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Dear Colleagues,

Welcome to our 89th AstroPAH volume! We hope all of you are healthy and doing well!

Laboratory astrophysics is at the forefront of our newsletter this month, with an In Focus
written by Dr. Sergio Ioppolo from Queen Mary University. Many thanks to Sergio for writing
this extensive review on the Laboratory Ice Surface Astrophysics and Free-Electron Lasers
for Infrared eXperiments Facility, showcasing the important work being done to study space-
relevant ices and their interactions with IR and THz light.

Many thanks as well to all of you for your many abstract contributions this month!
They cover a very wide range of topics, from fragmentation of PAHs and laboratory-driven
spectroscopic measurements, to spectroscopic detections, including a report of the first
detection of fullerenes in a meteoritic sample, which is also featured in our front cover.
This detection was made possible using sensitive laser desorption laser ionization mass
spectrometry.

Check out Dr. Edina Reizer’s doctoral dissertation on benzo(a)pyrene and growth
mechanisms of PAHs, and a PhD opportunity advertised by Dr. Annemieke Petrignani to
study astrochemically-relevant photochemistry within the Molecular Photonics Group at the
Van’t Hoff Institute for Molecular Science at the University of Amsterdam.

If you are on Instagram, be sure to check out our next PAH of the Month!

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, Picture of the Month, or other ideas, feel free to use our
email.

The Editorial Team

Next issue: 21 July 2022.
Submission deadline: 8 July 2022.
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LISA
The Laboratory Ice Surface Astrophysics

End-Station at HFML-FELIX

by Sergio Ioppolo

Is life part of the natural evolution of the Universe or are we alone? One of the greatest
challenges of science is to explain the origins of life on Earth and understand whether
life exists elsewhere in space. The recent advent of modern observatories, for example,
the ground-based Atacama Large Millimeter/submillimeter Array (ALMA), the airborne
Stratospheric Observatory for Infrared Astronomy (SOFIA), and the spaceborne Spitzer
Space Telescope (Spitzer ), combined to complementary progresses in astrochemical
models and laboratory experiments have established that complex organic molecules
(COMs), that are carbon-bearing species with ≥ 6 atoms, are formed abundantly in the
interstellar medium (ISM) and our Solar System. It is understood that, throughout the whole
process of molecule formation in space, there is a strong interplay between species in the
gas phase and molecules in the solid phase, that are frozen on the surface of interstellar
dust particles, also known as interstellar grains [1]. Although chemical reactions occur
both in the gas and solid phase, the physical and chemical conditions in regions where
stars and planets are born affect the formation and survival of molecules in space [2].
In general, gas-phase reactions are dominant in warmer regions of the ISM such as hot
cores, that are regions where stars form, while solid phase reactions mainly occur in colder
and denser environments such as interstellar clouds and accretion disks, where interstellar
grains provide a surface onto which gas species can accrete, meet, and react and to which
they can donate excess energy. Therefore, ice dust grains act both as a molecular reservoir
and as a catalytic site. Nevertheless, to date, it is not fully understood to what extent ice
grains are the place where COMs directly form and are stored before inclusion into planets
and minor ice bodies, or whether interstellar ices simply feed the gas with the precursors
of COMs that are subsequently formed through gas-phase reactions [3]. Based on our
current knowledge of the star formation process, a combination of the two aforementioned
hypothesis is a likely scenario with molecules cycling between solid and gas phase prior to
their inclusion in Solar-like systems.

Although more than 200 molecules have been unambiguously identified in space in the
gas phase thus far, only a handful are also detected on ice grains because, for instance,
telluric contamination severely limits infrared (IR) ground-based observations of ice material
in space. Moreover, space-borne missions that studied interstellar ice grains have been
limited in number and scope (e.g., Infrared Space Observatory (ISO) and Spitzer ), allowing
for the clear detection of a few abundant simple species in the solid phase only. Observations
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of larger ice-molecular species is also challenged by spectral confusion in the IR that occurs
when different molecules have one or more functional groups with similar spectral features.
However, the high sensitivity and appropriate spectral resolution of the James Webb
Space Telescope (JWST) combined to complementary ALMA observations will increase
chances to detect and trace COMs both in the solid and the gas phase, respectively [4, 5].
Particularly, JWST will be able to observe spectral characteristics depending on different ice
morphologies, thermal histories, and mixing environments in star-forming regions, beyond
simply measuring feature width and peak position. The large amount of new observational
data that will be provided by JWST in the next months and years can only be correctly
interpreted if a parallel effort is made in laboratories. Therefore, there is now an urgent need
for new emerging laboratory techniques to better understand the physicochemical processes
driving the molecular nature of our Universe, while matching and guiding large astronomical
datasets.

In the cold starless interstellar medium, dust grains are continuously bombarded by
atoms (mostly hydrogen), radicals, and molecules accreting onto their surface. Atom-
and radical-addition surface reactions induced by the ice layer accretion at 10 – 20 K
(hereinafter referred to as ‘non-energetic’ processing because of the low energies involved
in the process that are in the order of milli-electron volts (meV)) dominate the chemistry
of interstellar ices. Specifically, surface chemical reactions can be broken down into various
elementary processes, namely, adsorption, diffusion, dissociation, product formation, energy
dissipation, and desorption. Starting from the formation of molecular hydrogen (H2),
such chemistry leads to the emergence of interstellar water (H2O), ammonia (NH3),
methane (CH4), carbon dioxide (CO2), formaldehyde (H2CO), formic acid (HCOOH), and
methanol (CH3OH) [6, 7]. Recent laboratory experiments showed that COMs with multiple
carbon atoms and life-related species such as glycine can form through non-energetic ice
processing [8, 9]. In space, dust grains covered in icy material are also continuously
exposed to ‘energetic’ processing such as cosmic rays, electrons, UV photons, thermal
heating, and shocks from a nascent (or dying) star. All these ‘(non)energetic’ processes
have something in common, that is the ability to inject excess energy into the ice target
causing physicochemical changes within the grain mantle including formation, destruction,
and desorption of molecules and consequent modifications of the structure of ice grains
[10]. To date, however, little is known about how the energy released into an ice grain after
a surface reaction or cosmic ray interaction dissipates within the grain. Energy transfer and
dissipation mechanisms can influence the morphology and composition of interstellar ices
by inducing diffusion, dissociation, product formation, and desorption. Recent advances
in laboratory astrochemistry at free-electron lasers can provide unprecedented details on
morphologies and dynamics within interstellar ice analogs.

HFML-FELIX Facility

The Free-Electron Lasers for Infrared eXperiments (FELIX) Laboratory is a user facility
recently joined with the High Field Magnet Laboratory (HFML) at the Radboud University
Nijmegen in the Netherlands. A free-electron laser (FEL) is a fourth generation synchrotron
light source producing extremely intense and short pulses of synchrotron radiation. FELs
function and behave in many ways like lasers, but instead of using stimulated emission
from atomic or molecular excitations, they employ relativistic electrons as a gain medium.
Synchrotron radiation is generated as a bunch of electrons passes through a magnetic
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structure called undulator. In an FEL, this radiation is further amplified, thus allowing
an exponential increase in overall radiation intensity. The FELIX Laboratory employs
four different infrared (IR) and terahertz (THz) free-electron lasers (FELIX-1 (30 – 150
µm), FELIX-2 (3 – 45 µm), FLARE (1000 – 1500 µm), and FELICE (5 – 100 µm)) to
investigate their interaction with molecules and materials, while creating extreme conditions
and driving matter into previously inaccessible phases with myriad applications in analytical
ion spectroscopy, astrochemistry, cluster science, ion chemistry/mass spectrometry, and
magneto-optics. FELIX is a highly demanded user facility with typically a hundred
researchers performing their experiments annually. Most FELIX end stations are developed
and exploited by in-house scientists, however few regular users maintain their own
permanent end-stations connected to one or more FELs available at the facility. All end-
stations may be used by external users upon request. The FELIX Laboratory is open
to scientists from all over the world through an online submission system with biannual
deadlines. Proposals are evaluated by a Program Advisory Committee (PAC), advising the
FELIX management. The main evaluation criteria are scientific soundness, interest, novelty,
and a well-reasoned need for the unique capabilities of the FELIX suite of accelerator
driven light sources. To date, support for travel and subsistence is provided by means
of the European Union Horizon 2020 project Laserlab-Europe. Dedicated support to UK-
based scientists is currently available through the EPSRC funded Mid-Range National
Research Facility (NRF) FELIX and the FLUENCE: Felix Light for the UK: Exploiting Novel
Characteristics and Expertise grant.

LISA End-Station at HFML-FELIX

Dr. S. Ioppolo (Queen Mary University of London, UK) is the owner and is solely
responsible for the Laboratory Ice Surface Astrophysics (LISA) end station, an ultrahigh
vacuum (UHV) setup dedicated to astrochemical studies of space-relevant ices and their
interactions with IR and THz light (see Figure 1). LISA is designed and optimized to perform
selective IR/THz radiation of space relevant molecules in the solid phase when coupled
to FELIX-1 and -2 at HFML-FELIX. To date, LISA has attracted national and international
attention, especially within the astrochemical community, with many successful beamtime
applications and users from the Netherlands, United Kingdom, Denmark, and India. What
makes LISA unique is its ability to combine some of the latest advances in surface
science applied to laboratory astrochemistry with the wide tunability, high average and peak
power, short pulses, and controllable repetition rate of free-electron lasers. This innovative
approach in solid-state astrochemistry opens the door to a series of research programs
focused on studying how vibrational energy is selectively absorbed in the solid phase and
dissipates in amorphous and crystalline ice materials. LISA can investigate the effect of
IR photons, that are ubiquitous even in the denser regions of the ISM, on the structure of
interstellar ices. It can help understand how excess energy produced by ‘(non)energetic’
processing of ices can be vibrationally absorbed and dissipated by molecules causing
structural and phase changes in ices as well as diffusion and desorption of solid species, and
surface chemistry as recently observed when PAHs and their hydrogenated counterparts are
mixed in interstellar ices.

LISA is currently located at the multi-purpose station with an optical table (User Station 8),
but it will soon be relocated to a more permanent bay (Station 1). A dedicated UHV
dosing line is used to prepare pure gases and gas mixtures prior to their dose inside the
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Figure 1 – Picture (left) and schematic top-view (right) of the LISA end station at
HFML-FELIX.

main chamber. Gas mass-independent gauges are used during gas mixture preparation
to ensure reproducibility of selected mixing ratios. The dosing line is designed to deposit
simple inorganic as well as complex organic space-relevant species. Gases are introduced
in the main chamber through an all-metal leak valve and deposited via background (non-
directional) deposition onto a custom-made oxygen-free high thermal conductivity (OFHC)
copper substrate at the center of the chamber with an optically flat face coated in gold
to ensure maximal reflection in the IR-THz spectral range. In thermal contact with the
substrate, a closed-cycle helium cryostat system is coupled to a silicon diode, cartridge
heaters and a temperature controller to regulate the substrate temperature in the range 15
– 300 K. A rotation stage and an XYZ-manipulator are used for alignment purposes and
to allow FEL irradiation of the gold-coated surface at different spots of the substrate. In
this configuration, once a selected ice is deposited, FELIX irradiation can be carried-out
at multiple unirradiated spots of the same deposited ice, maximizing the use of beamtime
shifts and allowing for more systematic and reproducible studies. A series of windows of
different materials mounted on UHV gate valves are placed in series together with a blank
gate valve in the FEL beam path before the chamber to allow for a faster change between
FELIX-1 and -2 during a single shift (i.e., 8 hours of beamtime) with no need for opening the
vacuum line. Analytical tools used at present are a Fourier-Transform Infrared spectrometer
(Bruker Vertex 80v) configured in reflection-absorption mode to monitor the ice in-situ, and
a residual gas analyzer mass spectrometer (Hiden Analytical) facing the substrate to detect
molecules desorbing from the ice surface by means of thermal and/or IR/THz vibrationally
excited desorption. A 5 keV electron gun (Kimball Physics) used for the energetic processing
of selected samples and a custom-made effusion cell employed to deposit more refractory
material such as PAHs and amino acids are available upon request to users. Thus far,
LISA has demonstrated unique capabilities at FELIX Laboratory being used to investigate
selective IR-induced spectral changes in interstellar ices, phase change behavior in specific
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interstellar molecules, selective IR-induced diffusion of interstellar molecules, desorption
induced upon vibrational excitation of interstellar molecules, energy transfer induced by
excitation and propagation of vibrational modes, and selective IR-induced chemistry in
PAHs. However, a wider range of applications is underway. Toward the end of 2022, a new
cryocooler will be mounted to extend the operational temperature range between 5-500 K
allowing for the deposition and study of larger ‘sticky’ molecules as well as the investigation
of some of the lowest temperatures typical of dense cores in space. Moreover, a high-
sensitivity, time-resolved quadrupole mass spectrometer (HAL/3F from Hiden) will replace
the existing one enabling the detection of IR-photodesorption transient events during pump-
probe experiments, where FEL will be the pump and the QMS the probe. Laboratory
results are supported by molecular dynamics and Monte Carlo simulations provided by
computational chemistry groups such as the one of Prof. Herma Cuppen at the Radboud
University Nijmegen in the Netherlands.

Among possible future research directions for LISA at HFML-FELIX are the investigation
of the fundamental physicochemical processes (e.g., diffusion, segregation, reaction,
and desorption) that regulate the presence of prebiotic species in space by combining
FELIX-1 and -2 and tabletop ultrafast laser techniques to time-resolve transient events
during selective IR/THz radiation experiments in the solid phase. THz time-domain (TD)
spectroscopy and single-shot detection techniques can potentially be applied in pump-
probe experiments as additional analytical tools that are complementary to the existing
step-scan FTIR method that allows for a time resolution of fast events in the millisecond
range. Moreover, laboratory data generated by LISA will be linked to the JWST ERS project
’IceAge: Chemical evolution of ices during star formation’ and the European VAMDC and
VESPA portals. Work at LISA on amorphous and crystalline water ice is already improving
our understanding on why interstellar water ice that is formed on dust grains in space seems
to have an amorphous compact nature [11, 12]. The recent work on pure CO2 ice highlighted
the amorphous nature of ice layers adding on the debate on the structure and spectral
fingerprints of CO2 ice when deposited at low temperatures [13-15]. Future outcomes of
LISA’s work will be made available to the wider scientific community through social media
as well as conferences and will be published in high-impact peer-reviewed journals.
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Laboratory measurements of stretching band strengths
of deuterated Quenched Carbonaceous Composites (D-
QCC)
Tamami Mori1, Takashi Onaka2,1, Itsuki Sakon1, Mridusmita Buragohain1,
Naoto Takahata3, Yuji Sano3 and Amit Pathak4

1Department of Astronomy, Graduate School of Science, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku,
Tokyo 113-0033, Japan
2Department of Physics, Faculty of Science and Engineering, Meisei University, 2-1-1 Hodokubo, Hino, Tokyo
191-8506, Japan
3Atmosphere and Ocean Research Institute, The University of Tokyo, 5-1-5, Kashiwanoha, Kashiwa, Chiba
277-8564, Japan
4Department of Physics, Institute of Science, Banaras Hindu University, Varanasi - 221005, India

The observed large variation in the abundance of deuterium (D) in the interstellar medium
(ISM) suggests that a significant fraction of D may be depleted into polycyclic aromatic
hydrocarbons (PAHs). Signatures of deuteration of PAHs are expected to appear most
clearly through C–D stretching modes at 4.4–4.7µm, whose strengths in emission spectra
relative to those of C–H stretching modes at 3.3–3.5µm provide the relative abundance
of D to hydrogen (H) in PAHs once we have accurate relative band strengths of both
stretching modes. We report experimental results of the band strength of C–D stretching
modes relative to C–H. We employ a laboratory analogue of interstellar carbonaceous dust,
Quenched Carbonaceous Composite (QCC), and synthesize deuterated QCC (D-QCC)
by replacing the starting gas of CH4 of QCC by mixtures of CH4 and CD4 with various
ratios. Infrared spectra of D-QCC are taken to estimate the relative band strengths of the
stretching modes, while the D/H ratios in the D-QCC samples are measured with a nano-
scale secondary ion mass spectrometer (NanoSIMS). We obtain that the relative strength
of aromatic and aliphatic C–D to C–H stretches is 0.56 ± 0.04 and 0.38 ± 0.01 per D/H,
respectively. The ratio for the aromatic stretches is in good agreement with the results of
theoretical calculations, while that of aliphatic stretches is smaller than that of aromatic. The
present results do not significantly change the D/H ratios in the interstellar PAHs previously
estimated from observed spectra.

E-mail: onaka@astron.s.u-tokyo.ac.jp

Accepted for publication in The Astrophysical Journal (2022)

https://arxiv.org/abs/2205.09936
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Laboratory IR Spectra of the Ionic Oxidized Fullerenes,
C60O+ and C60OH+

Julianna Palotás1, Jonathan Martens1, Giel Berden1 and Jos Oomens1,2

1Radboud University, Institute for Molecules and Materials, FELIX Laboratory, Toernooiveld 7, 6525ED Nijme-
gen, The Netherlands
2van ’t Hoff Institute for Molecular Sciences, University of Amsterdam, Science Park 904, 1098XH Amsterdam,
The Netherlands

We present the first experimental vibrational spectra of gaseous oxidized derivatives of C60 in
protonated and radical cation forms, obtained through infrared multiple-photon dissociation
spectroscopy using the FELIX free-electron laser. Neutral C60O has two nearly iso-energetic
isomers: the epoxide isomer in which the O-atom bridges a CC-bond that connects two
6-membered rings and the annulene isomer in which the O-atom inserts into a CC-bond
connecting a 5- and a 6-membered ring. To determine the isomer formed for C60O+ in
our experiment – a question that cannot be confidently answered on the basis of the DFT-
computed stabilities alone – we compare our experimental IR spectra to vibrational spectra
predicted by DFT calculations. We conclude that the annulene-like isomer is formed in
our experiment. For C60OH+, a strong OH stretch vibration observed in the 3-µm range
of the spectrum immediately reveals its structure as C60

+ with a hydroxyl group attached,
which is further confirmed by the spectrum in the 400 – 1600 cm-1 range. We compare the
experimental spectra of C60O+ and C60OH+ to the astronomical IR emission spectrum of a
fullerene-rich planetary nebula and discuss their astrophysical relevance.

Wavenumber (cm-1)

400 1600800 1200 1400600 1000

Wavenumber (cm-1)

400 1600800 1200 1400600 1000 37003500

The first laboratory IR spectra of C60O+• and C60OH+ are presented. Reprinted with
permission of the American Chemical Society ©

E-mail: j.oomens@science.ru.nl

The Journal of Physical Chemistry A, 126, 2928-2935 (2022)

https://doi.org/10.1021/acs.jpca.2c01329

11 AstroPAH - June 2022 • Issue 89

https://doi.org/10.1021/acs.jpca.2c01329


Potential reaction initiation points of polycyclic aromatic
hydrocarbons
Edina Reizer1,2 and Béla Fiser1,2,3

1Institute of Chemistry, University of Miskolc, Miskolc-Egyetemváros, H-3515 Miskolc, Hungary
2Higher Education and Industrial Cooperation Centre, University of Miskolc, H-3515 Miskolc-Egyetemváros,
Hungary
3Ferenc Rákóczi II. Transcarpathian Hungarian College of Higher Education, UA-90200 Beregszász, Trans-
carpathia, Ukraine

Reaction initiation points of the 16 priority polycyclic aromatic hydrocarbons (PAHs) have
been determined by calculating all the different C-H bond dissociation enthalpy (BDE)
values. Six density functional theory methods (B3LYP, B3LYP-D3, B97D3, M06-LD3,
M06-2X-D3, and ?B97X-D) in combination with 4 basis sets (6-31G(d), 6-31+G(d,p), 6-
311++G(d,p), def2-TZVP) have been applied and the most feasible combination has been
selected. The BDE values and the corresponding bond lengths have been used to determine
potential attack points on the structures. The studied molecules have been categorized
structurally as well, within which the position of the hydrogen atoms is considered. Results
show that most of the hydrogens are in zig-zag positions, and the BDE and bond length
values for the 16 priority PAHs are in a range between 342.0 and 485.6 kJ/mol and 1.0817–
1.952 Å, respectively. Most of the initiation points are represented by armchair and peak
hydrogens. The lowest and highest BDE and shortest and longest bond length values belong
to fluorene and acenaphthylene where the hydrogens were aliphatic and in peak position,
respectively.

E-mail: kemfiser@uni-miskolc.hu

Arabian Journal of Chemistry, 15, 103839 (2022)

https://doi.org/10.1016/j.arabjc.2022.103839

12 AstroPAH - June 2022 • Issue 89

https://doi.org/10.1016/j.arabjc.2022.103839


A Search for Heterocycles in GOTHAM Observations of
TMC-1
Timothy J. Barnum1, Mark A. Siebert2, Kin Long Kelvin Lee3, Ryan A.
Loomis4, P. Bryan Changala5, Steven B. Charnley6, Madelyn L. Sita7, Ci
Xue3, Anthony J. Remijan4, Andrew M. Burkhardt8, Brett A. McGuire3,4,5

and Ilsa R. Cooke9

1Department of Chemistry, Union College, Schenectady, NY 12308, USA
2Department of Astronomy, University of Virginia, Charlottesville, VA 22904, USA
3Department of Chemistry, Massachusetts Institute of Technology, Cambridge, MA 02139, USA
4National Radio Astronomy Observatory, Charlottesvile, VA 22903, USA
5Center for Astrophysics | Harvard & Smithsonian, Cambridge, MA 02138, USA
6Astrochemistry Laboratory and the Goddard Center for Astrobiology, NASA Goddard Space Flight Center,
Greenbelt, MD 20771, USA
7Department of Chemistry, University of Virginia, Charlottesville, VA 22904, USA
8Department of Physics, Wellesley College, Wellesley, MA 02481, USA
9Department of Chemistry, University of British Columbia, Vancouver, BC V6T 1Z1, Canada

We have conducted an extensive search for nitrogen-, oxygen- and sulfur-bearing
heterocycles toward Taurus Molecular Cloud 1 (TMC-1) using the deep, broadband
centimeter-wavelength spectral line survey of the region from the GOTHAM large project on
the Green Bank Telescope. Despite their ubiquity in terrestrial chemistry, and the confirmed
presence of a number of cyclic and polycyclic hydrocarbon species in the source, we find
no evidence for the presence of any heterocyclic species. Here, we report the derived
upper limits on the column densities of these molecules obtained by Markov-Chain Monte
Carlo (MCMC) analysis and compare this approach to traditional single-line upper limit
measurements. We further hypothesize why these molecules are absent in our data, how
they might form in interstellar space, and the nature of observations that would be needed
to secure their detection.

Reprinted with permission of the American Chemical Society ©

E-mail: barnumt@union.edu, brettmc@mit.edu, icooke@chem.ubc.ca

The Journal of Physical Chemistry A, 126, 2716–2718 (2022)

https://doi.org/10.1021/acs.jpca.2c01435
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Polycyclic Aliphatic Hydrocarbons: Is Tetrahedrane
Present in UIR Spectra?
Brent R. Westbrook1, Griffin M. Beasley2 and Ryan C. Fortenberry1

1Department of Chemistry & Biochemistry, University of Mississippi, University, MS 38677-1848, United States
2Florence High School, Florence, AL 35630, United States

The smallest Platonic hydrocarbon, tetrahedrane, has been subject to frequent theoretical
and experimental study for 50 years, but its infrared spectrum and synthetic pathway remain
a mystery. The recent partial attribution of the ultraviolet extinction bump observed in
the interstellar medium (ISM) of the Milky Way galaxy to hydrogenated T-carbon, a larger
tetrahedral cluster formed from tetrahedrane and C4 monomers, has brought renewed
interest to the molecule. Similarly, as a polycyclic hydrocarbon, tetrahedrane is similar
in structure to the molecules proposed to be responsible for the so-called unidentified
infrared bands (UIRs) observed in all kinds of astronomical environments. Furthermore,
tetrahedrane’s ν2 and ν7 fundamental vibrational frequencies, with values of 3210.6 cm-1

(3.11 µm) and 752.5 cm-1 (13.29 µm) as computed in the present quantum chemical study,
have substantial intensities of 59 and 183 km mol-1, respectively. These come tantalizingly
close to, but potentially distinct from, the 3.3 and 13.2 µm regions of the infrared spectrum
typically included in the UIRs. As such, tetrahedrane or related clusters of these polycyclic
aliphatic hydrocarbons may have a role to play in both of these sets of observations and
could even help to explain the relation between them. Regardless, if tetrahedrane is present
in the ISM, the highly-accurate theoretical data reported herein should help to aid in its
identification and may assist in guiding future synthetic experiments as well.

E-mail: r410@olemiss.edu

Physical Chemistry Chemical Physics, 24, 14348–14353 (2022)

https://doi.org/10.1039/D2CP01103D
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Continuous Pyrolysis Microreactors: Hot Sources with
Little Cooling? New Insights Utilizing Cation Velocity
Map Imaging and Threshold Photoelectron Spectros-
copy
Patrick Hemberger*, Xiangkun Wu, Zeyou Pan and Andras Bodi*

Paul Scherrer Institute, CH-5232 Villigen PSI, Switzerland

Resistively heated silicon carbide microreactors are widely applied as continuous sources
to selectively prepare elusive and reactive intermediates with astrochemical, catalytic, or
combustion relevance to measure their photoelectron spectrum. These reactors also
provide deep mechanistic insights into uni- and bimolecular chemistry. However, the
sampling conditions and effects have not been fully characterized. We use cation velocity
map imaging to measure the velocity distribution of the molecular beam signal and to
quantify the scattered, rethermalized back-ground sample. Although translational cooling
is efficient in the adiabatic expansion from the reactor, the breakdown diagrams of methane
and chlorobenzene confirm that the molecular beam component exhibits a rovibrational
temperature comparable with that of the reactor. Thus, rovibrational cooling is practically
absent in the expansion from the microreactor. The high rovibrational temperature also
affects the threshold photoelectron spectrum of both benzene and the allyl radical in the
molecular beam, but to different degrees. While the extreme broadening of the benzene
TPES suggests a complex ionization mechanism, the allyl TPES is in fact consistent with an
internal temperature close to that of the reactor. The background, room-temperature spectra
of both are superbly reproduced by Franck-Condon simulations at 300 K. On the one hand,
this leads us to suggest that room-temperature reference spectra should be used in species
identification. On the other hand, analysis of the allyl iodide pyrolysis data shows that iodine
atoms often recombine to form molecular iodine on the chamber surfaces. Such sampling
effects may distort the chemical composition of the scattered background with respect to
the molecular beam signal emanating directly from the reactor. This must be considered in
quantitative analyses and kinetic modeling.

E-mail: patrick.hemberger@psi.ch, andras.boedi@psi.ch

The Journal of Physical Chemistry A, 126, 2196–2210 (2022)
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Spectroscopic Detection of Cyano-Cyclopentadiene ions
as Dissociation Products upon Ionization of Aniline
Daniël B. Rap, Tom J.H.H. van Boxtel, Britta Redlich and Sandra
Brünken

Radboud University, Institute for Molecules and Materials, FELIX Laboratory, Nijmegen, The Netherlands

The H-loss products (C6H6N+) from the dissociative ionization of aniline (C6H7N) have
been studied by infrared predissociation spectroscopy in a cryogenic ion trap instrument
at the Free Eectron Laser for Infrared EXperiments (FELIX) Laboratory. Broadband and
narrow linewidth vibrational spectra in the spectral fingerprint region of 550–1800 cm-1

have been recorded. The comparison to calculated spectra of the potential isomeric
structures of the fragment ions reveals that the dominant fragments are five-membered
cyano-cyclopentadiene ions. Computed C6H7N+ potential energy surfaces suggest that the
dissociation path leading to H loss starts with an isomerization process, following a similar
trajectory as the one leading to HNC loss. The possible presence of cyano-cyclopentadiene
ions and related five-membered ring species in Titan’s atmosphere and the interstellar
medium are discussed.
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Spectroscopically identified H-loss products from the dissociative ionization of aniline.
Reprinted with permission of the American Chemical Society ©

E-mail: daniel.rap@ru.nl, sandra.bruenken@ru.nl

The Journal of Physical Chemistry A, 126, 2989–2997 (2022)
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Thermal radiative cooling of carbon cluster cations CN
+,

N = 9, 11, 12, 17–27
Shimpei Iida1, Wei Hu2, Rui Zhang2, Piero Ferrari3, Kei Masuhara1,
Hajime Tanuma1, Haruo Shiromaru1, Toshiyuki Azuma4, Klavs Hansen5,6

1Tokyo Metropolitan University, Tokyo, Japan
2School of Science, Tianjin University, Tianjin, China
3Quantum Solid-State Physics, Department of Physics and Astronomy, KU Leuven, Leuven, Belgium
4Atomic, Molecular and Optical Physics Laboratory, RIKEN, Saitama, Japan
5Center for Joint Quantum Studies and Department of Physics, School of Science, Tianjin University, Tianjin,
China
6Lanzhou Center for Theoretical Physics, Lanzhou University, Lanzhou, Gansu, China

The radiative cooling rates of CN
+ clusters (N = 9, 11, 12, 17–27) have been measured in

the ultrahigh vacuum of an electrostatic storage ring to values on the order of 104 s-1. The
rates were measured as a competing channel to unimolecular decay, and the rate constants
pertain to the excitation energies where these two channels compete. Such high values can
only be explained as photon emission from thermally excited electronic states, a mechanism
that has also been seen in polycyclic aromatic hydrocarbon cations. The high rates have
a very strong stabilizing effect on the clusters and the underlying mechanism gives a
high energy conversion efficiency, with the potential to reach high quantum efficiencies in
the emission process. The competing decay of unimolecular fragmentation defines upper
limits for photon energies that can be down-converted to lower energy photons. Including
previously measured cluster sizes provides the limits for all clusters CN

+, N = 8–27, of values
that vary from 10 to 14.5 eV, with a general increase with size. Clusters absorbing photons
of energies below these limits cool down efficiently by emission of photons via electronic
transitions and their fragmentation is strongly reduced, increasing their survival in HI regions.

E-mail: klavshansen@tju.edu.cn, hansen@lzu.edu.cn

Monthly Notices of the Royal Astronomical Society, 514, 844–851 (2022)
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Dust Formation in Astrophysical Environments: The
Importance of Kinetics
A. G. G. M. Tielens1,2

1Leiden Observatory, University of Leiden, Leiden, The Netherlands
2Department of Astronomy, Unversity of Maryland, College Park, Maryland

Astronomical observations and analysis of stardust isolated from meteorites have revealed
a highly diverse interstellar and circumstellar grain inventory, including a wide range of
amorphous materials and crystalline compounds (silicates and carbon). This diversity
reflects the wide range of stellar sources injecting solids into the interstellar medium each
with its own physical characteristics such as density, temperature and elemental composition
and highlights the importance of kinetics rather than thermodynamics in the formation of
these compounds. Based upon the extensive literature on soot formation in terrestrial
settings, detailed kinetic pathways have been identified for the formation of carbon dust
in C-rich stellar ejecta. These have been incorporated in astronomical models for these
environments. In recent years, the chemical routes in the nucleation of oxides and silicates
have been the focus of much astronomical research. These aspects of stardust formation
will be reviewed and “lessons” for dust formation in planetary atmospheres will be drawn
with the emphasis on the influence of kinetics on the characteristics and structure of dust in
these environments.

E-mail: tielens@strw.leidenuniv.nl

Frontiers in Astronomy and Space Sciences, 9, 908217 (2022)

https://doi.org/10.3389/fspas.2022.908217
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Detection of Cosmic Fullerenes in the Almahata Sitta
Meteorite: Are They an Interstellar Heritage?
Hassan Sabbah1, Mickaël Carlos1, Peter Jenniskens2, Muawia H.
Shaddad3, Jean Duprat4, Cyrena A. Goodrich5 and Christine Joblin1

1IRAP, Université Toulouse III—Paul Sabatier, CNRS, CNES, F-31028 Toulouse Cedex 4, France
2SETI Institute, Mountain View, CA 94043, USA
3University of Khartoum, Khartoum 11115, Sudan
4IMPMC, CNRS-MNHN-Sorbonne Université, 57 rue Cuvier, F-75005 Paris, France
5Lunar and Planetary Institute, USRA, Houston, TX 77058, USA

Buckminsterfullerene, C60, is the largest molecule observed to date in interstellar and
circumstellar environments. The mechanism of formation of this molecule is actively
debated. Despite targeted searches in primitive carbonaceous chondrites, no unambiguous
detection of C60 in a meteorite has been reported to date. Here we report the first firm
detection of fullerenes, from C30 to at least C100, in the Almahata Sitta (AhS) polymict
ureilite meteorite. This detection was achieved using highly sensitive laser desorption laser
ionization mass spectrometry. Fullerenes have been unambiguously detected in seven
clasts of AhS ureilites.

AhS#48
C60 C70

Mass spectra of seven clasts of AhS ureilites recorded with the AROMA setup at IRAP,
UT3-CNRS. The observed peaks are attributed to fullerenes. At the bottom left, a zoom on

the C60 and C70 peaks. The structures shown for C60 and C70 are extracted from
http:// www.nanotube.msu.edu/ fullerene/ fullerene-isomers.html. The images on the left
were recorded with a digital microscope (Keyense, VHX1000, Plateforme CARMAT of

Laplace, CNRS-INPT-UT3).
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Molecular family analysis shows that fullerenes are from a different reservoir compared
to the polycyclic aromatic hydrocarbons detected in the same samples. The fullerene family
correlates best with carbon clusters, some of which may have been formed by the destruction
of solid carbon phases by the impacting laser. We show that the detected fullerenes are not
formed in this way. We suggest that fullerenes are an intrinsic component of a specific
carbon phase that has yet to be identified. The nondetection of fullerenes in the Murchison
and Allende bulk samples, while using the same experimental conditions, suggests that this
phase is absent or less abundant in these primitive chondrites. The former case would
support the formation of fullerenes by shock-wave processing of carbonaceous phases in
the ureilite parent body. However, there are no experimental data to support this scenario.
This leaves open the possibility that fullerenes are an interstellar heritage and a messenger
of interstellar processes.

E-mail: hassan.sabbah@irap.omp.eu

The Astrophysical Journal, 931, 91 (2022)
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Fragmentation dynamics of fluorene explored using
ultrafast XUV-Vis pump-probe spectroscopy

D. Garg1,2,†, J. W. L. Lee1,3,†, D. S. Tikhonov1,4,†, P. Chopra1,4, A. L.
Steber1,4,5, A. K. Lemmens6,7, B. Erk1, F. Allum3, R. Boll8, X. Cheng1,9,
S. Düsterer1, S. Gruet1, L. He9, D. Heathcote3, M. Johny2,5,9, M. M.
Kazemi1, H. Köckert3, J. Lahl10, D. Loru1,4, S. Maclot10,11, R. Mason3, E.
Müller1, T. Mullins9, P. Olshin12, C. Passow1, J. Peschel10, D. Ramm1, D.
Rompotis1,8, S. Trippel5,9, J. Wiese9,13, F. Ziaee14, S. Bari1, M. Burt3, J.
Küpper2,5,9,13, A. M. Rijs15, D. Rolles14, S. Techert1,16, P. Eng-Johnsson10,
M. Brouard3, C. Vallance3, B. Manschwetus1 and M. Schnell1,4,∗

1Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany
2Department of Physics, Universität Hamburg, Hamburg, Germany
3Department of Chemistry, University of Oxford, Oxford, United Kingdom
4Institute of Physical Chemistry, Christian-Albrechts-Universität zu Kiel, Kiel, Germany
5Center for Ultrafast Imaging, Universität Hamburg, Hamburg, Germany
6Van’t Hoff Institute for Molecular Sciences, University of Amsterdam, Amsterdam, Netherlands
7FELIX Laboratory, Radboud University, Nijmegen, Netherlands
8European XFEL, Schenefeld, Germany
9Center for Free-Electron Laser Science, Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany
10Department of Physics, Lund University, Lund, Sweden
11Physics Department, University of Gothenburg, Gothenburg, Sweden
12Department of Chemistry, Ulsan National Institute of Science and Technology, Ulsan, Korea
13Department of Chemistry, Universität Hamburg, Hamburg, Germany
14J.R. Macdonald Laboratory, Department of Physics, Kansas State University, Manhattan, KS, USA
15Division of BioAnalytical Chemistry, Vrije Universiteit Amsterdam, Amsterdam, Netherlands
16Institute for X-Ray Physics, Georg-August-Universität, Göttingen, Germany
†These authors have contributed equally to this work and share first authorship.

We report on the use of extreme ultraviolet (XUV, 30.3 nm) radiation from the Free-electron
LASer in Hamburg (FLASH) and visible (Vis, 405 nm) photons from an optical laser to
investigate the relaxation and fragmentation dynamics of fluorene ions. The ultrashort laser
pulses allow to resolve the molecular processes occurring on the femtosecond timescales.
Fluorene is a prototypical small polycyclic aromatic hydrocarbon (PAH). Through their
infrared emission signature, PAHs have been shown to be ubiquitous in the universe, and
they are assumed to play an important role in the chemistry of the interstellar medium.
Our experiments track the ionization and dissociative ionization products of fluorene through
time-of-flight mass spectrometry and velocity-map imaging. Multiple processes involved in
the formation of each of the fragment ions are disentangled through analysis of the ion
images. The relaxation lifetimes of the excited fluorene monocation and dication obtained
through the fragment formation channels are reported to be in the range of a few tens of
femtoseconds to a few picoseconds.

E-mail: melanie.schnell@desy.de

Frontiers in Physics, 10 (2022)

https://www.frontiersin.org/article/10.3389/fphy.2022.880793
https://doi.org/10.3389/fphy.2022.880793

21 AstroPAH - June 2022 • Issue 89

https://www.frontiersin.org/article/10.3389/fphy.2022.880793
https://doi.org/10.3389/fphy.2022.880793


Detecting PAHs in high-z galaxies in proxy: Modelling
physical conditions in an extremely strong damped
Lyman-α absorber towards QSO SDSS J1143+1420 at
z = 2.323
Gargi Shaw1 and A. Ranjan2

1Department of Astronomy and Astrophysics, Tata Institute of Fundamental Research, 1 Homi Bhabha Road,
Mumbai 400005, India
2Korea Astronomy and Space Science Institute, 776, Daedeokdae-ro, Yuseong-gu, Daejeon, 34055, Korea

We explore indirect methods to detect Polycyclic Aromatic Hydrocarbons (PAHs) in gas-
rich, absorption-selected galaxies at high redshift. We look at the optical VLT/X-shooter
observations of an intervening, extremely strong damped Lyman-α absorber (or ESDLA, with
log (N(H I) ≳ 21.7)) towards QSO SDSS J1143+1420 at redshift, zESDLA = 2.323. Literature
studies have shown that this ESDLA contains signatures of dust and diffuse molecular
hydrogen and it was specifically chosen for our study due to its close spatial proximity (impact
parameter, ρ = 0.6 ± 0.3 kpc) with its associated galaxy. There is no direct detection of PAHs
emission in the limited observations of infrared(IR)-spectra along this sight-line. Hence, we
use CLOUDY numerical simulation modelling to indirectly probe the presence of PAH in the
ESDLA. We note that PAHs need to be included in the models to reproduce the observed
column densities of warm H2 and C I. Thus, we infer the presence of PAHs indirectly in our
ESDLA, with an abundance of PAH/H = 10-7.046. We also measure a low 2175 Å bump
strength (Ebump ∼ 0.03 – 0.19 mag) relative to star-forming galaxies by modelling extinction
of QSO spectra by dust at the absorber rest-frame. This is consistent with the low PAH
abundance obtained indirectly using CLOUDY modelling. Our study highlights the usage
of CLOUDY modelling to indirectly detect PAH in high-redshift gas-rich absorption-selected
galaxies.

E-mail: gargishaw@gmail.com

Monthly Notices of the Royal Astronomical Society, 514, 1335–1341 (2022)
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The Thermal Isomerization of Benzvalyne to Benzyne
Kimberley N. Poland, Weiwei Yang, Ryan C. Fortenberry and Steven R.
Davis

Department of Chemistry and Biochemistry, University of Mississippi, University, MS, USA

Benzvalyne, a novel compound previously undetected in either the interstellar medium (ISM)
or in a terrestrial laboratory, was recently characterized for the first time. The thermal
isomerization of this highly strained molecule to ortho-benzyne, which was recently detected
in the ISM, is investigated using multi-configurational self-consistent field (MCSCF) theory
and coupled cluster theory with the inclusion of singles, doubles, and perturbative triples
[CCSD(T)] and shows that two reaction pathways of benzvalyne can isomerize to ortho-
benzyne. The concerted disrotatory channel leads directly to the ortho-benzyne product
via a single transition state. The conrotatory channel transitions to an intermediate via
two transition states to reach the ortho-benzyne product. Following the optimization of
the structures along the potential energy surface (PES), energies are calculated with multi-
reference Møller-Plesset perturbation theory at second order (MRMP2). The disrotatory
channel step gives an energy of 22.9 kcal · mol-1, while the energies for the conrotatory
channel steps are 21.7 and 1.4 kcal · mol-1. CCSD(T) calculated energies are 19.3 and 14.2
kcal · mol-1 for the two steps in the conrotatory channel in comparison. The disrotatory
channel cannot be calculated using this method, as single determinant theories do not
adequately describe the biradical nature of its transition state.

Optimized structures of benzvalyne and ortho-benzyne.

E-mail: r410@olemiss.edu
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Top-down formation of ethylene from fragmentation of
superhydrogenated polycyclic aromatic hydrocarbons
Zeyuan Tang1, Frederik Doktor S. Simonsen1, Rijutha Jaganathan1,
Julianna Palotás2, Jos Oomens2, Liv Hornekær1 and Bjørk Hammer1

1Center for Interstellar Catalysis, Department of Physics and Astronomy, Aarhus University, Ny Munkegade
120, Aarhus C 8000, Denmark
2Radboud University, Institute for Molecules and Materials, FELIX Laboratory, Toernooiveld 7, 6525ED Nijme-
gen, The Netherlands

Fragmentation is an important decay mechanism for polycyclic aromatic hydrocarbons
(PAHs) under harsh interstellar conditions and represents a possible formation pathway for
small molecules such asH2, C2H2, and C2H4. Our aim is to investigate the dissociation
mechanism of superhydrogenated PAHs that undergo energetic processing and the
formation pathway of small hydrocarbons. We obtain, experimentally, the mass distribution
of protonated tetrahydropyrene (C16H15

+, [py+5H+]) and protonated hexahydropyrene
(C16H17

+, [py+7H+]) upon collision-induced dissociation (CID). The infrared (IR) spectra
of their main fragments are recorded by infrared multiple-photon dissociation (IRMPD).
Extended tight-binding (GFN2-xTB) based molecular dynamics (MD) simulations were
performed in order to provide the missing structure information for this experiment and to
identify fragmentation pathways. The pathways for fragmentation were further investigated
at a hybrid density functional theory (DFT) and dispersion-corrected level. A strong signal
for loss of 28 mass units of [py+7H+] is observed both in the CID experiment and the MD
simulation, while [py+5H+] shows a negligible signal for the product corresponding to a mass
loss of 28. The 28 mass loss from [py+7H+] is assigned to the loss of ethylene (C2H4) and a
good fit between the calculated and experimental IR spectrum of the resulting fragment
species is obtained. Further DFT calculations show favorable kinetic pathways for loss
of C2H4 from hydrogenated PAH configurations involving three consecutive CH2 molecular
entities. This joint experimental and theoretical investigation proposes a chemical pathway
of ethylene formation from fragmentation of superhydrogenated PAHs. This pathway is
sensitive to hydrogenated edges (e.g., the degree of hydrogenation and the hydrogenated
positions). The inclusion of this pathway in astrochemical models may improve the estimated
abundance of ethylene.

E-mail: hammer@phys.au.dk

Accepted for publication in Astronomy and Astrophysics (2022)
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THESIS

Growth Mechanisms of Polycyclic Aromatic Hydrocar-
bons — A Case Study of Benzo(a)pyrene
Edina Reizer

Institution: Antal Kerpely Doctoral School of Materials Science & Technology at the Faculty
of Materials Science & Engineering, University of Miskolc, Miskolc-Egyetemváros, Hungary
Advisor: Dr. Béla Fiser (Institute of Chemistry, University of Miskolc, Hungary)

Polycyclic aromatic hydrocarbons (PAH) are harmful chemicals emitted to the environment
by incomplete combustion. As the aromatic structure grows, the carcinogenic effect
increases, and thus understanding their formation mechanisms is crucial. In this doctoral
dissertation, reaction initiation points of the 16 priority PAHs are determined by computing
the BDE and C-H bond lengths values. The results are in a range between 342.0–485.6
kJ/mol and 1.081–1.095 Å, in the case of the BDE and C-H bond lengths, respectively.
The obtained results also showed that most of the initiation points are hydrogens in the
armchair and peak positions. In addition, new reaction pathways leading to benzo(a)pyrene,
a PAH with well-known carcinogenic effects, are also explored. Starting from armchair
positions of both chrysene or benzo(a)anthracene, four types of reaction mechanisms are
studied: hydrogen abstraction acetylene addition (HACA), hydrogen abstraction ethynyl
radical addition (HAERA), Diels-Alder (DA) and methyl addition cyclization (MAC) processes.
A total of 12 reaction pathways are explored, with 50 intermediate and 52 transition state
structures. Results show that HAERA is the most, and DA is the least exergonic reaction
mechanism for benzo(a)pyrene formation using validated computational chemistry methods.
It can be stated, that through this doctoral dissertation a deeper understanding of PAH
growth and benzo(a)pyrene formation is achieved.

E-mail: reizeredina@gmail.com

Website: http://phd.lib.uni-miskolc.hu/?docId=39283
Website: https://doktori.hu/index.php?menuid=193&lang=EN&vid=24432
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PhD Position
Experimental Astrochemistry

Advertised by Dr. Annemieke Petrignani

Are you interested in interdisciplinary fundamental research?
We are seeking a PhD candidate who is interested in the molecular physics of large organic
molecules within the framework of interstellar and prebiotic chemistry.

Are you a motivated young researcher with a master in physics,
physical chemistry or adjacent fields and do you have an affiliation with
experimental challenges and techniques?
We encourage you to apply for this PhD project, where you will study the photochemistry
and spectral fingerprints of large organic species that are expected to exist in the interstellar
medium and relate these to astronomical observations. You will be expected to perform
cold gas-phase spectroscopy experiments with the aid of tunable IR and UV lasers.
This also entails improving the available setups to push the boundaries for the next
generation of experiments. Additionally, you are expected to perform quantum chemical
calculations to guide and interpret experiment. The project will be embedded within
existing networks funded by the Dutch Science Organization (NWO) − such as the Dutch
Astrochemistry Network (DAN), Planetary and Exoplanetary Science (PEPSci), and Origins
Center − to ensure necessary interdisciplinary interplay with observers, theoreticians, and
experimentalists within these fields. You are expected to play an active role within the team
and the network and interact regularly with the other (young) researchers.

For further details and application, we refer you to the website.

.
Deadline: 15 July 2022

E-mail for contact: a.petrignani@uva.nl

Webpage: https://vacatures.uva.nl/UvA/job/PhD-Position-in-Experimental-Astrochemistry/
747157902/
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