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Discovery of indene
in TMC-1

.

Dear Colleagues,
Welcome to our 78th AstroPAH volume! We hope all of you are healthy and doing well!
The Picture of the Month is a natural extension of our previous one. It illustrates the
recent detection of indene in TMC-1 by both the Yebes Observatory RT40m and the Green
Bank Telescope, and exemplifies the recent advancements of astronomically-driven PAH
research.
In our last newsletter, you could read all about the GOTHAM collaboration, which is behind
the discoveries made by the Green Bank Telescope. In this Newsletter we present an In
Focus by Prof. José Cernicharo, explaining the technical development behind the Yebes
40m radio telescope and the methods used to detect numerous interstellar species with
impressive sensitivity!
Our contributed abstracts cover a very wide scope of topics like always! We are happy
to share with you contributions covering not only the discovery of indene in TCM-1 by
both Cernicharo et al. and Burkhardt et al., but also several wonderful spectroscopic
studies published in a special issue of the Journal of Molecular Spectroscopy: ”Laboratory
Spectroscopy for Astrophysics: Festschrift for Stephan Schlemmer”, and much more. Thank
you once again for your contributions!
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, feel free to use our email.
Enjoy reading our newsletter!

The Editorial Team

Next issue: 17 June 2021.
Submission deadline: 4 June 2021.
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A new golden age era for Astrochemistry:
Discovering PAHs with millikelvin sensitive
radio astronomical molecular line surveys
by José Cernicharo
IFF-CSIC. C/Serrano 121, 28006 Madrid. Spain
jose.cernicharo@csic.es

Interstellar space is filled with the ashes of dying stars: gas particles and tiny dust
grains. The interstellar medium (ISM) hosts an active complex chemistry, where the intimate
interaction between atoms, molecules and dust leads to an unexpectedly rich molecular
universe. Tuned towards this molecular universe, radio telescopes have opened great
perspectives for the characterization of the chemical composition and physical parameters
(temperature, density, gas motions, collapse, turbulence) in key objects, such as star and
planet forming regions.
At first glance, one might think that the fundamental gas chemical pathways leading to a
bottom-up formation of more complex entities should be well understood under well-defined
conditions. However, astronomers have recognized that a large part of this complexity
remains unexplained. A catalytic formation involving dust grains is therefore invoked for
many molecules opening the question of the chemical routes at play, which are intimately
connected to the characteristics of dust grains. Unveiling the chemical composition of gas
and dust of interstellar clouds is, hence, a mandatory step in understanding the chemical
processes leading to the formation of complex organic molecules from the diffuse cloud to
the prestellar and star formation phases of these objects.
Since polycyclic aromatic hydrocarbons (PAHs) were first hypothesized to be carriers of
the unidentified infrared bands (Léger & Puget 1984; Allamandola et al. 1985), a great
deal of effort has been devoted to understanding the chemical processes leading to the
formation of these molecular species (see e.g. Joblin & Cernicharo 2018). Circumstellar
envelopes around carbon-rich asymptotic giant branch (AGB) stars have been suggested as
the factories of PAHs (Cherchneff et al. 1992). The detection of benzene in the carbon-rich
protoplanetary nebula CRL 618 (Cernicharo et al. 2001) suggests a bottom-up approach
in which the small hydrocarbons that formed during the AGB phase, such as C2 H2 and
C2 H4 , interact with the ultraviolet (UV) radiation produced by the star in its evolution to the
white dwarf phase (Woods et al. 2002; Cernicharo 2004). Other hypotheses involve the
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Figura 1: Picture of the Yebes 40m radio telescope observing TMC-1 during last winter.
processing of dust grains around evolved stars, either through UV photons (Pilleri et al.
2015) or by chemical processes (Martı́nez et al. 2020). Hence, it has been surprising to
see that cyanide derivatives of PAHs have been found in the cold pre-stellar core Taurus
Molecular Cloud 1 (TMC-1), which is well protected against UV radiation (McGuire et al.
2018, 2021). It is unlikely that these PAH cyanides arise from a reservoir of PAHs that has
existed since the early stages of the cloud since these relatively small PAHs would not have
survived the diffuse cloud stage. An in situ formation mechanism for benzene must involve
abundant hydrocarbons containing from two to four carbon atoms. Moreover, some of these
species have to permit an easy cyclization in two to three steps to have an efficient yield of
benzene or phenyl radical. The propargyl radical (CH2 CCH) was recently found in TMC-1 by
Agúndez et al. (2021) with an abundance close to 10 – 8 relative to H2 . In addition, complex
hydrocarbons such as vinyl and allenyl acetylene (CH2 CHCCH and H2 CCCHCCH) have also
been observed in very large abundances (Cernicharo et al. 2021a,b). These hydrocarbons
may hold the key to the formation of initial aromatic rings, from which larger PAHs can grow.
These observations of pure hydrocarbons have been performed with the Yebes 40m radio
telescope in the frame of the NANOCOSMOS project.
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The NANOCOSMOS ERC synergy project
and its radio astronomical context
The motivation of the NANOCOSMOS project (PIs: J. Cernicharo, C. Joblin, and J.A.
Martı́n-Gago) is to take advantage of the new observational capabilities to change our view
on the origin and evolution of dust grains and of the chemistry of the interstellar medium.
The project combines astronomical observations, modelling, and top-level experiments
to produce star dust analogues in the laboratory and to identify the key species and
the chemical reactions that govern their formation. Among the different instrumental
developments of NANOCOSMOS, we focus here on the radio astronomical aspect of
the project. In order to identify novel molecules and study important chemical steps in
the production of complex molecules, we have built the gas evolution chamber GACELA
(Cernicharo et al. 2019). This chamber is equipped with radio astronomical receivers that
allow to detect the thermal emission of the molecules in the chamber. Identical receivers
and backends have been built for the Yebes 40m radio telescope. The main goal of the radio
astronomical observations of NANOCOSMOS is to reach a level of sensitivity permitting the
detection of, from one side, low abundant molecules with high dipole moments, and, from the
other side, very abundant species but with very low dipole moment, i.e., pure hydrocarbons.
The final goal is to unveil the chemical composition of interstellar and circumstellar clouds,
and to discover new molecular species that could help in the understanding of the evolution
of these objects towards chemical complexity, i.e., towards very large molecules, in particular
PAHs and their derivatives.

The Yebes 40m radio telescope line survey of TMC-1
The Yebes 40m radio telescope is located in the Alcarria Plateau (Guadalajara) at 950 m
of altitude (see Fig. 1). It is 60 km away from Madrid (Spain) and was built in 2007. It has
been mainly used for very-long-baseline interferometry (VLBI) observations. Nevertheless,
the radio telescope has been observing as single dish in Q band, between 41 GHz and
49 GHz, with an instantaneous bandwidth of 500 MHz since 2013 (Agúndez et al. 2015;
de Vicente et al. 2016), and with a 2.5 GHz intermediate frequency (IF) bandwidth since
2016. In 2019, after many technical issues were solved, new Q (31–50 GHz) and W (72–92
GHz) band receivers, designed and manufactured at Yebes Observatory with funds from
the NANOCOSMOS project, were installed on the telescope. These instrumental upgrades
have been described by Tercero et al. (2021). Briefly, the new receivers and backends allow
an instantaneous band coverage of 31 up to 50 GHz with a spectral resolution of 38 kHz.
The system temperatures vary between 16 K at 31 GHz and 25 K at 49.5 GHz. Hence, the
new receivers provide a huge sensitivity allowing us to observe in one setting the complete
Q-band (31–50 GHz).
Since January 2020, the telescope has been used for NANOCOSMOS observations of
evolved stars and interstellar clouds, in particular TMC-1. This object is a cold prestellar core
with a density of ∼ 4×10 4 cm – 3 and a temperature of 10 K (see, e.g., Cernicharo & Guélin
1987; Fossé et al. 2001). The Yebes/NANOCOSMOS Q-band observations of this object
have improved the sensitivity of previous line surveys, carried out with other telescopes, by a
factor of ∼ 40 (Cernicharo et al., 2021c). The acronym we have assigned to this line survey
is QUIJOTE (Q-band Ultrasensitive Inspection Journey to the Obscure TMC-1 Environment).
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Figura 2: Structures of the three species detected towards TMC-1 by Cernicharo et al. 2021c
The first data of the line survey of TMC-1 arrived in the middle of 2020. In a few months
we reported the discovery of many new molecular species (around 20 so far). Many of
them are protonated forms of abundant species. The cations, CH5 NH+ ,HC3 O+ , HC3 S+ ,
and CH3 CO+ were discovered, and spectroscopically characterized in our data, prior to any
laboratory information on them (Marcelino et al. 2020; Cernicharo et al. 2020a, 2021d,
2021e). Our assignments have been confirmed in the laboratory thanks to a close and
synergistic collaboration with molecular spectroscopy experimentalists.
Our millikelvin survey has also revealed TMC-1 as a prodigious factory of sulfur-bearing
molecules: NCS, HCCS, H2 CCS, H2 CCCS, C4 S, C5 S, HCSCN, and HCSCCH have been
discovered in the data (Cernicharo et al., 2021f, 2021g). In addition, species that were
detected previously only in circumstellar or warm environments, have also been found:
HCCN, HC4 N, and CH3 CH2 CN (Cernicharo et al. 2021a), C3 N – , and C5 N – (Cernicharo
et al. 2020b).

Pure hydrocarbon chains, cycles and radicals in TMC-1
As previously mentioned, one of the goals of the line survey was to search for potentially
abundant species with low dipole moments. Among these species stand PAHs and many
hydrocarbon chains and radicals. About two-thirds of the neutral species detected in these
cold environments are open-shell radicals. With the exception of a few small radicals, such
as OH, CH, C2 H, C4 H, and NO, observed radicals have low abundances because, as ions,
they are highly reactive species (see, e.g., Agúndez & Wakelam 2013). In addition, they tend
to suffer from spectral dilution due to line splitting resulting from fine and hyperfine structure.
These facts complicate the detection of radicals in cold clouds. However, the chemical routes
to form molecules of increasing complexity are made of reactions involving reactive species
such as radicals and ions. Detecting them is therefore of paramount importance to unveil
the synthetic pathways postulated by chemical models.
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Figura 3: Selected transitions of c-C9 H8 observed towards TMC-1 with the Yebes 40m
radio telescope. The red line shows the computed synthetic spectrum for indene assuming
Tr = 10 K and N(c-C9 H8 ) = 1.6 × 10 13 cm – 2. Cyan labels, when present, indicate the
multiplicative factor applied to the best fit model to match the observations.
The sensitivity of our data has permitted Agúndez et al. (2021) to detect the propargyl
radical (CH2 CCH) in TMC-1. This species has a very low dipole moment and has escaped
previous detection due to the weakness of its lines, of the order of 1 mK. Nevertheless,
CH2 CCH is one of the most abundant radicals ever found in cold dark clouds, and it
is a potential key intermediate in the formation of complex organic molecules such as
aromatic rings. At the same time, we detected two highly abundant unsaturated closedshell hydrocarbons, vinyl and allenyl acetylene (CH2 CHCCH and H2 CCCHCCH; Cernicharo
et al. 2021a,b). These species, together with another unsaturated hydrocarbon detected
some time ago, propylene (CH2 CHCH3 ; Marcelino et al. 2007), indicate that a particularly
rich chemistry is running in this cold environment and that all ingredients to produce pure
hydrocarbon cycles from a gas-phase bottom-up process are present, and probably formed
through ion-neutral, radical-neutral and radical-ion reactions. Recently, Cernicharo et al.
(2021c) have reported the detection of the first pure PAH in TMC-1, indene (c-C9 H8 ),
together with cyclopentadiene (c-C5 H6 ) and ethynyl cyclopropenylidene (c-C3 HCCH). The
structure of the three species is depicted in Fig. 2. The lines of indene are very weak, of the
order of 1 mK (see Fig. 3). Nevertheless, the sensitivity of the survey has allowed to detect
47 individual lines. No stacking of the data has been necessary to detect this molecule (see,
e.g., Burkhardt et al., 2021 for a stacked detection of indene). Hence, the detection of the
first PAH in space is clear, robust and univocal thanks to the new generation of line surveys
at the millikelvin level of sensitivity.
There is a lot of work to do. The synergy between laboratory, theory and observations
in the next years will certainly permit to improve the models and to understand the still
mysterious chemistry prevailing in cold dark clouds. In this context, observations will play
a key role in solving this mystery. The line survey of TMC-1 is still running and we expect
to reach a sensitivity level of 0.5 mK at 5σ in the next months. More detections of pure
hydrocarbons, radicals and PAHs are expected from the QUIJOTE’s line survey of TMC-1.
8

AstroPAH - May 2021 • Issue 78

Acknowledgements
The author would like to thank the European Research Council (ERC) for funding through
grant ERC-2013- Syg- 610256- NANOCOSMOS as well as the Spanish Ministerio de
Ciencia & Innovación under grants PID2019-106110GB-I00, PID2019-107115GB-C21 / AEI
/ 10.13039/501100011033, and PID2019-106235GB-I00. I would like to thank the technical
staff of the Yebes observatory for the excellent work they have achieved in building the
NANOCOSMOS experimental setups for GACELA and the 40m radio telescope. Finally,
I would like to thank the members of the QUIJOTE’s team: Marcelino Agúndez, Carlos
Cabezas, Belén Tercero, Juan Ramón Pardo, Nuria Marcelino, and Pablo de Vicente for
their enthusiasm and dedication to the survey.

References
- Agúndez, M., & Wakelam, V. 2013, Chem. Rev., 113, 8710
- Agúndez, M., Cernicharo, J., de Vicente, P., et al. 2015, A&A, 579, L10
- Agúndez, M., Cabezas, C., Tercero, B., et al. 2021, A&A, 647, L10
- Allamandola, L. J., Tielens, A. G. G. M., & Barker, J. R. 1985, ApJ, 290, L25
- Burkhardt et al., 2021, ApJ, in press
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Pure hydrocarbon cycles in TMC-1: Discovery of ethynyl
cyclopropenylidene, cyclopentadiene, and indene
J. Cernicharo1 , M. Agúndez1 , C. Cabezas1 , B. Tercero2,3 , N. Marcelino1 ,
J.R. Pardo1 , P. de Vicente2
1

Grupo de Astrofı́sica Molecular, Instituto de Fı́sica Fundamental (IFF-CSIC), C/ Serrano 121, 28006 Madrid,

Spain
2

Centro de Desarrollos Tecnológicos, Observatorio de Yebes (IGN), 19141 Yebes, Guadalajara, Spain

3

Observatorio Astronómico Nacional (OAN, IGN), Madrid, Spain

We report the detection for the first time in space of three new pure hydrocarbon cycles
in TMC-1: c-C3 HCCH (ethynyl cyclopropenylidene), c-C5 H6 (cyclopentadiene) and c-C9 H8
(indene). We derive a column density of 3.1 ×10 11 cm – 2 for the former cycle and similar
values, in the range (1–2) ×10 13 cm – 2, for the two latter molecules. This means that
cyclopentadiene and indene, in spite of their large size, are exceptionally abundant, only
a factor of five less abundant than the ubiquitous cyclic hydrocarbon c-C3 H2 . The high
abundance found for these two hydrocarbon cycles, together with the high abundance
previously found for the propargyl radical (CH2 CCH) and other hydrocarbons like vinyl and
allenyl acetylene (Agundez et al., 2021, A&A, 647, L10; Cernicharo et al. 2021, A&A, 647,
L2; Cernicharo et al., 2021, A&A, 647, L3), start to allow us to quantify the abundant content
of hydrocarbon rings in cold dark clouds and to identify the intermediate species that are
probably behind the in situ bottom-up synthesis of aromatic cycles in these environments.
While c-C3 HCCH is not likely formed through the reaction between the radical CCH and
c-C3 H2 , the high observed abundances of cyclopentadiene and indene are difficult to explain
through currently proposed chemical mechanisms. Further studies are needed to identify
how five- and six-membered rings are formed under the cold conditions of clouds like TMC1.
E-mail: jose.cernicharo@csic.es
Astron. and Astrophys. Lett. 649, L15 (2021)
https://doi.org/10.1051/0004-6361/202141156
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Discovery of the Pure Polycyclic Aromatic Hydrocarbon
Indene (c-C9H8) with GOTHAM Observations of TMC-1
Andrew M. Burkhardt1 , Kin Long Kelvin Lee2,1 , P. Bryan Changala1 ,
Christopher N. Shingledecker3 , Ilsa R. Cooke4 , Ryan A. Loomis5 , Hongji
Wei3 , Steven B. Charnley6 , Eric Herbst7,8 , Michael C. McCarthy1 , and Brett
A. McGuire2,5,1
1

Center for Astrophysics | Harvard & Smithsonian, Cambridge, MA 02138, USA

2

Department of Chemistry, Massachusetts Institute of Technology, Cambridge, MA 02139, USA

3

Department of Physics and Astronomy, Benedictine College, Atchison, KS 66002, USA

4

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

5

National Radio Astronomy Observatory, Charlottesville, VA 22903, USA

6

Astrochemistry Laboratory and the Goddard Center for Astrobiology, NASA Goddard Space Flight Center,

Greenbelt, MD 20771, USA
7

Department of Chemistry, University of Virginia, Charlottesville, VA 22904, USA

8

Department of Astronomy, University of Virginia, Charlottesville, VA 22904, USA

Polycyclic Aromatic Hydrocarbons (PAHs) have long been invoked in the study of interstellar
and protostellar sources, but the unambiguous identification of any individual PAH has
proven elusive until very recently. As a result, the formation mechanisms for this important
class of molecules remain poorly constrained. Here we report the first interstellar detection
of a pure hydrocarbon PAH, indene (C9 H8 ), as part of the GBT Observations of TMC1: Hunting for Aromatic Molecules (GOTHAM) survey. This detection provides a new
avenue for chemical inquiry, complementing the existing detections of CN-functionalized
aromatic molecules. From fitting the GOTHAM observations, indene is found to be the
most abundant organic ring detected in TMC-1 to date. And from astrochemical modeling
with nautilus, the observed abundance is greater than the model’s prediction by several
orders of magnitude suggesting that current formation pathways in astrochemical models
are incomplete. The detection of indene in relatively high abundance implies related species
such as cyanoindene, cyclopentadiene, toluene, and styrene may be detectable in dark
clouds.
E-mail: andrew.burkhardt@cfa.harvard.edu
Accepted for publication in Astrophys. J. Lett. (2021)
https://ui.adsabs.harvard.edu/abs/2021arXiv210415117B
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Rotational spectroscopy of imidazole: Accurate spectroscopic information for three vibrationally excited states and the heavy-atom isotopologues up to 295 GHz
Benjamin E. Arenas1,2,# , Gayatri Batra1,2,# , Amanda L. Steber1,2 , Luca
Bizzocchi3 , Andrea Pietropolli Charmet4 , Barbara M. Giuliano3 , Paola
Caselli3 , Brent J. Harris5 , Brooks H. Pate5 , Jean-Claude Guillemin6 , and
Melanie Schnell1,2,∗
1

Deutsches Elektronen-Synchrotron (DESY), Notkestraße 85, 22607 Hamburg, Germany

2

Institut für Physikalische Chemie, Christian-Albrechts-Universität zu Kiel, Max-Eyth-Straße 1, 24118 Kiel,

Germany
3

Center for Astrochemical Studies, Max-Planck-Institut für extraterrestrische Physik, Gießenbachstraße 1,

85748 Garching, Germany
4

Dipartimento di Scienze Molecolari e Nanosistemi, Università Ca’ Foscari Venezia, via Torino 155, 30172

Mestre, Italy
5

Department of Chemistry, University of Virginia, McCormick Road, Charlottesville, VA 22903, USA

6

Univ. Rennes, Ecole Nationale Supérieure de Chimie de Rennes, CNRS, ISCR–UMR 6226, F-35000 Ren-

nes, France
#

These authors are co-first authors of the work.

∗ Corresponding author

We report our analysis of the pure rotational spectra of low-lying vibrationally excited states
and heavy-atom rare isotopologues of imidazole. To facilitate searches for imidazole in the
interstellar medium, we previously described the analysis of the rotational spectrum of the
imidazole main isotopologue across the 2–295 GHz range, and we extend this analysis
here. Structure optimisation and anharmonic frequency calculations were performed to aid
the spectral analysis. Three vibrationally excited states of imidazole were assigned in our
room-temperature spectra, with energies up to approximately 670 cm – 1 above the vibronic
ground state. The vibrational states could act as temperature probes in warmer star-forming
regions. The 13C and 15N heavy-atom isotopologues were assigned, which allowed for the
structure of imidazole in the gas phase to be determined. Structural comparisons are drawn
between the related heterocyclic molecules hydantoin and imidazolidine. An experimental
gas-phase structure of the former is also determined in this work. The potential detection
of the isotopologues could help deduce formation pathways towards imidazole and other
nitrogen-containing cyclic compounds in interstellar space.

E-mail: melanie.schnell@desy.de.
J. Mol. Spectrosc. 378, 111452 (2021)
https://doi.org/10.1016/j.jms.2021.111452
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An Aromatic Universe - A Physical Chemistry Perspective
Ralf I. Kaiser1 and Nils Hansen2
1

Department of Chemistry, University of Hawaii at Manoa, Honolulu, Hawaii 96822, USA

2

Combustion Research Facility, Sandia National Laboratories, Livermore, California 94551, USA

This Perspective presents recent advances in our knowledge on the fundamental elementary
mechanisms involved in the low- and high-temperature molecular mass growth processes
to polycyclic aromatic hydrocarbons (PAHs) in combustion systems and in extraterrestrial
environments (hydrocarbon-rich atmospheres of planets and their moons, cold molecular
clouds, circumstellar envelopes). Molecular beam studies combined with electronic
structure calculations extracted five key elementary mechanisms: Hydrogen Abstraction –
Acetylene Addition (HACA), Hydrogen Abstraction – Vinylacetylene Addition (HAVA), Phenyl
Addition – Dehy-droCyclization (PAC), Radical-Radical Reactions (RRR), and Methylidyne
Addition – Cyclization – Aromatization (MACA). These studies, summarized here, provide
compelling evidence that key classes of aromatic molecules can be synthesized in extreme
environments covering low temperatures in molecular clouds (10 K) and hydrocarbon-rich
atmospheres of planets and their moons (35–150 K) to high temperature environments
like circumstellar envelopes of carbon rich Asymptotic Giant Branch Stars (AGB) stars and
combustion systems at temperatures above 1,400 K thus shedding light on the aromatic
universe we live in.
E-mail: ralfk@hawaii.edu
J. Phys. Chem. A 125, 3826–3840 (2021)
https://pubs.acs.org/doi/10.1021/acs.jpca.1c00606
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How does the composition of a PAH influence its
microsolvation? A rotational spectroscopy study of the
phenanthrene-water and phenanthridine-water clusters
Donatella Loru1 , Amanda L. Steber1 , Pablo Pinacho1 , Sébastien Gruet1 ,
Berhane Temelso2 , Anouk M. Rijs3 , Cristóbal Pérez1 , and Melanie
Schnell1,4
1
2
3

Deutsches Elektronen-Synchrotron, Notkestrasse 85, D-22607 Hamburg, Germany
Division of Information Technology, College of Charleston, Charleston, SC 29424, USA
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We report on the noncovalent intermolecular interactions established between the polycyclic
aromatic hydrocarbons phenanthrene and phenanthridine with water. Such noncovalent
interactions involving extended aromatic systems and water molecules are ubiquitous in a
variety of chemical and biological systems. Our study provides spectroscopic results on
simple model systems to understand the impact that an extended aromatic surface and the
presence of a heteroatom have on the nature of the noncovalent interactions established
with the solvent. Microhydrated phenanthrene and phenanthridine clusters with up to
three water molecules have been observed and unambiguously characterised by means
of broadband rotational spectroscopy and quantum chemical calculations. The presence of
a nitrogen atom in the backbone of phenanthridine remarkably affects the geometries of the
water clusters and the interaction networks at play, with O – H···N and C – H···O interactions
becoming preferred in the phenanthridine-water clusters over the O – H···π interactions seen
in the phenanthrene-water clusters. The presence of this heteroatom induces nuclear
quadrupole coupling, which was used to understand the cooperativity effects found with
increasing cluster size. Our results provide important insight to draw a more complete picture
of the noncovalent interactions involving solvent molecules and aromatic systems larger than
benzene, and they can be significant to enhance our understanding of the aromatic-polar
interactions at play in a myriad of chemical and biological contexts.
E-mail: donatella.loru@desy.de
Phys. Chem. Chem. Phys. 23, 9721–9732 (2021)
https://doi.org/10.1039/D1CP00898F
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VUV photoprocessing of oxygen-containing polycyclic
aromatic hydrocarbons: Threshold photoelectron spectra
Paul M. Mayer1 and Andras Bodi2
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Canada K1N 6N5
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Oxygen-containing polycyclic aromatic hydrocarbons (OPAHs) have been considered as
potential carriers of the 11.3 µm band in interstellar observations. To begin to probe
their potential contribution to chemistry in the interstellar medium, we report here threshold
photoelectron spectra (TPES) for seven oxygen-containing polycyclic aromatic hydrocarbons
2,3-benzofuran (BF), 2,3-dihydrobenzofuran (DHF), phthalan (PH), dibenzofuran (DBF),
dibenzo(B,F)oxepine (DBO), benzo[b]naphtho[2,3-d]furan (BNF) and benzo[b]naphtho[1,2d]furan (cBNF). Vertical ionization energies to the ground and excited ion states were
calculated with the outer-valence Green’s function method, and Franck–Condon simulations,
based on harmonic (time-dependent) density functional theory results, were used to explore
vibrational excitation upon ionization. CBS-QB3 calculations are also reported. Adiabatic
ionization energies (IE) could be measured accurately for five of the molecules: BF (8.35 ±
0.01 eV), PH (8.76 ± 0.01 eV), DBF (8.12 ± 0.02 eV), BNF (7.64 ± 0.02 eV), and cBNF
(7.62 ± 0.02 eV). For BF and cBNF, excited state optimizations also allowed Franck–Condon
simulations of excited-state bands. The TPES of DHF and DBO feature broad ionization
onsets due to large geometry changes upon ionization, as both become planar when an
electron is removed. The band maxima yield the vertical IE for these two molecules: 8.2 ±
0.2 eV and 8.0 ± 0.2 eV, respectively, while the best estimate of the adiabatic IE for DHF is
7.98 ± 0.05 eV.
E-mail: pmmayer@uottawa.ca
Journal of Molecular Spectroscopy 377, 111446 (2021)
doi.org/10.1016/j.jms.2021.111446
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Laboratory IR spectroscopy of protonated hexa-perihexabenzocoronene and dicoronylene
Julianna Palotás1 , Jonathan Martens1 , Giel Berden1 and Jos Oomens1,2
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The mid-infrared emission spectra of a large variety of astronomical objects are dominated
by the aromatic infrared bands (AIBs), which are now widely accepted to originate from
gaseous polycyclic aromatic hydrocarbons (PAHs). It is believed that the astrophysically
most relevant molecules are at least 40–50 carbon atoms in size. Still, the large majority
of laboratory experiments have been performed on smaller PAHs, mainly for reasons of
experimental limitations and availability. Here, we show that combination of atmospheric
pressure chemical ionization (APCI) with a direct insertion probe (DIP) inlet gives efficient
access to larger, ionic PAHs for action spectroscopy studies. We present the gaseous IR
spectra of two astrophysically relevant large PAHs, hexa-peri-hexabenzocoronene (C42 H19 + )
and dicoronylene (C48 H21 + ) in their protonated form.
Compared to their radical cation analogs, the protonated species have a lower
dissociation threshold as they can expel a neutral hydrogen radical leaving behind the
resonance-stabilized radical cation; provided that the mass spectrometer can resolve
precursor and product ions at one amu difference, this generates good quality spectra under
multiple-photon dissociation conditions. Quantum-chemical computations at the density
functional level are used to support experiments. Despite the apparent similarity of different
protonation isomers, their IR spectra are predicted to be remarkably distinct. This facilitates a
straightforward identification of the isomers formed experimentally. For both species studied,
protonation occurs on the peripheral CH moiety in the ’bay region’ of the molecules. We
compare the spectra of the protonated species with those of their radical cation analogs
reported previously and briefly discuss the astrophysical relevance.
E-mail: j.oomens@science.ru.nl
Journal of Molecular Spectroscopy 378, 111474 (2021)
https://doi.org/10.1016/j.jms.2021.111474
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Mid-infrared spectroscopic signatures of dibenzopyrene
cations – The effect of symmetry on PAH IR spectroscopy
Jordy Bouwman1 , Harold Linnartz1 and Alexander G.G.M. Tielens2
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In this work, we characterize – for the first time – in the gas phase infrared spectra of three
isomeric PAH cations of C24 H14 composition that belong to distinctly different symmetry
groups (C2h , Cs and C1 , Fig. 1). Mid-IR spectra are recorded by means of infrared multiple
photon dissociation spectroscopy at the free electron laser for infrared experiments (FELIX)
laboratory. The measured IR band positions compare reasonably well with density functional
theory (DFT) calculated values. The number of IR active bands increases as the symmetry
of the molecule lowers. The IRMPD spectra of irregular PAHs are found to be dense and do
not resemble the sharp signatures typical of astronomical IR bands, but rather look like the
broad plateau on which these are perched. This lends credit to the grandPAH hypothesis that
suggests that small and irregular PAHs are weeded out by the strong interstellar radiation
field and only large regular PAHs remain.

Figure 1: Molecular structures of the three C24 H14 dibenzopyrene isomers discussed in this
work listed together with their symmetry point groups and computed IR absorption spectra.
E-mail: jordy.bouwman@colorado.edu
Journal of Molecular Spectroscopy 378, 111458 (2021)
https://doi.org/10.1016/j.jms.2021.111458
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Chemical kinetics simulations of ice chemistry on porous
versus non-porous interstellar dust grains
Drew A. Christianson1 and and Robin T. Garrod1,2
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The degree of porosity in interstellar dust-grain material is poorly defined, although recent
work has suggested that the grains could be highly porous. Aside from influencing the
optical properties of the dust, porosity has the potential to affect the chemistry occurring on
dust-grain surfaces, via increased surface area, enhanced local binding energies, and the
possibility of trapping of molecules within the pores as ice mantles build up on the grains.
Through computational kinetics simulations, we investigate how interstellar grain-surface
chemistry and ice composition are affected by the porosity of the underlying dust-grain
material. Using a simple routine, idealized three-dimensional dust-grains are constructed,
atom by atom, with varying degrees of porosity. Diffusive chemistry is then simulated
on these surfaces using the off-lattice microscopic Monte Carlo chemical kinetics model,
MIMICK, assuming physical conditions appropriate to dark interstellar clouds. On the porous
grain surface, the build-up of ice mantles, mostly composed of water, leads to the covering
over of the pores, leaving empty pockets. Once the pores are completely covered, the
chemical and structural behavior is similar to non-porous grains of the same size. The most
prominent chemical effect of the presence of grain porosity is the trapping of molecular
hydrogen, formed on the grain surfaces, within the ices and voids inside the grain pores.
Trapping of H2 in this way may indicate that other volatiles, such as inert gases not included
in these models, could be trapped within dust-grain porous structures when ices begin to
form.
E-mail: dac5tt@virginia.edu
Frontiers in Astronomy and Space Sciences 8, 21 (2021)
https://www.frontiersin.org/articles/10.3389/fspas.2021.643297/full
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Dust changes in Sakurai’s Object: new PAHs and SiC
with coagulation of submicron-sized silicate dust into
10µm-sized melilite grains
Janet E. Bowey
School of Physics and Astronomy, Cardiff University, Queens Buildings, The Parade, Cardiff CF24 3AA, UK

6–14 µm Spitzer spectra obtained at 6 epochs between April 2005 and October 2008 are
used to determine temporal changes in dust features associated with Sakurai’s Object
(V4334 Sgr), a low mass post-AGB star that has been forming dust in an eruptive event
since 1996. The obscured carbon-rich photosphere is surrounded by a 40-milliarcsec torus
and 32 arcsec PN. An initially rapid mid-infrared flux decrease stalled after 21 April 2008.
Optically-thin emission due to nanometre-sized SiC grains reached a minimum in October
2007, increased rapidly between 21–30 April 2008 and more slowly to October 2008. 6.3µm absorption due to PAHs increased throughout. 20 µm-sized SiC grains might have
contributed to the 6–7 µm absorption after May 2007. Mass estimates based on the opticallythick emission agree with those in the absorption features if the large SiC grains formed
before May 1999 and PAHs formed in April–June 1999. Estimated masses of PAH and
large-SiC grains in October 2008, were 3×10 – 9 M and 10 – 8 M , respectively. Some of
the submicron-sized silicates responsible for a weak 10 µm absorption feature are probably
located within the PN because the optical depth decreased between October 2007 and
October 2008. 6.9 µm absorption assigned to ∼10 µm-sized crystalline melilite silicates
increased between April 2005 and October 2008. Abundance and spectroscopic constraints
are satisfied if up to 2.8 per cent of the submicron-sized silicates coagulated to form melilites.
This figure is similar to the abundance of melilite-bearing calcium-aluminium-rich inclusions
in chondritic meteorites.
E-mail: boweyj@cardiff.ac.uk
Monthly Notices of the Royal Astronomical Society, advance article
https://academic.oup.com/mnras/advance-article-abstract/doi/10.1093/mnras/stab1305/
6273142 https://export.arxiv.org/abs/2105.02034
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Multiple dehydrogenation of fluorene cation and neutral
fluorene using the statistical molecular fragmentation
model
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The statistical molecular fragmentation (SMF) model was used to analyze the 306
fragmentation channels (containing 611 different species) that result from the fluorene
(C13 H10 + ) cation losing up to three hydrogen atoms (neutral radicals and/or a proton).
Breakdown curves from such analysis permit one to extract experimentally inaccessible
information about the fragmentation of the fluorene cation, such as the locations of the
lost hydrogen atoms (or proton), yields of the neutral fragments, electronic states of the
residues, and quantification of very low probability channels that would be difficult to detect.
Charge localization during the fragmentation pathways was studied to provide a qualitative
understanding of the fragmentation process. Breakdown curves for both the fluorene
cation and neutral fluorene were compared. The SMF results match the rise and fall of
the one hydrogen loss yield experimentally measured by imaging photoelectron-photoion
coincidence spectroscopy using a VUV synchrotron.
E-mail: pierre.desesquelles@universite-paris-saclay.fr, dominik.domin@phenikaa-uni.edu.vn
Phys. Chem. Chem. Phys. 23, 9900 (2021)
https://doi.org/10.1039/d0cp06100j
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Photodissociation of aliphatic PAH derivatives under
relevant astrophysical conditions
A. Marciniak1 , C. Joblin1 , G. Mulas1,2 , V. Rao Mundlapati1 and A. Bonnamy1
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The interaction of polycyclic aromatic hydrocarbons (PAHs) with vacuum ultraviolet (VUV)
photons triggers the emission of the well-known aromatic infrared bands but other
mechanisms such as fragmentation can be involved in this interaction. Fragmentation
leads to selection effects favoring specific sizes and structures. We investigate the impact
of aliphatic bonds on the VUV photo-stability of PAH cations under conditions applicable
for photodissociation regions (PDRs). Cations of pyrene (C16 H10 ) and coronene (C24 H12 )
derivatives containing aliphatic bonds (methyl or ethyl sidegroups, superhydrogenation) are
submitted to VUV (10.5 eV) photons over long timescales (∼ 1000 s) in the cryogenic
PIRENEA setup. The fragmentation cascades are analyzed with a simple kinetics model;
fragmentation pathways, rates and branching ratios are derived. Aliphatic PAH derivatives
are found to have a higher fragmentation rate and carbon loss compared to regular
PAHs. The fragmentation of PAHs with alkylated sidegroups forms species with peripheral
pentagonal cycles, which can be more stable than the bare PAH cations. This stability
is quantified and the most stable species, for which there is an effective competition of
fragmentation with isomerization and radiative cooling, are identified. This work supports
a scenario in which the evaporation of nanograins with mixed aliphatic and aromatic
composition followed by VUV photoprocessing results in both the production of the carriers of
the 3.4 µm AIB by methyl sidegroups and in an abundant source of small hydrocarbons at the
border of PDRs. An additional side effect is the efficient formation of stable PAHs containing
some peripheral pentagonal rings. Our experiments also support the role of isomerization
processes in PAH photofragmentation, including the H-migration process, which could lead
to an additional contribution to the 3.4 µm AIB.
E-mail: christine.joblin@irap.omp.eu
Accepted for publication in Astronomy & Astrophysics (2021)
https://ui.adsabs.harvard.edu/abs/2021arXiv210303890M/abstract
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