectively. After ejection of the electrons, pulses of increasing
length of cyanoacetylene target gas were injected to probe the kinetics of the
reactions and derive their rate constant at 300 K. Several mecanisms, included fast
proton transfer as in illustrated in Figure 1, have been identified and will be
discussed at the conference.
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Further studies are planned on the CERISES setup [9] at Orsay to caracterize the
reaction mecanism by measuring the absolute reaction cross section and product
velocity distributions as a function of collision energy.
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1. Introduction

High resolution spectroscopy from the microwave through the infrared and optical
region of chiral molecules are of fundamental interest [1,2]. Due to parity violation
the two enantiomers of a chiral molecule have slightly different ground state energies
and also slightly different spectra expressed as line shifts in the spectrum [3-5]. One
of the great challenges of modern high resolution spectroscopy is the experimental
detection of either the parity violating ground state energy difference Ap, £ of the two
enantiomers [15] or relative line shifts in their spectra which are predicted to be in
the mHz to Hz regime [5,12]. In particular, the infrared region is a promising spectral
range to detect such line shifts. Two important conditions are required for a
successful experiment. On one hand ultra-high resolution devices must be available
in the spectral region of interest and on the other hand the spectrum of the chiral
molecules must be well understood in this spectral region. The infrared region fulfills
these conditions. As ultra-high resolution devices such as CO,-lasers [6] and
frequency combs are available. Thanks to new FTIR technology [7, 8], the
synchrotron sources [9] and highly resolving interferometers [2,7-10], the IR spectra
of simple chiral molecules can now be completely resolved and analysed in broad
spectral ranges say, 100 to 2000 cm™. The understanding of the chiral molecule’s
spectrum is the first essential step in the experimental detection of parity violation.
Here we present an analysis of the infrared spectra of the chiral molecules CDBrCIF,
the deuterated isotopomer of CHBrCIF [11], and CHBrIF [16]. Parity violating line
shifts in the spectra of these molecules have already been calculated and they are in
the range of a mHz and smaller [12,13].

2. Analysis of the FTIR spectra

The FTIR spectra of CDBrCIF and CHBrIF have been measured with our FTIR
setups at the SLS using synchrotron radiation and at ETH Zurich in the range 620 to
2200 cm™. The spectra of the two major isotopomers CD”’Br*’CIF and CD* Br*’CIF
have been analysed within the vs (CCl-stretching), v, (CF-stretching) and v; (CDEF-
bending) regions and the CHBrIF and CH®BrIF spectra within the v, (CF-
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stretching) and 2v, region using Watson’s Hamiltonian [14]. Figure 1 shows a
comparison of

CDBrCIF, exp. spectrum/\]\/\f\/\M/\j\ MM\/
81 35

JJ_MUUUJ\A

sim. of CD "Br" CIF and CD" Br  CIF
T T T T T T T

1098.08 1098.12 1098.16 1098.20 1098.24
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Figure 1: R branch range of the v, fundamental of CDBrCIF centered at 1082.8116
em’' (CD”Br’CIF) and at 1082.7963 cm™ (CD¥Br’CIF). The upper trace displays
the spectrum recorded with the synchrotron source and the second trace shows the
simulated sum spectrum of CD”’Br’CIF and CD*Br’CIF (sum of the two lowest
traces).

the measured and simulated spectra of the CF-stretching region of CDBrCIF around
1098 cm™. Figure 2 shows a comparison of the measured and simulated spectra of
the CF overtone stretching region of CHBrIF around 2089 cm™.

The present analysis provides the basis for future experimental tests of parity
violation in CDBrCIF and CHBrIF using spectroscopy at ultra- high resolution. In
this context we have already derived some coincidences with CO, laser lines. In
particular, due to the analysis of the first overtone spectra of the CF-stretching
overtone of CHBIIF at 2089 cm™ one may conduct Doppler free CO, laser quasi
resonant two photon spectroscopy. Considering our analysis we recommend a-type
lines for ultra-high resolution experiments. While in the long run quantitative
measurements of parity violation in lighter molecules are important for reasons
discussed in [3-5], CHBrIF may still be very useful as an important experimental
starting point because CO, laser- [6] and submillimeter wave spectroscopy can be
conducted on this molecule.
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Figure 2: R branch range of the 2v, fundamental of CHBrIF centered at 2103.7572
cm’! (CH”BrIF) and at 2103.6597 cm’ (CHY BrIF). The upper trace displays the
spectrum recorded with the globar source and the second trace shows the simulated
sum spectrum of CH°BrIF and CH®' BrIF at 180 K (sum of the two lowest traces).
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Molecular surface dynamics by inelastic electron tunneling:
rotors and unidirectional motion

Tibor Kudernac, Nopporn Ruangsupapichat, Beatriz Macia, Nathalie Katsonis,
Syuzanna R. Harutyunyan, Ben L. Feringa
Stratingh Institute for Chemistry, University of Groningen, Netherlands,

Manfred Parschau and Karl-Heinz Ernst
Empa, Swiss Federal Laboratories for Materials Science and Technology,
Diibendorf, Switzerland

Propelling single molecules in a controlled manner along an unmodified surface
remains extremely challenging because it requires molecules that can use light,
chemical or electrical energy to modulate their interaction with the surface in a way
that generates motion. Biomolecular motors, such as the protein kinesin or the F1-
ATPase, function as linear walkers or rotary motors. Kinesin, for example, walks on
tracks, so-called microtubules, which determine direction and induce uni-
directionality. In order to mimic these biological motors, chemists strived for
synthesis of molecules that can show unidirectional motion. One successful approach
was the use of ratchet-style unidirectional rotors based on overcrowded helical
systems [1,2]. Based on such concepts, a molecule has been synthesized that includes
four unidirectional rotors connected via a
chassis. Depending on the stereochemistry of
these rotors, either all rotors turn into the
same direction when the molecule is attached
to a surface or the rotors work in part against
each other.

Figure 1. Sketch of a molecule with four
unidirectional  rotors.  After  electronic
excitation with tunneling electrons from an
STM tip, concerted rotation of the rotors may
lead to linear translation on a surface.

We show that excitation with inelastically tunneling electrons emanating from the tip
of a scanning tunneling microscope (STM) very efficiently excites the rotors and
leads to linear movement of the molecule on the surface for the right isomer [3]. This
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requires a transient electron attachment into the LUMO, while vibronic excitation of
the motor axles lead to reversible rearrangement without movement. We will discuss

possible mechanisms and implication for further research and design of
nanotechnological devices.
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Elucidating the Building and Breaking of Hydrogen
Bonds:Two color delay dependent IR probing of torsional
isomerization in a [AgL,L,]" complex

Maximilian Gaffga, Johannes I. Lang, Fabian Menges and Gereon Niedner-
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1. Motivation

Dynamical hydrogen bonding is ubiquitous.
Building and breaking bonds conceptually
involves approach and withdrawal of acceptor and
donor. While this suggests a one dimensional
picture to the naive it is mandatory to elucidate
full phase space e.g. in the framework of normal
modes. Most often, it is out of reach to cover full
dimensionality, in particular due to the prevailing
anharmonicities that may render a scaled
harmonic approach meaningless, as found e.g. in
ionic systems with highly mobile protons [1-3].
However, it is sometimes conceivable — and
doable — to identify reasonable constraints and
invoke reduced dimensionality approaches [4].
Motion perpendicular to a hydrogen bond axis
inevitably comes to mind. Such motifs of
sideways migration certainly prevail in transport
processes and rearrangements under high steric
constraints, such as in zeolite pores, in trans
membrane channels, or upon folding/unfolding of
proteins under solvation.

2. System to study and methods to apply

We have recently studied complexes of multiple
silver ions that spontancously coordinate with
nucleobase mimicking ligands in solution [6].

isomer B

Scheme 1: Definition of
the dihedral angle that
describes  the torsional
isomerization in the
[AgL,LZ]+ complex. Note,
that isomer A stabilizes
through a NH---O
hydrogen bond and isomer
B through a CH---O
hydrogen bond.
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These complexes showed to stiffen through arrangement of the two metal centers and
the two ligands in a pairwise 1, coordination. Here, we investigate the more flexible
arrangement of a single Ag’ center with two suitable ligands, o-Cyano-4-
hydroxycinnamic acid (HCCA = L,) and 2-(5-methyl-1H-pyrazol-3-yl)pyridine
(MPP = L,), one each. The resulting [AgL,L,]" complex is depicted in Scheme 1,
which reveals a possible torsional isomerization. Investigation of these complexes
arises through application of infrared induced multiple photon dissociation (IR-MPD,
also known as action spectroscopy) while keeping the complexes stored as isolated
ions in an ion trap that serves for mass selection and analysis in parallel.

3. Findings in short

The recorded IR-MPD spectra reveal well discernible bands, which we assign to the
stretching vibrations of NH and OH oscillators in both ligands (Fig. 1). Redshifts and
enhancements arise from application of a second, attenuated IR, pulse at resonance
to some of these bands (vppon). Most notably, it very much depends on the time delay
between the IR, and IRg, pulses whether there is a hydrogen bound NH stretching
band around 3410 cm™ or not.

0,8 ——1-color IRMPD (IR, only) COOH ProH
{1 ——aAt=-100ns (IR, @ 3640 cm”)
0,7 At=0ns (IR, @ 3640 cm)
1 ——at=200ns IR, @ 3640 cm”
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£ 044
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0,2
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-1
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Figure 1: Details from the infrared spectra of stretching
vibrations in [AgL,L,]". Two color pump probe spectra
reveal a delay dependent heating and / or isomerization.

Interpretation of these and further findings arises in conjunction with ab initio
calculations (Fig.2). Isomers A and B are well confirmed through the change of total
energy (bottom) by the dihedral angle (Scheme 1). There are considerable frequency
red shifts (middle) upon hydrogen bonding, and significant IR intensity increases
(top). The significance of the CH---O hydrogen bond is clearly revealed, while the
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acidic proton in the CH site of the pyridine heterocycle would have been overlooked
easily, e.g. in a first guess of possible [AgL,L,]" structures.
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4. Summary and outlook

This study confirms the multi dimensional character of hydrogen bond formation and
of their breaking. It further elucidates how weak bonds come into play to stabilize
conformers off the global minimum structure. The importance of torsional
rearrangements becomes clear once more by the gained picture, as was e.g. similarly
unravelled in a previous study on ligand torsion in a Ru complex that precedes and
enables activation of the catalytic center in a somewhat surprising way [6]. Our
studies benefit from two color IR pulse probing as a valuable tool for such
investigations. Obviously, the present work in progress awaits swift extension and
subsequently enhanced modelling to do.
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5. Invitation

Despite the extended presentation of the current findings in this abstract the attendees
of SASP 2014 are cordially invited to a tour through this topic in the course of the
evening poster sessions.
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Applications of Selective Reagent Ionisation-Time-of-Flight-
Mass Spectrometry (SRI-ToF-MS) for increased selectivity in
the detection of designer drugs
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The abuse of drugs is an increasingly important issue affecting today's society.
Although many drug species are controlled by law, a new market for “legal” highs,
which are not yet controlled by drug legislation, has emerged. The use of these
chemicals as substitutes for prohibited drugs has increased, especially among those
who are interested in experiencing a high without committing a criminal act [1].

As new psychoactive substances (NPS) regularly enter the market, analytical
methods capable of providing rapid detection and identification are needed. Rapid
identification is of particular importance for example in medical applications, in
cases of subjects who have taken an unidentified drug and require urgent medical
treatment.

Selective Reagent lonisation -Time-of-Flight- Mass-Spectrometry (SRI-ToF-MS)
has the capability to detect trace compounds with high sensitivity (single digit pptv
detection limits), in real time (instrumental response within 100 ms) and, because of
high mass resolution (up to 8000 m/Am), with a high level of confidence in
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identification (low rate of false positives) [2]. Selectivity may be further improved by
using the dependence of the product ion branching ratios as a function of reduced
electric field (£/N), but this is not always the case, especially for isomers. For
example, Figure 1 presents the product ion branching ratios as a function of E/N for
4-methylethylcathinone (4-MEC) and N-ethylbuphedrone resulting from the reaction
of these compounds with H;0". It can be seen that there are no significant
differences. However, in addition to changing E/N we can also change the reagent
ion, using the recently developed Switchable Reagent Ion Technology, developed by
Ionicon Analytik GmbH [3, 4], which may alter the ion-molecule chemistry in such a
way that different product ions are produced for different isomers, thereby allowing
improved discrimination.
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Figure 1: Product ion branching ratios of 4-MEC (left) and NEB (right) resulting
from proton transfer using H. ;0" as the reagent ion.

In Fig. 2 the most abundant product ions resulting from reactions of the two isomers
mentioned above with NO™ are shown. In contrast to H;O" chemistry where identical
product ions are observed for both isomers, in the case of NO" chemistry, a distinct
product ion is observed at m/z 72.08 for 4-MEC and at m/z 86.10 for NEB, i.e. the
two isomers can be discriminated [5]. In a real-life scenario a SRI-MS detector could
at first measure the product ion ratios in H;O" mode to identify that the substance is
either 4-MEC or NEB (or both) and subsequently unambiguously identify the
isomers present by switching to NO" as the reagent ion. We have demonstrated in
carlier work that switching can be done within seconds [6].
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Figure 2: Measurement of the dynamic headspace in a vial containing NEB powder
and subsequently a second vial containing 4-MEC powder using NO" as the reagent
ion.

In addition to the study mentioned above, a detailed investigation of the reactions of
H;O, NO", O, and Kr' with a number of NPS (e.g. 4-fluoroamphetamine,
methiopropamine, 4-methylethcathinone, N-ethylbuphedrone, 5-MeO-DALT,
dimethocaine and nitracaine) as a function of E/N with a high mass resolution SRI-
ToF-MS instrument will be presented.
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Phase transition of water clusters
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Since the pioneering work by Haberland and coworkers on the phase transitions in
sodium clusters [1], a number of other cluster species have been shown to exhibit a
first order phase transition. Metallic clusters in particular (aluminium, tin, gallium,
sodium, etc) have been studied extensively with this respect (see for example [2]).

It is only very recently that phase transitions in molecular cluster have been
experimentally studied. The temperature dependence of the heat capacity of both
negatively (H,0), [3], (H,0),.;OH [4] and positively (H,0),H" [5] charged water
clusters has been reported. These clusters have been shown to undergo a phase
transition prior to evaporation.

In the present study we report the measurement of heat capacities of mass selected
protonated (Hzo)nH+ and deprotonated (H,0O),-;OH water clusters as a function of
temperature in the size range n = 20—118. We have found that they undergo a phase
transition in the range 110-130 K. For both protonated and deprotonated water
clusters the size dependent transition temperatures are strongly correlated with the
dissociation energies around the shell closure at n = 55. Furthermore, the evolution of
the transition temperature with size shows two different regimes, namely below and
above n=35. This is interpreted as an overall structural change around the size n=35.
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Investigations on the sensitivity and selectivity for the
detection of the explosive picric acid using switchable reagent
ion soft chemical ionisation mass spectrometry
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Universitdt Innsbruck, Technikerstr. 25, A-6020 Innsbruck, Austria

Using proton transfer reaction - time of flight - mass spectrometric instrumentation
with a switchable reagent ion source (Ionicon Analytik GmbH, Austria)', the
reactions of NO', H;O", O," and Kr" with the trinitroaromatic compound picric acid
(2,4,6 trinitrophenol, C¢H;N;0, PiA) have been investigated. NO" is found to react
via three body association to form a simple adduct ion PiA.NO". A third body is
crucial for the adduct formation because for the adduct to be stable the excess energy
must be removed by a collisional process. However, it needs to be appreciated that
the formation of the adduct rapidly decreases with increasing reduced electric field
(E/N) in the drift tube because of collisional dissociation rather than collisional
stabilisation.
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H;O" reacts with picric acid via non-dissociative proton transfer only resulting in
PiAH". Both O," and Kr" are found to react with picric acid by non-dissociative
charge (electron) transfer to produce PiA".

Remarkably, for the reagent ions H;O" and O," we find that the detection sensitivity
of picric acid shows a similar dependence on E/N (although over a different £/N
range), namely that when operating the drift tube with humid air the intensity of the
PiAH" and PiA" ions start low at low drift tube voltages and increase as the drift tube
voltage (and hence E/N) is increased, reaching a peak intensity at a given voltage
(which is humidity dependent) and then decreasing.

—a— Laboratory Air at 10% Humidity
—e— Normal Laboratory Air

Intensity Normalised PiA" Signal (%)

EIN (Td)
. . . . . . . ., . . g4t
Variation in relative ion signal intensities for normalised PiA" as a

function of E/N recorded using normal laboratory air compared to
using laboratory air at 10% humidity as a carrier gas
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The actual final product ion in a humid reaction system when either PiIAH" or PiA"
are the product ions is highly dependent on the E/N used, because once PIAH".H,0
and PiA".H,O are able to be formed, secondary ion reactions with water lead to a
product ion that no longer contains picric acid. As for protonated TNT and TNB?, the
behaviour of the intensity of protonated picric acid parent as E/N is changed by
rapidly changing the drift tube voltage can be used as a powerful discriminatory
analytical probe to detect picric acid. This coupled with switching from water to
oxygen chemistry, which can be done within seconds, followed again by changing
E/N provides an analytical procedure for the unambiguous detection of picric acid.
An important message from this work is that by exploiting ion-molecule chemistry
occurring in the drift tube of a PTR-MS it is possible to overcome a limitation of all
one dimensional mass spectrometric analytical techniques: a nominal m/z value does
not necessarily provide a unique indicator for the identity of an analyte in a complex
chemical environment, i.e. isomeric (and isobaric if high resolution mass
spectrometers are not used) compounds cannot usually be distinguished. Therefore
special procedures need to be adopted to achieve a high level of confidence in the
assignment of chemicals in what could well be complex chemical environments (e.g.
airports), where these procedures need to be rapid if they are to be of any use in
security areas where rapid turnarounds are required. Rapid switching of reagent ions
is one way to achieve this’. This alters the ion chemistry and hence the m/z of the
product ion(s) detected.
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Microplasmas: Where Science meets Engineering
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Abstract: We discuss the basic properties of high-pressure (micro)plasmas and
presents a few examples of biologicala and (bio)medical, applications of
microplasmas. The importance of plasma-surface interactions and the plasma
chemistry in all these applications will be highlighted.

1. Introduction

Systematic studies of atmospheric-pressure plasmas in the 1980s showed that non-
equilibrium plasma conditions with electron energies much higher than those of
heavy particles, and properties similar to low-pressure glow discharges, can exist
also at atmospheric pressure. However, self-sustained diffuse discharges tend to be
unstable at high pressure due to their susceptibility to filamentation and the transition
to an arc, which limits their practical utility. Among the most frequently employed
approaches to achieve stabilization are (1) pulsed excitation, which essentially
extinguishes the glow phase of the plasma before a transition into an arc occurs and
(2) confining the plasma in a cavity, where at least one dimension is below ~1 mm,
so-called microplasma.

One factor that contributes to the stabilization of microplasmas has to do with “pd
scaling”. The voltage required to ignite a discharge depends on the product of
pressure “p” and electrode separation “d” (commonly referred to as the Paschen
curve). If one increases the pressure for a fixed value of “d”, the required breakdown
voltage increases. At atmospheric pressure, breakdown voltages in the kV range are
required. The high breakdown voltage leads to a high current density after ignition,
particularly in the cathode fall of the discharge. This is the source of discharge
instabilities in the cathode fall region, which quickly lead to the formation of an
undesirable arc. As a consequence of “pd scaling”, the breakdown voltage can be
kept low, if the electrode separation “d” is reduced when the pressure “p” is
increased. At atmospheric pressure, d-values below 1 mm are required to be near the
minimum in the Paschen curve for essentially all gases. Another factor that at least in
part contributes to the stability of high-pressure microplasmas are the high losses of

charge carriers to the surrounding walls.
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2. Selected Biological Applications of Microplasmas

The application of microplasmas in biology can be traced back to the mid-1990s [2].
Work concentrated primarily on bacteria removal from surfaces. More recently,
microplasmas have also been utilized in biomedicine and medicine, as a promising
method to — among other things - disinfect root canals, coagulate blood, and heal
chronicle wounds.

In terms of the evaluation of the microplasma inactivation efficacy, two different
methods are used. First, the D-value (or decimal reduction time), refers to the time
required to reduce the concentration of microorganisms to 10% of its original value.
Typically, in a bacteria survivor plot, the concentration of surviving microorganisms
is shown as a function of plasma treatment time on a semi-logarithmic scale. The D-
value can be determined by reading a one-log reduction assuming the plasma action
can be described by a single exponential decay. Second, the inactivation rate (or
inactivation factor) evaluates the percent difference between the microorganism
population of the treated samples and that of an untreated control group. The
inactivation rate can be calculated by using |CFU couoi"CFU geated/CFUcontrorx 100%,
where CFU stands for “colony forming unit”.

1e+7

10+
1846{ " a b

1004 A—A—x

1e+5

1e+d

CFUs/mI
n
e
&

1e+2

Inactivation Rate (%)

le+

’ [/J

20 J
1e+0 o 1 /I*LI/I\I/
0 S 1 1 1 l 1
Te 1 S e e e e N
an s 1.0 15 20 2.5 30 35 4.0 2 0 2 4 6 8 10 12 u 1B 18 20 2
Treatment Time (minutes) Time (min)

Figure 1: Example of (a) a semi-logarithmic survivor curve of E. coli on Luria-
Bertani broth exposed to a He/air plasma and (b) the inactivation rate of S. aureus in
water vs. treatment time (figures courtesy of W. Zhu and J. Zhang)

Inactivation rates, as a function of plasma treatment time, directly reflect the
inactivation effectiveness. Fig. 1 shows 2 inactivation efficacy graphs.

Both methods involve plating and counting colony forming units in comparison to a
control group. However, bacteria may exist in a state, in which they are alive
(viable), but they are not culturable (they do not form colonies). Viable bacteria may
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be revived and continue to form colonies when the conditions are appropriate. Thus,
a statement of “inactivation” should be supported by either a “Live/Dead®
BacLight™ bacterial viability test”, Scanning Electron Microscope pictures, or a
DNA stain test.

3. Inactivation of prokaryotic microorganisms in air and water

We carried out plasma inactivation experiments with both Gram-positive and Gram-
negative bacteria. Fig. 2 shows the inactivation of Gram-negative Escherichai coli
(E. coli) and Gram-positive Micrococcus luteus (M. luteus) by an atmospheric-
pressure air microplasma jet. The 2x2 cm? squares in the center of each Petri dish
mark the area directly treated by the plasma (“treated area”). The Petri dish was
moved under the spatially fixed plasma jet with a constant speed of 4 mm/s along
preset gridlines within the squares. Each complete travel cycle of the gridlines
corresponds to a treatment time of 30 seconds.

Figure 2: Inactzvatzon of E. Colz (bottom row) and M. luteus (top row) each treated
for Os (control) 30 s, 60 s, and 90 s, respectively, from left to right (figure courtesy of
W. Zhu and J. Zhang)

However, during each treatment cycle, any given area part of the treated area is only
directly exposed to the plasma for about 0.5 s In both cases, nearly all bacteria in the
“treated area” are inactivated within 30 s. Bacteria in the outer untreated area of teh
Petri dish are also inactivated, but with longer treatment time, confirming the notion
og a lateral transport of long-lived reactive plasma species. The inactivation of M.
luteus follows a more diffused pattern, progressing radially out from the treated area
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on the Petri dish, while the inactivation of E. coli appears to be more uniform across
the whole Petri dish.

Under external stress (e.g. lack of nutrients), some Gram-positive bacteria enter a
dormant state by forming endospores. Endospores are more difficult to inactivate due
to the multiple coatings and layers surrounding the genetic core. Bacillus subtilis (B.
subtilis) endospores were treated with a microplasma jet following the same method
mentioned above. The endospores in the treated area were reduced to below 10%
only after a 90 s total treatment (3 cycles of 30 s of plasma treatment), while the
spore count in the untreated area remained at above 60%.

Over 100 different types of bacteria, protozoa and viruses are known to exist in
contaminated water. These microorganisms are responsible for various serious
illnesses such as kidney failure and degenerative heart disease. Both vegetative
bacteria and bacterial endospores are also effectively inactivated by microplasmas
directly in water.

Other applications will also be presented and discussed in the presentation such as
the inavtivation of bacerial biofilms, eukaryotic microorganisms (fungi) and fungal
biofilms, and the inactivation of microorganisms in water and aqueous solutions.

The author wishes to acknowledge very helpful discussion with Prof. W. Zhu and
with Prof. Zhang and their co-workers.
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Hydrated singly charged metal ions M"(H,0), in the gas phase can be considered as a
model system for aqueous solutions of transient species. They have been studied in
detail over the last two decades by a combination of experiment and theory [1]. The
investigation of the reactions of M"(H,0), (M =V, Cr, Mn, Fe, Co, Ni, Cu and Zn)
with NO shows the oxidation of zinc and iron by forming [MOH(H,0),]" [2]. The
reaction of magnesium with acetonitrile, CH;CN, also revealed the formation of
hydroxide species, [MgOH(H,0),]" [3].

In the present study, reactions of M (H,0), (M = Cr, Mn, Fe, Ni, Co and Zn; n < 40)
with CH;CN were studied by Fourier transform ion cyclotron resonance (FT-ICR)
mass spectrometry in the gas phase. M'(H,0), ions were generated in an external
laser vaporisation source. Uptake of CH3;CN was observed for all metal ions. By
analysing the kinetics the reaction rate constants were determined. The number of
CH;CN molecules taken up depends on the metal ion and the pressure used for
CH;CN. However, the final product M'(ACN),, n= 2, 3 is independent of the
concentration of acetonitrile. During the reactions the uptake of more than three
molecules acetonitrile, with size dependence, was observed. In contrast to the
reactions with NO, oxidation is observed only for zinc, with concomitant reduction
of acetonitrile to form the CH;CHN or CH;CNH radicals. After a reaction delay of
200s three more CH;CN molecules are taken up, in subsequent reaction steps, to
form [ZnOH(CH;CN);]", the same final product that was observed with hydrated
magnesium [3]. However, while in the reactions of Mg'(H,0), with CH;CN, the first
reaction step inevitably leads to elimination of CH;CHN or CH3CNH, in the case of
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Zn'(H,0),, uptake of CH;CN proceeds, and oxidation may take place with any
number of acetonitrile molecules in the cluster.

By counting the number of evaporating water molecules during the reaction of the
metal ions with acetonitrile we determine the reaction enthalpy. However,
nanocalorimetry worked only for the first and sometimes for the second uptake of
acetonitrile, since the rates of subsequent reaction steps are size dependent.
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Proton-Transfer-Reaction Mass Spectrometry (PTR-MS) possesses a large variety of
advantages, such as high reagent ion yields and thus high sensitivity and low
detection limits, response times in the 100 ms regime and online quantification [1].
Furthermore, the total energy transfer in PTR ionization is low, non-dissociative
charge transfer dominates and relatively simple mass spectra are obtained, with the
main product ion usually being the protonated parent molecule. In contrast to
Selected-Ion Flow-Tube Mass Spectrometry (SIFT-MS) [2] in PTR-MS no mass
filter is employed between the ion source and the reaction region, which results in
significantly higher reagent ion yields and therefore overall instrumental sensitivity.
However, original PTR-MS instruments were limited to H;O" as reagent ions,
whereas in SIFT-MS instruments the reagent ions can be selected between H;O",
NO" and O,". Additional reagent ions provide important advantages, such as
increased selectivity and a broader range of detectable substance classes.

Recently advanced PTR-MS instruments have been introduced, which are called
Selective-Reagent-lonization Mass Spectrometry (SRI-MS) instruments [3,4]. SRI-
MS enables the use of H;O", NO", O,", Kr" and Xe", respectively, as reagent ions. It
has been shown that with such a setup several isomeric compounds can be easily
separated [3,5] and even inorganic molecules can be detected [4]. However, so far no
data has been published dealing with real-life applications of inorganic compound
quantification.

Here we will present detailed calculations on the ideal operating conditions of SRI-
MS in Kr" mode. These operating conditions are subsequently applied to common
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fields of application, where so far PTR-MS has been widely used but was limited to
the quantification of Volatile Organic Compounds (VOCs). Fig. 1 displays one
example of the analysis of indoor air in our laboratory. It is neither possible to ionize
0,, nor CO, with H;0", NO" or O,". With Kr" as reagent ions simple charge transfer
reactions occur, leading to 0, and CO,". It is well known from literature that indoor
air typically contains about 20% oxygen and about 750 ppmv carbon dioxide [6].
Comparing these values with the results of our measurement in Fig. 1 indicates a

very high level of accuracy in quantification, with 20.8% oxygen and 770 ppmv
carbon dioxide.
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Figure 3: SRI-MS analysis of O; (left y-axis) and CO; (vight y-axis) concentrations
in laboratory air (starting at about cycle no 470) utilizing Kr" as reagent ions

As a second important field of application we will present results on engine exhaust
analyses. Again, several PTR-MS studies on VOCs in car exhaust have been
published, but for the detection and quantification of compounds with lower proton
affinities than water, additional analytical equipment was necessary. Utilizing SRI-
MS in Kr" mode we compare the CO and CH, concentrations of two cars (diesel and
gasoline) and find that the CO as well as the CH,; concentrations are both
significantly (factor 2-3) lower for the diesel engine.

In summary we conclude that an SRI-MS instrument, operated in the way presented
here, makes PTR-MS much more versatile and virtually the only instrument
necessary. All advantages are preserved when operated in H;O" mode, but the
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instrument can easily be switched to O,", NO" or Kr' chemistry if higher selectivity
[5] and/or the quantification of additional substance classes are needed.
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The adsorption of molecules on the outer side of fullerenes is a model reaction that
allows testing adsorption features of more extended carbonaceous materials.
Complexes with different adsorbates such as He, H,, CHy4, C;H, and CO, have been
measured by mass spectrometry in the labs of the University of Innsbruck. We
complemented the experimental results with molecular dynamics simulations based
on ab initio potential energy surfaces. We studied adsorption capacities and energies
as well as the molecular orientation in dimple and groove sites and explored the shell
structure of these complexes.

1. Introduction

Adsorption of gases on carbonaceous materials could be exploited for safe and
efficient storage of fuels on board of vehicles used for public and private
transportation. Beside safety aspects, storage capacities in inexpensive low-weight
containers are a main goal. The best candidates are natural gas (mainly CH,) and
hydrogen but one could also think of C,H, or more complicated molecules.

Besides these technological aspects intriguing questions of basic physics arise in
these systems. How does the corrugation of the fullerene surface influence storage
capacities and the orientations of the molecules? Can we find particular, strongly
bound commensurate phases, where each face of the fullerene is occupied by exactly
one adsorbate molecule? What are the consequences of the different curvature of
fullerenes and graphite or graphene? We addressed those issues in our recent joint
experimental and theoretical works on Cg(Hy)n [1], (Coo)m(CHa)n [2, 31,
(Cs0)m(CaHy)m [4], and (Cgp)m(COy), [S5]. In the present contribution we show our
latest simulation results of ethylene adsorption and compare them with adsorption of
H2 and CH4
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2. Simulation methods and challenges

Ethylene is a planar molecule with a significant quadrupole moment. Contrary to He
and CHy, the interaction strength strongly depends on the relative orientation of two
C,H4 molecules and ranges from 59.6 meV in T-shaped configuration to 2.4 meV for
parallel planes [6]. Even if atomic charges are varied in the fitting of the parameter
set this anisotropy complicates the search for analytical pair potentials. To better
sample the whole potential energy surface we complemented an extensive set of
CCSD(T)/AVTZ energies (12 different molecular configurations of Kalugina et al.
[6]) with random configurations. Using this larger sample we were able to fit a force
field that shows the correct trends concerning the relative orientation and that gives
good agreement with the CCSD(T)/AVTZ dimer structure and binding energy. We
also constructed a force field for Cg;-C,H, interactions based on DFT-D calculations
(0B97X-D/6-31g(d,p) [7-10])). For the Cg-Cg interaction we resorted to the
Girifalco potential [11]. With these force fields we performed Molecular Dynamics
(MD) simulations and optimizations using our own code. We also performed plane-
wave DFT re-optimizations in vasp 5.2.

3. Simulation results

A single Cg fullerene with 32 adsorbed molecules
is shown in Fig.1. There is not enough space for
all 32 molecules to lie flat (C=C parallel to the
Ceo-faces) but the footprint of C,H; can be
lowered if its C=C axis is radially oriented; as a
result two of them (light grey) stand up. Such an
effect could not be observed for the relatively
symmetric methane molecules. The molecular
plane of all other 30 ethylene molecules is slightly
tilted.

Figure 1: Two molecules (light  Ethylene on graphite and graphene offers a variety
grey) in Coo(CoHy) 32 stand up. of different phases from solid-like to liquid-like
low and high density phases [12-18]. The

temperature (T) dependence of pairwise relative orientation and of molecular rotation
was calculated by tracking three angles during heating of Cg¢o(C,H4);, shown in Fig.
1. In general at T < 40-60 K, C,H, is confined in its position and its mobility is
gradually increased with T. The molecules start switching between a vertical and
parallel C=C position at around 40-50 K. The tilt angle of the molecular plane allows
flat orientation at T > 55 K. The relative orientation (angle y) of neighboring C,H,




182

SASP

rI°]

%, molecules is measured by a double projection
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50 herring-bone pattern [17, 18] (y = 60° and 0°)
is not possible on Cgy.

We also performed MD simulations of
(Ces0)m(CyHy), clusters with m=1-5 and n up to
@ 500. We could identify particulary stable
7 structures that are responsible for anomalies in
the ion yield (magic numbers) including
" dimple sites, groove sites and complete

10

40

50

80

I 10 0 30 40 s0 e 70 so  solvation shells. A comprehensive report of all
Tk simulated and measured results shall be found

Figure 2: Temperature dependence in [4].
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The behavior of molecules subject to strong laser fields has been a rapidly growing
topic in molecular physics and chemistry during the last few years. In particular the
investigation of alignment and orientation has attracted a huge amount of interest [1,
2] with possible applications ranging from molecular dynamics and stereochemistry
[3], through quantum computation [4] and rotational coherence spectroscopy [5], to
torsional control for potential future ultrafast molecular switches [6, 7]. Previous
work focused, theoretically as well as experimentally, on the exploration of two
limiting regimes, adiabatic and impulsive alignment. In the adiabatic case (Tpaser >
T.ot), the interaction with the external electric field creates pendular states that
correlate adiabatically with the field-free rotational eigenstates [8]. Therefore, a
molecule is smoothly transferred from its initial field free rotational state to the
corresponding directional hybridized state as the laser pulse is switched on. When the
laser field fades away it returns to its initial state. The second limit employs laser
pulses much shorter than the rotational period of the molecule (Tpaer << Tio). In this
case the molecule is left behind in a coherent superposition of rotational Eigen states
created by the interaction with the short and strong laser-field [9]. The intermediate
regime (TLser = Trr) Was only investigated theoretically so far. The temporal
evolution of the degree of alignment during and after the laser pulse was discussed
and modulations in the degree of alignment during the laser pulse and revival
structure after the laser pulse were predicted [10, 11]. A comparison of the
intermediate pulse-duration regime with both, adiabatic and impulsive, temporal
limits was performed [12].

The availability of high intensity femtosecond laser systems and options to strongly
stretch them make experimental studies in the intermediate regime now possible. The
duration of the laser pulse can be adjusted between a few ten femtoseconds to a few
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hundred picoseconds [14]. This tunablity provides a continuous control parameter for
small molecules regarding the adiabaticity of the alignment process.

We performed a combined theoretical and experimental study in the intermediate
pulse length regime on aligned carbonyl sulfide (OCS) in the absolute ground state.
A wave packet of pendular states was created by the rising edge of a chirped
picosecond laser pulse. The rise time was shorter than the rotational period of OCS
(Trot = 80 ps) and, therefore, the molecules could not follow the temporal profile
adiabatically. The resulting wave packet dynamics of the pendular states is observed
and characterized by the degree of alignment.

In addition we have studied the adiabaticity in mixed field orientation of OCS. We
observe a strong non-adiabatic behaviour in the orientation for pulse lengths much
larger than the rotational period of the molecule [15]. The non-adiabaticity manifests
itself in a pronounced field free rotational revival structure. Our approach provides
direct experimental insight into the induced wave packet dynamics.
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Introduction

One of the most studied reactions nowadays is the C-C,, bond formation. Reactions
known as Stille, Suzuki-Miyaura, Sonogashira or Negishi coupling represent the
most prominent examples. The drawback of these transformations is the need of
functionalized starting materials like aryl halides, which can be expensive or difficult
to access in the case of complicated molecules. With respect to the modern atom
economical concept [1], where minimum steps to reactants are required and
minimum side products should be formed, the chemists focused on the direct C-H
activation catalyzed by transition metals [2].

Gas phase study

We have been investigating the mechanistic aspect of the reaction
(Figure 1) between pyridine and terminal alkynes catalyzed by the ruthenium
complex [CpRu(py),(PPh;)]" [3]. Using mass spectrometry and collision induced
dissociation experiments we were able to detect several intermediates proposed in the
reaction cycle and test their reactivity. With IRMPD (infrared multiphoton
dissociation spectroscopy) [4] we were able to characterize the key intermediates in
the reaction cycle (Figure 2). Obtained results were combined with theoretical
calculations.

,[Rm@

=NT NN
\ /> ( Y
N = |N\ X _Ph
Z

@ . Ph — Ru= &,

PhPp~”
Figure 1: Formation of styrylpyridine from pyridine and phenylacetylene catalyzed
by ruthenium catalyst.
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Figure 2: Experimental IRMPD spectrum (CLIO laser, Paris) showing vinylidene

vibration of the possible reaction intermediate.
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Based on the environment dependent autoionization mechanism called interatomic or
intermolecular Coulombic decay (ICD), an environment dependent electron capture
mechanism has been described in theory by Cederbaum and Gokhberg in 2009 [1],
named interatomic or intermolecular electron capture (ICEC). In ICEC the system
uses the excess energy after an electron capture to ionize neighbor atoms or
molecules and subsequently emits a low energetic electron. This is a competitive
process to the photorecombination where isolated atoms or molecules emit a photon
that carries away the excess energy.

At the moment first investigations to approve the predicted ICEC experimentally for
the proposed hydrated alkali earth metal (AEM) system [1] are carried out by us. In
this system the ICEC mechanism for hydrated AEM dications is shown in equations
below.

(1)  (AEM?* — (H,0),) + e~ > (AEM* — (H,0),)
) - (AEM* — (H,0)}}) + ejcec
3) — AEM* + (HZO);; + eicec

The AEM dication is surrounded by an arbitrary number of water molecules (left side
of eq. 1). After catching the electron one positive charge of the AEM will be
neutralized (right side of eq. 1) and the captured electron will go into the highest
unoccupied orbital by releasing energy. This energy is utilized to ionize the
neighboring water molecules (eq. 2), subsequently both cations undergo a coulomb
explosion and a low energetic electron is emitted (eq. 3).

To carry out the ICEC investigations for the hydrated AEM's an electrospray
ionization (ESI) ion source and an electron gun is connected to a mass spectrometer.
Latter is an double focusing reverse Nier-Johnson type sector field mass
spectrometer [2].

The hydrated AEM dications are produced by spraying a dissolved AEM-salt with
the ESI source. The dications then are guided via an octupole ion guide to the
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magnetic field sector of the mass spectrometer. There the AEM ions were mass
selected dependent on the number of water molecules before they cross a low
energetic electron beam to capture them. After that the kinetic energy release of the
ionized water molecules is monitored by scanning the electric field of the electric
sector. This technique of monitoring the kinetic energy release is called 'mass-
analyzed ion kinetic energy scan (MIKES) [3].
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Interactions of ionic projectiles (Ar", N,', D,") at incident energies from 20 eV up to
100 eV with surfaces of mixed beryllium-tungsten thin films of different composition
were investigated at temperatures ranging from room temperature up to 450°C.

The aim of the measurements was to find differences between the different
projectiles and a dependence of the Be" contribution to the spectra on the Be content
in the surface sample. Besides various hydrocarbon contributions and sputtering of
Be' from the surface, also reactions between the projectiles and the surface
constituents could be observed in the interactions of D," with the surface samples.

1. Introduction

Research and development of feasible fusion devices in the connection with new
sources of energy require fundamental information on plasma-wall interactions.
Erosion and re-deposition of first-wall material in ITER (Be) can lead to the
generation of mixed materials particularly Be-W mixed layers which have different
properties than pure W compounds. This might reduce the performance of the PFCs.
Hence the investigation of interactions of the involved plasma projectiles with these
mixed material layers is required to provide important input data for modeling and
computational science for the pioneering project ITER [1], [2].

Involved plasma projectiles are on the one hand the fusion fuels (deuterium and
tritium), and on the other hand the gases planned to be used for cooling of the
divertor region by impurity seeding (argon and nitrogen).

2. Experimental Setup

The experimental setup BESTOF in Innsbruck is described in large detail in previous
publications [3]. It consists of two mass spectrometers arranged in tandem geometry

(Fig. 1).
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Figure 1: Schematics of the tandem mass spectrometer BESTOF. A mass and energy
selected ion beam interacts with a surface, the product ions are analyzed by a TOF
mass spectrometer.

Ions are produced in a Nier-type electron ionization source and extracted into the
first mass analyzer, a reverse-geometry two-sector-field mass spectrometer.
Subsequently, the beam of m/z-selected projectile ions is focused on a surface
sample, which can be heated up to 600°C. There the projectile ions interact with the
target surface at an incident angle of 45° and at well-defined incident energies
ranging from a 20 eV up to 100 eV. lons produced during this interaction are
extracted into a linear time-of-flight mass analyzer and recorded with a multi-
channel-plate detector.

3. Results and Discussion

Ion-surface interactions of Ar’ with three BeW surfaces of different Be/W ratios
have been investigated (BeWO(60:22:11), BeW(50:50), BeW(90:10)). The spectra
show contributions of sputtered beryllium, hydrocarbons coming from cracked pump
oil depositing on the surface, and — at higher temperatures — alkali contaminants. A
connection between the amount of beryllium in the surface sample used and the ion
yield of Be" in the spectra could not be seen (see figure 2).
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Figure 2: Product ion spectrum of interactions of Ar" with different BeW mixed
surface samples at a projectile incident energy of 70eV and a surface temperature of

300°C, showing Be' and Be products, remaining hydrocarbons and alkali
contaminations.

Interactions of D,” with BeW(50:50) have been investigated at different surface
temperatures ranging from room temperature to 450°C. While at room temperature
reaction products of the interaction of D, with the surface hydrocarbons and very
little beryllium can be seen in the spectra, at higher temperatures the hydrocarbon
layer is efficiently removed and the Be" contribution increases remarkably. Beside
the alkali contaminations also reactions of the projectile and the surface constituents
to BeD" can be observed (see figure 3)
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Figure 3: Product ion spectrum of interactions of D, with a BeW(50:50) mixed
surface sample at a projectile incident energy of 70eV and a surface temperature of
450°C, showing contributions of alkali contaminants, the dissociated projectile D",
sputtered surface material Be" and the reaction product BeD'.
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Introduction

The cationic gold(I) complexes are amongst the workhorses of the contemporary
homogeneous catalysis[1]. This is due to their substantial Lewis acidity and thereof
emerging ability to activate carbon-carbon multiple bonds towards an addition of
various nucleophiles. The initial addition of a nucleophile often serves as an
instigator for more complex reaction sequences affording typically carbocycles or
heterocycles. The remarkably broad reaction scope may be achieved particularly in
gold(I) catalysed oxidation reactions of alkynes[2,3]. The reactivity in this type of
transformations have been rationalized by formation of highly reactive intermediates,
i.e. gold(I) a-oxo carbenoids, that are strong electrophiles amenable to intra- as well
as intermolecular trapping by reaction with available nucleophile [2,3]. Nevertheless,
the involvement of gold(I) a-oxo carbenoids in the cascade reactions initiated by
gold(I) catalysed oxidation reaction of alkynes have never been substantiated.
Moreover, some of the recent studies aimed at the investigation of reaction
mechanisms of such a type of transformations argue against the intermediacy of
gold(I) o-oxo carbenoids while proposing alternative reaction schemes [4,5].
Knowing the above mentioned we decided to make use of techniques of tandem mass
spectrometry as well as ion spectroscopy in study of the gas phase structure of
cationic gold(I) complexes involved in gold(I) catalysed oxidation reactions of
selected terminal as well as internal alkynes. The ions of interest have been generated
by spraying from the solution of pyridine N-oxide, alkynes R'C=CR* (R'/R* =
Me/Me, Me/Ph, Ph/Ph, H/Ph) and cationic gold(I) complexes [LAu]" (Scheme 1).
The species formed have been studied by energy resolved collision induced
dissociation experiments together with infrared multiphoton dissociation
spectroscopy [6,7]. The performed experiments conclusively showed that the
putative gold(I) a-oxo carbenoids (B) undergo in the gas phase the Wolff
rearrangement[8] yielding respective gold(I) ketene complexes (C), while the ions
originally ascribed to initial alkyne—pyridine N-oxide adduct (A) may instead
constitute an important resting state of gold(I) a-oxo carbenoids in the reaction
mechanism.



2014 195

oo (}"Y B .
o
K ‘j aPriAY, C‘ Wolff T
R R? olff rerrangement H
R—==F N Ny ————— N\l
H R Py
POAL* ¢ ,L, R’
AutPr)
A B C

Scheme 1: Generation of cationic gold(l) complexes A-C.
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Measurement of single molecule conductance is an essential step in the development
of future electrical devices. Xu ef al. demonstrated the reproducible measurement in
break-junction experiments in organic solutions [1]. The molecular system of
1,8-Octanedithiol (ODT) in toluene showed an electrical contact between an Au-
substrate and an Au-coated AFM-tip after repeatedly building and breaking the
mechanical contact between those electrodes. The current as a function of Z-piezo
driving distance showed plateaus with integer multiples of a fundamental current.
However the uncertainty in the data analysis is a big problem in obtaining the
objective values of interest.
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Figure 1: (left) Example current/distance curves of break-junction experiments with
4,4 -Bipyridine at 75 mV; (upper right corner) statistical analysis via histogram#

Here we present a general way of interpretation of one dimensional current and force
curves with focus on monomolecular properties and molecular contact rupture
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behavior using the example of 4,4-Bipyridine in toluene. While the results are in
good agreement with literature [2], measurements at different bias voltages show the
opportunity to simulate IV-curves of single or a couple of molecules connected in
parallel, respectively. The advantages are given by the opportunities to directly
investigate the ohmic behavior of quantum contacts under ambient conditions and
dependency of the current flow on the applied force.

The conductance of aliphatic and aromatic molecules is studied as a first step
towards mechanically switchable systems.
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1. Introduction

The rare-gas cluster cations are, from theoretical point of view, both objects highly
appropriate for numerical modelings and simulations as well as objects of huge
numerical demands, in particular if larger cluster sizes are involved. The former is
due to the fact that highly accurate models for intracluster interactions based on the
diatomics-in-molecules (DIM) [1] technology are available for singly ionized rare-
gas clusters which are, on the other hand, still sufficiently fast to be involved in
explicit dynamical calculations. The latter then relates to the fact that many
electronic states are involved even if energy intervals of only a few eV are
considered, which leads to the necessity of using true non-adiabatic dynamics
simulation methods. For an Rgy™ cluster, the number of relevant (interacting)
electronic states amounts to 3N, i.e., many electronic states are to be taken into
account even for moderate cluster sizes.

The rare-gas clusters were also studied to a large extent experimentally [2], mostly
some twenty years ago. However, the experimental data, often obtained for cluster
sizes of several tens of atoms, have still been waiting for a proper theoretical
interpretation due to numerical demands of needed calculations. Only with the advent
of powerful supercomputers of the tier-0 level (i.e., of petaflops peak performance)
such calculations have become practicable. In the present contribution, results we
obtained from numerical simulations on electronically excited rare-gas clusters of
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sizes up to N = 19 will be presented. The data have been obtained thanks to the
support from the PRACE research initiative [3] who granted us an allocation of 16
million core-hours on one of the European tier-0 supercomputers.

2. Methods

A mean-field semiclassical method has been used for dynamical calculations [4]. The
electronic degrees of freedom have been treated via the non-stationary Schrodinger
equation projected on a minimal valence-bond basis set (as proposed within the DIM
method applied to rare gases [5]) and the nuclei have been approximated by classical
particles moving in the mean field of quantum electrons. Both relativistic effects [6]
as well as quantum decoherence processes [7] have been taken into account. Several
simulation frameworks, as introduced in ref. [7] and implemented in our
MULTIDYN code [8], have been used and the numerical data obtained for them
compared to each other. Since the length of a direct dynamical simulation has been
limited up to integration times of #,; = 0.5 — 1.0 ns due to computational demands
while the life-time of metastable intermediate fragments were reported to span scales
of several to several tens of microseconds in experiments [8], a multiscale model
based on the chemical kinetics approach [9] has been used to extend the direct,
nanosecond simulation data to longer times.

3. Results

Two families of non-adiabatic processes in the Rgy" clusters have been studied: a)
the photodissociation of the clusters in the VIS and UV region of the electromagnetic
spectrum and b) the post-ionization fragmentation of their neutral precursors ionized
by an impacting particle. Three rare-gases have been considered, argon as the rare
gas having been probably most extensively studied in the past and as a species for
which relativistic electronic effects are not much important, xenon as a representative
of heavy elements with a lot of relativity coming into play in their electronic
subsystems, and finally krypton as a mid-way element between relativistic xenon and
“non-relativistic” argon. The main focus of the present contribution is on the internal
conversion of the initial electronic excitation and on the production of long-lived,
metastable intermediate fragments. As an illustration of the results obtained from
simulations, the dependence of the average size of ionic fragments resulting from the
photodissociation of argon cluster cations is plotted against the size of parent clusters
in Fig. 1 and compared with available experiments.
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FT-ICR Mass Spectrometry is a useful method to investigate the reactivity of gas-
phase clusters, in particular transient species solvated in water clusters. The
experiments are performed on a modified Bruker/Spectrospin CMS47X Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrometer [1,2]. Reactions of
hydrated electrons (H,0),” with acrylic acid, vinyl acetate and methyl acrylate have
recently been studied without isotopic labeling [3]. For acrylic acid, oligomerization
was observed, with acrylic acid radical anions serving as starters. The results with
methyl acrylate suggest that the primary radical anion undergoes a radical addition
followed by 5-exo-trig cyclization with a second reactant molecule. For vinyl acetate
bond cleavage is observed, with a strong dependence on the size of the hydration
shell [3]. However, due to mass overlap in the experiments with acrylic acid and
vinyl acetate, important questions remained open. Isotopically labeled
CH,CH"COOH and CH3COOI3CH13CH2 are used to resolve these issues. With
labeled acrylic acid, a kinetic and nanocalorimetric analysis [2] becomes possible.
The reaction rate for the formation of the acrylic acid oligomers was determined as
well as the reaction enthalpy for the charge transfer process. The dissociation product
of vinyl acetate after the charge transfer could be identified. The ‘O CH'">CH, anion
remains in the cluster, while the CH;CO® radical evaporates. Quantum chemical
calculations employing global geometry optimization methods [4] support the
experimental findings with vinyl acetate. The calculations also show the peculiar size
dependence of the electron-induced C-O bond cleavage in vinyl acetate.
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The electrospray ionization and mass spectrometry in combination with Infrared
Multiphoton Dissociation Spectroscopy (IRMPD) is very useful tool for study of
reaction mechanisms. The ESI-MS enables isolation of transient reaction
intermediates occurring in the reaction mixture in only negligible amounts. So
obtained information is limited to molecular mass and fragmentation patterns of
these ions. In order to further substantiate the identity of reactive intermediates, the
mass-selected ions are further irradiated by Free Electron Laser (FEL) pulses and
fragments abundance as a function of laser wavelength provides the so called action
spectra. These are similar to the classical IR spectra and could be easily compared to
the spectra predicted by theoretical calculations.

This approach for getting important information about reaction mechanisms was used
in the study of photochemically induced C-C bond cleavage in pyronin analogues

hv
%
MeOH
U OCH4
Scheme 1.

It was found that 1,3-dithian-2-yl derivatives of pyronin iminium salts upon
irradiation in methanol undergo C-C bond cleavage to form its methoxy analogue. In
this work we tried to examine this reaction using mass-spectrometry in combination
with IRMPD and characterize possible reaction intermediates.
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The ESI-MS spectrum of irradiated reaction mixture contains signals at m/z 497,
481, 465 (starting material), 439, 407 and 377 (product) that indicates complicated
multistep reaction mechanism. More than one logical structure could be proposed for
the individual detected ions thus their IRMPD spectra were recorded and analysed.
Based on the obtained information, the reaction mechanism will be presented.
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In recent years the Interatomic Coulombic decay (ICD) has become known as an
important decay process in weakly bound systems. Thereby electronic excess energy
deposited by excitation or ionization by far ultraviolet photons or energetic particles
like ions is transferred by exchange of a virtual photon to a neighboring particle that
becomes ionized [1]. The results showed that ICD may be an abundant source for
low energy electrons [2] which may further react in matter by electron capture or
recombination. High-end experimental techniques using synchrotron ionization and
reaction microscopes have been used to characterize ICD processes with weakly
bound clusters. However, much less is known about ICD induced by electrons as
impact species. This is a somewhat surprising situation, since electrons represent an
abundant species as secondary particle formed in the interaction of ionizing radiation
with matter [3]. It was also shown in many previous studies, that electron induced
chemistry is very rich and find applications in many fields of physics and chemistry.
For example, it was shown that low energy electrons can induce severe damage of
DNA by the induction of single and double strand breaks, which may lead in
accumulation to lethal harm of DNA in living cells [4]. Also in material sciences a
high relevance of electron scattering processes is expected for processes on the
nanometer scale [5]. The lack of ICD data for electron impact arose due to the
experimental challenges in using electron beams as well from the physics of the
electron impact process, where an a priori unknown amount of excess energy is
deposited by the impacting electron. The deposited energy however may be
substantial and may amount up to few tens of eV. This may lead to substantial
fragmentation in clusters and also to Coulomb explosion following double ionization.
Thus one main challenge in electron ionization experiments is to differentiate [CD
processes from other fragmentation processes.

In the present study mass spectrometry is used to investigate the presence of ICD
relaxation mechanism in neon clusters. This is done by measuring the kinetic energy
of ions after electron impact with the clusters. The clusters are created via expansion
of pressurized neon gas (2-10 bars), through a 10pum nozzle which is cooled down to
temperatures around 40K by a cryostat, into vacuum.The mass spectrometer used is a
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double focusing two sector-field mass spectrometer of reversed Nier—Johnson type
geometry. lons created in the source will be accelerated by 3 kV and subsequently
the mass and the energy will be analyzed. Electron currents up to ImA can be set and
the mass range of the analyzer part is up to 5 000 Da with a mass resolution (m/Am)
of about 1 000. A pair of z-deflectors which allows the determination of the kinetic
energies of the ions extracted out of the ion source. (The z-axis was chosen to
observe the kinetic energies on, due to the fact that the double focusing does not
affect the energy in the z-direction).
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Recent experiments [1,2,3,4] show that carbon nanomaterials, such as
carbonnanofibers, may be used to catalyse the dehydrogenation and rehydrogenation
of hydrogen storage materials, such as the benchmark complex metal hydride
NaAlH,. However it is not clear how the carbon material can accomplish the
dissociation (or recombination) of H,. In this work we investigate the dissociation of
H, on Al, (n=2,4,6) clusters supported by coronene and graphene substrates using
density functional theory (DFT), where coronene and graphene are taken as models
for nanographitic surfaces. We account for van der Waals interactions by adapting
the correlation part of the PBE exchange-correlation functional with the Grimme [5]
and Langreth [6] corrections and we use NEB [7] to calculate the minimum energy
reaction path for the dissociation of H,. Analysis of the minimum barrier reaction
paths and the associated dissociation barriers of H, on Al, clusters interacting with
the modeled carbon surfaces shows that the investigated carbon materials have a
promoting effect on the dissociation of H, on the Al, clusters, resulting in barrierless
dissociation of H, on Al (Fig.1) and Als supported on coronene. The calculations on
coronene suggest that the promoting effect comes from a stabilization of the singlet
states of Al,.
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Figure 1: (Color on line) Minimum energy dissociation pathway of H, molecule on
Al, clusters atoms interacting with coronene (C). The initial and final states,
correspond to the physisorbed and chemisorbed state of H, on Al,-C, respectively.
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1. Introduction

Molecular vibrational overtone absorption bands are found through the visible and near
IR spectral range and coincide with the available solar radiation in lower atmosphere.
Processes initiated via overtone excitation may contribute to atmospheric
photochemistry when the UV-initialized processes are unavailable or inefficient.
Molecules possessing functional groups with high vibrational frequencies (OH, NH
and CH,...) are likely candidates for such processes, because only a few quanta of
vibrational excitation are needed to reach chemically relevant levels of excitation.
CH;0H is a good prototype molecule to study overtone pumping in polyatomic
molecules. High resolution spectra provide information about energy flow within the
molecule. Couplings between the OH chromophore and other internal modes cause
quite complicated structure of overtone spectra and even for this simple molecule the
ro-vibrational structure is not fully understood. The spectra in general show highly
congested rotational structure at room temperature although methanol is relatively light
molecule. Up till now only moderate resolution (Av ~ 0.1cm™) spectra in the 2v, range
have been measured at low temperature in supersonic jet by Rizzo and coworkers [1].
Consequently complete modeling of the band has not been possible so far.

In this contribution we report new experimental jet-cooled Doppler limited spectra of
the first OH-stretch overtone, 2v, in the spectral range of 7180-7220 cm’. The
measurements were carried out by a cw-diode laser spectrometer in combination with
slit jet supersonic expansion. In addition, the spectra were measured at two
temperatures (30 and 70 K) in order to determine empirical lower state energies using
the two temperature technique [2,3]. Such analysis will aid further assignments of
rotational-vibrational lines of 2v, overtone band.

2. Experimental set up

Measurements were carried out on apparatus that combines pulsed slit-jet supersonic
nozzle with tunable diode laser direct-absorption spectrometer. Extended cavity diode
laser in Littmann configuration utilized as a radiation source, is tunable in the range
7070-7300 cm™. The laser output power is 3 mW and the band width of the laser mode
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is typically 1 MHz. Direct absorption signal is detected using custom designed dual-
beam autoballanced photodetector. The spectra are frequency calibrated by Michelson
wavemeter and temperature stabilized Fabry-Perot interferometer. The absolute
frequency is determined using absorption line of jet cooled HO measured in the tuning
range of the laser and is better than 3x10™* cm™. The supersonic expansion was
produced by a pulsed jet with slit nozzle (0.1 x 40 mm®). Such configuration permits
high sensitivity direct absorption measurements with sub-Doppler resolution. The
temperature in supersonic jet expansion depends sensitively on the expansion
conditions. Our jet system is capable to operate in a wide temperature range of
30-100K (for CH;0OH). For measurements at higher temperature we use a He/CH;OH
mixture and for the lower temperature we use a Ar/CH;OH mixture.

3. Determination of empirical rotational quantum numbers

Integrated absorption line strength S(T) at equilibrium temperature 7 is proportional to
the lower state population given by Boltzmann distribution. The ratio of the intensities
at two different temperatures T, and T, for a particular spectral line is given by
relation:

_s(ry)_o(r) #7) =Y gech’
RS o(r)® OTF2 &

where Q(T) is the partition function. The lower state rotational energy and
consequently the lower state rotational quantum numbers can therefore be in principle
determined from measured integrated intensity ratios. We have already applied such
analysis to the rotational-vibrational spectra of NH; and CH4 representing the
symmetric and spherical top molecules, respectively [2,3].

4. Results and discussion

Methanol absorption spectra were recorded in the range of 7180-7220 cm™. To
determine empirical quantum numbers, the ratios of the line intensities from 70K and
30K spectra were calculated. The dataset consists of 630 lines measured at 70K and
280 lines at 30K.
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Figure 1: Distribution of observed intensity ratios R(30K, 70K). Selected spectral lines
are shown to highlight the differences in the relative intensities and their ratios are
indicated by points in the plot.

Temperature of the spectra was calculated from the Doppler broadening of the lines.
The line strength was obtained as an integrated absorbance. For graphical
representation of the data in figure 1 the intensity ratios of all transitions were ordered
with increasing value R. The results do not show clear stepwise structure as in the case
of methane [4] because rotational constants are quite small B~C=0.79 cm™, thus the
differences in rotational energies are small (AE « k7). Consequently, the two
temperature analysis in this case can not provide precise values of rotational quantum
numbers but still gives a range of possible £” for given transition in the spectra. This
information can be used to aid spectral assignments (rule-out improbable assignments).

At this point the Loomis-Wood technique has been applied (using the LWW program
[4]) to identify P- and R-branch of K=0«0 lines of the 4 sub-band, as indicated in
figure 2. The assignments were confirmed by ground state combination differences.
Band origin based on this preliminary assignment was determined as v=7203.74 cm™".
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Figure 2: CH;0H spectrum of 2v; band at 30K with K= 0«0 assignments of A
subband.
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Whenever energetic radiation, such as X- or y-rays as well as fast electrons or ions,
interacts with living cells, a set of secondary species is created along the ionization
track. In order to understand the on-going processes, investigations on the reactions
of secondary particles with biomolecules is necessary. The most abundant ones are
secondary electrons with low energies (< 20eV). These electrons can induce single-
and double-strand breaks in plasmid DNA [1,2] by dissociative electron attachment
(DEA). In the DEA process the initial capture of an electron leads to a temporary
negative ion (TNI), which may then decompose by spontaneous ejection of the
electron or by dissociation into neutral and anionic fragments. One approach is to
study DEA to isolated (small) biomolecules in the gas phase. DEA to isolated
systems is an excellent method to determine the fundamental properties of the
electron attachment process like resonance energies, bond and site selectivity in
dissociation, sequential dissociation pathways and so on [3]. Although studying
molecular constituents of DNA is still different from what actually happens in the
physiological environment, it can be seen as the first step towards the complex
molecular systems that are able to explain and predict the real range of damage that
ionising radiation sets upon biological environments.

Studies with isolated molecules are limited when conclusions should be drawn
concerning the environmental influence. By the latter fragmentation processes may
change considerably because excess energy deposited by the electron may be
transferred in the energy dissipating environment. While studies of processes in the
bulk are complex and difficult to interpret, experimental studies with clusters of
biomolecules already allow a qualitative conclusion of processes occurring in
complex cell environments.

One possibility to form such biomolecular clusters is given by supersonic expansions
forming for example helium droplets [4] which can be doped by the substance of
interest. Due to the evaporative cooling effect the temperature inside the helium
cluster is kept at a temperature of about 0.37K. At this low temperature the thermal
motions and vibrations of the particles are as low that the creation of biomolecular
complexes is also possible.
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We recently started investigations on the DEA decomposition of thymine leading to
the NCO™ anion. The latter anion is formed by a complex unimolecular
decomposition process with multiple bond cleavages in the pyrimidine ring. In DEA
to thymine, NCO™ is the most abundant fragment anion at higher electron energies
between 5 and 12 eV. In the present contribution a detailed insight into the
decomposition dynamics of the thymine molecule leading to NCO™ is given. Results
for the isolated thymine [5] as well thymine in cluster matrices [6] are shown.
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Electron attachment and electron ionization experiments were performed with the
biologically relevant molecules, adenine and hypoxanthine. With a high resolution
electron monochromator device, electron energy scans for positive and negative ion
formation were recorded and compared. Results are in good agreement for DEA to
both molecules, and several fragments show similar peak shapes and positions. The
appearance energies of the fragment ions measured are very similar for both
hypoxanthine and adenine.

1. Introduction

Adenine (Ade) is one of the most important organic molecules because of the role it
plays in general life. It is an essential component of DNA (desoxyribonucleic acid),
RNA (ribonucleic acid) and ATP (adenosine triphosphate). Adenine belongs to the
purine group of molecules [1]. Hypoxanthine (Hyp) is a derivative in purine
metabolism, and the oxidative deamination of adenine leads to the formation of
hypoxanthine. Hypoxanthine possesses a structure similar to the nucleobase guanine,
but lacks its exocyclic 2-amino group, and so it has a H-bonding pattern that is
complementary to cytosine. Thus, hypoxanthine can pair with cytosine forming a
Hyp-Cyt base pair during DNA replication which could have mutagenic effects [2].
Hypoxanthine is also found as a minor purine base in tRNA [3].

NH, 0
> N
N H N ﬁ

Figure 1: Chemical structures of adenine (left) and hypoxanthine (right)
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Electron interactions with these biologically relevant molecules are important to
study because of potential chemical transformations that can be induced by electrons.
Low energy electrons are of particular interest because of the discovery that that the
biological effects of high energy radiation are usually not produced by the impact of
primary quanta but rather by the secondary species generated along the radiation
track. Secondary electrons produced with energies below 20 eV are the most
abundant of the secondary species and can induce single strand breaks and double
strand breaks in DNA [4, 5].

2. Experimental Setup

All the present measurements were conducted with a high resolution hemispherical
electron monochromator (HEM) instrument (Figure 1). The electron beam produced
by the HEM had a typical energy resolution of 100 — 140 meV (full width at half
maximum (FWHM)) and was crossed at right angles with a neutral biomolecular
beam emitted from a capillary attached to a copper oven. The ions formed due to the
interaction with electrons were extracted by a weak electric field towards the
entrance of a quadrupole mass spectrometer (QMS) and were detected by a
channeltron-type secondary electron multiplier.

Quadrupole
_mass filter

Hemispherical
electron
monochromator

\|
Detector \“{.,

Figure 1: Schematic of the high resolution experimental setup

3. Results and Discussion

Several DEA studies to adenine have been published in previous years [6, 7, 8], and
these results can be compared with hypoxanthine. Hypoxanthine was heated in a
copper oven to approximately 490 K, and negative ion mass spectra at different
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electron energies were obtained. Subsequently, ion efficiency curves were recorded
as a function of electron energy. The mass spectra that were recorded at ~0-3 eV and
6 eV exhibit characteristic differences. While there is substantially less fragmentation
occurring at energies close to 0 eV, the mass spectrum at 6 eV displays a rich
fragmentation pattern, similar as previously found for adenine [8]. Also several of the
most abundant fragment anions have corresponding masses found in the adenine
spectrum. The ion efficiency curves for the principal fragment [M-H] (135 Da for
Hyp/134 Da for Ade) look similar. Both exhibit a sharp resonance at approximately
1.1 eV, although the scan for adenine displays features close to 0 eV and 2.2 eV that
could not be resolved for hypoxanthine due to a slightly lower electron energy
resolution. The fragments that show very similar resonances for both molecules
include: C4H;N4 (107 Da), C4HoN;5™ (92 Da), H,C (CN),” (66 Da) and HC(CN), (65
Da) for hypoxanthine and adenine, respectively, CH,N, (42 Da) and CHN2" (41Da)
for hypoxanthine and adenine, respectively, and CN” (26 Da). Additional fragments
found for hypoxanthine are CsH3;N;O™ (121 Da) and CsHN;™ (79 Da).

In addition to DEA, we studied electron ionization of both adenine and
hypoxanthine. While for Adenine no prior measurements exist to our best
knowledge, threshold studies for hypoxanthine have been undertaken in the 1960s for
the parent ion [9]. In the study presented here, we were able to determine the
appearance energies (AE) of more than 10 fragments for both molecules. In contrast
to previous threshold studies in which the threshold behavior of the ion yield was
approximated by a linear fit without attention to the electron energy resolution, here
we used a newly developed self-written evaluation program to determine the AE for
each fragment that takes into account the resolution of the electron beam.

The results show very similar trends: while the AE of the parent ion is very low (~
9.3 eV) for both molecules, fragment ions that can only be formed through one or
more bond cleavages or ring cleavages tend to have higher appearance energies (14 —
17 eV). An example of this effect is the fragment ion with a mass of 53 Da (CZHN;).
For this ion to form,it requires bond cleavage including double bonds. The Co;HN,"
appearance energy is the highest of all the fragments measured and lies above 18 eV
for both adenine and hypoxanthine.
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6020, Austria

In recent years there has been a significant interest in the understanding of damage
processes of DNA, specially induced by low energy electrons. It has been suggested
that ionizing radiation releases a large number of secondary electrons in cells with
kinetic energies in the range of up to few of tens of eV [1, 2]. In this energy regime
electron ionization and electron attachment processes may be responsible for
chemical transformation of biological matter. The study by Sanche and co-workers
[3, 4] demonstrated that these low energy electrons can induce single and double
strand breaks in a film of plasmid DNA upon dissociative electron attachment
(DEA). In DEA an electron attaches resonantly and the transient negative ion formed
decays via dissociation of the molecule. This dissociation can be fast and often has
only spontaneous electron emission as competitive channel. A large number of
studies on electron ionization/electron attachment to various simple biomolecules
(e.g. DNA bases, sugars, amino acids) in the gas phase have been carried out [5, 6].
Thereby, it turned out that biomolecule substantially decompose upon electron
collisions. In addition, DEA is a very bond and site specific process, i.e. only certain
bonds are cleaved in a molecule after electron attachment. For example, the
dehydrogenated parent anion (M-H) formed upon DEA to pyrimidine nucleobases is
exclusively formed via H-loss from the nitrogen sites of the molecules [7].

However, for applications in radiotherapy it is highly important to understand how
fragmentation process to biomolecules is modified by surrounding environment. It
was shown lately that electron attachment to nucleobases embedded in helium
droplets indicates significant changes in molecular fragmentation pattern upon
solvation and thus the environment may cause strong modification of the DEA
process [8, 9]. In this case extensive and slow fragmentation processes have been
quenched effectively in the droplet, while direct dissociations via repulsive potential
energy surface upon DEA cannot be avoided.

The studies with doped helium droplets represent a very first approach to investigate
the effect of environment. Therefore, in the present study we use clusters of water
(the main component of living cells) as a more realistic environment to study
electron interaction with a biomolecule with respect to solvation effects. In order to
understand the influence of a water matrix on electron ionization/DEA to a
biomolecule we recently developed a new cluster source. Details on development,
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implementation and first results of mass-spectrometric studies of pure water clusters
and mixed nucleobase/water clusters will be presented.
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The advent of free electron laser sources, as origin of intense and short VUV -
laser pulses, paved the way to investigate new regimes in light-matter
interaction. In these the most fundamental reactions are constituted by the
interaction of few-photons with few-electrons, resulting in multiple ionization
of the parent atom or molecule. In the VUV-regime, the electric field of the
laser radiation, in contrast to multiple ionization in the infra-red, does neither
shift the atomic states considerably nor influence the electrons motion in the
continuum. This emphasizes the importance of electron correlations at all
times of multiphoton ionization and challenges theory to accurately describe
the observed dynamics. These simple reactions take place whenever intense
VUV-radiation meets matter. Therefore, they are not only of supreme
scientific interest but also of practical importance for FEL research in general.
Pioneering differential experiments performed at FLASH on two-photon
double ionization (TPDI) of the closed shell atoms helium and neon [1,2]
combined with ab-initio theoretical approaches, could already identify the
direct (non-sequential), sequential and virtual sequential removal of the
electrons. The results presented here aim to explore the next step in
complexity. How do two or three photons interact with two electrons in
different shells? Thus, exploring the effect of correlations for significantly
differing binding energies.
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Therefore, a cold and dense lithium target, confined in magneto-optical trap
(MOT), was set up at FLASH and combined with a many-particle momentum
spectrometer (REMI) [4,5]. Consequently, recoil ion momentum distributions,
giving insight into the electrons sum momentum and mutual emission angle,
have been recorded.

Figure 1 illustrates the obtained results for photon energies of (a) 59 eV and
(b) 50 eV, respectively. In the former case TPDI proceeds via an intermediate
resonance and can also be discussed in terms of
photon-double ionization of excited and aligned
lithium. In contrast, at E, = 50 eV (Fig. 1(b)) DI
can only take place by non-sequential absorption
of at least two-photons.

The results of both measurements will be
discussed and compared to two state-of-the-art
calculations. These apply the convergent close
coupling (CCC) [6] and time-dependent close
coupling (TDCC) [7] approach and reach
excellent agreement with the experimental data.

Figure 1. Recoil ion momentum distributions of (a)
TPDI at E, = 59 eV and (b) TPDI at E, = 50 eV .
The data is integrated over the missing momentum
component and € marks the polarization direction.
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Water clusters produced in supersonic expansions are widely used as a laboratory
model system that mimics variety of environments. For example, water clusters can
serve as a nanosolvation support to study system with biological relevance and probe
the transition from behavior of isolated molecules to bulk solution. Another broad
area of experiments with water clusters involves atmospherically relevant systems
where the clusters represent aerosols or atmospheric ice nanoparticles. It has been
shown recently [1] that the key steps in the atmospheric particle nucleation occur in a
sub-2-nanometer size range and that the neutral formation pathways are prevalent.
This size range corresponds to water clusters composed of several hundreds of water
molecules.

The initial steps of nucleation - successive pickup of water molecules on the initial
cluster - can be probed in laboratory by passing the neutral cluster beam through a
pickup chamber filled with water vapor. Such experiments deliver pickup cross
sections which, apart from providing understanding of the growth process, reflect
also structural properties of the clusters themselves. The actual cross sections are
evaluated from the velocity decrease of the neutral cluster beam.

In this Contribution we report evidence that the large water clusters (with the mean
size N > 300) considerably differ from the spherical or close-to-spherical structures
that correspond to the lowest potential energy structure and are often assumed to
occur. This conclusion is based on the measured anomalously large cross sections of
such clusters which are not consistent with their spherical shape. To verify the
experimental method and support the conclusions, we have also performed the
pickup experiments for argon (Ary + Ar). In this case the measured cross sections
agree with the spherical model of argon clusters very well. The results are supported
by molecular dynamics (MD) simulations which (i) confirm the validity of the
analytical model for spherical clusters and (ii) confirm the increase of the pickup
cross section with emergence of the irregular cluster shapes.
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Figure 1. Top panel: Cross section for pickup of Ar atom on Ary clusters. Bottom
panel: Cross section for pickup of H,O molecule on (H,O)y clusters. In both cases N
represents the mean cluster size in the beam. Red points: experimental data, blue
points: molecular dynamics simulations, line: analytical model for spherical clusters.
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The constant and actual need for detection of explosives and the development of
techniques to distinguish them among several other similar yet unperilous substances
has increased over the last years due to the high risk of terrorist attacks. One of the
key issues is the fast capability to distinguish explosives amongst a background of
other nitrogen-containing compounds. A large variety of mass spectrometric methods
have been suggested for rapid explosive detection including laser photon ionization
[1], ion mobility spectrometry [2], chemical ionization mass spectrometry [3], and
negative ion mass spectrometry based on free electron capture [4]. The latter method
may benefit from the remarkably high electron attachment cross sections of
explosive compounds. In recent years a series of studies on dissociative electron
attachment (DEA) to several isolated nitro compounds used as explosives have been
undertaken [5-9]. These investigations have been performed in crossed electron-
molecular beam experiments with high-energy resolution (~70 meV) or high
sensitivity (utilizing ~10 pA of electron current). Thereby capture of an excess
electron with virtually no kinetic energy leads to formation of a variety of DEA
fragments reflecting therefore the explosive nature of the compounds, whereas in the
latter the ultra-cold environment efficiently quenches all the gas-phase dissociation
channels. DEA studies to explosives yielding NO, formation, allowed to consider
this fragment to serve as a fingerprint for the identification of the neutral compound.

These previous studies have been performed with isolated explosive molecules.
However, in order to show the possible application even under more realistic
conditions we recently performed studies, where the vapour of a diesel-explosive
mixture was introduced into the ion source from an external gas inlet. Different
concentrations of the explosive TNT in the diesel solvent were investigated and ion
yields from the vapour were measured by electron ionization and electron
attachment. The results indicated that for positive ion formation the mass spectra
shows enormous complexity due to high efficiency of TNT and solvent ionization,
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while for negative ions only anions from TNT can be detected in a considerable
abundance. Implications for analytical chemistry will be discussed.

Acknowledgements

This work has been supported by the Fonds zur Forderung der wissenschaftlichen
Forschung (FWF), Wien (P22665).

References

[1] C. Mullen, A. Irwin, B.V. Pond, D.L. Huestis, M.J. Coggiola, H. Oser, 4nal.
Chem. 78, 3807-3814 (2006)

[2] L. Song, A.D. Wellman, H. Yao, J.E. Bartmess, J. Am. Mass Spectrom. 18, 1789-
1798 (2007)

[3] J. Kozole, J.R. Stairs, I. Cho, J.D. Harper, S.R. Lukow, R.T. Lareau, R. DeBono,
F. Kuja, Anal. Chem. 83, 8596-8603 (2011)

[4] J.A. Laramee, P. Mazurkiewicz, V. Berkout, M.L. Deinzer, Mass Spect. Rev. 15,
15-42 (1996)

[5] P. Sulzer, F. Rondino, S. Ptasinska, E. Illenberger, T.D. Mark, P. Scheier, Int. J.
Mass Spectrom. 272, 149-153 (2008)

[6] P. Sulzer, A. Mauracher, F. Ferreira da Silva, S. Denifl, T.D. Méark, M. Probst, P.
Limao-Vieira, P. Scheier, J. Chem. Phys. 131, 144304 (2009)

[7] F. Ferreira da Silva, P. Sulzer, S. Denifl, T.D. Mérk, P. Limao-Vieira, P. Scheier,
Int. J. Mass Spectrom. 309, 39-43 (2012)

[8] V. Vizcaino, S.E. Huber, P. Sulzer, M. Probst, S. Denifl, P. Scheier, Eur. Phys. J.
D 66,27-31 (2012)

[9] J. Postler, M.M. Goulart, C. Matias, A. Mauracher, F. Ferreira da Silva, P.
Scheier, P. Limao-Vieira, S. Denifl, J. Am. Mass Spectrom. 24/5, pp. 744 — 752
(2013)



226 SASP

Two Photon IR-Laser Induced Population Transfer in NH; —
First Steps to Measure Parity Violation in Chiral Molecules

Peter Dietiker, Eduard Milogyadov, Martin Quack, Andreas Schneider, Georg
Seyfang
Physical Chemistry, ETH Ziirich, Wolfgang Pauli Stasse 10, 8093 Ziirich,
Switzerland

1. Introduction

According to ordinary quantum chemistry including only the electromagnetic
interaction the ground state energies of enantiomers of chiral molecules are exactly
equal by symmetry. However, this symmetry is broken by the electroweak
interaction and a slight energy difference ApyE is introduced between the ground
states of the two enantiomers resulting in a reaction enthalpy ApyH,® for the
stereomutation [1-7]
R=S, ApvHy? =NpApyE (D

For the example for CHFCIBr ApyHy’= 10" Jmol” is predicted [4]. Although the
theoretical calculation of the parity violating energy difference in molecules is now
well established its experimental verification is still missing and is one of the great
challenges in physics and chemistry [2-7]. The difference of the parity violating
energy differences (ApyE’ - ApyE”) between two rotational or rovibrational states can
be obtained in an ultrahigh resolution microwave or infrared absorption
measurement. Early attempts along this line have been made already after 1976 and
are still pursued [8-12]. However, also an absolute value of the parity violating
energy difference ApyE itself can be obtained in an experiment proposed more than
25 years ago [1]. In this experiment a superposition state of the two enantiomers R
and S with well defined parity is prepared in a two photon absorption/stimulated
emission process. If the tunnelling splitting in the hypothetical symmetric potential is
much smaller than the parity violating energy difference, the period of
interconversion of the two parity states is then determined by the parity violating
energy difference ApyE. This interconversion time can be measured by following the
rotationally resolved line spectra of the parity isomers with time [1].

In preparation for the above-mentioned experiment we have chosen the achiral
molecule NH; as a test molecule. The molecule has large rotational constants and
only the lowest rotational levels (J = 0,1) are populated in a supersonic molecular
beam. A two step population transfer process to a higher rotational level can be
studied through the absorption of an IR-photon to reach an excited vibrational state
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and the subsequent stimulated IR-emission down to a higher, initially unpopulated
rotational level of the vibrational ground state. Also the UV-spectrum of NHj is well
understood and molecules prepared in the higher rotational level can be probed
efficiently by a 2+1 or 3+1 REMPI scheme through the electronically excited B-state
(E”) or the C-state (4,") [13,14].

2. Experimental Setup

From the calculated values for ApyE a conversion time for the two parity states
between 0.1 s and some seconds is expected. But with a sufficiently high sensitivity
for the detection process an evolution time of 5 to 10 ms should be enough to
determine ApyE from the initial evolution of the population of the initially
unpopulated parity state. During this evolution time the prepared molecules have to
be shielded completely from any interaction with their surroundings. To minimize
the disturbance by molecular collisions the experiments are performed in a skimmed
supersonic expansion. Using Ar as a carrier gas the required evolution time
corresponds to a flight path of 2 to 4 m between preparation and detection. The
transferred population is probed with high sensitivity by a REMPI process in a time
of flight mass spectrometer.

Two continuous wave OPOs (Qioptiq) with idler powers of 0.6 to 1.2 W are used for
the preparation step. Both OPOs are locked to a self-referenced frequency comb
(Menlo Systems FC 1500-250) and a frequency stability of better than 5 kHz is
obtained for the idler radiation for an integration time of 1ms. To avoid Rabi
oscillations in the preparation step the molecules have been exposed to frequency
chirped laser radiation [15]. The molecules in the supersonic expansion are exposed
to chirped laser pulses if the laser radiation is focused by a f =200 mm lens to a spot
at 20-40 mm ahead (positive chirp) or behind (negative chirp) of the molecular beam.
The UV-radiation for the multiphoton ionization in the detection step is delivered
from a frequency doubled dye laser (Radiant Dyes, Narrow Scan D) pumped by the
second harmonic of an Nd-YAG laser (Continuum 9010). A wavemeter (High
Precision WS/6) is used for frequency calibration of the dye laser radiation. To avoid
AC-Stark broadening of the REMPI signal the UV pulse energy had to be reduced to
1 mJ.

3. Results

The efficiency of the population transfer has been investigated in two steps. In a first
step the one step population transfer from the Jx = 0¢-state to the Jx=1(-state of the
vibrationally excited v;-mode was investigated. Tuning the REMPI laser to the
transition from the (Jx=0,, a, v=0)-state of the electronic ground state to the (Jx=2,,
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v,=5)-state of the electronically excited B-state a nearly complete depletion (95%) of
the REMPI signal was obtained if the IR-laser (P = 0.5 W) is scanned across the IR-
transition at 3355.00725 cm™ (100°580°587 MHz). The population transfer to the v,-
fundamental is probed on the transition from the (Jx = 1y, v;=1, a) —state of the
electronic ground state to the (Jx = 1o, v,=2)-state of the electronically excited C-
state. A line width of 6 to 8 MHz is obtained for the efficiency of the population
transfer where the width is dominated by lifetime and transit time broadening.

In the second step the finally required two photon population transfer was verified.
As in the one step process the population was first transferred to the Jx = 1,-state of
the v;-mode and afterwards down to the Jx=2(-state of the vibrational ground state.
To investigate the two photon population transfer to the final state the REMPI laser is
set to the transition from the (Jx=2,, a, v=0)-state of the electronic ground state to the
(Jx=31, vo = 5)- state of the electronically excited B-state. The frequency dependence
of the population transfer for the stimulated emission is shown in figure 1 with the
pump laser for the first step locked to 3355.00725 cm™. The upper curve of figure 1
indicates the depopulation of the (Jy=1,, v|=1)-state by the probe laser scanned
around 7,=3295.38782 ¢cm™ with Porobe = 0.65 W resulting in a transfer efficiency of
80% at the line centre. The lower curve shows the population transfer to the final
Jx=2, state.
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In a third experiment we have removed the chirp of the laser pulse. To avoid transit
time and lifetime broadening we have increased the laser beam diameter from 0.8
mm to 3.1 mm and reduced the laser power to 25 mW. To minimize the residual
Doppler broadening resulting from the divergence of the molecular beam the flight
path between preparation and detection area was increased from 250 to 800 mm and
a skimmer with a diameter of 0.9 mm was placed before the detection zone. With this
altered setup a line width of 340 kHz was obtained which was small enough to
resolve the hyperfine structure in the infrared transition resulting from nuclear spin of
the "*N. The measured spectrum for the (Jx=0o, a, v=0) — (Jx=1,, s, v;=1) transition
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is shown in figure 2. Using the published quadrupole coupling constant eQg(v=0,a) =
-4.0898 MHz of the vibrational ground state [16] the quadrupole coupling constant
for the (vi=1,s)-state eQq(v,=1,s) = -4.023(10) MHz is derived from the fit of the
measured line positions.
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Several studies involving the role of sulphur containing molecular species in the field
of atmospheric chemistry have been reported (e.g. see [1-3]). Disulphide bond
activation has also been identified as relevant within the context of biochemical
processes closely related to the stabilizing role on the structure of several proteins
[4]. Within the disulphide containing peptides, conformational structures vary
according to the disulphide-reduced against disulphide-oxidized forms [5], which in
turn mean different cellular functions [6, 7]. Reduction processes have been
identified as crucial in biological systems meaning that any additional studies will
allow fully understanding the underlying mechanisms of such processes. Here we are
particularly interested on the role of low-energy electron interactions with bare
dimethyl disulphide molecules (C,HsS,).

Dissociative electron attachment (DEA) experiments to C,H¢S,, yielding three
fragment anions have been performed by Modelli et al. [8]. Modelli and co-workers
reported on the role of o* shape resonances involving S—C and S-S antibonding
orbitals in low-energy electron transmission spectroscopy experiments [9].

In the present work gas phase electron attachment experiments have been performed
with dimethyl disulphide by means of a crossed -electron-molecular beam
experiment. Anion efficiency curves for negatively charged fragments have been
measured at low electron energies (0—15 eV) with a resolution of ~ 1 eV. Several
new fragment anions have been detected for the first time in comparison to previous
DEA studies to C,HS,. In total 19 anions ion yields have been measured including a
long lived (metastable) non-dissociated parent anion which is formed at energies
close to 0 eV. The by far dominant signal can be assigned to SCH, formation
whereas the parent anion has a comparably low intensity. Many of the dissociative
electron attachment product anions observed at low-energy arise from surprisingly
complex reactions associated with multiple bond cleavages and structural and
electronic rearrangement. Results from thermochemical calculations will be
presented in order to identify possible reaction pathways.
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The wave — particle duality of light and matter is one of the fundamental and most
intriguing concepts in quantum physics. Over the last decades, research in matter
wave interferometry has become a thriving field for studying fundamental
phenomena and precision metrology [1]. Coherence experiments with large
molecules and clusters [2] may allow for establishing new bounds on theoretical
predictions that modify standard quantum mechanics [3] and are interesting for
measuring molecular properties.

We present a time domain matter-wave interferometer (OTIMA) for nanoparticles
which uses three pulsed optical gratings [4,5]. Standing light waves realized by the
reflection of UV laser beams from a single mirror act as absorptive structures for
neutral particles by single photon ionization in the antinodes. In contrast to material
absorptive masks, such gratings allow to be operated in a pulsed mode, which makes
the longitudinal motion of the particles negligible and thus brings gain in visibility
and measurement precision.

We recorded first interference patterns with clusters of various organic molecules
that also serve as a motivation to explore cluster properties with time domain
metrology and absorption spectroscopy [6]. Our setup allows to extract information
on photoionization properties of the interfering particles. Also photodissociation and
fluorescence can be studied since emitted particles carry which-path-information and
thus influence the visibility.

The experiment is universally applicable in the sense that it allows working with a
large class of nanoparticles. It may act on atoms, molecules but also giant clusters as
long as ionization is the principal response to photon absorption at the grating laser
wavelength (A=157 nm). Possible candidates therefore range from metal and
semiconductor clusters to biomolecular complexes.
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We present experimental absolute cross sections for negative ion formation after an
electron attachment to c-C4FgO in the 0 eV — 6 eV electron energy range. Electron
attachment results into the formation of long - living parent ion in the resonance
~0.9 eV as well as rich fragmentation into 12 anions which are formed in the three
main resonances at, ~ 1.7 eV, at~2.5eV and at ~ 3.4 eV.

Introduction

One of the best electron scavengers ever synthesised is SF¢. It forms long living
parent anion in an s-wave electron attachment process with huge cross section rising
up to 107" m’ in the near 0eV region [1]. This behaviour is crucial for the
application of SF¢ as the high voltage insulator.

The high stability of the molecule and high ionization threshold makes SF, ideal for
practical applications. On the other hand it makes the molecule also extremely
dangerous for the environment. The atmospheric residence time of more than 3000
years makes the molecule one of the most dangerous greenhouse gases. Together
with high absorption cross section, it results into the value of global warming
potential 23900 (GWP of CO, is 1). Therefore there is an intensive search for the SF
alternative.

One of the proposed compounds is the perfluorotetrahydrofuran studied in the
present experiment. It has much lower GWP of 8700 [2], high stability as well as
compatibility with other materials [3]. It was already tested in applications in
Cherenkov detectors [4] and as a cleaning gas during the PECVD process [2].
However, a basic electron driven chemistry of the molecule is still not known. Such
knowledge is crucial for the possible c-C4F3O application as a dielectric gas as well
as other electro technical and electro chemical applications. In present study, we
perform precise measurements of absolute cross sections for the electron attachment
to this molecule.

Experiment

The experiment was carried out by means of the total ion-collection apparatus
described elsewhere [5]. The apparatus is a combination of the pulsed electron source
which incorporates the trochoidal electron monochromator, the reaction cell and the
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discrimination - free TOF spectrometer. Electrons were accelerated to the required
energy in 0 eV-6 eV range. FWHM of the electron distribution function was kept
under 0.3 eV during present experiments and electron currents in the continuous
mode were ~ 10 nA. The electrons were introduced to the reaction cell filled with
~0.1 Pa of the studied gas. Negative ions formed during the 200 ns electron pulse
were extracted with 200 ns delay to the 15 cm long TOF spectrometer with total
accelerating voltage of 600 V. The ions were detected by the BURLE MCP -
scintilator — photomultiplier detector with 3kV post acceleration voltage. The
operating frequency of the experiment was 50 kHz. 3D electron energy — m/z — ion
intensity spectra were recorded, which allow the extraction of mass spectra at
specific electron energy as well as energy dependent ion yields for the particular
fragments.

The experiments were performed in the mixtures of c-C,F3O with CO, and HCOOH
calibration gases. The HCOO/HCOOH resonance at 1.4 eV which has the integrated
cross section of 98.4 pm” [6] and O/CO, resonance at 4 eV which has the integrated
cross section of 13.3 pm” [5] were used to calibrate the cross sections.

Results & Discussion

The electron attachment to c-C4FsO results into effective decomposition of the
molecule as it is demonstrated on the negative ion mass spectra on the Fig. 1.
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Figure 1: Negative ion mass spectrum of the c-C4F O molecule summed over 0 eV —
6 eV range.

The parent anion is formed in resonance which peaks at ~ 0.9 eV with threshold
~ 0.3 eV. DFT calculation shows that the electron affinity of the ¢c-C4FgO is ~ 0.5 eV.
Therefore one can expect strong s-wave attachment similar to other halogenated
compounds. However, in comparison to symmetric molecules like SF4 or CCl, an
additional electron in ¢c-C4FgO results into significant change of the geometry (see
Fig. 2). Such difference in the geometries together with high value of vertical
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detachment energy (~1eV based on simple DFT estimate) is an indication of the
possible barrier formation in between the anion and neutral states in contrast to
barierless transition in the previously mentioned systems showing the near 0 eV
resonance.

Figure 2: C,F50 neutral structure (left) and anion structure (vight) as a result of
DFT B3LYP calculation in 6-311++G(2df) basis.
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50 34eV
19 F. 24eV
39eV

2 3 4
Electron Energy (eV)

Figure 3 Total cross section for negative ion formation after electron attachement to
C.F50 (left) and positions of the resonances for most intense ionic fragments (vight).

Parent ion is the only ion which shows the low energy resonance at ~ 0.9 eV. All the
other ions are formed at higher energies. It is interesting that several ions, which
require the cycle breaking during the formation are observed already at energies
~1.6 eV. In the case of the hydrogen analogue of c¢c-C,FsO — tetrahydrofuran (c-
C4H30) such ions were observed exclusive in high energy resonances at ~ 7eV [7].
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The high electron affinity of fluorine makes the molecular orbitals more delocalized
and the ring structure less stable against dissociation. Also the absolute value of the
total negative ion formation cross section in 1 eV - 5 eV region is order of magnitude
higher then cross section of other fluorinated technical gasses like C,F¢, C3Fg, SF¢ or
NF;[8,9].

Conclusions

The perfluorotetrahydrofuran is an interesting alternative to other halogenated
technical gasses. Even it does not posses the s-wave attachment as a prerequisite of
high dielectric strength it has a large cross section for negative ion formation of
hundreds of pm® up to several eVs. Except the technical applications it can be used
like intense source of reactive ions in plasmas where e.g. the cross section for F-
formation is nearly 40 times larger in comparison to the often used NFs.
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State-selected and aligned molecular ensembles are excellent samples for studying
ultrafast dynamics of physical and chemical processes in the molecular frame [1].
Using laser alignment the rotational dynamics of the target molecules are
manipulated to ensure the molecular and laboratory frames coincide [2]. Cooling
molecules in a supersonic expansion followed by passage through an electrostatic
deflector produces ensembles amenable to strong alignment at kHz repetition rates

[3].

Here, we present experiments to determine the exact rotational quantum state
distribution of OCS molecules after passage through an electrostatic deflector, a
critical parameter when good molecular alignment is desired. The spatial state
distributions after the deflector are determined using a combination of rotational
coherence spectroscopy [4] and the characteristic spatial probability density
distributions resulting from angular momentum polarization of the sample in the
deflector.

In addition, we present pump-probe experiments on the alignment dynamics of the
state-selected molecular samples over the full range of laser interaction time-scales
from adiabatic to impulsive. In the adiabatic case of long, 500-ps, laser pulses the
dynamics are determined by the ground pendular eigenstates. In the impulsive case
of short, 50-fs, pulses the dynamics are well described by field-free quantum
rotation. Intermediate laser-pulse duration results in complex dynamics, both during
the laser pulse as well as afterwards, with accumulated quantum phases strongly
affecting the usual revival structures. The dynamics are theoretically understood and
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explained in a full quantum-mechanical picture and are applicable to alignment of
larger molecular systems as well as to surface-adsorbed molecular switches [5].
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1. Introduction

One of the great challenges of astronomical infrared spectroscopy is the identification
of the Unidentified Infrared Bands (UIBs) found in several interstellar objects.
Polycyclic Aromatic Hydrocarbons (PAHs) and saturated polycyclic hydrocarbons
have been proposed to be the carrier of the UIBs [1]. In this context we have started
to extend our previous investigations of naphthalene [2], indole [2], azulene [3] and
biphenyl [4] towards compounds consisting of an aromatic and a saturated carbon
ring. Among them indene (CqHg) is one of the simplest bicyclic compounds. We
have measured the IR spectrum of indene with our ETH prototype and ETH-SLS
interferometers [2,5-7] using a resolution of 25 MHz and have obtained the first
rotationally resolved infrared spectra of this compound. We discuss an analysis of the
c-type bands of indene at 690.61 cm™ and 766.08 cm™. In addition, we compare these
bands with UIBs in the range 10 to 15 pm.

2. FTIR spectra of indene

The FTIR spectra of indene in the range 620 to 880 em’ as shown in Figure 1 have
been measured with the FTIR setup at the SLS. The Synchrotron radiation extracted
out of the storage ring is steered along three segments of 1:1 optics using Al coated
mirrors kept under vacuum. From the third focal point, the beam is further steered
through dedicated transfer optics to the FTIR spectrometer. Figure 1 shows three c-
type bands of indene corresponding to the out-of-plane fundamentals V39, v49 and vy;.
The Loomis Wood diagrams illustrate the c-type character of the indene bands.
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Figure 1: FTIR-SLS spectrum of indene between 620 and 880 em’”. The lower part
shows the Loomis Wood diagrams of three bands.
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Figure 2: Comparison of the measured (upper trace) and simulated (lower trace)
spectrum of the c-type band of indene at 690.6074 cm .
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3. Analysis of the indene fundamentals

The indene fundamentals at 690.6074 and 766.0764 cm™ have been analysed using
Watson’s Hamiltonian [7]. The ground state constants have been taken from Ref. [8].
The spectra have been simulated using the adjusted spectroscopic constants. A
comparison of the measured fundamentals and their simulations is illustrated in
Figures 2 and 3. As one can see there is a reasonably good agreement between the
measured and simulated spectrum considering the omission of hot bands and the
natural isotopomers in the simulation.
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758.125 758.150 758.175 758.200 758.225 758.250

Wavenumber / cm™'

Figure 3: Comparison of the measured (upper trace) and simulated (lower trace)
spectrum of the c-type band of indene at 766.0764 e’

4. Comparison of the fundamentals with UIBs

A comparison of the indane, indene, naphthalene, biphenyl and cyclohexane
fundamentals displayed in Figure 4 shows the excellent coincidence between the
UIBs at 13.55 and 14.3 pum with the biphenyl bands and at 12.78 um with a
naphthalene band. The coincidence with indane and indene bands is less pronounced.
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Figure 4: Comparison of the indane, indene, naphthalene, biphenyl and cyclohexane
bands in the 620 to 880 cm’” range with the UIBs.
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1. Introduction

Methane is the prototypical hydrocarbon and of great importance for our
understanding of chemical bonding and structure from the early days of chemistry
[1]. Its current interest ranges from quantum dynamics and chemical reactions on
potential hypersurfaces on the one hand [2—4] and atmospheric and astrophysical
spectroscopy including its effects as a greenhouse gas on the other hand [5,6].
Methane combustion with a reaction enthalpy of AzH’ = —800 kJ mol ™' is also
among the largest chemical processes of mankind at a technical scale for energy
production in the TJ range per year. On the other hand, the tiny energetic effects of
parity violating potentials in the methane molecule in the range of fJ mol ' have been
discussed to be of interest for fundamental physics as well [7,8]. Although there has
been substantial spectroscopic work on methane for more than a century, due to its
obvious importance, the understanding of the high resolution infrared spectrum is
incomplete to a surprising degree, particularly as far as the higher energy ranges of
overtone absorption are concerned. Therefore we have started some time ago, a
major experimental effort to measure the complete infrared spectrum of methane CHy
and its stable isotopomers, and several aspects of our previous work on the spectra on
various partially deuterated isotopomers have been reported in recent previous
publications from this effort [9-12]. The analysis of the infrared spectrum of *CH,
and ""CH, is now fairly complete up to the energy range of the octad (i. e. below
about 5000 cm ') [13, 14]. In the present work we aim at a partial analysis extending

towards 12°000 cm .

2. FTIR spectra

The Fourier transform infrared (FTIR) spectra of '*CH, and "“CH, have been
recorded at 80 K in the wavenumber range from 1200 to 12500 cm ™' with the Ziirich
FTIR spectrometer Bruker IFS 125 prototype 2001 [15,16] using a resolution of
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0.0027 to 0.01 cm ™' resulting in almost Doppler limited spectra. A multireflection
collisional cooling cell based on White optics and embedded in a Dewar filled with
liquid Nitrogen was used for recording the cold spectra [17].

3. Analysis

From the ground state only vibrational transitions to levels of F, symmetry species
are strongly allowed in absorption. However, one expects numerous resonance
interactions as found in the lower N-polyads. These can perturb the rotational
structure of the allowed F, bands, but also contribute to appearance in the spectrum
of bands of the 4;, 4,, E, or F vibrational symmetry, by rovibrational interactions.
Therefore, in general, an assignment of all lines is needed in a careful step-by-step
rovibrational analysis in order to obtain the vibrational band centers and rovibrational
parameters. However, in some spectral regions, where the spectrum is not
excessively complex, even a simple approximate assignment provides the possibility
to obtain beyond doubt the centers (J = 0 energy levels) of a set of the F,—type
vibrational bands. For that reason the P(1) line, corresponding to the /=0 «— J" =1
transition of the band must be assigned. One obtains the upper level by adding the
ground state energy 10.48164867 cm ' (for the "*CH, molecule) or 10.48213260
cm—1 (for PCH,) to the P(1) line. This technique has been used successfully by us in
the context of supersonic jet CRD laser spectroscopy of methane [18,19]. In the
present work we use the method for the analysis of the cold FTIR spectra of CHy. We
were able to assign new lines for "2CH, and also 9 new bands for 13CH4, those centers
obtained from experimental transitions are presented in column 3 of Table 1. Column
5 and 6 of that table give the predicted values of the corresponding band center using
a preliminary effective Hamiltonian analysis.
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Table 1. Band Centers of the "*CH, Molecule (in cm™")

Band (J'=0+.J0"=1) Band Ref.  Predict.-1 Predict.-II
1 2 3 4 5 6
vy (F3) 1292.2984 1302.7805  [tw] 1302.56 1302.57
2u(Fy) 2588.1590 2598.6411  [tw] 2597.91 2597.72
vy + vy (Fa) 2811.9708 28224520 [tw]  2823.33 2823.35
v3(Fy) 2999.0640 3009.5461  [tw] 3009.01 3008.96
3u4(1F5) 3837.9044 3848.3865  [tw] 3847.25 3848.74
3u(2F) 3897.0171 3907.4992  [tw] 3907.18 3906.46
g + 204 (F5) 4116.8741 4127.3563  [tw] 412747 4127.38
v+ v Fy) 4203.3421 4213.8243 [tw]  4216.23 4216.12
s+ vg(Fy) 4290.8153 43012974 [tw]  4301.43 4301.46
vo + v (£s) 4523.5728 4534.0549  [tw] 4533.44 4533.44
vy + 2v4(15y) 5552.9354 5563.4175  [tw] 5564.49 5565.36
2u5(Fy) 5976.5657 5987.0478 [tw]  5986.22 5986.25
va + 2u4( Fy) T482.676 7493.159  [tw] 7493.52 7493.59
1+ g+ 204(1Fy)  8383.137 8393.620 [tw] 8394.37 8394.98
20y + 1y Fh) 8779.219 8789.700 [tw] 879275 8792.68
34(11y) 8870.389 8880.871  [tw] 8880.92 8880.92
3vs(2Fy) 9009.107 9019.589  [tw] 9016.17 9016.36
vy 4 2 4 213(Fa)  10089.331 10099.813  [tw] 10098.11 10098.11
4 wa + g(Fy)  10273.830 10284312 [tw] 10287.56 10287.60
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He™ 2 He(1s2s2p ‘P)

He,” = He, (102 lo, 20, 1Im, 4Hg) have received large attention over many decades

In gas phase the metastable excited

species and

both from experiment [1, 2] and theory [3].

In a recent study [4] we focused on said anions and their behaviour inside helium
nanodroplets (HNDs). One aspect of this research was to test the capabilities of
standard quantum chemical tools to describe these states and their interaction with
ground state helium, He = He( 1s® 'S) (see figure 1). Our method was quantum

mechanical calculations of the CCSD(T) type [5] and g-aug-cc-pVXZ, X =T, Q
basis sets [4]. All calculations were corrected for basis set superposition errors (if
applicable) [6].
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Figure 1 — Interaction of ground state helium with various helium

species. Results obtained at CCSD(T)/q-aug-cc-pVQZ.
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In this presentation we will give a validation that standard quantum chemical tools
are capable of describing these states and interactions of interest and an interpretation
of following aspects:

(a) The formation of He™ and He, .

(b) The mobility of He" and He,”~ within HNDs.

(c) The reactivity of He™ with foreign molecules in HNDs.

(d) The suppressed reactivity of He, - (which is in contrast to c.).
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One of the fundamental questions in liquid helium research is the mechanism of
charge transportation. While there are several negative charge carriers, one of them
was identified before as an unusually fast moving one and therefore was named the
“exotic fast negative carrier” (EFNC) [1]. There haven been extensive discussions
which particle can be assigned to the EFNC in the past. Next to the two metastable
excited species He™ and He,, also electron bubbles containing either one or two
electrons were under consideration [1-3]. We now have directly observed He™ as well
as He, in mass spectra of helium nano droplets (HND) of different sizes. The
experiments, together with quantum chemical calculations at CCSD(T)/q-aug-cc-
pVTZ level of theory, indicate that the EFNC can be attributed to helium anions.

We observed the creation of helium anions upon electron impact on HNDs in three
distinct resonances in the energy range of about 22 eV to 25 eV. These energies
coincide very well with the resonances reported by Henne and Toennies [4] for the
formation of negatively charged HND. The observed resonances were explained by
elastic scattering of an electron with a Helium atom, exciting the latter into its
metastable 2°S state and leaving behind an electron bubble. However, it now seems
more reasonable to explain this behaviour via formation of He’, which is heliophilic
and therefore readily stays inside the droplet.

Moreover, most parent anion formation processes of molecules embedded in HNDs
show a “repetition” of low energy resonances around 22 eV which were attributed to
ionization by aforementioned electron bubbles until now [5]. However, the new
experimental data suggests that this phenomenon can be explained via the formation
of He™ and subsequent ionization due to charge transfer.

We can prove the higher mobility of He” compared to He,” by doping the HND with
SFe. While the He,  signal is only slightly affected, the He yield drops significantly.
This can be explained by the ability of He™ to reach the SF4 molecule, which resides
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in the center of the droplet, whereas He, is not mobile enough and moreover will
stay at the surface of the HND.

The formation process of He’, its properties and the consequences on the
interpretation of previous studies will be presented in this contribution.
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1. Introduction

The size distribution of the cluster ions formed via ionization of (pure) helium
nanodroplets (HND) obtained by mass spectrometry generally reach to a maximum
cluster size of about 1000 helium atoms ', This value is surprisingly insensitive of
the average size of the neutral precursor droplets. In contrast, simple deflection of the
ionized cluster beam with a pair of plates or retarding field analysis of the ionized
droplets indicate that charged species with a mass of up to several million He atoms
are formed too . The latter two methods rely on the fact that the velocity of all
masses in a neutral cluster beam is exactly the same and depends on the temperature
of the gas before the expansion (in the present case between 7.5 and 9K). The kinetic
energy of a large HND (>10° atoms) is in the keV range and thus such massive ions
are hardly affected by typical potentials applied to electrostatic lenses in mass
spectrometers. Utilizing a combination of the deflector plate and retarding field
method we analyzed the size distribution of charged HND as a function of the
expansion conditions and ionization parameters (i.e., electron energy and electron
current). These results are compared with mass spectra measured under identical
conditions where low-mass ions up to a few 100 He atoms are formed in the
interaction region of the neutral HND and electron beam. Thereby we obtain new
insight on the processes that lead to formation and ejection of low-mass ions from
large HND.

2. Experimental Setup

In a new instrument we implemented both, a pair of electrostatic deflector plates and
a set of grids for a retarding field analysis and measured the cluster size distribution
of massive charged HND. Helium with a purity >99.9999% is cooled at a pressure of
20 bar with a closed cycle cryo-cooler to temperatures between 7.5K and 9K and
expanded through a 5y diameter pinhole nozzle. The resulting beam of HND passes
a 0.4mm diameter skimmer and is ionized in a differentially pumped region (pressure
<10” Pa) by a crossed beam ionizer (Nier-type ion source, with a magnetically
collimated electron beam). The ions pass a pair of deflector plates where the charged
HND are separated according to their kinetic energy which is proportional to their
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mass (all neutral HND have the same velocity). Further down-stream a set of highly
transparent grids can be operated as a retarding field analyzer which enables high
electrostatic field strengths due to a minimum distance between the grids of about
1.5mm. Ions that pass this region are then detected by a channel electron multiplier
operated in a single ion counting mode.

3. Results

Figure 1 shows a typical size distribution obtained for ionized HND formed upon
electron ionization at electron energies of 40eV (black), 60eV (red) and 100eV

(blue). The neutral HND were produced at a temperature of 8K and a pressure of
20bar.
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Figure 1: size distributions of HND

At electron energies above the threshold for double ionization (49.2 eV = 2x24.6eV),
a second maximum at a cluster size of about N=300 000 appears. We contribute this
low-mass peak to the fragmentation of large multiply charged HND that break-up
symmetrically. The appearance of this maximum is also dependent on the electron
current, since higher currents can lead to multiple ionization processes via sequential
electron hits, even at electron energies below the above mentioned threshold.

Figure 2 shows the ion yield for charged clusters of size N=225 000 (red) and N=
580 000 (black) as a function of the voltage applied to the retarding field analyzer.



254 SASP

The dashed green lines represent the total kinetic energy of the mass selected cluster
ions. In both cases most of the helium droplets are lost at counter voltages that create
a potential barrier which matches the kinetic energy of the clusters. For all cluster
sizes we observe a pronounced rise in the ion yield at a counter voltage that is
slightly lower than the kinetic energy of the mass selected charged droplet. We
attribute this to lensing effects, since this hump always appears, regardless of
ionization energy or electron current.

—— N=580000
o ——— N=225000

N i
L M

g 30_— Aol M‘M w h r l al
;- T ]
104 N W‘W‘( 1 #iu \

counter voltage (V)

Figure 2: lon signal vs. counter voltage

4. Discussion

The present results demonstrate that ionic cores are tightly bound to large HND and
cannot be extracted by electric fields having strengths of several kV/cm which are
typical values in mass spectrometry. However, results obtained from a mass
spectrometer system indicate that low-mass ions are ejected from large HND
immediately after the ionization event. The dependence of the ion yield of these low-
mass ions on the electron energy and electron current suggest that Coulomb repulsion
between the ionic cores of multiply charged HND is essential to eject most of these
ionic cores as low-mass ions from large HND. In contrast the residual HND, most
likely single charged, cannot be detected in all mass spectrometer instruments due to
the high kinetic energy of the neutral HND which is strongly mass dependent.
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Additional measurements are planned for negatively charged HND and to probe the
heavy, charged droplets formed upon electron collisions with doped HND.
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Energetic properties of pentaerythritol

S. Ralser, M. Daxner, B. Puschnigg, M. Renzler, N. Weinberger, P. Scheier
University of Innsbruck, Institute for lon Physics and Applied Physics

Pentaerythritol (PETP, Figure 1), when deposited on a cold, clean copper surface,
and measured with a scanning tunnelling microscope, shows two different
morphologies of mono-molecular films. The first one, the so called rectangular
phase, can be seen after deposition of the molecule and is stable below 230K. The
second one, the striped phase appears at higher temperatures or when a voltage ramp
is applied to the rectangular phase with the help of a STM — Tip [1].

HO OH
Figure 7: Chemical structure of PETP

Electron driven reactions such as dissociative electron attachment are possible
mechanisms for such a phase transition. Thus in the present study we investigate
electron driven reactions of isolated PETP molecules and clusters of PETP molecules
embedded in superfluid He nanodroplets.
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Figure 8: (a) Mass spectrum of negative ions formed upon dissociative electron
attachment to PETP in gas phase at 8¢V electron energy. (b) Anion efficiency curves
of the most abundant product anions.
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Figure 2(a) shows a mass spectrum of negative ions formed upon dissociative
electron attachment of 8eV electrons with gas phase PETP. At this electron energy
the majority of product ions are formed via two overlapping core excited resonances
(see Figure 2(b)). The dehydrogenated closed-shell anion [PETP-H] at a mass of
135 Dalton is an exception as this anion is preferentially formed via a resonance at an
electron energy of 2eV.

If PETP is embedded into a helium droplet, several reaction channels are quenched
via rapid energy transfer to the surrounding helium matrix and evaporative cooling of
helium atoms. Furthermore, this environment enables the possibility of PETP-cluster
formation inside the droplet and subsequent ion-molecule reactions between
neighbouring molecules and initially formed ions are possible.

Figure 3(a) shows a section of a mass spectrum of anions formed upon around 22eV
electron collisions with PETP doped helium nanodroplets. In contrast to the gas
phase measurement, this experiment shows, next to the loss of hydrogen, the
formation of a fragment anion that has lost 33 Dalton which we assign as the
deprotonated PETP which lost an addition methanol molecule. A second weaker
series of anions with the mass of the stoichiometric cluster minus 51 Dalton is likely
the result of a sequential methanol and water loss from the corresponding
dehydrogenated parent anions. As the loss of 51 Dalton is only observed once even
for large clusters we conclude that polymerization of PETP clusters is not happening
inside the He droplets. Furthermore, the attachment of methanol to the closed shell
anions [(PETP),-H]  is observed for all cluster sizes.
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Figure 9: Mass spectra of negative ions formed upon electron bombardment of
PETP doped helium nanodroplets (helium temperature=9.66K, helium
pressure=24bar, electron energy=22eV). (a) pristine PETP clusters and (b) PETP-
decorated Cgy clusters.
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The fragmentation pattern deduced from the negative ion mass spectrum of He
nanodroplets doped with PETP and Cg, (Figure 3(b)) differs substantially from the
mass spectrum obtained without the Cgy. Only the monomer of PETP complexed
with a Cg exhibits bond cleavage of the PETP unit. Larger numbers of PETP show
exclusively parent molecules and additional pickup of residual gas water which
strongly binds via hydrogen bridges to the PETP units. Similar to fullerenes
decorated with other hydrogen containing molecules [2-4] we interpret the relatively
strong signal for [PETP-H]Cey, and [PETP-CH,OH]Cs as covalently bound
complexes where the PETP radical opens an aromatic bond of the fullerene.

These measurements clearly show that most of the fragmentation reactions of PETP
are quenched by the superfluid He matrix and even more by the additional presence
of fullerenes.

Possible implications of the dissociative electron attachment processes investigated
for isolated PETP molecules and clusters of PETP in doped He nanodroplets for the
phase transitions of monomolecular films observed via Scanning tunnelling
microscopy will be discussed on the poster.
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State-resolved sticking probabilities of methane studied with
double resonance excitation
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State resolved measurements of the sticking probability for dissociative
chemisorption of CH,; on several transition metal surfaces have shown that
vibrational exciation of the incident molecule can strongly enhance its reactivity and
provided evidence for mode-specificity in methane chemisorption.

To probe the role of vibrational symmetry on reactivity of vibrationally excited
methane, we prepared CH4 in the different symmetry components of the first
overtone (2v;) of the antisymmetric C-H stretch normal mode. While direct overtone
excitation from the vibrational ground state (v=0) used in our previous experiments
provides access only to the 2vs;-F, vibration, we can prepare any of the three
symmetry components (A, E, and F,) of the 2v; overtone vibration of CHy4 by step-
wise double resonance excitation via the vs-F, state in a molecular beam.

Combining IR-IR double resonance excitation of the CH,4 reactant in a molecular
beam by two independently tunable IR optical parametric oscillators, with product
detection by reflection absorption infrared spectroscopy (RAIRS), we compared the
state resolved CHy reactivity for the different 2v; vibrational symmetry components
to obtain evidence for the effect of vibrational symmetry on the CH,4 reactivity on
Pt(111).
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1. Introduction

The OH(A’X") + Rg systems, where Rg = Kr or Xe, are characterised by very strong
attractive interactions (up to the order of a chemical bond) in linear geometries, and
repulsion in side-on configurations [1]. Several energy transfer pathways are
available in a collision:

a) rotationally elastic OH(A, N)+Rg 2> OH(A, N’'=N) + Rg
b) rotationally inelastic =~ OH(A, N) + Rg 2> OH(A, N'# N) + Rg
¢) electronically inelastic OH(A, N) + Rg > OH(X’II, N) + Rg

In the electronically adiabatic pathways (a and b), the j—j” correlation is also of great
interest. The collisional depolarisation of j quantifies the ‘tilt angle’ between the
initial and final planes of rotation, and is a very sensitive probe of the intermolecular
potential.

In contrast to other lighter Rg atom collisions, in the case of Kr and Xe, electronic
quenching plays an essential role in the overall dynamics. The potential is strongly
attractive for linear HO—Rg configuration [2], due to a conical intersection between
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the 1A’ and 2A’ PESs and it is precisely at these configurations where electronic
quenching takes place.

Quenching thus competes directly with rotational energy transfer (RET) and
collisional depolarisation in these collisions, and the presence of electronic
quenching suppresses the RET and depolarisation cross-sections from the predicted
adiabatic value. Similar effects are observed in the OH(A, v=1) + Kr system, which
displays more quenching than in v = 0. It is thought that the region of greatest
coupling becomes more accessible as the OH bond is allowed to stretch.

In this work, cross-sections have been measured for electronic quenching, rotational
energy transfer and collisional depolarisation in both rotationally elastic and inelastic
collisions.

These cross-sections have been compared to quasi-classical trajectory calculations as
described below.

2. A three-state trajectory surface-hopping QCT model, including roto-
electronic couplings

Due to the significant degree of non-adiabaticity in the OH(A) + Kr, Xe systems,
single-surface (adiabatic) quasi-classical trajectory (QCT) and quantum mechanical
(QM) calculations have thus far failed to accurately model the collision dynamics for
the range of rotational states where quenching is significant. This stands in contrast
to our previous studies of OH(A) with lighter rare gases [3], and NO(A), where
adiabatic QCT and QM calculations were in excellent agreement with each other and
with the experimental results.

In non-linear configurations, the symmetry of the OHRg system is reduced from C,,
to C,, and the doubly degenerate X211 ground state is split into states of 4° and 4"’
symmetry with respect to reflection in the scattering plane. For symmetry reasons,
electrostatic coupling can only link the excited, 24 " surface with the 14 " surface.

Coupling between the electronic 14’ and 24’ states is possible via a rotation of 4"’
symmetry — so-called Coriolis coupling. In a similar way, rotation of the triatomic
complex also mediates the Renner-Teller coupling between the 14’ and 14’ states
[4]. Therefore the 14’ state can also be included in quenching, as seen
experimentally where the product OH(X) lambda-doublet ratio is approximately
equal [2].
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Trajectory surface-hopping QCT has been used to reproduce the experimental
quenching, RET and collisional depolarisation cross-sections. When considering a
two-state model (14’ and 24°) featuring electrostatic coupling only, electronic
quenching is underestimated for both Kr and Xe colliders, but the calculated cross-
sections have the correct trend.

A theory has been developed to include all electronic and roto-electronic couplings in
a full three-state trajectory surface-hopping calculation. For OH(A) + K,
experimental and theoretical cross-sections are brought into excellent agreement, and
the theory also succeeds in reproducing the quenched OH(X) rotational state
distributions and lambda-doublet ratios measured by Lester et a/ [2]. For OH(A) +
Xe, agreement is also much improved compared to the two-state model, though
further work is still needed.
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Rotational dependence of the competition between H" (D") -
transfer and charge transfer reaction: HCI" (DCI") + HCI

Till Uhlemann, Jens Wallauer and Karl-Michael Weitzel
Philipps-Universitdt Marburg, Fachbereich Chemie, 35032 Marburg, Germany
email: Weitzel@chemie.uni-marburg.de

In order to understand and eventually control ion-molecule reactions, it is necessary
to complement conventional thermal studies by the investigation of the influence of
translational and internal energy of the reacting agents in a state-selective
experiment. We have recently described an approach for measuring cross sections for
ion molecule reactions over a wide range of the collision energy and internal
quantum state of the ion [1,2].

In this contribution we extend our previous work to situations where two reactions
may compete. To this end we have measured the cross sections for reactions (1) to
(3) as a function of collision energy and rotational quantum state in the ion. State-
selected HCI'-ions with rotational quantum numbers controllable from 0 up to 6 were
prepared by resonance enhanced multiphoton ionization (REMPI) [3]. A guided ion
beam apparatus was used to measure cross section c.

HCI'+HCl — Cl + H,CI" (1)
DCI'+HCl — HDCI" + Cl ()
DClI + HCI' 3)

The cross section o(E.,,,N") for reactions (2) and (3) are shown in Fig. 1. Details
will be discussed in this presentation.
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Figure 1: Absolute cross section for the deuteron transfer (left) and the charge
transfer (right) in the reaction DCI" + HCI as a function of (state-selected)
rotational energies at different center of mass collision energies (E..,) as indicated.
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The space in between the stars of the galaxies is called the interstellar Medium
(ISM). Here, one can find accumulations of atoms, molecules and ions, the so called
molecular clouds. The molecular clouds are important as birthplaces for new stars
and likely new solar systems. These clouds exist in a vast range of temperatures and
densities. Such circumstances give rise to a large number of surprisingly complex
molecules. The reactions forming many of these molecules are yet to be elucidated.
In particular, ion-molecule reactions are believed to play a key role. The detection of
the first interstellar anions [1]-[4] has raised new interest in the quantitative
composition of the ISM and the underlying reaction network. To date, six anions
have been detected, three of which are unsaturated hydrocarbon chains, namely
C4H7, C6H7 and CgHi.

Characteristics of these carbon chain anions have been investigated previously via
photodetachment measurements [2] and via reactions with atomic partners H, N and
O at room temperature [3]. Reactions with molecular hydrogen are assumed to take
place slowly [3]. However, because of the abundance of H, in the ISM, a precise
knowledge of the reaction rates are still important.

A cryogenic 22-pol radio frequency ion trap is the ideal tool to observe rare
reactions. With the qualities of an ion trap it is possible to be sensitive to reaction
rates lower than 107'° cm’s™. Furthermore trapped ions can be cooled down to less
then 10K [5] which allows us to analyse temperature effects on reactions. An
additional feature is the optical access to the trap. This provides the possibility to
make precise photodetachment measurement and spectroscopy. The properties of the
22-pol ion trap allows us to simulate the conditions of the ISM and analyse possible
destruction channels for hydrocarbon anions of interstellar interest. Temperature
dependent measurements of the reaction rates for the reaction between hydrocarbon
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chain anions and H, will be presented. Moreover, results of the absolute
photodetachment cross-section measurements will be shown.
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Negative ion formation in electron transfer experiments by potassium collisions with
alanine (CsH;NO,) and valine (CsH;;NO,) is investigated in the energy range from
15 to 100 eV. The time-of-flight (TOF) fragmentation patterns obtained in the
unimolecular decomposition are compared for both amino acids as function of the
collision energy. In the case of alanine, the most prominent feature in the collision
regime is the relative decrease of the dehydrogenated parent anion signal with respect
to the hydrogen anion as the collision energy increases. In the low collision energy
regime this can be rationalized in terms of autodetachment inhibition, whereas at
higher energies the negative molecular ion can be formed with an excess of internal
energy which might even result in fragmentation. Regarding valine, such behaviour
was not observed which has been interpreted as a result of side chain effect
contributing to an increase of the internal degrees of freedom in comparison to
alanine [1].
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State-resolved studies of chemisorptions reactions of water and
methane on single crystal surfaces
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This contribution will review recent results from our laboratory on quantum state
resolved reactivity measurements for the dissociative chemisorption of methane and
water (and its deuterated isotopologues) on Ni and Pt surfaces. Using state-selective
reactant preparation by infrared pumping in a molecular beam, we prepare the
incident reactant molecules in a specific ro-vibrational quantum state and measure
the state-resolved reactivity on a single crystal surface using surface analytical
techniques such Auger electron spectroscopy, King & Wells beam reflectivity, and
reflection absorption infrared spectroscopy of the surface bound reaction products.
The results of our measurements provide evidence for mode- and bond-specificity as
well as steric effects, which show that chemisorption reactions cannot be described
by statistical rate theory but require a dynamical model including all internal degrees
of freedom of the dissociating molecule. Comparison of our experimental data with
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Figure 1: Quantum state resolved dissociation probability of D,0O on Ni 111).
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Stereodynamic effects in collisions of NO(X) + Ar
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Inelastic scattering measurements have been made for collisions of oriented NO(X)
with Ar using a crossed molecular beam apparatus coupled with velocity mapped ion
imaging, for a selection of spin-orbit conserving and spin-orbit changing transitions.
The initial state of the NO(X) was selected using a hexapole field and the final state
by (1+1") REMPI, allowing full A-doublet resolution of both the initial and final
quantum state. The bond axis of the NO molecule was oriented prior to the collision
using a static electric field generated by a four rod setup. Fast switching between the
orientation field and velocity mapping conditions is needed to be able to image the
scattered NO after the collision'.

The state to state oriented differential cross-sections for scattering of NO with Ar
have been measured, building on previous work on the steric asymmetry”>.
Complementary quantum mechanical calculations have also been performed and the
agreement between the experimental and theoretical differential cross-sections is
reasonable. The normalised difference between the two oriented DCSs varies with
scattering angle, and can be qualitatively reproduced by model calculations that
consider the interferences between four limiting scattering paths®.

Preliminary measurements of the product rotational angular momentum alignment
following collisions of NO(X) with argon have also been performed experimentally.
The differences between the two orientations are not as pronounced as for the
oriented differential cross sections. The results obtained can be explained classically
by considering a simple kinematic apse’ model, in which the projection of j onto the
apse is conserved throughout the collision. Again, the polarisation parameters
obtained from the experimental data are in good agreement with those obtained
theoretically.
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Investigation of ion-molecule reactions and spectroscopy measurements require
internally and translationally thermalised molecular ions with a well defined
temperature. The widely used technique for this is a buffer gas cooling. Collisions
with neutral buffer gas molecules (or atoms) cool both internal and external degrees
of freedom (for example [2, 3]). High order multipole traps are very suitable for such
ion preparation ([1, 4]). They have a large field free region and as a result reduced rf
heating and long lifetimes of ions.

There are a number of precise temperature measurements of molecular ions in a 22
pole trap. Most of them are based on spectroscopic studies of ions [3, 5 — 9]. These
measurements indicate the existence of a discrepancy between ion temperature and
buffer gas temperature and significant deviation of ion rotational temperature from
the trap temperature in the range of 10-23 K [2].
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Figure 1: Translational temperature diagnostics via evaporation for OH and D
anions in a 22 pole trap. The lines are the exponential fits of experimental data.

We present a scheme for translational temperature diagnostics of ions and present
data for OH and D anions in a 22 pole rf trap. We observed a breakdown of
thermalisation at 20-25K (fig. 1) and investigate this feature in more detail. The
experimental studies show an independence of this feature from both the buffer gas
to ion mass ratio and the trapping parameters. We also investigate the distortions of
the trap potential caused by the end cap electrodes and discuss an applicability of a
new translational thermometry scheme based on loss rate measurements.
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Buffer gas cooling of trapped molecular ions in a radiofrequency trap cools
molecular ions both in external and internal degrees of freedom. This allows one to
prepare molecular ensembles in only few rotational states [1]. Photodetachment
spectroscopy of anions has been demonstrated as a suitable technique to investigate
rotational levels in the ground vibrational state under high resolution [2]. The
photodetachment cross section also provides an understanding of the destruction of
anions in various plasma environments or in the interstellar medium.

For molecules such as OH" and OD", the lowest rotational transitions from J=0 to 1
of OH™ and OD" are 1.12 and 0.6 THz respectively. These frequencies were difficult
to access due to a lack of THz radiation sources [3-5]. Recent developments have
made it possible to access in these freqency ranges with cw THz radiation sources,
based on frequency difference mixing of two diode lasers [6]. This may give a
control over the population distribution in the low rotational states.

In the present work, we combine a cryogenic 22 pole ion trap with a cw THz
radiation source to investigate a rotationally resolved THz-spectroscopy and
rovibronic inelastic collisions of cold trapped OD™ anions. Using a narrow band (<
2MHz) cw THz radiation source tunable upto 1.8 THz, a THz photon drives the
rotational transition from J=0 to 1 and the electron is detached by a second photon.
We will present progress towards THz spectroscopy of trapped ions.
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A PASSION FOR PERFECTION PFEIFFER ?EVACUUM

= \Vacuum solutions
from a single source

Pfeiffer Vacuum stands for innovative and custom vacuum solutions worldwide,
technological perfection, competent advice and reliable service. We are the only
supplier of vacuum technology that provides a complete product portfolio:

Pumps for vacuum generation up to 107" hPa

Vacuum measurement and analysis equipment

Leak detectors and leak testing systems

System technology and contamination management solutions
Chambers and components

Are you looking for a perfect vacuum solution? Please contact us:

Pfeiffer Vacuum Austria GmbH
T +43 1 8941704 - F +43 1 8941707 - office@pfeiffer-vacuum.at

www.pfeiffer-vacuum.com







