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Welcome note

Welcome note
Dear Colleagues and Friends,

It is with great pleasure that | welcome you all to Stereodyanmics 2022 in Rethymno,
after a 4-year pause due to the pandemic. | wish you a fruitful and pleasant stay!

October 2022
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Sunday 30 October

Programme

18:00-20:00 Welcome reception and registration

Monday 31 October
8:45-9:00

Chirality

Chair

9:00-9:30
Invited

9:30-10:00
Invited

10:00-10:30
Invited

10:30-11:00
Chair

11:00-11:30
Invited

11:30-12:00
Invited

12:00-12:20
Hot Topic

12:30 -14:00
Mixed Session
Chair

15:00-15:30
Invited

15:30-15:50
Hot Topic

Introduction

Ilvan Powis

Sandra Eibenberger-Arias
Rotational state control of chiral molecules.

Greta Koumarianou
Gas-phase chirality detection in cryogenic
buffer gas cells.

Ron Naaman
Chirality and the Electron Spin- The answer
to the mystery of oxygen based life.

Coffee break
Wes Campbell

Ivan Powis

Examination of Intermediate Rydberg States,
their Alignment, and Vibronic Dynamics
using Resonance Enhanced Multiphoton
Photoelectron Circular Dichroism.

Bernard Pons

Using time-resolved photoelectron circular
dichroism to probe the dynamics of photo-
excited chiral molecules.

Tzu Ling Chen

Cavity Enhancement of the Circular
Dichroism in Non-reciprocal Organic Thin
Film Embedded Microcavities.

Lunch

Helen Chadwick

Wes Campbell
Prospects for optical cycling of large, gas-
phase, organic molecules.

Dmitriy Borodin
NH3 Oxidation on Platinum -- A new
mechanism in surface chemistry?
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15:50-16:10
Hot Topic

16:10-16:40
Invited

16:40 - 17:10
Controlled Beams
Chair

17:10-17:40
Invited

17:40-18:00
Hot Topic

18:00-18:20
Hot Topic

18:30 — 20:00

20:00 — 22:00

Tuesday 1 November
Cold Beams

Chair

9:00- 9:30
Invited

9:30- 10:00
Invited

10:00- 10:20
Hot Topic

10:20 — 10:50
Chair

Programme

Baruch Margulis
Tomography of Feshbach resonance
states.

Laurent Bonnet
Semiclassical analysis of classical reactive
scattering results.

Coffee break

Andriana Tsikritea

Jolijn Onvlee
Towards controlled reactive collisions.

Gil Alexandrowicz
Coherently manipulating the rotational
projection states of ground state hydrogen
molecules; from state-resolved molecule-
surface scattering experiments towards
gas-phase collisions.

Helen Chadwick
Stopping molecular rotation using coherent
ultra-low-energy magnetic manipulations.

Dinner

Poster session

Gil Alexandrowicz

Frédéric Merkt
Cold ion chemistry within the orbit of a
highly excited Rydberg electron.

Sebastian Trippel
Ultrafast dynamics in  microsolvated
biomolecular model systems.

Andriana Tsikritea

Probing ion—-molecule reactions within the
environment of

Coulomb crystals.

Coffee break

Jolijn Onvlee
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10:50-11:20
Invited

11:20-11:50
Invited

11:50- 12:20
Invited

12:30 — 14:00
Reaction Dynamics
Chair

15:00- 15:30
Invited

15:30- 15:50
Invited

15:50- 16:10
Hot Topic

16:10 - 16:30

Surface Dynamics

Chair
16:30-17:00
Invited
17:00-17:30
Invited
17:30- 18:00
Invited

18:30 — 20:00
20:00 — 22:00

Programme

Daniel Horke
Enhancing the chemical sensitivity of gas-
phase ultrafast photochemistry.

Heather Lewandowski
Cold lon-Molecule Reactions Relevant to
Astrochemistry.

Andreas Osterwalder
A Travelling Wave Guide as a band-pass
velocity filter for Neutral Polar Molecules.

Lunch

Richard N. Zare

Dora Papp

Vibrational-, rotational- and  stereo-
specificity in the dynamics of atom + ethane
and N/P-centered SN2 reactions.

Morgane Vacher

Simulations of photo-induced reaction
dynamics upon excitation of azobenzene
and ionization of ethylene.

Gianmarco Vanuzzo
Crossed beam studies of O and N reactions
with small aromatics: the effect of the attack
site on the dynamics.

Coffee break

Arthur Suits

Matthew Costen
Stereodynamics of Scattering of OH at the
Gas-Liquid Interface.

Ralf Engels

How to produce polarized
Hydrogen/Deuterium Molecules in single
Hyperfine Substates.

Alec Wodtke
Tunneling dynamics of up-side down CO on
surfaces.

Dinner

Poster session
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Wednesday 2 November
Dissociation Dynamics
Chair

9:00- 9:30
Invited

9:30- 9:50
Hot Topic

9:50-10:20
Invited

10:20 - 10:50
Ultrafast processes
Chair

10:50- 11:10
Invited

11:10-11:40
Invited

11:40-12:00
Hot Topic

12:00 - 13:00
13:00 — 22:00

Programme

Theo Kitsopoulos

Arthur Suits
How Far Can a Radical Roam? Quantum
Aspects of Roaming Radical Reactions.

Chow-Shing Lam

Probing ultrafast structural dynamics through
covariance imaging of laser-induced
Coulomb explosions.

Oleg Vasyutinskii

Mechanisms of orbital orientation and
alignment in photolysis of polyatomic
molecules: the role of geometric phase.

Coffee break

Sebastian Trippel

Nektarios Papadogiannis
Ultrafast and  coherent  multispectral
diffraction imaging in the Extreme Ultraviolet.

Markus Biischer
Spin physics in relativistic plasmas: tools and
prospects.

Francoise Remacle

Exploiting electronic  entanglement for
steering stereoselective bond forming in
molecules pumped by ultrashort optical
pulses.

Lunch

Excursion and Conference dinner
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Thursday 3 November

Exotic Stereodynamics

Chair

9:00- 9:30
Invited

9:30- 10:00
Invited

10:00- 10:20
Hot Topic

10:20 - 10:50

Programme

Markus Biischer

Benoit Darquié

High-resolution  spectroscopy of cold
molecules for precision measurements and
tests of fundamental physics.

Anastasia Borschevsky
Testing the Standard Model with Molecules.

Boy Lankhaar
Stereodynamics in the Interstellar Medium.

Coffee break

Cold/Controlled Stereodynamics

Chair

10:50- 11:20
Invited

11:20- 11:40
Hot Topic

11:40-12:10
Invited

12:30 — 14:00

Mixed Session

Chair

15:00- 15:20
Hot Topic

15:20- 15:40
Hot Topic

15:40- 16:00
Invited

16:00 — 16:40

Andreas Osterwalder

Javier Aoiz
Stereodynamical effects in cold energy
collisions.

Junwen Zou

Probing van der Waals interactions between
Rydberg atoms and polar molecules by
FRET at temperatures below 100 mK.

Richard N. Zare
Cold Collision Stereodynamics.

Lunch + Stereodynamics board meeting

Sebastian Trippel

Niloufar Shafizadeh
Small ligand binding to heme from first
principles.

Dominik Stemer
Liquid-Phase Photoelectron Circular
Dichroism.

loannis Kominis
Quantum Sensing with Atoms and Living
Systems.

Coffee Break
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Programme

17:40 — 18:20 Break
Chair Raphy Levine
18:20 - 19:20 Bernstein Award Winner Presentation

Tanya Zelevinsky

Photodissociation and high-precision
spectroscopy of  trapped ultracold
molecules.

19:20 — 21:30 Dinner

Friday 4 November

Quantum Chemistry/Dynamics

Chair David Chandler

8:30- 8:50 Foudhil Bouakline

Hot Topic On the role of nuclear permutation symmetry
in quantum molecular dynamics.

8:50-9:10 Pei-Ling Luo

Hot Topic Microsecond time-resolved dual-comb

spectroscopy for kinetic and product studies
of gas-phase reactions.

9:10- 9:40 Martin Fournier

Hot Topic NO(A)-He and NO(A)-Ne steric scattering
experiments.

9:40 — 10:00 Coffee break

Dynamics

Chair Heather Lewandowski
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10:00- 10:20
Hot Topic

10:20- 10:40
Invited

10:40

Programme

Mengxu Jiang

Multiphoton  breakdown of acetylene;
Formation of organic building block
fragments.

David Chandler
New Applications of Velocity-Mapped Ion
and Electron Imaging.

Closing remarks
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P.1

P.2

P.3

P.4

P.5

P.6

P.7

P.8

P.9

P.10

P.11

P.12

P.13

P.14

P.15

Poster List

Poster List

Time-resolved Coulomb explosion imaging of inner-shell excited state
dynamics in CH212 and CH2Brl
Castellani Maria Elena

Inelastic collision dynamics of oriented NO(X) molecules
Featherstone Josh

Investigation of the interaction of formic acid with flat and stepped
palladium surfaces

Fingerhut Jan

Novel developments in optimizing radiation-gas jet interactions by micro-
fabricated nozzles

Janssen Maurce

Cavity Enhanced Absorption Spectroscopy in Atomic lodine at 1315nm: first
measurement of the E2 component

Katsoprinakis Georgios

Recombination of hydrogen atoms at metal surfaces - A step towards
predictive surface chemistry
Kitsopoulos Theofanis

Selection and control of (bio)nanoparticles with electric fields
Kupper Jochen

Studying rotational-state and conformational effects in chemi-ionisation
reactions

Mizhra Amit

Quantum-logic control of complex molecular ions for applications in
molecular and chemical physics

Paliwal Prerna

Vector-Model semiclassical wavefunction: the quantitative pictorial
description of angular momentum addition and transformation
Rakitzis Peter

Wavelength- and Intensity-Dependence of Strong Field lonization and
Fragmentation Dynamics of Argon-dimer
Sen Arnab

How water changes the photophysics of small model chromophores
Trippel Sebastian

Conformationally-selected ions for reactions with conformationally-
selected molecules

Xu Lei

Cavity enhanced chiral optical rotation

Xygkis Michail

Ultrahigh-density spin-polarized hydrogen from the photodissociation of
hydrogen halides

Xygkis Michail
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CHIRALITY

Rotational state control of chiral molecules

Sandra Eibenberger-Arias
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, 14195 Berlin, Germany

| report on the recent exploration of novel spectroscopic schemes in order to
overcome previous limitations in the transfer efficiency of enantiomer-specific state
transfer (ESST).

The ESST method was recently developed using tailored microwave fields [1,2]. It
allows to populate or depopulate a rotational state of a chosen enantiomer, providing a
way of quantum-controlled chiral separation.

By combining optical methods [3] with microwave spectroscopy, we developed a new
spectroscopic scheme that generates maximum population difference between initial
and final rotational levels and enhances the sensitivity of the detection method [4].
Our scheme enables a quantitative comparison between experiment and theory for the
transfer efficiency of enantiomer-specific state transfer involving the absolute ground
state level. Straightforward extensions will allow to create a molecular beam with an
enantiomer-pure rotational level, holding great prospects for future spectroscopic and
scattering studies.

[1] S. Eibenberger, J. Doyle, D. Patterson, Phys. Rev. Lett. 118, 123002 (2017)

[2] C. Pérez, A. L. Steber, S. R. Domingos, A. Krin, D. Schmitz, M. Schnell, Angew. Chem.
Int. Ed. 56, 12512 (2017)

[3] A. O. Hernandez-Castillo, J. Bischoff, J. H. Lee, J. Langenhan, M. Karra, G. Meijer, and
S. Eibenberger-Arias, Phys. Chem. Chem. Phys. 23, 7048-7056 (2021)

[4] J. H. Lee, J. Bischoff, A. O. Hernandez-Castillo, B. Sartakov, G. Meijer, and S.
Eibenberger-Arias, Phys. Rev. Lett. 128, 173001 (2022)

Return
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CHIRALITY

Gas-phase chirality detection in cryogenic buffer gas cells
G. Koumarianou

Chirality is a property of polyatomic molecules; they possess two versions called
enantiomers that are non-superimposable mirror images. Current research focuses on
answering two fundamental questions associated with chirality: 1) the origins of
homochirality, and 2) measuring the energy difference between enantiomers due to
parity violation. The answer to these questions, together with the understanding of its
role in biological processes, its potential use as a signature of life in other planets, and
its role in drug design, calls for sophisticated experimental tools able to determine
precisely the ratio of enantiomers in complex chemical samples. This requires
progress in both sensitivity and resolution of current scientific methods. I will discuss
our recent experimental results on broadband phase-sensitive spectroscopy for
acquiring “chiral” spectra of unknown mixtures and new developments on studying
weak chiral effects in the gas phase.

Return
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CHIRALITY

Chirality and the Electron Spin- The answer to the mystery
of oxygen based life.

Ron Naaman
Dep. of Chemical and Biological Physics
Weizmann Institute, Rehovot 76100, Israel

Oxygen based life require processes that are spin forbidden, like photosynthesis and
respiration. This is a result of the oxygen being in a triplet ground. It was assumed
that nature overcomes the spin related barrier for this reaction, by spin orbit coupling
induced by metal ions in the enzymes related to these processes. However, it became
apparent that some of the enzymes involved do not contain cofactors.

Based on the chiral induced spin selectivity (CISS) effect, we explored the possibility
that oxygen related processes occur efficiently due to the spin polarization of the
electrons being transferred. Our experiments show that when the electrons being
transferred are transmitted through chiral molecules, they are spin polarized and as a
result the reactions can occur on the triplet electronic potential surface with no need
for spin orbit coupling. The spin alignment also eliminate the production of by
products like hydrogen peroxide.

Abstract Chirality is a property of polyatomic molecules; they possess two versions
called enantiomers that are non-superimposable mirror images. Current research
focuses on answering two fundamental questions associated with chirality: 1) the
origins of homochirality, and 2) measuring the energy difference between
enantiomers due to parity violation. The answer to these questions, together with the
understanding of its role in biological processes, its potential use as a signature of life
in other planets, and its role in drug design, calls for sophisticated experimental tools
able to determine precisely the ratio of enantiomers in complex chemical samples.
This requires progress in both sensitivity and resolution of current scientific methods.
I will discuss our recent experimental results on broadband phase-sensitive
spectroscopy for acquiring “chiral” spectra of unknown mixtures and new
developments on studying weak chiral effects in the gas phase.

Return
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CHIRALITY

Examination of Intermediate Rydberg States, their
Alignment, and Vibronic Dynamics using Resonance
Enhanced Multiphoton Photoelectron Circular Dichroism.

Ivan Powis
School of Chemistry, University of Nottingham, NG7 2RD UK

Photoelectron circular dichroism (PECD) — an asymmetry in the forward-backward
photoelectron angular distributions (PADs) -- has been recorded with state-state
vibrational level resolution using S-(+)-fenchone enantiomers and picosecond laser
(2+1) resonance enhanced multiphoton ionization (REMPI) via 3s and 3py,,; Rydberg
intermediate states. Comparisons with single photon VUV absorption spectra are used
to clarify the spectroscopic identification of the REMPI excitation channels and two-
photon excitation circular-linear dichroism ratio measurements provide additional
corroboration. The 3p state decays to the 3s state on a picosecond timescale so that,
above the 3p Rydberg excitation threshold, ionization of vibrationally hot 3s states
competes with direct 3p™ ionization. Complex vibronic dynamics of the 3p—3s
internal conversion weaken the Rydberg Av=0 propensity rule in both the 3p™ and 3s™*
ionization channels. Large variations of the forward-backward chiral asymmetry
factors are observed between Av=0 and Av>0 vibrational transitions, including
complete reversal of the preferred direction for photoelectron emission in the
laboratory frame, associated to the vibronic dynamics.

A quantitative two-step theoretical model that includes state-specific, two-photon
alignment of the Rydberg intermediate state and its subsequent one-photon chiral
photoionization dynamics is used to model the three chiral PAD harmonic terms (

b,b,b, ) in the net 3-photon PADs, seeking to develop appreciation and

understanding of how the intermediate state influences vibronically selected REMPI-
PECD asymmetries. Conversely, the question of what PECD measurements can
reveal about the identity and dynamics of the intermediate state can start to be be
addressed.

Return
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CHIRALITY

Using time-resolved photoelectron circular dichroism to
probe the dynamics of photo-excited chiral molecules

B. Pons
CELIA, University of Bordeaux (France)

Photoionization of randomly oriented chiral molecules by circularly polarized photons
leads to an asymmetric photoelectron momentum distribution with respect to the light
propagation axis®. This forward/backward asymmetry, known as PhotoElectron
Circular Dichroism (PECD), is highly sensitive to structural and electronic molecular
properties, being able to distinguish enantiomers, isomers, vibrational excitation as
well as molecular orbitals from which ionization proceeds*”. These observations
identified time-resolved (TR)-PECD as a promising candidate for tracking the
transient properties of chiral systems at short timescales.

In TR-PECD, a pump pulse launches a wavepacket in electronic state(s) and the
subsequent dynamics are pictured by the time-dependency of the PECD resulting
from photoionization by a delayed probe pulse. This will be first illustrated at the
Conference through the observation of the relaxation dynamics of fenchone and
camphor molecules photo-excited in their 3s electronic Rydberg state. We will show
how TR-PECD enables to reveal strong isomerism effects which barely show up in
the time-resolved photoelectron spectra®’. After this, we will consider methyl-lactate
molecules and a newly developed light source providing linearly polarized few-
femtosecond UV pulses®. Such intrinsically broadband pulses enable to launch a
coherent electronic wavepacket among Rydberg states. Electronic beatings initiated
by this coherent superposition result in oscillations of the charge density which can be
used for chiroptical switching: the net photoelectron current from the initially
isotropic sample, imaged by PECD, can be reversed on a sub-10 fs timescale without
any structural rearrangement®.

! B. Ritchie, Phys. Rev. A 13, 1411 (1976)

2|. Powis, J. Chem. Phys. 112, 301 (2000)

*N. Bowering et al, Phys. Rev. Lett. 86, 1187 (2001)
* L. Nahon et al, J. Chem. Phys. 125, 114309 (2013)
> G. Garcia et al, Nature Communications 4, 1 (2013)
® A Comby et al, JPCL 7, 4514 (2016)

V. Blanchet et al, PCCP 23, 25612 (2021)

& M. Galli et al, Optics Letters 44, 1308 (2019)

° V. Wanie et al, submitted (2022)

Return
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CHIRALITY

Cavity Enhancement of the Circular Dichroism in Non-
reciprocal Organic Thin Film Embedded Microcavities

T. Chen'?, K. A. Parrish?, J. Rasch®, A. H. Salij*, A. Dhavamani*, F. Zinna’, M. S.
Arnold®, R. Tempelaar®, L. D. Bari®, R. H. Goldsmith*,
! Department of Chemistry, University of Wisconsin-Madison, Madison, Wisconsin
53706,United States
2 Department of Photonics, National Yang Ming Chiao Tung University, Hsinchu, 300093,
Taiwan
3 Department of Chemistry and Center for Molecular Quantum Transduction (CMQT),
Northwestern University, Evanston, IL, 60208,United States
* Department of Materials Science and Engineering, University of Wisconsin-Madison,
Madison, Wisconsin 53706,United States
5 Dipartimento di Chimica e Chimica Indistriale Universita Di Pisa via Moruzzi 13, Pisa
56124, Italy

Controlling optical chirality is essential in broad applications of molecular and bio-
sensing and quantum information science. An optical cavity is a straightforward way
to amplify chirality in a compact size by directly increasing the light-matter
interaction path. However, achieving this control in a cavity has been a challenge
because of the reciprocal properties of molecular chirality, which results in a null
effect of the optical chirality when the light goes back and forth in a round-trip. Here,
we present a new way to achieve this goal. Taking the advantage of the newly
developed non-reciprocal chiral organic thin film PTPO, the chirality is preserved
upon reflection from a mirror. Consequently, the chiral properties are amplified in a
planar microcavity.

The non-reciprocal feature of the PTPO originates from their chiral conjugated
phenylene bis-thiophenylpropynone groups which are able to self-assemble into
ordered structures during the deposition process. In this work, we built a broadband
spectrometer using a white light source to characterize the chiroptical properties of the
thin film and PTPO embedded planar microcavities. The non-reciprocal features of
the PTPO are clearly observed with the opposite signal of the circular dichroism (CD)
spectra when flipping the light incident directions.

An enhancement of chiroptical properties is observed in a planar microcavity,
containing the PTPO (thickness 50 nm ~ 200 nm) sandwiched between two dichroic
coated mirrors. Having the cavity finesse of ~37 and cavity thickness ~300 nm, 8-15
times amplification of the CD is detected, which shows a great agreement with our
prediction. In addition, our studies on the CD dependence of the incident angle and
beam size can be compared to the theoretical model, which will help to evaluate the
controllability of the optical chirality and further the possibilities of the chiral
polariton.

Return
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MIXED SESSION

Prospects for optical cycling of large, gas-phase, organic
molecules

Wesley C. Campbell!, Guanming Lao®, Guo-Zhu Zhu', Claire E. Dickerson®,
Benjamin L. Augenbraun?, Anastassia N. Alexandrova®, Justin R. Caram®, Eric R.
Hudson®
! University of California Los Angeles, Los Angeles, CA USA
% Harvard University, Cambridge, MA USA

An optical cycling transition in a molecule is an electronic transition in which the
upper state preferentially decays back to the original rovibrational state (or states)
from which it was excited. Because the laser-induced fluorescence can be repeated
many times with a nearly deterministic final internal state, these transitions are useful
for laser-driven applications such as Doppler cooling and quantum state preparation
and detection of single molecules (i.e. quantum technology applications). | will
discuss recent progress toward endowing molecules as large as polycyclic arenes with
optical cycling centers [1] and how this progress may continue even when the species
involved are so large that rotational lines are no longer optically resolved [2].

[1] Klos, J.; Kotochigova, S. Phys. Rev. Research 2020, 2, 013384. Ivanov, M.V. et al., J.
Phys. Chem. Lett. 2020, 11, 6670. Dickerson, C.E.; Guo, H. et al., Phys. Rev. Lett. 2021, 126,
123002. Zhu, G.-Z. et al., Nat. Chem. 2022 14, DOI: 10.1038/s41557-022-00998-x. Mitra, D.
et al., J. Phys. Chem. Lett. 2022, 13, 7029.

[2] Campbell, W.C. and Augenbraun, B.L. J. Mol. Spectrosc. 2022, 385, 111596.

Return
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MIXED SESSION

NH; Oxidation on Platinum — A new mechanism in surface
chemistry?

Dmitriy Borodin®?, Oihana Galparsoro?, Igor Rahinov?® , Jan Fingerhut!, Michael
Schwarzer', Stefan Horandl*, Daniel J. Auerbach?, Sascha Kandratsenka?, Dirk
Schwarzer?, Hua Guo®, Theofanis N. Kitsopoulos'? and Alec M. Wodtke®?

"Institute of Physical Chemistry, Georg-August University of Goettingen, Tammannstr. 6,
37077 Goettingen, Germany
2Department of Dynamics at Surfaces, Max Planck Institute for Natural Sciences, Am
Fassberg 11, 37077 Goettingen, Germany
*Department of Natural Sciences, The Open University of Israel, 4353701 Raanana, Israel
*Department of Chemistry and Chemical Biology, University of New Mexico, Albuquerque,
USA

In the Ostwald process ammonia is catalytically oxidized to nitric oxide (NO), which
is needed for the production of artificial fertilizer. Under industrial conditions, it is
believed that the overall product formation rate is (gas-to-catalyst) transport limited",
making a detailed study of the surface reaction mechanism in-operando very
challenging. However, understanding the surface reaction mechanism and being able
to characterize the underlying elementary rate constants is highly important to predict
and control the selectivity of NO over the formation of unwanted side products like
N, and N,O.

In this work we study the kinetics of NH3; oxidation at well-defined single crystal
Platinum surfaces under ultrahigh vacuum conditions. We employ the Velocity
Resolved Kinetics method™ which combines molecular beam surface scattering and
ion imaging techniques for precise measurement of thermal surface reaction rates. To
understand the oxidation mechanism we require to determine many elementary rate
constant such as sticking coefficients, desorption and diffusion coefficients. By
slowly increasing the complexity of the studied system we make use of a “ladder
principle” which allows us one after another to characterize many elementary
constants. This way we already characterized the active-site specific interaction of
ammonia on Pt®! and we managed to characterize the non-reactive interaction
between NHs and the adsorbed O-atoms!*.

Preliminary analysis of our reaction data suggests that the role of NHjz diffusion on the
Pt surface in highly relevant for the overall NO formation rate. We believe that the
activation of NH3 only happens if the molecule adsorbs in close coordination to the
step-edge, which makes this reaction highly regioselective. This situation is very
untypical for the standard view on how surface reactions proceed, where it is believed
that reactants adsorb anywhere on the catalyst and quickly diffuse to the active site in
order to react™®!,

References

[1] Haas et al, Chem. Eng. Sci. 260, 117832 (2022).

[2] Neugebohren et al, Nature 558, 280 (2018).

[3] D. Borodin et al, J. Am. Chem. Soc. 143, 18305 (2021).
[4] D. Borodin et al, submitted (2022).

[5] G. Ertl, Angew. Chem. Int. Ed. 47, 3524 (2008).

[6] HenB et al, Science 363, 715 (2019). Return
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MIXED SESSION

Tomography of Feshbach resonance states

Baruch Margulis*, Karl Horn?, Daniel Reich?, Meenu Upadhyay®,
Markus Meuwly?®, Christiane Koch? and Edvardas Narevicius!
! Weizmann Institute of Science, Rehovot, Israel
2 Freie Universit at Berlin, Berlin, Germany
8 University of Basel, Basel, Switzerland

Quantum phenomena that lead to the formation of long-lived collision complexes,
such as scattering resonances, play a central role in the outcome of cold molecular
collisions. These resonances are fundamental probes of the fine details of internuclear
interactions and serve as a benchmark for current computational methods.

Here we present a joint experimental and theoretical study where we are able to
generate and investigate the multi-channel decay of a Feshbach resonance state with
guantum state-to-state resolution. Our method is based on the coincidence detection of
electron/ion momenta in Penning ionization collisions between metastable noble gas
atoms and neutral molecules. At the ionization step of the dynamics, the molecular
ion-neutral atom system is generated in a specific Feshbach resonance state which is
identified by the kinetic energy of the ejected electron. The kinetic energy of the
product ions provides information about the decay of each resonance state to a
manifold of states labeled by the molecular ion's final vibrational state. Here, in a
single measurement, we obtain both the energy and the composition at the continuum
of each resonance state. We obtain several tens of quantum numbers per measurement
without laser detection schemes.

The experimental results pose a formidable challenge to current computational
methods. We show that Feshbach state tomography allows us to probe both the short-
range interactions that are responsible for rovibrational and reactive dynamics as well
as the long-range part of the potential affecting the energy location of resonances
states.

We also present an experimental scheme for control of tomography of the Feshbach
states, which is based on the initial constraint of total angular momentum at the
lonization step of the dynamics. The latter is motivated by our recent observation of a
partial wave resonance at the lowest state of relative angular momentum.
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MIXED SESSION

Semiclassical analysis of classical reactive scattering results

L. Bonnet
CNRS, Universit: de Bordeaux, ISM, UMR 5255, F-33400 Talence, France

Data on chemical reactions measurable in crossed molecular beam experiments are
deduced from S-matrix elements, which are the probability amplitudes to go from a
given quantum state of the reagents to a given quantum state of the products. By
expressing S-matrix elements in terms of Feynman propagator and substituting the
latter by the semiclassical van Vleck-Gutzwiller propagator, one can obtain these
elements from classical trajectory calculations.[1,2] This approach can then be used as
a guide to modify the statistical weights assigned to classical trajectories in the
standard analysis of classical trajectory outcomes.[3-6] This strategy is briefly
outlined and then applied to two processes, H2/Pd(111) nonactivated sticking,[3,4]
and the D + H+ 3 reaction.[5]

[1] W. H. Miller, Classical-limit quantum mechanics and the theory of molecular
collisions, Adv. Chem. Phys. 1974, 25, 69.

[2] L Bonnet, Semiclassical initial value representation: From Moller to Miller, J.
Chem. Phys. 2020, 153, 174102.

[3] A Rodriguez-Fernandez, L Bonnet, C Crespos, P Larrégaray and R. Diez-Muino,
When classical trajectories get to quantum accuracy, J. Phys. Chem. Lett. 2019, 10,
7629.

[4] A Rodriguez-Fernandez, L Bonnet, C Crespos, P Larrégaray and R. Diez-Muino,
When classical trajectories get to quantum accuracy: Il. The scattering of rotationally
excited H2 on Pd (111), Phys. Chem. Chem. Phys. 2020, 22, 22805.

[5] M. Braunstein, L. Bonnet and O. Roncero, Capturing quantum effects with quasiclassical
trajectories in the D + H+ 3 reaction, Phys. Chem. Chem. Phys., 2022, 24, 5489.

[6] L Bonnet, C. Crespos and M. Monnerville, Chemical reaction thresholds
according to classical-limit quantum mechanics, J. Chem. Phys. 2022, 157, 094114.
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CONTROLLED BEAMS

Towards controlled reactive collisions

J. Onvlee!,
! Institute for Molecules and Materials, Radboud University, Nijmegen, the Netherlands

One of the important goals in physical chemistry is to get a complete understanding of
chemical reactions and the underlying dynamics on a molecular level. Investigating
collisions and reactions between individual molecules and atoms in the gas-phase
using the crossed molecular beam technique is a well-known approach for this. We
use the combination of Zeeman deceleration and Velocity Map Imaging in our
crossed-beam setup in order to study these molecular encounters in extremely high
detail [1]. The decelerator produces beams of paramagnetic species with a well-
defined and tunable velocity, narrow velocity spreads, and a high gquantum-state
purity, while Velocity Map Imaging in combination with near-threshold ionization
enables us to accurately probe the velocity vectors of the scattered products. This
powerful combination of techniques enables scattering experiments with
extraordinary resolution, thereby unveiling fine details of molecular collisions, such
as diffraction oscillations and scattering resonances.

So far, we used this experimental approach to investigate inelastic collisions, for
instance between carbon atoms and helium atoms [2] or hydrogen molecules.
Recently, we started examining reactive scattering processes. By measuring the
collision-energy dependence of state-to-state differential cross sections, we aim to
provide an extremely sensitive test for potential energy surfaces and scattering
calculations used to describe the molecular reaction dynamics.

References
[1] V. Plomp et al., J. Chem. Phys. 152, 091103 (2020)
[2] V. Plomp et al., J. Phys. Chem. Lett. 12, 12210 (2021)
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CONTROLLED BEAMS

Coherently manipulating the rotational projection states of
ground state hydrogen molecules; from state-resolved
molecule-surface scattering experiments towards gas-phase
collisions.

Helen Chadwick, Yosef Alkoby and Gil Alexandrowicz,
Department of Chemistry, Faculty of Science and Engineering, Swansea University, Swansea
SA2 8PP, UK

To study how stereodynamic effects influence the outcome of a collision, it is
desirable to be able to manipulate the rotational orientation projection states (m;) of a
molecule in a controlled way. Whilst various techniques have been developed to
control and study stereodynamics in molecular beams of polar molecules, photo-
excited molecules and paramagnetic molecules, achieving this for closed-shell ground
state molecules is challenging. A magnetic manipulation technique has been shown to
overcome this limitation, and allows the m; (and nuclear spin projection, m,) states of
ground-state hydrogen molecules to be controlled and measured [1].

In this talk the method for coherently manipulating m; states will be explained,
emphasising the difference between this type of control and trajectory bending state-
selection experiments. A surface scattering application of the magnetic manipulation
technique will be presented where the scattering matrix, which describes how the
magnitude and phase of the wave function components change during a molecule
surface collision, has been extracted from the experimental interference pattern [2].
We will also present a recent extension of the experimental magnetic manipulation
setup which allows us to study the direct beam in a state-resolved way. This extension
allows us to verify the coherent control scheme for different molecular beams, and
also paves the way for developing similar magnetic control schemes for gas phase
collision experiments, first proof of concept results will be presented.

[1] O. Godsi et al., Nat. Comm. 8, 15357 (2017).
[2] Y. Alkoby et al. Nat. Comm. 11, 3110 (2020).
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CONTROLLED BEAMS

Stopping molecular rotation using coherent ultra-low-
energy magnetic manipulations.

Helen Chadwick’, Mark Somers?, Aisling C. Stewart’, Yosef Alkoby', Thomas J. D.
Carter!, Dagmar Butkovicova' and Gil Alexandrowicz’.
! Department of Chemistry, Faculty of Science and Engineering, Swansea University,
Swansea SA2 8PP, UK
2 Leiden Institute of Chemistry, Gorlaeus Laboratories, Leiden University, PO Box 9502,
2300 RA Leiden, The Netherlands

The most detailed insights into collisions at a molecular level are provided by
quantum state resolved experiments, as they remove the averaging over the many
degrees of freedom that can influence the outcome of the collision. One quantum state
that was particularly difficult to control for ground state molecules is the rotational
orientation projection (m;) state, restricting stereodynamic collision studies to
particular molecules where control techniques have been developed.

In this talk, we will present a recent study of the rotationally inelastic scattering of D,
from a Cu(111) surface’. A magnetic manipulation technique® was used to coherently
control both the m;, and m, (nuclear spin) projection states of the molecules when they
arrived at the surface. The probability that a D, molecule, originally in the rotational
state J = 2, will be de-excited into a non-rotating state after a molecule-surface
collision, was shown to depend on the quantum super-position state of the impinging
molecule. This effectively means that an energy perturbation on the order of peV
changed the probability the molecule lost 22 meV of rotational energy in the collision.
The results from state of the art calculations predict that only molecules in the m; =0
state of J = 2 undergo this rotationally inelastic transition when D, scatters from
Cu(111), but this does not reproduce the experimental data, illustrating the importance
of these results as benchmarks for the development of accurate modelling of
molecule-surface interactions.

[1] H. Chadwick et al., Nat. Comm., 13, 2287 (2022).
[2] O. Godsi et al., Nat. Comm., 8, 15357 (2017).
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COLD BEAMS

Cold ion chemistry within the orbit of a highly excited
Rydberg electron

J. Deiglmayr1;2, K. H"ovelerl, F. B. V. Martins1, F. Merkt 1, M. Z" es'ko 1, V.
Zhelyazkoval
1. Physical Chemistry Laboratory, ETH Zurich, Vladimir-Prelog-Weg 3, CH 8093 Zurich,
Switzerland
2. Department of Physics, University of Leipzig, DE-04109 Leipzig, Germany

The study of ion-molecule reactions at low collision energies (Ecoll) below Ecoll=kB
=10 K, or low temperatures, is experimentally challenging because stray electric
fields in the reaction volume heat up the ion samples. A potential difference of 1 mV
across a reaction region of 1 cm accelerates the ions to 1 meV, which corresponds to
heating them up to about 12 K. To overcome this problem and study ion-molecule
reactions below 10 K, we have developed a new method, in which the ion molecule
reaction takes place within the orbit of a Rydberg electron at high values of the
principal quantum number n. In high-n Rydberg states, the Rydberg electron only
very weakly interacts with the ion core, so that it does not significantly influence the
ion-molecule reaction taking place within its orbit but shields the ion from heating by
stray electric fields. Instead of studying exothermic and barrier-free ion-molecule
reactions of the type I+ 1 +M1 !+ 2 +M2; (1) we study the reactions |_1 +M1 !l 2
+M2; (2) in which 1_1 and |_2 represent atoms or molecules in high Rydberg states
with ion cores 1+1 and I1+2 , respectively and M1 and M2 are neutral molecules. To
reach very low collision energies, we use chip-based Rydberg-Stark decelerators and
deflectors to merge cold supersonic beams of 1_1 and M1 and to vary their relative
velocities [1]. Monitoring the product yield as a function of the relative mean velocity
of the two beams, we obtain the relative reaction cross sections as a function of the
collision energy. At collision energies (Ecoll=kB) below 1 K, we find that the reaction
rate coefficients deviate from those estimated with Langevin-type capture models [2-
5]. The talk will present general aspects of this new method as well as the results of
studies of the reactions of H+2 and He+ (I1+1) with neutral molecules such as N2, H2,
CH3F, NH3, NO and CH4 (M1) at very low collision energies and will discuss the
observed low-temperature behavior in terms of the electric dipole and quadrupole
moments of M1. Our latest efforts at detecting the theoretically predicted [6-9] factor-
of-two gquantum enhancement of the Langevin rate coefficient at collision energies
close to zero will be summarized.

References

[1] P. Allmendinger, J. Deiglmayr, O. Schullian, K. Hoveler, J. A. Agner, H. Schmutz, and F. Merkt,
ChemPhysChem 17, 3596 (2016).

[2] P. Allmendinger, J. Deiglmayr, K. H"oveler, O. Schullian, and F. Merkt, J. Chem. Phys. 145, 244316 (2016).
[3] V. Zhelyazkova, F. B. V. Martins, H. Schmutz, J. A. Agner and F. Merkt, Phys. Rev. Lett. 125, 263401 (2020).
[4] K. H"oveler, J. Deiglmayr, J.A. Agner, H. Schmutz and F. Merkt, Phys. Chem. Chem. Phys. 23, 2676 (2021)
[5] V. Zhelyazkova et al., Phys. Chem. Chem. Phys. 23, 21606 (2021); 24, 2843 (2022); 24, 16360 (2022)

[6] E. Vogt and G. H. Wannier, Phys. Rev. 95, 1190 (1954).

[7] E. I. Dashevskaya, I. Litvin, E. E. Nikitin, and J. Troe, J. Chem. Phys. 122, 184311 (2005).

[8] B. Gao, Phys. Rev. A 83, 062712 (2011).

[9] E. I. Dashevskaya, I. Litvin, E. E. Nikitin, and J. Troe , J. Chem. Phys. 145, 244315 (2016).

_Corresponding author: merkt@phys.chem.ethz.ch
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COLD BEAMS

Ultrafast dynamics in microsolvated biomolecular model
systems

S. Trippel*?, M. Johny*, Constant A. Schouder®, Ahmed Al-Refaie’, Henrik Stapelfeldt’, and
J. Kiipper**®
! Center for Free-Electron Laser Science, Deutsches Elektronen-Synchrotron DESY,
Hamburg, Germany
2 Center for Ultrafast Imaging, Universitit Hamburg, Germany
3 Department of Physics, Universitit Hamburg, Germany
* Department of Chemistry, Aarhus University, Langelandsgade 140, 8000 Aarhus C,
Denmark

Interactions between proteins and their solvent environment can be studied in a
bottom-up approach using hydrogen-bonded chromophore-solvent clusters. The
ultrafast dynamics following UV-light-induced electronic excitation of the
chromophores, potential radiation damage, and their dependence on solvation are
important open questions. The microsolvation effect is challenging to study due to the
inherent mix of the produced gas-phase aggregates. We used the deflector to spatially
separate different molecular species in combination with pump-probe velocity-map-
imaging experiments, including applications of 3D "cameras" based on Timepix3. We
demonstrated that this powerful experimental approach reveals intimate details, e.g.,
on the radiation damage of pyrrole-water as well as on the UV-induced dynamics in
the near-UV-absorbing prototypical biomolecular indole-water system. We
determined the time-dependent appearance of the different reaction products and
disentangled the occurring ultrafast processes. This novel approach ensures that the
reactants are well-known and that detailed characteristics of the specific reaction
products are accessible — paving the way for the complete chemical-reactivity
experiment.

[1] https://www.controlled-molecule-imaging.org
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COLD BEAMS

Probing ion—molecule reactions within the environment of
Coulomb crystals

A. Tsikritea’, J. A. Diprose?, B. R. Heazlewood?
! Department of Physics, TU Dortmund, Otto-Hahn-Strafe 4, 44227 Dortmund, Germany
2 Department of Physics, University of Liverpool, Liverpool, L69 7ZE, UK

Laser-cooled Ca" ions, confined in a linear Paul trap, can be used as a cold framework
to undertake reactions between sympathetically cooled ions and polar neutrals. In this
way, charge transfer reactions between rare gas ions (Xe®, Kr* or Ar®) and thermal
polar molecules (NHs, ND3, H,O or D,0) have been studied within Coulomb crystals
[1-3]. Accompanying the experimental measurements, ab initio calculations have
shown that the most favourable approach for the water and Kr" collisions is when the
negative end of the dipole in the neutral reactant approaches the ion [3]. For the
ammonia charge transfer reaction systems, no crossing point has been identified
between the reactant and product potential energy surfaces—making the reaction
mechanism much more challenging to predict [1-2].

To further our understanding of how charge transfer occurs in these reaction systems,
the properties of the neutral reactants can be controlled and varied experimentally. We
employ supersonic beams of ammonia neutrals, to investigate the effect of the
rotational state distribution and the velocity of the ammonia beam on the charge
transfer reactions. Building on recent work where the orientation of a buffer gas-
cooled and electrostatically guided ammonia beam was measured and manipulated
[4], we discuss the prospect of exerting even more control over the properties of the
neutral reactants in future studies.

References
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(2020)
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COLD BEAMS

Enhancing the chemical sensitivity of gas-phase ultrafast
photochemistry

D.A. Horke!
! Radboud University, Institute for Molecules and Materials, Nijmegen, The Netherlands

Time-resolved photoelectron spectroscopy has emerged as one of the premier tools to
study the complex coupled motion of electrons and nuclei that underlies ultrafast
photochemical processes. The chemical sensitivity of the approach has so far,
however, been limited to whatever molecular ensemble was produced during the
sample evaporation and entrainment into a molecular beam. The incorporation of
isomer-selected beams, produced via electrostatic selection, allows us to increase this
chemical sensitivity and directly investigate the influence of intramolecular
interactions on the ultrafast photochemistry. We will report on our efforts of merging
these two approaches and show first results of conformer-dependent dynamics in aryl
halides.

A further limitation to studying entire reaction pathways, from reactants through
intermediates to products, is the requirement of sufficiently energetic photons to
ionize all species involved. This frequently leads to situations where ground state
species, such as final products or stable intermediates, are not observed. The advent of
high-flux high-harmonic generation sources now allows us to circumvent these
problems by using XUV-pulses as a global probe. We demonstrate this approach and
follow the dynamics of dissociating CS, molecules across the entire reaction pathway
upon excitation. We show that, despite being more rapid, the singlet dissociation is
the minor product and that triplet state products dominate the final yield. Extending
this to larger systems, we will show first results of recent UV-pump XUV-probe
studies of acetaldehyde photodissociation with the aim to unravel the competing
direct and roaming dissociation channels.
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COLD BEAMS
Cold lon-Molecule Reactions Relevant to Astrochemistry

Heather J. Lewandowski
JILA and the Department of Physics, University of Colorado, Boulder, CO, USA

Laboratory measurements of cold ion-molecule reactions contribute to the
understanding of dynamics and kinetics in the interstellar medium and planetary
atmospheres. To be able to explore these reactions, we trap ions at cold temperatures
and react them with neutral molecules in an isolated environment. The products and
branching ratios of these reactions are measured with high resolution using a time-of-
flight mass spectrometer. Recently, we studied two reactions of interstellar
importance CCI* + CH3CN (acetonitrile)[1] and CCI* + CgHg (benzene) [2]).
Isotopologue substitution and quantum chemical calculations aided in identifying the
resulting products and reaction pathways. Both reactions may contribute to the
buildup of cyclic carbocations in the interstellar medium. The CCI* + benzene
reaction, in particular, demonstrates potential as a participant in the growth of larger
aromatics that are present in the interstellar medium.

[1] O. A. Krohn, K. J. Catani, J. Greenberg, S. P. Sundar, G. da Silva, and H. J. Lewandowski, J.
Chem. Phys. 154, 074305 (2021).
[2] O. A. Krohn, K. J. Catani, and H. J. Lewandowski, Phys. Rev. A Letter 105, (2022).
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COLD BEAMS

A Travelling Wave Guide as a band-pass velocity filter
for Neutral Polar Molecules

N. Gkogkoglou, A. Osterwalder
1 Ecole Polytechnique Fédérale de Lausanne, 1015 Lausanne, Switzerland
2 Ecole Polytechnique Fédérale de Lausanne, 1015 Lausanne, Switzerland

The resolution in a merged beam experiment depends critically on the velocity spread
of the reactants. This defines the range of collision energies probed in any
measurement which determines, in particular, the lowest attainable energy when the
central velocities of the two beams are the same. Studies from the past years mostly
used reactions where charged products were formed. This has the distinct advantage
that products which were formed outside the detection region or prior to and after a
short extraction pulse were deflected away and not recorded [1,2]. In this way, a
resolution was obtained that was significantly better than what would be given by the
original velocity spreads of the individual supersonic expansions. This advantage is
lost when probing reactions that form neutral products. While also in this case the
product can be extracted from a well-defined volume, the previous type of
discrimination no longer works: as soon as the packets from the two supersonic
expansions overlap they also start to react, and the neutral products are not easily
removed from the beam but instead accumulate and are all detected. Unless the two
packets move at precisely the same speed, the total relative-velocity distribution
becomes a convolution of the two individual distributions. As a consequence, it is
critical to perform such experiments using packets with the initial translational
temperatures as low as possible. To overcome this problematic situation a new device
is proposed to obtain the desired velocity selection: A Travelling Wave Guide for
neutral polar molecules. A hexapole guide is segmented in several short elements that
are periodically switched on only when molecules with the desired velocity are inside,
reminiscent of earlier experiments that used curved velocity filters built from 2-4
segments [3,4]. In that way, the velocity spread of each reactant is significantly
reduced, thus increasing the energy resolution of merged beam experiments also in
the case of neutral product formation.

References
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[2] Shagam, Y. & Narevicius, E. Sub-Kelvin collision temperatures in merged neutral beams by
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Reaction Dynamics

Vibrational-, rotational- and stereo-specificity in the
dynamics of atom + ethane and N/P-centered Sy2 reactions

D. Papp, A. Giricz, G. Czako
MTA-SZTE Lendiilet Computational Reaction Dynamics Research Group, Interdisciplinary
Excellence Centre and Department of Physical Chemistry and Materials Science, Institute of
Chemistry, University of Szeged, Szeged, Hungary

We develop full-dimensional analytical potential energy surfaces using the
ROBOSURFER program package [1], which surfaces allow the accurate quasi-
classical dynamical investigations of polyatomic reactive systems. We study the
dynamics of the F/Cl + C,Hs — HF/HCI + C;Hs reactions [2,3] and obtain excellent
agreement with experiments, this way solving a 25-year-old contradiction for the
latter reaction regarding the rotational-state distribution of the HCI product [3].
Vibrational and rotational mode-specificity is also investigated for atom + ethane
reactions [4,5,6]. We also study N- and P-centered ion + molecule reactions, namely
the F~ + NH,CI/PH,CI systems, resulting in CI™ + NH,F/PH,F (Sn2 path) and HF +
NHCI/PHCI™ (proton-transfer) products. We find that stereo-specificity, taken for
granted at C-centered Sy2-reactions, is undermined in the N-centered case due to the
newly-discovered multi-inversion mechanism [7], whereas at P center it is somewhat
restored, however, only at low collision energies [8].

[1] T. Gy6ri and G. Czako, J. Chem. Theory Comput. 16, 51 (2020)

[2] D. Papp, V. Tajti, T. Gy6ri, and G. Czako, J. Phys. Chem. Lett. 11, 4762 (2020)
[3] D. Papp and G. Czako, J. Chem. Phys. 153, 064305 (2020)

[4] D. Papp, J. Li, H. Guo, and G. Czakd, J. Chem. Phys. 155, 114303 (2021)

[5] D. Papp and G. Czakd, J. Chem. Phys. 155, 154302 (2021)

[6] D. Papp and G. Czakd, J. Phys. Chem. A 126, 2551 (2022)

[7] D. Papp and G. Czakd, Chem. Sci. 12, 5410 (2021)

[8] A. Giricz, G. Czako, and D. Papp, manuscript in preparation (2022)
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Reaction Dynamics

Simulations of photo-induced reaction dynamics upon
excitation of azobenzene and ionization of ethylene

M. Vacher!
! Nantes Université, CNRS, CEISAM, UMR 6230, Nantes, France
morgane.vacher@univ-nantes.fr

Computer simulations are a key complement to experiments in the laboratory,
providing great details of a molecular process than can be observed experimentally.
For instance, ab initio molecular dynamics simulations are often key to the
understanding of the mechanism, rate and yield of chemical reactions. In this talk, |
will present simulations of photochemical and attochemical reactions [1]. In the first
part, I will focus on simulations of the cis-to-trans photo-isomerisation of azobenzene,
after excitation to the nm* and nrr* states [2]. A reduction of photoisomerisation
quantum yield of 0.10 on exciting to the higher energy mr* state compared to the
lower energy nm* state is obtained, in close agreement with the most recent
experimental values [3]. By direct comparison of both excitations, we have found that
the explanation for the decrease in quantum yield is not the same as for the reduction
observed in the trans-to-cis photoisomerization (Figure 1, left). In the second part of
my talk, I will discuss the dynamics induced in ethylene following ionization by an
extreme ultraviolet attosecond pulse train [4]. We have found that isotope labelling
can be an efficient tool in attochemistry to identify the relevant nuclear coordinates
controlling the relaxation dynamics (Figure 1, right).

Figure 1. (Left) Major relaxation
pathways in the  cis-to-trans
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ethylene and its deuterated counterpart.

[1] I. C. D. Merritt, D. Jacquemin and M. Vacher, J. Phys. Chem. Lett. 12, 8404-8415 (2021).

[2] I. C. D. Merritt, D. Jacquemin and M. Vacher, Phys. Chem. Chem. Phys. 23, 19155 (2021).

[3] Ladanyi et al., Photochem. Photobiol. Sci., 16, 1757-1761 (2017).

[4] M. Vacher, A. Boyer, V. Loriot, F. Lépine and S. Nandi, J. Phys. Chem. A 126, 5692-5701 (2022).

Return

32
Stereodynamics 2022_Book of Abstracts



Reaction Dynamics

Crossed beam studies of O and N reactions with small
aromatics: the effect of the attack site on the dynamics

G. Vanuzzo!, G. Pannaccit, P. Recio!, A. Caracciolo®, D. Marchione?, P.
Casavecchia’, N. Balucani'
! Dipartimento di Chimica, Biologia e Biotecnologie, Universita degli Studi di Perugia,
06123 Perugia, Italy

Given the importance of aromatic compounds in numerous contexts ranging from
atmospheric pollution to combustion chemistry and astrochemistry, we have started a
systematic investigation of the reactions of atomic oxygen and nitrogen with small
aromatic compounds, namely benzene, toluene and pyridine, in our laboratory. These
compounds are quite common in the above-mentioned environments and can also be
considered simple prototypes for polycyclic aromatic hydrocarbons (PAHs) and
nitrogen-containing polycyclic aromatic hydrocarbons (PANHS).

We have employed the crossed molecular beam technique with mass spectrometric
detection to identify the reaction mechanism and the branching fractions of the
possible reaction products [1]. The interpretation of our experimental results has been
supported by dedicated electronic structure calculations of the relevant potential
energy surfaces and statistical estimates of product branching fractions (see, for
instance, [2-5]). Remarkably, according to our experimental results the presence of a
nitrogen atom in the aromatic ring increases the probability of a ring contraction and
non-aromatic products are preferentially formed in the reactions involving pyridine
with respect to the reaction involving benzene ([2] and in preparation). This can be
rationalized by considering the different reactivity of the ortho-, meta-, para- and
even ipso- approach in the case of pyridine. On the contrary, the presence of a methyl
group attached to the aromatic ring allows preservation of the aromaticity of the
products in the reaction of nitrogen and oxygen atoms with toluene compared to the
case of benzene where ring contraction has also been observed [3-6].

The authors wish to thank the Italian MUR (PRIN 2017 - Grant 2017PJ5XXX) and
the Italian Space Agency for co-funding the Life in Space project (ASI N. 2019-3-
u.0).
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3 54

[6] M. Rosi et al., in Computational Science and Its Applications — ICCSA 2021. Lecture Notes in
Computer Science, vol. 12953, pp. 620-631. Springer, Cham. https://doi.org/10.1007/978-3-030-
86976-2_42
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Surface Dynamics

Stereodynamics of Scattering of OH at the Gas-Liquid
Interface

M. J. Roman, D. R. Moon, A. G. Knight, M. L. Costen, K. G. McKendrick
Heriot-Watt University, Edinburgh, United Kingdom

Gas-Liquid interfaces, and the heterogeneous processes that occur at them, have been
the subject of much less experimental and theoretical study than the gas-phase or gas-
solid interface. Relatively little is known about the structure of liquid surfaces, and the
interplay between the surface structure and the elementary chemical processes
resulting from gas-liquid interaction. In recent years, new experimental techniques
and theoretical methodologies have begun to provide detailed understanding in this
area

We have developed a gas-liquid scattering apparatus with planar-laser-induced
fluorescence imaging of the real-space scattering distribution. Combined with a
pulsed supersonic DC discharge source of OH, we have used this apparatus to study
the dynamics of the inelastic collisions of OH radicals with inert liquid surfaces,
namely perfluoropolyether, and reactive hydrocarbon surfaces, namely squalane
(saturated) and, squalene (unsaturated).

Analysis of images taken in a time-series that spans before and after collision reveals
that the OH radicals are scattered from all 3 liquids, and for both normal and 45°
incident angles, with a predominately superthermal speed distribution, with no strong
evidence for a substantial thermalized component. Angular scattering distributions are
determined from both time-series and single-time images for each incident angle, each
liquid and as a function of OH rotational state. Significant anisotropy is observed in
the scattering for 45° incident angle, with the scattering angle distribution varying as a
function of liquid and final N’. We discuss the observed differences in scattering
dynamics in the context of the inelastic and reactive processes occurring at the three
liquids.
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How to produce polarized Hydrogen/Deuterium Molecules
in single Hyperfine Substates

R. Engels®, O. Bilen*?, M. Biischer®®, K. Grigoryev**, Chr. Kannis*>®
L Institute for Nuclear Physics, Research Center Jiilich, Jiilich, Germany
2 Institut fiir Laser- und Plasmaphysik, Heinrich-Heine Universitit Diisseldorf, Diisseldorf,
Germany
3 Peter-Griinberg Institute, Research Center Jiilich, Jiilich, Germany
* GSI Helmholtzzentrum fiir Schwerionenforschung, Darmstadt, Germany
> 111. Physikalisches Institut B, RWTH Aachen University, Aachen, Germany
® JARA-Fame, Forschungszentrum Jiilich and RWTH Aachen University, Aachen, Germany

Polarized atomic beam sources (ABS’s), modified versions of the Rabi apparatus, are
used in nuclear physics either to produce nuclear polarized protons/deuterons to be
accelerated further or to feed polarized targets. Thus, the spin dependence of the
nuclear forces can be investigated directly. Due to the relatively small flux of about
10" atoms/s the density of the gas jet is less than 10 atoms/cm?. To increase this
density up to 10 polarized atoms/cm? T-shaped storage cells are an important tool
and used since many years at different accelerators.

One problem of this technique is the reactivity of the hydrogen radicals, because
during chemical reactions usually a large fraction of the polarization will be lost. To
investigate this processes and how to avoid them, especially the recombination into
molecules, a dedicated apparatus was built at the research center Jiilich. The
exchangeable storage cells are mounted inside a superconducting solenoid to produce
a magnetic field up to 1 T and to cool the cell to temperatures down to 100 - 40 K.
After the recombination of the polarized atoms on different surface materials, the
molecules are ionized and electrostatically accelerated to 1-2 keV. The ions in the
beam are then filtered by a Wien filter before they reach the Lamb-shift polarimeter,
where the occupation numbers of the nucleons with different spin orientations are
determined. In this way it was possible to produce H,, D, and even HD molecules and
their ions in dedicated hyperfine-substates with polarization values up to P=0.8. In
parallel, it is possible to measure the coupling constants between the nuclear spins and
the rotational magnetic moment or the shift of the rotation axis between H,/D, and
HD. Possible future projects might be the collection of the polarized molecules as ice
for further use as polarized fuel in fusion reactors or the measurement of the Breit-
Rabi diagram of H,", D,* or HD" ions.
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Tunneling dynamics of up-side down CO on surfaces

Arnab Choudhury*?, Jessalyn Devine!, Dirk Schwarzer!, Shreya Sinha®, Peter
Saalfrank®, Alec Wodtke'?
' Max Planck Institute for Multidisciplinary Sciences, Géttingen, Germany
2 Institute for physical chemistry, University of Gottingen, Gottingen, Germany
¥ University of Potsdam, Potsdam Germany

Superconducting nanowire single-photon detectors (SNSPDs) provide sufficient
sensitivity to enable laser induced fluorescence (LIF) experiments in the mid-infrared,
an exciting technical development for studying molecule-surface interactions. In this
talk, I will present results of experiments on the vibrational dynamics of monolayers
and multilayers of solid CO adsorbed at the surface of a NaCl crystal that provide
observations of quantum state resolved dynamics. When, for example, a pulsed ns
laser excites CO to its v=1 state, a monochromator equipped with an SNSPD detects
wavelength- and time-resolved mid-infrared emission from CO vibrational states up
to v=27 that are produced by vibration-vibration (V-V) energy transfer. Kinetic
Monte Carlo (kMC) simulations show that vibrational energy collects in a few CO
molecules at the expense of those up to eight lattice sites away. The excited CO
molecules relax by a mechanism resembling Sommerfeld’s theory of ground waves
important to radio wave propagation, losing their energy to NaCl lattice-vibrations via
the electromagnetic near-
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tunneller. This is explained
by a quantum rate theory of isomerization involving tunneling gateways. Near
resonant states, localized on opposite sides of the isomerization barrier are coupled by
collisions with a phonon bath. This represents an alternative to traditional tunneling
pictures like Instanton and WKB, which are based on a continuum scattering picture
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that is not valid in condensed phases. Return
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Dissociation Dynamics

How Far Can a Radical Roam? Quantum Aspects of
Roaming Radical Reactions

Arthur G. Suits
Department of Chemistry
University of Missouri
Columbia MO 65211

Roaming reactions, first identified in formaldehyde dissociation twenty years ago,
feature near dissociation to radical fragments followed by reorientation at long range
then intramolecular abstraction. These roaming reactions have now been identified in
many systems and are now recognized as a common feature of chemical dynamics.
Nearly all treatments of roaming have employed classical methods, and these have
been largely consistent with experimental results. We will show evidence of quantum
roaming resonances in new systematic measurements of formaldehyde
photodissociation at the radical threshold and far above it. These are threshold
resonances but embedded in dense continua 4 eV above available product channels.
The results suggest that such resonances may occur just below the energies at which
new channels open for H+HCO, permitting the system to roam to very long range.
Owing to the limited state density in HCO, such new channels appear rather
infrequently, suggesting that roaming is often confined to shorter range than seen in
classical simulations. Implications for roaming in other systems will be explored.
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Probing ultrafast structural dynamics through covariance
imaging of laser-induced Coulomb explosions

C.-S. Lam?, J. McManus*, M. E. Castellani* and M. Brouard*
! Chemistry Research Laboratory, Department of Chemistry, University of Oxford, Oxford,
United Kingdom

Recording the real-time nuclear positions in molecules during structural
transformations, has been a long-standing dream in the study of molecular dynamics.
Filming ‘molecular movie’ to visualize the photo-induced structural change of
molecules is of fundamental interest in understanding the essence of photochemistry,
but the required timescale naturally poses formidable challenges [1]. The advent of
ultrafast techniques has been trailblazing to elucidate transient evolution of electronic
structure accompanied with changing molecular geometry, yet limited to provide
definitive pictures anticipated.

Coulomb explosion imaging (CEI) with coincidence detection have been ranked as
the most promising movie-making approach by accumulating snapshots of the
photochemical process. Through the correlated measurement of multiple charged
fragments, which are unambiguously assigned to a single origin, unparalleled
structural details in the molecular frame can be deduced. However, this methodology
is restricted to low-count rate regime (<1 per laser shot) to avoid false coincidences.
Instead, covariance imaging circumvents this constraint by measurement of the joint
variability of velocity distributions from two fragments in each laser shot to determine
the correlations at high count rate, immensely expedites data acquisition [2].

In this work, nitrobenzene and its methyl- substituted derivatives have been selected
to demonstrate the multitude of promising aspects of time-resolved covariance CEI
technique. They permit prototypical study for nitro-aromatic compounds, a class
which sees wide applications in the field of photoswitches, photolabile protecting
groups and NO-donors in vasodilators [3]. Pump-probe covariance CEI studies
identify co-fragments and reveal the UV-excitation dynamics in terms of total kinetic
energy release. The torsional-dynamic effect of the nitro group on the NO-loss
channel, which is a nonadiabatic process complicated by intramolecular
rearrangement can be evaluated and conclusive remarks can be made by comparisons
with results from time-resolved photoelectron imaging from ref. [4].

References

[1] A. H. Zewail, J. Phys. Chem. A 104, 5660-5694 (2000).

[2] F. Allum et al., J. Phys. Chem. Lett, 12, 8302-8308 (2021).

[3] K. Fukuhara, M. Kurihara and N. Miyata, J. Am. Chem. Soc. 123, 8662 (2001).
[4] L. Saalbach et al., J.Phys. Chem. A 125, 7174-7184 (2021).
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Dissociation Dynamics

Mechanisms of orbital orientation and alignment in
photolysis of polyatomic molecules: the role of geometric
phase

Oleg S. Vasyutinskii* and Arthur G. Suits?
'loffe Institute, Russian Academy of Sciences, St.Petersburg, Russia
“University of Missouri, Columbia, MO 65211, USA

Quantum interference between multiple pathways in molecular photodissociation
often results in angular momentum polarization of atomic products and this can give
deep insight into fundamental physical processes. For dissociation of diatomic
molecules, the resulting orbital polarization is fully understood and consistent with
guantum mechanical theory. For polyatomic molecules, however, coherent
photofragment orbital polarization is frequently observed but so far has eluded
theoretical explanation, and physical insight is lacking.

In this talk we present recent experimental observations of new effects of orbital
orientation and alignment of O(*D,) atoms produced in photodissociation of ozone
within the Hartley band at 266 nm. In particular, we present a direct determination of
photofragment alignment produced by circularly polarized light in photolysis of a
planar polyatomic molecule. The alignment directly depends on the helicity of the
photolysis light and arises via a mechanism involving coherent excitation of two
mutually perpendicular in-plane transition dipole moment components.

We show that a key aspect of understanding coherent orbital polarization in
dissociation of polyatomic molecules is a recognition that this polarization directly
manifests geometric phase effects, and a model we develop incorporating these effects
qualitatively accounts for fundamental aspects of ozone photodissocation seen in
many experiments. We show this geometric phase effect permits the existence of
coherent polarization in cases where it would otherwise vanish, and cancels it in some
cases where it might otherwise exist. The model accounts for measurements in ozone
that have hitherto defied explanation, and represents a step toward a deeper
understanding of coherent electronic excitation in polyatomic molecules and a new
role of the geometric phase.

1. A. G. Suits and O. S. Vasyutinskii, “Imaging Atomic Orbital Polarization in
Photodissociation”, Chem. Rev. 108, 3706-3746 (2008).

2. C. Weeraratna, O. S. Vasyutinskii, A. G. Suits, “Photodissociation by Circularly Polarized
Light Yields Photofragment Alignment in Ozone Arising Solely from Vibronic Interactions”,
Phys. Rev. Lett. 122, 083403 (2019).

3. C. Weeraratna, A. G. Suits, O. S. Vasyutinski, “Coherent Atomic Orbital Polarization Probes
the Geometric Phase in Photodissociation of Polyatomic Molecules”, Natural Sciences, 2, Iss.
3, 20220013 (2022).
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Ultrafast Processes

Ultrafast and coherent multispectral diffraction imaging in
the Extreme Ultraviolet

S. Petrakis™?, A. Skoulakis®, V. Dimitriou!, M. Bakarezos*, M. Tatarakis®,
E. P. Benis? and N.A. Papadogiannis®
! Institute of Plasma Physics and Lasers, Hellenic Mediterranean University, Rethymnon,
Greece
2 Department of Physics, loannina, Greece

The rapid evolution of ultrafast laser pulse technology and laser-matter interaction
science has resulted in the development of different secondary light sources in the
XUV and soft X-ray region of the EM spectrum. Among them the femtosecond laser
high harmonic generation in atomic gases has been extensively studied. These XUV
semi-coherent ultrafast pulses consist of a comb with frequencies of odd integer
multiples of the laser frequency. This light source is an ideal tool for table-top
ultrafast coherent diffraction imaging of matter in the nanoscale. Furthermore,
multispectral imaging in the visible part of the EM spectrum and longer wavelengths
up to thermal infrared is a well-established technique with several applications. In this
work we will present a table-top XUV diffraction ultrafast imaging system able to
operate in a multispectral mode in the nanoscale. The extension of multispectral
imaging to the soft x-ray region of the spectrum in combination with the ultrafast
capabilities offered by laser high harmonic pulses could be a valuable tool for real
time photochemistry. Future applications of such small-wavelength ultrafast
multispectral imaging, combined with femtosecond time-resolved measurements, may
allow to assess unexplored areas of science, such as imaging of chemicals at their
absorption edges;.

This research has been co-financed by the European Regional Development Fund of 325 the
European Union and Greek national funds through the Operational Program Competitiveness,
326 Entrepreneurship and Innovation, under the call RESEARCH — CREATE — INNOVATE
(project code: 327 T1EDK-04549, project title: Development of a coherent X-ray
multispectral microscopy system)
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Ultrafast Processes
Spin physics in relativistic plasmas: tools and prospects

Markus Biischer
Peter Griinberg Institut (PGI-6), Forschungszentrum Jiilich, 52425 Jiilich, Germany
Institut fiir Laser- und Plasmaphysik, Heinrich-Heine-Universitdt Diisseldorf, 40225
Diisseldorf, Germany

High-density hyperpolarized atomic or molecular targets — where either the electron
or nuclear spins are aligned — have found numerous new areas of applications. A
prominent example are laser-generated highly relativistic plasmas that can be used for
the acceleration of polarized particle beams to multi-MeV energies, or to optimize
fusion energy generation with polarized fuel. This may come as a surprise since the
kinetic energies of the plasma particles are many orders larger than the energy
differences of the spin states. However, in some cases, the polarization lifetimes can
become sufficiently long to be useful for the above-mentioned applications [1].

In my talk | will present our polarized targets (based on HCI molecules for electrons
and protons, DBr for deuterons, as well as *He where the spin is basically carried by a
neutron) that we developed for use at PW-class laser facilities. We carried out a
pioneering measurement at the Phelix laser of GSI Darmstadt, accelerating *He®" ions
from a polarized gas jet with a density of a few 10™° cm™ [2] and measuring their
degree of polarization with a newly developed polarimeter [3]. In the next years we
will extend these measurements by using a composite *He-Deuteron gas target where
both nuclear species are polarized with the goal to achieve a proof-of-principle
demonstration of the expected polarization enhancement of the fusion rates.

We have also carried out numerical studies — partially on supercomputers — to predict
the properties of plasma-accelerated electron [4] and proton [5] beams. All these
simulations predict high particle fluxes and multi-MeV energies at high degrees of
polarization (typically 50%, depending on the ‘starting’ polarization in the target).
This illustrates the high strategic relevance worldwide of polarized targets for the
development of next generation’s particle accelerators.

Suggestions for further reading:

[1] J. Thomas et al. PRAB 23, 064401 (2020)
[2] P. Fedorets et al., Instruments 6, 18 (2022)
[3] Z. Cheng et al., Preprints 2022, 2022080240
[4] H.C. Fan et al., NJP 24, 083047 (2022)

[5] X.F. Lietal., PRE 104, 015216 (2021)
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Exploiting electronic entanglement for steering
stereoselective bond forming in molecules pumped by
ultrashort optical pulses

F. Remacle
YTheoretical chemistry, RU MOLSYS, University of Liége, B4000 Liége, Belgium

Short attosecond (as) or few femtoseconds (fs) pulses have a broad energy
bandwidth which allows exciting a superposition of several electronic states in
neutral molecules and molecular cations. The nature of the states excited
(valence, Rydberg) can be controlled by tuning the pulse parameters. This
opens the way to novel avenues for control by engineering of electronic
coherences between selected electronic states to steer charge migration and the
stereo selective localization the electronic density on its purely electronic time
scale.! As the nuclei begin to move, the electronic and nuclear motions are
entangled and the engineered electronic coherences can be usefully exploited
for steering the vibronic density through the network of non adiabatic
interactions to specific products.”

In order to design control schemes built on a stereoselective photoexcitation of
electronic coherences, we analyze the time evolution of the entanglement
between nuclear and electronic degrees of freedom using singular valued
decomposition (SVD) of the wave function.” At each time step, the wave
function is thereby written as a superposition of singular states weighted by
their corresponding singular values ordered by their decreasing magnitude.
Each singular state is a product of a component that depends only on the
nuclear degrees of freedom and a component depending on the electronic
coordinates. This singular state is a separable wave function. When more than
one singular state is necessary for describing the wave function, it is entangled.
This analysis gives valuable insights on how the entanglement of the initial
state governs its subsequent modulation by the nuclear motion on coupled
electronic states. It is the initial entanglement that can be controlled by the
excitation pulse.

We first compare the entangled electron-nuclei dynamics in two diatomic
molecules, LiH and N, excited by short 2fs UV pulses.* If time permits, we
will also report preliminary results on the time evolution of the entanglement in
the ultrafast structural rearrangement of the methane cation ionized to a
superposition of its three lowest electronic states.?

References

1. F. Remacle and R. D. Levine, Proc. Natl. Acad. Sci. USA 103 (18), 6793-6798 (2006); F. Remacle,
et al., Phys. Rev. Lett. 99 (18), 183902 (2007); B. Mignolet, et al., J. Phys. B: At. Mol. Opt. Phys. 47
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4. M. Blavier, et al., Phys. Chem. Chem. Phys. 24 (29), 17516-17525 (2022); M. Blavier, et al., Chem.
Phys. Lett. 804, 139885 (2022).
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Exotic Stereodynamics

High-resolution spectroscopy of cold molecules for precision
measurements and tests of fundamental physics

Yuhao Liu, Marylise Saffre, Nicolas Cahuzac, Louis Lecordier, Etienne Cantin,
Olivier Lopez, Anne Amy-Klein, Mathieu Manceau, Benoit Darquié’
! Laboratoire de Physique des Lasers, Université Sorbonne Paris Nord, CNRS, Villetaneuse,
France

There is an increasing demand for precise molecular spectroscopy, in particular in the
mid-infrared fingerprint window, whether it be for modelling our atmosphere,
interpreting astrophysical spectra or testing fundamental physics.

I will present our efforts towards building new-generation mid-infrared spectrometers
specifically designed for precision vibrational spectroscopy of complex polyatomic
molecules in the gas phase. This includes amongst other things producing gases of
polyatomic species cooled to a few kelvins in cryogenic buffer-gas cells [1] and
developing frequency stabilised quantum cascade lasers calibrated to some of the
world’s best frequency standards [2]. The proposed technologies are at the forefront
of cold molecule research and frequency metrology and have allowed us to measure
absolute frequencies of a variety of species of atmospheric, astrophysical or
fundamental interest with record up to 12-digit accuracies [2,3].

This opens possibilities for using polyatomic molecules to improve tests of
fundamental physics and precision measurements in general. | will for instance
present our ongoing work towards testing the parity symmetry in cold chiral
molecules using precise mid-infrared spectroscopy, i.e. by measuring the tiny energy
difference between enantiomers induced by electroweak interactions [4].

References:

[3] Tokunaga et al, <“High-resolution mid-infrared spectroscopy of buffer-gas-cooled
methyltrioxorhenium molecules”, New J Phys 19, 053006 (2017)

[2] Argence et al, “Quantum cascade laser frequency stabilization at the sub-Hz level”, Nature Photon
9,456 (2015)

[3] Santagata et al, “High-precision methanol spectroscopy with a widely tunable Sl-traceable
frequency-comb-based mid-IR QCL”, Optica 6, 411 (2019)

[4] A Cournol et al, “A new experiment to test the parity symmetry in cold chiral molecules using
vibrational spectroscopy”, Quantum Electron 49, 288 (2019); Darqui¢ et al, “Valence-shell
photoelectron circular dichroism of ruthenium(iii)-tris-(acetylacetonato) gas-phase enantiomers”, Phys
Chem Chem Phys 23, 24140 (2021); Fiechter et al, “Towards detection of the molecular parity
violation in chiral Ru(acac); and Os(acac)s”, arXiv:2111.05036 [physics.chem-ph] (2022)

Return

45
Stereodynamics 2022_Book of Abstracts



Exotic Stereodynamics

Testing the Standard Model with Molecules

A. Borschevsky
The Van Swinderen Institute for Particle Physics and Gravity, University of Groningen,
Nijenborgh 4, 9747 AG Groningen, The Netherlands

Search for violation of fundamental symmetries provides a unique opportunity for
testing the Standard Model. Atomic and molecular experiments offer a low energy
and comparatively inexpensive alternative to high energy accelerator research in this
field. As the observable effects (such as parity violation, PV) are expected to be very
small, highly sensitive systems and extremely precise measurements are required for
the success of such measurements.

An important task of theoretical research is to identify optimal molecular and atomic
systems for measurements and to understand the mechanisms behind the enhanced
sensitivity, which is strongly dependent on the electronic structure. Thus, accurate
computational methods are needed in order to provide reliable predictions rather than
estimates, and to obtain the various parameters that are required for the interpretation
of the experiments.

I will present the results of our recent investigations of molecules in the context of
search for parity violating effects. A short overview of the theoretical methods will be
provided, but the talk will focus on showecasing the different types of systems
(diatomic and chiral molecules) that are promising candidates for experiments that
aim to test the Standard Model and perhaps detect new physical phenomena.
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Stereodynamics in the Interstellar Medium

B. Lankhaar?
! Chalmers University of Technology, Gothenburg, Sweden
2 Leiden Observatory, Leiden, the Netherlands

Molecules in the interstellar medium (ISM) occur in molecular clouds or in the
circumstellar envelopes of evolved stars. Here, temperatures are of the order of 10s of
Kelvin and number are typically 10000 particles per cubic centimeter. Additionally,
and importantly, magnetic fields permeate the ISM, with a strength upwards of 10-
100 microGauss. Under these conditions, and under the influence of an anisotropic
radiation field, which is abundantly present in the ISM, molecules (such as CO, CS, or
SiO) will align themselves with respect to the magnetic field, and consequently emit
partially polarized (of some percents) radiation that astronomers use to trace the
magnetic field direction in astrophysical regions. Molecular spectral line polarization
observations are one of the most robust methods that astronomers can use to detect
magnetic fields in astrophysical regions. Information on magnetic fields is valuable,
as they are of vital importance to understand accretion and outflow processes in both
star forming regions and circumstellar envelopes of evolved stars.

Interpreting polarization signals from molecular spectral lines for their magnetic field
information, requires accurate modeling of the stereodynamics of interstellar
molecules. In this talk, I present recent progress that has been made in this regard.
First, I discuss recent developments of radiative transfer techniques, that may be used
to characterize molecular alignment in complex astrophysical regions such as
circumstellar disks, outflows or galaxy nuclei. Second, | discuss conditions in the
interstellar medium under which directional collisions, leading subsequently to
collision-induced alignment, occur. Collision-induced alignment of molecular ions in
the ISM is predicted theoretically, and the observational confirmation of this effect
would be the first direct confirmation of the process of ‘ambipolar diffusion’: a
process that is ubiquitous in astrophysics, has importance to theories of star-formation
and turbulent cloud thermodynamics, but has never been directly detected and
characterized.

In the talk I will lay emphasis on the molecular physics surrounding these topics. |
will point out where stereodynamical modeling of interstellar molecules would benefit
from improved theoretical and experimental characterization of the stereodynamics of
collisional processes that occur in the ISM.
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Stereodynamical effects in cold energy collisions

F.J. Aoiz
' Dpto. Quimica Fisica, Facultad de Quimica University Complutense
Ciudad Universitaria, 28040 Madrid (Spain)

The last decade has witnessed extraordinary advances in the exploration of inelastic
and reactive collisions at cold (<1 K) and ultra-cold (< 1 mK) energies, to the point
that our understanding of these processes has experienced a stunning. At these
collision energies, scattering is contributed by few partial waves whose manifestation
in the integral and differential cross sections can be singled out thus making possible
to isolate and detect resonances, which are ubiquitous in most of the studied
processes. One such elementary molecular process is the inelastic rotation—translation
energy exchange. In particular, the regime near 1 K has also been the focus of a series
of experiments by Zare and coworkers [1-3] in which rotational quenching of HD and
D, by He, D, and He has been reported. The experiment involves coexpansion of the
molecular species in a supersonic beam combined with selection of the initial
alignment of the molecular rotational angular momentum through Stark-induced
adiabatic Raman Passage (SARP). The SARP method allows stereodynamical control
of the collision process by selecting a given projection (m;) of the molecular rotational
angular momentum j on the relative collision velocity vector or preparing a molecular
state.

In our recent work we have applied theoretical methods to describe the
stereodynamics of inelastic and reactive collisions in the cold energy regime. In my
talk I will show some examples of how the stereodynamics of cold molecule-molecule
collisions can be used to achieve exquisite control of the collision outcome.
Specifically, I will address the issue of how scattering resonances are affected by the
polarization of the collision partners and the extent of control that can be achieved by
a suitable preparation of internuclear axis/rotational angular momenta vectors at cold
collision energies and how the integral and differential cross sections are influenced.
It will be shown that low energy resonances can be dramatically affected by some
specific preparations and in some cases completely suppressed. In addition, I will
present the simulation [4-6] of the results of the SARP experiments [1-3] and it will
be shown that the theoretical approach is necessary for a full interpretation of the
experimental results. [6]

[1] W. E. Perreault, N. Mukherjee , R. N. Zare, Science. 358, 356 (2017).

[2] H. Zhou, W. E. Perreault, N. Mukherjee, R. N. Zare, Science. 374, 960 (2021)
[3] H. Zhou, W. E. Perreault, N.Mukherjee , R. N. Zare, Nat. Chem. 14, (2022)
[4] P. G. Jambrina et al., Phys. Rev. Lett. 123, 043401 (2019)

[5] P. G. Jambrina, et al., Phys. Chem. Chem. Phys. 23, 19364 (2022)

[6] P. G. Jambrina et al., J. Phys. Lett. 13, 4046 (2022)
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Probing van der Waals interactions between Rydberg atoms
and polar molecules by FRET at temperatures below 100
mK

Junwen Zou?, Stephen Hogan'
'Department of Physics and Astronomy, University College London, Gower Street, London,
UK

Collisions at low translational temperatures between atoms in Rydberg states with
large electric dipole transition moments, and polar ground-state molecules represent
an ideal setting to study Forster resonance energy transfer (FRET) between electronic
and nuclear degrees of freedom [1-4]. Here we report intrabeam collision experiments
with ground-state NH3 molecules, and He atoms in triplet Rydberg states with
principal quantum numbers, n, between 38 and 40. The pulsed supersonic beams used
in this work were formed of NH3 seeded in He at a ratio of 1:99. The Rydberg-
Rydberg transitions studied here were tuned into resonances with the NH3 inversion
intervals using electric fields up to 8 V/cm. FRET resonance widths as low as 100 +
20 MHz were observed. These results from binary interaction were at mean center-of-
mass collision speeds of 19.3 + 2.6 m/s (i.e., Econ/ks = 73 + 20 mK). The measured
resonance widths are strongly Rydberg-state dependent and are broadened by van der
Waals interactions in stronger fields when the atoms are more strongly polarized. This
has been inferred by comparison of the experimental data with the results of
numerical calculations of the Stark shift and static dipole-dipole interactions. These
results are of importance to the implementation of proposed schemes for cooling,
coherent control, and sensing that exploit Rydberg-atom-polar-molecule interactions
[5-8].
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Cold/Controlled Stereodynamics

Cold Collision Stereodynamics

Richard N. Zare
Department of Chemistry, Stanford University, Stanford, California 94305 USA

Scattering experiments probing a dynamical resonance with complete control
of both the internal and external degrees of freedom provide invaluable data
elucidating the long-range anisotropic forces so important to chemistry. Completely
alignment-controlled diatom-diatom scattering experiments have been greatly
anticipated by theoreticians and experimentalists alike. They are considered one of the
holy grails of scattering studies. In this presentation based on the work in my research
group of Mr. Haowen Zhao, Dr. William E. Perreault, and Dr. Nandini Mukherjee, we
demonstrate nearly complete control on the internal and external degrees of freedom
of both collision partners, thus gaining control of collision geometry at the most
fundamental quantum level.

We prepared D, molecules in the (v = 2, j = 2) state in a supersonically
expanded pure beam of D,, and we studied the cold rotationally inelastic scattering
process:

Da(v=2,]=2)+Dy(v=2,j=2) 5> Dy(v=2,j=2) + Dy(v=2,]=0).

By aligning the bond axes of both D, colliding partners either parallel or
perpendicular to the approach direction, we observed a dramatic difference in the
response of their scattering rate to the collision temperature, revealing the strong
anisotropy of the long-range quadrupole-quadrupole interaction. In fact, the
anisotropic effect is so dramatic that the inelastic scattering can be very nearly
switched off by aligning both bond axes parallel to the collision velocity. These
experimental results are made possible by introducing a new pump-probe technique,
which enables us to control the collision temperature. This technique utilizes a laser-
based gating mechanism that relies on state preparation and delayed state detection
with nanosecond laser pulses. By combining alignment and temperature control, we
could simultaneously locate and fingerprint a resonance experimentally. The nearly
complete control that we have achieved has important implications in cold and
ultracold four-center collision processes.

If time permits, another experiment will be described by the same research
team in which we coherently couple two bond axis orientations of D,(v = 2, j = 2) to
form what we call a biaxial state. This biaxial state acts as two slits that generate two
indistinguishable quantum mechanical pathways connecting initial and final states of
the colliding system. The interference disappears when we decouple the two
orientations of the bond axis by separately constructing the uniaxial states of D,. This
result unequivocally establishes the double-slit action of the biaxial state. This
preparation of a quantum-entangled biaxial state opens new possibilities in the
coherent control of molecular collisions.

We gratefully acknowledge support from the US Army Research Office
through the MURI program under grant no. W911NF-19-1-0283 and by the US
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Mixed Session

Small ligand binding to heme from first principles

M. Aarabi’, S. Soorkia® G.Grégoire?, M. Broquier® A. de la Lande®R. Omidyanl , B.
Soep?, and N. Shafizadeh?
! Department of Chemistry, University of Isfahan, 81746-73441 Isfahan, Iran
2 ISMO, Université Paris-Sud, CNRS UMR 8214, bat 520, Université Paris-Sud 91405,
Orsay, France
% Laboratoire de Chimie-Physique, Université Paris Sud, CNRS, UMR 8000. 15, rue Jean
Perrin, 91405 Orsay, France.

Small ligand binding (O, CO NO, H,O) to heme in hemoproteins is a strongly
stereospecific process. This is stem from orbital considerations in the Iron atom-
molecule interactions. Due to the complexity of the Fe atom electronic structure the
energetics of this bond is insufficiently known, although it determines the binding of
these ligands.

We shall present an overview of gas phase investigation of heme-ligand binding via
the Vant’Hoff equation and high level calculations.

As in nature the degree of oxidation of iron plays an important role in the binding of
small molecules to hemoproteins, we measured the binding energies of ferrous and
feric heme with different ligand. We have also characterized the critical influence of
the water molecule on the reaction of ligadation of heme.
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Mixed Session

Liquid-Phase Photoelectron Circular Dichroism

D.M. Stemer?, S. Malerz!, M. Pohl*?, F. Trinter**, U. Hergenhahn', B. Winter'
'Molecular Physics Department, Fritz-Haber-Institut der Max-Planck-Gesellschaft,
Faradayweg 4-6, 14195 Berlin, Germany
“Department of Chemistry, University of California, Berkeley, CA 94720, USA
Institut fiir Kernphysik, Goethe-Universitdt Frankfurt am Main, Max-von-Laue-Strafie 1,
60438 Frankfurt am Main, Germany

Photoelectron circular dichroism (PECD) — the forward-backward asymmetry in
photoemission from chiral molecules photoionized by circularly polarized light — is
an exquisitely sensitive experimental probe, capable of determining enantiomeric
excess and electronic and molecular structures in chiral samples.[1] Although the use
of PECD to study chiral biomolecules under physiologically relevant conditions
promises to reveal otherwise inaccessible interactions, for example the nature of
chirality transfer between the chiral solute and the solvent shell, PECD has until now
been exclusively demonstrated in the gas phase. PECD is a threshold effect, with
magnitude increasing as photoelectron kinetic energy decreases. Conversely,
scattering of photoelectrons in the liquid phase becomes increasingly significant at
low kinetic energies (< 10 eV), thereby leading to unavoidable convolution of PECD
signal with the secondary electron background in the kinetic energy region of most
interest.[2] Despite these challenges, we have recently successfully measured core-
level PECD in neat liquid fenchone,[3] and in aqueous solutions of alanine, under
both neutral and basic conditions. These results constitute the first measurements of
PECD in the liquid phase. Here, we will present experimental results, discuss the
recent developments that have enabled these measurements,[4] and highlight
opportunities and challenges in the burgeoning field of liquid-phase PECD.
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Mixed Session

Quantum Sensing with Atoms and Living Systems

lannis Kominis
Department of Physics, University of Crete, 70013 Heraklion Greece
www.quantumbiology.gr

In this talk we will address two different yet interrelated directions of research. We
will first discuss recent progress in quantum sensing and metrology, in particular
magnetometry, with hot atomic vapors. We will then draw analogies with quantum
sensing using living systems. Biological systems have long been assumed to be a
hostile environment for quantum coherent effects. Contrary to the conventional
wisdom, we have shown that the radical-pair mechanism of spin chemistry offers a
fruitful playground for applying tools and concepts from quantum information science
in biological systems. Magnetic quantum sensing with radical-pairs offers the first
concrete paradigm of quantum biology.
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Mechanistic insights into the chemi-ionization of lithium
atoms by highly excited helium atoms

T. Sixt, F. Stienkemeier, and K. Dulitz,
Institute of Physics, University of Freiburg, Hermann-Herder-Str. 3, 79104 Freiburg,
Germany

Ultracold trapped mixtures of different atomic species are the starting point for the
production of ultracold heteronuclear molecules, which may feature long-range and
anisotropic interactions. Such interactions allow for new physics and chemistry
studies in a regime which is purely dominated by quantum effects. To achieve the co-
trapping of ultracold alkali atoms and metastable rare-gas atoms, chemi-ionizing
collisions must be efficiently suppressed.

As a first step towards co-trapping, we study quantum-state-controlled chemi-ionizing
collisions between highly excited, metastable helium atoms (He*) and ground-state
lithium atoms (Li) in order to investigate efficient ways of controlling the outcome of
this process. For this, we have combined a supersonic-beam source for He* with a
magneto-optical trap (MOT) for Li [1]. In order to distinguish in between the
contributions of He(2%S;) and He(2'Sy) to the reaction rate, we deplete the population
in the 2'S, level using a novel optical-excitation scheme [2]. Furthermore, we use
laser-optical pumping to prepare both He(23S;) and Li(22Sy) in selected magnetic
sub-levels prior to the collision [3]. In some experiments, we also use laser excitation
to populate the 2°Py, 5 levels in Li and the 2°P, level in He, respectively.

In this contribution, 1 will demonstrate the efficient control of He(2%S;)-Li(2%S1)
Penning ionization by spin-state preparation. Our results imply a strong suppression
(enhancement) of Penning-ionizing collisions for non-spin-conserving (spin-
conserving) reaction channels. Our results are in good agreement with a model based
on spin angular momentum coupling of the prepared atomic states to the molecular
reaction channels. Small deviations from the model indicate the contribution of a
quartet state to the reaction rate, which is in violation of spin-conservation rules [4].

In addition, I will also provide details on recent experiments in which we have reacted
Li(22Sy) with He(2%S;) and He(2°P,), respectively. In contrast to our previous results
on collisions of He(23S;) with Li(2%Sy,) and Li(22P12, 31) [5], we observe only a small
change in the reaction rate upon laser excitation of He*. This makes us conclude that
the He*-Li chemi-ionization process is dominated by electron exchange, i.e., the
interaction between the valence electron of Li and the electron core hole in He.
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IONS

Chemical Dynamics of Nonvalence-Bound State of the
Molecule Anions

Sang Kyu Kim
Department of Chemistry, KAIST, Daejeon, Korea

Non-valence bound state (NBS) of the anion is ubiquitous in nature and plays the
essential role of the doorway into anion physics and chemistry. Here, we developed
the technique for the investigation of the state-specific chemical dynamics of the
metastable NBS of various chemical systems; the picosecond time-resolved pump-
probe spectroscopy on the cryogenically cooled anions using the velocity-map
electron imaging gives the mode-dependent dynamic behavior of the NBS in terms of
the autodetachment and/or concomitant fragmentation reactions. Deprotonated closed-
shell anions such as the phenoxide or halogen-substituted phenoxides, for example,
have been generated by the home-made electrospray apparatus before they are mass-
selected and collimated into the cryogenically cooled trap. Anion packet was
extracted to the velocity-map imaging electrodes where the laser pulses were given.
The autodetachment rate of the NBS has been precisely measured in a state-specific
way for various chemical systems involving the phenoxide, 4-cyanophenoxide, or o-
(m- or p-) halogen substituted phenoxides. Fermi’s golden rule is found to be
extremely helpful for the rational explanation of the experiment whereas the more
sophisticated theoretical model is definitely desirable for the more quantitative
analysis. For iodophenoxides, the C-I bond rupture (giving the I" fragment at the
asymptotic limit) has been found to be mediated by Feshbach resonances of the NBS,
providing the foremost evidence for the dynamic doorway role of the NBS in the
anion chemistry and physics.
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Selection and control of (bio)nanoparticle species with
electric fields

Jannik Liibke,123 Lena Worbs,1.2 Nils Roth,1.2 Armando Estillore,1 Amit
Samanta,! and Jochen

Kﬁpper1, 2,3,

1 Center for Free-Electron Laser Science, Deutsches Elektronen-Synchrotron DESY,
Notkestrafie 85, 22607Hamburg, Germany

2 Department of Physics, Universitdt Hamburg, Luruper Chaussee 149, 22761
Hamburg, Germany

3 Center for Ultrafast Imaging, Universitdt Hamburg, Luruper Chaussee 149, 22761
Hamburg, Germany

In single-particle diffractive imaging (SPI), individual gas-phase macromolecules
are successively exposed to coherent x-ray pulses from free-electron lasers [1]. In
this concept, the individual diffraction patterns are recorded, classified according
to the particle’s orientation, and combined into a diffraction volume, which can
be inverted to retrieve the three-dimensional molecular structure of the sample
molecules [2]. While impressive results were obtained over the last years, two
major experimental bottlenecks are the structural heterogeneity of the
macromolecules and their weak scattering resulting in tiny signal-to-noise ratios for
the single-molecule-diffraction signal.

Here, we present electric-field-based approaches to sample purification [3].
Charge-state distributions on particles of varying size and from different
aerosolization techniques are disentangled, biological macromolecules are separated
according to their charge state, and considerations for deflecting and separating
neutral macromolecular conformers are presented. These approaches are
suitability for SPI experiments and provide experimental means to diffract of a
series of homogeneous sample molecules and to average patterns until signal is
above noise [4]. This extension of sample-control mechanisms to biological
macromolecules and nanoparticles paves the way toward the recording of high-
resolution “molecular movies” of biological macromolecules in the gas phase,
similar to recent results for gold nanoparticles [5].

[1] Neutze, Wouts, vd Spoel, Weckert, Hajdu. Nature 406, 752 (2000).

[2] Loh, Elser. Phys. Rev. E 80, 026705 (2009)
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[4] Barty, Kiipper, Chapman. Ann. Rev. Phys. Chem. 64, 415 (2013).

[5] Hoéing, Salzwedel, Worbs, et. int. (15 authors), Knorr, Ayyer, Kiipper, Lange. Submitted (2022).
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Bernstein Award Winner Presentation

Photodissociation and high-precision spectroscopy with
trapped ultracold molecules

Tanya Zelevinsky
Department of Physics, Columbia University, New York

Precise control of the internal and motional quantum states of diatomic molecules
enables new insightful measurements. We apply this control to strontium dimers that
are synthesized at ultracold temperatures and trapped in an optical lattice. This allows
us to observe key features of ultracold chemistry by inducing and imaging the
photodissociation process. These striking features include matter-wave interference of
coherently created reaction products as well as tunneling through reaction barriers. By
applying small magnetic fields, we can predictably control the reaction. Furthermore,
by tuning the Kinetic energy of the fragments we observe a transition from the
distinctly quantum mechanical to the quasiclassical chemistry regime. In parallel,
vibrational spectroscopy of the bound molecules can be used to build new frequency
standards, test molecular QED and search for new physics. We demonstrate the most
precise and accurate molecular spectroscopy, with systematic effects characterized to
the 14th digit of precision, enabled by carefully designing the optical lattice trap to
preserve coherence between molecular states.
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Quantum Chemistry/Dynamics

On the role of nuclear permutation symmetry
in quantum molecular dynamics

F. Bouakline
Institue of Chemistry, University of Potsdam, Potsdam-Golm, Germany

Permutation symmetry of identical particles is a central pillar of quantum mechanics.
The corresponding spin—statistics theorem stipulates that the total wavefunction of a
quantum system, such as an atom or a molecule, must be antisymmetric under
permutation of two indistinguishable fermions, and symmetric under exchange of two
identical bosons. In the former case, the identical particles have half-integral spin and
obey Fermi—Dirac statistics, whereas in the latter case, they have integral spin and
obey Bose—Einstein statistics.

As regards molecules, this symmetry requirement applies to electrons and identical
nuclei alike. For electrons, obeying the related Pauli exclusion principle is a
prerequisite for any electronic structure theory. Using Slater determinants as bases
for the electronic states, this precondition is automatically fullfilled, and implemented
in all numerical programs of computational chemistry. However, the same cannot be
said about the identical nuclei of a molecular system. Indeed, nuclear permutation
symmetry is often overlooked in quantum molecular dynamics calculations, whether
their focus is on electronic or nuclear motion. Due to the so—called curse of
dimensionality, most of these computations rely on reduced descriptions of the
dynamics, which include only presumably relevant molecular degrees of freedom, and
neglect all the remaining ones—considered as spectators to the dynamical process
under study. These reduced theoretical models do not generally obey nuclear—spin
statistics, and usually give rise to misleading pictures of iconic molecular processes.

In this contribution, I will present well known textbook examples of dynamical
molecular processes whose reduced descriptions contravene the principle of the
indistinguishability of identical nuclei. The latter include tunneling dynamics in
symmetric double-well achiral molecules [1], as in umbrella inversion of ammonia
[2], electronic Kekulé dynamics in the benzene molecule [3], and coupled electron-
nuclear motion in the dihydrogen molecular cation [4]. To obey nuclear—spin
statistics, the descriptions of these processes require the inclusion of some seemingly
irrelevant molecular degrees of freedom. This has important consequences on
molecular motion, particularly on dynamical localization of the molecular
subdensities. The main object of the dispute between these reduced and
fully-symmetrized descriptions of the dynamics is whether nuclear permutations
allow localization of the electronic, vibrational, or even rotational density on a
specific molecular substructure (or configuration) rather than on another one, which is
exactly equivalent (indistinguishable). Understanding this issue has far-reaching
implications for the description, imaging and control of other molecular processes, as
well as for the interpretation of many femtosecond pump—probe experiments.
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Quantum Chemistry/Dynamics

Microsecond time-resolved dual-comb spectroscopy for
kinetic and product studies of gas-phase reactions

P.-L. Luo
Institute of Atomic and Molecular Sciences, Academia Sinica, Taipei, Taiwan

Time-resolved infrared spectroscopy with both temporal and spectral resolutions
offers great opportunities to explore the transient intermediates and kinetics of
chemical reactions. Dual-comb spectroscopy, a multi-heterodyne Fourier transform
spectroscopic technique relying on two frequency combs with slightly different
repetition rates, enables high-resolution and rapid spectral measurements. Here, a new
approach to kinetic and product studies of the gas-phase reactions by means of mid-
infrared microsecond-time-resolved dual-comb spectroscopy will be reported. The
mid-infrared dual-comb sources are constructed based on electro-optic frequency
comb and the difference frequency generation techniques. By employing two sets of
dual-comb laser sources with central wavelengths respectively near 3 and 8 um,
multiple species such as the simplest Criegee intermediate (CH,00), formaldehyde
(CH20), hydroxyl (OH) and hydroperoxy (HO2) radicals can be simultaneously
probed upon on flash photolysis of the CH,l,/O2/N, gas mixtures. The concentration
of each observed reaction molecule can be determined based on its rotationally
resolved infrared absorption spectra. The detection limit for each molecule can be
obtained down to 10**~10"2 molecules cm™ by coupling the dual-comb sources into a
multi-pass reaction cell. In addition to quantitative analysis of the high-resolution
time-resolved dual-comb spectra, the kinetics and product yields of the gas-phase
reactions involving the simplest Criegee intermediate (CH,OO) are also investigated
under varied experimental conditions.
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NO(A)-He and NO(A)-Ne steric scattering experiments
M. Fournier

We report the first experimental measurement of state-to-state k-j-k’ correlations in
rotationally inelastic scattering.

In a crossed-beam VVMI experiment, we prepare electronically excited NO (A’L*, N =
4, j = 3.5). The polarization of that preparation laser allows control of the rotation
vector j, preparing an alignment of j relative to the collision vector k. Rotationally
inelastic collisions with either He or Ne produce NO (A, N’=0-3 and 5-14). These are
probed by saturated 1+1° REMPIL, which is insensitive to the product rotational
alignment. We measure state-selected velocity-mapped images for both in-plane
(Horizontal, H) and out-of-plane (Vertical, V) preparation laser polarizations. The
final images contain k-j-k’ correlations. The images are fitted to determine the
polarization dependent differential cross sections that describe these correlations,
which are compared to quantum scattering calculations performed on ab initio
potential energy surfaces. We observe strong k-j-k’ correlations that vary with final
N’ state, consistent with the QS calculations. Representing the results as the respective
differential cross sections for limiting ‘propellor’, ‘cartwheel’ and ‘frisbee’
alignments of j provides physical insight into the observed scattering dynamics
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Multiphoton breakdown of acetylene;
Formation of organic building block fragments

Meng-Xu Jiang®, Giannis Giannakidis?, Peter C. Samartzis®* and Agtist Kvaran™*
1. Science Institute, University of Iceland, Dunhagi 3, 107 Reykjavik, Iceland.
2. Institute of Electronic Structure and Laser, Foundation for Research and
Technology-Hellas, Vassilika Vouton, 71110 Heraklion, Greece.

Mass resolved REMPI spectra and electron and ion velocity map images were
recorded for REMPI of acetylene in case of two-photon resonant excitations to
low lying 3p and 4p Rydberg states. Combined data analysis of ion signal
intensities, electron and ion Kinetic energy release spectra and angular
distributions revealed multiphoto-fragmentation processes in terms of
photodissociation and photoionization channels to form the molecular ion, CoH,"
and the fragment species H*, C*, CH", CH,", C," and C,H". The ratio of fragment
ion formation over the parent ion formation increases with excitation energy. To
a large extent the multiphoton-fragmentation involves initial breakdown of the
molecule into ground and excited state neutral fragments by two-, three- and
four- photon dissociation processes prior to multiphoton ionization. The three-
photon dissociation processes via superexcited molecular state(s) are found to be
most important and electronically excited fragment species play a significant role
in the overall multiphoton-fragmentation. Furthermore, the data was indicative of
an involvement of secondary photodissociation processes, energetics of fragment
species as well as state interactions. The question, whether acetylene could be an
important source of building block fragments for formation of organic molecules
in interstellar space is addressed.
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New Applications of Velocity-Mapped lon and Electron
Imaging

D. W. Chandler!, C. J. Kliewer?, K. Celio®
'Sandia National Laboratory, Livermore CA, USA
2Sandia National Laboratory, Livermore CA, USA

*Intel, Redlands Washington, USA

Velocity Mapped lon Imaging has given one the ability to measure the quantum-state-
resolved differential cross section as a function of laser properties, such as intensity
and polarization, of both unimolecular and bimolecular gas phase processes. This has
enabled the measurement of the alignment and orientation of molecules and atoms as
a function of their speed and direction. Here I will discuss and show new applications
of the velocity mapped ion imaging that promise to provide this information for
surface reactions. Nascent molecules that are the product of a catalytic reaction on a
surface are state-selectively ionized and spatially imaged after being velocity filtered
in order to allow one to measure the nascent angular distribution of the fragments as
they leave a surface as a function of the location from which they were ejected from
the surface with micron resolution. In addition, I will discuss a new apparatus for
imaging secondary electrons from a surface, utilizing a modified commercial
secondary electron microscope, in order to measure the energy and angular
distribution of the ejected secondary electrons. This technique can now provide
quantitative information about the ejected electrons as function of position and time
from a surface and has the promise, after further developments, on reaction at surfaces
with nm spatial resolution and picosecond time resolution.
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Time-resolved Coulomb explosion imaging of inner-shell
excited state dynamics in CH,l, and CH,Brl
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Gabalski?, T. Gejo®, A. Ghrist?, J. Harries®, A. Hishikawa®, P. Hockett®, H. Iwayama®, E. Jones®, A.
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3 University of Nia_?oya, Nagboya, Japan
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6 National Research Council of Canada, Ottawa, Canada
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9 Kansas State University, Manhattan, KS, USA
10 University of Southampton, Southampton, UK
11 Unl_versit}/ of Kyoto, Kyoto, Japan
12 Hiroshima University, Hiroshima, Japan
13 Tohoku University, Sendai, Japan

The invention of Free Electron Lasers (FELs) has opened the door to the real-time
observation of photochemical reactions driven by core-to-valence transitions."® As the
electronic states populated following Auger-Meitner decay of these core-excited state may
only be accessible via site-selective excitation schemes, FEL-based experiments are rather
unique in their findings. A recent transient absorption study on CH,l,, following 4ds;, — o C-
I” excitation via a XUV pump — XUV scheme,® show that, before its decay on a ~100 fs
timescale, the molecular cation isomerizes to a transient iso-species (CH,-I-1),* as previously
hinted in a study using a similar excitation scheme in a one-color setup using synchrotron
radiation.’

We have studied the multi-channel photochemistry of CH,l, and CH,Brl using Time-
Resolved-Coulomb Explosion Imaging (TR-CEI)® at the SACLA XFEL in Japan. In TR-
CEl, a molecule is stripped of its outer electrons through excitation with an intense laser pulse
at a range of different delays, producing a variety of small cationic fragments. By measuring
the relative momenta of these fragments, one can obtain information on the nuclear geometry
of the molecule of interest at the point of ionization. In our experiment, CH,l, and CH,Brl
molecules were pumped by a 50.4eV FEL pulse to initiate 4ds, — o C-1" core-to-valence
excitations, and then Coulombically exploded using the intense 800 nm output of a
synchronized optical laser. The fragments were imaged using a three-dimensional Velocity
Map Imaging (VMI) spectrometer,® and their correlations evaluated through covariance
analysis methods.”** Through these experiments, we aim to obtain information on the
isomerization and photodissociation reactions in both CH,l, and CH,Brl following site-
selective inner shell excitation. Moreover, through comparison of the two molecules, we
aspire to gain a better understanding of how molecular structure affects the reaction dynamics
observed.

1. Liekhus-Schmaltz et al., Nat, Commun., 6(1), 1-7 (2015).

. Picon et al., Nat. Commun., 7(1), 1-6 (2015).

. Rebholz et al., Phys. Rev. X, 11(3), 031001 (2021).

. Cutler et al., J. Chem. Phys., 97(11), 7932 (1998).

. Cartoni et al., J. Phys. Chem. A, 119(16), 3704-3709 (2015).

. Stapelfeldt et al., Phys. Rev. A, 58 426 (1998).

. Endo et al., Science, 370(6520), 1072-1077 (2020).

. Fukuzawa et al., Nucl. Instrum. Methods Phys. Res. A, 907 116 (2018).
. Frasinski et al., Science, 246, 1029 (1989).

10. Allum et al., J. Phys. Chem. Lett., 12(34), 8302-8308 (2021).
11. Slater et al., Phys. Rev. A, 89, 011401 (2014).
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Inelastic collision dynamics of oriented NO(X) molecules

J. Featherstone®, M. McCrea’, D. Bein', M. Brouard*
! University of Oxford, Oxford, United Kingdom

Examining the scattering dynamics of oriented NO molecules with a combined
experimental and theoretical approach allows one to benchmark how well theory
reflects reality. By orienting the NO molecule before collisions different regions of
the potential energy surface and their associated collision pathways can be examined,
such as side-on or end-on collisions [1-3]. An examination of simple collision
partners, such as rare gasses, allows for an excellent starting point to examine the
foundations of quasi-classical and quantum mechanical theory techniques, and how
such techniques hold up in unique environments, such as "cold" collisions (NO + He)
[4]. Expanding the scope to larger collision partners, such as ND3 or CHgl, pushes
these foundations of molecular dynamics, introducing new considerations such as the
orientation and internal energy levels of the collision partner, and truly assesses the
accuracy and applicability of the theory. However, to test such collisions, the initial
states of the collision partner must now be selected similar to that of the NO, to
reduce the complexity of the experimental data allowing for easier comparison to the
theory. This requires the construction of a double hexapole secondary beamline to
allow for selecting various initial states of the collision partner, as seen previously in
the literature, for example with collisions of He with ND3 [5].

[1] Cornelia G. Heid et al. "Probing the location of the unpaired electron in spin—orbit changing collisions of NO
with Ar" Phys. Chem. Chem. Phys. 22, 22289 (2020).

[2] Cornelia G. Heid et al. "Controlling the Spin—Orbit Branching Fraction in Molecular Collisions" The Journal of
Physical Chemistry Letters, 12, 1 (2021).

[3] Cornelia G. Heid et al. "Inelastic collision dynamics of oriented NO molecules with Kr atoms" Molecular
Physics, 120, 1 (2022).

[4] Tim de Jongh et al. “Imaging the onset of the resonance regime in low-energy NO-He collisions”. Science
(New York, N.Y.) 368, 6491 (2020).

[5] Ondfej Tkac et al. “State-to-state resolved differential cross sections for rotationally inelastic scattering of ND3
with He”. Phys. Chem. Chem. Phys. 16, 477 (2014).
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Investigation of the interaction of formic acid with flat and
stepped palladium surfaces

J. Fingerhut', L. Lecroart?, D. Borodin?, A. Kandratsenka®, T. N. Kitsopoulos®, A. M.
Wodtke?
' Institute for Physical Chemistry, Géttingen, Germany
2 Max-Planck-Institute for Multidisciplinary Sciences, Géttingen, Germany
® Institute for Electronic Structure and Laser, FORTH, Heraklion, Greece

Understanding heterogeneous catalysis is based on knowing the energetic stability of
adsorbed reactants, intermediates, and products as well as the energetic barriers
separating them. Formic acid for example is a potential hydrogen carrier and its
decomposition on transition metals such as platinum or palladium is important to
derive insights into the development of direct formic acid fuel cells. The
decomposition on the bare metal surface has been mostly covered by theoretical
studies [1], but critical comparison to experimental rates are rare.

Here, we investigate the interaction of formic acid with atomically flat and stepped
palladium surfaces by using Velocity-Resolved Kinetics (VRK) [2]. We obtain
accurate rates for CO, formation for four different isotopologues of formic acid
(HCOOH, HCOOD, DCOOH and DCOOD). We identify key intermediates and
quantify reaction barriers with support of DFT calculations. Our results indicate that
step sites increase the conversion of formic acid to CO, and H,.

Furthermore, formic acid can form CO on the stepped palladium at surface
temperatures around 673 K. While, the rate of CO formation seems to be desorption
limited, the presence of a CO forming pathway indicates the presence of a carboxyl-
intermediate which was proposed for the water-gas-shift reaction [3] before but has
not been reported experimentally yet.

[1] Scaranto, J.; Mavrikakis, M. Density functional theory studies of HCOOH decomposition on
Pd(111). Surf. Sci. 650, 111-120 (2016).

[2] Neugebohren, J.; et al. Velocity-Resolved Kinetics of Site-Specific Carbon Monoxide Oxidation on
Platinum Surfaces. Nature 558, 280 (2018).

[3] Gokhale, A. A.; Dumesic, J. A.; Mavrikakis, M. On the Mechanism of Low-Temperature Water
Gas Shift Reaction on Copper. J. Am. Chem. Soc. 130, 140-1414 (2008).
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Novel developments in optimizing radiation-gas jet
interactions by micro-fabricated nozzles

Maurice H.M. Janssen
MassSpecpecD BV, Enschede, the Netherlands

Recent years have witnessed the development of advanced experimental techniques
that strongly rely on the ability to bring molecular/material systems of interest into the
gas phase for further applications. Many of these advanced applications employ
techniques that are pulsed in nature and are often based on photonic instrumentations
like for example high-repetition rate (ultrafast) lasers, Free-Electron-Laser or
Synchrotron radiation. Efficient use and analysis of molecular/material samples -
sometimes only available in minute quantities- thus imposes the further requirement
that samples ideally are brought in a pulsed way into the gas phase.

In many applications the specifics of the nozzle exit determine the detailed
characteristics of the supersonic flow like density, internal temperature, geometry of
expansion. For many current and future applications, it is highly desirable to match
the geometry of the expansion to the typical geometry of a (focused) radiation beam
(laser, FEL or Synchrotron). This will make it possible to have an optimal density and
use of precious samples in the application and therefore optimal sensitivity.

Here we report on recent developments, in close collaboration with the University of
Twente, the Netherlands, where we microfabricate specially designed de Laval type
micronozzles, with throat dimensions below 10 micrometer, using lithography and
Deep-Reactive-lon-Etching (DRIE). These micronozzles can be used both in a pulsed
expansion produced by e.g. a piezo-operated cantilever pulsed valve [1] or in a
continuous gas expansion. An example of the latter application of these micronozzles
is the novel micro-Gas Chromatograph chiral-Mass Spectrometer, that is currently
under development by a public-private consortium [2].

[1] www.amsterdampiezovalve.com

[2] Project microGC- chiralMS, financially supported by the European Fund for Regional Development
and OPOost (EFRO-00949, 2020-2023), by MassSpecpecD BV, Qmicro by Sensirion, Radboud
University, University of Twente and Saxion University of Applied Sciences; see also
www.massspecpecd.com
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Cavity-Enhanced Absorption Spectroscopy in atomic iodine
at 1315nm: first measurement of the quadrupole (E2)
components

E. Toutoudaki'?, Z. Sargianni?, T. P. Rakitzis"?, G. E. Katsoprinakis®

! Institute of Electronic Structure and Laser, Foundation for Research and Technology -
Hellas, 71110 Heraklion, Greece.
2 Department of Physics, University of Crete, 71003 Heraklion, Greece.

The 52P3/2 - 2P1/Z forbidden magnetic-dipole (M1) transition in atomic iodine at 1315 nm
is a potential testbed for low-energy studies of Parity Non-Conservation (PNC) via optical
rotation experiments in atomic systems. We use a cavity-enhanced absorption spectroscopy
(CEAS) scheme, and high atomic iodine densities produced by photodissociation of
molecular iodine at 532 nm, to measure the F=4—->F =2and F=1—- F' =3 pure
electric-quadrupole (E2) hyperfine components of this transition, which will be useful in
studying the anapole moment component of PNC. We report on the first ever measurements
of the E2 components, and of the ratio y = E2/M1 of the electric quadrupole to magnetic
dipole matrix elements.
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Recombination of hydrogen atoms at metal surfaces — A step
towards predictive surface chemistry

D. Borodin®, N. Hertl?, F. Nitz}, M. Schwarzer?, J. Fingerhut*, A. M. Wodtke'?, and T. N.
Kitsopoulos™*3*

' 1 Institute of Physical Chemistry, Georg-August University Gottingen, Gottingen, Germany
2 Dynamics at Surfaces, Max Planck Institute for Multidisciplinary Sciences, Gottingen,
Germany
* Department of Chemistry, University of Crete, Heraklion, Greece
*Institute of Electronic Structure and Laser, Foundation for Research and Technology-Hellas,
Heraklion, Greece

Transition state theory (TST) is the leading tool for the description of chemical
reaction rates. Predictive surface chemistry is limited by the inaccuracy of electronic
structure theory and simplifications within TST. For reactions at metal surfaces,
which are so important to heterogeneous catalysis, there are few tests of its accuracy
against elementary rate constants from experiments. This is mostly because highly
accurate experimental data is absent. For example, previously reported rate constants
for hydrogen atom recombination at Pt(111) have uncertainties of 3 orders of
magnitude[1-4].

Here, we report accurate experimental rate constants for hydrogen atom
recombination on Pt(111) and Pt(332) derived from the Velocity Resolved Kinetics[5]
method (VRK). VRK combines molecular beam-surface scattering with out-of-plane
ion imaging of reaction products, which enables independent determination of
reaction Kinetics and dynamics. We also introduce a TST-based model which
reproduces experiments with no adjustable parameters over a broad temperature
range. The model's key to success is a fully quantum mechanical partition function for
the adsorbed H atoms. It accounts for nuclear quantum effects, associated with the
light mass of the atom, and electronic quantum effects, associated with the hydrogen
atoms electron spin. We note that conventional models for adsorbate partition
functions like Harmonic Approximation or Complete Potential Energy Sampling[6]
introduce errors of more than one order of magnitude between 300 and 1000 K.

Our modelling efforts are extended to other single crystal metal surfaces and catalytic
nanoparticles and we find a general applicability for the model prediction of hydrogen
atom recombination rates and adsorbate entropies.

[1]: M. Salmeron, R. J. Gale and G. A. Somorjai, J. Chem. Phys. 1979, 70, 2807.
[2]: G. E. Gdowski, J. A. Fair and R. J. Madix, Surf. Sci. 1983, 127, 541.

[3]: K. Christman, G. Ertl and T. Pignet, Surf. Sci. 1976, 54, 365.

[4]: van der Niet et al., J. Chem. Phys. 2010, 132, 174705.

[5]: Neugebohren et al., Nature 2018, 558, 280.

[6]: M. Jargensen and H. Gronbeck, J. Phys. Chem. C 2017, 121, 7199.

Return

70
Stereodynamics 2022_Book of Abstracts



Poster Session

Selection and control of (bio)nanoparticles with electric
fields

Jannik Liibke,»®* Lena Worbs,*? Nils Roth,*> Armando Estillore,® Amit Samanta,*
and Jochen Kiipper® #*
! Center for Free-Electron Laser Science, Deutsches Elektronen-Synchrotron DESY,
Notkestrafpe 85, 22607 Hamburg, Germany
2 Department of Physics, Universitit Hamburg, Luruper Chaussee 149, 22761 Hamburg,
Germany
3 Center for Ultrafast Imaging, Universitit Hamburg, Luruper Chaussee 149, 22761
Hamburg, Germany

Single-particle imaging (SPI) experiments at free-electron lasers (FELS) promise
high-resolution- imaging of the structure and dynamics of nanoparticles and
macromolecules. Guiding sample particles into the focus of an FEL, diffraction
patterns of individual particles can be collected. Suf- ficient amounts of patterns of
identical nanoparticles are needed to overcome the inherently small signal-to-noise
ratio and reconstruct the underlying 3D structure. Size-optimized delivery of identical
nanoparticles is key to efficient and successful SPI experiments. Here, we present
approaches for the production of purified high-density beams of a broad variety of
biological nanoparticles. We establish control through electric fields, aiming at charge
state or conformational state selectivity. This is especially relevant for soft biological
samples, such as proteins or protein complexes, which in uncontrolled environments
are prone to structural instability.

[1] https://www.controlled-molecule-imaging.org
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Studying rotational-state and conformational effects in
chemi-ionisation reactions

A. Mishral, L. Ploenes!, P. Stranak?, S. K. Kim?, S. Willitsch*
! Department of Chemistry, University of Basel, Klingelbergstrasse 80, 4056 Basel, Switzerland,
2 Department of Chemistry, KAIST, Daejeon 34141, Republic of Korea

Conformers are the dominant isomers of complex molecules. The conformation of a
molecule can have pronounced effects on its chemical reactivity. However, because
they often interconvert into one another under ambient conditions, individual
molecular conformations are difficult to isolate. Consequently, only sparse
experimental data exists on the chemical properties of distinct conformers [1]. Over
the past years, we have developed experimental methods to study conformational
effects in ion-molecule reactions under single-collision conditions [2,3]. We have
recently built a new crossed-molecular-beam setup to extend our methodology to
neutral-neutral reactions [4]. This setup is equipped with an electrostatic deflector
which enables the spatial separation of different conformers or individual rotational
states of molecules based on their effective dipole moments.

As the first application of this new method, rotational-state-dependent chemi-
ionisation reactions of carbonyl sulfide (OCS) with metastable neon atoms were
investigated. A pronounced state-specific effect on the product branching ratio was
observed. Our result suggests that OCS molecules in the rotational ground state j = 0
are a factor of 2.5 more reactive for dissociative ionisation than Penning ionisation
compared to the j = 1 state [4,5]. Moreover, for heavier molecules, the
disentanglement of conformational and rotational-state effects can be difficult to
analyse due to the involvement of several rotational states [5]. Choosing conformers
that can be chemically separated and have high interconversion barriers could
disentangle the conformational and rotational state dependencies. Therefore, we chose
to study the chemi-ionisation reaction of 1,2-dibromoethylene (DBE), the conformers
of which can be chemically separated [6,7]. Additionally, in a collaboration with the
Korean Advanced Institute of Science and Technology (KAIST), we are also
currently undertaking a comparative study of the photochemistry, photoionization,
and chemi-ionisation of individual stereoisomers using 1,2-dibromoethylene (DBE) as
a prototypical system [8]. These investigations aim to gain a comprehensive
understanding of the role of molecular conformations in unimolecular and
bimolecular reactivity.

[1] S. Willitsch, Adv. Chem. Phys., 2017, 162, 307

[2] Y.-P. Chang, K. Dlugolecki, J. Kiipper, D. Rosch, D. Wild, S. Willitsch, Science, 2013, 342,
98

[3] A. Kilaj, J. Wang, P. Stranak, M. Schwilk, U. Rivero, L. Xu, O. A v. Lilienfeld, J. Kiipper,
S. Willitsch, Nat. Commun., 2021, 12, 6047

[4] L. Ploenes, P. Stranak, H. Gao, J. Kiipper and S. Willitsch, Mol. Phys., 2021, 119, 1965234

[5T L. Ploenes, P. Stranak, S. Willitsch, in prep., 2022

[6] W. Shi, R. H. Lipson, Molecular Physics, 2007, 105, 1701-1709

[7] T. Yamamoto, D. Kaneno, S. Tomoda, Chemistry Letters, 2005, 34, 8

[8] J. Kim, S. -K. Kim, J. Chem. Phys., 2021, 155, 164304
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Quantum-logic control of complex molecular ions for
applications in molecular and chemical physics

P. Paliwal and S. Willitsch
Department of Chemistry, University of Basel, Klingelbergstrasse 80 4056 Basel, Switzerland

Over the past years, the coherent manipulation of single isolated quantum systems
such as atoms, ions, superconducting circuits, and quantum dots has advanced greatly
and yielded important applications in the fields of quantum metrology, quantum
sensing, and quantum computing. Recently, extending and applying quantum
technologies to molecules has become one of the prime goals of the quantum physics
community. However, their complex internal structure and lack of cycling transitions
makes it difficult to cool, control and manipulate them. In our lab, we co-trap a single
molecular ion together with an atomic ion which acts as a coolant to cool the
molecule translationally as well as a messenger for the internal state identification of
the molecule without destroying it. The information of the complex molecular ion is
mapped onto an easily addressable atomic ion from where it is read out. We will
highlight the quantum-non-demolition detection of the rovibrational state of single
nitrogen ions which is a crucial step towards their coherent manipulation®. We will
also show how this method allows us to go beyond the state-of-the-art and prepare
molecular ions in well-defined hyperfine-Zeeman states”. We will discuss the
extension of our technique to polyatomic ions to lay the foundations for the
exploration of their spectroscopy and molecular dynamics.

References:

1. Sinhal, M., Meir, Z., Najafian, K., Hegi, G. & Willitsch, S. Quantum-nondemolition state detection
and spectroscopy of single trapped molecules. Science 367, 1213 (2020).

2. Najafian, K., Meir, Z., Sinhal, M. & Willitsch, S. Identification of molecular quantum states using
phase-sensitive forces. Nat Commun. 11, 4470 (2020).
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Vector-Model semiclassical wavefunction: the quantitative pictorial description
of angular momentum addition and transformation

T. P. Rakitzis"? M. E. Koutrakis*? and G. E. Katsoprinakis®

! Institute of Electronic Structure and Laser, Foundation for Research and Technology -
Hellas, 71110 Heraklion, Greece.
? Department of Physics, University of Crete, 71003 Heraklion, Greece.

We propose the Vector Model Wavefunction and:

1) Show it is an asymptotic solution of the angular momentum operators

2) Give geometrical interpretation to semiclassical expressions for Clebsch-Gordan
coefficients and Wigner D-matrices.

The VM wavefunction offers a direct geometrical interpretation of semiclassical equations of
C-G coefficients and D matrices, and excellent approximation of the exact QM expressions,
showing that the VM wavefunction gives a compelling picture of angular momentum
coupling and rotation, even down to j = 1/2.
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Wavelength- and Intensity-Dependence of Strong Field
lonization and Fragmentation Dynamics of Argon-dimer

A. Sen, M. J. J. Vrakking A. Rouzée
Max-Born Institute, Berlin, Germany

In the presence of an intense laser field molecules ionized via different ionization
mechanism depending on the intensity and the wavelength of the laser field [1].
Following ionization, molecules will eventually dissociate into several ionic
fragments. The fragmentation dynamics is often affected by the presence of the laser
field, which coupled the electronic and nuclear motion making the investigation of the
ionization dynamics of molecules in intense laser fields very challenging. For rare-gas
dimers, which are loosely bound by attractive van der Waals force and have electrons
localized at their nucleus [2], ionization by intense laser field mostly site specific,
making rare-gas dimers a very attractive system for the study of their interaction with
strong laser field [3,4,5]. In particular, rare-gas dimers in interaction with intense laser
fields provide an important playground for the investigation of interatomic relaxation
mechanism such as Interatomic Coulombic Decay (ICD) [6], Electron Transfer
Mediated Decay (ETMD) [7], Charge Resonance Enhanced lonization (CREI) [8,9]
and Radiative Charge Transfer (RCT) [10] processes. In this work, we have used a
velocity map imaging spectrometer to study the wavelength- and intensity-
dependence of the strong field ionization and fragmentation dynamics of Argon-
dimer. We show, that the fragmentation dynamics of Argon-dimer via Dissociation
and Coulomb Explosion (CE) channels show a strong dependence on the wavelength
and intensity of the laser field, which is observed through angular distribution and the
kinetic energy spectrum of the ionic fragments.

[1] J.H. Posthumas, Rep. Prog. Phys. 67 623, 2004

[2] K. Patkowski et.al, Mol. Phys. 103, 2031 (2005).

[3] B. Manschwetus et.al, Phy. Rev. A 82 013413, 2010

[4] C. Wunderlich et.al, Phy. Rev. A 62 023401, 2000

[5] Y. Wang et.al, Phy. Rev. Lett 125 063202, 2020

[6] T. Jahnke et.al, Chem. Rev 120 11295-11369, 2020

[7] K. Sakai et.al, Phy. Rev. Lett 106 033401, 2011

[8] T. Zuo et.al, Phy. Rev. A 52 4, 1995

[9] A.D. Bandrauk et.al, AIP conference proceedings 388 37, 1997
[10] N. Saito et.al, Chem. Phys. Lett. 441 1-3, 2007
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How water changes the photophysics of small model
chromophores

S. Trippel*?, M. Robinson**?, M. Singh*?*, H. Bromberger*?, D. Koulentianos*?, N.
Vadassery*, and J. Kiipper™**
! Center for Free-Electron Laser Science, Deutsches Elektronen-Synchrotron DESY,
Hamburg, Germany
2 Center for Ultrafast Imaging, Universitit Hamburg, Germany
3 Department of Physics, Universitit Hamburg, Germany
* Department of Chemistry, Universitit Hamburg, Germany

The properties of atoms and molecules are strongly dependent on their environment,
with hydrogen bonds, in particular, playing an important role in chemistry and
biochemistry. It is therefore of great interest to bridge the gap between single
molecules and molecules in solvation.

In our group, we focus on experimental studies of small, model-chromophore
dynamics including one-to-one clusters of a (bio)molecule with a single water
molecule attached in the gas phase, as well as liquid-phase studies [1]. We have
investigated indole and pyrrole, which are both relevant for the photophysics of
tryptophan, the most strongly near-UV absorbing amino acid. Here, we present results
on the UV-induced dynamics of indole-water, and pyrrole-water, clusters, probed by
IR and x-ray laser sources both in our lab and at larger facilities such as LCLS and the
European XFEL. Recent progress on our newly-developed transportable endstations
(COMO and eCOMO) for experiments at large-scale facilities will also be shown,
including the use of time- and position-sensitive detection schemes provided by
Timepix3 cameras [2]. Furthermore, Mid-infrared pump IR-probe experiments on
indole-water; will be presented [3], including efforts to use laser-induced electron
diffraction to probe and track photo-induced dynamics [4]. Finally, we discuss our
theoretical results aiming to study molecular dynamics using x-ray diffraction off
laser-aligned molecules in the gas phase [5].

[1] L. He, S. Malerz, F. Trinter, S. Trippel, L. Tomanik, M. Belina, P. Slavi¢ek, B. Winter, and J.
Kiipper, arXiv:2205.08217 [physics.chem-ph]

[2] H. Bromberger, et Int (9 autors), S. Trippel, B. Erk, and J. Kiipper, J. Phys. B: At. Mol. Opt. Phys.
55 144001 (2022)

[3] J. Onvlee, S. Trippel, J. Kiipper, arXiv:2103.07171 [physics.chem-ph]
[4] A. Trabattoni, et Int (12 authors), A. Rubio, J. Kiipper, Nat. Commun. 11, 2546 (2020).
[5] J. Kiipper, et Int (12 authors), H. Chapman., Phys. Rev. Lett. 112, 083002 (2014).
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Conformationally-selected ions for reactions with
conformationally-selected molecules

Lei Xu', Jutta Toscano®, Stefan Willitsch*
! Department of Chemistry, University of Basel, Klingelbergstrasse 80, 4056 Basel,
Switzerland.

The different effective dipole moments allow for the spatial separation of
conformational isomers employing electrostatic deflection to investigate their
individual reactivities [1]. An attractive application of conformationally selected
molecules in the gas phase is the study of ionic Diels-Alder reactions (polar
cycloadditions), which constitute essential synthetic routes for cyclic molecules.
However, their mechanistic details and conformational selectivities are still poorly
understood. A recent pioneering study of the conformer-specific polar cycloaddition
of dibromobutadiene (DBB) with trapped propene ions has shown that both the
gauche and s-trans conformers of DBB display capture-limited reaction rates [2].
Furthermore, the reaction was found to occur through both a concerted and a stepwise
reaction mechanism, despite the spatial rearrangement of atoms necessary in s-trans
DBB for the latter to take place. These results were obtained by selectively aiming an
electrostatically deflected molecular beam containing the two separated conformers at
a static target of propene ions embedded within a Coulomb crystal of laser-cooled
calcium ions. In order to gain further control over the reaction partners, we now also
wish to select the ionic reactant’s conformational isomer. Here, we discuss the
generation of conformationally selected ionic targets of meta-aminostyrene (mAS) to
enable the study of fully conformationally selected ion-molecule reactions. Following
a detailed study of the isomer-selective ionization of the two different m-aminostyrene
conformers [3], we individually load them into a Coulomb crystal to determine their
stability in such an environment for subsequent reaction studies.

References:
[1] Chang, Yuan-Pin, et al. Science 342.6154 (2013): 98-101.

[2] Kilaj, Ardita, et al. Nature Communications 12.1 (2021): 1-8.
[3] Dong, Changwu, et al. Journal of Molecular Structure 1058 (2014): 205-212.
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Cavity enhanced chiral optical rotation

M.Xygkis"?, M. Koutrakis?, K. Tazes"?, A. Linaraki’, G.E. Katsoprinakis', T.P. Rakitzis"*

! Institute of Electronic Structure and Laser, Foundation for Research and Technology -
Hellas, 71110 Heraklion, Greece.
? Department of Physics, University of Crete, 71003 Heraklion, Greece.

Chiral sensing plays a crucial role in numerous fields of science and industry. The
measurement of weak chiral signals is limited by spurious birefringence, as well as slow and
imperfect background subtraction procedures. We present a novel chiral cavity-enhanced
polarimeter (CCP), an optical instrument in which the sensing light traverses the chiral
sample multiple times, thus amplifying the weak chiral optical rotation signal by the number
of cavity round-trips (typically > 100). The hallmark of this technique is the implementation
of rapid signal reversals, which eliminate the need for background subtractions, and enable
absolute chiral measurements even in noisy environments, resulting in greatly enhanced
sensitivities (~0.02 mdeg Hz %), relative to commercial instruments (~5 mdeg Hz ™).
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Ultrahigh-density spin-polarized hydrogen isotopes from the

photodissociation of hydrogen halides: new applications for

laser-ion acceleration, magnetometry, and polarized nuclear
fusion

A. K. Spiliotis*?, M. Xygkis*?, M. E. Koutrakis*?, K. Tazes"?, G. K. Boulogiannis'?, C. S.
Kannis"?, G. E. Katsoprinakis®, D. Sofikitis***, and T. P. Rakitzis"?

! Institute of Electronic Structure and Laser, Foundation for Research and Technology -
Hellas, 71110 Heraklion, Greece.
? Department of Physics, University of Crete, 71003 Heraklion, Greece.
¥ Department of Physics, University of loannina, 45110 loannina, Greece.

Recently, our group produced spin-polarized hydrogen (SPH) atoms at densities of at least
10" cm™ from the photodissociation of hydrogen halide molecules with circularly polarized
UV light and measured them via magnetization-quantum beats with a pickup coil. These
densities are approximately 7 orders of magnitude higher than those produced using
conventional methods, opening up new fields of application, such as ultrafast magnetometry,
the production of polarized MeV and GeV particle beams, such as electron beams with
intensities approximately 10x higher than current sources, the study of polarized nuclear
fusion, for which the reaction cross sections of D-T and D—He reactions are expected to
increase by 50% for fully polarized nuclear spins and the production of various nuclear-spin-
polarized molecules, through SPH reactions, on nanosecond timescales, for pump-probe
ESR/NMR detection with signal enhancement.
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