Laboratory astrophysics : tracking

the evolution of cosmic matter
towards molecular complexity

5-10 Feb 2023
Les Houches
France



Table of contents

Ice inventory in the highly extincted star forming region Chameleon I: First
results from the Ice Age JWST program, Noble Jennifer [et al.] 1

Conformationally selected ions for reactions with conformationally selected
neutral molecules, Toscano Jutta [et al.] 3

The excitation of ethynyl in the interstellar medium : A key to understand
isotopic fractionation, Pirlot Paul 4

Measurement of low temperature product branching fraction for the reaction
of CN radical and propene, Drissi Myriam [et al.] 5

Laboratory Spectroscopy of (Z)-1,2-Ethenediol and its First Detection To-
wards the Galactic Centre, Melosso Mattia [et al.] 6

Near-infrared spectroscopy of dissociated naphthalene in a radiofrequency
plasma, Lecomte Julien [et al.] 7

Formation of covalently-linked PAHs in interstellar space, Rap Daniel [et al.] 8

©

Infrared Spectrum of Ions of Interstellar Interest, Turnbull Lewis [et al.]

Interaction of CH3CN and CH3NC with He : temperature dependence of
the collisional rate coefficients, Ben Khalifa Malek 10

The spectroscopy and analysis of Renner-Teller affected radical cations, Steen-
bakkers Kim [et al.] 11



Low-Energy Dissociative Recombination of CH+, Forer Joshua 12

Fine excitation of CCS by He: Potential energy surface and scattering calcu-
lations, Godard Palluet Amélie [et al.] 13

Towards the first stages in nucleation: low temperature reaction kinetics of
heterogeneous complex formation, Macario Alberto [et al.] 14

Collisional excitation of interstellar water molecules, Dzenis Karlis 15

Hydrocarbon chemistry in inner regions of planet forming disk, Kanwar Jay-
atee [et al.] 16

Simulating exoplanetary atmospheres in the laboratory: understanding the
chemical stability and evolution of potential biosignatures, Hofmann Florence 17

Ion-molecule reactions as a function of photon and collision energy for astro-
chemistry, Solem Nicolas [et al.] 19

Hyperfine excitation of HC170+ with p-H2 collisions, Tonolo Francesca 20

The CP+CH2NH and c-C2H40+4CN reactions as test case for ab initio gas-
phase interstellar reactivity, Alessandrini Silvia [et al.] 21

Rapid molecular growth induced by low-temperature ion-molecule reactions
of CH3+ and C2H5+ with a selection of hydrocarbons: applications to the
chemistry of the interstellar medium, Ogden Elliot [et al.] 22

CH3O0OH formation from H2CO 4+ CH30O: a dominant route under dense-
molecular-cloud conditions, Santos Julia [et al.] 23

On-resonance infrared irradiation of interstellar ice analogues: mixtures of
H20 and CO2, Schrauwen Dian [et al.] 24

Quantifying non-thermal desorption from NH3 ices - Comparative study
of photon and electron irradiation in the valence- and core —shell energy
ranges., Torres Diaz Daniela [et al.] 25



VUYV photodesorption from interstellar ices analogues: Energy, flux and flu-
ence effects on the photodesorption yields from CO2 ices, Hacquard An-
toine [et al.] 26

Quantifying the contribution of Auger electrons in XESD: Pure methanol
ice, Torres Diaz Daniela [et al.] 27

Influence of nuclear spin conversion of H2 molecules on the chemistry of the
interstellar medium - Experiment and modelling, Michoud Japhar [et al.] 28

Difficult ice chemistry: Identifying complex molecules in electron irradiated
ice using probabilistic detection methods, Kipfer Kristina A. [et al.] 29

A systematic FTIR and VUV investigation of ion, electron, and thermal
processing of ethanolamine ice, Zhang Jin [et al.] 31

Amorphous and crystalline pyridine ices irradiated by MeV ions, Da Costa
Cintia [et al.] 32

Constraints on the composition of methanol-bearing Trans-Neptunian Ob-
jects and Centaurs from NIR spectroscopy of irradiated ices, Hénault Elsa [et
al.] 33

Oxygen ion irradiation of Titan aerosol analogs, Matuszewski Filip [et al.] 35

Modelling prebiotic molecules trapped in interstellar ice. New DFTB/MM
(QM/MM) Hybrid Method and Real Time — TD-DFTB in deMonNano :
implementation and first applications., Yusef Buey Maysa 37

Meteorites, Organic Astrochemistry, Origins of Life, and Sample-Return Mis-
sions, Aponte Jose 38

Photolysis of Enceladus Ice Analogues - A Comparative Laboratory Study, Briindl
Tara-Marie [et al.] 39

Pyrene dimer in interaction with water molecules: theoretical structures and
energetics, Leboucher Héloise [et al.] 40



Effect of swift ion irradiation on pyrene and pyrene-water mixtures, Bychkova
Anna 41

Molecular content in Si + C dust growth processes for laboratory astro-
physics, Wiersma Sandra [et al.] 42

Providing essential laboratory data to detect complex organic molecules in
JWST observations of interstellar ices, Rachid Marina [et al.] 43

Isomer discrimination of trapped pyrene related cations using visible MPD
spectroscopy, Mundlapati Venkateswara Rao [et al.] 44

Ab initio molecular dynamics study of vibrational energy redistribution in
CO aggregates: towards a new understanding of the (photo)desorption mech-
anism, Del Fré Samuel [et al.] 45

Efficient formation of pentagonal rings in VUV photoexcited PAH-water com-
plexes, Marciniak Alexandre [et al.] 46

Tracing shock-induced fragmentation of fullerenes in the interstellar medium, Chakraborty

Shubhadip [et al.] 47

Collision Induced Dissociation of Water Pyrene Molecular Clusters, M Nair
Arya [et al.] 48

A system-bath approach for the quantum vibrational dynamics of large molecules, At-
tal Loise [et al.] 49

Electronic Spectroscopy of Helium Tagged Ionic Pentacene, Kappe Miriam [et
al.] 50

DESIRS : a state-of-the-art VUV beamline featuring high flux, high resolu-
tion and variable polarization opening scientific opportunities for laboratory
astrophysics experiments, Nahon Laurent [et al.] 51

Molecular physics of closed and open shell aromatics of astrophysical inter-
est, Niedojadlo Ana [et al.] 52



Jet-cooled ethylene spectroscopy in the 1.6 um spectral region for the atmo-
sphere of the hot Jupiter exoplanets, Perot Soléne [et al.] 53

Author Index 54



Ice inventory in the highly extincted star forming region Chameleon 1I:
First results from the Ice Age JWST program

J. A. Noble®, for the IceAge team***

'PIIM laboratory, CNRS/Aix-Marseille Université, France
2P| M. K. McClure and co-PI H. Linnartz, Leiden Observatory, Leiden, Netherlands
2co-PI A. C. A. Boogert, Institute for Astronomy/InfraRed Telescope Facility, Honolulu, USA
* http://jwst-iceage.org

Icy grain mantles are the main reservoir for volatile elements in star-forming regions, as well
as the formation site of molecules of increasing complexity up to prebiotic complex organic
molecules (COMs). The IceAge Early Release Science program on the James Webb Space
Telescope proposes to trace the evolution of pristine and complex ice chemistry in Chameleon
| — a representative low-mass star-forming region — through observations of: the dense cloud,
the pre-stellar core, a Class O protostar, a Class | protostar, and a protoplanetary disk. Here we
present the first results of the lceAge program.

Observations for the IceAge Early Release Science program on the James Webb Space
Telescope [1] were made in summer 2022 using the NIRCam, NIRSpec and MIRI
instruments. These observations have allowed us to obtain high spectral resolution
(R~1500-3000), high sensitivity (S/N>100) spectra from 2.5 to 13 um of two highly extincted
background stars (Av < 100) towards the densest region of the cloud.

Here, we present the very first results of this program: a complete ice inventory towards these
lines of sight, including derived column densities for expected ice species as well as the first
detection of several species along lines of sight in a quiescent cold core [2].
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Conformationally selected ions
for reactions with conformationally selected neutral molecules

Lei Xu, Jutta Toscano and Stefan Willitsch

Department of Chemistry, University of Basel, Klingelbergstrasse 80, 4056 Basel,
Switzerland

The different effective dipole moment of conformational isomers allows for their spatial
separation by means of electrostatic deflection, enabling their individual reactivity to be
investigated [1]. Recently, the conformer-specific polar cycloaddition of dibromobutadiene
(DBB) with trapped propene ions has shown that both gauche and s-trans DBB conformers
display capture-limited reaction rates [2]. 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 the molecular beam containing either one of the two conformers at a static
target of propene ions embedded within a laser-cooled Coulomb crystal of calcium ions.

In order to gain further control over the reaction partners, we now wish to also select the
conformational isomer of the ionic reactant. Here, we discuss the generation of
conformationally selected ionic targets of meta-aminostyrene to enable the study of fully
conformationally selected ion—molecule reactions. Following the successful isomer-selective
ionisation and loading of the two m-aminostyrene conformers into a Coulomb crystal, we aim
to selectively detect them to determine their stability to such environment before investigating
their isomer-specific reactivity.
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The excitation of ethynyl in the interstellar medium : A key to
understand isotopic fractionation

P. Pirlot Jankowiak', P. J. Dagdigian® and F. Lique'

"Univ Rennes, CNRS, IPR (Institut de Physique de Rennes) - UMR 6251, F-35000 Rennes,
France
’Department of Chemistry, The Johns Hopkins University, Baltimore, Maryland 21218-2685,
USA

Since the discovery of the ethynyl CCH radical in the interstellar medium [1], it has been
detected in a wide range of astrophysical environments. It is one of the most abundant
hydrocarbon in space and together with its detected isotopologues (CCD, “CCH and C"*CH),
they are useful tracers of physical conditions. Indeed, as abundances strongly depend on the
formation pathways, the measurment for the ratio [CCD]/[CCH] may constrain the age of
molecular clouds in astrophysical models [2]. However, hyperfine resolved "C-based spectra
show a higher intensity in favor of C”CH lines than "CCH ones [3, 4] whereas their
formation path is supposed to be the same. It is then of high interest to investigate this
apparent different abundance of the two isotopologues.

An accurate interpretation of these observations requires to determine precise rate
coefficients. Such quantities are necessary for non local thermodynamic equilibrium modeling
which takes into account competition between radiative and collisional processes.

Non zero nuclear spins from “C, D and H atoms lead to a resolved hyper ne structure for
these species. Such complex energetic structure is a real theoretical challenge as exact
scattering calculations are not feasible in a reasonable time. Then, it is necessary to develop
numerical and methodological tools in order to determine accurate collisional data for
astrophysical applications. I will present calculations of new accurate collisional data for all
the CCH isotopologues.

Scattering calculations have been performed using a recoupling technique in order to
determine accurate hyperfine resolved rate coefficients of CCH and its isotopologues in
collision with H2. These data were derived for a large range of temperature and are expected
to improve abundance ratio calculations and better understand the evolution of the isotopic
fraction in astrochemical models.
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Measurement of low temperature product branching fraction for the reaction of CN
radical and propene

M. Drissi, D. Gupta, B.M. Hays, T. Guillaume, I.R. Cooke, O. Abdelkader Khedaoui, A.
Macario, I. R. Sims

Univ Rennes, CNRS, IPR (Institut de Physique de Rennes) - UMR 6251, F-35000 Rennes,
France

In order to improve current astrochemical models, reaction kinetic parameters are needed.
This includes both rate constants and product channel branching ratios. The latter is more
challenging to determine since it requires the detection of multiple products at the same time.
This work will present an implementation of the Skimmed uniform supersonic flow
(SKISURF) technique, designed for branching ratio measurements. It combines the CRESU
(Cinetique de Reéaction en Ecoulement Supersonique Uniforme) technique to reach low
temperatures, with molecular beam sampling into an E-band chirped pulse Fourier transform
millimeter wave spectrometer to detect reaction products (figure 1). The rate constants of
many reactions involving hydrocarbons and different radicals are well known to have
negative temperature dependences [2][3]. In this work we observed the products of CN and
propene reaction relevant to interstellar medium and planetary atmospheres. The branching
fraction determination of the vinyl cyanide channel will be given at 35 and 50 K. The
limitation and impact of vibrational relaxation will be discussed in relation to these values.
Preliminary results on the potential energy surface will be presented along with future
directions for calculating the branching fractions using master equation models.
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Figure 1: SKISURF experimental schematic
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Laboratory Spectroscopy of (Z)-1,2-Ethenediol and its First Detection Towards the
Galactic Centre
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Prebiotic sugars could have formed on primitive Earth by the formose reaction. However, the
mechanism of this process is not fully understood and it is conceivable that key intermediates
could have formed in extraterrestrial environments and then delivered on early Earth by
cometary bodies. 1,2-Ethenediol (HO-CH=CH-OH), the enol form of glycolaldehyde,
represents a key, highly reactive intermediate of the formose reaction and is likely detectable
in the interstellar space [1].

Here, the first characterization of (Z)-1,2-ethenediol by means of rotational spectroscopy is
reported. This compound has been produced in the gas phase through flash vacuum pyrolysis
of bis-exo-5-norbornene-2,3-diol at 750°C, via a retro-Diels-Alder reaction. The spectral
analysis was aided by high-level quantum-chemical calculations, which predicted
spectroscopic parameters in excellent agreement with the experiment [2].
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Figure 1: Experimental spectrum compared with simulations of (Z)-1,2-ethenediol and some by-products.

The accurate spectral data obtained were then used to search for (Z)-1,2-ethenediol emission
in the interstellar medium. We have unambiguously observed 18 clean rotational transitions
belonging to this species towards the G+0.693-0.027 molecular cloud located in the Galactic
Center. The emission from (Z)-1,2-ethenediol was modeled under LTE conditions and led to a
column density estimate of (1.7+0.1)x10" c¢m™. The abundance of ethenediol is finally
compared with that of related species, such as glycolaldehyde, and its importance as possible
precursor in the formation of glyceraldehyde in the interstellar medium is discussed [3].
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Near-infrared spectroscopy of dissociated naphthalene in a radiofrequency plasma
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Polycyclic aromatic hydrocarbons (PAHSs) are abundant organic molecules detected in several
objects in the universe, such as molecular clouds in the interstellar medium (ISM) [1], asteroids
[2], or planetary atmospheres [3]. These molecules play a key role in space, whether for the
formation of stars [4] or the origin of absorption features known as diffuse interstellar bands
[5]. The present study focuses on the plasma-driven processes in the ISM which is of high
interest in modern astrophysics. As a prototypal PAH molecule, naphthalene (CioHs) is
fragmented in a radiofrequency (RF) plasma and probed using cavity ringdown spectroscopy
(CRDS) in the near infrared.

Our low-power RF plasma source, called Platypus, is adapted from a small plasma thruster
(“Pocket Rocket”) designed by the Space Plasma Power and Propulsion laboratory of the ANU
[6]. Namely, Platypus is based on an electro-thermal capacitively-coupled RF plasma operating
at 13.56 MHz. The continuous RF source delivers a transmitted power between 5 and 30 W and
is fed with argon and gaseous CioHs. A stable supersonic jet plasma is generated by expanding
the mixture of argon and dissociated CioHg into a vacuum chamber through a 20 mm long, 4
mm wide slit nozzle (Fig. 1A, 1B) [7]. The jet-cooled fragmented CioHs is probed with the
ultra-sensitive CRDS technique to achieve an important signal-to-noise ratio.

We recorded a spectrum from 5950 to 6120 cm™ composed of several hundred transitions (Fig.
1C). These transitions are linked to a huge number of neutrals and ionized, stables, and radical
species [8] which we are going to investigate in an upcoming mass spectrometry study.
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Plasma exit
Platypus pocket rocket
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Fig. 1. A) Platypus plasma source [7]. B) Jet-plasma expansion ofargon and gaseous naphthalene. C) CRD
spectrum from 5950 to 6120 cm™.
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Formation of covalently-linked PAHSs in interstellar space
D. B. Rap!, J. G. M. Schrauwen?, B. Redlich!, and S. Briinken*

Ynstitute of Molecules and Materials, FELIX Laboratory, Radboud University, The
Netherlands

Carbonaceous compounds and especially polycyclic aromatic hydrocarbons (PAHSs) are
abundant in many regions in space. Their exact chemical composition and structure as well as
the formation pathways in different astronomical environments are still under debate. To date,
only fused PAHs such as indene and two cyano-naphthalene isomers have been detected using
radio-astronomical searches. [1-3] Using a combination of infrared spectroscopy and ion-
molecule kinetics, we have studied the reactivity of the benzonitrile® and ortho-benzyne*
cations with acetylene molecules. Using the FELIX free-electron laser [4], the chemical
structures of the ion-molecule reaction products have been determined by infrared action
spectroscopy and quantum-chemical calculations. This reveals a new set of exothermic ion-
molecule reactions that show the formation of non-fused, but linked, dumbbell-shaped
(nitrogen-containing)-PAHs such as 2-phenyl-pyridine* and phenyl-cyclobutadiene®™. These
linked PAHSs can play an important role in the carbon chemistry in cold molecular clouds such
as TMC-1 and are therefore of interest for further radio-astronomical investigations.
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Infrared Spectrum of Ions of Interstellar Interest

L.J.P. Turnbull!, P.M. Cullis!, J.A. Kozlowska!, S. Yang' and A.M. Ellis'

ISchool of Chemistry, University of Leicester, United Kingdom

We are using helium droplets to make molecular ions tagged with helium atoms. Infrared
(IR) spectra of these bare and helium-tagged ions can then be recorded using photo-
dissociation spectroscopy. Protonated formaldehyde was an ion of potential astrochemical
interest targeted in this.">?

Isolation of single molecules in Helium droplets and then ionising them with high-energy
electrons allows us to isolate ions and selectively tune to them with quadrupole mass
spectrometry. We use this to create protonated formaldehyde in sifu by ionising a methanol
precursor, which we can then create an IR induced photo-dissociation. We are able to see in
Figure 1 that we were able to find the OH stretch at 3417 cm™!, but the a/symmetric CH
stretches at 2976 cm™ and 3111 cm’!, respectively, would have been lost amongst the noise,
we may be able to find them by taking multiple scans and averaging them to eliminate as
much noise as possible.
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Figure 1: Top: Infrared spectrum of protonated formaldehyde Bottom: Computationally predicated IR
spectrum of protonated formaldehyde calculated in Gaussian 16 at the B3LYP/aug-cc-pVTZ level of
theory/basis-set (scaled: 0.968).3 4
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Interaction of CH;CN and CH;NC with He : temperature
dependence of the collisional rate coefficients

M.B. Khalifa', P.J. Dagdigian,” and J. Loreau'
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Several nitrogen-bearing molecules, such as methyl cyanide (or acetonitrile, CH;CN) and
methyl isocyanide (CH3;NC), have been observed in various astrophysical environments. In
order to get access to their absolute and relative abundances, it is essential to understand their
collisional/quenching schemes. This work deals with the calculation of rate coefficients for
the rotational excitation of both para- and ortho- symmetries of CH3;CN and CH3;NC
molecules in collision with He atoms from low (7K) to moderate kinetic temperature (100K).

We compute the rotationally inelastic cross sections for all levels up to 268 cm™ of collision
energy, employing at low energy exact Coupled Channels methods [1], and at higher energies,
approximate Coupled States methods [2]. Rates of quenching are computed and most are
found to differ from those reported earlier by Green [3] (up to a factor of a thousand), calling
for a possible reexamination of the temperatures assigned to low density gases.

CH;CN-He rate coefficients were compared to CH3;NC-He ones. As expected, differences
were found. Such a comparison confirms the importance of having specific collisional date of
each isomer and show that the use of CH3;CN rate coefficients in order to interpret CH;NC
observations may be dangerous for astrophysical applications, since the use of CH3;CN
collisional rate coefficients will probably significantly modify the excitation of the CH3;NC
molecule.
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The spectroscopy and analysis of Renner-Teller affected radical cations
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In this study we have measured and analyzed the vibrational spectra of several astrochemically
relevant reactive intermediates, with a particular focus on linear open-shell radical cations such
as CCH' (°IT), HCCH" (*IT) and HCCCN™ (’II). These cations are subjected to Renner-Teller
(RT) and spin-orbit coupling effects making them not only interesting from an astrochemical
perspective, but also from a fundamental spectroscopic one. Using the cryogenic ion trap
instrument FELion interfaced with FELIX [1] we can produce, trap, and cool these ions after
which we can apply several action spectroscopic techniques to obtain their vibrational spectra.
The most widespread technique to target these reactive species is infrared pre-dissociation
(IRPD) spectroscopy, which uses a messenger rare-gas atom to obtain the vibrational spectrum.
The downside of this technique is that the tag may induce some structural changes to the ion.
Leak-out spectroscopy (LOS), recently developed by P. Schmid et al. [2], overcomes this
problem and allows to target the bare-ion spectrum. Both techniques were applied to record the
spectra of several RT active species. We found that IRPD generally gives a better signal-to-
noise ratio than LOS and allows to target the full range of the RT split bending modes, but the
tag induces a clear distortion in the vibrational spectrum of the complex and cannot be taken as
a proxy for the bare ion spectrum. Analysis of the Renner-Teller splitting was done on the basis
of ab initio calculations at CCSD(T) level of theory combined with an effective Hamiltonian
approach [3].
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Figure 1: Measured IRPD spectrum of the HC3N* ion in the wavenumber ranges 130-270 cm™! (FEL1), 310-
2500 cm™! (FEL2), and 3110-3270 cm! (OPO) using Ne as a messenger atom. The vi-v4 labels represent the
four stretching modes of HC3N* and vs-v7 the RT affected bending modes [3].
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Low-Energy Dissociative Recombination of CH
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Modelling the dissociative recombination (DR) of molecular ions becomes complicated
when the direct and indirect DR mechanisms compete with each other. This typically occurs in
ions with low-energy electronic resonances, e.g., open-shell molecular ions. We present a theo-
retical approach to model this process, which combines three methods: (i) fixed-nuclei electron-
ion scattering with the UK R-matrix method (ii) rovibronic frame transformation with dissocia-
tive wave functions obtained with a complex absorbing potential (iii) molecular quantum-defect
theory. We apply this approach to the CH* ion. Past studies [1-7] of the DR of CH* have shown
that the Rydberg series belonging to the two lowest excited states of the ion, a>TT and A'TI, and
d-type partial waves of the incident electron have a significant impact on the DR cross-section.
We improve on our recent study of CH* [7], of which the results were only vibronically re-
solved, by performing a rovibronic frame transformation and present our rotationally resolved
results compared against recent experimental data.
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Fine excitation of CCS by He: Potential energy surface and scattering calculations

A. Godard Palluet!, F. Lique!
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Rennes, France

The CCS(3%-) radical have been detected in several dark molecular clouds, including
TMC-1 and in the circumstellar enveloppe IRC+10216. [1, 2] The CCS radical presents large
fine structure splitting, which makes the estimation of the rate coefficients incorrect and the
line modeling difficult.[1] Therefore, the CCS rate coefficients must be accurately
determined.

The fine structure excitation of the interstellar CCS radical induced by collisions with
He is investigated. The first potential energy surface (PES) for the CCS-He van der Waals
complex is presented. It was obtained from a highly correlated spin unrestricted coupled
cluster approach with single double and perturbative triple excitations. [3] The PES presents
two shallow minima of 31.85 and 37.12 cm-! for the linear (He facing S) and the nearly T-
shaped geometries, respectively.

Inelastic scattering calculations were performed using the close-coupling approach.
Cross sections for transitions between the 61 first fine structure levels of CCS were obtained
for energy up to 600 cm-! and rate coefficients for the 5 - 50 K temperature range were
derived. [3] These rates were compared to the ones of Wolkovitch et al. [4] and a difference of
a factor of 2-10 is globally observed. This new set of collisional data can be used to model
CCS emission spectra in dark molecular interstellar clouds and circumstellar enveloppes and
enable an accurate determination of CCS abundance in these astrophysical media.
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Figure 1: Direct comparison of Wolkovitch et al. [4] rate coefficients and the one provided in this work [3]
at 10 K and 20 K. The solid line represent a perfect agreement; dashed, dashed-dotted and dotted lines
delimit the regions where the rate coefficients differ by less than a factor 2, 10 and 100, respectively.
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Towards the first stages in nucleation: low temperature reaction kinetics of
heterogeneous complex formation
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Nucleation is a process consisting of a succession of unions of small gas-phase molecules
leading to the formation and growth of droplets and particles. Consequently, it is a crucial
process in the formation of clouds and dust particles in a range of systems including planetary
atmospheres and circumstellar shells. Under certain conditions, low temperatures and/or high
degrees of supersaturation, nucleation can become a barrierless process, and dimerization, the
complexation of the two smallest molecular species involved, becomes the rate-limiting step
of nucleation.

Previous investigations of the kinetics of formation of homogeneous dimers using the CRESU
(a French acronym standing for reaction kinetics in uniform supersonic flow) technique have
mainly used mass spectrometric detection. However, in this research we have employed a
completely new detection scheme, chirped-pulse Fourier transform mm-wave spectroscopy, to
study for the first time the kinetics of formation of a heterogeneous dimer. This innovative
technique combines the ability to generate continuous cold uniform supersonic flows with the
high selectivity and general applicability of rotational spectroscopy, allowing us to follow
both reactant and product concentrations simultaneously. Furthermore, the high sensitivity
achieved has allowed us to employ pseudo-first-order conditions to obtain absolute rate
constants.

We will report the first measurements of rate constants for the formation of formic acid —
CO2 heterodimers at temperatures down to 35 K or below. Both molecules are present in a
wide range of interstellar ices, dense molecular clouds, star-forming regions, cometary comae
and planetary atmospheres, where the formation of the heterodimer may be key in the
nucleation and condensation processes taking place at these environments.
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Collisional excitation of interstellar water molecules
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Water is among the most ubiquitous and abundant molecules in space and was recently
observed in highly excited rovibrational states close to more than a dozens of oxygen-rich
evolved stars [1]. They are continuously expelling their mass through pulsations to form a
circumstellar envelope and enrich the interstellar medium with matter. Accurate determination
of the physical conditions around these stars relies on knowing accurate collisional cross
sections of water with the most abundant collider, H.

The Crossed Molecular Beam (CMB) approach allows to measure experimentally the integral
cross sections of collisioninduced transitions at low collision energies by varying the angle at
which two molecular beams collide. The first rotational excitations of H,O and D,O, have been
previously studied in the COMEX group [2-4].

In this poster, the CMB setup (Figure 1) is presented along with its application to study the
rotational excitation of another isotopologue of water, HDO (Ooo— 111), by inelastic collisions
with Hz inthe range of 10-100 cmt. The experimental cross sections are compared to theoretical
computations performed at the quantum close-coupling level by Alexandre Faure and Laurent
Wiesenfeld.

’ Water, /
VH, /
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The analysis of the mid-infrared spectra helps understanding the composition of the gas
in the inner, dense and warm regions of the disk where terrestrial planets form. ALMA has
detected hydrocarbons in the outer regions of the planet forming disk and Spitzer
detected Cz2H: in the inner regions. JWST- MIRI will provide high spectral resolution
observations of CoHz and potentially CHa4. Interpreting the fluxes observed in the spectra
is challenging and radiation thermo-chemical codes should be used to properly take into
account the disk structure, radiative transfer, chemistry and thermal balance. Various disk
physical parameters like the gas-dust ratio, dust evolution including radial drift, dust
growth and settling can affect the fluxes observed in the mid-IR. Thermo-chemical disk
models have been studied in the past but were not always successful in matching all
observed molecular emission bands. The goal of project is two fold. We analyse the warm
carbon chemistry in the inner regions of the disk, i.e. within 10 au to find pathways
forming C2H2 missing from the existing chemical networks. Second, we analyse the effect
of the new chemistry on the line fluxes of acetylene. We use radiative thermo-chemical
disk code to expand the hydrocarbon chemistry that occurs in a typical standard TTauri
disks. We used the UMIST and KIDA rate databases for collecting reactions for the
species. We included isotopomers for the species that we found in the databases. The
chemistry is then analysed in the regions that produces observable features in the mid-
infrared spectra. The effect of addition of the new hydrocarbons on the mid-infrared
spectra is studied.

Acetylene is formed via two pathways in the surface layers: neutral-neutral and ion-
neutral. The neutral-neutral pathway proceeds via the hydrogenation of C and the ion
neutral pathway proceeds via addition of H to C+. Thus, the abundances of C, C+, H and
H2 affect the formation of C2H». The formation of Hz hence indirectly affects the
abundance of acetylene. Chemisorbed H is more efficient in forming H2 compared to
physisorbed H at warm temperatures and hence increases the abundance of CoHz. We
provide a new extended warm chemical network that considers 8 carbon atom long
species and takes into account different isotopomers and can build the simplest form of
PAH: CeHs. For a standard TTauri disk with a canonical value of gas mass, the line fluxes
increase only a factor of less than 2. With the advent of JWST, we are hopeful to detect
hydrocarbons like methane, acetylene and C4H: etc. in disks having high C/O ratio. We
conclude that using the new extended warm hydrocarbon network while invoking
physical processes like drift, mixing is key for interpreting the observed mid-infrared
fluxes.

16



Simulating exoplanetary atmospheres in the laboratory:
understanding the chemical stability and evolution of potential biosignatures

F. Hofmann?, P. Mabey?, A.Elsaesser!
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Since the first discovery of an exoplanet, several thousand more, including some rocky
planets, have been discovered [1]. As the new generation of telescopes (e.g. James Webb
Space Telescope, Extremely Large Telescope) are capable of recording spectroscopic data of
exoplanet atmospheres [1], [3], the search for extraterrestrial life has been significantly
advanced. Spectroscopically detectable atmospheric biosignatures on Earth-like exoplanets
are of particular interest [4], [5]. Given the large variety of exoplanets, the correct
interpretation of these measurements requires a profound understanding of complex
atmospheric processes, both from atmospheric models and complementary lab work [6].

With the newly build planetary simulation chamber at Freie Universitaet Berlin, we can
simulate a large set of atmospheric parameters in the laboratory, including pressure,
temperature and various gas compositions for Earth-like objects. To trigger complex
photochemical processes (either in the gas or solid phase), samples can be exposed to
electromagnetic and particle radiation. Such incoming spectra can be varied to simulate the
photochemical and climate effects of rocky planets orbiting different stars.

Many telescopes operate in the VIS/NIR range that corresponds to the fingerprint regions of
organic molecules of interest. Our facility allows continuous, real-time spectroscopic
monitoring of samples in the VUV, UV/VIS and NIR regions, as well as simultaneous mass
spectrometric analysis. This simulation facility will provide valuable insights into complex
chemical pathways across a range of atmospheric compositions, which will not only
complement current atmospheric models but will also improve our ability to assess and
interpret atmospheric biosignature signals.
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HCO™* and HOC* are two isomeric cations detected in Photon Dominated Regions [1], diffuse
clouds [2], and Mars atmosphere [3,4]. They correspond to the protonation of carbon monoxide
on either the carbon or oxygen atom and are important intermediates in the formation of
complex molecules as HCO™ is the most abundant ion in molecular clouds. There is a difference
in reactivity between the two isomers and isomerization occurs when energy is provided and is
possible through collision. The isomers have a difference of energy of 1.7 eV (HCO* being the
more stable) and are separated by an isomerization barrier of 1.5 eV [5] (from HOC™). Previous
studies of their reactivity have mostly been obtained by electron ionization [6,7] which does
not allow the formation of pure HOC™ nor precise internal energy determination.

The CERISES [8] instrument, connected on the DESIRS beamline at SOLEIL Synchrotron,
was used to produce (i) HCO* from formaldehyde (H2CO) and (ii) HOC" from deuterated
methanol (CD3OH). We have studied the reactivity of the two isomers with a series of neutral
targets to (i) characterize the ionic purity and internal energy content of the two isomers and
(i) study complex reactivity (with a potential increase in chemical complexity). From this
extensive data set, we have determined isomeric purity, the evolution of internal energy as a
function of photon energy, and that the reactivity of both isomers with methanol is dominated
by Proton Transfer (PT) and dissociative PT. Attempts to evaluate the collision-mediated
isomerization are also being performed through an innovative method that combines time-of-
flight spectrometry with SIMION simulation.

The reactivity of molecular anions is also of major interest since they are detected in Titan’s
ionosphere [9] and are present (sometimes in large abundance) in various interstellar
environments [10]. In order to study these species, we are currently developing, in parallel to
our activity at SOLEIL, a new anion source for the CERISES instruments. We aim at generating
anions by dissociative electron attachment on precursors, using secondary electrons produced
by electron impact on an aluminium target. Results will illustrate the current development
through the reactivity of CN™ anions produced from cyanogen bromide (BrCN) with a series of
oxygenated organic targets.
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The formyl ion (HCO") plays a major role both in interstellar chemistry and dynamics of the
interstellar gas, being one of the most abundant ions in molecular clouds. Moreover, the HCO™
chemistry is straightforward and well understood ['], thus making it an excellent candidate as a tracer
of molecular ionized gas through the evolutionary stages of the interstellar medium (ISM) 23],

For this reason, the accurate rotational rate coefficients of HCO™ and its isotopes with the most
abundant perturbing species in the ISM are crucial in non-local thermal equilibrium (LTE) models
and deserve special attention. To this end, many efforts have been made in order to retrieve accurate
collisional parameters of HCO™ interacting with the He and H colliders *39] as well as for some of
its isotopologues (see for example [7] and references therein).

However, in spite of several spectroscopic studies and astrophysical detections carried out on HC'’O*
(891 to the best of our knowledge, an accurate characterization of its collisional parameters has not
been carried out yet. Although rarer, the HC!’O" isotope assumes a prominent role when looking to
solve non-LTE radiative transfer problem to deduce molecular densities. Indeed, both the presence
of an hyperfine structure (nuclear spin of 5/2) and its optical thinness with respect to the HCO™ ion,
which renders its transitions intensities proportional to the molecule column density, are able to
furnish a direct measure of the optical depth.

With the aim of filling this lack, this work reports the first determination of hyperfine resolved rate
coefficients for the excitation of HC'’O" by para-H, (J=0).

The characterization of the potential energy surface of the HCO" and H; collisional system exploited
the accuracy of explicitly correlated coupled-cluster methods by means of the CCSD(T)-F12a/aug-
cc-pVQZ level of theory. The computed interaction energies have been averaged over five H» rotation
and then fitted by means of the procedure described by Werner et al. (1989) ['],

Before moving on with the scattering calculations, the entity of the coupling involved between the
different rotational states of H> (J=0,1,2) on the computation of the inelastic cross sections has been
assessed. This allowed us to neglect in a good approximation the influence of J(H2)>0, thus
simplifying the problem in the assumption of a spherical average potential with respect to the
orientations of H».

To conclude, state-to-state rate coefficients between the lower hyperfine levels have been computed
using recoupling techniques for temperatures ranging from 5 to 100 K.
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The increasing molecular complexity of the interstellar medium (ISM) is testified by the
substantial number of new detections made in 2021 [1]. These new observations claim for
innovative formation routes which can be explored effectively via ab initio methodologies
that analyze both the thermodynamic and kinetic aspects of one reaction. Computer-aided
studies of gas-phase routes are of particular importance since they can reproduce the cold
environments of the ISM, discriminating between different paths and retaining only those
open in the ISM conditions (i.e. exothermic routes with only submerged barriers). Once the
reactive channels are characterized, they can be employed to compute rate constants for
appropriate sets of temperature and pressures.

In this context, two reaction mechanisms that can occur in the gas phase will be described: (i)
the mechanism between the CP radical and CH2NH and (ii) the reaction between oxirane (c-
C2H40) and the CN radical, schematically represented with their products in Fig. 1. The
former, has a reaction mechanism consistent with those of the reactions CH2NH+CN- or
+CCH-. Indeed, in analogy to these reactions that produce of cyanomethanimine (E-/Z-
HN=CHCN) and propargylimine (E-/Z-HNCHCCH) respectively, the results of the reaction
with the CP radical produce E- and Z-HN=CHCP together with H.C=NCP [2]

The second path, c-C2H4O+CN is of interest since its potential products belong to the
C3H3NO family of isomers. The latter contains several prebiotic species like propiolamide,
cyanooxirane or vinyl isocyanate, but all of them seem to be elusive in the ISM. The
thermodynamically allowed channels were employed to run kinetic simulations at a
temperature of 60 K, pointing out to the H-abstraction as preferred pathway, while the
second-most probable mechanism is the dissociation into H.CO+H>CCN.

Figure 1: Schematic representation of the reactions with their possible products.

References

[1] CDMS database, https://cdms.astro.uni-koeln.de/classic/molecules

[2] S. Alessandrini, F. Tonolo, C. Puzzarini, J. Chem. Phys. 2021, 154, 054306
[3] S. Alessandrini, M. Melosso, Front. Astron. Space Sci. 2021, 8, 159

21



Rapid molecular growth induced by low-temperature ion-molecule reactions of CHs* and
C,Hs* with a selection of hydrocarbons: applications to the chemistry of the interstellar
medium
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The aim of this upcoming work is identifying key ionic processes leading to the molecular
growth of small organic molecules in astrophysical environments. We will start with small ions
such as CHs* and C.Hs*. Preliminary results obtained for those two ions show that collisions
with neutral hydrocarbons tend to lead to dominant products conserving all carbon atoms.

To do so we will use the CRESU method (French acronym for “Cinétique de Réaction en
Ecoulement Supersonique Uniforme”). This method initially invented in Meudon and
transferred to Rennes was recently updated to study the reactivity of selective ions. The new
experimental scheme, shown below, combines a mass-selective ion source with a CRESU
reactor.
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Figure 1: The CRESU reaction chamber [1]

The ions are created in the ionization source, filtered, guided down, and finally injected into the
supersonic, adiabatic expansion. The cold flow emerging from the Laval nozzle and
characterized by a temperature that can go down to 10 K is probed with the help of a quadrupole
mass spectrometer. The apparatus is employed to measure the kinetics and branching ratio
of low-temperature ion-molecule reactions.

This study aims to contribute to assess the role of ion-molecule reactions in the growth of
complexity in astrophysical environments such as interstellar clouds.
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The successive addition of H atoms to CO in the solid phase has been hitherto regarded as the
primary route to form methanol in dark molecular clouds. However, recent Monte Carlo
simulations of interstellar ices alternatively suggested the radical-molecule reaction CHz0 +
H.CO — CH3OH + HCO, in addition to CH3O + H — CH30OH, as a very promising and
possibly dominating (70—90\%) final step to form CH3OH in those environments [1]. Here,
we compare the contributions of these two steps leading to methanol by experimentally
investigating hydrogenation reactions on H.CO and D2CO ices, which ensures comparable
starting points between the two scenarios. The experiments are performed under ultrahigh
vacuum conditions and astronomically relevant temperatures, with H:H>CO (or D.CO) flux
ratios of 10:1 and 30:1. The radical-molecule route in the partially deuterated scenario,
CHD-0O + D.CO — CHD.0D + DCO, is significantly hampered by the isotope effect in the
D-abstraction process, and can thus be used as an artifice to probe the efficiency of this step.
We observed a significantly smaller yield of D.CO + H products in comparison to H.CO + H,
implying that the CH3O-induced abstraction route must play an important role in the
formation of methanol in interstellar ices. Reflection-Absorption InfraRed Spectroscopy
(RAIRS) and Temperature Programmed Desorption-Quadrupole Mass Spectrometry (TPD-
QMS) analyses are used to quantify the species in the ice. Both analytical techniques indicate
constant contributions of ~80% for the abstraction route in the 10-16 K interval, which agrees
well with the Monte Carlo conclusions.
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Figure 1: Upper panel: Yields of CH30H and CHD,OH relative to the column density of CH3OH after 360
minutes of HCO+H codeposition at 10, 12, 14, and 16 K, as derived from the RAIRS data. Lower panel:
Same as the upper panel, but for the TPD-QMS data.
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The icy mantles on interstellar dust grains are postulated to play a major role in the formation
of numerous simple and complex organic species. Only 6 molecular species have so far been
detected in the solid state - H,O, CO, CO,, CH30OH, NH3 and CHy, in order of abundance
[1,2]. However, it is suggested that there are many more species present in these icy mantles,
such as complex organic molecules (COMs). The recent launch of the James Webb Space
Telescope (JWST) targets the detection of these species and the high sensitivity and resolution
of the infrared instruments aboard JWST will enable the observation of spectral changes
associated with different ice morphologies, thermal histories, and mixing environments in
star-forming regions. In order to corroborate the interpretation of these novel JWST results,
laboratory experiments are required to study these ice morphologies and how they change as a
result of environmental influences, such as the presence of other molecular species or
radiation.

The Laboratory Ice Surface Astrophysics (LISA) end station at the free electron laser (FEL)
facility FELIX in Nijmegen, the Netherlands, has been designed to study the effect of the
release of vibrational energy in the bonding network of ices of interstellar relevance [3,4]. By
employing the wide tunability and high intensity of the FELs at FELIX, interstellar ice
analogues grown in the ultra-high vacuum chamber of LISA are selectively irradiated on
resonance in the mid-infrared range. Previous studies of the resonant MIR irradiation of
porous amorphous solid water (pASW) showed a restructuring of the ice. The modification of
the IR absorption band profile indicated a growing crystalline-like contribution and a
decreasing amorphous one [4]. Restructuring after resonant IR excitation was also observed in
other ices, such as pure CO; and mixtures of H,O and CO, [3].

Our latest experiments covered mixtures of CO, and H,O in different ratios. We observed
clear irreversible structural changes upon on-resonance irradiation of the different ice
samples. From our set of observations, it appears that H,O and CO, restructure together, i.e.
when irradiating CO, changes are observed in H,O and vice versa which implies an energy
exchange mechanism between the species. To explain these results on a microscopic level, we
will employ molecular dynamics simulations [5,6]. In future experiments we aim expand our
studies to layered ices, as well as mixtures of other molecular species.
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In the interstellar medium, the relative abundances of gaseous and solid nitrogen remain
controversial [1]. Besides the difficulty in observing atomic N and Ny, the quantities of
nitrogen returning to the gas phase from the ices by photo-processing of the ice mantles are
not well constrained. In particular, in star-forming regions, NH3 containing ices are exposed
to UV and X-Ray photons [2]. This leads to a non-thermal photodesorption, induced by the
primary radiation or by the exothermic photochemistry (recombination of the secondary
species created in the ice mantles, i.e. the chemical radicals and the electrons).

In order to quantify the non-thermal desorption of N containing molecules and to have a
deeper understanding of the complex surface chemistry in ice mantles, we have conducted
comparative measurements of photo- and electron-induced desorption (PSD and ESD) in
condensed NHsz. Two setups were used for these experiments, the SPICES setup of the
LERMA group, and the E/SOLID setup housed at ISMO. In both systems, NHj; ices are
formed by cryogenic deposition (50-100 molecular layers), and the desorption of neutral
species is measured by mass spectrometry. Thermal desorption experiments (TPD) were used
to calibrate the desorption signal, the ice thickness and for the analysis the processed ice
layers. The SPICES setup was coupled to two SOLEIL synchrotron beamlines: (i) DESIRS,
valence-shell range (6-12 eV) and (ii) SEXTANTS, core-shell range (395-420 eV, N-K edge)
at the SEXTANTS beamline. The twin electron irradiation experiments were performed using
the E/SOLID setup, in the low-energy range as well as at 385 eV, in order to mimic the
secondary Auger electrons known to be major vectors of chemical changes in X-ray
irradiations at the N-K edge.[3,4]

Desorption vyields per incident particles are compared for photon and electron irradiation
either as a function of the incident energy in the low-dose regime (spectroscopic study), or as
a function of the cumulated dose at a fixed irradiation energy (kinetic study).

- In the valence shell range, NH3; and N, are the major desorbing species, with an apparent
energy threshold at ~6 e[1V, showing that both direct and indirect desorption occurs,
involving the chemistry in the ice. Different mechanisms at play will be discussed.

- In the core-shell range, again NH3 and N; are the major desorption products, keeping in
mind that N is also remains trapped in the ice. The remarkable matching between the
photo-desorption yields in the ionization continuum and the ESD at 385 eV confirms the
key role of the Auger electrons in the photodesorption process.[3,4]
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Detection of several molecules in the gas phase in the coldest regions of the interstellar medium,
ISM (molecular clouds, protoplanetary disks...), has motivated intense laboratory experiments
with the purpose of quantification and a better understanding of indirect desorption processes’.
Condensation of gas-phase atoms and molecules on the surface of cold dust grains in these
regions are known to form an icy mantle rich in molecular compounds which are trapped in the
solid phase. The thermal desorption being negligible in these regions, there must be non-thermal
desorption processes at play to explain actual gas phase abundances. Despite its potential central
role in the gas-to-ice abundance ratio, some aspects of the photodesorption are still poorly
understood or constrained. Here we have investigated the photodesorption from solid CO> at
15K under different flux, energy and fluence conditions in order to get more insights on its
photodesorption mechanism, which was before only partially understood?.

Experiments were carried out in the UHV chamber SPICES coupled to the beamline DESIRS
in the VUV range (7-14eV) at the synchrotron facility SOLEIL. Molecular ices of thickness of
50 ML of CO, grown on Au substrate at 15K, were irradiated, and the amount of desorbed
neutral species were measured using a quadrupole mass spectrometer. The flux conditions were
varied either by selecting zero (10'*!° s'em?) or first order (10'*!* s'cm-?) of the grating of
the DESIRS beamline. The study was performed at different photon energies, in order to
selectively excite the studied molecules or any expected photoproduct.

We present the outcomes of these experiments performed to investigate the flux and fluence
dependent photodesorption yields of CO», and discuss the relevance of such experimental
measurements to the astrophysical conditions of the interstellar medium.
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X-Ray irradiation of interstellar ices analogues has been shown to produce non-thermal
desorption of intact molecules and their fragments (e.g. H-O [1] and CH3O0H [2]), as well as
contributing to the chemical enrichment of the gas phase [2], [3]. The proposed desorption
mechanism is X-ray induced electron stimulated desorption (XESD), which involves the
Auger decay of the excited/ionised molecules following X-ray photon absorption, and the
subsequent thermalization of the Auger electron in the ice [1], [2].

With the aim of quantifying the role of the released electrons in the desorption process and of
comparing it to the global X-ray desorption yields [2], we have irradiated pure methanol ices
deposited at 23 K with 505 eV electrons under UHV conditions, to simulate the Auger
electron originating from a O 1s core absorption in the ice, as illustrated in Figure 1. The
effects of the irradiation flux and the ice thickness on desorption were studied in the range of
0.8 — 7.0x10% s'cm? and in the multilayer regime, respectively. Desorption of neutral
fragments was probed with a quadrupole mass spectrometer (QMS) during irradiation.
Several m/z were recorded. After calibrating the QMS signal using temperature programmed
desorption experiments (TPD) we derived desorption yields in molecules per incident electron.

Desorption of the parent molecule (CH3OH) was observed, and the corresponding yield is
consistent, in order of magnitude, with the yield derived in X-Ray irradiation experiments [2].
Electron irradiation was observed to lead to the synthesis and desorption of stable products [4],
mainly CO, COz, CH4/O, H20 formaldehyde (H2CO) and ethane (C2He), as well as other
minor products. Qualitative data from post-irradiation TPD spectra corroborates the presence
of irradiation products and supports the interpretation of the mass spectra recorded during
electron irradiation.

Electrons (505 eV) QMS, < 300 a.m.u.
X-Rays w 0.8-7.0x103 s 1cm™2 Neutral fragment
Hﬂ_\_\ \\\ | detection
Auger 2) R \Q’\ L\
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Ice
Mantle Interstellar dust grain Gold Substrate (23 K)
Figure 1: (Left) Simplified diagram of the thermalization path of an Auger electron in the ice mantle of an
interstellar grain, which can lead to desorption (1) and fragmentation (2). Reactive fragments created in the
ice can react to form new products, which can subsequently desorb. (Right) Scheme of the electron

irradiation experiments done.
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Hydrogenated molecules like H, and H;0 exist in several nuclear spin configurations
due to the Pauli exclusion principle. These configurations are called ortho (parallel proton
spins) and para (antiparallel proton spins). The ortho and para populations have been
regularly determined by observations in different regions of space in far UV absorption
(Copernicus, FUSE) and in IR and sub-mm emission (ISO, Spitzer, Herschel). The ortho/para
ratio (OPR) depends on physico-chemical processes in these environments such as chemical
formation, reactive collisions, adsorption and desorption effects of molecules on ice grains and
could be a tracer of the history of molecules. In order to interpret the astronomical
observations, it is important to confront the observations with the outputs of the more
complete astrochemical model. H; is the most abundant molecule in the interstellar medium
and is known to be the main reactant involved in the reaction chain to form hydrogenated
molecules (Van Dishoeck et al. 2013), the ortho/para ratio of H; then plays a role in the
chemical evolution of molecules like water (Bron et al. 2016, Dislaire et al. 2012).

For this purpose, we update the Meudon PDR code to take into account selective
ortho/para chemistry in the gas and on grains. A gas-phase chemical network which takes into
account the ortho/para aspect of the species (like the UGAN network developed by IPAG-
Grenoble) is implemented to compare the models in PDRs with and without ortho/para
species. Moreover, the ortho/para ratio of H, in gas phase could be affected by desorption
processes on interstellar grains in cold regions and has to be implemented in the PDR Code. It
is then necessary to know the characteristic time for the equilibration of the nuclear spin states
of H; on solid water at low temperature and the relative abundances of the nuclear spin states
during desorption. To address these questions, we are currently developing a new laboratory
experiment (COSPINU 2) in an ultra-high vacuum chamber to perform in situ measurements
of the nuclear spin conversion of H, deposited on H20 ices using Fourier transform infrared
spectroscopy.

First results obtained with the new version of the Meudon PDR code using a chemical
network restricted to a few ortho/para species will be presented ( Hf + H, — H + H).
Measurements reported in the literature on the characteristic time of the nuclear spin
conversion of Hz on solid water have shown large discrepancies - ranging from minutes to
hours - (Ueta ef al. 2016, Chehrouri et al. 2011, Sugimoto and Fukutani. 2011 ). We will
present how the recent results obtained with COSPINU 2 fit into this context.
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Difficult ice chemistry: Identifying complex molecules in electron irradiated ice using
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Ices play an important role in the overall chemistry of space. Ice layers are present on interstellar
dust grains, icy moons, and Kuiper belt objects. The pristine ices consist mainly of simple
molecules, for example H>O, N3, and CH4 [1, 2]. These ice layers are of special interest as
thermal processing and irradiation of the ices can lead to the formation of more complex
molecules, including prebiotic molecules [3, 4, 5].

We simulate ice chemistry with laboratory experiments using the ICEBEAR setup. Briefly, a
copper sample holder is placed in a high vacuum chamber (P<1E-8 mbar) and cooled down to
temperatures as low as 4 K using a cryostat. Gas can be injected into the chamber via a leak
valve, where it condenses onto the sample holder due to the low temperatures, forming a layer
of ice. The temperature of the sample holder is monitored by a diode, attached to a temperature
controller, with which the sample holder can be heated via resistive heating. The setup is
equipped with an electron gun to process the ice.
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Figure 1: The location of desorption peaks as a function of the temperature for the different ice mixtures,
irradiated for 2 or 4 hours.

In this contribution, the results of temperature programmed desorption — mass spectrometry
(TPD-MS) measurements of electron irradiated ice mixtures (CH4, H2O, N») are analyzed and
the influence of the different components on the formation of volatile irradiation products
studied.
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The gas mixtures are deposited at 20 K and subsequently irradiated with 5 keV electrons.
During the irradiation, a change in color of the irradiated spot is observed, suggesting
processing of the ice. After the irradiation, a TPD-MS measurement is performed, during which
the sample holder is heated from 20 to 300 K with a heating ramp of 2 K/min and the desorption
products monitored using a QMS. The TPD-MS results provide information about the
desorption temperatures and mass spectrometric “fingerprints” of the molecules that are
desorbing.
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Figure 2: Integrated areas of the TPD signals for each m/z over the temperature range 60 K to 300 K.
Differences in the presence and abundance of signal can be seen as a function of irradiation duration as well
as ice composition. M/z=28 has been included due to the strong influence of N, on the signal.

Our studies show that a variety of molecules form in these irradiation experiments. The starting
composition and irradiation duration does influence which molecules form, but we also find
significant changes in desorption temperatures and abundances when the same molecules are
formed in different mixtures. These differences are signposts of how reaction pathways and
desorption temperatures are affected by the chemical environment of the ice.
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Ethanolamine (EtA) is one of the key components of the building blocks of cell membranes,
i.e., phospholipids. Its recent detection in the interstellar medium (ISM) by Revilla et al. [1],
could support an exogenous origin of life-relevant biomolecules. The survivability and stability
of EtA under ISM conditions, have not yet been demonstrated. Hence, we have systematically
exposed pure EtA and H,O:EtA mixed ices to some of the main energetic mechanisms that are
known to induce changes within the ice material, i.e., ion, electron, and thermal processing of
the ice under controlled laboratory conditions (assuming EtA mainly forms in interstellar ice
grains).

FTIR and VUV spectra of EtA-rich ices are collected during 1 keV electron and 1 MeV He*
ion irradiation at different doses at 20 K. Products like H,O, CO, CO,, OCN-, HNCO, NHj3,
C>2H5s0H, and CH3CHO have been identified.

Electron irradiation destroys 29.3% of the pure EtA ice and 7.98% of the EtA in the H>O:EtA
mixed ice, while He" ion irradiation destroys almost all the EtA (99.6%) in a water environment.
Such remarkable differences correlate with the different penetration depth of ions versus
electrons in thicker ices.

We have thus observed that, EtA mixed in water ice is more stable than when in its pure form.
Furthermore, if H>O:EtA mixed ice is present in Kuyper Belt Objects (KBOs), it would only
have a half-life of 910 years, showing that it is efficiently destroyed. Whereas EtA diluted in
water ice in cold dense clouds would have a half-life of 1.7x107 years, suggesting that it is more
stable under ISM conditions.
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Pyridine (CsHsN) is an important complex organic molecule (COM). It is heterocyclic and
appears in compounds such as vitamins and pharmaceuticals [1]. Although pyridine has not
yet been directly observed in space, Parker et al. (2015)[2] have revealed a potential pathway
to a facile pyridine synthesis in the gas phase via the reaction of the cyano vinyl (C2H2CN)
radical with vinyl cyanide (C2H3CN) in high temperature environments simulating conditions
in carbon-rich circumstellar envelopes.

Pyridine ices, in amorphous and crystalline phases, have been irradiated with 396 MeV Art™
and 61 MeV Kr'* at 10, 15 and 130 K in the SME and IRRSUD beam lines of the GANIL
heavy ion accelerator facility. Infrared spectroscopy was employed to follow the structural
and chemical evolution of the samples as a function of projectile fluence. The apparent
destruction cross sections, o4®, which includes the dissociation effects of radiolysis and also
ejection of particles by sputtering, were measured for all samples. The local doses needed to
complete amorphization of the crystalline samples were calculated as well, see Fig. 1.

Pyridine ices that were initially crystalline present apparent destruction cross sections
approximately three times higher than amorphous ones. However, after amorphization is
completed, originally crystalline samples have the same o¢® as ices that were initially
amorphous. Targets irradiated at 130 K are more radioresistant than the ones at 10 K, they

have smaller destruction cross sections 4.
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Methanol has been detected at the surface of the Centaur Pholus [1], the Trans-Neptunian
Object (TNO) 2002 VEos [2] and the cold classical Kuiper Belt Object Arrokoth [3].
Methanol is often found alongside water, the most widespread ice of the outer solar system
[4]. Thermodynamical studies predict that water and methanol ices should be ubiquitous on
small bodies like Arrokoth as they are the two most refractory ices [5]. Methanol is detected
in the coma of comets where its relative abundance to water ranges from <0.2% to 4.8% [6].
Methanol is also omnipresent in interstellar ices where its abundance can be higher, in the
<0.2% to 31 % range [7]. The methanol detected on TNOs could be directly inherited from
the protostellar cloud as these objects are thought to be remnants of the building blocks of the
outer solar system. But even if they stayed dynamically stable, like Arrokoth over 4.5 Gyrs
[8], their surfaces have undergone physico-chemical changes as they were subjected to
different weathering events, particularly solar wind and cosmic ion irradiation [9]. The
surfaces of Pholus, 2002 VEos and Arrokoth also present red slopes in the visible and near-
infrared (Vis-NIR) range (the reflectance increases with wavelength). This effect is
commonly associated to complex organic molecules similar to laboratory produced “tholins”
[1,2,3]. Such red slopes can be reproduced in the laboratory upon irradiation of methanol [10].
Moreover, the ratio of the NIR bands of methanol used for its detection depends on the
irradiation dose and the original composition of the ice [11]. Methanol can then be used as a
proxy to constrain the origin and history of the objects that bear it. Until now, TNOs surfaces
were observed in the Vis-NIR, while laboratory experiments of complex ices were mostly
probed in the mid infrared (MIR) range where chemical information is easier to derive
[12,13,14]. We aim at measuring and providing Vis-NIR spectra of irradiated methanol ices,
pure and mixed with water, which were previously well characterized in the MIR, in support
of past New Horizons and future JWST observations.

We use the INGMAR experimental setup to simulate the effects of ion irradiation at the
surface of icy bodies [11]. INGMAR is a high-vacuum chamber connected to the SIDONIE
ion accelerator, separator and implanter (part of the JANNuS-SCALP platform of 1JCLab)
[15]. The ices are formed by condensation of a gaseous mixture on a substrate cooled down to
60 K by a He-cryocooler. We use 30 keV H' ions to irradiate the ices, H" being the most
abundant component of the solar wind and producing physico-chemical modifications mainly
via inelastic energy loss. We monitor the physico-chemical changes upon irradiation of the
ices by Vis-NIR-MIR spectroscopy. Transmittance spectra cover the 0.4 to 5 pm range while
the reflectance spectra cover the 0.6 to 2.5 um range. We investigate pure methanol ice and
water-methanol ice mixtures of different proportions.
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Figure 1: Schematic representation of the INGMAR experimental setup

The major irradiation products of CH30H are CO;, CO, CHs4, H>CO and H>O, whose
production yields depend on the dose and the relative abundances of water and methanol in
the initial mixture [12,13]. To characterize the evolution of the irradiated ices, we focus
specifically on three parameters. The first one being the CO/CO> ratio which varies as a
function of irradiation dose and initial composition of the ices. The second one is the
CH30H/H>0O as a function of irradiation. And finally, the Vis-NIR slope, defined by the
normalized reflectivity gradient [16] between the J and R bands, at 1.25 and 0.68 pm
respectively. The JR slope here characterizes the complex organic molecules produced by
irradiation and was found to depend on the original water content of the ice mixture as
increasing it produces less red spectra. We will see how combining the CH3OH/H>O ratio and
the Vis-NIR slopes help constrain the irradiation history of the surfaces of TNOs and
Centaurs. We will also show how the CO/CO> ratio derived from future JWST spectra of
methanol-rich surfaces might shed further light on the evolution of these icy small bodies.
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In its 13 years of operation, the Cassini-Huygens mission has revealed a complex chemical
diversity of Saturn's moons Titan and Enceladus. Heavy molecules reaching several thousand
atomic mass units [1, 2] and O+ ions [3] have been detected in Titan's atmosphere and
magnetosphere, respectively. The heavy molecules are attributed to potentially nitrogenous
polycyclic aromatic hydrocarbons [4, 5]. The energetic O+ ions deposit in Titan’s
atmosphere [6] and are believed to alter the structure and chemical composition of these
macromolecules by implantation. The products of this process, namely oxygenated organic
molecules (prebiotics such as amino acids and nucleic bases), could have strong
astrobiological implications.

The aim of this PhD project is therefore to study this process by irradiating organic materials
(titan aerosol analogs or tholins, polycyclic aromatic hydrocarbons, pure organics). In
addition to the possible oxygenation of these molecules, other processes like sample
destruction rates (by e.g. sputtering) and the overall impact of irradiation on the chemical
complexity will be investigated.

The irradiation experiments are performed at the Institut d'Astrophysique Spatiale / Iréne
Joliot Curie Lab and at the Grand Accélérateur National d'lons Lourds (GANIL). In situ
measurements with spectroscopy in the mid-infrared are executed during irradiation to
determine the composition and spectral properties of the samples. Ex situ high resolution
mass spectrometry (HRMS) experiments will reveal the chemical evolution, in particular the
degree of oxygenation, of the samples.

By now, we have acquired 11 adenine and 9 tholin samples which were irradiated with O+
and Ne+-ions at varying energies (30, 50, 60, 70keV), temperatures (150, 300 K), and sample
thicknesses (230, 350, 500 nm). We present preliminary result showing IR- and mass spectra
of some irradiated samples. The question if implantation of oxygen takes place or how high
the grade of oxygenation is, has yet to be determined. In the future, more samples will be
prepared, irradiated and analyzed with possibly other methods like: i) structural analysis by
attenuated reflectance micro-FTIR spectroscopy, ii) UV-visible spectroscopy in liquid phase,
and iii) Raman spectroscopy.
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Formation, distribution and behaviour of complex organic molecules (COM’s) in space is an important
subject of research to the better understanding of the initial condition for the appearance of life on
Earth. Furthermore, the study of high energy chemical processes in the interstellar medium (cosmic
radiation’s effect) and in solar system (solar wind’s effect), is been of high interest [1].

The aim of this work is to study astrophysical molecules trapped in interstellar ice systems under the
effect of high energy radiation. These ices are characterised by being large systems, with large number
of atoms.

QM/MM hybrid method has become a very popular tool for molecular systems’ simulations with a
large number of atoms, appearing as a good compromise between accuracy and computational costs.
We report the implementation of QM/MM hybrid method [2] in the deMonNano software, using the
Density Functional based Tight Binding (DFTB) [3,4], an approximated DFT scheme, combined with
Molecular Mechanic (MM) approach, namely Force Fields (FF) of class 1, such as OPLS-AA and
AMBER-families of FFs. A complete implementation was performed using the QM/MM additive
coupling scheme [5].

In addition, the investigation of high energy chemical processes requires the explicit simulation of the
electronic dynamics beyond the Born Oppenheimer approximation [6].

As first step towards such dynamics, we will report the implementation of Real Time TD-DFTB in
deMonNano, consisting in solving the Time-Dependent Schrédinger equation within the DFTB [7],
where the electronic density matrix is propagated along time.

We report a brief introduction to new DFTB/MM and RT-TD-DFTB implementations as well as the
first applications on glycine prebiotic molecule trapped in an interstellar ice. PAH and pyridine
interstellar systems will be a matter of future studies.
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Carbonaceous chondrites (carbon-rich meteorites) represent some the oldest and most
primitive pieces of material formed in the Solar System; indeed, they could even be older than
the Sun itself. These carbon-rich meteorites may have delivered an important concentration of
organic compounds and water to the primitive Earth. Multiple organic classes, including those
required for life (e.g., amino acids, carboxylic acids, nucleobases, and polyols) have been
identified from carbonaceous chondrites, providing valuable insights into the chemical
inventory of the early Solar System, the primordial synthesis of organic matter, and the
question of how life appeared on Earth [1].

Amino acids constitute the basic building blocks of all protein-based living organisms on
Earth and thus, they are among the most intriguing and studied organic compounds found in
carbonaceous chondrites. Homochirality (predominance of the L-enantiomer) in terrestrial
biological proteins is a fundamental feature of life as we know it. L-enantiomeric excesses
have been observed in some meteoritic amino acids, raising interesting questions about a
potential link between meteorites and terrestrial homochirality [2]. In addition, the stable
isotopic compositions (D, 3C, ®N) of meteoritic organic compounds provide information on
their formation mechanisms and histories [3]. Contrasting the molecular distribution,
chirality, and isotopic values of meteoritic organic compounds in a wide range of
carbonaceous chondrites provide is key to fully understand the ubiquitous environments and
universality of their occurrence, and to solve current challenges related to the synthesis and
destruction (and new formation) or overall fractionation processes faced by meteoritic organic
compounds [4].

Our extensive investigation on the abundance and molecular distribution of amino acids, and
other biologically relevant molecules extracted from meteorites provide important insights on
the composition and environments of the protosolar nebula, the meteorite parent bodies, and
thus, the chemical inventory at the formation of the solar system and the potential link
between extraterrestrial organic compounds and the emergence of life on Earth. Finally, the
collective analyses of meteoritic organic compounds have been pivotal to the asteroid sample
return missions Hayabusa2 (JAXA, December 6, 2020) and OSIRIS REx (NASA, September
24, 2023).
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The remarkable discovery by the Cassini spacecraft of exospheric plumes emanating from
Enceladus into space [1] revolutionised our understanding of ocean-bearing icy moons in the
Solar System. The on-board magnetometer showed a disturbance in Saturn’s magnetosphere
due to plumes outgassing [2], whereupon closer flybys of the icy moon were planned. The
observation of the plumes’ composition further revealed the presence of complex organic
molecules [3], hereby raising the question of their origin. A study by Noélle et al. [4] evidenced
how on their outward journey to Saturn’s E-ring from 4 to 8 Saturn radii, the organic portion in
icy grains diminishes owing to the energetic bombardment by photons, plasma particles or
cosmic rays.
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UV to a solar radiation lamp representing the solar
spectral energy distribution (SED), particularly in the
VIS and near-IR regime (Fig. 1). Past studies have
extensively investigated the VUV irradiation of icy

Solar radiation lamp

—— 5800 K blackbody

N
wn

N
=)

Power density (10** W/m?)
- -
o [}

o
«n

grains in the interstellar medium [5, 6], whereas little v/ visible Near Infrared

is known about photon irradiation of ices under T s CE 2000
environmental conditions characteristic for those Figure 1. The solar SED following a
found on ocean-bearing moons such as Enceladus. blackbody radiation at 5800K. A
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By using an UHV chamber at the LfA, thin ices can be  ¢” MDHL (left), simulates radiation in the

. VUV, while the solar radiation lamp covers
grown on a cryogenically cooled substrate. Hereby, . :
: . . o emissions above 200nm (right).
infrared and mass spectroscopic techniques facilitate
the monitoring of changes in the solid state as well as the detection of desorbing species from
ice processes. With the aforementioned suite of laboratory tools, we expect to draw comparative
conclusions between the photolysis effects in ices due to the emission, on one hand, in the VUV
and, on the other hand, in the VIS and near-IR regime, while taking into consideration typical
environmental conditions at Enceladus. This will clarify how the solar radiation affects the
formation and evolution of C and O-bearing photoproducts on the surface of Enceladus.
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Polycyclic aromatic hydrocarbons (PAHs) are a family of molecules that have multiple
research interests, especially in atmospheric science and in astrophysics/astrochemistry. Forty
years ago, PAHs were proposed as the carriers of the aromatic infrared bands (AIBs),
observed in many regions of the interstellar medium (ISM) [1]. Moreover, it is believed that
in the colder and denser regions of the ISM, PAHs could freeze upon the icy mantle of
interstellar dust grains and interact with other molecules like water [2]. Therefore, it is
relevant to study theoretically and experimentally the field of PAH-water interactions (at the
molecular and cluster size).

We present here a theoretical study of the interactions of the dimer of pyrene (Py), C,.H,,

with water clusters. Previous works focused on pyrene clusters on one hand [3], and on the
interactions of a single PAH with water clusters on the other hand [4,5]. Combining this two
approaches, we report the investigation of (Py),(H,0), (n=1,10) systems [6].

We used the following strategy to search for the most stable structures. First, Parallel-
Tempering Monte-Carlo (PTMC) simulations were done to explore the potential energy
surfaces of these clusters, using the DFTB potential (density-functional based tight-binding).
Optimisations were then done, with the DFTB potential as well, and the lowest-energy
structures were refined with DFT (density functional theory). For the lowest stoichiometries
(n=1,5), it was found that the structures where the water cluster is on the side of the pyrene
molecules (¢ interactions) are almost always the most stable ones (except for n=3).
Competition arises for the highest stoichiometries (n=6,10), and we notice a beginning of a
solvation cage with the largest water clusters. Several dissociation channels were explored
(evaporation of one water or pyrene molecule, separation into two homogenous subclusters,
complete separation of the molecules) and "magic numbers" were determined. Thanks to this
study of energetics, peculiar behaviours for n=4 and n=5 (in contrast with other
stoichiometries) were unveiled and explained with their structural arrangement.
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Polycyclic Aromatic Hydrocarbons (PAHS) represent significant amount of carbon in space
both in gas and in solid phases [1]. Usually these PAHs molecules contain 50-100 C-atoms
and representing clusters containing tens of PAH molecules. In dense clouds this very small
grains can freeze out on cosmic dust. Individual PAHs can also condense onto dust grains as
“guest molecules” in icy grain mantles [2]. When PAHs are exposed to ionizing radiation,
they can be destroyed. It is therefore important to study the radioresistance of PAHs to
ionizing radiation according to the environmental conditions (temperature, surrounding
molecules, etc.) to predict their lifetime in space.

We report the results of an experimental study of irradiation the complex organic molecule
pyrene and mixtures of pyrene and water in the solid phase at 20 K. The experiments were
performed at a beam line of the ATOMKI ICA facility (Debrecen, Hungary) by C2+ (2 MeV)
and H+ (2 MeV and 200 keV) projectiles (see. Fig. 1). The destruction of the initial molecules
were followed by in-situ infrared absorption spectroscopy as a function of projectile fluence.
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The outflows of C-rich AGB stars produce a rich, dusty chemistry in which silicon is of major
importance. Our view of the molecular species involved in hydrocarbon growth and dust
formation in these environments is still very limited. We study the chemistry of different forms
of carbon in reaction with silicon using two dust reactors. By focusing on the hydrocarbon
content formed in both reactors, we aim to learn more about the role of silicon in hydrocarbon
formation under different temperature and pressure conditions.

In the Stardust setup [1], Si and C are sputtered with Ar, and aggregate in the presence of a
lateral H, flow. Reaction temperatures are estimated at 500 — 1000 K. In PIRENEA 2 [2], one or
two solid rods (Si and/or C) are laser vaporized in the presence of a He pulse which can be
seeded with H, or C,H,. Temperatures are estimated at <4000 K in the plasma plume. For both
setups, dust (analog) deposits were prepared for ex-situ analysis with the high-resolution laser
desorption/ionization molecular analyzer AROMA [3].

The AROMA analyses of both dusty samples reveal a large variety of hydrocarbons, in particular
of polycyclic aromatic hydrocarbons (PAHSs) whose detection is optimized by the used laser
scheme. The most abundant PAH in the mass spectra is found to be C1gH1o", which mimics
findings in meteoritic materials [4]. The Stardust experiment clearly shows that Si can promote
the formation of PAHSs under circumstellar envelope conditions. In PIRENEA 2, the addition of
Siin a C,H, plasma leads to the growth of methyl-substituted PAHs. From the combined results,
we conclude that Si does not inhibit PAH formation under higher temperature and pressure
conditions. Future research will consider the role of iron in hydrocarbon formation and growth.
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The detections of gas-phase molecules considered building blocks of life toward protostars
(e.g., ALMA-PILS, [1]) and in comets (Comet 67P/Churyumov-Gerasimenko, [2]) indicate
that complex organic molecules (COMs) can be formed in space conditions. Nevertheless, the
exact formation pathways of these COMs in the interstellar medium (ISM) are still an open
question. The upcoming James Webb Space Telescope (JWST) observations will bring a new
dimension to this scenario by looking at interstellar ices in dark clouds and objects in the early
stages of star formation. Several hours of JWST observations have been granted to look at
interstellar ices in a variety of astrophysical conditions (e.g. ERS Ice Age, GTO/1290,
GO/1959). A positive detection of COMs in ices will put constraints on the formation
pathways of these species in space environments. To interpret these observations, a large
collection of mid-infrared spectra of frozen molecules in conditions that simulate interstellar
environments is essential. Here, it is presented an overview of the laboratory ice spectroscopy
work carried out in the Laboratory for Astrophysics at the Leiden Observatory (e.g.,[3,4]) and
the updated version of the Leiden Ice Database for Astrochemistry (LIDA, [5]).
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Isomerism finds its importance and challenges in many research fields, as isomers differ in their
structural and chemical properties. Polycyclic aromatic hydrocarbons (PAHS), which are key species in
combustion but also in astrochemistry comprise many isomers, which can be involved selectively in
different chemical processes.

In this work, we focus on the characterization of PAH cations at two different m/z, namely the pyrene
cation isomers (m/z=202.078) and the isomers of the —H fragment of the methyl pyrene cation
(m/z=215.086) by using multiple photon dissociation (MPD) spectroscopy in the PIRENEA
experimental setup [1]. To differentiate the isomers, action spectra and fragmentation patterns are used,
which are recorded as a function of wavelength and time of irradiation time (number of laser pulses).

For m/z=202.078, pyrene (Pyr®), fluoranthene (Flu®), and 9-ethynylphenanthrene (EtP*) were
characterized individually. We could differentiate the parent ions from their breakdown curves at 436
nm (Fig.1(a) and 455 nm.

The species at m/z=215.086 (Ci7H11*) could contain a mixture of two isomers, the methylene pyrene
cation (PyCH.") and the tropylium-like cation (PyC7") [2]. We expect to modify the isomer ratio by
using different methods to activate the methyl pyrene cation and produce the —H fragment of interest.
Both low-energy collision induced dissociation (CID) and photon induced dissociation (PID) were used.
We found evidence for change in the isomer ratio from the recorded breakdown curves at 587 nm for
both parents and fragments (Fig.1(b)). This work can be applied to discriminate isomers, in complex
samples like meteorites [3] and cosmic dust analogues.
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Figure 1: (a) Parent breakdown curve of pyrene cation isomers as a function of number of laser pulses at
436 nm (b) Breakdown curves of Ci7Hi1* (CID and PID production) and its major fragments as a
function of the number of OPO laser pulses at 587 nm. In both cases, there is a 2 second delay between
pulses.
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In the coldest regions (~ 10 K) of the interstellar medium (ISM), most molecular
species apart from H, accrete on dust grains to form ice mantles, acting as particularly rich
molecular reservoirs. Nevertheless, large amounts of gas phase species are also detected in
these regions and their existence can be explained by desorption processes at the ice surface.
Among these processes, the desorption induced by UV radiations, known as UV
photodesorption, has been the subject of several experimental and theoretical studies on
different compounds, such as CO'3, the second most abundant species in the interstellar
medium. It has been shown that the UV photodesorption in pure CO ices may follow an
indirect "Desorption Induced by Electronic Transition" (DIET) mechanism.* In this
astrochemical context, the theoretical work presented here aims to understand at the
molecular level, the vibrational energy redistribution mechanism in pure CO ices that could
lead to the desorption of molecular CO. The chosen approach is the ab initio molecular
dynamics one (AIMD) based on Density Functional Theory (DFT) as implemented in the
VASP package. In particular, the focus is on the end of the DIET mechanism where the
electronic energy of the excited molecule, redistributed on a high vibrational state of its
electronic ground state, is transferred to neighbouring molecules inducing or not a desorption.
To do this, an aggregate approach is used to model the amorphous structure of the simulated
ice. These aggregates, initially created, optimised, and then thermalised at 10K, are then used
in molecular dynamics simulations in which a single CO molecule is excited at the vibrational
level v = 40. The vibrational energy redistribution in translational, rotational, and vibrational
modes in the aggregate after this excitation as well as the desorption mechanism are analysed.
The results show efficient energy transfers between the excited molecule and neighbouring
ones leading to the desorption of CO molecules in almost all the trajectories, which is in very
good agreement with the experimental results and in disagreement with previous theoretical
studies.?
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Polycyclic aromatic hydrocarbons (PAHs) and water molecules are ubiquitous in different
astrophysical environments. These species could form complexes which, by photoprocessing,
could lead to the incorporation of oxygen into PAHSs, thus forming enols, ketones or quinones
[1, 2], which are species of potential prebiotic interest. In particular, cationic complexes such
as [(PAH-H)(H20)]" and [PAH(H:0)]* have been proposed as intermediates in this
photoreaction pathway [1]. In these complexes, the water molecule can be either physisorbed
or chemisorbed which involves different binding energies. Hence, their VUV photoexcitation
could lead to several processes in competition such as (i) fragmentation (e.g. H20-loss), (ii)
ionization or (iii) photoreactivity.

We have investigated these mechanisms during a SOLEIL beamtime on the SMRS2 LTQ ion
trap coupled to the DESIRS VUV beamline [3]. In these conditions, only chemisorbed
complexes could survive and their fragment channel yields as a function of the VUV photon
energy could be measured. We have identified three main fragment families: the CO+nH,
O+nH and nH -loss fragments. The CO-loss fragment channel appears to be very efficient at
low energy (around 6 eV), reaching more than the percent level for coronene-water
complexes. To better understand these results, we have computed the photoabsorption cross
section, at the TD-DFT level of theory, of several PAH-water complex isomers. The
comparison between the theoretical photo-absorption spectra and the experimental
fragmentation yields suggests that the CO-loss fragment is isomer dependent. This sheds light
on specific enol and ketone structures which could play a major role in astrochemistry.
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Shock waves are produced in the interstellar medium (ISM) in various ways like cloud-cloud
collisions, supersonic outflows from newly formed stars, supernovae explosion of dying stars,
etc. They play a crucial role to alter the chemical constituents of the ISM. Dust grains in the
warm neutral/ionized medium of the ISM are destroyed by shocks and form new molecular
species [1] . Unfortunately, the evolution of the interstellar dust analogues by shock wave is
not very well characterized in the laboratory.

We have investigated the processing of the Cg fullerene powder using pressure driven shock
wave. A new light detection module was installed on a shock tube to study the in situ shock
processing of Cgo. The distinctive emission spectrum of C, Swan bands superposed to a broad
emission continuum was observed. We anticipate that this broad continuum is likely due to
the recurrent fluorescence of small carbon clusters which were formed during the shock
processing of C60. We note that the spectrum is also affected by self-absorption. Detailed
theoretical analysis was performed for the spectral interpretation and the dynamics of the
destruction of the clusters was investigated using molecular dynamics simulations.
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In photodissociation regions (PDRs) associated with star formation, the matter composed of
gas and tiny dust particles is in strong interaction with the ultraviolet (UV) radiation from young
stars. From previous infrared space missions such as the Spitzer telescope, we have observed
the destruction of very small carbonaceous grains and the production of isolated polycyclic
aromatic hydrocarbons (PAHSs) at the edge of these PDRs [1]. Clusters of PAHSs have been
proposed as models for these carbonaceous nanograins [2]. Furthermore, carbonaceous
nanograins come from the inner part of interstellar clouds where models predict a transition
from gaseous to icy water [3]. In order to get insight into the interaction of water with the
carbonaceous nanograins we are performing experiments on water-PAH molecular clusters.
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Figure 1. Mass spectrum of water pyrene clusters

Mixed water pyrene (C1sH10, Py) cluster cations are produced in a gas aggregation source [4]
prior to thermalization at 25K (see example in Figure 1). In the present conditions, clusters with
up to 28 water molecules and 4 pyrene molecules can be observed. Protonated species dominate
the mass spectrum. In order to study the energetics of these species and to get insights into their
structure, we recorded absolute fragmentation cross sections using collision induced
dissociation (CID). The species of interest are mass selected and undergo collisions with inert
gases (helium, neon, argon, krypton, xenon) at varying kinetic energy of the ions. The products
are analysed by time-of-fight mass spectrometry.

CID experiments were performed on (Py)m(H20)sH* (m=1to 3, n=1 to 10) at 7.5 eV centre-
of-mass collision energy. Both water loss and pyrene loss channels are observed. Structural and
energetic calculations of these species were performed to support the analysis of the
experimental results in terms of proton localization and dissociation energies. The proton
localization in these fragments are investigated and will be presented.
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Addressing the relaxation dynamics and spectral properties of large molecules is of interest for
different scientific communities and in particular in astrophysics, owing to the increasingly
large number of complex molecules that have been detected in the interstellar medium (ISM).
For example, fullerene Ceo [1,2], indene [3] and cyanonaphthalenes [4] have been identified
from their vibrational or rotational signature.

In this context, we are developing a new theoretical model for the simulation of the quantum
vibrational dynamics of relatively large molecules (> 20 atoms) that takes into account their
vibrational anharmonicity and allows for an explicit coupling to the electromagnetic field. Our
approach is based on a system-bath model in which one particular vibrational mode of interest,
for which we want to obtain the spectral or dynamical information, is in contact with a bath
formed by the remaining vibrational modes of the molecule. The mode of interest and its
couplings to the other modes are treated as exactly as possible but the bath part of the
Hamiltonian is simplified with its modes being replaced by a ladder of energy-dependent
effective quantum states that describe the energy stored in those modes. Such an approach scales
very mildly with the number of degrees of freedom, allowing for large systems to be considered.
In particular, it will be possible to analyze the response of the bath to the excitation of the mode
of interest [5] and to study the infrared spectra at finite temperature and the relaxation dynamics
of astrophysically relevant molecules such as PAH.
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Figure 1: Schematic view of our model with the vibrational levels of the selected mode (in black) and the
bath (in blue) which is described by its total energy. In our model the electromagnetic field is only coupled
to the mode of interest.
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Messenger spectroscopy is a powerful tool used for the search for carriers of diffuse interstellar
bands (DIBs). The attachment of weakly interacting messengers, like helium (He) atoms, to the
molecule of interest ensures that the induced spectral shift is small. In our experimental setup
we obtain He tagged ions by doping multiply charged helium nanodroplets (HNDs) with
polycyclic aromatic hydrocarbons (PAHs) and subsequently colliding the HNDs with a
stainless-steel surface. The ionic species are detected with a time-of-flight mass spectrometer
(TOF-MS). Absorption spectra of PAH ions, in this case pentacene, are obtained by tracing the
increase of the bare ion yield and the decrease of the He tagged PAH ion yield after interaction
with a tunable pulsed laser (tunable from 210 nm to 2600 nm). Mass spectra that were recorded
after laser illumination are compared to mass spectra without laser illumination at the different
wavelengths for background correction and the compensation of ion signal fluctuations. A
spectral shift for different numbers of attached helium atoms can be observed. Our laboratory
absorption spectra can be compared to astronomical observations. [1,2,3]
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Figure 1: Absorption spectra of pentacene cations and anions. Shown in the insets are the most intense
absorption bands.
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Open to users in 2008, DESIRS is a high resolution variable polarization VUV beamline [1] at
Synchrotron SOLEIL devoted to the study, on dilute (cold molecules, radicals, ions, clusters and
nanoparticles) and condensed (thin films, ices) matter, of molecular and electronic structures,
reactivity and polarization-dependant photodynamics involving valence-shell excitations. See
also https://www.synchrotron-soleil.ft/fr/lignes-de-lumiere/desirs

This program is carried out via mainly 3 endstations: (i) a VUV Fourier-Transform Spectrometer
(FTS), based upon a wavefront-division interferometer, for ultra-high resolution absorption
spectroscopy with unprecedented resolving power up to 10% [2]; (ii) a versatile electron/ion
double imaging electron/ion coincidence spectrometer coupled to the molecular beam chamber
SAPHIRS [3.4]; (iii) an ion trap enabling the performance of VUV action spectroscopy on large
molecular cations/anions including PAH-related species.[5]

The photon source is a 10 m-long electromagnetic variable polarization undulator producing
light from a few eVs (300 nm) up to 40 eV (30 nm) with tailored elliptical polarization providing
at the sample location fully calibrated quasi-perfect linear and circular polarizations as measured
with an in situ VUV polarimeter. Gas-filtered harmonic-free photons are feeding a 6.65 m
Normal Incidence Monochromator equipped with four gratings, allowing to adjust smoothly the
flux-to-resolution compromise. Measured ultimate instrumental resolving powers reach 250000,
while the typical measured flux are up to 10'3 ph/sec in a 1/1000 bandwidth, and 10'° ph/sec in a
7% bandwidth (with zero™ order radiation). The monochromator feeds two branches: one on
which is sitting our molecular beam set-up, and the other one which can host the ion trap, the
CERISES ion-molecule reactivity associated experiment, or any other set-up brought by users.

All these features make DESIRS a unique tool for studying astrophysical objects and simulating
the VUV radiation encountered in the ISM and planetary ionosphere. As such, ~30 % of the
delivered beamtime is used by a broad community linked to Sciences of the Universe (from
astrophysics to astrobiology). A few examples of astro-related studies will be presented.
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Polycyclic Aromatic Hydrocarbons (PAHSs) have long been predicted to be the main carriers
of two sets of interstellar spectral features: the diffuse interstellar bands, a series of absorption
bands in the near-UV to visible domain, and the MIR emission features known as the
aromatic infrared bands. After decades of searching, the N-bearing aromatic benzonitrile was
the first interstellar aromatic molecule detected via rotational spectroscopy [1]. Recently, the
second and third, 1- and 2-cyanonaphthalene, were detected in the same starless cloud core
TMC-1 [2]. These studies suggest that PAHs can form at much lower temperatures than
previously assumed. The N- bearing family of PANHSs are thus expected to be an important
component of the interstellar PAHSs, present in neutral, radical and protonated forms in
interstellar environments. It is predicted that the hydrogenated forms of PAHs and PANHSs are
involved in the formation of molecular H2, while PA(N)Hs will also interact with photons,
protons and small molecules such as water. In their radical or aggregate forms, the
photophysics of the PA(N)Hs is likely to be fundamentally altered, as the structure (and thus
spectroscopy) might shift, and additional energy dissipation pathways open up.

We will present several recent results obtained using experimental setups in the PIIM
laboratory allowing us to study the photophysics of interstellar-relevant aromatics in various
charge and hydration states. A study of neutral xylene isomers interacting with water
molecules has recently been performed [3], confirming the role of an aggregate’s structure in
its photoreactivity. The protonated benzonitrile species was studied in collaboration with the
national SOLEIL synchrotron facility [4], and the results have shown that these molecules are
highly UV sensitive and unlikely to be photostable in interstellar environments with high UV
flux, such as photon-dominated regions or planetary atmospheres. Interestingly, the
photodegradation product of benzonitrile are key intermediates in the formation of larger
PAHSs, so far undetected. We are now extending our study to other N- bearing aromatics in
various charge states including molecules with N heteroatoms in the aromatic skeleton or
N-bearing functional groups such as -CN, species with multiple rings (including
cyanonaphthalene), and open shell radicals with one H atom removed or added from the
neutral molecule (i.e. (de)-hydrogenated species).
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The hot Jupiter exoplanets are giant gas planets orbiting very closely to their star, leading to
external temperatures up to 3000K. Methane [1] and acetylene [2] were already detected in such
environments, and the presence of other small hydrocarbons is expected. The recent launch of
the James Webb space telescope (JWST) and the upcoming Ariel mission will allow a better
understanding of their atmospheric composition using infrared spectrometry [3,4].
Interpretation of these observations will require accurate knowledge of the absorption
fingerprint of the expected species. In the case of ethylene (C:H4), unambiguous spectral
assignment in the near infrared is not available beyond 3500 cm™ [5], partly due to its highly
congested absorption spectrum at higher wavenumbers.

We first focus on providing accurate assignments of the ethylene cold transitions. To do so, the
jet-cooled gas is probed in the 1.65-1.68 nm spectral range using a cavity ring-down
spectrometer. The low temperature is obtained by expanding the gas contained in a high-
pressure reservoir into a low-pressure chamber through an 8,5 cm long slit, with a tunable
opening width ranging from 0 to 350 um. This cooling process enables a simplification of the
absorption spectrum by narrowing the linewidths and by reducing the number of excited ro-
vibrational transitions. Two spectra were recorded with a vibrational temperature of about 220K
but different rotational temperatures: 5K and 15K. The latter is shown in Fig. 1(a).
Unambiguous assignment of the observed lines was performed using the TheoReTS ab initio
line list [6]. Up to now, 95 lines were assigned to the vs+vi1 band, 63 to the vo+2vi2 band, 12 to
the vs+vi1 and 6 the vi+vy+vi2 band. These assignments are presented in Fig. 1(b) for the
spectrum with Ty = 15K. Further assignment is ongoing, which will be later used to extend the
TheoReTS ab initio line list of ethylene towards temperatures relevant to hot Jupiters
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Figure 1: a) Experimental spectrum of C;H4 with Tt = 15K. b) Comparison between the experimental and
simulated spectra of CoH4 with Tyt = 15K and vibrational band assignment of observed lines.
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