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1,2,3H: The Research Training Group on Hydrogen Isotopes  

Knut R. Asmis 

 

Leipzig University, Wilhelm Ostwald Institute for Physical and Theoretical Chemistry, Germany  

 

The Research Training Group (RTG) on Hydrogen Isotopes, centred at Leipzig University, started its 

business in October 2021. In my presentation, I will give an introduction to the structure and central 

research aim of the RTG, followed by highlighting recent results of the two projects directly related to 

research on gas phase clusters.  

In the first project, we characterize and model the role of nuclear quantum effects in the adsorption of 

dihydrogen isotopologues (DHIs) by metal-containing clusters in order to improve design concepts for 

DHI separation materials. Copper cation DHI complexes are characterized by infrared photodissociation 

spectroscopy and ion trap mass spectrometry, focusing on cluster ions with sterically tailored 

electrophilic binding sites that mimic binding environments found in metal organic frameworks.[1] We 

discuss the role of the environment and the coordination geometry of the adsorption site in achieving a 

high selectivity and the ramifications for identifying and designing future materials for adsorptive DHI 

separation.[2] 

In the second project, we study the gas phase vibrational spectroscopy of the halide anion (Xˉ = Clˉ, Brˉ, 

Iˉ) – 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) complexes. HFIP is a versatile, cost-effective and 

increasingly popular solvent used in organic synthesis for promoting chemical reactions, which also 

finds application in chemical biology as well as supramolecular and polymer science. A comparison of 

the results to those obtained for the corresponding complexes with (d-)isopropanol and water 

demonstrate that the observed red-shift of the hydrogen-bonded O-H(D) stretching frequency scales 

with the difference of the anion proton affinity and the deprotonation enthalpy of the neutral molecule. 

A bonding analysis reveals that the observed vibrational signatures in the HFIP complexes are 

characteristic for strong hydrogen bonds dominated by electrostatic attraction. 
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 Exploring SinCm
+ molecules: First laboratory detection of 

SiC+ via EPD  

 
 

Alexander A. Breier1, Taarna Studemund1, Kai Pollow1, and Otto Dopfer1 
 

1 Institut für Optik und Atomare Physik, Technische Universität Berlin, Germany  
 

The detection of SiC, a challenging endeavor both in laboratory and space-based settings, 
saw a breakthrough with collaborative efforts between radio astronomy and laboratory 
astrophysics, culminating in its definitive identification in the circumstellar shell of the evolved 
carbon star IRC+10216 [1]. SiC's presence, confirmed through millimeter-wave spectral lines, 
emphasizes its relevance in cosmic dust formation processes, particularly in carbon-rich 
environments [2] where photochemistry also plays an important role. Notably, the identification 
of SiC will likely soon extend to cationic species, offering insights into the ionization- and the 
non-equilibrium processes within the environment of evolved stars [3].  

Nevertheless, SiC and its ionic counterparts can be seen as the starting pieces in silicon-
carbide dust formation reactions, serving as crucial precursors in the nucleation and growth of 
dust grains. This presentation focuses on the experimental investigation of the smallest 
cationic silicon-carbide molecule, SiC+, synthesized in our laboratory by evaporating a solid 
SiC rod using a pulsed laser in a carbon-enriched buffer gas environment. The adiabatic 
expansion of the gas jet facilitates the observation of its electronic photodissociation 
fragments, shedding light on its electronic structure and vibrational motions. This is conducted 
within a tandem mass spectrometer integrating a quadrupole and a time-of-flight mass 
spectrometer, alongside a widely tunable UV/VIS-OPO laser [4,5]. Subsequently, the 
experimental observations are compared and evaluated with computational predictions using 
high-level quantum chemical calculations [6]. 
As observational techniques advance and spectroscopic information is recorded in laboratory 
environments, SiC+ may emerge as a significant component, offering valuable insights into 
key aspects of astrophysical processes and cosmic evolution. 
 

References:  

[1] J. Cernicharo, C. A. Gottlieb, M Guélin, P. Thaddeus, and J. M. Vrtilek, ApJ 341, 25 (1989). 

[2] M. Frenklach, C. S. Carmer, and E. D. Feigelson, Nature 339, 196 (1989). 

[3] D. Gobrecht, Front. Astron. Space Sci. 8, 662545 (2021). 

[4] T. Studemund, K. Pollow, S. Verhoeven, E. Mickein, O. Dopfer, and M. Forstel, J. Phys. 

Chem. Lett. 13, 33 (2022). 

[5] M. Förstel, B. K. A. Jaeger, W. Schewe, P. H. A. Sporkhorst, and O. Dopfer, Rev. Sci. 

Instrum. 88, 12 (2017). 

[6] D. Zhou, D. Shi, J. Sun, and Z. Zhu, Spectrochim. Acta A 204, 164 (2018). 

 

 

 



H-Bonding in Ionic Complexes: Insights from Infrared

Action Spectroscopy in Helium Droplets

América, Y. Torres-Boy1, Mart́ın I. Taccone1, Carla Kirschbaum1,2, Katja Ober1, Tamar

Stein3, Gerard Meijer1 and Gert von Helden1

1Fritz Haber Institute of the Max Planck Society, 14195 Berlin, Germany
2nstitute of Chemistry and Biochemistry, Freie Universität Berlin, 14195 Berlin, Germany

3Institute of Chemistry and Fritz Haber Center for Molecular Dynamics, Hebrew University of Jerusalem,
Jerusalem 91904, Israel

IR Action Spectroscopy in Helium Droplets of isolated molecular ions and ionic clusters has been
proven to be an effective technique for the experimental characterization of molecular systems.[1]
Because the ions are examined at the equilibrium temperature of the helium droplet (0.37 K), this
method presents a significant advantage greatly reducing the spectral congestion.

Hydrogen bonds, though weaker than covalent bonds, are widely present in nature and play a
significant role in many processes across physics, chemistry, and biology. By studying the structure of
hydrogen-bonded clusters, we can gain insights into molecular interactions, stability, and the dynamics
of diverse processes.

Investigating hydrogen-bonded systems at cryogenic temperatures allows for a better understand-
ing of their fundamental properties. In this study, we investigate the proton-bound dimer of dihydrogen
phosphate and formate ([H2PO3 + H + HCOO]-) using cryogenic action spectroscopy. High-resolution
vibrational spectra were obtained for the dimer at different levels of deuteration and compared to both
anharmonic and harmonic quantum chemistry predictions. Notably, some H-bending modes of the
non-deuterated complex are found to be sensitive to the helium environment. For the partially deuter-
ated complexes, the experiments indicate that internal dynamics lead to an interconversion process
between these two isotopomers inside the He droplet after photon excitation. The fundamental aspects
regarding the position, energetics, and dynamics of the dimer of the complex are thoroughly examined
and discussed. Future experiments involving time resolution are also addressed.

Figure 1: Caption text goes here.
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Infrared Spectroscopy of Mass/Charge Selected Ions in

Helium Droplets

Gert von Helden

Fritz-Haber-Institut der Max-Planck-Gesellschaft, Berlin, Germany

Helium droplets can pick up mass/charge selected ions from an ion trap and the doped droplets
can be investigated using optical spectroscopy. We use that technique to investigate cations and
anions ranging in size from ions containing only a few atoms up to mass/charge selected protein ions
containing several thousand atoms.
The figure below shows a schematic of the experimental setup. Ions are generated using a nano

Figure 1: Scheme of the experimental setup.

electrospray source. After mass/charge selection using a quadrupole, ions are injected and stored in
an ion trap. Helium nanodroplets, generated by a cooled pulsed valve, are then allowed to traverse
the trap. The droplets travel at a beam velocity of ≈ 500 m/s and even relatively small droplets
containing only a few hundred helium atoms have a kinetic energy that is higher than the longitudinal
trapping potential of the ion trap. When a droplet picks up an ion via mechanical impact, the ion will
be cooled to the equilibrium temperature of the droplet (0.4 K), and the ion doped droplet can exit
the trap. Doped droplets are irradiated using tunable IR light from the FHI free electron laser. After
resonant absorption of multiple photons, droplets evaporate and the bare ion is detected in a time of
flight mass spectrometer. Plotting the IR yield as a function of IR frequency gives an IR spectrum.
The droplet evaporation process involves the absorption of many IR photons. Results from kinetic
modelling of the absorption/evaporation process will be presented.



Time- and energy-resolved fluorescence measurements of

collective effects in polyacene aggregates attached to

rare gas clusters

Aleksandr Demianenko, Moritz Michelbach, Sebastian Hartweg, Frank Stienkemeier
(please underline presenting author)

University of Freiburg, Freiburg im Breisgau, Germany

Collective effects in organic semiconductors affect excited state lifetimes, important for organic
optoelectronic and photovoltaic applications. A complete understanding of the energy level structure,
and decay mechanisms require high spectral and temporal resolution. We present a setup combin-
ing conventional laser-induced fluorescence (LIF) spectroscopy with time-correlated single photon
counting (TCSPC) and discuss advantages and implementation challenges. Using wavelength-tunable
nanosecond dye laser pulses allows us to measure high-resolution LIF spectra of transitions to highly
excited states of tetracene embedded in superfluid helium nanodroplets, or deposited on solid rare-gas
clusters. The newly implemented TCSPC detection in combination with a femtosecond laser system
is aimed at studying radiative and non-radiative decay mechanisms connected to collective effects in
aggregates of polyacenes. This technique allows us to cover the sub-ns lifetime region not previously
reachable in our fluorescence measurements.



Investigating the Valence Electronic Structure of Sub-

micrometer Aqueous Droplets 

Jong Chan Lee,1 Jonas Heitland,1 Loren Ban,1 Grite L. Abma,1 William G. Fortune,2 

Helen H. Fielding,2 Bruce L. Yoder,1 and Ruth Signorell1 
1 Department of Chemistry and Applied Biosciences, ETH Zurich, 8093 Zurich, C.H. 
2 Department of Chemistry, University College London, London WC1H 0AJ, U.K  
 

ABSTRACT: Many biochemical and atmospheric chemical processes take place in aqueous environments or at 

aqueous interfaces, where photochemical reaction rates can be dramatically enhanced.1,2 To understand the 

chemical behavior and photo response of molecules in and on water, it is essential to examine their electronic 

structure and potential energy landscape, with photoelectron spectroscopy (PES) being an invaluable 

method.3,4 This research employs photoelectron velocity-map imaging (VMI) following ultraviolet 

multiphoton ionization of sub-micrometer aqueous droplets to study the valence electronic structure of 

weakly soluble organics. Liquid phase photoelectron (PE) spectra are affected by the inelastic electron 

scattering and this makes it complicated to analyze liquid phase photochemical process.5–7 Here, we 

introduce the droplet photoelectron imaging technique to address this issue. This method allows us to 

understand low kinetic energy electron scattering and investigate droplet finite size effects.5,8  

We present PE spectra of aqueous droplets with varying phenol concentrations, and after resonant and non-

resonant photoexcitation. Phenol, previously studied in LJs, is used as a representative organic solute.7,9 Our 

results show that the vertical binding energies (VBE) of phenol in aqueous droplets are lower than those of 

isolated phenol, due to stabilization by the polar solvent. For non-resonant measurement, we observe that 

increasing phenol concentration decreases the VBE. This shift is attributed to a systematic lowering of the 

energy of the lowest cationic state with increasing concentration, caused by phenol dimer and aggregate 

formation at the droplet surface. However, in the case of resonant ionization, we do not find any significant 

correlation between the concentration and VBE. We attribute the constant vertical binding energy of ~8.1 eV 

upon resonant excitation to ultrafast intermediate state relaxation.  
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Production, Identification and Investigation of Actinide Clusters  
by Laser-Ablation Multi-Reflection Time-of-Flight Mass Spectrometry 
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Multi-Reflection Time-of-Flight Mass Spectrometry has recently been employed in the 
search for thorium and uranium clusters produced by laser ablation from target foils in 
high vacuum (i.e. without aggregation gas). The method is known to produce and 
investigate molecules and clusters for a number of target materials, see e.g. [1-3], and 
is now expanded to the realm of the actinides where data on gas-phase compounds is 
very scarce. In the present uranium-target study only monomers and dimers are found 
– in addition to various molecules incorporating, e.g., oxygen, nitrogen or fluorine 
atoms [4]. For the thorium target, however, in addition to such small molecules [5] 
cationic clusters are observed with up to n = 15 thorium atoms. Two different 
distributions can be distinguished: The smaller clusters are heavily oxidized, which 
could be expected as the target is quite old and has been exposed to air for several 
decades. The larger clusters, however, are found as pure rather than oxygenated 
species. In addition, their signal intensity as a function of cluster size drops significantly 
from n = 13 to n = 14, thus indicating a magic number n=13, i.e. a shell closure for the 
thorium clusters Th13

+ [6]. 
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IRPD Spectroscopy of [Fe2AlO4]
+ and [Co2AlO4]
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Unexpected Structural Isomers upon Transition Metal

Substitution
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Keijiro Ohshimo,4 Fuminori Misaizu,4 Joachim Sauer,3 Knut R. Asmis1
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Studies on metal oxide clusters in the gas phase are aimed at gaining a better atomistic understanding
of single-site catalysts. Here, we study the structure and reactivity of cationic model systems using a
combination of mass spectrometry, infrared photodissociation (IRPD) spectroscopy, ion mobility and
electronic structure calculations ranging from density functional theory to multi-reference electron
correlation methods.
The reactivity of the aluminium oxide cations [Al3O4]

+ is studied upon the substitution of Al atoms by
the transition metal ones, Fe or Co. The electronically closed-shell [Al3O4]

+ has a cone like structure
and is unreactive towards methane activation,[1] while [FeAl2O4]

+[2] and [CoAl2O4]
+ show a planar

bicyclic structure with a terminal oxygen radical (AlO•-I) that can abstract H from CH4.
However, the doubly transition metal substituted species, [Fe2AlO4]

+ and [Co2AlO4]
+ are unreactive

towards methane, and the structure assignment could not be done solely comparing IRPD spectra to
harmonic vibrational spectra for different isomers. Therefore, we used ion mobility spectrometry and
ab initio molecular dynamics simulations to unambiguously determine the structure of these systems.
They exhibit a “key-like” structure with a planar four-membered ring connected to a nearly linear
terminal O–TM+III–O-II unit, that display large amplitude motions that can only be captured by
anharmonic simulations. Ion mobility data for the cobalt system, [Co2AlO4]

+, were also obtained and
confirm the assignment made.

Figure 1: Structure of [FenAl(3-n)O4]
+ clusters.
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Imaging Plasmons of Individual Supported

Nanoparticles: Energetics, Mode Geometry, and

Photoelectron Momentum

Kevin Oldenburg, Waqas Pervez, Sylvia Speller, Karl-Heinz Meiwes-Broer, Ingo Barke

Institute of Physics and Center for Interdisciplinary Electron Microscopy (ELMI-MV), Department ”Life,
Light and Matter”, Universität Rostock, 18059 Rostock, Germany

Localized plasmon-polaritons of deposited clusters and nanoparticles are highly sensitive to the optical
properties and local geometry of the substrate, down to the atomic scale. Here we present spatially re-
solved mapping of single-particle plasmon energies using photoemission electron microscopy (PEEM)
and electron energy loss spectroscopy (EELS), focusing on the role of the substrate. For size-selected
silver clusters deposited on Si(111)-(7x7), the formation of image dipoles in the silicon results in a
breakdown of the quasistatic limit, despite small (≈ 10 nm) particles [1]. The photoelectron momen-
tum distribution can be controlled via the laser polarization (left Figure), as observed in k-space mode
by selecting an individual particle on a native oxide layer of silicon.
Insight into the detailed geometry of involved plasmon modes is enabled by EELS conducted in a
scanning transmission electron microscope (STEM). To access the substrate’s effect, silver particles
are deposited from a beam on a narrow rim of a carbon support and investigated along a plane perpen-
dicular to the support (cross-sectional view). We observe pronounced symmetry breaking, partially
lifting the threefold degeneracy of the dominant dipole modes. In combination with simulations based
on the boundary element method (BEM), the full mode structure is revealed, enabling assignment
of spectral features. Intuitively, the most pronounced substrate effect, i.e., the strongest red shift, is
expected for excitation of modes close to the support, as previously reported for more complex nanos-
tructures. Surprisingly, we find the strongest effect for silver clusters, when the plasmon is excited
farthest away (right Figure). As will be discussed, such a non-local substrate influence is a conse-
quence of the simple system under investigation: for silver clusters the intramode geometry dominates
over intermode differences of the spatial excitation probability distribution. Our results also suggest
that substrate-induced degeneracy lifting plays an important role in long-standing discrepancies of
reported size-dependent ”true” plasmon energies of a variety of silver clusters [2], since anisotropic
mechanisms are not properly taken into account in commonly applied effective-medium corrections.

Left: Momentum distribu-
tion of excess photoelectrons
from a single Ag cluster on a
silicon surface with a native
oxide layer, excited near its
plasmon resonance.
Right: Spatial distribution
of the plasmon energy of
a silver cluster (circle) sup-
ported by a narrow rim of
carbon (bottom).
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Probing the Temperature of Single Quantum Dots Confined 

in a Nanoparticle Ion Trap by Fluorescence Thermometry 
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To obtain unaltered information on the intrinsic, size-dependent properties of 

nanoparticles, it is essential to characterize individual nanoparticles isolated in the gas 

phase to avoid heterogeneity of a nanoparticle ensemble and prevent perturbing 

interactions with the environment. Single nanoparticle mass spectrometry (NPMS) 

allows for the non-destructive monitoring of the absolute mass of a single, charged 

particle isolated in the gas phase using light scattering.[1] 

Understand the processes taking place on single nanoparticles inside the temperature-

controllable NPMS ion trap requires knowledge of the nanoparticle. We determined the 

temperature of a single trapped CdSe/CdS quantum dot (QD) using fluorescence 

thermometry after laser excitation at 532 nm. The QD temperature is then derived from 

the fluorescence wavelength using the empirical Varshni relation. A linear correlation 

between the temperatures of the QD and ion trap is observed, with a slope of one and 

an offset of 100 K. These experimental findings align well with a simple power balance 

model and allow for detailed insights into the significance of various heating and 

cooling mechanisms acting on the trapped particles, the most dominant of which are 

laser light absorption, fluorescence and collisional cooling.[2] 
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Femtosecond XUV-Spectroscopy on Nano-Structured Surfaces 
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A new experimental setup for extreme-ultraviolet (XUV) photoemission spectroscopy is 
presented. With surface sensitive XUV femtosecond pump-probe spectroscopy we aim to 
characterize the electronic properties of nano-structured surfaces and of molecules adsorbed 
on such substrates. One recent example focused on the electronic structure of gold nano-
clusters on an MgO/Mo(100) substrate. Changes in the photoemission signature are corelated 
with the electronic structure of Au as it evolves from monomers to small nonmetallic clusters 
to larger nanoparticles with a metallic character. This work paves a new avenue to a detailed 
understanding of how surface photoinduced chemical reactions are influenced by the 
composition and electronic structure of the surface. 
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The CaMn4O5 cluster’s electronic structure plays a crucial role in understanding dioxygen formation
in the Kok cycle. The S4 state, responsible for O2 formation, is difficult to observe because of the
millisecond time scale of the S3-S0 transition [1]. Two main widely discussed models for the S4 state
feature different oxidation states of +4 and +5 of the manganese atom at the reaction site [2]. Despite
the fact that the spin states of the manganese atoms in state S4 are still under debate, the reactivity
of the CaMn4O5 cluster is believed to be spin-dependent [3].

We report on the characterization of cold cationic gas-phase manganese oxide complexes via X-ray
absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD). We identify oxidation
and spin states by comparison with reference spectra of manganese compounds with known oxidation
states, accompanied by multireference and density functional theory calculations. We demonstrate
that cationic Mn(V)O+

2 , recently identified as a species with the high oxidation state of manganese
atom [4], is only the second manganese oxo complex to exist in a high-spin state. Our most important
result is the identification of a Mn2O

+
3 species with Mn(V) in a high-spin state. This is the first

observation of the elusive manganese(V) high-spin state in a polymagnanese oxido complex [5, 7]. The
observed result might have implications for the oxidation and spin states of the CaMn4O5 complex in
the S4 state.
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Motivated by the performance of the industrially employed Cu/ZnO catalyst for direct 

CO2 hydrogenation [1], the European training network CATCHY [2] seeks to develop new and 
high-performance cluster-based catalysts. As part of this project, we utilize transition metal 
oxide clusters in the gas phase as model systems to study the fundamental driving forces that 
determine the reactive and catalytic properties of such catalysts.  

So far, we have investigated the interaction of CO2 with small copper oxide, cobalt 
oxide and yttrium oxide clusters via infrared multiple-photon dissociation (IR-MPD) 
spectroscopy (collaboration with J. Bakker, FELIX laboratory). Clusters were produced by laser 
ablation of a metal target in the presence of He carrier gas seeded with O2. Independent of 
the metal, cluster formation appears to be strongly charge dependent, with cations preferably 
forming oxygen-rich clusters, while anions tend to form stoichiometric and oxygen-deficient 
clusters. To study the cluster-CO2 interaction, a CO2/He mixture was subsequently introduced 
in an adjacent flow tube reactor and the resulting reaction products were investigated via 
infrared spectroscopy. 

In the case of cationic copper and cobalt oxide complexes, the characteristic Fermi 
dyad of CO2 is observed, indicating the presence of physisorbed, unactivated linear CO2. In 
contrast, all anionic cluster complexes show bands which are characteristic for an activated 
bent CO2 molecule (cf. Figure 1). Density functional theory calculations allowed us to assign 
structures of Cu2O4(CO2)- and Cu3O4(CO2)-, which revealed that the presence of oxygen leads 
to the exclusive formation of a stable CO3 unit, preventing CO2 dissociation. Most interestingly, 
the IR-MPD spectra of yttrium oxide-CO2 complexes appear to be more complex than the 
spectra of the copper and cobalt oxide complexes, potentially indicating different CO2 binding 
motifs. 

Additionally, we employed guided ion beam technique, where mass-selected cluster 
ions generated by sputtering are stored in a radiofrequency octopole ion trap filled with 
helium buffer gas and small partial pressures of reactant gases to investigate reaction kinetics 
of copper oxide clusters. Experiments have demonstrated the influence of oxygen on the 
cluster's capacity to adsorb CO2, H2O, and CO. 
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Platinum cluster and nanoparticles are the catalytically active species in a large 

number of important chemical processes. In many of these processes’ hydrogen is 

directly or indirectly involved. While hydrogen adsorption on extended surfaces is well 

studied, much less is known about the interaction of hydrogen and platinum clusters.  

 

Here we report an investigation of structures of small platinum clusters anions and their 

hydrides by a combination of trapped ion electron diffraction and density functional 

computations. For the bare clusters we find a structural evolution from planar (Pt6-) and 

amorphous-like (Pt7- - Pt9-) structures to structures based on distorted tetrahedra (Pt9
- 

- Pt11
-). Finally, Pt12

- and Pt13
- are based on hcp fragments.1 While the structural 

parameters are well described by density functional theory computations, the lowest 

energy structure is found in the experiment only for Pt6-.When exposed to a hydrogen 

atmosphere, platinum cluster anions readily adsorb hydrogen (deuterium). The TIED 

measurements indicate a structural transformation induced by deuterium adsorption 

ranging from a polyhedral structure for Pd6D12±1
- to a cuboctahedral structure for 

Pd13D25±1
-.2 
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The electronic configuration of transition metal centers and their ligands is crucial for redox reactions
in metal catalysis and electrochemistry. We characterize the electronic structure of gas phase nickel
monohalide cations via nickel L2,3-edge x-ray absorption spectroscopy. Comparison with multiplet
charge-transfer simulations and experimental spectra of selectively prepared nickel monocations in
both ground- and excited-state configurations are used to facilitate our analysis. Only for [NiF]+ with
an assigned ground state of 3Π can the bonding be described as predominantly ionic, while the heavier
halides with assigned ground states of 3Π or 3∆ exhibit a predominantly covalent contribution. The
increase in covalency is accompanied by a transition from classical to inverted ligand-field for [NiCl]+,
[NiBr]+, and [NiI]+, resulting in a leading 3d9 L configuration with a ligand hole (L) and a 3d
occupation indicative of nickel(I) compounds. Hence, the absence of a ligand hole in [NiF]+ precludes
any ligand-based redox reactions. Additionally, we demonstrate that the shift in energy of the L3

resonance is reduced compared to that of isolated atoms upon formation of covalent compounds.
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Figure 1: Abrupt pronounced difference in electronic structure of nickel monohalides from a classical
ligand field in [NiF]+ to inverted ligand field in [NiX]+ (X=Cl,Br,I).
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Numerous applications ranging from efficient solar cells to cancer treatment profit from the interaction
between nanoparticles and light. In the case of metal clusters, one often takes advantage of collective
resonances of the valence electrons, which lead to a strong increase of the cross section at a certain
wavelength. Previous studies have already shown that the resonance energy can be tuned via size and
charge state of the nanoparticles [1]. However, systematic measurements to investigate the evolution of
the plasmonic resonance in metal clusters concentrate on small sizes. In the case of free silver particles
only few experimental results are available for systems larger than N = 20 atoms [2,3]. Furthermore,
those collective excitations have not been shown yet for multiply negatively charged species.
We conduct photoelectron spectroscopy on polyanionic silver clusters Agz−N in a size range of N =
7−800 and with z = 1−7 excess electrons. By extracting photodetachment cross sections (Fig. 1) from
energy resolved photoemission, we do not only get insight into the overall plasmon resonance, but also
into the coupling of the collective excitation to electrons previously bound in different electronic levels.
For monoanions, we see a transition at N = 55 from the scalable regime of larger clusters showing a
1/R blueshift of the plasmon resonance energy to the nonscalable regime with a general redshift. On
top, a splitting of the resonance is observed at few smaller cluster sizes (e.g. Ag−29, Fig. 1b), hinting
on a deformation of the particle. For higher polyanonic charge states, we observe a redshift of the
plasmon energy and a broadening of the resonance width, which are both more pronounced for smaller
particles.
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Figure 1: Photodetachment cross sections of silver clusters Ag−N with N = 19, 29 and 137 (blue
circles). The experimental data are fitted by either a single Lorentz function (black line, a and c) or
by a combination of three Lorentzians with equal area and width (black line, b).
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Studying the spectroscopy and dynamics of size-selected neutral clusters remains challenging due to
the difficulties associated with mass-selection for these clusters and the lack of intense and easily
accessible radiation sources. Here, we report our setup and results on vibrational and rotational wave-
packet dynamics for mass-selected neutral clusters which allow us to obtain detailed vibrational and
rotational information. We employ a cryogenic ion-trap tandem mass spectrometer in combination
with a femtosecond laser system to perform femtosecond pump-probe spectroscopy involving with
the negative-neutral-positive excitation scheme (fs-NeNePo). We have obtained detailed and accurate
information on the molecular vibrations for the ground electronic states of neutral silver clusters
via probing their vibrational wave-packet dynamics. Additionally, we have recently investigated the
rotational coherence in the mass-selected small boron clusters in the time-domain.
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Diamondoids are a class of aliphatic molecules arranged in cage-like structures and serve as a link 
between small, cyclic hydrocarbons and bulk nanodiamonds. They are well-known for their interesting 
optical properties, as they typically exhibit large optical band gaps of around 6 eV or higher. Their 
radical cations, however, are predicted to display transitions in the visible and, due to their favorable 
structural and optical properties, may be viable candidates as carriers of the diffuse interstellar bands. 
Here, we present the electronic spectra of the simplest diamondoid cations (adamantane [1], diamantane 
[2]) recorded in a cryogenic ion trap (BerlinTrap) [3]. Despite ion temperatures below 20 K, these 
optical spectra show rather broad absorptions in the whole optical range (from near infrared to 
ultraviolet), arising from rich vibronic activity (Franck-Condon congestion) and/or short excited state 
lifetime. To explore the effects of functionalization and modification of the diamondoid cage, we 
characterized the optical spectra of N-substituted adamantanes, namely 1-cyanoadamantane and 
urotropine. While substitution with the CN group has little impact on the optical response [4], the 
modification of the diamondoid cage by replacing all four CH groups by isoelectronic N atoms results 
in highly-resolved vibronic spectra. The optical spectra are obtained by photodissociation of mass-
selected ions in a cryogenic ion trap (5 K) coupled to an electron ionization source and quadrupole/time-
of-flight tandem mass spectrometer. The experimental results are compared to photoelectron spectra5 
and time-dependent DFT calculations. The assignment of the PES spectra with TD-DFT methods 
illustrates the evolution of the electronic structure and the corresponding molecular orbitals as a function 
of (i) number of cages (i.e., size of the diamondoid), (ii) type and location of functional groups, and (iii) 
substitution with heteroatoms in the cage [5]. In addition to bare diamondoid cations, we probe the 
geometry and reactivity of mass-selected solvated cluster ions by infrared photodissociation in a 
quadrupole tandem mass spectrometer coupled to an electron impact supersonic plasma expansion. The 
analysis of these spectra reveals the impact of ionization and protonation, solvation, and functional 
groups on the structure and reactivity of the diamondoid cations, including cage opening and proton 
transfer to solvent [6-9].   
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In  the  past  molecular  clusters  have  been  generated  in  supersonic  jets  from  a  variety  of 

molecules. One  special  case  seems  to be propane. Although  it  is  said  to nucleate more easily 

than  carbon  dioxide  under  otherwise  similar  conditions  [1],  C3H8  does  not  form  clusters  if 

expanded as a pure gas [2,3].  

We present a comprehensive experimental  investigation of the generation of propane clusters 

by a pulsed high‐pressure supersonic jet expansion of the pure fluid through a parabolic nozzle 

into  vacuum.  In  these experiments  source pressure  is  varied between 6 bar and 110 bar  and 

source  temperature between 240 K and 410 K,  covering  the gaseous,  liquid, and  supercritical 

states.  The mean  cluster  size  is  characterized  by  time  and  space  resolved Rayleigh  scattering 

measurements, in combination with time resolved residual gas pressure measurements. 

Our experiments performed so far indicate that the onset of cluster formation follows the gas‐

liquid phase boundary [4]: no signal is detected from expansions from gaseous propane, even at 

high  source pressures, whereas  liquid  jet expansions  result  in  a Rayleigh  signal  that  increases 

with source pressure. Above the critical temperature the dependence of the Rayleigh scattering 

signal on source conditions shows a more complex behavior.  
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X-ray coherent diffrac�ve imaging of nanoplasma generated in 
submicron liquid droplets with intense UV light 
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The extremely bright and short light pulses provided by X-ray Free Electron Lasers allow one to spa�ally 
and temporally resolve light-induced nanoplasma forma�on and its dynamics in sub-micrometer 
par�cles via Coherent Diffrac�on Imaging (CDI) technique [1–6]. In previous CDI studies [5,7,8], 
nanoplasma formed with pris�ne noble gas clusters and solid nanopar�cles pumped by NIR (800 nm) 
has been probed. So�ening and asymmetric broadening of the par�cle surface have been observed 
along the polarisa�on axis of pump laser pulses. No clear size-dependent effects have been explored 
and found for nanoplasma genera�on nor expansion with CDI. This was due to the small size parameter 
of the studied par�cles, resul�ng in a homogeneous internal and a symmetric outer near field 
distribu�on. 

In this study, we use �me-dependent X-ray (661 eV, 3.5 mJ) CDI to follow nanoplasma forma�on in 
liquid squalane droplets of various par�cle diameters (100 – 400 nm) irradiated with UV (266 nm, 7e13 
W/cm2) light at Maloja endsta�on of SwissFeL in Switzerland [9]. This experiment enables us to probe 
size-dependent dynamics of nanoplasma, and follow how inhomogeneous light distribu�ons develop 
as a func�on of par�cles size. Par�cles with diameters of 100 nm exhibit asymmetric expansion 
dynamics along the polarisa�on axis of the light as was predicted previously [7] and reported for He 
droplets experimentally [8]. As par�cle size increases, the internal light distribu�on forms an intense 
region in the par�cle due to nano-focusing [10,11] and the expansion evolves increasingly into the 
forward scatering direc�on. Rarefac�on waves become visible in the diffrac�on images due to the 
inhomogeneous light field produced in the par�cle. Simula�ons on plasma expansion give a detailed 
understanding of the plasma expansion dynamics and their size dependence. With the first systema�c 
study to report nanoplasma forma�on in liquid par�cles, we observe and explain the strong influence 
that par�cle size has on nanoplasma forma�on and dynamics. 
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received funding from the European Union Horizon 2020 research and innova�on program from the 
European Research Council under the Grant Agreement No. 786636 and from the DFG via 
Collabora�ve Research Center 1477 “Light-Mater Interac�ons at Interfaces” (project no. 441234705). 
C.B. and H.Z. acknowledge support from the Swiss Na�onal Science Founda�on SNSF. The Maloja 
instrument was funded through a R’equip grant from the Swiss Na�onal Science Founda�on SNSF. 
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Single-sized clusters are accumulated within a digital Paul trap [1] and exposed to intense optical laser
pulses, leading to the formation of nanoplasmas of known initial conditions, not yet feasible. Using
field-free diagnostics, the resulting Coulomb explosion is analyzed, giving electron distributions and
charge-state resolved ion energy spectra [2], see Fig. 1. Experiments on the well-defined target result
in comprehensive information on the particle emission and reveals details of nanoplasma dynamics not
available before. These are for example the particle size-specific intensity-dependent transition towards
a fully ionized plasma state. In addition, extending the experiments by pump-probe measurments and
addressing the plasmon resonance, the ion recoil energy spectra show pronounced peaks, which stem
from the emission of ions from different geometrical shells.
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Figure 1: Time-of-flight-deflection histogram of the Coulomb explosion of size-selected silver clusters
(Ag−309) after exposure to strong femtosecond laser fields (IL = 2.4 ·1015W/cm2). The different atomic
charge states and their corresponding recoil energy distribution are indicated by diagonal lines in the
histogram. Representative ion recoil energies are shown.
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Dynamics of superheated silver nanoparticles
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The properties of materials at very high temperatures and pressures is of interest for many fields,
ranging from astrophysics to laser ablation applications. Isolated clusters can serve as ideal test
cases for the study of such excited matter. Here I report on time-resolved x-ray imaging experiments
performed at the FELs FLASH and Swiss-FEL by a large consortium, including, among others, the
ETH Zurich, the TU Berlin, and Rostock University.

Large silver nanoparticles were excited by fs-laser pulses at 400 nm, close to the plasmon resonance,
and then imaged by a time-delayed x-ray pulse (image reconstructions: Daniela Rupp, Alessandro
Colombo, ETH Zurich). The particles exhibit a strong expansion, which for intermediate laser in-
tensities leads to the formation of large liquid bubbles via a cavitation effect - in the case of heated
nanocubes even to the formation of hexapods, smaller bubbles with six long extensions. The ob-
served effects are in excellent agreement with MD simulations (Thomas Reichenbach, Michael Moseler,
IWM/Uni Freiburg). These can be used to describe the particle dynamics within the phase diagram
of silver, demonstrating that the strong cavitation effects set in when the system crosses the so-called
spinodal, the phase boundary were overheated liquids become unstable [1]. New fluid dynamic simu-
lations (Claas Bierwisch, Michael Moseler, IWM/Uni Freiburg) demonstrate that the results can for
example be used to determine the viscosity and surface tension of the superheated liquid silver.
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The rapid development of short-wavelength free-electron lasers (FELs) [1] over recent decades has
stimulated the investigation of the interaction between intense, high-energy light pulses and matter,
and has become a very active field of research. FEL pulses allow to perform the structural characteri-
zation of clusters, nanoparticles or bio-molecules by means of single-shot coherent diffraction imaging
(CDI). This technique is expected to revolutionize the investigation of nano-scale objects structures
or thier dynamics, which are otherwise lost in the statistical sampling of time- and ensemble-averaged
measurements.

In addition, various interesting phenomena such as absorption enhancement, bleaching, modifica-
tion, suppression of electron emission as well as others mechanisms are expected to play a key role in
plasma dynamics. Detailed understanding of these processes in nano-scale objects considering plasma
dynamics is of fundamental interest.

In this context, recently commissioned opportunity for two-color experiment in the soft X-ray
regime at the European XFEL facility [2] in combination with the advanced version of the pnCCD
detector [3] from pnSensor opens the way to a novel two-color CDI technique. Spectral sensitivity
of the pnCCD camera allow us to resolve two simultaneously recorded CDI images from the pump
and probe X-ray pulses. In this case both the initial configuration and the state of expansion of the
same nano-object can be identified and monitored for delay times of up to 1ps. Simulation and first
experimental results on pure and Xe doped He nanodroplets will be presented.
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Metal nanoparticles are currently the main candidates for direct interferometric tests of the 

quantum superposition principle within the 1MDa mass range, providing not only a 

considerable improvement upon the current 28kDa milestone1 but also opening a promising 

window for interferometric studies on the properties of metals in the interface to the bulk2. 

 Among the experimental challenges that must be tackled to observe the interference of 

1MDa metal nanoparticles, developing an adequate source plays a key role. Such a source 

must produce a long-duration, high-brilliance beam of MNPs with masses up to 1MDa and 

velocities below 40m/s to be suited for the next generation of near-field matter-wave 

interferometers.  

Here, we present our work towards a suitable nanoparticle source; an approach based on an 

LN2-cooled source and an aerodynamic lens array allows us to produce a stable beam of 

nanoparticles with masses up to 2MDa and velocities of down to 70m/s.  

To increase the range of accessible metals beyond what can be ionized with our 266nm 

laser, we are working on the high harmonic generation of a DPSS pumped TiSa laser, to 

achieve intense deep ultraviolet light below 220nm. This light shall enable photodepletion 

gratings in the interferometer and facilitate the mass-selective detection after DUV 

ionization. 

These technologies are setting us one step closer to a source tailored specifically for the 

needs of high-mass interference. Additionally, we explore the current limitations and 

prospects for nanoparticle generation, slowing, and cooling to bridge the gap to the required 

values. 
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The evolution of solar systems, planets such as Earth and other celestial bodies is significantly 

influenced by interstellar dust, predominantly composed of μm-sized silica and metallic 

silicates.1 Among the potential precursors for macroscopic dust particles in interstellar regions 

and interstellar disks, only molecular SiO has been identified hitherto.2 Thus, further 

intermediate steps in the formation of dust particles remain unresolved. Combining 

experimental measurements of polyatomic SinOm
+ cations with quantum-chemical calculations 

offers a promising strategy towards providing insights into these unanswered questions. 

Accordingly, this study presents the initial optical spectra of SinOm
+ cations exceeding SiO+ 

and Si2+ in size.2,3 The characterization of the electronic and optical properties of the 

investigated clusters generated via laser vaporization relies on photodissociation of mass-

selected ions in a tandem mass spectrometer coupled to a laser excitation source.4 Thereafter, 

the action spectroscopy-derived electronic photodissociation data are compared and 

interpreted using TD-DFT calculations. 
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The presentation will address the tuning knobs available at the subnanometer scale to control the 
catalytic performance of the catalytic sites made of subnanometer clusters by changing their metal 
components, interaction with the support and reaction conditions., using the examples of the oxidative 
dehydrogenation of cyclohexane [1-2], and cyclohexene [3-5],  (see the schematics below for the latter)  
on size- and composition 
selected Co, Cu, Pd and CuPd 
clusters, supported on oxide- 
and carbon-based supports.  
 
In addition to leveraging the 
atomic precision control of the 
size and composition of the 
mono- and bimetallic clusters 
for controlling their catalytic 
propensities, also support 
effects, including the 
thickness of e.g. zirconia 
support and the morphology or doping and surface termination of nanocrystalline diamond supports 
were also explored as additional variables for the design of catalysts with optimized performance. The 
obtained results show that in these systems the catalytic activity could be increased by up to two 
orders of a magnitude and selectivity switched between the products made.  
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   Aside from  H-bonding, cation/anion-, and - stacking interactions, the charge resonance (CR) 
is a fundamental and strong force in charged arene dimers.1 In aromatic dimer cations, the positive 
charge is shared between the molecules depending on their ionization energy (IE) differences. 
Previously, we demonstrated a new high-resolution experimental approach (utilizing infrared 
photodissociation spectroscopy (IRPD)) to precisely probe the charge distribution and the CR 
interaction in aromatic dimer cations for the prototypical case of the pyrrole dimer cation (Py2

+, 
Figure 1) in the gas phase. Py (C4H5N) is a five-membered heterocyclic ring which has a single 
isolated and uncoupled NH stretch oscillator (NH) whose frequency is strongly dependent on its 
charge state and proton affinity of ligands.1-4 Our further approach focuses on exploring the evolution 
of charge delocalization in larger Pyn

+ (n>2) clusters. Hence, herein, we produce the Pyn
+ (n=3-7) and 

their colder Ar-tagged Pyn
+Ar (n=3-6) clusters in the supersonic plasma expansion and determine the 

structures by IRPD and dispersion-corrected density functional theory calculations. The structure-
sensitive NH of Pyn

+ clusters plays an important role in revealing their structures and the evolution of 
the partial charges. The analysis of IRPD spectra of mass-selected Pyn

+ and its cold Pyn
+Ar clusters 

combined with geometric parameters of intermolecular structures reveals that Pyn
+ clusters grow 

through solvating of CR-stabilized Py2
+ core by additional Py ligands through the formation of 

NH… H-bonds rather than by sharing the positive charge between the Pyn
+ units (Figure 1), unlike 

the benzene3
+ (Bz3

+) cluster, in which charge delocalizes into the third Bz unit.5  

 
 

Figure 1. Optimized structures of Pyn
+ (n=2-6) is obtained at the B3LYP-D3/cc-pVTZ level. The red dashed line 

represents the CR, and the blue dashed line is the NH… interaction.  
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Size selected transition metal cluster ions serve to record the cryo kinetics and cryo IR spectra of N2

adsorption. The DFT modelling of likely cluster structures, adsorption sites and IR spectra elucidates
reaction pathways and critical points along these. Choice of transition metal, cluster size and charge
state modulate the findings beyond simple predictions, and some vaguely recognizable systematics
emerge slowly.

Figure 1: Calculated reaction pathways of N2 activation by various TM clusters

Future research aims to expand the current findings and in particular to analyze the electronic
structure of the rate determining transition state T3SP in more detail.
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The CaMn4O5 cluster’s electronic structure plays a crucial role in understanding dioxygen formation
in the Kok cycle. The S4 state, responsible for O2 formation, is difficult to observe because of the
millisecond time scale of the S3-S0 transition [1]. Two main widely discussed models for the S4 state
feature different oxidation states of +4 and +5 of the manganese atom at the reaction site [2]. Despite
the fact that the spin states of the manganese atoms in state S4 are still under debate, the reactivity
of the CaMn4O5 cluster is believed to be spin-dependent [3].

We report on the characterization of cold cationic gas-phase manganese oxide complexes via X-ray
absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD). We identify oxidation
and spin states by comparison with reference spectra of manganese compounds with known oxidation
states, accompanied by multireference and density functional theory calculations. We demonstrate
that cationic Mn(V)O+

2 , recently identified as a species with the high oxidation state of manganese
atom [4], is only the second manganese oxo complex to exist in a high-spin state. Our most important
result is the identification of a Mn2O

+
3 species with Mn(V) in a high-spin state. This is the first

observation of the elusive manganese(V) high-spin state in a polymagnanese oxido complex [5, 7]. The
observed result might have implications for the oxidation and spin states of the CaMn4O5 complex in
the S4 state.
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Silver cluster plasmon experiences strongest substrate

effect when excited farthest away:

Spooky action at a distance?
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The spatial mode geometry of localized plasmon-polaritons of deposited clusters and nanoparticles is
closely connected to the substrate-cluster interaction strength, which can be experimentally accessed
by observing the red shift induced by the environment. Here we present spatially resolved mapping
of plasmon resonances within and around a single silver nanoparticle, deposited from the gas phase
onto a carbon support. To this end we employ electron energy loss spectroscopy (EELS) with a
scanning transmission electron microscope (STEM). The particle is supported by a narrow rim of a
carbon substrate (”cliffhanger”, see left figure), such that it can be investigated in a cross-sectional
view, within a plane perpendicular to the local substrate surface. In combination with simulations
based on the boundary element method (BEM), the full mode structure is revealed (right figure),
enabling assignment of spectral features [1]. We observe pronounced symmetry breaking, manifested
as a partial lifting of the threefold degeneracy of the dominant dipole modes and the corresponding
mode splitting. The intuitive expectation is that the substrate should most strongly affect plasmon
modes having maximal weight close to it, as previously reported for more complex nanostructures,
such as cubes and pyramids. In contrast, we here observe an increasingly pronounced red shift the
farther away the plasmon is excited. It turns out that this non-local substrate influence is a conse-
quence of the simplicity of the system under investigation: for small, quasi spherical silver particles
all modes show substantial spatial overlap, such that the intramode geometry governs the strength of
cluster-surface interaction. On the other hand, selection of specific modes via their distinct spatial
excitation probability dominates for larger, less simplistic nanostructures.
The observed lifted degeneracy contributes an important ingredient to the long-standing discussion
of precise plasmon energies of silver clusters of various sizes [2]: in many cases, the dielectric environ-
ment of supported or embedded particles is accounted for by effective-medium corrections which do
not include anisotropic effects, lifted degeneracies and mode splitting. This situation calls for a fresh
approach to study plasmon excitations, with a focus on the cleanest possible system preparations,
devoid of ligands or contamination, and well-defined, minimally interacting substrates.

Left: STEM image of a Ag cluster at
the edge of a carbon film.
Right: Spatial maps of the electron loss
probability of the plasmon resonance
at two different energies. Results of a
pixel-wise peak fit of experimental data
(top) are compared to calculated maps
using the boundary element method
(bottom).
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Abstract:  

To characterize the intrinsic properties of single nanoparticles in the  

absence of inhomogenous broadening and particle-support interactions, we  

perform action spectroscopy in a cryogenic Paul trap [1]. Light  

absorption is indirectly detected as a mass loss by evaporating  

previously adsorbed messenger molecules from the particle surface.  

Control of the charge state is important for quantitative mass  

determination, to establish stable experimental conditions and to probe  

the effect of charge on the investigated properties. To this end, we  

have characterized charging and discharging of individual positively  

charged silica nanoparticles (100 nm diameter) with a cold cathode gauge  

as electron source. The results provide a guide to the selection of  

appropriate buffer gas species and pressures and, for the first time,  

allow us to charge and also discharge a nanoparticle over a wide range  

from about 300 to 1500 elemental charges.  
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The influence of a common fluorinated organic solvent molecule, 1,1,1,3,3,3-hexafluoro-2-

propanol (HFIP), on the microhydration of a hexafluorophosphate anion (PF6
−) is examined in 

order to obtain a better understanding of HFIP’s role as a strong hydrogen bond donor[1] in the 

microsolvation of PF6
−. Of particular interest is evaluating the formation of solvent-solvent vs. 

solvent-anion (solute) interactions. The ion complexes [PF6
−, (HFIP)x, (H2O)y] with x = 1-3 and 

y = 1-2, are systematically investigated by IR photodissociation spectroscopy of the 

corresponding, cryogenically cooled D2 adducts, in the spectral region between 2200 – 

4000 cm-1. 

In single-solvent complexes, we observe O-H stretching frequency red-shifts of the solvent 

molecules of less than 200 cm-1, indicating the formation of rather weak ionic hydrogen bonds. 

The red-shifts, however, increase in the case of [PF6
− , (H2O)y]  with increasing number of 

solvent molecules whereas for [PF6
−, (HFIP)x] they decrease. This suggests the formation of a 

hydrogen-bonded network upon PF6
− microhydration (as previously predicted by TSCHUMPER 

et al.),[2] which is not observed upon HFIP microsolvation. In the mixed-solvent complex 

(x = y = 1) the observed red-shift of one of the O-H stretching bands is twice as large 

(∆ν = 464 cm–1), suggesting a cooperative solvation effect between HFIP and water. Global 

minimum-energy structure searches using Density Functional Theory (B3LYP-D3BJ/aug-cc-

pVTZ) identify the lowest energy isomer of [PF6
− , HFIP, H2O], which also exhibits the best 

agreement between the computed and experimental vibrational spectrum, to reflect a structure 

in which HFIP cooperatively strengthens the hydrogen bond between PF6
−  and water by 

engaging in an inter-solvent hydrogen bond.  
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ytterbium fluoride using REMPI spectroscopy

Luca Diaconescu1, Stefan Popa2, Sascha Schaller1, André Fielicke1
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The ytterbium monofluoride molecule YbF, used for measuring the electron’s electric dipole moment
(eEDM), is capable of entering a “hole” configuration, defined by excitation of one of the inner 4f
shell electrons of the constituent Yb+ cation into the outer 6s shell[1,2].
Using resonance enhanced multiphoton ionization spectroscopy (REMPI), we have rotationally cha-
racterized the low lying 4f−1

7/2,1/2 hole state, corresponding to the Yb+[4f136s2]F− configuration, for
v = 0, 1. This knowledge will help improve laser cooling schemes for YbF, thus enabling more precise
eEDM measurements.
Furthermore, using the same technique, we have measured and identified Rydberg series converging to
several rotational levels of the ground state of the YbF+ cation. This allowed us to precisely determine
the ionization energy (IE) of YbF and the rotational constant (B) of YbF+.
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As carbon dioxide emissions rise from fossil fuel consumption and tropical deforestation, the develop-
ment of CO2 capture and utilization technologies is seen as crucial in the efforts to mitigate global
warming. However, the biggest obstacle to speeding up the exploitation of chemical industry based
on CO2 as a raw material is its low energy level as well as chemical inertness. The first crucial step
in the conversion of CO2 for further industrial applications refers to its adsorption and activation
by catalysts. Gas-phase studies on well-defined cluster model systems in a controlled environment
provide molecular-level insights into underlying reaction mechanisms and in this way ultimately fa-
cilitate the rational design of highly active and selective catalysts. We use infrared photodissociation
spectroscopy combined with quantum chemical calculations to probe the structures of ion-molecule
complexes comprising CO2 molecules and model catalysts, providing detailed understanding of the
elementary adsorption and activation processes.
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Niobium is an element that is famous for its super conductivity properties. Deeply cold Niobium 
clusters have been studied by high-resolution photoelectron spectroscopy at 6 K, using an 
optimized magnetic bottle photoelectron spectrometer. This spectrometer, which employs a time 
dependent deceleration for electron package focusing, currently possesses an energy resolution 
of ΔE/E = 0.19% (3.7 meV at 2.0 eV kinetic energy). This is 10 times better than a conventional 
magnetic bottle spectrometer and competitive with hemispherical energy analyzers, which have 
the disadvantage of a significantly smaller collection efficiency. This allows us to observe 
features like vibrational progressions or contributions from different isomers that have not been 
resolved before. Another important direction could be the search for evidence of super 
conductivity (Cooper pairing) in Niobium clusters. 

 

Figure 1: Comparing the result of photoelectron spectroscopy of Niobium clusters after magnetic bottle optimization. 
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A newly developed apparatus enables X-ray photoelectron spectroscopy on mass-selected 

cluster ions at synchrotrons for the first time. The system's centerpiece is a liquid nitrogen-

cooled linear Paul trap, where stored cluster ions interact with synchrotron radiation. The 

emitted electrons are directed by a specially designed magnetic field into a Hemispherical 

Energy Analyzer, where photoelectron spectra are captured. Clusters are generated in a 

magnetron cluster source, mass-selected using a quadrupole mass spectrometer, and then 

introduced into the linear ion trap. This setup is expected to provide element-specific binding 

energy measurements of core levels, offering detailed insights into the chemical bonding of 

pure and mixed metal and semiconductor clusters. 
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The development of intense light sources in the XUV and X-ray ranges opens
new avenues for the study of free clusters and nanoparticles. A new setup for
photoelectron spectroscopy is currently under construction to investigate
size-selected, deeply cold clusters, with a focus on characterizing ultrafast
electronic processes. This setup will enable the exploitation of the vast potential
of FELs in photoelectron spectroscopy. Several components, such as the
magnetic bottle photoelectron spectrometer, cluster source, and specialized ion
optics, are already in place. Additional components, including a QMS, deflector,
and ion trap, are still under development.
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Gas-phase vibrational spectroscopy has been proven to provide a nearly ideal method for the investi-
gation of ions, unperturbed by solvent effects. In addition, ions can be placed in helium nanodroplets
as a matrix, where the interaction with the dopant ion is very weak. As the helium droplets are at
very low temperatures (0.37 K), thermal broadening and therefore spectral congestion is significantly
reduced. In the experiment, the ions that are embedded in a helium droplet are irradiated with a
tuneable infrared free electron laser. Resonant absorption of photons can lead to an evaporation of
helium, as the energy of the excitation gets dissipated through the molecule and the droplet, eventu-
ally leading to evaporation of helium. Detection of bare ions as a function of infrared wavelength then
gives an infrared spectrum. [?] This technique can be used to study a wide variety of molecular ions
and ionic clusters, ranging from small carbocations through proton-bound complexes to large organic
molecules and biomolecules.
Carbocations are playing an important role in many areas of chemistry. They can be found in the
interstellar medium, as the availability of carbon and the long lifetime of gaseous ionic species in
astrophysical environments causes a high abundance of ionised carbonaceous molecules, such as pol-
yaromatic molecules and fullerenes. [?] Furthermore, carbocations are intermediates in a variety of
organic chemical reactions. Some of those can undergo facile chemical conversions, such as hydride
shifts, which can occur due to the overlap of the empty p-orbital and a vicinal CH σ-orbital. [?] Others
can form three-center two-electron bonds and are therefore of a more fundamental interest. These
so-called non-classical carbocations involve the delocalization of a chemical bond, which results in C-C
and C-H bonds of fractional bond order. [?]
Here we show a selection of infrared spectra of carbocations of interest in the spectral range of 800-
1600 cm−1 to investigate diverse processes such as hydride shifts or the formation of non-classical
carbocations.
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Coherent diffractive imaging (CDI) at X-ray free-electron lasers (FELs) has evolved into a well-
established method for the structural investigation of unsupported nanoparticles. This inherently
static method can be readily adopted to time-dependent studies by incorporating a second pulse in a
pump-probe scheme.

In a recent experiment at LCLS, we utilized this method to study the fundamental process of free
plasma expansion into vacuum using the example of large laser-pumped SiO2 clusters [1]. The resulting
plasma expansion rapidly and isotropically softens the initial surface density step. This, in turn, in-
creases the radial decay of the scattering signal eventually precluding meaningful measurements due
to adiminishing signal-to-noise ratio within only a few hundred femtoseconds.

Here, we present the results of a follow-up experiment at the European XFEL where we revisited
SiO2 as a target, but operated in a weaker excitation regime. This approach allowed us to record
images over far longer timescales and revealed a strong anisotropic expansion dynamic, as predicted
by theory [2].
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Angle-resolved spectroscopy provides an important test of the theoretical description of clusters
since these spectra carry more information than the bare electron binding energies. Specifically,
the anisotropy of photoelectron spectra depends on the angular momentum state [1].
In the experiment cluster anions are produced in a magnetron sputter source, cooled to 7K, and enter
a time-of-flight spectrometer for mass selection. Electrons are then detached by linear polarised laser
light and projected onto an MCP detector in a velocity map imaging setup.

The presented analysis utilizes the additional information from angle-resolved spectroscopy to gain a
better understanding of the electronic structure of the cluster. For Au−33 an electronic shell closing is
expected, leading to the opening of a new shell for Au−34. The angular momentum character of this
new shell is not in accordance with a simple shell model. It also differs from the mixed character
as observed for Sodium clusters of the same size [2]. Possible influences of the high-lying d-band are
discussed.
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	X-ray coherent diffractive imaging of nanoplasma generated in submicron liquid droplets with intense UV light

