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Resolving molecules
of meteorites by AFM

.

Dear Colleagues,
Welcome to our new 87th AstroPAH volume! We hope all of you are healthy and doing
well!
We are excited to have atomic force microscopy (AFM) being featured in both our Picture
of the Month and In Focus. Our front cover highlights this technique as it was used on
different samples of the Murchison meteorite. Dr. Leo Gross and Dr. Scott Sandford present
this proof of concept technique on the Murchison meteorite’s molecular inventory.
We have a very long list of abstracts this month. Thanks to everyone who contributed
to this amazing list! We also draw your attention to the recent Ph.D. thesis by Alexander
Lemmens (University of Amsterdam) on the laboratory studies to identify infrared signatures
of specific PAHs. Be sure to check its abstract at the end of this AstroPAH issue!
If you are on Instagram, be sure to check out our next PAH of the Month! Our next
molecule will be coumarin. Stay tuned!
We hope you enjoy reading our newsletter, and we thank you for your dedication and
interest in AstroPAH! Please continue sending us your contributions, and if you wish to
contact us for a future In Focus or other ideas, feel free to use our email.

The Editorial Team

Next issue: 19 May 2022.
Submission deadline: 6 May 2022.
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Atomic force microscopy (AFM) images of
individual identified molecules from two different processed samples of the Murchison
meteorite. More information about the use
of AFM to investigate meteoritic molecules
can be found in the In Focus.
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Resolving
Single Molecules of Meteorites
by Atomic Force Microscopy
by Leo Gross & Scott Sandford
Recently, non-contact atomic force microscopy (NC-AFM), was introduced for the
investigation of meteoritic molecules [1]. In this proof of concept, molecules of the Murchison
meteorite, a primitive carbonaceous chondrite, were resolved with atomic resolution by NCAFM. Comparison with high-resolution mass spectrometry and literature corroborated the
meteoritic origin of the imaged molecules.

What is the potential of this method?
NC-AFM is not set out to compete with NMR or mass spectrometry that will remain the
gold-standards for molecular identification in general. However, NC-AFM can effectively
complement the existing tools. Most important in this context is the unique feature of NCAFM that a single molecule can be identified. For that reason, also very rare species could
potentially be detected by NC-AFM and individual molecules in very complex molecular
mixtures can be characterized. Because of its single-molecule sensitivity, NC-AFM could
already obtain new insights in asphaltenes [2], other crude oil fractions [3] and in incipient
soot formation in combustion [4]. Moreover, some molecules that are proton-poor and
possess a large number of isomers, cannot be identified by NMR and mass spectrometry
alone, but only in combination with NC-AFM, as demonstrated for a natural compound of
marine origin [5].

How does NC-AFM with atomic resolution work?
The experiments are carried out in ultra-high vacuum and at low temperatures, typically
5 K. The molecules of interest are adsorbed on a clean surface and the tip of a combined
scanning tunneling microscope/atomic force microscope (STM/AFM) is raster-scanned
above them. A qPlus force sensor [6] is employed that features a quartz cantilever, which
mechanical oscillation is read out piezoelectrically. It is excited to oscillate at a fixed
amplitude (typically 0.1 nm) at its resonance frequency (about 30 kHz). Due to the interaction
forces between tip and sample, the resonance frequency shifts (on the order of a few Hz)
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Figure 1 – Molecules imaged from untreated Murchison sample. (a) Scanning tunneling
microscopy overview image of the surface on which the molecules are adsorbed. (b) - (h)
individual molecules imaged by NC-AFM: scale bars are 0.5 nm. (b) and (c) are examples
of smaller molecules, whose position is often unstable during imaging (see b), that could
not be assigned. (d) – (h) are molecules with assigned molecular moieties. For those maps
of the frequency shift ∆f above the molecules are shown on the left, high-pass filtered AFM
data shown in the middle panels, and assigned structures are shown to the right.
Reproduced from [1].
and this detuning ∆f is the measurement signal. This operation is the frequency-modulation
mode of NC-AFM [7].
The crucial trick to obtain atomic resolution is the functionalization of the tip apex with
specific molecules or atoms. It turned out that picking up one individual carbon monoxide
(CO) molecule with the tip results in a great tip for achieving atomic resolution on molecules
[8]. Such a CO functionalized tip was used for our recent study of molecules from the
Murchison meteorite.
The AFM images of the molecules show the frequency shift above the molecules and
can be interpreted as force gradients. The bright features above atom positions and bonds,
that often reveal the structure of the molecules, are a consequence of Pauli repulsive forces
acting between the CO molecule at the tip and the molecule imaged on the surface. For a
more detailed description of the technique, see [9].

How were the samples prepared?
In the NC-AFM study of the Murchison meteorite, the material was first deposited on a
piece of silicon wafer which was transferred into the ultra-high vacuum system and then
quickly heated to sublime the molecules onto the substrate.
As a substrate, metal single crystals, such as Cu(111) and Ag(111), were used. The
crystals were partly covered by a few monolayer (ML) thick sodium chloride (NaCl) islands.
The sample was already placed inside the microscope and at low temperature during the
sublimation of the molecules. Therefore, the evaporated molecules did not diffuse on the
substrate surface and mostly single isolated molecules are observed on the substrate. A
typical overview image of such a prepared surface is shown in Figure 1(a).
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What molecules were resolved by NC-AFM?
Two differently processed samples of the Murchison meteorite were investigated by NCAFM. The first was a sample that was not chemically processed. For this, powdered material
of the Murchison meteorite was placed on the wafer. Results are shown in Figure 1. NCAFM is best suited to image molecules that are planar, with sizes larger than about 200
atomic units (ideal for PAHs). Smaller and three-dimensional molecules are often moved by
the interaction with the tip and are challenging to resolve. The unprocessed sample showed
a large fraction of these small and three-dimensional molecules that could not be resolved
by NC-AFM. A few PAH (see e.g. Figure 1f, h) and aliphatic chains (see e.g. Figure 1d, g)
could be resolved.

Figure 2 – Molecules imaged from the Murchison extract; for each molecule AFM data (left)
and high-pass filtered AFM data (right) is shown; scale bars are 0.5 nm; reproduced from
[1]
To improve characterization by NC-AFM, a fraction enriched in larger organic compounds
and PAHs was extracted using a procedure based on several trituration and extraction
steps with organic solvents. The treatment increased the fraction of molecules that could
be resolved by AFM significantly, allowing us to identify several organic constituents and
molecular moieties, such as the PAHs and aliphatic chains shown in Figure 2.
In addition, the results obtained by AFM were compared with state-of-the-art mass
spectrometry data. The mass spectrometry results indicated that the molecules resolved
by AFM are representative for the meteorite and the extracted fraction. No novel meteoritic
6
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molecules have been found by NC-AFM in this study. Importantly, the comparison with
mass-spectrometry data and literature corroborated that the single molecules imaged and
identified by NC-AFM are of meteoritic origin.

What’s next?
This study of the Murchison meteorite’s organic molecules showcases the capability of
high-resolution NC-AFM to complement the well-established, gold standards for molecular
structure elucidation, NMR and mass spectrometry, in the isomer-specific identification of
molecules from extraterrestrial samples. NC-AFM might in future reveal very rare molecules
that haven’t yet been identified in meteorite samples. With the multinational team that
investigated the Murchison sample we will continue advancing the characterization and
identifications of molecules of extraterrestrial origin by NC-AFM. After this proof of concept,
we hope to obtain larger samples of different meteorites. We want to improve the chemical
extraction as well as the NC-AFM method for identification of single molecules. We hope to
contribute to a better understanding of the story these molecules can tell us, including hints
about the origin of our Solar System and life on Earth.
Dr. Leo Gross works as a Research Staff Member at IBM
Research Europe – Zurich since 2009. He is the team lead
of the Atom and Molecule Manipulation Group. He pioneered
atomic resolution of single molecules and charge sensing on the
atomic scale by atomic force microscopy (AFM). He develops
and applies AFM and scanning tunnelling microscopy (STM) for
molecule identification, characterization and on-surface synthesis
and for studying charge transfer on the atomic scale.
He studied physics at the Free University of Berlin, at Tulane
University, New Orleans, working in the group of Prof. U. Diebold
and at WWU Muenster, where he obtained his physics diploma in
the group of Prof. H. Fuchs. Leo Gross received his PhD in physics
in 2005 at FU Berlin in the group of Prof. K.-H. Rieder and has
been with the IBM Zurich Research Laboratory since 2005, when
he originally joined as a post-doc in the group of Dr. G. Meyer.
Leo Gross received the Gerhard Ertl Young Investigator Award in
2010, the Feynman Prize for Nanotechnology in 2012 and the Silver
Combustion Medal in 2020. He received an ERC Consolidator
Grant in 2016 and an ERC Synergy Grant, together with Jascha
Repp, University of Regensburg and Diego Peña, University of
Santiago de Compostela, in 2021.
Email: LGR@zurich.ibm.com

7

AstroPAH - April 2022 • Issue 87

Dr. Scott Sandford is a senior laboratory astrophysicist in
the Astrophysics and Astrochemistry Laboratory group at NASA’s
Ames Research Center. He received a BS in Physics and
Mathematics from the New Mexico Institute of Mining and
Technology before doing his PhD work at the McDonnell Center for
Space Sciences at Washington University in St. Louis, Missouri.
For his PhD work, he measured the IR spectra of meteorites and
of cosmic dust particles collected in the stratosphere by NASA high
altitude aircraft. While a grad student, his also made the first of
his three trip to Antarctica to collect meteorites with the Antarctic
Search for Meteorites (ANSMET) program.
After receiving his PhD, he went to NASA’s Ames Research Center
(ARC) as a postdoc, where he worked with Dr. Louis Allamandola
to help start up the ARC Astrochemistry Laboratory. After being
hired permanently by NASA, he has continued to work on various
aspects of laboratory astrochemistry and astrobiology, including
the study of the IR spectral properties of PAHs, the creation of
complex organics from astrophysical ice analogs, and the study
of extraterrestrial samples. He has flown on the Kuiper Airborne
Observatory (KAO) and Stratospheric Observatory for Infrared
Astronomy (SOFIA) and used ground-based and spaceborne
observatories to measure the spectra of PAHs and ices in space.
While at ARC, Dr. Sandford has worked on numerous space
missions, both at the conceptual/design stage and flown missions.
He was a Co-Investigator on NASA’s Stardust and JAXA’s
Hayabusa missions which returned samples to Earth from Comet
81P/Wild 2 and asteroid Itokawa, respectively. He is currently a
CoI on the OSIRIS-REx mission, which is returning samples from
asteroid Bennu to Earth in 2023 and a member of the IOM sample
analysis team on JAXA’s Hayabusa2 mission, which returned
samples from asteroid Ryugu in 2020.
Email: Scott.A.Sandford@nasa.gov
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Visualization and identification of single meteoritic
organic molecules by atomic force microscopy
Katharina Kaiser1 , Fabian Schulz1,11 , Julien F. Maillard2 , Felix Hermann1 ,
Iago Pozo3 , Diego Peña3 , H. James Cleaves II4,5 , Aaron S. Burton6 ,
Gregoire Danger7,8,9 , Carlos Afonso2 , Scott Sandford10 and Leo Gross1
1

IBM Research—Zurich, Rüschlikon 8003, Switzerland
Normandie Univ, COBRA, UMR 6014 et FR 3038 Univ Rouen, INSA Rouen, CNRS IRCOF, 1 Rue Tesnière,
Mont-Saint-Aignan Cedex 76821, France
3
Departamento de Quı́mica Orgánica, Centro Singular de Investigacı́on en Quı́mica Biolóxica e Materiais
Moleculares (CiQUS), Universidade de Santiago de Compostela, Santiago de Compostela 15782, Spain
4
Earth-Life Science Institute, Tokyo Institute of Technology, 2-12-1-IE-1 Ookayama, Meguro-ku, Tokyo
152-8550, Japan
5
Blue Marble Space Institute for Science, 1001 4th Ave, Suite 3201, Seattle, Washington 98154, USA
6
Astromaterials Research and Exploration Science Division, NASA Johnson Space Center, MS XI-3, Houston,Texas 77058, USA
7
Laboratoire de Physique des Interactions Ioniques et Moléculaires (PIIM), CNRS, Aix-Marseille Université,
Marseille, France
8
CNRS, CNES, LAM, Aix-Marseille Université, Marseille, France
9
Institut Universitaire de France, Paris, France
10
Space Science Division, NASA Ames Research Center, MS 245-6, Moffett Field, California 94035, USA
11
Present Address: Fritz Haber Institute of the Max Planck Society, Berlin 14195, Germany
2

Using high-resolution atomic force microscopy (AFM) with CO-functionalized tips, we
atomically resolved individual molecules from Murchison meteorite samples. We analyzed
powdered Murchison meteorite material directly, as well as processed extracts that we
prepared to facilitate characterization by AFM. From the untreated Murchison sample, we
resolved very few molecules, as the sample contained mostly small molecules that could
not be identified by AFM. By contrast, using a procedure based on several trituration and
extraction steps with organic solvents, we isolated a fraction enriched in larger organic
compounds. The treatment increased the fraction of molecules that could be resolved by
AFM, allowing us to identify organic constituents and molecular moieties, such as polycyclic
aromatic hydrocarbons and aliphatic chains. The AFM measurements are complemented
by high-resolution mass spectrometry analysis of Murchison fractions. We provide a proof
of principle that AFM can be used to image and identify individual organic molecules from
meteorites and propose a method for extracting and preparing meteorite samples for their
investigation by AFM. We discuss the challenges and prospects of this approach to study
extraterrestrial samples based on single-molecule identification.
E-mail: LGR@zurich.ibm.com
Meteoritics & Planetary Science, Volume 57, Issue 3 (2022)
https://doi.org/10.1111/maps.13784
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Water clusters in interaction with corannulene in a rare
gas matrix: structures, stability and IR spectra
Heloı̈se Leboucher1 , Joëlle Mascetti2 , Christian Aupetit2 , Jennifer A.
Noble3 and Aude Simon1
1

Laboratoire de Chimie et Physique Quantiques, Fédération FeRMI, CNRS, Université Paul Sabatier, Toulouse, France
2
Institut des Sciences Moléculaires, CNRS, Université de Bordeaux, Talence, France
3
Laboratoire de Physique des Interactions Ioniques et Moléculaires, CNRS, Aix-Marseille Université, Marseille,
France

The interaction of polycyclic aromatic hydrocarbons (PAHs) with water is of paramount
importance in atmospheric and astrophysical contexts. We report here a combined
theoretical and experimental study of corannulene-water interactions in low temperature
matrices and of the matrix’s influence on the photoreactivity of corannulene with water. The
theoretical study was performed using a mixed density functional based tight binding/force
field approach to describe the corannulene-water clusters trapped in an argon matrix,
together with Born-Oppenheimer molecular dynamics to determine finite-temperature IR
spectra. The results are discussed in the light of experimental matrix isolation FTIR
spectroscopic data. We show that in the solid phase, pi isomers of (C20 H10 )(H2 O)n , with
n = 2 or 3, are energetically favored. These pi complexes are characterized by small
shifts in corannulene vibrational modes and large shifts in water bands. These pi structures,
particularly stable in the case of the water trimer where the water cluster is trapped “inside”
the corannulene bowl, may account for the difference in photoreactivity of non-planarcompared to planar-PAHs with water. Indeed, planar PAHs such as pyrene and coronene
embedded in H2 O:Ar matrices form sigma isomers and react with water to form alcohols
and quinones under low energy UV irradiation, whereas no photoreactivity was observed for
corannulene under the same experimental conditions.
E-mail: aude.simon@irsamc.ups-tlse.fr
PHOTOCHEM, 2:237 (2022)
https://doi.org/10.3390/photochem2020018
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Open questions on the interaction dynamics of molecules and clusters in the gas phase
Michael Gatchell1,2 and Henning Zettergren1
1

Department of Physics, Stockholm University, 106 91 Stockholm, Sweden
Institut für Ionenphysik und Angewandte Physik, Universität Innsbruck, Technikerstr. 25, A-6020 Innsbruck,
Austria
2

Emerging experimental techniques combined with theoretical advances allow unprecedented studies of the dynamics of gas phase molecules and clusters induced in interactions
with photons, electrons, or heavy particles. Here, the authors highlight recent advances, key
open questions, and challenges in this field of research with focus on experimental studies
of dynamics of ions stored on millisecond timescales and beyond, and its applications in
astrochemistry and astronomy.

Figure 3 – Examples of dynamics and timescales discussed in this communication.
E-mail: henning@fysik.su.se
Communications Chemistry, 5:28 (2022)
https://doi.org/10.1038/s42004-022-00646-y
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Threshold Photoelectron Spectroscopy of Quinoxaline,
Quinazoline, and Cinnoline
Domenik Schleier1,2 ,
Bouwman4,5,6

Patrick Hemberger3 ,

Andras Bodi3 and

Jordy

1

Laboratory for Astrophysics, Leiden Observatory, Leiden University, NL 2300 RA Leiden, The Netherlands
Mass Spectrometry in Reactive Flows, Institute for Combustion and Gas Dynamics (IVG), Universität
Duisburg-Essen, Duisburg 47057, Germany
3
Laboratory for Synchrotron Radiation and Femtochemistry, Paul Scherrer Institut, 5232 Villigen, Switzerland
4
Laboratory for Atmospheric and Space Physics, University of Colorado, Boulder, CO 80303, USA
5
Department of Chemistry, University of Colorado, Boulder, CO 80309, USA
6
Institute for Modeling Plasma, Atmospheres and Cosmic Dust (IMPACT), NASA/SSERVI, Boulder, CO 80309,
USA
2

The threshold photoelectron spectra of cinnoline, quinazoline, and quinoxaline, three small
naphthalene-analogue polycyclic nitrogen-containing hydrocarbons of C8 H6 N2 composition,
were recorded. The spectra are assigned to understand their electronic structure and
the role of isomerism. Furthermore, this work provides reference data for the selective
identification of such species as gas-phase reaction products at low number densities.
Imaging photoelectron photoion coincidence spectroscopy was used at the VUV beamline
of the Swiss Light Source to record the spectra from the ionization onset to 12 eV. To assign
and interpret the spectral features, we relied on (time-dependent) density functional theory
and EOM-IP-CCSD calculations and computed vertical and adiabatic ionization energies as
well as Franck–Condon factors to simulate ground- and excited-state spectra. Vibrational
progressions belonging to four electronic states could be simulated in each of the samples,
and we report a total of 12 adiabatic ionization energies, including the ones to the ground
and excited cation states. Such a wealth of spectral information, as well as the reliable ab
initio modeling, is promising with regards to analytical applications. While cinnoline can be
easily distinguished by its lowest adiabatic ionization energy, quinazoline and quinoxaline
show different vibrational fingerprints, which can be used to distinguish the three isomers
even in complex reaction mixtures. Finally, we also relate the cation electronic states to
the neutral molecular orbitals and note that Koopmans’ approximation fails in these N2 containing species very much like it does in N2 .
E-mail: Jordy.Bouwman@colorado.edu
The Journal of Physical Chemistry A, 2022
https://doi.org/10.1021/acs.jpca.2c01073

12

AstroPAH - April 2022 • Issue 87

Electronic Spectroscopy of Monocyclic Carbon Ring
Cations for Astrochemical Consideration
Johanna Rademacher1 , Elliott S. Reedy1 and Ewen K. Campbell1
1

School of Chemistry, University of Edinburgh, Scotland

Gas phase electronic spectra of pure carbon cations generated by laser vaporization of
graphite in a supersonic jet and cooled to below 10 K and tagged with helium atoms in a
cryogenic trap are presented. The measured C2n + – He with n from 6 to 14, are believed to
be monocyclic ring structures and possess an origin band wavelength that shifts linearly with
the number of carbon atoms, as recently demonstrated through N2 tagging by Buntine et al.
(J. Chem. Phys. 2021, 155, 214302). The set of data presented here further constrains the
spectral characteristics inferred for the bare C2n + ions to facilitate astronomical searches for
them in diffuse clouds by absorption spectroscopy.
E-mail: e.k.campbell@ed.ac.uk
The Journal of Physical Chemistry A, 126:2127 (2022)
https://doi.org/10.1021/acs.jpca.2c00650
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Radiative relaxation in isolated large carbon clusters:
vibrational emission versus recurrent fluorescence
Ozan Lacinbala1 , Florent Calvo2 , Clément Dubosq3 , Cyril Falvo2 , Pascal
Parneix1 , Mathias Rapacioli3 , Aude Simon3 and Thomas Pino1
1

Institut des Sciences Moléculaires d’Orsay (ISMO), Université Paris-Saclay, CNRS, Orsay, France
Université Grenoble-Alpes, CNRS, LIPhy, Grenoble, France
3
Laboratoire de Chimie et Physique Quantiques, Fédération FeRMI, Université de Toulouse, CNRS, France
2

Since the detection of C60 and C70 fullerenes in various interstellar environments, their
formation mechanism has been adressed in interstellar clouds and outflows of carbon stars.
These mechanisms involve carbon clusters en route to fullerenes production. Carbon
clusters are usually classified among four families according to their structural shape:
cages, flakes, pretzel and branched [1]. The electronic and vibrational structure of several
thousands of C24 , C42 and C60 carbon clusters have been investigated in previous works
[2,3]. Their low-lying excited electronic energies are similar to vibrational frequencies,
allowing excited electronic states to be occupied (through inverse internal conversion) during
the radiative cooling of carbon clusters induced by a star-photon absorption. Therefore,
recurrent fluorescence (also called Poincaré fluorescence [4]) could occur in cosmic carbon
clusters.
In this work, we simulated the radiative cooling of C24 , C42 and C60 carbon clusters through
vibrational emission and recurrent fluorescence by a kinetic Monte Carlo method with density
of vibrational states computed in the harmonic approximation. We investigated the recurrent
fluorescence efficiency in terms of the internal energy, size and family of carbon clusters.
The behaviors predicted for clusters of various sizes and archetypal structures indicate
that the IR emission spectra are strongly influenced by recurrent fluorescence, an energy
gap law being obtained for the evolution of the recurrent fluorescence rate constant
depending on the electronic excitation state. The present results are relevant to the
photophysics of the interstellar medium and could contribute to elucidating the carriers of
the extended red emission bands and the continuum emission lying below the aromatic
infrared bands believed to originate from mixed aromatic-aliphatic compounds.
[1] Maëlle A. Bonnin et al. Phys. Rev. A 99, 042504
[2] Clément Dubosq et al. A&A 625, L11 (2019)
[3] Clément Dubosq et al. A&A 634, A62 (2020)
[4] A. Léger, P. Boissel, and L. d’Hendecourt, Phys. Rev. Lett. 60, 921
E-mail: thomas.pino@universite-paris-saclay.fr
The Journal of Chemical Physics, 156:144305 (2022)
https://aip.scitation.org/doi/10.1063/5.0080494
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Infrared spectroscopy of the benzylium-like (and tropylium-like) isomers formed in the –H dissociative ionization
of methylated PAHs
Gabi Wenzel1,a , Aude Simon2 , Shreyak Banhatti3 , Pavol Jusko1,b ,
Stephan Schlemmer3 , Sandra Brünken4 and Christine Joblin1
1

Institut de Recherche en Astrophysique et Planétologie (IRAP), Université Toulouse III - Paul Sabatier, CNRS,
CNES, Toulouse, France
2
Laboratoire de Chimie et Physique Quantiques (LCPQ), Fédération FeRMI, CNRS & Université Toulouse III Paul Sabatier, Toulouse, France
3
I. Physikalisches Institut, Universität zu Köln, Köln, Germany
4
Radboud University, Institute for Molecules and Materials, FELIX Laboratory, Nijmegen, The Netherlands

Figure 4 – Methyl-PAH precursors and their possible –H fragments together with the
summed IR predissociation spectrum, highlighting the 6.2 µm band. Credits for the
background image of the Orion Bar: SCIENCE: NASA, ESA, Massimo Robberto (STScI,
ESA), Hubble Space Telescope Orion Treasury Project Team, IMAGE PROCESSING:
Alyssa Pagan (STScI).
Cationic benzylium and tropylium are known to be two competitive isomers for the –H
fragment of the methylbenzene (toluene) cation. Methylated polycyclic aromatic hydrocarbon
(PAH) cations are expected to be abundant in space and their dehydrogenation could lead
to the formation of both the benzylium- and tropylium-like cations, which are expected to
be the two lowest-energy isomers. Here, we considered 1-methylpyrene and two less
compact acene-substituted species, namely 2-methylnaphthalene and 2-methylanthracene,
as precursors. The cationic –H fragments, C17 H11 + , C11 H9 + , and C15 H11 + , were produced
by dissociative ionization, and their neon tagged complexes were formed in the 22-pole
cryogenic ion trap instrument FELion that is coupled to the FELIX free electron laser. Infrared
(IR) predissociation spectroscopy was performed showing that the strongest depletion band
is located at about 1620 cm-1 , which reveals the predominance of the benzylium-like, XCH2 + ,
isomers, where X = Pyr, Nap, or Ant. Saturation depletion measurements showed that only
this isomer is present in the case of C17 H11 + , whereas for the acene-derived species at
least two are present with a large abundance. Synthetic spectra were generated from the
theoretical anharmonic IR spectra of the two lowest-energy isomers, namely XCH2 + and
the tropylium-like isomers, XC7 + . Spectral comparison led us to conclude that there is no
evidence for PyrC7 + but clear evidence for NapC7 + . No specific spectral features could be
15
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identified for AntC7 + due to a high spectral congestion. These results support the important
role of PAH compactness in preventing the formation of XC7 + species. They also reveal the
potential of XCH2 + species to account for the aromatic infrared band observed in emission
at 6.2 µm in astrophysical environments.
E-mail: gabi.wenzel@phys.au.dk, christine.joblin@irap.omp.eu
Journal of Molecular Spectroscopy, 385:111620 (2022)
http://doi.org/10.1016/j.jms.2022.111620
https://authors.elsevier.com/c/1ess∼ WRUHYlg
a

Currently at Center for Interstellar Catalysis (InterCat), Department of Physics and Astronomy, Aarhus University, Aarhus C, Denmark.
b
Currently at Max-Planck-Institut für extraterrestrische Physik, Garching, Germany.
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Linking Characteristics of the Polycyclic Aromatic Hydrocarbon Population with Galaxy Properties: A Quantitative Approach Using the NASA Ames PAH IR Spectroscopic Database
Alexandros Maragkoudakis1,2 , Christiaan Boersma1 ,
Jesse Bregman1 and Louis John Allamandola1
1
2

Pasquale Temi1 ,

NASA Ames Research Center, MS 245-6, Moffett Field, CA 94035-1000, USA
Oak Ridge Associated Universities, Oak Ridge, TN, USA

Utilizing the data and tools provided through the NASA Ames PAH IR Spectroscopic
Database (PAHdb), we study the PAH component of over 900 Spitzer -IRS galaxy spectra.
Employing a database-fitting approach, the average PAH size, the PAH size distribution, and
PAH ionization fraction are deduced. In turn, we examine their connection with the properties
of the host galaxy. We found that PAH population within galaxies consists of middle-sized
PAHs with an average number of carbon atoms of NC = 55, and a charge state distribution of
∼40% ionized – 60% neutral. We describe a correlation between the 6.2/11.2 µm PAH ratio
with the ionization parameter (γ ≡ (G0 /ne )(Tgas / 1 K)0.5 ), a moderate correlation between the
8.6/11.2 µm PAH ratio and specific star-formation rate, and a weak anti-correlation between
γ and M∗ . From the PAHdb decomposition we provide estimates for the 3.3 µm PAH band,
not covered by Spitzer observations, and establish a correlation between the 3.3/11.2 µm
PAH ratio with NC . We further deliver a library of mid-IR PAH template spectra parameterized
on PAH size and ionization fraction, which can be used in galaxy spectral energy distribution
fitting codes for the modeling of the mid-IR PAH emission component in galaxies.
E-mail: maragkoudakis.alex@gmail.com
The Astrophysical Journal (2022)
https://arxiv.org/abs/2204.05292
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Effect of Microhydration on the Temporary Anion States
of Pyrene
Aude Lietard1 and Jan R. R. Verlet1
1

Department of Chemistry, Durham University, Durham DH1 3LE, United Kingdom

The influence of incremental hydration (≤4) on the electronic resonances of the pyrene anion
is studied using two-dimensional photoelectron spectroscopy. The photoexcitation energies
of the resonances do not change; therefore, from the anion’s perspective, the resonances
remain the same, but from the neutral’s perspective of the electron–molecule reaction,
the resonances decrease in energy by the binding energy of the water molecules. The
autodetachment of the resonances shows that hydration has very little effect, showing that
even the dynamics of most of the resonances are not impacted by hydration. Two specific
resonances do show changes that are explained by the closing of specific autodetachment
channels. The lowest-energy resonance leads to efficient electron capture as observed
through thermionic emission and evaporation of water molecules (dissociative electron
attachment). The implications of low-energy electron capture in dense molecular interstellar
clouds are discussed.
E-mail: j.r.r.verlet@durham.ac.uk
Journal of Physical Chemistry Letters 13, 3529 (2022)
http://https://pubs.acs.org/doi/10.1021/acs.jpclett.2c00523
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CRIRES high-resolution near-infrared spectroscopy of
diffuse interstellar band profiles
A. Ebenbichler1 , A. Postel1 , N. Przybilla1 , A. Seifahrt2 , D. Weßmayer1 ,
W. Kausch1 , M. Firnstein3 , K. Butler4 , A. Kaufer5 and H. Linnartz6
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3
Dr. Karl Remeis-Sternwarte & Erlangen Centre for Astroparticle Physics, Friedrich-Alexander-Universität
Erlangen-Nürnberg, Bamberg, Germany
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LMU München, Universitätssternwarte, München, Germany
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European Southern Observatory, Santiago, Chile
6
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Figure 5 – Image of the ISM bubble on the sight line towards HD 183143 in the WISE W4
(22 µm, right) band. The orange lines visualise the extent of the major and minor axis of the
bubble. PAHs could explain the high luminosity in the W4 band at the edge of the bubble,
as well as the strong DIBs and the strong UV-bump in the sight line towards HD 183143.
Credits: WISE (University of California, Los Angeles, and the Jet Propulsion
Laboratory/California Institute of Technology/NASA), Aladin (CDS/Strasbourg
Observatory). Reproduced with permission from Astronomy & Astrophysics, © ESO
Aims. A high spectral resolution investigation of diffuse interstellar bands (DIBs) in the
near-infrared (YJ band) is conducted to test new methods, to confirm and improve existing
parameters, and to search for new DIBs.
Methods. The CRyogenic high-resolution InfraRed Echelle Spectrograph (CRIRES) on
the European Southern Observatory’s Very Large Telescope was employed to obtain
spectra of four reddened background supergiant stars (HD 183143, HD 165784, HD 92207,
HD 111613) and an unreddened comparison star (HD 87737) at the highest resolution
of R ≈ 100 000 currently achievable at near-infrared wavelengths, more than twice as
high as accomplished in previous near-infrared DIB studies. The correction for telluric
absorption was performed by a modelling approach. Non-local thermodynamic equilibrium
spectral modelling of available optical and the new near-infrared stellar spectra facilitated
a comprehensive characterisation of the atmospheric properties of the background stars.
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As a consequence, a more precise and accurate determination of the reddening and the
reddening law along the respective sight lines could be achieved than feasible before by
comparison of the observed and model spectral energy distributions. For DIBs that overlap
with stellar lines the DIB profile shapes could be recovered.
Results. Seventeen known near-infrared DIBs were confirmed, and 12 previously unknown
and generally weaker DIBs were identified in the YJ band. Three DIBs that show uniform
profiles along all sight lines were identified, possibly connected to transitions from a common
lower state of the same carrier. The divergent extinction curve towards the frequently
discussed DIB standard star HD 183143 could be reproduced for the first time, requiring
extra absorption by ∼3.5 mag due to polycyclic aromatic hydrocarbons (PAHs) to match
the ultraviolet extinction bump. This extra absorption probably stems from a circumstellar
bubble lying in front of the star which is intersected tangentially by the line of sight, making
this particular sight line more peculiar than standard.
E-mail: Alexander.Ebenbichler@uibk.ac.at
Astronomy & Astrophysics, accepted (2022)
https://doi.org/10.1051/0004-6361/202142990
https://doi.org/10.48550/arXiv.2203.12562
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The gas-phase infrared spectra of the 2-methylallyl
radical and its high-temperature reaction products
Tobias Preitschopf1 , Florian Hirsch1 , Alexander K. Lemmens2 , Anouk M.
Rijs2 , Ingo Fischer1 ,
1
2

Institute of Physical and Theoretical Chemistry, University of Würzburg, Würzburg, Germany
Radboud University, Institute for Molecules and Materials, FELIX Laboratory, Nijmegen, The Netherlands

The resonance-stabilized 2-methylallyl radical, 2-MA, is considered as a possible
intermediate in the formation of polycyclic aromatic hydrocarbons (PAHs) in combustion
processes. In this work, we report on its contribution to molecular growth in a hightemperature microreactor and provide mass-selective IR/UV ion dip spectra of the radical, as
well as the various jet-cooled reaction products, employing free electron laser radiation in the
mid-infrared region. Small (aromatic) hydrocarbons such as fulvene, benzene, styrene, or
para-xylene, as well as polycyclic molecules, like (methylated) naphthalene, were identified
with the aid of ab initio DFT computations. Several reaction products differ by one or more
methyl groups, suggesting that molecular growth is dominated by (de)methylation in the
reactor.
E-mail: ingo.fischer@uni-wuerzburg.de
Phys. Chem. Chem. Phys., 24:7682-7690 (2022)
https://doi.org/10.1039/D2CP00400C
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THESIS
Polycyclic aromatic hydrocarbons: Laboratory infrared
signatures of astrochemical evolution
Alexander K. Lemmens
Institution: Van ’t Hoff Institute for Molecular Sciences (HIMS), Universiteit van Amsterdam,
Amsterdam, The Netherlands
Institution: FELIX Laboratory, Radboud University, Nijmegen, The Netherlands
Advisor: Prof. dr. Anouk M. Rijs (Vrije Universiteit, Amsterdam)
Advisor: Prof. dr. Wybren Jan Buma (Universiteit van Amsterdam, Amsterdam)

We are surrounded by carbon, even made of it. The ability of carbon to form multiple
saturated and unsaturated bonds allows it to have a very rich chemistry. In fact, most of
the larger molecules detected in space contain carbon. Moreover, towards many phases
of stellar evolution, telescopes observe distinct infrared emission features named aromatic
infrared bands (AIBs) that originate from Polycyclic Aromatic Hydrocarbons (PAHs). In this
thesis studies are reported that address key aspects of the identification of these PAHs as
well as their ‘rise and fall’.
Analysis of the afore mentioned emission spectra indicates that a small set of particularly
stable, large and compact PAHs referred to as grandPAHs dominate the PAH population. So
far, the intrinsic properties of grandPAHs under astronomically relevant conditions — clearly
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crucial for interpreting AIBs — have remained out of reach. In my studies I have used laser
desorption to bring non-volatile molecules into the gas phase under astronomically relevant
conditions and the infrared-free-electron laser FELIX to characterize the infrared spectral
features over a wide wavelength range. These studies provide a solid basis for astronomers
to narrow down the hypothesized PAH population to more specific families.
As yet, there are many unresolved questions of the PAH formation chemistry. As a
result, densities of PAHs in the interstellar medium are consistently underestimated. In this
thesis major insight has been obtained on this by identifying with mass-selective infrared
spectroscopy the discharge reaction products of two simple aromatic molecules.
Finally, the unique advantages of infrared spectroscopy to determine the structure of
weakly bound complexes has been employed to study how PAHs interact with other PAHs
by π – π stacking and how PAHs interact with water. Both interactions are crucial for
understanding the chemistry of PAHs under non-isolated conditions such as occurring in
interstellar dust grains. Apart from linking the gaseous and solid form of carbon in the
universe, also supramolecular chemistry, materials science and biochemistry benefit from
a detailed understanding of these intermolecular, non-covalent interactions.
Christmas 2021 marks the launch of the James Webb Space Telescope, a unique
observation platform that is expected to revolutionize our understanding of the Universe. The
interpretation of the observations that will be made with this instrument is critically dependent
on laboratory studies. The present thesis forms in this respect an important contribution to
the body of knowledge needed to come to a consistent interpretation.
E-mail: lemmens.sander@gmail.com
Website: https://hdl.handle.net/11245.1/6ffd3812-3f76-4bd1-a06f-090fadaa94c4
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