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Book of Abstracts 27t Colloquium on High-Resolution
Molecular Spectroscopy (HRMS Cologne 2021)

The 27" Colloquium on High-Resolution Molecular Spectroscopy (HRMS) was initially
planned on-site. Due to the Covid-19 pandemic, the event is held for the first time as an
online conference to fulfill the regulations of the government and to facilitate safe exchange
of scientific information.

There are 11 invited lectures and 3 mini-symposia. Parallel sessions feature 54 contributed
lectures given by PhD students and postdocs. 4 poster sessions are planned. The scientific
fields covered are:

e High resolution rotational, vibrational, and electronic spectroscopy of molecules
(radicals, ions, complexes, clusters, ...)

e Molecular dynamics

e Theory assisting the prediction, simulation, and interpretation of spectra

e New techniques for high-resolution spectroscopy

e Applications to atmospheric sciences, astrophysics, planetology, combustion, gas-phase
biomolecules, metrology and fundamental physics, cold molecules, etc.
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Program, Sunday, August 29, 2021
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Welcome Address by the organizers

Prof. Stephan Schlemmer, |. Institute of Physics, University of Cologne, Germany
Chair of HRMS 2021

Prof. Frédéric Merkt, Laboratory Physical Chemistry, ETH Ztirich, Switzerland
Member of the HRMS Executive Committee

HRMS 2021 Opening Lecture
Pascale Ehrenfreund, Space Policy Institute, George Washington University, U.S.A.
«The search for life in our Solar System»

International Dr. Barbara Mez-Starck Prize 2021

Dr. Jiirgen Vogt, Member of the presiding board of the Dr. Barbara Mez-Starck-Foundation,
Announcement of two laureates of the international Dr. Barbara Mez-Starck Prize
for structural chemistry and molecular physics

End of day 1

Sponsors and Partners

General Sponsors and Main Supporters

Al CoLOGNE CENTER FOR
I|| TERAHERTZ SPECTROSCOPY

[\ SFB 956 —
ELSEVI

Radiant Dyes Laser
]

Virtual Exhibition

&

ER

O 5CS Coffee Bar

<0.001cm*
resolution )

Back to Main Room

EXCELITAS




Plenary Session, Invited Lecture X01
The search for life in our Solar System

P. Ehrenfreund*?

!Space Policy Institute, George Washington University, *Leiden Observatory

One of the most fascinating questions in planetary science is how life originated on Earth
approximately 3.5-3.7 billion years ago and whether life exists beyond Earth. Life on Earth has
adapted to nearly every explored environment including the deep ocean, dry deserts and ice
continents. What were the chemical raw materials available for life to develop? What role did small
Solar System bodies play in the delivery of raw material for life during the heavy bombardment
phase in the early history of our Solar System. Where can we find life or remnants of life in our
Solar System considering the progress and data on “extreme life” on Earth that has transformed
our view of habitability.

A fleet of present and future robotic space missions target planets and moons in order to assess
their habitability and to seek biosignatures of simple extraterrestrial life beyond Earth. Prime
future targets in the outer Solar System include moons that may harbor internal oceans such as
Europa, Enceladus, and Titan. Life may have emerged during habitable periods on Mars and
evidence of life may still be preserved in the subsurface, caves, or evaporite deposits. Several
orbiters as well as the Insight lander and the Curiosity rover are exploring Mars. In 2021, three
additional robotic missions arrived at Mars. China’s ambitious Tianwen-1 mission composed of an
orbiter, lander and rover landed its rover Zhurong in May 2021 in Utopia Planitia. The United Arab
Emirates orbiter “Hope” is starting its scientific measurements of the Martian atmosphere. NASA'’s
Mars2020 mission Perseverance rover landed in the Jezero crater and will collect material for a
future Mars sample return mission. Mars is still the central object of interest for habitability studies
and life detection beyond Earth, paving the way for returned samples and human exploration.

Extensive science activities in support of planetary exploration are performed worldwide in the
laboratory, in the field and through simulation studies. Life detection strategies need to be robust
to recover traces of biomarkers and are critically dependent upon the sensitivity of detection
methods. This lecture will discuss the current results of Mars missions and discuss the science and
technology preparation crucial for robotic and human exploration efforts investigating habitability
and biosignhatures in our Solar System.
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Program, Monday, August 30, 2021
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Poster Session 1

Watch the short video presentations

Meet the poster presenters on the interactive platform MeetAnyway

Break

Invited Lectures (B)

Chair: Attila Csaszar, E6tvos University, Hungary

Ad van der Avoird, Radboud Universiy, Nijmegen (NL)
«Para-ortho hydrogen conversion; solving a 90-year old mystery»

Molecular Physics Lecture

Edit Matyus, ELTE

«Recent developments and future challenges in molecular quantum theory»

Break

Contributed Talks (C)

Internal Rotation (CA)

Chair: Vadim llyushin, The
National Academy of Sciences of
Ukraine

Thomas C. Salomon, Universitat
zu Kéln

«Internal rotation in a loosely
bound ion-rare-gas complex: He-
Hz*™»

Safa Khemissi, Université Paris-
Est Créteil

«Methyl internal rotations and 1N
quadrupole coupling in the
microwave spectra of 2,4-
dimethylthiazole and 4-methyl-5-
vinylthiazole»

Pascal Stahl, University of Kassel
«Spectroscopy on the first excited
torsional state of propylene oxide»

Iwona Gulaczyk, Adam
Mickiewicz University

«IR Rotational Spectrum of
Methylamine»

Christina Dindic, RWTH Aachen
University

«The effects of two inequivalent
internal rotations in
acetylmethylthiophenes explored
by microwave spectroscopy»

Luyao Zou, Universite de Lille
«Analysis of the low torsional
barrier of a heavy C3v top: the
case of trifluroacetic acid»

End of day 2

Infrared (CB)
Chair: Oskar Asvany, Universitat
zu Koln, Germany

Sathapana Chawananon,
Sorbonne Université

«High resolution rovibrational
spectroscopy of bicyclic aromatic
hydrocarbons»

Shreyak Banhatti, Universitat zu
Kéln

«Acetylene loss from anthracene
and phenanthrene cations»

Irén Simkd, ELTE E6tvos Lorand
University

«Structure and dynamics of the
semirigid HHe,* and the fluxional
HHejz* cations»

Aleksandr Andreevich Balashov,
Nicolaus Copernicus University
«Oxygen B-band P-branch study:
simultaneous observation of Dicke
narrowing and speed-dependence
effects»

Alexander Petrovich Kouzov,
Saint-Petersburg State University
«Satellites in Infrared and Raman
Spectra of Linear Molecules»

Marcos Juanes, University of
Valladolid

«Observation of Selenium-
centered Hydrogen Bonds by Jet-
Cooled Microwave Spectroscopy:
Benzeneselenol -+« H,O vs.

Theory (CC)
Chair: Sergey Yurchenko,
University College London, UK

Kamil Stankiewicz, Nicolaus
Copernicus University
«Investigation of collisional effects
in molecular spectra - accurate ab
initio calculations in HD-He
system»

Victoria H.J. Clark, Univerity
College London

«Calculating the non-LTE spectra
of small molecules using the
ExoMol Database»

Kevin Gregor Lengsfeld,
Gottfried-Wilhelm-Leibniz-
Universitat Hannover

«A Quantum Chemical Method
Producing Accurately Predicted
Barrier Heights to Methyl Group
Internal Rotation - The Test Case
of Acetylspecies»

Carlos Murilo Romero Rocha,
Leiden University

«High-Level Ab Initio Quartic
Force Fields and Spectroscopic
Characterization of CoN™»

Miguel Sanz-Novo, Universidad de
Valladolid

«Unveiling the Shape of Neutral
Levodopa»

Andrei Vladimirovich Sokolov,
Saint-Petersburg State University
«Energy-Corrected Sudden
approach to the non-Markovian
relaxation matrix for two linear
colliders»



Poster Session 1, Virtual Poster A0l

Beyond the horizon: HITRAN2020 and HITEMP data for planetary atmospheres

R.J. Hargreaves?!, R. Hashemi?, E. V. Karlovets®, E. K. Conway?, F. Skinner!, A. A. Finenko??, K.
Nelson!, Y. Tan®*?!, R. V. Kochanov*?, I. E. Gordon'*, L. S. Rothman®*

'Harvard-Smithsonian Center for Astrophysics, “Moscow State University, Moscow, Russia, SUSTC,
Hefei, China, *V.E. Zuev Institute of Atmospheric Optics, Tomsk

The recently-released 2020 edition of the HITRAN database has continued efforts to include and
improve appropriate spectroscopic data for studying a variety of planetary atmospheres. In
particular, line lists for key atmospheric species (e.g., SO,, NHs;, C,H,, PHs) have received
substantial updates, compared to HITRAN2016 [1], which include extending spectral coverage and
improving line positions, intensities, and broadening coefficients. There are currently 55 molecules
with line-by-line parameters in HITRAN, with new species being included for HITRAN2020 that have
particular relevance to planetary atmospheres (e.g., GeH,, CS,, SO). Furthermore, additional
planetary-relevant absorption cross-sections and collision-induced absorption data are now
included. Pressure-broadening parameters (and their temperature dependencies) for H,, He, CO,
and H,O are also provided for numerous species, allowing opacities to be calculated using HITRAN
data for a variety of planetary atmospheres, including Venus, Mars, and Jupiter.

The temperature range of planetary atmospheres can substantially exceed those found on Earth,
therefore it is necessary to account for significantly more transitions when modelling high-
temperatures environments. In addition, high-resolution observations require accurate
spectroscopic parameters to enable characterization of these atmospheres. The HITEMP database
[2] provides line-by-line parameters for use at high temperature and has recently been undergoing
a significant upgrade. HITEMP line lists are now available for N,O, NO, [3] and CH, [4], while the
CO, NO and OH line lists have been updated [3,5]. For CH,, an intensity compression technique has
been introduced that is capable of being accurate at modelling high-temperature spectra, and also
practical to use [4].

The additions of planetary-relevant molecules and spectroscopic parameters for HITRAN2020 will
be discussed, along with recent updates to the HITEMP database. Note that a companion poster by
I. Gordon will discuss the improvements in HITRAN2020 that are relevant to the remote sensing of
terrestrial atmosphere.

[1] 1. E. Gordon, et al., J. Quant. Spectrosc. Radiat. Transfer, 2016, 203, 3-67.
[2] L. S. Rothman, et al., J. Quant. Spectrosc. Radiat. Transfer, 2010, 111, 2139-2150.
[3]1 R. J. Hargreaves, et al., J. Quant. Spectrosc. Radiat. Transfer, 2019, 232, 35-53.
[4] R. J. Hargreaves, et al., Astrophys. J. Supp. Ser., 2020, 247, A55.

[5] G. Li, et al., Astrophys. J. Supp. Ser., 2015, 216, Al5.
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Poster Session 1, Virtual Poster AO02
Water vapor absorption in the region of the oxygen A-band near 760 nm

S. Vasilchenko?, S. Mikhailenko'3, A. Campargue?

1V.E. Zuev Institute of Atmospheric Optics, SB, Russian Academy of Science, 1, Academician Zuev
square, 634055 Tomsk, Russia, “Univ. Grenoble Alpes, CNRS, LIPhy, 38000 Grenoble, France , 3
Climate and Environmental Physics Laboratory, Ural Federal University, 19, Mira av., 620002
Yekaterinburg, Russia

The oxygen A-band near 760 nm is used to determine the air-mass along the line of sight from
ground or space borne atmospheric spectra. This band is located in a spectral region of very weak
absorption of water vapor and interfering lines of atmospheric water vapor are expected to have a
small impact on the retrieved air-masses. The increased requirements on the determination of the
air columns make nevertheless suitable to accurately characterize water absorption spectrum in
the region. In the present work, we use cavity ring down spectroscopy (CRDS) to measure with
unprecedented sensitivity and accuracy the water spectrum in the 12,970 - 13,170 cm™ region. A
total of about 730 water lines were determined and rovibrationally assigned leading to the
determination of 76 new levels and correction of 61 levels of H,'°0. Spectroscopic line lists
available in the region - HITRAN, W2020 and theoretical line lists - show important deviations
compared to observations (see Fig). In particular, line intensities are poorly predicted by available
ab initio calculations in the considered region involving transitions corresponding to a highly
bending excitation.
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Poster Session 1, Virtual Poster AO3
Temperature-dependence of CH;l line broadening by main atmospheric perturbers
|. Buldyreva', A. Dudaryonok?, N. Lavrentieva?, L. Troitsyna®, N. Filippov?

YInstitut UTINAM, UMR CNRS 6213, Université Bourgogne Franche-Comté, 16 Route de Gray, 25030
Besancon, France, 2Laboratory of Molecular Spectroscopy, V.E. Zuev Institute of Atmospheric
Optics SB RAS,1 Akademician Zuev Sq., 634055 Tomsk, Russia, >Laboratory of Molecular
Spectroscopy, Faculty of Physics, Saint-Petersburg State University, 3 Ulyanovskaya str, 198504
Saint-Petersburg, Russia

Reliable modelling of radiative transfer in the terrestrial atmosphere requires precise knowledge of
spectroscopic parameters even for minor compounds such as methyl iodide. Besides its role in the
ozone layer depletion [1,2], this gas is especially perilous for human health, so that atmospheric
monitoring is also needed for CHsl accidentally released into the atmosphere. The most convenient
for atmospheric detection is the rather strong v fundamental at 892.916 cm™, which falls in the
11lpm transparency window [3]. To the best of our knowledge, the line-shape parameters of
methyl iodide have been studied experimentally solely at room temperature, whereas a larger
temperature interval is required.

For the self-broadening case, we recently published theoretical estimates of line-broadening
coefficients and their temperature-dependence parameters in the vg band for the temperature
range 200-400K [4]. The present work completes this previous investigation by considering the
main atmospheric perturbers. The semi-empirical method [5] is employed, since for many
molecular systems its model parameters were shown to be temperature independent. In this way,
the 5 parameters c;-c5 obtained from fits on some room-temperature measurements are used to
calculate line-broadening coefficients for 5 temperatures in the range 200-400K; the temperature-
dependence characteristics are further deduced using the traditional exponential law and/or the
recently suggested double-power law [6].

[1] D. Davis, J. Crawford, S. Liu, S. McKeen, A. Bandy et al., Journal of Geophysical Research:
Atmospheres, 1996, 101(D1), 2135-47. [2] S. Solomon, R. Garcia, A.R. Ravishankara, Journal of
Geophysical Research: Atmospheres, 1994, 99(D10), 20491-20499. [3] P. Bernarth, Optics &
Photonics News, 2015, 16, 18-23. [4] L. Troitsyna, A. Dudaryonok, J. Buldyreva, N. Filippov, N.
Lavrentieva, Journal of Quantitative Spectroscopy and Radiative Transfer, 2020, 242, 106797. [5]
A.D. Bykov, N.N. Lavrentieva, L.N. Sinitsa, Molecular Physics, 2004, 102, 1653-1658. [6] R.R.
Gamache, B. Vispoel, Journal of Quantitative Spectroscopy and Radiative Transfer, 2018, 217,
440-452.
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Poster Session 1, Virtual Poster AO4
Nitrogen-broadening coefficients for the CH;l vg fundamental
|. Buldyreva?, L. Troitsyna', A. Dudaryonok?, N. Lavrentieva?, N. Filippov>

YInstitut UTINAM, UMR CNRS 6213, Université Bourgogne Franche-Comté, 16 Route de Gray, 25030
Besancon, France, 2Laboratory of Molecular Spectroscopy, V.E. Zuev Institute of Atmospheric
Optics SB RAS, 1 Akademician Zuev Sq., 634055 Tomsk, Russia, >Laboratory of Molecular
Spectroscopy, Faculty of Physics, Saint-Petersburg State University, 3 Ulyanovskaya str, 198504
Saint-Petersburg, Russia

Necessity of improving methyl iodine line-shape parameters and creating line-lists for databases
[1-4] arise from crucial needs of monitoring CH;l accidentally released into the atmosphere. A
particular interest for atmospheric detection of CHsl represents its rather strong vg fundamental
located at 892.916 cm™ and falling in the 11um transparency window [5]. Besides the self-
broadening case analysed previously at room temperature [4] and in the temperature range
200-400K [6], the case of perturbation by nitrogen is worthy of consideration.

The present work focuses on theoretical estimates of CHsl-N, line-widths at the room temperature
of 296K. As in [4,6], a semi-classical (SC) and a semi-empirical (SE) methods are employed to get
the line-broadening coefficients for the 6 sub-branches of the vg band with the rotational quantum
numbers 0<J=<70 and K = 20 requested typically for spectroscopic databases. The SC method uses
exact classical trajectories governed by the isotropic potential [7] and accounts for long-range and
short-range interactions. The SE approach corrects the analytical expressions of the Anderson-
theory by an empirically adjusted factor [8], with the intermolecular potential represented by long-
range forces only. Theoretical results are compared to available measurements for the vg [9] and
vs fundamentals [10], showing a very satisfactory agreement and a clearly negligible vibrational
dependence.

[1] A. Perrin, I. Haykal, F. KwabiaTchana, L. Manceron, D. Doizi, G. Ducros, Journal of Molecular
Spectroscopy, 2016, 324, 28-35. [2] |. Haykal, D. Doizi, V. Boudon, A. El Hilali, L. Manceron, G.
Ducros, Journal of Quantitative Spectroscopy and Radiative Transfer, 2016, 173, 13-19.

[3] F. KwabiaTchana, Y. Attafi, L. Manceron, D. Doizi, J. Vander Auwera, A. Perrin, Journal of
Quantitative Spectroscopy and Radiative Transfer, 2019, 222-223, 130-137. [4] E. Raddaoui, L.
Troitsyna, A. Dudaryonok, P. Soulard, M. Guinet, H. Aroui, J. Buldyreva, N. Lavrentieva, D.
Jacquemart, Journal of Quantitative Spectroscopy and Radiative Transfer, 2019, 232, 165-179. [5]
P. Bernarth, Optics & Photonics News, 2015, 16, 18-23. [6] L. Troitsyna, A. Dudaryonok, ].
Buldyreva, N. Filippov, N. Lavrentieva, Journal of Quantitative Spectroscopy and Radiative Transfer,
2020, 242, 106797. [7] J. Buldyreva, L. Nguyen, Physical Review A, 2008, 77, 042720. [8] A.D.
Bykov, N.N. Lavrentieva, L.N. Sinitsa, Molecular Physics, 2004, 102, 1653-1658. [9] Y. Attafi, A.B.
Hassen, H. Aroui, F. KwabiaTchana, et al. Journal of Quantitative Spectroscopy and Radiative
Transfer, 2019, 231, 1-8. [10] K. Hoffman, P. Davies, Journal of Molecular Spectroscopy, 2008,
252, 101-7.
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Poster Session 1, Virtual Poster AO5

The conformational behaviour of dicarboxylic acid monomers and complexes revealed
by rotational spectroscopy

C. Medcraft!, M. Schnell*?

L1UNSW Sydney, 2 Deutsches Elektronen-Synchrotron DESY, Hamburg, G, 3Institut fiir Physikalische
Chemie, Christian-Albre

Secondary organic aerosols (SOA) play a crucial yet uncertain role in Earth’s climate that are
formed from the gas phase oxidation products of organic compounds. Di-carboxylic acids are
ubiquitous in SOA! and have been shown to have significant conformer dependant atmospheric
reactivities.? The dimerization and complexation with other atmospheric molecules is dependent
on the balance between inter- and intra- molecular hydrogen bonding and is thus highly influenced
by the conformation of the monomers. Despite their importance in the atmosphere, gas phase
spectroscopic data on these molecules is limited due, in part, to the difficulty in bringing them into
the gas phase as they often decarboxylate or form anhydrides when heated. For example, malonic
acid (propanedioic acid) fragments upon heating to give carbon dioxide and acetic acid.

Using chirped pulse Fourier-transform microwave spectroscopy in the 2-8 GHz and 18-26 GHz
frequency ranges we have successfully detected the elusive Tt conformer of pyruvic acid (figure 1)

and two conformers of malonic acid. Computational and experimental results on the homo- and
hetero- dimers and hydration complexes of pyruvic acid and oxalic acid will also be presented

} i' J{ﬂ e

Te (0 kJ/mol) Tt (8.5 kJ/mol)

Figure 1: The two lowest energy conformations of pyruvic acid. Note that the higher energy Tt
conformer has a H-bond available for intermolecular bonding, these conformers become
essentially isoenergic (AE=1.7 kJ/mol) when a water molecule binds.

1. Meng, J. et al. Sci. Total Environ., 2020, 705, 135256.
https://doi.org/10.1016/j.scitotenv.2019.135256.

2. Blair, S. et al. . Phys. Chem. A, 2020, 124 (7), 1240-1252
https://doi.org/10.1021/acs.jpca.9b10613
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Poster Session 1, Virtual Poster AO07
The Soleil View on Dimethyl Ether
C. P. Endres?, T. F. Giesen?

!Max Planck Institute for extraterrestrial Physics, GieRenbachstr. 1, 85748 Garching, Germany, 2
Universtiy of Kassel, Laboratory Astrophysics, Heinrich-Plett-Str. 40 34132 Kassel, Germany

Dimethyl ether (DME, CH30CH3) is highly abundant in hot cores and numerous transitions not only
within the vibrational ground state, but also within torsionally excited states, v;; = 1 @ 197.6 cm™*
and v;s = 1 @ 242.5 cm™!, have been detected in interstellar line surveys, such as the high-mass
star-forming region G327.3-0.6 [1]. New observations of G327.3-0.6 show that vibrational satellites
can be very intense and even the detection of other excited vibrational states, such as the COC
bending state v, = 1 @ 412.4 cm™!, might be possible.

However, analysis of the COC bending mode is quite challenging, because of the presence of
various interactions with torsionally excited states. Therefore, the high resolution vibrational
spectrum of dimethyl ether has been recorded in the far-IR using synchrotron-based Fourier
transform spectroscopy, in addition to previous microwave measurements [2,3], which provides
complementary information and in particular additional constraints on vibrational energies. Line
assignments were performed using the Automated Spectral Assignment Procedure (ASAP) allowing
accurate rotational energy levels of the lowest vibrations to be determined.

The paper will focus on the COC bending fundamental and will present the current state of the
analysis of this ongoing project.

[1] Suzanne E. Bisschop, Peter Schilke, Friedrich Wyrowski et al., Astronom. Astrophys., 2013,
552, A122

[2] Christian P. Endres, Brian J. Drouin, John C. Pearson et al., Astronom. Astrophys., 2009, 504,
635-640

[3] Christian P. Endres, Holger S.P. Muller, Frank Lewen et al. 65th ISMS, 2010, abstract id FCO1
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Poster Session 1, Virtual Poster AO8

Tunneling IAM treatment applied to the analysis of the CH,OH radical sub-millimeter
wave spectrum

L. H. Coudert!, O. Chitarra?, J. Spaniol!, M. Martin-Drumel®, O. Pirali}, B. Gans?, J. Loison®

YInstitut des Sciences Moléculaires d'Orsay, Université Paris Saclay, France, %Intsitut des Sciences
Moléculaires, Université de Bordeaux, Talence, France

Early ab initio calculations® revealed that the hydroxymethyl radical (CH,OH) is a non-rigid species
exhibiting a complicated potential energy surface. It displays 4 C; minima, 2 C; local maxima,
approximately 300 cm™ above the minima, and 2 C; maxima, approximately 1500 cm™! above the
minima. The large amplitude motion of the radical can be pictured as an internal rotation of the
CH, group with respect to the OH group. The axis of internal rotation is the CO bond and the two-
fold symmetry hindering potential is characterized by a barrier height of 1500 cm™. Aided by new
ab initio results, the torsional levels associated with this torsional motion were computed.
The calculated levels display a tunneling splitting which was found to be on the order of 2 cm™* for
the ground vibrational state.

In this poster, a line position analysis of already available?* and newly measured sub-millimeter
wave transitions will be reported for the CH,OH radical. As its large amplitude motion seems to be
well described by the high barrier approximation, the tunneling IAM water dimer formalism* was
used to derive a fitting approach aimed at accounting for its rotation-tunneling energy. The effects
of the fine spin-rotation and hyperfine spin-spin couplings, due to the unpaired electron, were also
included.

The results of the analysis will be discussed and compared to those obtained with other
approaches. The fitted values of the parameters describing the rotational dependence of the
tunneling splitting will be compared to those retrieved theoretically from the geometry of the
molecule along the tunneling path.*

[1] Saebg, Radom, and Schaefer, J. Chem. Phys., 1983, 78, 845-853; Marenich and Boggs, J. Chem.
Phys., 2003, 119, 3098-3105; and Ibid., J. Chem. Phys., 2003, 119, 10105-10114

[2] Bermudez, Bailleux, and Cernicharo, A&A, 2017, 598, A9
[3] Chitarra, Martin-Drumel, Gans, Loison, Spezzano, Lattanzi, Mdller, and Pirali, A&A, 2020, 644, Al123

[4] Hougen, J. Mol. Spectrosc., 1985, 114, 395-426; and Coudert and Hougen, J. Mol.
Spectrosc., 1988, 130, 86-119
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Poster Session 1, Virtual Poster AO09
Broadening of diffuse bands’ profiles
|. Kretowski®, G. A. Galazutdinov?®?, P. Gnacinski®, R. Hakalla!, W. Szajna’, R. Siebenmorgen*

!Materials Spectroscopy Laboratory, Institute of Physics, University of Rzeszéw, Poland, *Instituto
de Astronomia, Universidad Catolica del Norte, Antofagasta, Chile, 3Institute of Theoretical Physics
and Astrophysics, Faculty of Mathematics, Physics and Informatics, University of Gdansk, Poland, *
Pulkovo Observatory, Saint-Petersburg , Russia, >European Southern Observatory, Garching,
Germany

The paper describes profile broadening and positional displacements of diffuse interstellar bands
(DIBs), seemingly caused by some physical properties of intervening clouds. Full width at the half
maximum (FWHM) of four studied diffuse bands (5780, 5797, 6196 and 6614 A) demonstrate
strong variability, sometimes doubling the features' width. Despite of high magnitude of the effect
[1], our current analysis is restricted to the strongest diffuse bands because the weaker ones
require a much higher S/N ratio. The profile broadening in the studied DIBs evidently propagates
towards longer wavelengths, probably due to the excitation of higher and higher levels of the P
branch of the unknown molecular carrier. Moreover, diffuse bands are broader in clouds with
abundantly populated vibrationally excited states of the hydrogen molecules, i.e. DIB's broadening
correlates with the rotational temperature, estimated on H, v=2 vibrational level. However, the
objects demonstrating extremely broadened profiles of DIBs are very scarce. The extreme
peculiarity of DIBs' profiles was detected in the object Herschel 36. Here we show the gradual
growths of the widths of diffuse bands, confirmed in spectra from different instruments. Our
conclusions are based on the statistically significant sample of reddened stars.
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[1] G. Galazutdinov, A. Bondar, Byeong-Cheol Lee , R. Hakalla, W. Szajna, and J. Kretowski, 2020,
The Astrionomical Journal, 159, 113.
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Our work targets laboratory investigation of the magnetic response of CrH, whose (perturbed) A ©
3+ -X ®z* bands at 750 and 870 nm have been observed in the atmospheres of dwarf stars.
Molecular signatures are becoming important in spectropolarimetric studies attempting to detect
exoplanets around cool stars. Field-free line positions are well-documented [1-3] for the A-X
system, with additional information for the ground state from microwave spectroscopy [4] and
laser magnetic resonance studies [5]. The Zeeman effect has been investigated in molecular beam
conditions (N =0, 1 only, in the A-X system) [6].

To extend these observations, we have recorded intracavity absorption and laser-induced
fluorescence spectra at close to room temperature, partially resolving many Zeeman structures at
magnetic fields up to 0.45 Tesla. Absorption spectra establish relative intensities; fluorescence
spectra recorded with circularly polarised light reveal strong dissymmetry between ¢* and o
transitions, as predicted [7] at modest magnetic field strengths with strong interactions between
spin components. This dissymmetry is of specific interest for telescope spectropolarimetry, where
Stokes V signals give a sensitive probe of stellar magnetism. CrH (and FeH) feature prominently in
spectra of cool dwarf stars and brown dwarfs taken for example on the SPIRou instrument at the
Canada-France-Hawaii telescope; accurate modelling of transitions is necessary for molecular data
to be used to improve determinations of stellar radial velocities and discriminate stellar
magnetism from exoplanet presence. We present results to date.

References:

[1] C.W. Bauschlicher, R.S. Ram, P.F. Bernath, C.G. Parsons, and D. Galehouse, J. Chem. Phys. 115, 1312
(2001).

[2] R.S. Ram, C.N. Jarman, and P.F. Bernath, J. Mol. Spectrosc. 161 (2), 445 (1993).

[3] P.K. Chowdhury, A.J. Merer, S.J. Rixon, P.F. Bernath, and R.S. Ram, Phys. Chem. Chem. Phys. 8, 822
(2006).

[4] D.T. Halfen and L.M. Ziurys, Astrophys. J. 833, 89 (2016).

[5] K. Lipus, E. Bachem, and W. Urban, Mol. Phys. 73, 1041 (1991).

[6] J.H. Chen, J.M. Bakker, A. Peters, M. Stoll, G. Meijer, and T.C. Steimle, Phys. Chem. Chem. Phys. 9, 949
(2007).

[7]1 O. Kuzmychov and S.V. Berdyugina, Astronomy & Astrophysics 558, A120 (2013).


http://www.tcpdf.org

Poster Session 1, Virtual Poster All

Cold ion chemistry within a Rydberg-electron orbit: Test of the spectator role of the
Rydberg electron in the He(n) + CO -» C(n' ) + O + He reaction

F. B. V. Martins', V. Zhelyazkova®, C. Seiler?, F. Merkt*

LETH Zirich, Laboratory of Physical Chemistry
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lon-molecule reactions are usually challenging to study at low temperatures because ions are
heated up by stray fields. To overcome this limitation, we study the ion-molecule reaction within
the orbit of a highly excited Rydberg electron, making it possible to reach collision energies as low
as ~kg.100 mK [1-3]. We present experimental studies of the reaction between CO molecules and
helium atoms excited to Rydberg-Stark states [He(n)] in a merged-beam apparatus. The
supersonic beams of CO and of He(n) with principal quantum number n in the range 27-45 are
merged using a surface-electrode deflector [4,5]. The reaction between a Rydberg atom and a
molecule is expected to correspond closely to the ion-molecule reaction [6-8]. In the He(n) + CO
reaction, long-lived atomic C(n") atoms are formed. This reaction system thus offers the possibility
to study n-changing processes taking place before and during the reaction and to test the
spectator role of the Rydberg electron.

We study the Rydberg-Stark-state distribution of the He(n) atoms and of the C(n") products
experimentally by pulsed-field ionization and theoretically. The integrated signal from pulsed-field
ionized He(n) and C(n") recorded with different electric field values is compared to the predicted
diabatic ionization for a distribution of Rydberg-Stark states. The He sample initially excited to a
specific n state is redistributed among a number of states prior to the reaction via fluorescence
and blackbody-radiation-induced transitions during the 85-us time between excitation and
detection. We calculate the rates of these radiative processes and include them in Monte Carlo
simulations to model the evolution of the He(n) population and its n-distribution. The agreement
between the modeled ionization and the measured ionized He(n) signal confirms that a range of
Rydberg-Stark states of He is populated. Discrepancies between experimental and modeled
ionization of C(n") can be explained by the different ionization dynamics of C(n’). This finding
indicates the validity of the Rydberg-electron-spectator model.

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

[2] V. Zhelyazkova, F. B. V. Martins, J. A. Agner, H. Schmutz, and F. Merkt, Phys. Rev. Lett., 2020,
125, 263401.

[3]1 K. Hbveler, J. Deiglmayr, ). A. Agner, H. Schmutz, and F. Merkt, Phys. Chem. Chem. Phys., 2021,
23, 2676.

[4] P. Allmendinger, J. Deiglmayr, J. A. Agner, H. Schmutz, and F. Merkt, Phys. Rev. A, 2014, 90,
043403.

[5] V. Zhelyazkova, M. Zesko, H. Schmutz, J. A. Agner, and F. Merkt, Mol. Phys., 2019, 117, 2980.
[6]S. T. Pratt, J. L. Dehmer, P. M. Dehmer, and W. A. Chupka, J. Chem. Phys., 1994, 101, 882.

[7] E. Wrede, L. Schnieder, K. Seekamp-Schnieder, B. Niederjohann, and K. H. Welge, Phys. Chem.
Chem. Phys., 2005, 7, 1577.

[8] M. Matsuzawa, Phys. Rev. A, 2010, 82, 054701.
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Doubly deuterated methanol CD,HOH is a non-rigid molecule displaying internal rotation of its
asymmetrical CD,H methyl group. Like the isotopic species of methanol with a symmetrical CH; or
CDs group, it displays a strong rotation-torsion Coriolis coupling. Unlike these species, it also
displays a dependence of its generalized inertia tensor on the angle of internal rotation. Its
complicated rotation-torsion spectrum was investigated in the microwave,! sub-millimeter-wave,??>
terahertz,? and FIR** domains. Although more than 3000 transitions have been assigned so far, no
global analysis, like the one performed for the analogous species CH,DOH,* has been carried out.

In this poster, new assignments in the sub-millimeter, terahertz, and FIR spectra of CD,HOH will be
reported. The new parallel and perpendicular rotation-torsion transitions, assigned up J = 35,
allow us to spectroscopically characterize torsional states with 0 = K =12 and 0 = v, = 2. Three
line position analyses are carried out.

In the first one, restricted to rotation-torsion lines involving torsional states with 3 = K = 12,
rotational energies are evaluated with a J(/+1) Taylor-type expansion for each torsional state.
4836 transitions were accounted for with a unit-less standard deviation of 12.8. In the second
analysis, 124 torsional sub-band centers are fitted with an RMS of 0.048 cm™ to obtain refined
torsional parameters including the hindering potential. In the third analysis, 5907 rotation-torsion
transitions involving torsional states with 0 = K = 12,0 = v, = 2, andJ = 26 are reproduced with a
unit-less standard deviation of 3.2 using the four-dimensional rotation-torsion fitting Hamiltonian
developed for the mono-deuterated species.*

[1] Su and Quade, J. Chem. Phys., 1989, 90, 1396-1402; Liu and Quade, J. Mol. Spectrosc., 1991,
146, 252-263; Su, Liu, and Quade, J. Mol. Spectrosc., 1991, 149, 557-558; Quade, Liu,
Mukhopadhyay, and Su, J. Mol. Spectrosc., 1998, 192, 378-385

[2] Ndao, Tchana, Coudert, Motiyenko, Margules, Barros, Manceron, and Roy, J. Mol. Spectrosc., 2015,
326, 136-143

[3] Mukhopadhyay, Inf. Phys. Tech., 2016, 75, 139-144; ibid., 2016, 76, 116-121; Mukhopadhyay and
Billinghurst, ibid., 2021, 113, 103563

[4] Coudert, Zemouli, Motiyenko, Margulés, and Klee, J. Chem. Phys., 2014, 140, 064307
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Laboratory rotational spectroscopy of methyl n-propyl sulfide: Conformational analysis
and methyl internal rotation

H. V. L. Nguyen?, L. Tulimat?, H. Mouhib?, W. Stahl?
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The microwave spectrum of methyl n-propyl sulfide, CH3-S-CH,-CH,-CH;, was recorded in the
frequency region from 2.0 to 26.5 GHz, revealing three conformers. Quantum chemical
calculations were carried out to support the experimental work. Fine splittings arising from the
internal rotation of the methyl group attached to the sulfur atom were resolved and analyzed.
Torsional barriers of about 600 cm™ for the two conformers with C; symmetry and about 700
cm™ for the Cs conformer could be deduced, showing that the conformations affect the methyl
internal rotation. Torsional splittings of the methyl group at the end of the propyl moiety were
observed for some transitions, leading to the determination of barrier heights close to 1000 cm™.
The spectrum of the 34S isotopologue of the most stable conformer could be measured in natural
abundance. The present laboratory work provides highly accurate spectroscopic parameters,
which serve as reliable starting values for extrapolation in higher frequency ranges and for the
search of this sulfur-containing molecule in the interstellar medium.
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lon-dipole and ion-quadrupole interaction effects in ion-molecule reactions at
collisional energies between 0 and 40-kg K

V. Zhelyazkova®, F. B. V. Martins?, J. A. Agner!, H. Schmutz!, F. Merkt**

!Laboratory of Physical Chemistry, ETH Zurich

lon-molecule reactions are barrierless, exothermic reactions which proceed with high rate
coefficients even at zero temperatures and are important for the synthesis of molecules in the
interstellar medium [1]. These reactions are usually modelled by the classical Langevin model
which predicts a temperature- and collisional-energy-independent reaction capture rate
coefficients. However, at low collision energies, significant deviations from the Langevin rate
coefficients arise resulting from the electrostatic interaction between the charge of the ion and the
electric dipole [2-3] and quadrupole [4-5] moments of the neutral molecule.

We present experimental and theoretical studies of ion-molecule reactions involving He* and
simple molecules. These reactions are studied within the orbit of a Rydberg electron in a merged
Rydberg-neutral beams set-up as described in Refs.[2,4,6]. The helium atoms are excited to a low-
field-seeking Rydberg-Stark state, and deflected and merged with the ground-state (GS)
supersonic beam using a curved surface-electrode Rydberg-Stark decelerator [2]. We monitor the
product-ion yield in a time-of-flight mass spectrometer as a function of the Rydberg helium
velocity, while the GS beam velocity is kept constant.

The measured total product yields, I, display a significant dependence on the collision energy, E.q
, when the molecule has a permanent dipole or quadrupole moments. With decreasing E., , we
observe (i) a significant increase of | in the case of a molecule with a permanent dipole moment
(e.g., NHs3, ND3 and CHsF), and (ii) a pronounced suppression of | in the case of a molecule with a
negative Q,, component of the quadrupole moment (e.g., N, and CO). We calculate the reaction
rate coefficients using an adiabatic capture model that includes the rotational-state-dependent
energy shift of the molecule in the electric field of the He* ion and average over the rotational
state population distribution in the supersonic source, including nuclear-spin statistics effects. The
agreement between the experimental data and the model is very good for a number of molecules:
CHsF [2], NH3, NDs3, N, and CO. The observed significant deviation from the Langevin model is
attributed to the locking of the molecular angular momentum at low collisional energies [3].

[1] D. Smith, Chem. Rev., 1992, 92, 1473.
[2] V. Zhelyazkova, F. B. V. Martins, J. A. Agner, H. Schmutz and F. Merkt, Phys. Rev. Lett., 2020,
125, 263401.

[3]1). Troe, Chem. Phys., 1987, 87, 2773.

[4] P. Allmendinger, J. Deiglmayr, K. Héveler, O. Schullian and F. Merkt, J. Chem. Phys., 2016, 145,
244316.

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

[6] K. Hboveler, ). Deiglmayr, J. A. Agner, H. Schmutz and F. Merkt, Phys. Chem. Chem. Phys., 2021, 23,
2676-2683.
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Absorption spectra of interstellar clouds

|. Kretowskit

!Materials Spectroscopy Laboratory, Institute of Physics, University of Rzeszéw, Poland

style="text-align: justify;">The interstellar space is filled with clouds of diffuse matter, forming the
spectacular spiral arms of many galaxies, including our Milky Way system. Depending on the
density, such clouds are usually divided into ,diffuse”, ,translucent” (their presence revealed by
absorption features, observed in the spectra of distant stars, shining through these clouds),
~dense” and those which give births to new stars with their planetary systems. The lecture
concerns physics and chemistry of the translucent clouds - which consist of several components:
atomic gas, molecules, dust grains. In particular it addresses a scientifically very challenging issue
of identifying (very likely molecular) carriers of the puzzling spectral features known as diffuse
interstellar bands (DIBs) [1]. This set consists now more than 560 absorption features, lacking any
identification [2]. They are believed to be carried by complex chemical species, including prebiotic
ones, synthesized and preserved in translucent interstellar clouds. A vast majority of the
interstellar absorptions are very shallow and thus an analysis of their profile shapes requires a
very high resolution and S/N ratio. High precision DIB profiles may play a decisive role in the
carrier's identification (it's 100 years after their discovery) since they are likely intrinsic to certain
species. Translucent clouds are especially poorly understood. The abundances of about 10
identified molecular species, found in translucent clouds, are known for only a very limited number
of clouds. It is reasonable to expect that an enormous size gap extending between the simplest
two or three-atomic species (currently identified in translucent clouds) on one hand, and the dust
grains (at least about 100 nm big - tens of millions atoms) on the other one, has to be bridged with
medium or large-size molecules. The results, published during the last two decades, demonstrate
red- and blue-shifts of some DIBs in relation to atomic lines as well as changes of their profiles
which apparently vary from one to another specific environment. This was already supported by
the finding of a relation between rotational temperatures of simplest carbon chains and profile
shape of the 6196 DIB [3]. Any reliable chemical modelling of translucent clouds requires at least
some selected physical parameters (like rotational temperature of the identified molecules or
estimated UV flux) and the mutual abundance ratios for as many detected simple molecules as
possible. The only way to identify the most likely molecular, carriers of DIBs is to compare
laboratory spectra of suspect molecules with the observed DIBs. The laboratory spectra are
expected to be determined in the Materials Spectroscopy Laboratory (FTS Bruker IFS-125HR) at
University of Rzeszéw, while the observational data - with the aid of the VLT ESO telescoped
equipped with the high resolution, echelle spectrograph ESPRESSO - very recently commissioned -
likely the worlds’ best instrument of this kind.
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The CDMS® was founded more than 20 years ago to provide in its catalog section line lists of
mostly molecular species which were or may be detected in space by radio astronomical means.
The line lists are generated by fitting critically evaluated experimental data, mostly from
laboratory spectroscopy, to established Hamiltonian models. The assessment of the experimental
data and of the Hamiltonian model is very importantc and will be discussed in some detail. There
are 1080 entries in the CDMS catalog as of mid-June 2021.

Other sections of the classical CDMS include a page on Molecules in Space and a help page for
users of Pickett’'s SPFIT/SPCAT programs. There is also a VAMDC compatible incarnation of the
CDMS which is linked to a plethora of other spectroscopic, collisional, and kinetic databases via the
Vitual Atomic and Molecular Data Centre portal.

A part of the contribution will deal with recent entries and with perspectives in relation to recent
molecular line surveys. These include numerous diatomics, frequently containing metals, with
highly excited states and isotopic species for several molecules already detected in space for the
last project and excited states or isotopic species of known interstellar organic molecules, but also
several new ones for the other projects.

[a] Shortcut: cdms.de; web address: https://cdms.astro.uni-koeln.de/. The CDMS is supported by
the Verbundforschung Physik of the BMBF (German Ministry of Science and Education), project ID
05A17PK1.

[b] http://www.vamdc.org/
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Astrophysical High Resolution Mid-Infrared Observations - A Case Study of Late-type
Stars
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In the universe, chemistry starts when atoms are expelled from the hot inner regions of evolved
stars and form molecules in the cooler outer atmospheres and stellar envelopes. Thus, at the end
of their lifetime low and intermediate mass asymptotic giant branch (AGB) stars and the more
massive red super giants, are building up strong stellar winds which are major sources of small to
intermediate sized molecules and dust in the universe. Especially molecules composed of
refractory materials like metal atoms, carbon or silicon are crucial for dust formation. To
understand these formation processes these precursor molecules need to be observed and
identified which can be done at infrared wavelengths using high resolution spectrographs. We
have investigated the late type stars Canis Majoris, and o-ceti (Mira) using the TEXES spectrograph
on the infrared telescope IRTF. The observations will be discussed and related to recent
experimental investigations in our laboratory.
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Polycyclic aromatic hydrocarbons (PAHs) are key species in both combustion processes and
astrochemistry. They contain a large number of isomers that need to be characterized when
studying chemical growth pathways and guiding astronomical search. In this work, we report
experiments using multiple photon dissociation (MPD) spectroscopy in the PIRENEA setup® on
trapped PAH isomers of m/z=202, namely pyrene (Pyr"), fluoranthene (Flu*), and
9-ethynylphenathrene (EtP™) cations. We recorded the dissociation yields of the parent cations as
a function of the laser pulse energy and at different wavelengths, which were selected from their
MPD action spectra. When exciting in the strong band of Pyr* at 436 nm, we found that the fitted
linear function curve of Flu* was far from the other two isomers, Pyr * and EtP*, as shown in Fig. 1.
In a spectral range of weaker absorptivity (here 455 nm), we found that the three isomers can be
well separated from each other, as shown in Fig. 1. We also recorded the dissociation yields as a
function of the number of laser pulses. In this case, we could differentiate the three isomers by
their major fragments, H-loss and 2H(H,)-loss channels, upon excitation at 436 nm using small and
high laser pulse energies.
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Figure 1: Dissociation yields of m/z=202 isomer cations as a function of the laser pulse energy at
(a) 436 nm and (b) 455 nm excitation energies.
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Precision infrared spectroscopy using a fibre link for the distribution of the Swiss
primary frequency standard
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Trapped atoms and atomic ions are among the best-controlled quantum systems which have
found widespread applications in quantum science. However, the same degree of control over
molecules has so far been challenging to achieve due to their complex energy-level structure. We
overcome this problem by employing a high-fidelity quantum-state detection protocol that uses a
single co-trapped atomic ion as a probe for the molecular state [1]. This protocol allows us to
perform highly sensitive and precise spectroscopic experiments on dipole-forbidden infrared
transitions in N, driven by a quantum cascade laser. The absolute frequency stability of the
measurements is provided by referencing all laser frequencies to the Swiss primary frequency
standard, the Cs atomic fountain clock FoCS-2, operated by the Swiss Federal Institute of
Metrology METAS in Bern [2]. The present approach paves a way for establishing new methods for
precision spectroscopic measurements in the infrared domain, for new frequency standards in this
regime, for new ways of investigating the state-to-state dynamics of chemical reactions, and for
probing spectroscopically fundamental physical questions such as temporal variation of
fundamental constants.

[1] Mudit Sinhal, Ziv Meir, Kaveh Najafian, Gregor Hegi, Stefan Willitsch, Science, 2020, 367,
1213-1218

[2] Dominik Husmann et. al., arXiv.org, 2021, 2104.09966
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High Resolution Spectroscopy and Potential Reconstruction of the c32*(Q = 1) State in
KCs
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Pazyuk?, A. V. Stolyarov>*

!Laser Center, Faculty of Physics, Mathematics and Optometry, University of Latvia, 2Petersburg
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We report on Fourier-transform (FT) spectroscopy measurements and electronic structure
calculations on the c33* state of KCs. The laser-induced fluorescence (LIF) spectra of the c3xt-ad
2% transition were recorded with FT spectrometer IFS125-HR (Bruker) within 9000 to 10000 cm
range. The Ti:Saphire laser Equinox/SolsTis (MSquared) operated within 13800 - 12200 cm™ range
was exploited. Comparison of measured LIF intensity distribution with the calculated one
unambiguously confirms the vibrational numbering suggested in [1]. About 800 rovibronic term
values belonging to both e/f components of the c>2* state, covering vibrational levels from v = 0
to more than 40 and rotational levels from J = 11 to 149 were determined (Figure, left panel), with
absolute accuracy about 0.01 cm™. Experimental term values up to v = 22, supplemented by the
respective term values from [1], were involved in a direct point-wise potential fit of the c*3* (Q =
1¥) state; Q-doubling due to spin-rotational interaction with the 33t (Q = 0) state was taken into
account. The analysis was greatly facilitated by the Fock space relativistic coupled cluster (FS RCC)
of the potential energy curves for the B, c3z*, and b3M states (Figure, right panel), as well as of
the spin-forbidden ¢ - X and spin-allowed ¢ - a transition dipole moments. The constructed
potential allows to reproduce the present measured experimental term values within the accuracy
of about 0.015 cm™.

14800
14800 |
14400 |
14200 -
14000 |

~ 13800

energy, cm”’

13600

13400 4
13200 4

13000 ~

e 3
12800 -| v

T T T
0 20 40 60 80 100 120 140 160
J' R, Angstrom

Figure, left panel: KCs c®s* state term values as dependent on rotational quantum number J’,
empty circles - e levels, asterisk - f levels, points - data from [1], triangles- B'I state data [2];
right panel: potential energy curves for the BN ~ b?M ~ ¢(2)?2* complex in KCs calculated within
the FS-RCC approach compared to empirical curves (dotted lines) for c(2)3z* [1] and B'M [2].

Latvia team acknowledges support from the Latvian Council of Science Project No.
Izp-2018/1-0020.
[1] Jacek Szczepkovski, Anna Grochola, Pawel Kowalczyk, and Wlodzimierz Jastrzebski, JOSRT,

2018, 204, 133-137.

[2] Inese Birzniece, Olga Nikolayeva, Maris Tamanis, and Ruvin Ferber, Chem. Phys. 2015, 142, 1343009.
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CO-Ar collisions: Experimental spectra and theoretical model agree at sub-percent level
at pressures varying within four orders of magnitude
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CO-Ar molecular system is a prototype of atmospherically relevant cases. It is, on the one hand,
affordable for calculation of the line shape parameters by modern ab initio methods [1,2], and, on
the other hand, is very convenient for experimental studies because of its regular, well spaced
rotational spectrum having a moderate intensity [1]. The shapes of molecular optical resonances
are strongly dependent on pressure. To test that our quantum-scattering calculations are valid in a
broad pressure range, we performed our spectroscopic study of the CO-Ar collisional system at
pressures spanning four orders of magnitude.

Three independent spectroscopic techniques [4,5,6] were used to record the spectral line shape of
the first rotational overtone of the CO molecule preturbed by Ar. Simultaneously we performed
fully ab initio quantum scattering calculations on two recent potential energy surfaces [1,7]. We
employed the sophisticated spectral line-shape model to simulate the shapes of the molecular
optical resonance.

We show that the simulated collision-perturbed spectra, which are based on our fully ab initio
calculations, agree with the experimental line profiles at sub-percent level over a wide range
(more than four orders of magnitude) of pressures. We demonstrate that the agreement between
theory and experiment can be further improved if the model accounts for the collisional transfer of
an optical coherence between different rotational transitions (the line-mixing effect). We show that
the two surfaces tested in this work lead to a very similar agreement with the experiment.
Capability of calculating line shape parameters in a broad range of temperatures is therefore
demonstrated.

Experiment was supported in parts by the Russian State project (0030-2021-0016) and Russian
Science Foundation (17-19-01602). P.W. was supported by National Science Centre, Poland, Project
No. 2018/31/B/ST2/00720. N.S. was supported by National Science Centre, Poland, Project No.
2019/35/B/ST2/01118. The project was cofinanced by the Polish National Agency for Academic
Exchange under the PHC Polonium program (dec. PPN/X/PS/318/2018).

[1] Kowzan G. et al 2020 J. Quant Spectrosc. Radiat. Transfer 243106803

[2] Stolarczyk N. et al 2020 ). Quant Spectrosc. Radiat. Transfer 240106676

[3] Kowzan G. et al 2020 Phys. Rev. A 102012821

[4] Sumiyoshi Y. et al 2015). Chem. Phys.142024314

[5] Golubiatnikov G. et al 2014 Radiophys. Quantum EI. 56599

[6] Tretyakov M. et al 2008 Instrum. Exp. Tech. 5178

[7] Koshelev M. et al 2018 IEEE Trans. TerahertzSci. Technol. 8773
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Gas-phase spectroscopy of photostable PAH ions from the mid- to far-infrared

S. D. Wiersma'?, A. Candian?, . M. Bakker?, A. Petrignani'*

van "t Hoff Institute for Molecular Sciences, University of Amsterdam, PO Box 94157, 1090 GD,
Amsterdam, The Netherlands, 2Radboud University, Institute for Molecules and Materials, FELIX
Laboratory, Toernooiveld 7, 6525 ED Nijmegen, The Netherlands

We present high-sensitivity, gas-phase infrared multiple photon dissociation (IRMPD) spectra of the
three cationic polycyclic aromatic hydrocarbons (PAHs) — phenanthrene, pyrene, and perylene —
employing a 7-T Fourier-Transform lon Cyclotron Resonance mass spectrometer, integrated in the
Free-Electron Laser for Intracavity Experiments FELICE. The intracavity configuration can provide
such high photon densities that the IRMPD spectra of these strongly-bound, photo-resistant PAHs
can be recorded over the 100-1700 cm™ (6-95 um) spectral range, with a sensitivity that allows for
the detection of combination modes with predicted intensities as low as 0.01 km-mol™* near 400
cm™ (25 pm). Both harmonic and anharmonic spectra were calculated with Density Functional
Theory, at the B3LYP/6-311++4+G(2d,p) and the B3LYP/NO7D level respectively. The investigated
spectral range covers both local vibrational modes involving C-C and C-H bonds in the mid-IR, and
large-amplitude skeletal modes in the far-IR, both of which match the IRMPD spectra well.
All currently available IRMPD spectra for PAH cations were superimposed over previously predicted
theoretical trends for far-IR vibrational modes depending on PAH shape and size from the NASA
Ames PAH IR Spectroscopic Database [1,2], and only a relatively small redshift was found
compared to theory (6-11 cm™). We conclude that the absence of spectral congestion and
drastically lowered anharmonic redshift (compared to the mid-IR) could make the measured
wavelengths in the far-IR a viable candidate for theoretical benchmarking, which can aid in the
search for individual large PAHSs in the interstellar medium.

[1] Christiaan Boersma et al., EAS Publ. Ser., 2011, 46, 109--115

[2] Charles W. Bauschlicher et al., Astrophys. J. Suppl. Ser., 2018, 234, 32
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Effects of Excited State Quantum Phase Transitions over the Fidelity Susceptibility in
the 2D Limit of the Vibron Model: Application to Molecular Bending Spectra

|. Khalouf-Rivera', M. Carvajal'

lUniversity of Huelva

Molecular bending spectra can be broadly categorized into three physical cases, depending on the
molecular equilibrium configuration: linear, bent, and nonrigid. We have studied the three cases in
detail with an extended Hamiltonian (including up to four-body interactions) of the 2D limit of the
Vibron Model (2DVM). We have obtained bending band origin predictions within experimental
accuracy as well as the corresponding eigenstates for several molecules [1].

(4o )IU (A+9))]

The particular spectroscopic signatures characterizing states that straddle the barrier to linearity
in nonrigid molecules have been pinpointed with the quantum monodromy and the Birge-Sponer
plots. In addition, we propose a characterization of the obtained bending eigenstates making use
of the Quantum Fidelity Susceptibility [2]. This quantity allows us to determine in an elegant and
basis-independent way the linear or bent character of any excited state.

As an application, we have studied, using the above mentioned quantities, the bending spectra of
several molecules of interest in different fields: HNC, OCCCO, CH3;NCO, CICNO, NCNCS, and Si,C
[1-3].

[1] J. Khalouf-Rivera, F. Pérez-Bernal, M. Carvajal, ). Quant. Spectrosc. Radiat. Transfer, 2021,
261, 107436.

[2]]. Khalouf-Rivera, M. Carvajal, F. Pérez-Bernal, submitted to SciPost Physics, 2021.

[3] J. Khalouf-Rivera, M. Carvajal, L. F. Santos, F. Pérez-Bernal, J. Phys. Chem. A, 2019, 123, 44,
9544-9551.
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Photodissociation of exoplanetary important diatomic molecules
M. Pezzella ', S. N. Yurchenko }, J. Tennyson'*
1 UCL Department of Physics and Astronomy ,University College, Gower St, London WC1E 6BT

The destruction of molecules by photodissociation influences the composition and dynamics of
exoplanets, particularly in the presence of a UV-rich stellar environments, where molecules are
hot. Current photodissociation calculations generally assume T= 0 K, appropriate for the cold
interstellar medium but inadequate for hot (exo)planets and stars.

We compute temperature-dependent photodissociation cross sections for molecules found in these
atmospheres. The cross sections are calculated by solving the nuclear-motion Schrdédinger
equation as part of the ExoMol project using codes Duo and Exocross,*? and averaging results
obtained as discrete spectra.

We benchmark our results for different systems. The general validity of the methodology is tested
considering the AN <-X'z* transition of HCI at different T. Our cross sections and rates agree with
published results3(2.31*10° s? versus 2.10*107'° s respectively ). The photodissociation
spectrum of NaCl varies consistently with T: at T=100 K, there two peaks at 240 nm and 260 nm;
while at T=1500 K the peaks merge. Preliminary data from AlH are presented as well.
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[1] Yurchenko et al, Comput Phys Commun, 2016 202 262-275.
[2] Yurchenko et al, A&A , 2018 614, A131.

[3] Dishoeck et al., Chem. Phys. 1982 77 3693.
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An open-source Python library for calculating energy levels and spectra of diatomic
molecules

l. Havalyova®, A. Pashov!
Faculty of Physics, Sofia University, 5 James Bourchier Boulevard, 1164 Sofia, Bulgaria

We developed an open-source package for performing computations of diatomic energy levels and
spectra. In particular, by solving directly the radial Schrodinger equations it allows to compute
eigenvalues and eigenvectors for a system of an arbitrary number of coupled electronic states.
The system is defined by potential energy curves and the radial part of the corresponding coupling
operators. It supports a large number of rotational and relativistic Hund’s case (a) operators. The
spectral line positions and line intensities can also be calculated. Another important feature is the
ability to optimize the parametrized electronic potential energy and coupling functions by fitting
the computed energy levels to experimental data. It follows an object-oriented approach with easy-
to-use functionality and a user-friendly interface. The implemented numerical routines are
efficiently vectorized.
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High-Resolution far infrared spectroscopy and analyses of trioxane
C. Richard?, V. Boudon?, P. ASSELIN?, O. Pirali*

1CNRS / Université Bourgogne Franche-Comté, “Laboratoire Interdisciplinaire Carnot de Bourgogne,
3Laboratory MONARIS UMR 8233 CNRS, Sorbonne Univers, *Institut des Sciences Moleculaires
d’'Orsay

Trioxane, (H,CO)3, is a symmetric top that belongs to the C;, symmetry group. The molecule owns
20 fundamental modes that are dispatched as 7 symmetric vibrations of type Al, 3 vibrations of
type A2 and 10 doubly degenerate vibrations of type E.

Infrared spectra of trioxane have been recorded in the 50-650 cm™ range using a high resolution
Bruker IFS 125 interferometer located at the AILES beamline of the SOLEIL synchrotron facility.
Owing to its higher brilliance in the far-infrared region, the SOLEIL synchrotron radiation was used
to improve the signal-to-noise ratio of the spectrum at the maximal resolution of 0.001 cm™.

We present here a detailed analysis and modeling of intense OCO deformation v; and v;9 modes as
well as weaker weaker CH, torsion v, mode and its first overtone 2v,,. Thanks to the formalism

and programs developed in Dijon, we could determine accurately the effective Hamiltonian
parameters for these 3 modes.
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The role of solvent interactions in the catalysis of the bio-renewable chemical, 6-amyl-a-
pyrone, investigated using rotational spectroscopy.

H. Singh'#, M. Fatima?, M. A. Haider?, M. Schnell***

! Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany, °l. Physikalisches Institut,
Universitat zu KéIn, KéIn, Germany, 3Indian Institute of Technology Delhi, Delhi, India, *Institut fiir
Physikalische Chemie, Christian-Albrechts-Universitat zu Kiel, Kiel, Germany

Lignocellulosic biomasses are often reacted on catalysts in solvents to produce high-value
chemicals ). One such example is the catalytic transfer hydrogenation (CTH) of 6-amyl-a-pyrone
(6PP), a biomass platform chemical, producing &-decalactone (DDL), that is used as an aroma
compound. The CTH reaction carried out in different solvents under similar conditions is reported
to produce significant variation in 6PP conversion and DDL yield varying from 6 % to 79 % 2.
These variations in yield during CTH can be attributed to numerous reasons, such as dispersive
interactions during micro-solvation of 6PP.

To understand the role of dispersion interactions in these reactions, we employ high-resolution
chirped-pulse Fourier transform microwave (CP-FTMW) spectroscopy under the isolated conditions
of a molecular jet in the gas phase. This technique can accurately reveal the structures and
internal dynamics of molecules and weakly bound complexes at the molecular level. We first
investigate the effect of intramolecular interactions within 6PP (C;,H;,0,) in the 2-8 GHz frequency
range. Due to the flexibility of the pentyl chain within 6PP, a conformational search revealed more
than 20 different conformers within a relative energy of less than 6 kJ/mol. The optimized
structures are good starting points for the analysis of the rotational spectra. We will present the
experimental results that will allow us to understand the role of intramolecular interactions for the
observed structures of the monomer. This study will then be the basis for investigating the micro-
solvation of 6PP with solvents such as methanol, cyclohexane, and tetrahydrofuran.

[1]. M. I. Alam, S. Gupta, A. Bohre, E. Ahmad, T. S. Khan, B. Saha, M. Ali HaiderGreen Chemistry,
2016, 18, 6431-6435.

[2]. M. I. Alam, T. S. Khan, M. Ali Haider, ACS Sustainable Chemistry and Engineering, 2019, 7 (3),
2894-2898.
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Differentiation of Pyrene* isomers by low energy collision induced dissociation

V. Meloottayil!, H. Sabbah?, C. Joblin*

13, Institut de Recherche en Astrophysique et Plan’etologie (IRAP), Universit e toulouse Ill- Pual
Sebatier CNRS, CNES, 9 Avenue du Colonel Roche, F-31028 Toulouse, France

Polycyclic aromatic hydrocarbons (PAHs) are important species in environmental science and
astrochemistry. They contain a large number of isomers and specific information on their structure
is needed to explain PAH toxicity and understand chemical growth pathways. Chromatography is
an efficient tool to characterize PAH isomers when the samples are solvable and sufficient in
quantity. In this work and in a companion work!, we investigate methods to differentiate isomers
of PAH cations, which are trapped after their production in the gas phase by laser desorption
ionization (LDI). We focus here on collision induced dissociation (CID) involving low-energy
collisions with a rare gas, whereas photo-excitation is reported in ref. 1. Pyle et al’* showed that
nonresonant multistage CID can be used as a mean to separate isomers, though the
reproducibility of their data was limited. We used the AROMA setup? to perform CID experiment on
pyrene cation (Cy;¢Hi0t, m/z=202) and some of its isomers, fluoranthene and
9-ethynylphenanthrene. In this experiment, gas phase ions produced by a two-step LDI are
injected into a quadrupole ion trap where they are kinetically excited by a dipolar field at a
frequency close to the resonant frequency (187 kHz) of m/z=202 and with an amplitude of
260 mV. The excitation is performed in the presence of a buffer gas (He or Ar), which leads to
collisional activation of the ions. CID of each isomer was studied under two activation conditions
(see Fig. 1). We recorded the breakdown curves as well as the H and 2H (or H,) loss curves of the
three isomers. We observed differences between isomers both in the breakdown curves and in the
2H (H,) / H loss ratio. This analysis provides insights into the competition between H, and
sequential H production in the different isomers. As reported earlier?, the trapping stability
appears as a limiting factor to apply this method on a complex mixture.
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Figure 1. CID breakdown curves of Ci;¢H;o" isomers, obtained as a function of dipolar excitation
(DE) excitation time. The experiments were carried out at a fixed DE amplitude of 260mV using (a)
on resonance excitation in the presence of He and (b) off resonance excitation in the presence of
Ar collisional gas.

Acknowledgement: The research leading to these results has received funding from the
European Research Council under the European Union’s Seventh FrameworkProgramme
(FP/2007-2013) ERC-2013-SyG, Grant agreement Na 610256 NANOCOSMOS.

[1] Venkat R Mundlapati, Alexandre , Anthony Bonnamy and Christine Joblin, poster, this
conference.

[2] Steven Pyle,,
Brittain, Journal of
the American Society for Mass Spectrometry,1997,8(2) 183-190.
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Structural implications of LIF spectroscopy and Franck-Condon modelling for
intramolecular hydrogen bonding in the S,;(ntnt*) excited state of anthranilic acid

P. Kolek!, M. Andrzejak?, J. Goclon®, W. Szajna?, I. Piotrowska®, S. Ryzner?, R. Hakalla*

'Materials Spectroscopy Laboratory, Institute of Physics, University of Rzeszéw, Poland, K.
Guminski Department of Theoretical Chemistry, Faculty of Chemistry, Jagiellonian University,
Krakéw, Poland, 3Institute of Chemistry, University of Bialystok, Poland

Experimentally-based estimation of the changes in equilibrium geometry upon the Sy—-S;(mm*)
excitation via fitting of Franck-Condon factors is tested for reliability. The modelling is based on
the experimental intensities in the LIF excitation spectrum of jet-cooled molecules’. Band
intensities are transformed into geometry changes with the aid of the vibrational modes computed
using the CC2 method? (the perturbative approximation to CCSD coupled-cluster), as well as with
TDDFT(B3LYP)?.
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An interesting effect of the excitation in anthranilic acid is a significant dislocation of hydrogen
atom, often viewed as the excited-state intramolecular proton transfer ESIPT. The LIF+CC2 Franck-
Condon fitting predicts a dramatic shortening of the O---H distance by 31+1.5pm, from 1.91A in
the ground state to 1.60A in the excited state®. The changes in bond alternation within the
benzene ring and in the H-chelate ring (approaching 5pm according to the LIF+CC2 fit) and
the shortening of the O---H bond are up to 1pm larger than modelled with the LIF+TDDFT fit. The
largest deformation of valence angles concerns the C2-C1-N angle and approaches 7.5°. It is
imposed by the shorteninig of the intramolecular hydrogen bond. The magnitude of the substantial
changes in valence angles reaches typically 5° and are larger by 0.5°-1.0° according to LIF+CC2
FC fit than the LIF+DFT fit.

Thus, the essential discrepancies of the ab initio predicted shortening of the O--*H distance
(varying from 14.6pm® with Hartree-Fock and CIS methods, through 19.1-22.6pm? using TDDFT
with a series of basis sets, up to 27.3-28.6pm? with CC2), have been corrected via the Franck-
Condon fitting to the experimetal band intensities in the LIF spectrum. Obtaining the consistent
evaluation of geometry changes? is an important achievement of the fitting of FC factors to the
experimental band intensities in the LIF spectrum.

[1] Przemystaw Kolek, Sebastian LesSniewski, Katarzyna Pirowska, Jan Najbar, Journal of Molecular
Spectroscopy, 2008, 249, 100-112

[2] Przemystaw Kolek, Marcin Andrzejak, Rafat Hakalla, Wojciech Szajna, Journal of Physical
Chemistry A, 2018, 122, 6243-6255

[3] Przemystaw Kolek, Marcin Andrzejak, Tomasz Uchacz, Pawet Szlachcic, Journal of Quantitative
Specrtoscopy & Radiative Transfer, 2020 242 106747 (pgs. 1-16)
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High-resolution FTIR infrared absorption cross sections of 1-'3C propane (**CH;CH,CH;)
and natural propane from 3 pm to 14 pm at 296 K and 250 K

G. Li!, A. Nataraj?, J. Mohn?, M. Kim?', L. Emmenegger?, V. Ebert'*

!PTB, Bundesallee 100, 38116 Braunschweig, ’Empa, Ueberlandstrasse 129, 8600 Diibendorf,
Switzerland

Organic molecules like hydrocarbons are key to the Earth-life system. Recent technological
advances in high-sensitivity isotope ratio analysers using powerful lasers in the mid-infrared region
(MIR) [1] unlock the potential of isotope analysis beyond simple methane. 1-!3C propane is a new
environmental and biological tracer, which provides new opportunities and angles to answer
guestions related to Earth and Planetary sciences [2].

Here, we report absorption cross-sections of pure 1-3C propane in the spectral region from 3 pm
to 14 um at resolutions from 0.003 cm™ to 0.0056 cm™ and at two temperatures around 296 K and
250 K using a Bruker IFS125HR spectrometer. The dataset is useful for the line selection in highly
sensitive MIR spectrometry of 1-!3C propane at ambient level in the field, as well as for carbon-
isotope analysis of propane in the laboratory. To facilitate this, we also measured natural propane
at the same conditions. The results are compared to respective spectra in literature [3-5] and from
the Pacific Northwest National Laboratory (PNNL).

The project EUMETRISPEC [6] has received funding from the EMRP programme. This work is also
linked to the STELLAR project (19ENVO05) [7] and SIRS project (16ENV06) [8] which have received
funding from the EMPIR programme co-financed by the Participating States and from the European
Union's Horizon 2020 research and innovation programme.
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[1] Paul ) Brewer et al. Metrologia, 2019, 56, 034006.

[2] Alexis Gilbert, Annual Review of Earth and Planetary Sciences, 2021, 49:1, 435-464.
[3] Jeremy |. Harrison, Peter F. Bernath, JOSRT, 2010, 111, 1282-1288.

[4] Alain Loh, Marcus Wolff, JOSRT, 2017, 203, 517-521.

[5] Alain Loh, Marcus Wolff, JOSRT, 2019, 227, 111-116.

[6] EMRP EUMETRISPEC project, http://www.Eumetrispec.org

[7]1 EMPIR STELLAR project, http://empir.npl.co.uk/stellarproject

[8] EMPIR SIRS project, https://projectsites.vtt.fi/sites/SIRS/index.html
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Metrology compatible CO,, N,, CH,, Ar, O, and air broadening coefficients of HCI in the
1-0 band

|. A. Nwaboh?, Z. Qu?, G. Li!, O. Werhahn?, V. Ebert'?

'Physikalisch-Technische Bundesanstalt (PTB), Bundesallee 100, 38116 Braunschweig, “Technical
University of Darmstadt, Department of Mechanical Engineering, Reactive Flows and Diag-nostics,
Otto-Berndt-Str. 3, 64287 Darmstadt, Germany

style="text-align: justify;">Hydrogen chloride (HCIl) is a common and important molecule that has
been studied in a variety of applications such as clean room environments, biomethane conformity
assessments, industrial emissions monitoring, and atmospheric sciences [1-4]. For spectroscopic
measurements, we present measured collisional broadening coefficients of HCI lines in the 1-0
band. Focus was placed here on the consistency and data quality (traceability of the results to the
international system of units - SI and Guide to the expression of uncertainty in measurement -
GUM [5] compliant uncertainty assessment) of the measured CO,, N,, CH,4, Ar, O,, and air -induced
broadening coefficients of the P(6)-HCI line (also P(5)-HCI line [4]). Mid-infrared spectrometers
have been developed to perform the measurements. Beside other applications, the measured
collisional broadening coefficients can be used for line shape modelling of the super-Lorentzian
effect [6]. The measured broadening coefficients are compared to data in literature. Our
measurements were performed in the pressure range between 0 - 1000 hPa at a typical interval of
100 hPa, which is complementary to much higher pressures adopted (up to 5 MPa) in interesting
previous works [6]. Ultimately, improved combined uncertainties in the 1 - 3 % range have been
achieved in our study while addressing Sl-traceability of the results.

Acknowledgements: Funding was received from the European Metrology Programme for Innovation and
Research (EMPIR) within the projects 16ENG05-Biomethane and 16ENVO08-IMPRESS2. The EMPIR initiative
is co-funded by the European Union’s Horizon 2020 Research and Innovation Programme and the EMPIR
Participating States.

[1] Javis A. Nwaboh, Heleen Meuzelaar, Jiawen Liu, Stefan Persijn, Jianrong Li, Adriaan M. H. van
der Veen, Nicolas Chatellier, Arnaud Papin, Zhechao Qu, Olav Werhahn, Volker Ebert, Analyst,
2021, 146, 1402-1413.
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Combustion, 2021, 106, 533-546.

[3] Thomas Benoy, Zhechao Qu, Olav Werhahn, Volker Ebert, In Laser Applications Conference (pp.
JTh2A-2), 2020. Optical Society of America.

[4] Zhechao Qu, Javis A. Nwaboh, Gang Li, Olav Werhahn, Volker Ebert, Applied Sciences, 2021,
11,5190.
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[6] Alexandra V. Domanskaya, Gang Li, Ha Tran, Michael Gisi, Volker Ebert, Journal of Quantitative
Spectroscopy and Radiative Transfer, 2017, 199, 71-76.
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Diatomic Molecules in Sunpots
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Since the 1930’s it has been known that sunspots are cool enough to allow for the formation of
diatomic molecules. Early work by Richardson[1] and Babcock[2] inspired W ohl[3] to investigate
the existence of diatomic molecules in the umbrae of sunspots, investigating the existence of 41
molecules and using a method based on wavelength coincidence on experimental rotational line
intensity.

We have been generating computational linelists for SrH and BaH which are of interest in sunspot
umbrae. Ab-initio calculations were undertaken in MOLPRO[4] at the MRCI level, covering the 8
lowest-lying electronic states. Calculations were then refined using experimental spectroscopic
data. The aug-cc-pV5Z-PP basis sets developed by the Hill group[5]have been used with the
Stuttgart effective core potentials[6] for the 28 and 46 core electrons of Sr and Ba respectively. All
electrons outside of the core were fully correlated using an active space of A1=8, B1=3, B2=3,
A2=1 within the C2V framework for both SrH and BaH. This active space covers the four lowest
dissociation limits for the molecules. Spin-orbit calculations have been completed for these low-
lying states. Ground state Re’s for SrH and BaH are 2.1490°A and 2.2312°A respectively;
comparing favourably with experimental values of 2.1461°A for SrH [7], and 2.2318°A for BaH[8].
Dissociation limits for the groundstates of SrH and BaH are calculated to be 14123.3313 cm—1[9]
and 16916.0667 cm—1[10] respectively, agreeing with previous ab-intio calculations conducted.

At present linelists for the X2z +states for SrH and BaH have been completed to an accuracy on
the order of 0.1 cm—1 (1 part in 1074) or better. Currently, work is progressing to include 3 low-
lying electronic states for SrH and 4 low-lying states for BaH. The vibrational and rotational
coverage varies by state, but are within the region of V=25 and J=65.5, far exceeding existing
experimentally measured transitions. The final linelists will be computed for all major
isotopologues of the SrH and BaH molecules including the deuterium counterparts.
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The spectrum of ammonia near 0.793 pm

N. F. Zobov?, T. Bertin?, J. Vander Auwera?, S. Civis®, A. Knizek®, M. Ferus?, R. I. Ovsyannikov !, V. Y.
Makhnev?, J. Tennyson?, O. L. Polyansky*

'Ulyanov Street 46, Nizhny Novgorod, Russia 603950, 2SQUARES, C.P. 160/09, Université Libre de
Bruxelle, *Czech Academy of Science, Dolejskova 2155/3, Prague 18223, Czech Republic, *
Department of Physics and Astronomy, Gower Street, London WC1E 6BT, United Kingdom

Two sets of NH3 absorption spectra covering the 0.793 um region are recorded using two Bruker
IFS 125 HR Fourier transform spectrometers. Three unapodized absorption spectra are recorded in
Brussels over the range 11000 — 14500 cm™* and the positions and intensities of 1114 ammonia
lines observed in the 12491 — 12810 cm™* region are measured. 367 additional lines are identified
in an ammonia absorption spectrum recorded in two steps in Prague, using two different
interference filters covering the 12000 — 12500 and 12400 — 13000 cm™* ranges. The 1481
measured ammonia lines are analyzed using an empirical line list computed using variational
nuclear motion calculations [1] and ground state combination differences. Transitions are assigned
to vibrational states with 4vyy stretching excitation (v; + vs3 = 4). 278 out of the 1481 measured
lines are assigned to 300 transitions and 119 upper state energy levels are derived from the
frequencies of the assigned transitions.

This work was supported by the ERC Advanced Investigator Project 883830, the UK Natural
Environment Research Council grant NE/T0O00767/1 and the Russian Fund for Fundamental
Studies. RIO, VYuM, NFZ and OLP acknowledge support by State Project IAP RAS No.
0035-2019-0016. The work carried out in Prague is part of a research series funded by grant no.
19-03314S of the Czech Science Foundation and ERDF/ESF “Centre of Advanced Applied Sciences”
(No. CZ.02.1.01/0.0/0.0/16 019/0000778).

[1] A. Coles, R. I. Ovsyannikov, O. L. Polyansky, S. N. Yurchenko, J. Tennyson, J. Quant. Spectrosc.
Radiat. Transf. 2018, 219,199-212.
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Millimetre-wave rotational spectrum of iminopyruvonitrile in its ground state and
vibrationally excited states

K. Lukova?, L. Kolesnikov&?, J. Koucky?, K. Vavral, P. Kania?l, ). C. Guillemin?, S. Urban®*

lUniversity of Chemistry and Technology, Department of Analytical Chemistry, Technicka 5, 166 28
Prague 6, Czech Republic, 2UMR 6226 CNRS - ENSCR, Institut des Sciences Chimiques de Rennes,
Rennes, France

Up to now, more than 200 molecules have been identified in the interstellar medium, with nitriles
being the most abundant of nitrogen-bearing molecules [1]. Here we present precise laboratory
measurements of rotational spectra of iminopyruvonitrile (IPN, 2-iminopropane nitrile), a methyl
derivative of in the ISM previously identified 2-iminoethane nitrile [2].

High-resolution rotational spectrum of IPN was recorded in different frequency regions from 125 to
330 GHz using the Prague millimetre wave absorption spectrometer [3]. The splitting arising from
the internal rotation of the methyl group was assigned and analysed employing the programs XIAM
[4] and ERHAM [5]. The refined set of molecular parameters including the barrier of internal
rotation was obtained for the most stable conformer of IPN upon existing rotational study results
by Groner et al. [6]. In addition, the transitions of the low-lying vibrationally excited states were
also observed and assigned, aided by the theoretical predictions performed by MP2 and DFT
computational methods.

The funding from the Czech Science Foundation (GACR, grants 19-25116Y and 18-08667S) is
gratefully acknowledged.
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High-resolution spectroscopic study of N,O*
A. Roucou?, X. Urbain?, C. Lauzin*
!Institute of Condensed Matter and Nanosciences, UCLouvain

The photodissociation spectra of N,O* have been measured in the UV range using the new
STARGATE instrument (Spectroscopy of Transient Anions and Radicals by Gated and Accelerated
Time-of-flight Experiment) developed in UCLouvain [1]. This poster will present the rovibronic
analysis of the A23I7(002)«X2MM(000), A23*(101)«<X2M(000) and A23*(003)«<X2M(000) bands
measured at 550 K between 30500 and 32500 cm-!. Those spectra were recorded by monitoring
the formation of NO* as function of the laser frequency. A global vibronic fit including these bands,
Q-branch head of overtones, both observed for the first time, combination bands and the relevant
data from the literature has been performed. This global fit, its performances and the inclusion of
the Renner-Teller effect involving the X2M and A2:* states will also be detailed.

[1] Raghed Bejjani, Anthony Roucou, Xavier Urbain, Konstantin Moshkunov, Guilhem Vanlancker
and Clément Lauzin. Review of Scientific Instruments, 2021, 92(3), 033307.
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Continuum absorption by pure CO, and CO,-Ar mixture at millimeter waves: Meticulous
measurements and classical trajectory-based simulation

T. A. Odintsova?, E. A. Serov}, A. A. Simonova?, M. Tretyakov!, A. A. Finenko?, S. E. Lokshtanov?, S.
V. Petrov?, A. A. Vigasin®

!Institute of Applied Physics of RAS, Nizhniy Novgorod, Russia, ?V.E. Zuev Institute of Atmospheric
Optics SB RAS, Tomsk, Russia, *Department of Chemistry, Lomonosov Moscow State University,
Moscow, Russia, “Obukhov Institute of Atmospheric Physics, RAS, Moscow, Russia

We acknowledge full co-authorship of A. A. Balashov, M. A. Koshelev and A. O. Koroleva from
Institute of Applied Physics RAS, Nizhny Novgorod, Russia.

This study of the millimeter wave continuum absorption in the CO,-X (X=Ar, CO,) mixtures was, in
particular, inspired by the success of the classical trajectory-based formalism recently developed
to simulate collision-induced absorption (CIA) spectra [1-3]. On the one hand, the agreement, once
achieved, between experimental data and the calculated results promotes a better understanding
of the nature of the continuum on a much broader scale. On the other hand, the knowledge of the
CO, continuum is required to model the radiative processes in the CO,-rich planetary
atmospheres, such as those of Venus and Mars.

Experimental spectra of continuum absorption in pure CO, and a mixture of CO, with Ar were
recorded at room temperature and pressures up to 2 atm using a resonator spectrometer [4].
Measurements covered 105-240 GHz range allowing determining frequency dependence of the
continuum absorption.

The agreement between the measured and trajectory-based data supports the reliability of both
our experimental and theoretical methods. Previously available experimental data on the CO,-X
millimeter wave continuum were obtained on a rare frequency grid and, in general, are
characterized by unsatisfactory accuracy. Classical trajectory-based formalism made it possible to
examine the variation of the far-infrared/mw spectral profile of CO,-Ar dimer as a function of
temperature. The structureless pedestal of the CIA profile corresponding to free/quasibound pairs
states is supplemented by the weak signatures of intermolecular vibrational bands of true dimers.
Conspicuous fingerprints of intermolecular vibrational bands are seen at extremely low
temperatures, which transform to the ClA-like, virtually structureless envelope as the temperature
of the simulation increases.

This work was partially supported by RFBR projects No. 18-55-16006.

[1] Daniil Oparin et al, ] Quant Spectrosc Radiat Transfer, 2017, 196, 87-93.
[2] Daniil Chistikov et al, ] Chem Physics, 2019, 151(19), 194106.

[3] Tatyana Odintsova et al, ] Quant Spectrosc Radiat Transfer, 2021, 258, 107400.

[4] Maksim Koshelev et al, IEEE Transactions on Terahertz Science and Technology, 2018, 8(6), 773.
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Spectroscopic Measurements of lon-pair States of Polyatomic Molecules
C. Kreis', U. Hollenstein!, F. Merkt'*
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We present the results of spectroscopic investigations of ion-pair states of small polyatomic
molecules. lon-pair states of diatomic molecules are well characterized [1,2].

However, only few studies of ion-pair states of polyatomic molecules have been conducted [3,4]
and many of their characteristics are not well understood.

Accurate threshold energies give access to thermochemical properties like the bond energy. We
are currently investigating triatomic systems in particular H,S and its isotopomers.

The molecule of interest in its gas phase is cooled down in a supersonic expansion. The cold gas
cloud passes a skimmer before it is excited via a one-photon transition with narrow-band VUV laser
radiation and extracted in a photoion/photoelectron time-of-flight spectrometer.

The threshold of the formation of ion-pair states is determined and spectra of vibrational ion-pair
states presented.

[1] W.A. Chupka, P.M. Dehmer, W.T. Jivery, The Journal of Chemical Physics, 1975, 63, 3929.
[2]).D.D. Martin, J.W. Hepburn, Physical Review Letters, 1997, 79, 3154.
[31 R. C. Shiell, X. K. Hu, Q. J. Hu, J. W. Hepburn, The Journal of Physical Chemistry, 2000, 104, 19.

[4] Q. ). Hu, Q. Zhang, J.W. Hepburn, The Journal of Chemical Physics, 2006, 123, 074310.
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H,O absorption line parameters in the 5900-6100 cm™ spectral region
T. Petrova®, V. Deichulit, A. Solodov?, T. Chesnokova?, A. Trifonova-Yakovleva?

1V.E. Zuev Institute of Atmospheric Optics, Siberia, °V.E. Zuev Institute of Atmospheric Optics,
Siberian Branch, Russian Academy of Sciences, 1, Academician Zuev sq.,634055, Tomsk, Russia

The H,0O absorption lines broadened by air pressure were recorded using Fourier spectrometer
Bruker IFS 125 HR in the 5900-6100 cm™ spectral region. The intensities, broadening and shift
coefficients of H,O absorption lines were retrieved for Voigt profile and ones taking into account a
dependence of the broadening on collision molecules speed (qSDV). The intensities calculated in
this work for qSDV are compared with the values taken from the HITRAN spectroscopic database.

The atmospheric transmission was calculated with use of H,O line parameters from various
versions of the HITRAN and GEISA spectroscopic databases and our new data. A comparison with
the atmospheric solar spectra measured using a ground-based Fourier spectrometer was carried. It
was shown that the use of our new data on H,O absorption line parameters improved the
agreement the model and measured atmospheric spectra.

The authors acknowledge support from the Russian Foundation for Basic Research (RFBR, grant
18-45-700011 r_a)
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Fourier transform spectrum of water vapor in the 9300 - 9800 cm™ transparency
window

T. Petrova®, A. Solodov?, O. Naumenko?, V. Deichuli?

1V.E. Zuev Institute of Atmospheric Optics, Siberian Branch, Russian Academy of Sciences, 1,
Academician Zuev sq.,634055, Tomsk, Russia, ? V.E. Zuev Institute of Atmospheric Optics, Siberian
Branch, Russian Academy of Sciences, 1, Academician Zuev sq., 634055, Tomsk, Russia, 3V.E.
Zuev Institute of Atmospheric Optics, Siberian Branch, Russian Academy of Sciences

A spectrum of natural water vapor is recorded in the 9300 - 9800 cm™ transparency window using
Bruker IFS 125HR high-resolution Fourier transform spectrometer (IAO, Tomsk). The records of the
H,O absorption spectra were made at temperature of 307K, the spectral resolution of 0.02 cm™
with the optical path length of 105795 cm. The water vapor pressure was 0.0337 atm. About 720
weak water absorption lines between 9300 and 9800 cm™ are assigned, about 300 of them are
newly observed. Measured line intensities are compared both with available experimental data
and calculated intensities included in the HITRAN2016 and GEISA2014 databases. Significant
differences between the presently measured intensities and the corresponding data included in
HITRAN2016 database were found for rotational- vibrational transitions of the (041) - (000) and
(140) - (000) vibrational bands.

The authors acknowledge support from the Russian Foundation for Basic Research (RFBR, grant
18-45-700011 r_a)
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ExoMol molecular line lists - XLIlI: Rovibronic molecular line list for the two low-lying
electronic states of NaO

G. Mitev!, S. Taylor!, J. Tennyson®*, S. Yurchenko !, A. Buchachenko?, A. V. Stolyarov*

1 UCL Department of Physics and Astronomy , 2 UCL Department of Physics and Astronomy, >CEST,
Skolkovo Institute of Science and Technology, *Department of Chemistry

Sodium oxide (NaO) is observed in airglows in the Earth's atmosphere and likely has astronomical
importance. This study concerns the transitions with X ?M and to the very low-lying (T, < 2000
cm™) A 23" state. A line list consisting of energy levels, allowed transitions, Einstein coefficients,
and partition functions for varying temperature are produced based on variational solution of the
coupled rovibronic Schrédinger equations using the program Duo as part of the ExoMol project [1].
Novel MRCI ab initio calculations characterising the potential energy curves, off-diagonal spin-orbit
coupling curve, and (transition) dipole moment curves were integral in formation of final model.
Furthermore, on-diagonal MRCI spin-orbit splitting for the X 2 state and the L-uncoupling matrix
element curve between the X and A states are also calculated and presented. Ab initio PECs were
parameterized into functional forms and refined by least-squares fitting to the available
experimental data. Available assigned lines consisted of pure rotational transitions within the X 2
state for v = 0,1,2,3, Av = 0 and electronic A ?3* « X 2 transitions for v = 0, both with limited
coverage over/J (J up to 15.5, and up to 19.5 respectively) [2,3]. As there is a lack of data detailing
the dissociation energies and vibrational structure of the X and A states, we are prompted to
request further experimental study into the species which would allow further improvement of the
model. The NaO line list is available via www.exomol.com.

The figure presented is the absolute absorption spectrum of the most recent NaO model at 400 K
with comparison to the experimental spectrum from Joo et al [2].

[1] Jonathan Tennyson, Sergey Yurchenko, MNRAS 2012, vol. 425, no.1, pp. 21-33.

[2] S. Joo, D. Worsnop, C. Kolb, S. Kim and D. Herschbach, J Phys. Chem. A, 1999, 103, no. 17, pp.
3193-3199.

[3] C. Yamada, M. Fujitake and E. Hirota, | Chem. Phys. 1989, vol. 90, no. 6, pp. 3033-3037.
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The Spectroscopic analysis of the v = 0 levels of the B’Z™ and DI, states of the CD
radical

A. Para', W. Szajna’, M. Zachwieja®, R. Kepa®, S. Ryzner?, P. Kolek?, I. Piotrowska?', M. I. Malicka?!, R.
Hakalla®*, J. Kretowski*

'Materials Spectroscopy Laboratory, Institute of Physics, University of Rzeszéw, Poland

The stainless steel hollow-cathode lamp with two anodes and filled with a mixture of He buffer gas
and CD, have been used in research. The emission from the discharge was observed with a high
accuracy dispersive optical spectroscopy technique using a plane-grating spectrograph and
recorded by a photomultiplier tube.

For the first time, the 0 - 1 band of the B?S™ — X’ system of the emission spectrum of the CD
molecule was recorded and measured in laboratory conditions. Thanks to these results, our
previous observations and analyzes [1] bands 0 - 0 of this system gained almost twice the number
of molecular lines, significant in the analysis of the oscillation level v = 0. The result was a more
perfect determination of the molecular constants of the vibrational level v = 0 of the B’ state,
supplemented with the M, centrifugal distortion constant. Based on the precise B?:~ state
constants of the CD molecule and the wave numbers of the molecular lines [2] a new, more
precise set of molecular constants of the D, state was obtained. The parameters of the A-
doubling (p,, 9,) and spin-rotation splitting (y,) of the DM, of the v = 0 level were deduced for the
first time. To reduce the experimental wavenumbers to rovibronic parameters the effective
Hamiltonian involved in PGOPHER software was used [3].The present observations and analyzes
have become the basis for a discussion on the possibility of detecting the CD radical in the
interstellar medium. Initial lines of the B2X~ — XM, 0 - 0 band of CD were selected for astrophysical
observation. This research is a continuation of the studies on the: A°A — X°M, B?s~ — X°I
and C°Z* — X°N systems in the CD radical made by our team [4-6].
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Theoretical and Microwave Spectroscopic Study of 5-Allyl-2-oxabicyclo[3.3.0]oct-8-ene
and its Aggregates with Water

W. Sun®, M. Schnell*%*

! Deutsches Elektronen-Synchrotron DESY, Hamburg, Germany, 2Institut fiir Physikalische Chemie,
Christian-Albrechts-Universitat zu Kiel, Kiel, Germany

5-Allyl-2-oxabicyclo[3.3.0]oct-8-ene (AOBO), as a chiral alkenyl ether, is widely used as a resolving
reagent to protect/deprotect chiral alcohols in organic synthesis.[1] To better understand its
conformational configurations, the pure rotational spectrum of AOBO in the gas phase was studied
in the frequency range of 2-8 GHz using our COMPACT spectrometer. Four conformers arising from
the orientation of the side-chain allyl group were assigned unambiguously with the assistance of
guantum-chemical calculations performed at the B3LYP-D4/cc-pVQZ level of theory. Furthermore,
the aggregation of water over the rigid cyclic system of AOBO through intermolecular hydrogen
bonding was investigated. The aggregates with up to three water molecules have been identified
in the spectrum. Interestingly, according to the spectral assignments, each of the four AOBO
conformers was found to form at least one adduct with one water molecule in the supersonic jet.
Additionally, the internal dynamics of the one-water complexes are explored.

D
CH,—CH=CH,

Fig. chemical structure of 5-allyl-2-oxabicyclo[3.3.0]oct-8-ene (AOBO).

[1] Hisao Nemoto, Tetrahedron Letters, 1994, 35, 7785-7788.
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Concerted tunnelling motions in the phenanthrene-water cluster
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Valladolid, 47011 Valladolid, Spain, >Division of Information Technology, College of Charleston,
Charleston, SC 29424, USA, 4Ge0rg-August-Universitét Gottingen, Institut fur Physikalische
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Gas-phase spectroscopic studies have shown that the water molecule can exhibit a high degree of
internal dynamics both in complexes with itself and with other molecules. This, together with the
nature of the interactions established with the substrate, influences the physical and chemical
properties of many biological and chemical systems.

In this work, using chirped-pulse Fourier transform microwave (CP-FTMW) spectroscopy in
combination with quantum-chemical calculations, we have investigated the internal dynamics in
the phenanthrene-H,O complex. In this system, the water molecule interacts with the substrate
through weak O-Heeemt hydrogen bonds, in which phenanthrene acts as the hydrogen bond
acceptor via the high electron density of its aromatic cloud. The rotational spectrum exhibits
interesting dynamical features which have been attributed to two concerted tunnelling motions:
the water’s internal rotation around the C, symmetry axis and the water’s translation between the
two equivalent peripheral rings of phenanthrene. The nature of these motions was further
elucidated with the investigation of the splitting observed in the rotational spectra of the H,'%0,
D,0 and HDO isotopologues of the phenanthrene-H,O0 complex. The barriers connecting the two
equivalent isomers of the phenanthrene-H,0 complex and its isotopologues were determined
using Meyer’s flexible model.
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High Resolution Rotation-Vibration Spectra of MSiD4 (M = 28, 29, 30) in the pentad
region

A. V. Kuznetsov!?, O. V. Gromova?, E. S. Bekhtereva?, N. I. Raspopova?, C. Leroy?, K. Berezkin?, C.
Sydow?, S. Bauerecker?, O. N. Ulenikov?

!Laboratoire Interdisciplinaire Carnot de Bourgogne, UMR CNRS 6303, Université Bourgogne
Franche-Comté, Dijon Cedex 21078, France, *Research School of High-Energy Physics, National

Research Tomsk Polytechnic University, Tomsk 634050, Russia, 3Institut fir Physikalische und
Theoretische Chemie, Technische Universitat Braunschweig, D - 38106, Braunschweig, Germany

The first study of the absorption spectrum of the silane molecule in the pentad region was made.
The high-resolution spectrum of the ?2SiD, molecule in the range 1260-1480 cm™ was recorded
with a Bruker IFS 125HR Fourier transform interferometer and (0002, F,), (0002, E), (0002, A,),
(0101, F,), (0101, Fy), (0200, A;) and (0200, E) vibrational states were theoretically analyzed.
Rotational, centrifugal distortion, tetrahedral splitting, and resonance interaction parameters of
the upper vibrational states were determined from the weighted least square fit method.
Analogous analysis was made for the %°SiD, and 3°SiD, isotopologues. The obtained set of
parameters reproduces the initial ro-vibrational energy values of upper vibrational states with an
accuracy of dyps = 3.6x10% cm'™.

Acknowledgments: The reported study was funded by the Russian Foundation of Basic Researches
(RFBR), project number 20-32-90028.
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Extended deperturbation treatment of the A'M(v = 1) level in *C*%0
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The aim of this work was to reinvestigate the AM(v = 1) level in the *C'®0 isotopologue. For this
purpose, two complementary Fourier-transform techniques were used to obtain the spectra: (i) the
emission spectroscopy in the visible region using Bruker IFS 125HR (University of Rzeszéw) and
(ii) the vacuum-ultraviolet absorption spectroscopy using the wave-front-division spectrometer
working as the end station on the DESIRS beamline (SOLEIL synchrotron). In total, 588
wavenumbers of the B - A(0, 1), C - A(O, 1), A - X(1, 0), B - X(0, 0), C - X(0, 0), I - X(2, 0), and 6
interaction-induced bands were measured. A deperturbation analysis of the AM(v = 1) level in the
13¢180 isotopologue was conducted on the basis of obtained data. In the analysis, an effective
Hamiltonian and the term-value fitting approach were applied. As a result, 134 precise molecular
parameters of the *C*80 investigated levels were obtained, including: molecular constants of the
AlM(v = 1), 'T(v = 2), d®A(v = 6), e33(v = 3) and D*A(v = 1) levels; the rotation-electronic
(L-uncoupling) AM(v = 1) ~ [D'A(v = 1), I'Z(v = 1), I'Z(v = 2)] and spin-orbit A'M(v = 1) ~
[d*A(v = 6), e’FT(v = 3), as*(v = 11)] interaction parameters; the
spin-orbit/spin-electronic/L-uncoupling a*M(v = 12) ~ d®A(v = 5) and spin-orbit a’M(v = 12) ~
[D!A(v = 1), I'T(v = 2)] perturbation parameters; as well as 112 ro-vibronic terms of B'z*(v = 0)
and C'2*(v = 0) up to J = 50 and J = 60, respectively. The new results provide a significantly
improved description of the A'M(v = 1) and a®M(v = 12) levels in 3C*®0 and their complex web of
intra-molecular interactions compare to the previous one [1]. This research is a continuation of the
studies on the A state and its numerous perturbers in the CO isotopologues made by our team
[2-5].
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New ab initio PES and DMS of CCIF; and CCl, molecules
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Chloro-trifluoromethane (CCIF;) and Carbon tetrachloride (CCl,) molecules are among the ozone-
depleting substances [1-2]. A modeling of infra-red spectra of these molecules can be helpful to
better understand radiative properties of the Earth's atmosphere and to monitor the greenhouse
gases. The calculation of ab initio spectra of such molecules is a part of the TheoReTS [3] project,
for which the line lists of several greenhouse gases were previously produced [4, 5].

New potential energy surfaces (PES) of CCIF; and CCl, molecules were constructed using extended
ab initio CCSD(T) calculations at 22403 and 19882 nuclear configurations. The dipole moment
surfaces (DMS) were also obtained in internal and in normal coordinates. The analytical
representation of PES [6] and DMS [7] is determined by the decomposition into symmetry-adapted
products of internal nonlinear coordinates with parameters up to the 6th and 4th orders
respectively. Some lower vibrational energy levels were compared with observed data. Preliminary
calculations of rotationally resolved spectra in the 600-3000 cm™ range have shown a good
agreement with PNNL [8] database.
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Calculations of the electric quadrupole moment function and transition linestrengths
for diatomic molecules: Application to the X'z *states of H,, CO and HF molecules.
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6BT, UK

The spectra of diatomic molecules are often treated using the electric dipole approximation. Owing
to their molecular symmetry, many transitions of homonuclear diatomic molecules are forbidden
by the electric dipole selection rules. Moreover, even when electric dipole transitions are present,
for example in the spectra of heteronuclear diatomics, electric quadrupole transitions can still be
observed and will contribute to molecular cross-sections. Accurate quadrupole line lists for the
relevant species are crucial for reliable detection in exoplanetary atmospheres and many
terrestrial applications. In this work we present a unified treatment of the electric quadrupole
matrix elements, Einstein coefficients, and line strengths for general open and closed shell
diatomic molecules in the general purpose Duo spectroscopic program. The implementation has
been validated against accurate theoretical calculations and experimental measurements of
guadrupole intensities of H2 available in the literature and against the electronic Noxon band in
02. We also present accurate electronic structure calculations of the electric quadrupole moment
functions O(r) for the X332+ states of CO and HF at the CCSD(T) and MRCI levels of theory,
respectively. A demonstration of spectroscopic applications is provided by way of ab initio infrared
electric quadrupole line lists for both molecules.
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Left: Comparison of the Duo calculated absorption intensities with the intensities listed in the
HITRAN database [1]

Right: The infrared rotational bands of the E1 and E2 rovibrational spectrum in the ground
X1z* state of the CO molecule. The E1 intensities are those of Li et al. [2]
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[2] G. Li, I. E. Gordon, L. S. Rothman, Y. Tan, S.-M. Hu, S. Kassi, A. Campargue, and E. S.
Medvedev, Astrophys. J. Suppl., 2015, 216, 15
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Rotational wave packet imaging spectroscopy of methane dimer (CH,), : Effective
structure and internal rotation

K. Mizuse'?, Y. Oyagi?, Y. Tobata?, Y. Ohshima?
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Technology

Methane dimer is the smallest organic aggregate, of which structure and dynamics are governed
by aliphatic-aliphatic intermolecular interaction. Despite its fundamental importance, high-
resolution spectroscopy of methane dimer and clusters have been rare mainly because of their
(almost) zero permanent dipole moment.

Recently, we have developed a method to record rotational Raman spectra of molecular dimers
with very small dipoles. Our method relies onrotational wave packet imaging[1]. Rotational wave
packet of a molecular dimer is created upon femtosecond pump, and subsequent dynamics is
tracked by real-time Coulomb explosion imaging (Figurel (a), [2]). Rotational Raman spectrum can
be obtained as a Fourier transform of a time trace of an observed wave packet movie. Using such
a wave packet imaging-based spectroscopy, we have measured rotational spectrum of (N,),. Here,
to extend our new method, and to study the nature of aliphatic-aliphatic intermolecular
interaction, we have applied wave packet imaging spectroscopy to methane dimer.

Figurel(b) shows rotational Raman spectrum of (CH,), obtained as a FT of the observed time-trace
of wave packet motion. The spectrum was analyzed on the basis of free internal rotor-based
energy levels as in the case of (N,),, CO-N,, CH,;-Ne, and so on. In the observed spectrum we found
at least three series with similar peak interval. From these series, we found that effective
rotational constants of (CH,), are in the range of 3.4 to 3.65 GHz, corresponding to 400 to 420 pm
of intermolecular distance. In high-level ab initio, the energy minimum lies in 368 pm. Such a
contradiction suggests that the effective structures of (CH,), is governed by free internal
rotation/zero-point vibration.
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Analysis of the CH;D absorption spectrum in the 1.58 pm transparency window of
methane

A. Belova!, D. Mondelain?, A. Campargue?*
Tomsk Polytechnic Univ., 634050 Tomsk, Univ. Grenoble Alpes, CNRS, LIPhy, 38000 Grenoble

The 1.58 um methane transparency window, located between the tetradecad and icosad bands of
CH,, deserves to be characterized in details because it is important for planetary applications in
particular for Titan and the giant planets. Unexpectedly, in spite of its low natural isotopic
abundance (about 5x10%), CH3;D contributes greatly to the very weak absorption of methane in
the region. In this work, the CH;D absorption at room temperature and at 81 K are analyzed on the
basis of (pure) CH;D spectra recorded by high sensitivity differential absorption spectroscopy
(Amin ~ 5%10° cm™). Some years ago, the corresponding line lists were constructed from these
recordings for the 6200-6400 cm™ region and empirical energy values, of the lower state level, E
emp Were derived from the ratio of the intensities at 81 K and 294 K (the so-called 2T-method) [1].
In the present work, the line lists are extended to the 6100-6530 cm™ range and includes 9000
and 8000 lines at 81 K and 294 K, respectively. About 4800 E.,,, values are obtained using the
2T-method. In the considered region, previous rovibrational assignments were limited to about 400
transitions [2-4]. Our analysis of the 81 K spectra allowed for a significant extension of the
assignments combining (i) the TheoReTs calculated line list [5,6] (ii) our set of derived E,,,, values
and (iiij) ground state combination difference relations. Overall, more than 1300 lines could be
assigned to the 3v,, vo+2vs+Vvg E, vo+Vv,a+Vveg Ag, 3V, Aq, vi+Vv,+Ve E, and v,+Vv,+Ve (E) bands.

This research was funded by the Russian Foundation for Basic Research, project Ne 20-32-90004,
and French Embassy grant, “Ostrogradski”.
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Conformational landscape and internal dynamics of imona ketone, a key oxidation
product of limonene

N. Osseiran !, A. Savoia !, P. Dréan !, T. R. Huet!, M. Goubet!

'Université de Lille, CNRS, UMR 8523 - PhLAM - Physique des Lasers Atomes et Molécules, Lille
59000, France

Limonene, a biogenic volatile organic compound emitted by vegetation into the atmosphere, is
one of the most abundant monoterpenes in atmosphere. Limonene and its oxidation product
limonene oxide have been studied extensively in the last few years with rotational spectroscopy*~.
Limona ketone (CqH,,0) is another oxidation product of imonene that is of atmospheric interest. It
contains an acetyl functional group that can have equatorial and axial bonds.

The rotational spectrum of limona ketone was recorded in the gas phase using a Fourier transform
microwave spectrometer coupled to a supersonic jet expansion over the 4 - 20 GHz range.**® To
display a complete view of the conformational landscape of this relatively flexible system, the
relative stability and inter-conversion barriers between conformers were explored by electronic
structure calculations. The lowest energy equatorial conformer was detected, and its spectroscopic
molecular parameters were determined from the analysis of the spectrum. The internal rotation of
the methyl group attached to the aldehyde moiety was taken into account in the analysis.
Experimental lines of both A and E symmetry were fitted to experimental accuracy, and the
experimental barrier height of the methyl group internal rotation is discussed with the support of
quantum chemical calculations.®

1.J. R. Avilés-Moreno, T. R. Huet, J. J. Lépez-Gonzélez, Struct. Chem. 2013, 24 (4), 1163-1170.
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Sanz, ChemPhysChem 2017, 18 (3), 274-280.
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26111-26116.
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Line-shape parameters of H,0 perturbed by N, in the ~22000 cm™ region
L. Sinitsa®, V. Serdyukov?, N. Lavrentieva', A. Dudaryonok?, N. Lavrentiev!, T. Nevzorova®*

1V.E. Zuev Institute of Atmospheric Optics, Siberia, National Research Tomsk State University

The water vapor line contour parameters play an important role in the problems of atmospheric
optics, remote sensing of greenhouse gases, and the environment. The water vapor line
broadening and shifting coefficients for 36 strongest water vapor lines in the 22,330-22,590 cm™
spectral region (6v;+v; and 7v; bands) induced by nitrogen pressure have been measured with a
spectral resolution of 0.1 cm™ at room temperature by a Fourier transform spectrometer using a
high luminance LED source. The experimental spectra have been recorded by a FTS IFS-125M

using a CREE XPE ARY high-brightness LED light source, which provides high sensitivity for
recording the spectrum in the 0.45 um region. A high signal-to-noise ratio (S/N = 10 000) allows
one to analyze the lines with intensities from 1.25x102° to 1.15x10%® cm/molecule. The
calculations of the impact parameters of line contour have been performed by a semi-empirical
method based on the semi-classical theory and using a correction factor for the efficiency function.
The work used a water molecule energy levels and wave functions up to 30 000 cm™, the labeling
of energy levels is based on the analysis of wave functions. A comparison with the available
literature data, including in other absorption bands, is presented.

The work was supported by the Ministry of Science and Higher Education of the Russian Federation
(V.E. Zuev Institute of Atmospheric Optics of Siberian Branch of the Russian Academy of Sciences).
The experimental part of study was supported by the Russian Science Foundation (Grant No.
19-03-00389).
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Light-emitting-diode Fourier transform spectroscopy of H,'’0 in the range of
17000-19860 cm™

L. Sinitsa', A. Bykov?, V. Serdyukov?, E. Polovtseva®, A. Scherbakov'!
V.E. Zuev Institute of Atmospheric Optics, Siberia

The high resolution absorption spectrum of H,*’O has been investigated between 17000 and
19860 cm™ by Light-Emitting-Diode (LED) Fourier-Transform spectroscopy technique [1]. The
spectrum has been recorded by IFS-125M Fourier spectrometer with spectral resolution of 0.1
cm™, at a pressure of 24 mbar, a temperature of 25°C, and an optical path length of 24 m. A multi-
pass optical White’s-type cell was used for measurements. A CREE XPE GRN bright LED was used
as a source of radiation. The centers, intensities, and half-widths of lines were determined by
fitting the Voigt profile convolved by the instrumental function to measured data by the least
squares method. Triangular form of instrumental function was chosen for spectrum processing.
The spectrum was identified using calculations of the EXOMOL group [2]. As a result of spectrum
ahalysis, the centers and intensities of 159 lines have been determined for the first time.
Additionally it has been obtained for the first time a set of 107 experimental energy levels
belonging to the 5v, 5v+6, and 6v polyads of the resonant vibrational states. The obtained
experimental data have been compared with calculated data [2]. The experimental data on the
spectral line parameters and the energy levels found in this work [3] can be used to refine the
available information on the water vapor absorption in the visible range.

This work was supported by RFBR (Grant No. 19-03-00389 ).

[1] V. Serdyukov, L.Sinitsa, Journal of Quantitative Spectroscopy and Radiative Transfer, 201,177,
248-52. [2] O.Polyansky et al., Mon Not R Astron Soc, 2017, 466,1363-1371. [3] L. Sinitsa V.
Serdyukov, E. Polovtseva A. Bykov, A. Scherbakov, Journal of Quantitative Spectroscopy and
Radiative Transfer, 2021, 271,107749.
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New ab initio potential energy and dipole moment surfaces for non-rigid molecules: NH;
and C,Hg

0. Egorov!?, M. Rey?, A. V. Nikitin3!, D. Viglaska?

!Laboratory of Quantum Mechanics of Molecules and Radiative Processes, Tomsk State University
36, Lenin Ave., Tomsk, 634050 Russia, “Groupe de Spectrométrie Moléculaire et Atmosphérique
UMR CNRS 7331, UFR Sciences BP 1039, 51687 Reims Cedex 2, France, 3Laboratory of Theoretical
Spectroscopy, V.E. Zuev Institute of Atmospheric Optics SB RAS 1, Akademician Zuev Sq., Tomsk,
634055 Russia

New ab initio potential energy (PES) and dipole moment (DMS) surfaces for NH5 are presented
here. Along with the usual corrections due to one-electron relativistic and diagonal Born-
Oppenheimer effects, our potential energy calculations include the electronic correlation
contributions based on high order coupled-cluster algorithms. It turns out that the vibrational
energy levels computed variationally from this pure ab initio PES (in the sense that no empirical
corrections were applied) gives the lowest deviations from the experimental band centers
tabulated in the MARVEL database [1], in comparison with other published pure ab initio NH3 PESs
[2-5]. This work also permitted to validate the newly developed model for nonrigid molecules
[6,7]. Concerning C,Hg, our previous work [8] was extended and a new ab initio DMS was built.

New algorithms were also developed for computing line intensities of nonrigid molecules in the
frame of both curvilinear and normal mode coordinates. Finally, we will present a preliminary line
list for NH; as well as the first vibrational energy levels for C,Hs.

O.E. and A.V.N. acknowledge support from the Ministry of Science and Higher Education of the
Russian Federation.
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R.,

Csészar A.G. // J. Quant. Spectrosc. Radiat. Transfer. 2020. 251. 107027.

[2] Rajamaki T., Kallay M., Noga J., Valiron P. Halonen L. // Mol. Phys. 2004. 102. 2297-2310.

[3] Yurchenko S.N., Zheng J., Lin H., Jensen P., Thiel W. // J. Chem. Phys. 2005. 123. 134308.

[4] Huang X., Schwenke D.W., Lee T.J. // J. Chem. Phys. 2008. 129. 214304.

[5] Polyansky O.L., Ovsyannikov R.l., Kyuberis A.A., Lodi L., Tennyson J., Yachmenev A., Yurchenko S.N.,
Zobov N.F. //]. Mol. Spectrosc. 2016. 327. 21-30.
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LED based Fourier Transform Absorption Spectroscopy of H,'’0 in 13300-14500 cm™
Spectral Region

l. Vasilenko?!, O. Naumenko?, V. Serdyukov?, L. Sinitsa?!

IV.E. Zuev Institute of Atmospheric Optics, Siberian Branch, Russian Academy of Sciences, Tomsk
634055, Russia

The vibration-rotation absorption spectrum of *’O-enriched water vapor in the range 13320-14460
cm™ was recorded by a Fourier Transform Spectrometer coupled to a multi-pass White-type cell
providing an optical path length of 24 m at room temperature with a spectral resolution of 0.03
cm™ using high luminance LED (light emitting diode) light source. The high signal-to-noise ratio
allowed for the accurate determination of 1840 positions of water lines, of which 1080 lines were
attributed to the H,'’O water isotopologue. The rovibrational assignment was based on new
variational calculations [1] resulting in determination of 480 experimental rotational-vibrational
energy levels belonging to eleven vibrational states of the H,!’O molecule: (301), (103), (221),
(400), (023), (122), (202), (320), (141), (042), and (071). Previously, the Fourier absorption spectra
of H,*®0 and H,'’0 in the range 11500 - 14500 cm™ were studied in Ref. [2]. Of 480 energy levels
presently determined, 270 levels are new. Transitions involving (320), (122), and (023) upper
vibrational states at 13583.6, 13852.5, and 14015.5 cm™, respectively, are observed for the first
time. A high quality of the new variational calculation [1] for H,’O molecule is stated.

This work supported by RFBR (Grant was No. 19-03-00389 )

[1]. Polyansky OL. et al. ExoMol molecular linelist. XIX: high-accuracy computed hot line list for
H,'®0  and H,Y0, Mon. Not. R.  Astron. Soc. 2017;466: 1363-1371.
https://doi.org/10.1093/mnras/stw3125

[2].Tanaka M, Naumenko O, Brault JW, Tennyson J, Fourier transform absorption spectra of H,%0 and
H,’0 in the 3v +6 and 4v polyad region, J. Mol. Spectrosc., 234(1), 1-9 (2005)
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New ab initio potential energy and dipole moment surfaces of C;H,, COCI,, and COH,
molecules

A. A. Rodina®?, A. V. Nikitin!, A. E. Protasevich?, D. G. Malyshev!?3, M. Rey?, V. G. Tyuterev?

V.E. Zuev Institute of Atmospheric Optics SB RAS, Akademician Zuev Sq 1., Tomsk, 634055
Russia, *Groupe de Spectrométrie Moléculaire et Atmosphérique UMR CNRS 7331, UFR Sciences BP
1039, 51687 Reims Cedex 2, France, *QUAMER laboratory, Tomsk State University 36, Lenin Ave.,
Tomsk, 634050 Russia

New potential energy surface (PES) of acetylene molecule was constructed using extended ab
initio CCSD(T) calculations similar to one recently applied for the formaldehyde molecule [1]. We
report theoretical rovibrational levels of acetylene computed from the PES and compare our
results with other recent calculations [2]. New PES of COCI, describes qualitatively well all types of
its vibrational motions. New DMS for all three molecules were constructed using ab initio CCSD(T)
method. Preliminary calculations of rotationally resolved spectra of COH, and COCI, in the
600-3000 cm™ range have shown a good agreement with experimental PNNL [3] absorption cross-
sections. This study continues our TheoReTS project [4] devoted to the developing of complete
theoretical line lists for polyatomic molecules relevant to atmospheric and astrophysical
applications.

A.N. acknowledges support from RFBR grant number 19-03-00581.

[1] Andrei Nikitin, Alexander Protasevich, Alena Rodina, Michael Rey, et. al., 2021, JOSRT 260,
107478.

[2] Katy Chubb, Andrey Yachmenev, Jonathan Tennyson, Sergey Yurchenko, J. Chem. Phys., 2018,
149, 014101.

[3] Michael Rey, Andrei Nikitin, Yurii Babikov, Vladimir Tyuterev, J. Mol. Spectrosc., 2016, 327,
138-158.

[4] Pacific Nortwest National Laboratory. [Online]. http://www.pnnl.gov
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Simulation of rovibronic singlet-triplet transitions of °0; near its first dissociation
threshold

0. Egorov!?, R. R. Valiev??!, T. Kurten?, V. G. Tyuterev'*

!Laboratory of Quantum Mechanics of Molecules and Radiative Processes, Tomsk State University
36, Lenin Ave., Tomsk, 634050 Russia, 2Department of Chemistry, Faculty of Science, University of
Helsinki, FIN-00014, Helsinki, Finland, 3Laboratory of Theoretical Spectroscopy, V.E. Zuev Institute
of Atmospheric Optics SB RAS 1, Akademician Zuev Sq., Tomsk, 634055 Russia, “Groupe de
Spectrométrie Moléculaire et Atmosphérique UMR CNRS 7331, UFR Sciences BP 1039, 51687
Reims Cedex 2, France

Due to new high-resolution measurements of the O5; spectra in the region of its first dissociation
threshold (=8560 cm™), the theoretical description of the observed rovibrational and rovibronic
absorption patterns are currently of particular interest. We report the global calculation of the
Franck-Condon factors for vertical electronic transitions between the ground singlet (X'A;) and 3A,,
3B,, and 3B; excited triplet states associated with the Wulf band of O5. Our theoretical calculations
were carried out at XMCQDPT2/aug-cc-pVQZ level of the theory including the static and dynamic
electronic correlations. Along with the cold bands, a list of the strongest singlet-triplet hot bands
falling into the region of the dissociation threshold of Os is presented. To obtain the intensities of
the rovibronic transitions, the electronic transition dipole moments were computed. Finally, the
rovibronic line intensities were calculated in absolute units for the most pronounced singlet-triplet
hot bands located up to the first 3A,(000)«X*A,(000) cold band inclusively. Comparisons with
available experimental data are given.

The research at Tomsk State University was performed under contract Ne 19-12-00171 with the
Russian Scientific Foundation. Rashid R. Valiev thanks the Academy of Finland through projects
1315600 and 314821.
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Isotopic relations for tetrahedral and octahedral molecules
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M. Loéte!, C. Richard?, V. Boudon?

A59

The study and analysis of heavy spherical-top molecules is often not straightforward. The presence
of hot bands and of many isotopologues can lead to a high line congestion very difficult for

assignment.

In this work, using a low-order model we have derived very simple iso- topic relations in order to
determine initial parameters of the analysis [1]. We also show that an identical approach can be
used for XY, and XY molecules and all these results are illustrated by the comparison of nhumerical
computations and experiments for different molecules: CH,, GeH,, RuO, (as shown in the

figure) and SFg.

4
Vg f om

[1] M. Loéte, C. Richard and V. Boudon, J. Mol . Struct. 2020, 1206, 127729.
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Millimeter-wavelength rotational spectra of carbon monoxide in argon bath in the
pressure range from 0.01 up to 1500 Torr: analysis of the line shape and the continuum

E. A. Serov?, T. A. Odintsova?, A. A. Simonova?, M. A. Koshelev?, I. N. Vilkov?, D. S. Makarov?, A. A.
Balashov'?, G. Y. Golubiatnikov!, M. Y. Tretyakov®

!Institute of Applied Physics of the Russian Academy of Sciences, Nizhny Novgorod, Russia, ?V.E.
Zuev Institute of Atmospheric Optics, SB of the Russian Academy of Sciences, Tomsk, Russia, >
Institute of Physics, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus University,
Torun, Poland

A study of molecular spectra in a broad pressure range is important for better understanding of
the real spectrum shape, defined by intermolecular collisions. The total observed spectrum
includes the contribution of individual resonant lines, whose shape depends on a number of
different collisional effects (speed-dependent broadening and shifting, Dicke effect, line mixing,
etc.), and smoothly varying with frequency non-resonant part or the continuum. The latter is
supposed to appear as collision-induced absorption and absorption by molecular complexes.
Studies of molecular spectra at near and above atmospheric pressures are relevant for radiative
transfer modeling in dense atmospheres of planets. Radiation budget of such planets may strongly
depend on quantitative characteristics of the continuum absorption caused by collisional
interactions of atmospheric molecules.

Modern quantum-chemical methods allow to calculate ab initio molecular spectra with sub-percent
uncertainty, although such calculations are possible only for a limited number of simple molecular
systems [1,2]. The subject of the present study, CO-Ar system, is one of the respective
examples. CO-Ar spectra were experimentally studied at room temperature in a broad pressure
range using 3 spectrometers with complementary abilities: resonator spectrometer, spectrometer
with radioacoustic detection (RAD) and video spectrometer. The first one allows investigating the
broad lines and the continuum at pressures up to 2 atm. Its principle of measurement is similar to
that of the cavity ring-down spectrometer, which makes it possible to determine the absolute
absorption value. The RAD spectrometer operates at pressures ranging from 0.01 to 10 Torr. It is
well suited for the line shape analysis in the line core region and measuring pressure broadening
and shifting parameters of the lines and their speed-dependence. Our video spectrometer can be
used in the pressure range from a fraction of mTorr to about 1 Torr. It allows accurate
measurement of line frequency, intensity, pressure broadening and shifting parameters.

The manifestation of collisional effects in the rotational spectra of carbon monoxide mixed with
argon was analyzed. Speed-dependent broadening and shifting coefficients, line mixing
coefficients, and intensities of R(0) and R(1) lines were obtained from experimental data and
compared with other theoretical and experimental results. The continuum absorption in pure CO
and CO-Ar mixture was determined after subtraction the calculated contribution of the local lines.
The determined continuum has the expected dependences on pressure and frequency. An analysis
of these dependences allowed determining CO-CO and CO-Ar continuum coefficients for the first
time.

This work was supported by Russian Science Foundation, project No 17-19-01602.

[1] G. Kowzan, H. Cybulski, P. Wcisto, M. Stowinski, A. Viel, P. Mastowski, F. Thibault, Phys Rev A.,
2020, 102, 012821.

[2] E.A. Serov, N. Stolarczyk, D.S. Makarov, I.N. Vilkov, G.Yu. Golubiatnikov, A.A. Balashov, M.A. Koshelev,
P. Wcisto, F. Thibault, M.Yu. Tretyakov, J. Quant. Spectrosc. Radiat. Transfer, 2021, accepted for
publication.
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Molecular Line Lists for Hot Rocky Super-Earth Exoplanets
A. Owens?', S. Yurchenko !, J. Tennyson?
1 UCL Department of Physics and Astronomy, Gower Street, London, UK

The atmospheres of hot rocky super-Earth exoplanets will have very different spectroscopic
sighatures compared to gas giants or cooler objects. Many of these exoplanets possess short
orbital periods, hence hot atmospheres, and will have a lot in common with early Earth; the
massive amounts of water and elevated temperatures are expected to turn the atmospheres into a
(high pressure) steam bath containing the remains of melted rock.

We will present recent progress on the production of molecular line lists for hot rocky super-Earth
exoplanets. A number of molecules containing silicon, alkali and alkaline earth metals are to be
included in the ExoMol database. For the temperature and wavelength ranges considered, line lists
will have to come from rigorous, first-principles calculations. However, these species pose new
challenges and there is a pressing need for laboratory observations to improve the accuracy of our
spectroscopic models.
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First detections of electric-quadrupole transitions in water vapour

A. Campargue?, S. Kassi?, A. M. Solodov?, A. A. Solodov?*, A. Yachmenev °”7, S. Yurchenko®

'Univ. Grenoble Alpes, CNRS, LIPhy, 38000 Grenoble, 2 Univ. Grenoble Alpes, CNRS, LIPhy, 38000
Grenoble, France , 3Laboratory of Molecular Spectroscopy, V.E. Zuev, *Laboratory of Atmospheric
Absorption Spectroscopy, V.E. Zuev Institute of Atmospheric Optics, Siberian Branch, Russian
Academy of Sciences, 1, Academician Zuev sq., 634055, Tomsk, Russia, °Center for Free-Electron
Laser Science, Deutsches Elektronen-Synchrotron DESY, NotkestralRe 85, 22607 Hamburg,
Germany, ®Department of Physics and Astronomy, University College London, London, WC1E 6BT,
UK, "Center for Ultrafast Imaging, Universitat Hamburg, Luruper Chaussee 149, 22761 Hamburg,
Germany

Nowadays, the spectroscopic databases used for the modeling of the Earth and planetary
atmospheres provide only electric-dipole transitions for polyatomic molecules (H,0, CO,, N,O, CH,,
Os...). Very recently, we have identified very weak electric-quadrupole (E2) transitions in the high
sensitivity absorption spectrum of water vapor (i) near 1.3 um by cavity ring down spectroscopy
(CRDS) [A. Campargue et al. , Phys. Rev. Res., 2020, 2, 023091.DOl:
10.1103/PhysRevResearch.2.023091] and (i) near 5.4 um and 2.5 pm by Fourier transform
spectroscopy (FTS) with kilometric absorption pathlength [A. Campargue, et al. PCCP, 2020, 22,
12476 - 12481 10.1039/DOCP0O1667E]. These detections were performed on the basis of high
accuracy ab initio predictions of the intensities of the E2 transitions. The experimental intensities
are largely above the intensity cut-off of electric dipole transitions in standard spectroscopic
databases and agree reasonably with the theoretical predictions. The calculated line list of E2
transitions, validated by the present measurements, has been incorporated in the HITRAN2020
line list of water vapor.

These first detections of E2 transitions in a polyatomic molecule paved the way to systematic
searches of quadrupole transitions in other polyatomic molecules.


https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.2.023091
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Ab Initio And Empirical Studies Of Electronically Excited States Of
Phosphorus Mononitride (PN) And Its Rovibronic Spectroscopy

M. Semenov?, N. El-Kork?, S. N. Yurchenko ?, J. Tennyson?
1 UCL Department of Physics and Astronomy ,Universi, ?Physics Department, Khalifa University

We report an ab initio study on the rovibronic spectroscopy of the open-shell diatomic molecule
phosphorous mononitride, PN. The study considers the nine lowest electronic states, X'z*, A'f,
Ccly™, DA, E'zT, a3zt b3M, d3A, and €327, using high-level electronic structure theory and accurate
nuclear motion calculations. Using the ab initio data for bond lengths ranging from 1 to 3.16A, we
compute 9 potential energy, 9 spin-orbit couplings, 7 electronic angular momentum coupling, 9
electric dipole moments, and 9 transition dipole moment curves.

The Duo [1] nuclear motion program is used to solve the coupled nuclear motion Schrodinger
equations for these nine electronic states. The spectra of 31P 14N simulated for different
temperatures are compared with several available high-resolution experimental studies. Lifetimes
are calculated for all states and reported here with a comparison to previous results in the
literature [2]. We then produce a separate line list for the X'=*, A, E*X~ states, with the potential
energy functions and some couplings being fitted with the experimental energy values inverted
using the MARVEL[3] procedure.
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[1] S. N. Yurchenko et. al., Computer Physics Communications, 2016, 202, 262 - 275.
[2] A. C. Le Floch et. al., Journal of Molecular Spectroscopy, 1996, 176, 75 - 84

[3]1 T. Furtenbacher, G. Csaszar and J. Tennyson, Journal of Molecular Spectroscopy, 2007, 245, 115 - 125.
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Analysis of the accuracy of line intensities calculation using the Duo and Level
programs

. I. Mizus'?, L. Lodi*?, J. Tennyson?, N. F. Zobov?, O. L. Polyansky?*!

YInstitute of Applied Physics, Russian Academy of Sciences, Ulyanov Street 46, Nizhny Novgorod

603950, Russia, 2 UCL Department of Physics and Astronomy, University College London, Gower

Street, London WCL1E 6BT, UK, Holon Institute of Technology, Golomb Street 52, Holon 5810201,
Israel

This work is dedicated to a problem of reaching an accuracy about 0.001 % while calculating
of line intensities for rovibrational spectra of diatomic molecules, which is required for several
applications including monitoring of the Earth's atmosphere, analysis of exoplanet atmospheres,
and for some metrological purposes.

Here we present a careful analysis of a calculation accuracy for two program packages — the one
named Duo and performed recently [1], and the older one, Level [2], each of which was designed
for computing spectra and spectroscopic features of small diatomics. This analysis was performed
on an example of three simplest cases: a quantum harmonic oscillator system, a fictitious Morse
oscillator quantum system, and CO molecule considered as a quantum Morse oscillator. We call a
system "fictitious" if it doesn't correspond to a real molecule and is considered just as one of the
simplest quantum problems, which can be solved analytically.

The intensity of absorption line can be obtained using a matrix element value, thus the accuracy of
matrix element calculations is of a high priority. We show that for the three systems listed above
Duo supplies a similar or even a higher level of accuracy while obtaining of intensities and
corresponding matrix elements than the one given by the Level package, and a satisfactory
accuracy of calculations for stable state energies and corresponding wavefunctions. Moreover, Duo
provides an accuracy level of CO diatomic matrix element calculations about 10%-10" % relative to
the analytical values, which is sufficient for developing of accurate methods for experimental
determination of some macroscopic gas features, like pressure, temperature, and so on.

The accuracy of the older package, Level, is particularly worse in the case of the fictitious
harmonic oscillator-like system, when in calculations of matrix elements it shows the results, which
are sometimes by two-three orders of magnitude worse than the corresponding Duo ones. Besides,
to achieve a convergence in calculations using the Level package, we had to reduce grid step sizes
by 10-20 times in comparison with the ones, which were used for the Duo calculations. As a direct
consequence, there is a significant lack in productivity while calculating using Level in comparison
with the Duo case. For instance, while computing of Einstein coefficients for CO molecule, Duo
allowed to obtain the results by about 4.6 times faster then Level did using the same parameters
except of the step size value when is was possible. Finally, the Duo package is much clearer in
using.

We plan to continue this work by extending it to the case of polyatomic molecules and
demonstrating the accuracy of the existing polyatomic codes, in particular DVR3D [3] for triatomic
molecules and WAVR4 [4] for tetratomic molecules in the calculation of line intensities.

[1] S. N. Yurchenko, L. Lodi, J. Tennyson, A. V. Stolyarov, Comput. Phys. Commun., 2016, 202, 262.
[2] R.]J. L. Roy, J. Quant. Spectrosc. Radiat. Transf., 2017, 186, 167.

[3] ). Tennyson, M. A. Kostin, P. Barletta, G. J. Harris, O. L. Polyansky, J. Ramanlal, N. F. Zobov,
Comput. Phys. Commun., 2004, 163, 85.

[4] I. N. Kozin, M. M. Law, J. Tennyson, J. M. Hutson, Comput. Phys. Commun., 2004, 163, 117.
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New ab initio potential energy surface of the O3-N, complex and calculation of its
bound states

0. Egorov!?, Y. N. Kalugina®, A. van der Avoird?, V. G. Tyuterev*

!Laboratory of Quantum Mechanics of Molecules and Radiative Processes, Tomsk State University
36, Lenin Ave., Tomsk, 634050 Russia, “Theoretical Chemistry, Institute for Molecules and
Materials, Radboud University, Heyendaalseweg 135, 6525 AJ Nijmegen, The Netherlands, 3
Laboratory of Theoretical Spectroscopy, V.E. Zuev Institute of Atmospheric Optics SB RAS 1,
Akademician Zuev Sq., Tomsk, 634055 Russia, “Groupe de Spectrométrie Moléculaire et
Atmosphérique UMR CNRS 7331, UFR Sciences BP 1039, 51687 Reims Cedex 2, France

Intermolecular interactions between O; and N, can play a key role in the formation reaction of
stratospheric ozone, which is a multi-step collision process in the presence of a third body. Here
we report a new five-dimensional ab initio potential energy surface (PES) of the Os-N, van der
Waals complex. Ab initio calculations were carried out for more than 90000 geometries of the
complex using the explicitly-correlated single- and double-excitation coupled cluster method with
a non-iterative perturbative treatment of triple excitations [CCSD(T)-F12a], and an augmented
correlation-consistent triple zeta (aug-cc-pVTZ) basis set. The internal vibrational degrees of
freedom of the monomers were frozen. The constructed PES shows a relatively deep global
minimum (D.= 348.88 cm™), with the N, monomer nearly perpendicular to the O; plane, as well as
six local minima.

Bound rovibrational states were calculated for total angular momenta J = 0 and 1, with the use of
the molecular symmetry group Gg. This yields the energy levels of Os-orthoN, and Os-paraN,, but
also the levels that are Pauli-forbidden for O5 with *°0. Rotational basis functions of the monomers
were included up to j = 18 for O3 and j = 11 for N, to converge the energy levels. The variational
method applied is suitable for describing large amplitude internal motions in dimers, but we find
for O3-N, that these motions are rather restricted. The rovibrational wave functions were used to
calculate dipole transition probabilities and to analyze the nature of the bound states.

O.E. and Y.K. acknowledge support from Russian Science Foundation Grant No. 19-12-00171.
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Global modelling of the observed line positions: Dunham coefficients for the ground
X1 state of '°0OH molecule

Y. G. Borkov?!, O. N. Sulakshina®
V.E. Zuev Institute of Atmospheric Optics, SB RAS

A global treatment of all measured line positions for vibration-rotation, pure rotation transitions in
the X°M state and the measured line positions for vibrational bands of the B?T*-X?M system,
available in the literature for '*0OH molecule, was carried out. In the analysis, a global model with
vibrational dependences of the parameters of the effective Hamiltonian for the diatomic molecule
in °M and S electronic states was used. As a result of the fit, a set of the 'Dunham-type' molecular
parameters was obtained. They reproduce the experimental dataset of the rovibrational and pure
rotational transitions with experimental precision. The determined 'Dunham-type' molecular
parameters were compared with those known previously.
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Symmetries of CH;*
S. Brackertz?, B. Nukic!, P. Jensen?, S. Schlemmer®*
l|. Physikalisches Institut, Universitat zu Kéln, *Faculty of Mathematics and Natural Sciences

Some time ago we developed a five dimensional SO(5) superrotor model [1] which describes the
energy term diagram of the lowest energy states of CHs* surprisingly well [2]. The basis for this
model lies in the S 5 permutation symmetry of the five identical protons in this molecule. In this
contribution we discuss possible sub-group structures, in particular the embedded S, ®S5, € S5
SO(5), which potentially simplifies the current model and more importantly can be associated with
the internal motions (vibration/rotation/internal-rotation) of the molecule. As a result the ad-hoc
SO(5) model motivated by the simple super-rotor energies can be replaced by a model justified by
the underlying physics.

[1] Hanno Schmiedt, Per Jensen, Stephan Schlemmer, Chem. Phys. Lett. 2017, 672, 34-46
[2] Oskar Asvany, Koichi M. T. Yamada, Sandra Brunken, Alexey Potapov, Stephan Schlemmer,
Science 2015, 347, pp. 1346-1349
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Going to higher J values: new measurements and assignments in the v, = 0, 1 torsional
states of CD;OH and CH;0D

V. llyushin®

Institute of Radio Astronomy of NASU, Mystetstv 4, 61002 Kharkiv, Ukraine

Co-authors: Y. Bakhmat®, E. Alekseev!?, 0. Dorovskaya®, H. S. P. Mdiller®, F. Lewen® S.
Schlemmer?, S. Bauerecker?, C. Maul*, K. Berezkin*>, R.M. Lees®, Li-Hong Xu®

!Institute of Radio Astronomy of NASU, Mystetstv 4, 61002 Kharkiv, Ukraine; “Quantum
Radiophysics Department, V.N.Karazin Kharkiv National University, Kharkiv, Ukraine; °I.
Physikalisches Institut, Universitat zu Kéln, 50937 Kéln, Germany; *Institut fiir Physikalische und
Theoretische Chemie, Technische Universitat Braunschweig, Gaulistr. 17, 38106 Braunschweig,
Germany; °National Research Tomsk Polytechnic University, Tomsk 634050, Russia; °Department
of Physics, University of New Brunswick, Saint John, NB E2L 4L5, Canada.

We present® the results of our new study of the torsion-rotation spectra of two deuterated
isotopologues of methanol: CD;0H and CHs;0D. The new microwave measurements were carried
out using spectrometers in Kharkiv and Koéln (in total from 34 GHz up to 1.1 THz). For CDsOH
microwave measurements were augmented by new FIR measurements in the range 20 to 900 cm
carried out in Braunschweig. In this work we significantly extend the rotational quantum number
coverage for both isotopologues (from J,, = 26 [1] to J,, = 55 for CD;0OH and from J,, = 21 [2] to J,
= 44 for CH3;0D). The analysis is done using the rho axis method and the RAM36 program code.
For both isotopologues the v, = 2 torsional state is significantly affected by intervibrational
interactions with non-torsional vibrational modes which propagate down through intertorsional
interactions. Thus we decided to concentrate our efforts on analysis of the v, = 0, 1 states at the
moment. For CD;OH we were able to get a fit within experimental error for the v, = 0, 1 states. For
CHsOD the analysis is in progress. In the talk the details of this new study will be discussed.

@ This work was done under support of the Deutsche Forschungsgemeinschaft and Volkswagen
foundation. The assistance of Science and Technology Center in Ukraine is acknowledged (STCU
partner project #P756).

[1] A. Predoi-Cross, L.-H. Xu, M.S. Walsh et al., J. Mol. Spectrosc., 1998,188, 94-101.
[2] Y.-B. Duan, I. Ozier, S. Tsunekawa, K. Takagi, J. Mol. Spectrosc., 2013, 218, 95-107.
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The Shapes of Sulfonamides: The Rotational Spectra of Benzenesulfonamides,
ortho-Toluensulfonamide, para-Toluensulfonamide and Sulfanilamide

S. Melandrit, A. Maris?, M. Sanz?, D. Loru?, I. Pena?, C. Calabrese’

'University of Bologna, Department of Chemistry , ?King's College London, Department of
Chemistry

The effects of substitution were investigated for the sulfonamides class of molecules, in particular
those which contain the benzosulfonamide functional group. This group of molecules is of extreme
interest in the biological field since many of them are active against a variety of diseases. In this
work, structural investigations on the pharmacophoric group benzensulfonamide and the
substitution effects have been performed through the studies of its derivatives benzensulfonamide
itself, para-toluensulfonamide, ortho-toluensulfonamide and the bioactive molecule sulfanilamide.
In all compounds, but in ortho-toluensulfonamide, the amino group lies perpendicular to the
benzene plane with the amminic hydrogens eclipsing the oxygen atoms. In ortho
-toluensulfonamide where a weak attractive interaction between the nitrogen lone pair and the
methyl hydrogen atoms takes place, the amino group lies in the gauche orientation. These results
show that such weak non-covalent interactions are able to change the conformational preferences
of the pharmacophoric group.

For all species, the *N quadrupolar hyperfine analysis has been performed. This has provided
crucial information for the unambiguous identification of the observed conformation and the
structural parameters related to the position of the nitrogen atom. In addition, for ortho
-toluensulfonamide, the vibration-rotation hyperfine structure related to the methyl torsion has
been analyzed and the methyl group rotation barrier was determined.
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Microwave Spectroscopic and Quantum Chemical Investigations on 2,4-Dimethylpyrrole

L. Nguyen?, M. Barth?

!Laboratoire Interuniversitaire des Systémes Atmosphériques (LISA), %Institute of Physical
Chemistry, RWTH Aachen University, Landoltweg 2, D-52074 Aachen, Germany

The effects of methyl internal rotation in aromatic compounds is not a simple issue due to
electrostatic interactions expanded through the conjugated p-system. If a **N nucleus is present in
addition, quadrupole hyperfine structures occur in the microwave spectrum, giving us information
on the electric field gradient at the site of the N nucleus and consequently on the nature of its
chemical bonds, but on the other hand also increasing the complication of the spectral features. In
2,4-dimethylpyrrole (24DMP), torsional fine splittings arising from two inequivalent methyl groups
interfere with the N hyperfine splittings, which were both investigated using a combination of
guantum chemical calculation and microwave spectroscopy.

The microwave spectrum of 24DMP was recorded using a pulsed molecular jet Fourier transform
microwave spectrometer operating in the frequency range from 2 to 26.5 GHz [1]. The
complicated fine and hyperfine structures were successfully assigned and fitted using the program
XIAM. The torsional barriers were determined to be about 254 cm™ and 284 cm™ for the methyl
rotors at the second and the fourth ring position, respectively. The *N quadrupole coupling
constants could be accurately determined.

Finally, the torsional barrier of the methyl rotor adjoining the nitrogen atom can be compared to
that found for 2,5-dimethylpyrrole [3] and 2-methylpyrrole [4] and that of the methyl group at the
fourth ring position with that of 3-methylpyrrole [5]. Due to the Cs symmetry of all molecules, the
values of ccc could be directly compared with each other and with that of other aromatic five-
membered rings. Different signs of the ccc constant can be explained by the different chemical
bond situations.

[1]).-U. Grabow, W. Stahl, H. Dreizler, Rev. Sci. Instrum. 67, 4072-4072 (1996).

[2] H. Hartwig, H. Dreizler, Z. Naturforsch. 51a, 923 (1996).

[3]1 T. Nguyen, W. Stahl, H.V.L. Nyugen, I. Kleiner, J. Chem. Phys. 154, 204304 (2021).

[4] T. Nguyen, C. Dindic, W. Stahl, H.V.L. Nguyen, I. Kleiner, Mol. Phys. 118, 1668572 (2019).
[5] T. Nguyen, W. Stahl, H.V.L. Nguyen, I. Kleiner, J. Mol. Spectrosc. 372, 111351 (2020).
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Near-infrared Vibronic Spectrum of the First Excited State of Au,”
0. Dopfer?, K. Pollow?, T. Studemund?, M. Férstel®*

YInstitut fir Optik und Atomare Physik (TU Berlin, Germany), “Institut fiir Optik und Atomare Physik
(TU Berlin,

The often unusual chemical properties of small gold clusters arise from several factors, including
strong spin-orbit coupling, contributions of d-orbitals to chemical bonding, and large relativistic
effects. The typical multi-reference character of their excited electronic states, which are relevant
for catalytic processes, provide high challenge for quantum chemical calculations, which are
required to understand electronic structure and chemical reactivity at the molecular level. High-
resolution experimental spectra provide useful benchmarks for developing and testing such
guantum chemical approaches. Recent progress in instrumentation with respect to sensitivity and
resolution (by two orders of magnitude) has allowed our group to record for the first time
vibrationally-resolved electronic spectra of small and cold Au,™ cluster cations, such as Au,* and
Au,*, by means of photodissociation spectroscopy in a temperature-controlled laser desorption
source coupled to a quadrupole/time-of-flight tandem mass spectrometer and a broadly tuneable
midband OPO laser system [1,2,3]. Such spectra are still extremely scarce for transition metal
cluster cations. Au,™ is a simple but crucial model system for understanding the diverse catalytic
activity of gold. While the Au,* ground state (xzzg+) is understood reasonably well from mass
spectrometry and computations, no spectroscopic information is available for its first excited state
(A%Z,*). Herein, we present the vibrationally-resolved electronic spectrum of the first excited state
of cryogenic Ar-tagged Au,*. The exceptionally low-lying and well-isolated A%%,,*«X?2 4" transition
occurs in the near-infrared (NIR) range and shows a regular vibrational pattern of a linear triatomic
molecule. The observed band origin (5738 cm™, 1742.9 nm, 0.711 eV) and harmonic Au-Au and Au-
Ar stretch frequencies (201 and 133 cm™) agree surprisingly well with those predicted by standard
time-dependent density functional theory calculations. The linearly-bonded Ar tag has only little
impact on the geometric and electronic structure of Au,®, because the Au,*...Ar bond (0.4 eV) is
much weaker than the Au-Au bond (2.2 eV). As a result of 6s«5d excitation of an electron from the
antibonding o, orbital (HOMO-1) into the bonding og Orbital (SOMO), the Au-Au bond contracts
substantially (by 0.1 A). In contrast to the A state, higher lying electronic states of Au,* show a
very irregular pattern due to strong vibronic coulping between multiple close-lying electronic
states [3].

[1] M. Forstel, B. K. A. Jaeger, W. Schewe, P. H. A. Sporkhorst, O. Dopfer, Rev. Sci. Instr., 2017, 88,
123110.

[2] M. Forstel, W. Schewe, O. Dopfer, Angew. Chem. Int. Ed., 2019, 58, 3356.

[3] M. Forstel, K. M. Pollow, K. Saroukh, E. A. Najib, R. Mitric, O. Dopfer, Angew. Chem. Int. Ed., 2020, 123,
21587.
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New level of accuracy in variational calculations of bound and metastable states and of
line intensities of the ozone molecule

V. G. Tyuterev'?, V. Kokoouline?, A. Alijah®, S. Tashkun?, R. V. Kochanov'?, 0. Egorov'?

!Laboratory of Quantum Mechanics of Molecules and Radiative Processes, Tomsk State University
36, Lenin Ave., Tomsk, 634050 Russia, “Department of Physics, University of Central Florida,
Orlando, FL 32816, USA, 3Groupe de Spectrométrie Moléculaire et Atmosphérique UMR CNRS 7331,
UFR Sciences BP 1039, 51687 Reims Cedex 2, France

Recent results on the theory of the ozone spectral patterns in the infrared will be presented. This
includes ab initio calculations providing a sub-percent accuracy for line intensities of vibration-
rotation bands in the strongly absorbing regions [1,2] as well as significant improvements for the
bands origins of the isotopic species [3,4]. The implications of Jahn-Teller effect producing the
delocalization of highly excited states in the three potential wells [5], which have been recently
confirmed by laser spectra measurements and analyses [6] will be discussed. Metastable levels
above the dissociation threshold and their lifetimes for the '20-enriched isotopomers are
computed using accurate ab initio the potential energy surfaces with two versions of the shape in
the transition state range, and the impact on the dynamics of isotopic exchange reactions [7] will
be overviewed. The work was supported by RNF project No. 19-12-00171.

[1] Tyuterev V, Barbe A, Jacquemart D, Janssen et al. JCP, 2019;150:184303. DOl
10.1063/1.5089134

[2] Tyuterev V, Barbe A, Mikhailenko S, Starikova E, Babikov Y,. JQSRT, 2021, in press

[3] Tajti A, Szalay P, Kochanov R, Tyuterev V. PCCP 2020;22:24257. DOI: 10.1039/D0CP02457K

[4] Tyuterev V, Tashkun S., Kochanov R., to be published

[5] Kokoouline V, Lapierre D, Alijah A, Tyuterev V. PCCP 2020;22:15885. DOI: 10.1039/D0OCP02177F
[6] Vasilchenko S. et al, PRA 2020;102:052804. DOI: 10.1103/PhysRevA.102.052804

[7] Yuen C, Lapierre D, Gatti F, et al JPCA 2019;123:7733. DOI: 10.1021/acs.jpca.9b06139
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Microwave spectrum of the first excited torsional states of dimethylether (CH;),0.

V. llyushin®?, Y. Bakhmat?!, E. Alekseev'*, O. Dorovskaya®, B. Drouin?, S. Schlemmer?, H. S. Miiller?,
C. Endres*

Institute of Radio Astronomy of NASU, Mystetstv 4, 61002 Kharkiv, Ukraine, 2Jet Propulsion
Laboratory, California Institute of Technology, 4800 Oak Grove Drive, Pasadena, CA 91109-8099,
USA, 1. Physikalisches Institut, Universitat zu Kéln, *Max Planck Institute for extraterrestrial
Physics, Giessenbachstrasse 1, 85748 Garching Bayern Germany, >Quantum Radiophysics
Department, V.N.Karazin Kharkiv National University, Kharkiv, Ukraine

Microwave transitions belonging to the three lowest torsional states of dimethylether (DME),
(CH3),0, have been analyzed using the recently developed model for molecules with two
equivalent methyl rotors and C,, symmetry at equilibrium (PAM_C2v 2tops program) [1]. The
dataset comprises not only assignments from the literature and previous measurement campaigns
(ground state [2], torsional excited states [3,4]), but also new measurements. These new
measurements have been carried out using the Kharkiv spectrometer in the Institute of Radio
Astronomy of NASU (Ukraine) from 49 GHz to 180 GHz and from 255 GHz to 400 GHz. Significant
progress in fitting transitions within the first excited torsional states corresponding to the two
methyl torsional modes in DME has been achieved and the comprehensive dataset has been
reproduced within experimental accuracy by our fit. New assignments contain not only the pure
rotational transitions within the studied torsional states but also about 500 intertorsional
transitions connecting the two torsionally excited states which are observable in the microwave
range due to intensity borrowing. Details of the experimental dataset, its analysis and the fit as
well as the problems we encountered will be discussed.?

®This work was done under support of the Volkswagen foundation. The assistance of Science and
Technology Center in Ukraine is acknowledged (STCU partner project #P686a).

[1] V. llyushin, J.T. Hougen, J. Mol. Spectrosc., 2013, 289, 41-49.

[2] C. P. Endres, B. J. Drouin, J. C. Pearson et al. A&A, 2009, 504, 635-640.

[3] C.P. Endres, H.S.P. Mlller, F. Lewen et al., 65th ISMS, 2010 abstract id. FCO1.
[4] S.E. Bisshop, P. Schilke, F. Wyrowski et al., A&A, 2013, 552, A122, 19.
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Molecular recognition in olfaction: interactions of the odorant carvone with ethanol

S. I. Murugachandran?, D. Loru?, I. Pena?, M. Sanz>*

King's College London , “Department of Chemistry

Non-covalent interactions are vitally important for molecular recognition in many biological and
chemical processes. Understanding the interplay between intra- and intermolecular forces is
crucial for advancing our knowledge on these events and how they are influenced by slight
changes. Here we report the interactions of the common odorant carvone with ethanol, a mimic to
the amino acid side chain serine. It has been studied through combination of chirped-pulse Fourier
transform microwave spectroscopy and computational calculations, including density functional
theory and ab initio methods. Two carvone-ethanol complexes have been observed showing an
O----H-O primary bond between the carbonyl group of carvone, acting as a hydrogen bond
acceptor, and the hydroxyl group of ethanol as the hydrogen bond donor. Secondary C-H----O
dispersion interactions anchoring ethanol to carvone are also established.
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Hyperfine effects in the vibrational spectroscopy on the CI'(H,) complex

F. Dahlmann?, C. Lochmann!, A. Marimuthu?, M. Lara-Moreno?, R. Wild®, S. Schlemmer?, P. Halvick?,
T. Stoecklin®, O. Dulieu®, S. Briinken®*, R. Wester®*

'University of Innsbruck, Radboud University, *Université de Bordeaux, *I. Physikalisches Institut,
Universitat zu KélIn, *University Paris-Saclay

Predissociation spectra of the **CI'(H,) complex are measured at low frequencies between 400 and
800 cm™ in a 22-pole ion trap instrument at the FELIX Laboratory [1] at different temperatures.
While the linear complex of Cl'(para-H,) is nearly indistinguishable from Cl'(ortho-H,) in their
respective ground states, in the dissociation limit they correlate to different rotational states, with
a significant energy gap of about 200 cm™ . Thus, in their excited vibrational states the different
spin isomers show very different eigenstates and as a result, differ substantially in their vibrational
spectra.

At low temperatures, we observe a complete conversion of the Cl(para-H,) to the Cl'(ortho-H,)
complex, which is the more strongly bound complex. This switching is driven by the interaction
between CI" and para-H,, which is weaker than the interaction with ortho-H, due to the absence of
a quadrupole moment, and the approx. 110 cm™ higher binding energy of the ortho-H, complex
[2]

Cl'(para-H,) + (ortho-H,) —» Cl'(ortho-H,) + (para-H,) + AE

As a result, only the Cl'(ortho-H,) complex can be detected at 14 K. [4] Performing the experiment
at high enough temperatures the reaction can proceed in both directions and both hyperfine
complexes remain present. Above approx. 30 K, we could therefore detect the two most intense
para bands with their maxima at 510(1) and 606(1) cm™.

The experimental spectra are compared with calculations, computed by an accurate quantum
approach. [3] The two main bands have been assigned to the rovibrational resonant states 2v, and
v; + 2v,, a progression of the intermonomer vibrational stretching mode between the Chlorine
anion and H,. Due to the large mass difference, unique for this kind of complexes, the tunneling
splitting plays an important role here. The calculated spectra are shifted to the red by about 9
cm™. This discrepancy might be attributed to accuracy of the employed potential energy surface.
The para to ortho ratio is compared to the expectation based on the forward and backward ligand
switching reactions.

[1] Pavol Jusko, Sandra Brinken, Oskar Asvany, Sven Thorwirth, Alexander Stoffels, Lex van der
Meer, Giel Berden, Britta Redlich, Jos Oomens and Stephan Schlemmer, Faraday Discuss., 2019,
217,172

[2] Timur Grinev, Alexei Buchachenko, Roman Krems, Chem. Phys. Chem., 2007, 8, 1439-4235
[3] Steffen Spieler, Dennis F. Dinu, Pavol Jusko, Bjérn Bastian, Malcolm Simpson, Maren Podewitz,
Klaus R. Liedl, Stephan Schlemmer, Sandra Brinken, and Roland Wester, J. Chem. Phys., 2018,
149, 174310

[4] Miguel Lara-Moreno, Philippe Halvick and Thierry Stoecklin, Phys. Chem. Chem. Phys., 2020,
22, 25552-25559
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Highly accurate HF dimer ab initio potential energy surface

R. I. Ovsyannikov !, V. Y. Makhnev?, N. F. Zobov?, J. Koput?, J. Tennyson?, O. L. Polyansky*?

YInstitute of Applied Physics Russian Academy of Sciences, Ulyanov Street 46, Nizhny Novgorod,
Russia 603950, “Faculty of Chemistry, Adam Mickiewicz University, Poznan, Poland, *University
College London, Gower Street, London, WC1E 6BT, United Kingdom

In this work, a very accurate, (HF), potential energy surface (PES) is constructed based on ab initio
calculations performed using the MOLPRO package at the CCSD(T)-F12b level of theory with an
aug-cc-pvQz-F12 basis set at about 161000 points. A higher correlation correction is computed at
CCSDT(Q) level for 2000 points and is considered alongside other more minor corrections due to
relativity, core-valence correlation and Born-Oppenheimer failure.

Calculations over an extended range of rotationally excited states show very good agreement with
the experimental data. In particular, the known empirical rotational constants B [1] for the ground
vibrational states are predicted to better than about 2 MHz. B constants for excited vibrational
states are reproduced several times more accurately than by previous calculations [2]. This level
of accuracy is shown to extend to higher excited inter-molecular vibrational states v and higher
excited rotational quantum numbers (J, Ka).

The study of weakly bound molecular complexes with hydrogen bonds and Van der Waals bonding
accounts for a large sub-branch of molecular spectroscopy. Intermolecular states with (J, K>1) of
the most interesting one -- (H,0), -- currently cannot be characterized in high resolution
experiments [3]. As a consequence of the considerable similarity of this system to (HF), system,
the HF dimer discrepancies provide a unique means of characterizing the corresponding
discrepancies in water dimer spectra. Hence, a high level ab initio model for the rotation-vibration-
inversion (RVI) spectrum of the HF dimer will be an important aid in constructing a similarly
accurate mode for the RVI spectrum of the water dimer.

[1] Polyansky, O. L., Ovsyannikov, R. I., Tennyson, J., Belov, S. P., Tretyakov, M. Yu., Makhnev, V.
Yu., & Zobov, N. F. (2021). Variational analysis of HF dimer tunneling rotational spectra using an
ab initio potential energy surface. Journal of Molecular Spectroscopy, 111481.

[2] Huang, J., Yang, D., Zhou, Y., & Xie, D. (2019). A new full-dimensional ab initio intermolecular
potential energy surface and vibrational states for (HF) 2 and (DF) 2. The Journal of chemical
physics, 150(15), 154302.

[3] Mukhopadhyay, A., Cole, W. T., & Saykally, R. J. (2015). The water dimer |I: Experimental
characterization. Chemical Physics Letters, 633, 13-26.


http://www.tcpdf.org

Poster Session 1, Virtual Poster A77

Accurate IR spectra of formyl cation (HCO*) derived from new potential energy and
dipole moment surfaces.

V. Y. Makhnev!, A. A. Kyuberis?, N. F. Zobov?, J. Tennyson?, O. L. Polyansky'3

YInstitute of Applied Physics Russian Academy of Sciences, Ulyanov Street 46, Nizhny Novgorod,
Russia 603950, 2Van Swinderen Institute for Particle Physics and Gravity, University of Groningen,
Nijenborgh 4, 9747AG Groningen, The Netherlands, 3University College London, Gower Street,
London, WC1E 6BT, United Kingdom

The formyl cation is an important ion in astrophysical studies. As the second (after CH*) and the
first triatomic ion to be detected in interstellar space [1], HCO* takes an important part of
processes in many space objects. As a significant example, recent work by Bourgalais et al. [2]
raises the possibility that HCO™ is relatively abundant in the atmospheres of exoplanets where CO
and N, are present.

In this work we present a new spectroscopic model for HCO™: a) a new potential energy surface
(PES) for the electronic ground state constructed by refining our unpublished ab initio PES to
existing experimental data (this PES gives very similar discrepancies to the ab initio PES by Koput
[3]); b) a new ab initio dipole moment surface (DMS) based on MRCI calculations.

Our experience in variational calculations shows the need for excellent wavefunctions along with
high-level dipole calculations for intensity calculations. For this purpose we adjusted ab initio PES
based on ~700 aug-cc-pCV6Z energies up to 25000 cm™ by the set of experimentally-derived data
from Nesse et al. [4]. This optimized PES allows to reproduce rovirational energy states with
accuracy better than 0.1 cm™.

A new ab initio high accuracy dipole moment surface of HCO™ is constructed. The IC-MRCI all-
electrons method was used for dipole moment calculations, dipole points in ~700 configurations
were computed using external field method and reproduced by polynomial functional form with
less than 10 Debye standard deviation.

The new empirical PES and ab initio DMS are used to calculate spectra of formyl cation at IR
wavelengths. Because of the lack of experimental data for this molecule we can predict at best the
accuracy of intensities within 2% for the strongest bands and

The work of VYM is supported by Theoretical Physics and Mathematics Advancement Foundation
“BASIS”

[1] Klemperer, W. Carrier of the Interstellar 89.190 GHz Line. Nature 227, 1230 (1970).
https://doi.org/10.1038/2271230a0

[2] Bourgalais, J., Carrasco, N., Changeat, Q., Venot, O., Jovanovi¢, L., Pernot, P., Tennyson, J.,
Chubb, K.L., Yurchenko, S.N. and Tinetti, G., 2020. lons in the thermosphere of exoplanets:
observable constraints revealed by innovative laboratory experiments. The Astrophysical Journal,
895(2), p.77.

[3] Koput, J., 2019. Ab initio structure and vibration-rotation dynamics of the formyl and isoformyl
cations, HCO+/HOC+. The Journal of chemical physics, 150(15), p.154307.

[4] Neese, Ch. F., Kreynin P. S., and Oka T. "Hot Band Spectroscopy of the Formyl Cation,
H12C160+." The Journal of Physical Chemistry A 117.39 (2013): 9899-9907.

[5] Mellau, G. C., Makhnev, V. Y., Gordon, I. E., Zobov, N. F., Tennyson, J., & Polyansky, O. L.
(2021). An experimentally-accurate and complete room-temperature infrared HCN line-list for the
HITRAN database. Journal of Quantitative Spectroscopy and Radiative Transfer, 270, 107666.
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Para-ortho hydrogen conversion; solving a 90-year old mystery

A. van der Avoird', X. Zhang®?, T. Karman®?, G. C. Groenenboom

Theoretical Chemistry, Radboud University, Nijmegen (NL), °’Center For Astrophysics, Harvard &
Smithsonian, Cambridge MA, USA, 3Institute of Atomic and Molecular Physics, Jilin University,
Changchun, China

It is well known among spectroscopists that hydrogen has two modifications: para-H, and ortho-H,.
Pure para-H, can be produced by leading “normal” H,, a 3:1 ortho:para mixture, over a catalyst at
low temperature. It is perhaps less well known that para-ortho H, conversion is also catalyzed by
collisions with paramagnetic molecules, such as O,.

Almost ninety years ago Farkas and Sachsse [1] measured the rate coefficient of para-ortho H,
conversion in gas mixtures with O,, with the setup shown in the figure. In the same year, 1933, it
was proposed by Wigner [2] that it is the magnetic dipole-dipole coupling between the electron
spin of O, and the spins of the two protons in H, that is responsible for the conversion. In
asymmetric collisions this coupling makes the two H-nuclei inequivalent and mixes the nuclear
spin functions of para- and ortho-H,, as well as their rotational states with even and odd j values.
Another mechanism, suggested to be much more effective, was proposed later: the exchange
interaction with the open-shell O, induces spin density into the electronic wavefunction of H,. In
most collisions the spin density is different at the two H-nuclei, which makes them inequivalent by
different hyperfine interactions through the Fermi contact term.

An important application of para-H, is in NMR spectroscopy and its imaging variant, MRI. By adding
para-H, to the sample the sensitivity of NMR can be increased by four orders of magnitude by a
phenomenon called para-hydrogen induced polarization (PHIP). Para-ortho H, conversion by O, in
the gas phase was remeasured [3] in 2014 in view of this application. A detailed and quantitative
understanding of the conversion process was still lacking, however.

We theoretically investigated [4] para-ortho H, conversion by collisions with O, in a first principles
approach. Both mechanisms were taken into account and the corresponding coupling terms were
quantitatively evaluated as functions of the geometry of the O,-H, collision complex by means of
ab initio electronic structure calculations. Then they were included in nearly exact quantum
mechanical coupled-channels scattering calculations for the collisions between O, and H,, which
yielded the para-ortho H, conversion cross sections and the rate coefficients for temperatures up
to 400 K. The conversion rate and its temperature dependence are in good agreement with the
values measured in H,-O, gas mixtures. The calculations provide detailed insight into the
conversion process.

[1] L. Farkas and H. Sachsse, Z. Phys. Chem. B 1933, 23, 1.

[2] E. Wigner, Z. Phys. Chem. B 1933, 23, 28.

[3]1S. Wagner, Magn. Reson. Mater. Phys., Biol. Med. 2014, 27, 195.

[4] X. Zhang, T. Karman, G. C. Groenenboom, and A. van der Avoird, Nat. Sci. 2021, 1.
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Recent developments and future challenges in molecular quantum theory

E. Matyus?'

'ELTE, E6tvds Lorand University, 1117 Budapest, PA4zmany Péter sétany 1/A

High and ultra-high precision spectroscopy experiments of small molecular systems make it
possible to test and further develop the fundamental theory of molecular matter. The molecular
and atomic range of matter is governed by quantum mechanics and the constituent particles, the
electrons and the atomic nuclel, interact by electromagnetic interactions. Although the Lagrangian
density of relativistic quantum electrodynamics is standard textbook material, it is a non-trivial
task to write down the most possible complete wave equation (that fulfills basic requirements, like
Lorentz invariance) and that could be solved (numerically) to high precision [1,2]. To compute
bound and quasi-bound molecular states [3,4,5], series apprOX|mat|ons have been traditionally
evoked in terms of the small parameters of the theory: the (m./my) 2 square root of the electron-
to-proton mass ratio [6], the a fine-structure constant and the Za huclear- charge-number multiple
of the fine structure constant [7]. The series expansions of the relativistic QED description of few-
body systems lead to the fundamental concepts currently in use, e.g., the Schrédinger equation
and the Born—-Oppenheimer approximation to describe the structure and dynamics of molecular
systems [8,9]. Furthermore, the series expansions result in a number of “effects” that needs to be
accounted for by perturbation theory, if a quantitative theory-experiment agreement is sought for.
Comparison with experiments of high energy resolution [10] shows that the “small” effects often
ignored (or approximated) are “visible” and important, their partial cancellation cannot be
predicted a priori, moreover, the relative magnitude of the corrections changes from system to
system and from transition to transition [11]. Although the perturbative non-adiabatic and
relativistic approaches support our current intuitive picture of molecular processes at low orders,
the higher-order corrections, necessary for a quantitative agreement with the most precise
experiments, become increasingly complicated (formally and numerically) and are always limited
to some finite order. For this reason, | will speak about complementary, perturbative [6,12] and
variational [1-5] approaches to the non-adiabatic and relativistic problems of molecular quantum
theory. I will sketch theoretical, algorithmic, and computational challenges that were recently met
and that are still open for small atomic and molecular systems in relation with (ultra-)high-
resolution spectroscopy experiments.

[1] B. Simmen, E. Matyus, and M. Reiher, J. Phys. B, 2015, 48, 245004.

[2] P. Jeszenszki, D. Ferenc, and E. Matyus, J. Chem. Phys., 2021, 154, 224110.

[3] E. Matyus and M. Reiher, J. Chem. Phys., 2012, 137, 024104.

[4] E. Matyus, J. Phys. Chem. A, 2013, 117, 7195.

[5] D. Ferenc and E. Matyus, Phys. Rev. A, 2019, 100, 020501R.

[6] E. Matyus and S. Teufel, J. Chem. Phys., 2019, 151, 014113.

[7]1 H. A. Bethe and E. E. Salpeter, Quantum Mechanics of One- and Two-Electron Atoms, 1957.
[8] E. M&tyus, Mol. Phys., 2019, 117, 590.

[9] E. Matyus and P. Cassam-Chenai, J. Chem. Phys., 2021, 154, 024114.

[10] L. Semeria, P. Jansen, G.-M. Camenisch, F. Mellini, H. Schmutz, and F. Merkt, Phys. Rev.
Lett., 2020, 124, 213001.

[11] D. Ferenc, V. I. Korobov, and E. Matyus, Phys. Rev. Lett., 2020, 125, 213001.
[12] D. Ferenc and E. Matyus, J. Chem. Phys., 2019, 151, 094101.
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Internal rotation in a loosely bound ion-rare-gas complex: He-H;*

T. C. Salomon?, 0. Asvany?, D. Gerlich?, I. Savic?, A. van der Avoird®*, M. E. Harding>, F. Lipparini®, J.
Gauss’, S. Schlemmer®*

!|. Physikalisches Institut, Universitat zu Kéln, Kéln, Germany, “Institut fiir Physik, Technische
Universitadt Chemnitz, Chemnitz, Germany, *Department of Physics, University of Novi Sad, Novi
Sad, Serbia, *Institute for Molecules and Materials (IMM), Radboud University Nijmegen, Nijmegen,
Netherlands, Institute of Nanotechnology, Karlsruhe Institute of Technology, Karlsruhe, Germany,
®Dipartimento di Chimica e Chimica Industriale, Universita di Pisa, Pisa, Italy, ’Institut fir
Physikalische Chemie, Universitat Mainz, Mainz, Germany

The ro-vibrational predissociation spectrum of He-H;* has been recorded via excitation of the [Jv,
vibrational mode of the H3* sub-unit in the 22-pole ion trap experiment COLTRAP. The spectrum
for the bare H5™ consists of only a few ro-vibrational lines each for the para and ortho nuclear spin
configuration, respectively. Instead, the spectrum of the complex is very rich (severalhundred
lines) even at the low experimental temperatures (4 K). Part of this complexity is associated with
the (almost) free internal rotation of H5;™. The experimental results are compared to theoretical
predictions of ro-vibrational spectra on the basis of ab-initio calculations of the H;* potential
energy surface. The energy levels result in transitions which agree in many cases with
experimental results within a few wavenumbers. In particular the typical band structures of a P-
and R-branch associated with an effective diatomic complex seen in the experimental and
predicted spectrum help in assigning the rich spectrum. Moreover, an experimental energy term
diagram is reconstructed from the observed transitions which can be compared to the rather
accurate theoretical predictions. The system is discussed using the approach of Jeremy M. Hutson
(1] typically used to describe the dynamics of Van der Waals molecules. The influence of the
Coriolis interaction in a case 2 coupled complex resulting from the H*; internal rotation in a
rotating He-H™5 is discussed.

[1] Jeremy M. Hutson, Advances in Molecular Vibrations and Collision Dynamics, 1991, 1, 1-45
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Methyl internal rotations and '’ N quadrupole coupling in the microwave spectra of
2,4-dimethylthiazole and 4-methyl-5-vinylthiazole

S. Khemissi!, I. Kleiner!, M. Schwell®, L. Nguyen'?

!Laboratoire Interuniversitaire des Systémes Atmosphériques (LISA), CNRS UMR 7583, Université
Paris-Est Créteil, Université de Paris, 61 avenue du Général de Gaulle, F-94010 Créteil, France, 2
Institut Universitaire de France (IUF), 1 rue Descartes, 75231 Paris cedex 05, France

The rotational spectrum of two thiazole derivatives, 2,4-dimethylthiazole (24DMTA) and
4-methyl-5-vinythiazole (MVT), were measured using a pulsed molecular jet Fourier transform
microwave spectrometer operating in the frequency range from 2.0 to 26.5 GHz. In MVT, the
internal rotation of one methyl internal rotor caused splittings of all rotational transitions into A-E
doublets, while internal rotations of the two non-equivalent methyl groups in 24DMTA into
quintets. In addition, the microwave spectrum includes quadrupole hyperfine splittings caused by
the N nitrogen nucleus, making spectrum analysis more challenging. The programs XIAM and
BELGI-Cs-hyperfine were used to deal with the relatively low methyl torsional barrier of 105.79(13)
cm™! found for MVT. The A and E torsional species were fitted separately to check the correctness
of the assignment. For 24DMTA, the spectrum analysis was difficult due to the very low torsional
barrier of 22 cm™* of the methyl group adjacent to the sulfur atom. An intermediate torsional
barrier of around 397 cm™! was obtained for the methyl group adjacent to the nitrogen atom. The
experimental results are compared with the predicted values obtained by quantum chemical

calculations.
=
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Spectroscopy on the first excited torsional state of propylene oxide

P. Stahl®, B. E. Arenas®?, O. Zingsheim?, M. Schnell?®, L. Margulés?, R. A. Motiyenko®, T. F. Giesen?,
G. W. Fuchs?

Institute of Physics, University of Kassel, Heinrich-Plett-Str. 40, 34132 Kassel, Germany, 2
Deutsches Elektronen-Synchrotron (DESY), NotkestraRe 85, 22607 Hamburg, Germany, >I.
Physikalisches Institut, Universitat zu Kéln, *Université de Lille, Laboratoire de Physique des Lasers,
Atomes et Molécules (PhLAM), 2 Avenue Jean Perrin, 59650 Villeneuve-d’Ascq, France, °Institut fiir
Physikalische Chemie, Christian-Albrechts-Universitat zu Kiel, Max-Eyth-Str. 1, 24118 Kiel,
Germany

The chiral molecule propylene oxide, CH;C,H3;0, has been investigated at frequencies between
75-950 GHz using chirped-pulse Fourier-transform emission and conventional absorption
spectroscopy. We studied the first excited vibrational mode, v,,4, corresponding to the torsional
motion of the methyl group. The analysis was done using the internal rotation programs ERHAM
and XIAM. Rotational constants and tunnelling parameters were derived, and the A-E splittings due
to internal rotation were determined. The potential barrier height to internal rotation, V3, was
determined to be V3;=898.6611(894) cm™. Our results are compared with quantum chemical
calculations and literature values. The implications of these measurements concerning
astrophysical searches of vibrationally excited propylene oxide will be discussed.
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IR ROTATIONAL SPECTRUM OF METHYLAMINE

l. Gulaczyk!, M. Kreglewski*

'Faculty of Chemistry, Adam Mickiewicz University

Methylamine is considered a model molecule exhibiting two large amplitude motions: CH; internal
rotation and NH, inversion. These two large amplitude motions are strongly coupled and give rise
to a rich rotation-inversion-torsion structure in the vibrational states.

In the current work a recent progress is reported on assignment and fitting the pure rotational
spectrum of methylamine in the ground vibrational state and in the first and the second torsional
states. It was possible to assign in the IR spectrum the complete 'R and 'Q series for higher values
of K and J, for all symmetry species.

The high resolution IR spectra were recorded in the range 40-360 cm™ with a resolution of 0.00125
cm™ using Bruker IFS-120HR spectrometer at the University of Oulu. About 8300 new infrared
rotational transitions have been assigned in the ground, first and second torsional states using an
original Loomis-Wood program dedicated to methylamine [1].

For each vibrational state a joint fit of rotational transitions of all symmetry species has been
carried out. The transitions assigned in this project and published earlier were fit to a single state
model based on the group theoretical formalism of Hougen and Ohashi [2]. The standard deviation
of the fit for the ground state with K<20 and J<50 to 78 parameters was 0.00031 cm™. The
standard deviation of the fit for the first excited state with K<20 and J<45 was 0.00066 cm™ and
89 parameters were necessary. For the second excited torsional state with K<14 and J=40 and
with 95 parameters a standard deviation of 0.00207 cm™ was obtained. Only for the ground state
the standard deviation is close to the experimental accuracy.

[1] W. Ltodyga, M. Kreglewski, P. Pracna, S. Urban, J. Mol. Spectrosc., 2007, 243, 182-188
(www.lww.amu.edu.pl).
[2] N. Ohashi, J.T. Hougen, J. Mol. Spectrosc., 1987, 121, 474-501.
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The effects of two inequivalent internal rotations in acetylmethylthiophenes explored
by microwave spectroscopy

C. Dindic!, L. Nguyen?

Institute of Physical Chemistry, RWTH Aachen University, Landoltweg 2, D-52074 Aachen,
Germany, Laboratoire Interuniversitaire des Systémes Atmosphériques (LISA), CNRS UMR 7583,
Université Paris-Est Créteil, Université de Paris, 61 avenue du Général de Gaulle, F-94010 Créteil,

France

The microwave spectra of three isomers of acetylmethylthiophene were recorded using a pulsed
molecular jet Fourier transform microwave spectrometer operating in the frequency range from
2.0 to 26.5 GHz. Quantum chemical calculations predicted two stable conformers for all isomers,
possessing either a syn- or an anti-orientation of the acetyl group. Both conformers were
experimentally observed for 2-acetyl-4-methylthiophene (2A4MT, molecule (2) in Figure 1), while
the spectra of the other two isomers showed exclusively transitions belonging to one conformer;
anti in the case of 2-acetyl-3-methylthiophene (2A3MT, molecule (1) in Figure 1) and syn in the
case of 2-acetyl-5-methylthiophene (2A5MT, molecule (3) in Figure 1).

Due to the internal rotation of the acetyl methyl and the ring methyl groups all rotational
transitions split into five torsional species. These splittings could be resolved and analyzed for all
assigned conformers, yielding the torsional barriers given in Figure 1. The impact of the
substitution position where the methyl internal rotor attached to the aromatic thiophene ring and
the relatively constant torsional barrier around 300 cm™ of the acetyl methyl rotor will be

discussed.
CHs CH, o) 0
s S s e S
Wo Wo @/H\cm \@)J\cm
CH, HaC HsC

321.8/306.2 213.0/281.2 210.8/325.9 157.3/301.8
(1) anti-2A3MT  (2a) anti-2AAMT ~ (2b) syn-2A4MT (3) syn-2A5MT

Figure 1: Experimentally observed conformers of the three acetylmethylthiophene isomers. The
torsional barriers of the acetyl methy! (red) and ring methyl! (blue) groups are given in cm™.
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Analysis of the low torsional barrier of a heavy C3v top: the case of trifluroacetic acid
L. Zou', R. A. Motiyenko?, L. Margulés?!

'Universite de Lille, Laboratoire PALAM UMR 8523 CNRS

Trifluoroacetic acid (TFA, CF3COOH) is the final degradation product of many
hydrochlorofluorocarbons, hydrofluorocarbons, and hydrofluoroolifines in the troposphere. The CF3
internal rotor is a heavy C3v top that strongly couples with the overall rotation of the molecule (p
= 0.68). Despite the low torsional barrier of about 230 cm™, the high mass of the top leads to low
tunneling probability in the ground state. The A-E splitting is not observable in the ground state
rotational spectrum even using molecular beam Fourier transform microwave spectroscopy which
typical resolution is few kHz!'!. In previous studies, the splitting was observed only for the v,=4
excited torsional state!®), whereas the rotational lines for the v,=1-3 states were not well
measured. The missing lines from the v,=1-3 states lead to the question of what the exact
torsional barrier is, and in which state the tunneling splitting becomes observable. We perform a
new global analysis of the TFA v,=0-4 states with new spectral measurements from 50 to 330 GHz,
and from 1.2 to 1.5 THz. In our data set, the tunneling splitting is observed for v;=4 lines, and a
small portion of v;=3 lines. Our analysis was performed using the rho-axis method and RAM36
code. This joint analysis of five torsional states resulted in accurate determination of the V3 and V6
potential energy terms. The latest results will be presented.

[1] Antolinez, S., Alonso, ., Dreizler, H. and Sutter, D., Zeitschrift flir Naturforschung A, 1999, 54,
524-538.

[2] Stolwijk, W. M. and van Eijck, B. P., Journal of Molecular Spectroscopy, 1985, 113, 196-207.
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High resolution rovibrational spectroscopy of bicyclic aromatic hydrocarbons.

S. CHAWANANON!?, P. ASSELIN?

!Laboratory MONARIS UMR 8233 CNRS, Sorbonne Université, Paris, FRANCE

Benzene dissociation from the UV and soft X-ray emission of proto-planetary nebula CRL618 [1] as
well as the detection of Buckminsterfullerene (Cgo) founded in meteorites [2] inquiry us how these
large molecules were formed in the Interstellar medium (ISM). Since 80s, Polycyclic aromatic
hydrocarbon (PAH) molecules are suspected to be the carriers of Unidentified Infrared Bands (UIB)
emitted in the ISM but no unambiguous proof was provided until the recent
discovery of benzonitrile [3] and cyano-naphthalenes [4] by radio-astronomy which confirms the
interstellar PAH hypothesis. Feeding high resolution laboratory data about these compounds
becomes highly necessary in the perspective of the future launch of James Webb Spatial
Telescope, in order to elaborate chemical models leading to the formation of these molecular
bricks. In this context, high-resolution IR jet-cooled experiments were realized with the SPIRALES
set-up implemented at MONARIS. Three tunable quantum cascade lasers were used to investigate
the 980-1030 cm ! and 1580-1720 cm™ ranges of CH in-plane bending and CC ring stretch
vibrational modes, respectively. The present study is firstly dedicated to smallest bicyclic PAHs,
naphthalene and biphenyl. Their centro-symmetry excludes any pure rotation study and IR
spectroscopy becomes mandatory to retrieve rotational parameters in both ground and excited
vibrational states. Additionally, nitrogen-substituted polycyclic PAHs such as quinoline
and isoquinoline have been investigated because of the assumed key role in the
interstellar chemistry [6].
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Jet-cooled laser spectrum of the CC ring stretch band of naphthalene compared to the simulated
spectrum at a rotational temperature of 20 K.

[1] H.M. Boechat-Roberty, R. Neves, S. Pilling, A.F. Lago, G.G.B. De Souza, MNRAS, 2009, 394,
810-817. [2] L. Becker, J.L. Bada, Nature, 1994, 372, 507. [3] B. A. McGuire, A. M. Burkhard, S.
Kalenskii, C. N. Shingledecker, A.J. Remijan, E. Herbst, M.C. McCarthy, Science, 2018, 359,
202-205. [4] B. A. McGuire et al. Science, 2021, 371, 1265-1269. [5] P. Asselin, Y. Berger, T. R.
Huet, R. Motiyenko, L. Margules, R. J. Hendricks, M. R. Tarbutt, S. Tokunaga, B. Darquié, Phys
.Chem. Chem. Phys. 2017, 19, 4576-4587. [6] D.S.N. Parker, R.l. Kaiser, O. Kostko, T.P. Troy, M.
Ahmed, A.M. Mebel, A.G.G.M. Tielens, The Astrophysical Journal, 2015, 803, 1-10.
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Acetylene loss from anthracene and phenanthrene cations

S. Banhatti!, D. Rap?, H. Leboucher?, A. Simon®*, G. Wenzel®, C. Joblin®, B. Redlich?, S. Schlemmer'*,
S. Briinken?*

1|. Physikalisches Institut, Universitat zu Koéln, °FELIX Laboratory, Radboud University, *Laboratoire
de Chimie et Physique Quantiques (LCPQ), “Laboratoire de Chimie et Physique Quantiques
LCPQ/IRSAMC, *Aarhus University, ®Institut de Recherche en Astrophysique et Planétologie (IRAP)

Polycyclic aromatic hydrocarbons (PAHs) are believed to be the carriers of the ubiquitous aromatic
infrared bands observed in the spectra of galactic and extra-galactic astronomical sources. These
PAH IR emissions are caused by the absorption of UV photons originating from astronomical
sources and subsequent infrared emission due to molecular relaxation'*!. The processing of PAHs
by UV photons also leads to their fragmentation, which has been recognized in recent years as an
alternative route to the generally accepted bottom-up chemical pathways for the formation of
complex hydrocarbons in UV-rich interstellar regions!?®!. Here we study one such fragmentation
process, the loss of acetylene from the anthracene and phenanthrene (C;4H;,) molecules after
electron impact ionization, resulting in a fragment ion with the chemical composition C;,Hg*. The
dissociation product is expected to have many possible structures shown in the image. By
employing the sensitive action spectroscopic scheme of infrared pre-dissociation (IRPD) in a
cryogenic ion trap instrument coupled to the free electron lasers at the FELIX Laboratory!*®! we
have recorded the broadband and narrow line-width gas phase infrared spectra of the fragment
ion (Cy,Hg*) formed by dissociative ionization of the two precursor PAHs (Cy4H;0), and also the
reference spectra of three low energy isomers of C;,Hg*. Using DFT calculations at the B3LYP
6-311G(d, p) level of theory we have identified the dominant structure of the fragment isomers
formed in the dissociation process. Molecular dynamics simulations (SCC-DFTB) will be presented
in order to elucidate the fragmentation process.

Acenaphthylene: AcN* Benzopentalene: BP* Biphenylene: BPh*

o o

Cyclobuta[b]naph- 1-Ethynylnaph- 2-Ethynylnaph-
thalene: CyN* thalene: 1-EN* thalene: 2-EN*

[1] A. Tielens, Annual Review of Astronomy and Astrophysics 2008, 46, 289.

[2] ). Pety, D. Teyssier, D. Fossé, M. Gerin, E. Roue, ff, A. Abergel, E. Habart and J. Cernicharo,
Astronomy & Astrophysics, 2005, 435, 885 - 899.

[3] Guzman, V. V., J. Pety, ]. Goicoechea, M. Gerin, E. Roueff, P. Gratier, and K. |. Oberg, 2015,
Astrophysical journal, 2015, 800, L33.

[4] P. Jusko, S. Brunken, O. Asvany, S. Thorwirth, A. Stoffels, L. Meer, G. Berden, B. Redlich,
J.Oomens, and S. Schlemmer, Faraday Discussions, 2019, 217 , 172-202.

[5] S. Banhatti, J. Palotds, P. Jusko, B. Redlich, J. Oomens, S. Schlemmer, S. Briinken, Astronomy &
Astrophysics, 2021, 648 A61.
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Structure and dynamics of the semirigid HHe,* and the fluxional HHe;* cations

l. Simké?, F. Brieuc?, C. Schran®*, T. Szidarovszky®, C. Fabri!, O. Asvany?, A. G. Csaszar?, D. Marx>*,
S. Schlemmer?*

Institute of Chemistry, ELTE Edtvds Lordnd University, H-1117 Budapest, PAzméany Péter sétany
1/A, Hungary, *Lehrstuhl fuer Theoretische Chemie, Ruhr-Universitaet Bochum, 44780 Bochum,
Germany, °I. Physikalisches Institut, Universitat zu Kéln, *Yusuf Hamied Department of Chemistry,
University of Cambridge, Lensfield Road, Cambridge, CB2 1EW, UK

The HHe," cationic complexes consist of a strongly-bound linear HHe,* chromophore surrounded
by weakly-bound solvating He atoms. The structures and the vibrational dynamics of the HHe,*
(n=3-6) complexes have been previously investigated using action-spectroscopic experiments in a
cryogenic ion-trap machine and high-level electronic-structure computations [1-3]. In these
previous studies, the anharmonic frequencies for the vibrations of the chromophore have been
computed using perturbation theory, resulting in a reasonable agreement with experiment.
Understanding the large-amplitude motions of the weakly-bound solvating He atoms requires
variational nuclear-motion computations. Based on neural-network potential energy surfaces (NN-
PES) [4-5] developed as part of this study, we determined rovibrational energies of HHe," and
HHes;™ using the GENIUSH code [6-8]. The training set of the NN-PES consist of
CCSD(T*)-F12b/AVQZ computations for configurations sampled within an active learning
framework from path integral molecular dynamics simulations [5]. For HHe,", the computed
rovibrational transitions corresponding to the asymmetric stretch show outstanding agreement
with experiment, demonstrating the excellent quality of the NN-PES. In the case of HHes*, the
third, solvating He orbits around the HHe,* unit forming a torus. We studied the shape of the
fluxional HHe5;™ cation and its vibrations involving the solvating He atom, both with and without
the consideration of the permutational symmetry of the He atoms. We identified the bending and
stretching modes of the solvating He atom, as well as states corresponding to a linear secondary
minimum structure. Visualization of the vibrations and the temperature-dependent dynamical
structure of the cation is helped considerably by computing and plotting the nuclear density.

[1] Attila G. Csaszar, Tamas Szidarovszky, Oskar Asvany, Stephan Schlemmer,Molecular Physics,
2019, 117, 9-12, 1559-1583.

[2] Oskar Asvany, Stephan Schlemmer, Tamas Szidarovszky, Attila G. Csészar, Journal of Physical
Chemistry Letters, 2019, 10, 5325-5330.

[3] Matthias Topfer, Anders Jensen, Keigo Nagamori, Hiroshi Kohguchi, Tamas Szidarovszky, Attila
G. Csaszar, Stephan Schlemmer, Oskar Asvany, Physical Chemistry Chemical Physics, 2020, 22,
22885-22888.

[4] Fabien Brieuc, Christoph Schran, Harald Forbert, Dominik Marx, RubNNet4MD: Ruhr-Universitat
Bochum Neural Networks for Molecular Dynamics Software Package Version~1,

https://www.theochem.rub.de/go/rubnnet4md.html

[5] Fabien Brieuc, Christoph Schran, Felix Uhl, Harald Forbert, Dominik Marx, Journal of Chemical
Physics, 2020, 152, 210901.

[6] Edit Matyus, Gabor Czakd, Attila G. Csaszar, Journal of Chemical Physics, 2009, 130, 134112.
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Oxygen B-band P-branch study: simultaneous observation of Dicke narrowing and
speed-dependence effects

A. A. Balashov'?, K. Bielska!, J. Domystawska?, S. Wéjtewicz!, M. Stowifskil, M. PiwiAski®, A.
Cygan?, R. Ciuryto?!, D. Lisak®

lInstitute of Physics, Faculty of Physics, Astronomy and Informatics, Nicolaus Copernicus University
in Torun, Grudziadzka 5, 87-100 Torun, Poland, “Institute of Applied Physics of the Russian
Academy of Sciences, Ulyanov str. 46, 603950 Nizhny Novgorod, Russia

Oxygen is one of the two most abundant molecular gases in the terrestrial atmosphere. B band is
the second most intense band in the red part of the absorption spectrum of the O, molecule. It is
less commonly used for the remote sensing of the atmosphere mainly because the B-band
intensity is about 15 times lower than the A-band. Until recently another limiting factor was the
lack of accurate laboratory data. Accurate reference data, including full sets of line-shape
parameters, is necessary for multiple atmospheric applications, in particular, accurate
determination of the pressure and temperature profiles [1] across the atmosphere and improved
parameters of clouds such as their top height [2].

In this study, we measured line-shape parameters of three transitions from the P branch. In
contrast to the previous study [3], we simultaneously observe the speed-dependence of the
collisional broadening and the Dicke narrowing effect [4], as well as the line asymmetry due to the
speed-dependence of the collisional shifting for the pressures down to 1.1 kPa. It became possible
due to the significantly increased spectra signal-to-noise ratio. The measurements were done with
two experimental techniques: well-established cavity ring-down spectroscopy (CRDS) [5] and
cavity mode-width spectroscopy (CMWS) [6,7] that allowed us a more reliable estimation of the
determined line-shape parameters systematic uncertainties. The unperturbed line positions are
determined within 40 kHz and the line intensities at 0.2% level. New results are compared with our
previously published data [3] of the P-branch measurements and observed systematic deviations
on the line intensities are explained.

[1] C. R. Nowlan, C. T. McElroy, J. R. Drummond, Journal of Quantitative Spectroscopy and
Radiative Transfer, 2007, 108 (3), 371-388.

[2] A. Kuze, K. V. Chance, Journal of Geophysical Research, 1994, 99 (D7), 14481.

[3]1S. Wojtewicz, A. Cygan, P. Mastowski, J. Domystawska, D. Lisak, R. Trawinski, R. Ciuryto, Journal of
Quantitative Spectroscopy and Radiative Transfer, 2014, 144, 36-48.

[4] S. Pine, Journal of Quantitative Spectroscopy and Radiative Transfer, 1999, 62 (4), 397-423.
[5] A. O’'Keefe, D. A. G. Deacon, Review of Scientific Instruments, 1988, 59 (12), 2544-2551.

[6] A. Cygan, D. Lisak, P. Morzynski, M. Bober, M. Zawada, E. Pazderski, R. Ciuryto, Optics Express, 2013,
21 (24), 29744

[7]1D. A. Long, G. W. Truong, R. D. Van Zee, D. F. Plusquellic, J. T. Hodges, Applied Physics B: Lasers and
Optics, 2014, 114 (4), 489-495.
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St. Petersburg University of State Fire Service of Emercom of the Russian Federation, St.
Petersburg, 196105 Russia, >Saint Petersburg State University, Universitetskay

A nonMarkov theory of diffuse satellites appearing around the allowed resonance rotational lines
perturbed by monoatomic buffer gases is expounded. As the buffer-gas pressure grows, the
lorentzian mother lines adjacent to the band origin become attenuated because of the intensity
transfer to surrounding satellites. Different channels contributing to the attenuation effect of
infrared and Raman lines of linear molecules are considered. The calculated attenuation
coefficients reasonably agree with experimental data available for HCl and HF absorption spectra
perturbed by noble gases [1-3]. .Based on the nonMarkov dynamical theory, the satellite
formation in the allowed spectra of dense media consisting of linear molecules is treated. In this
case, coupling of the rotational transitions in neighbouring molecules results in the appearance of
satellites at the combination frequencies.

Support from the Russian Foundation for Basic Research (grant 19-03-00830) is gratefully
acknowledged.

[1] E. Piollet-Mariel, C. Boulet, and A. Levy, J. Chem. Phys. 1981, 74, 900.
[2] C. Boulet, P.-M. Flaud, and J.-M. Hartmann, J. Chem. Phys. 2004, 120, 11053.

[3] A. P. Kouzov, K. G. Tokhadze, and S. S. Utkina, Eur. Phys. J. D 2000, 12, 153.
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Observation of Selenium-centered Hydrogen Bonds by Jet-Cooled Microwave
Spectroscopy: Benzeneselenol ::- H,0 vs. Benzeneselenol ::- H,S

M. Juanes!, R. T. Saragi', R. Pinacho?, M. Jaraiz?, A. Lesarrit

'University of Valladolid, Departamento de Quimica Fisica y Quimica Inorgénica, Facultad de
Ciencias - I.U. CINQUIMA (Spain), *University of Valladolid, Departamento de Electrénica, ETSIT
(Spain)

Despite the importance of selenium in our daily lives (selenium is interesting because it is
simultaneously toxic but essential for humans to produce proteins), the number of high-resolution
spectroscopic studies of selenium-centered hydrogen bonds (HBs) is very small. Moreover, from a
fundamental point of view it is interesting to compare the selenium HBs with those made by other
chalcogen atoms (such as oxygen and sulfur). Selenium-centered HBs can be studied in weakly-
bound intermolecular complexes isolated in a jet expansion. Here we report on the dimers of
benzeneselenol -+ H,O and benzeneselenol -+ H,S, probed in a supersonic jet using chirped-pulsed
and cavity Fourier-transform microwave spectroscopy in the cm-wave region 2-18 GHz. Notable
differences have been observed in the behavior of the two selenol dimers. In the benzeneselenol
monohydrate the selenol group acts as proton donor to water. Conversely, in the hydrogen sulfide
dimer the selenol accepts a proton from the sulfide. The spectrum of several monosubstituted
isotopologues were also assigned, including those of selenium, H,'20 and H,3*S, which were used
to calculate ground-state effective structures and HB structures in both cases. Accurate rotational
parameters and density-functional-theory supporting calculations will be reported for the

investigated species.
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Investigation of collisional effects in molecular spectra - accurate ab initio calculations
in HD-He system
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Rennes)-UMR 6251, F-35000 Rennes, France

The abundance of molecular hydrogen and atomic helium in the universe makes them an
important system to study in various fields. A mixture of molecular hydrogen and helium is the
main component of the atmospheres of gas giants in the Solar System and is predicted to be a
dominant constituent of the atmospheres of some types of exoplanets [1]. The hydrogen molecule
is also the simplest molecule, the structure of which can be calculated from first principles, which
makes it well suited for accurate tests of ab initio calculations. In particular, HD molecule, despite
its lower abundance than H, isotopologue is noticeable in spectroscopic studies due to the
presence of its dipole moment even in the electronic ground state. Moreover, studies of the H,-rich
atmospheres are well suited for measuring the D/H ratio, which is crucial for understanding the
evolution of the Universe and planets’ atmospheres [2, 3]. Studies show [4] that in some cases the
uncertainty of astronomical observations of hydrogen molecule spectra is dominated by the
uncertainties of collisional parameters, including pressure broadening and pressure shift
coefficients. An accurate list of the line-shape parameters is necessary for a correct interpretation
of molecular spectra from the atmospheres of gas giants [4] and exoplanets [5].

We present the methodology and results of ab initio calculations of collisional effects for 12 purely
rotational and 60 rovibrational electric dipole transitions in R and P branches: from R(0) to R(5)
and from P(1) to P(6) in the 0-0 to 5-0 vibrational bands. We used state-of-the-art potential energy
surface [6] - an improved version of the one reported by Bakr, Smith, and Patkowski [7]. We also
carefully examined the validity of the usually assumed approximation for rovibrational transitions -
centrifugal distortion neglection - in the case of the HD-He system. Available experimental studies
[8][9] are in good agreement with our calculations for most transitions, however, some of the
results are beyond the estimated uncertainty. The experimental values for rovibrational lines only
consist of R;(0) and R;(1) transitions at 77 K. This, together with the fact that the measurements
were using less accurate line-shape models, and current experimental techniques are more
accurate, show that there is a strong need for new accurate experimental studies of collisional line-
shape parameters.

[1] Miller-Ricci E. et al, The Astrophysical Journal, 2009, 690, 1056

[2] Smith W. et al, ICARUS, 1989, 81, 429

[3] Fortney J. et al, ICARUS, 1995, 114, 328

[4] Feuchtgruber H. et al, Astronomy & Astrophysics, 2013, 551, A126

[5] Fortney J. et al, arXiv, 2019, 1905.07064

[6] Thibault F. et al, Journal of Quantitative Spectroscopy & Radiative Transfer, 2017, 202, 308
[7]1 Bakr B. et al, Journal of Chemical Physics, 2013, 139 144305

[8] Lu Z. et al, Physical Review A, 1993, 47, 1159

[9] McKellar A. et al, Canadian Journal of Physics, 1984, 62, 211
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Our new methodology [1] for calculating the non-LTE line lists of small molecules using the ExoMol
Database (www.exomol.com) [2] is presented here, and compared against experimentally
obtained spectra. We use a simplistic 1D approach based on the Harmonic approximation to
model the intensity pattern of the Av = 1 and the Av = 2 bands of 2C'®0 experimental spectra.
We achieve this by simulating the corresponding non-LTE vibrational populations of CO produced
by formamide glow discharge [3]. We also demonstrate that our 1D model can be used for the full
formamide discharge spectra between 2000 cm™ - 5000 cm™, and can model spectra containing
up to six non-LTE molecules; including linear and non-linear triatomics, and both hetero- and
homodiatomics. Excellent agreement with experiment is achieved in both cases.
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N
OH
HCN
co
CN
Co;

Theo.

Exp.

2500 3000 3500 4000 4500 5000 N
Wavenumber (cm~!) Wavenumber (cm ™)

[1] V. H. ]. Clark, S. N. Yurchenko, Phys. Chem. Chem. Phys., 2021, 23, 11990-12004

[2] ). Tennyson, S. N. Yurchenko, et al., J. Quant. Spectrosc. Radiat. Transf., 2020, 255, 107228.
[3] A. Pastorek, S. Civis , V. H. J. Clark, S. N. Yurchenko, M. Ferus, J]. Quant. Spectrosc. Radiat.
Transf., 2021, 262, 107521
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A Quantum Chemical Method Producing Accurately Predicted Barrier Heights to Methyl
Group Internal Rotation - The Test Case of Acetylspecies

K. G. Lengsfeld’, P. Buschmann?, F. Dohrmann?, A. Sander?, J. Grabow™*

Institut fiir Physikalische Chemie und Elektrochemie

The analysis of the internal dynamics in molecules is intriguing not only for spectroscopists but
also many other disciplines of physical chemistry like thermodynamics and quantum chemistry.
The shape and magnitude of the threefold hindering potential corresponding to the internal
molecular rotation of methyl groups, analogous to the interaction of molecular rotation with
nuclear spins of atoms with a permanent nuclear quadrupole moment, is reflected in the fine and
hyperfine structure of high-resolution rotational spectra. A corresponding (re)analysis allows
characterizing the methyl group large amplitude motions, which can also serve as an
intramolecular sensor for (stereo)electronic effects. Furthermore, for an efficient analysis of the
spectral fine structure, good quantum chemical predictions of the barrier heights are significant.
Therefore, the reproducibility of the experimentally determined barrier heights of 69 molecules
containing an acetyl group was tested using a promising combination of quantum chemical
methods.

In addition to a mean deviation of only 2.9 % resulting from Fig. 1, an empirical scaling factor for
simple density functional theory calculations could be determined, which caused a significant
improvement of this simple method.

Thus, predictions by both methods can be utilized as standard procedure for the prediction of
molecules not previously characterized by rotational spectroscopy.

Conclusively, the found acetylmethyl barrier heights of different carboxylic acid derivatives can be
correlated with their reactivity.

6507 Ao High Precision
600- 4 DFT
550 .
500
450 A .
~ 4004 e
§350- LA
5300 ot
= 5504 s
200~ “.
1504 . N
100- s
50 N
0 T

0 50 100 150 200 250 300 350 400 450 500 550 600 650
V3,exp/Cm71



http://www.tcpdf.org

Parallel Session: Theory, Contributed Talk (15min) cCa
High-Level Ab Initio Quartic Force Fields and Spectroscopic Characterization of C;N™
C. M. Rochat, H. Linnartz**

!Laboratory for Astrophysics, Leiden Observatory, Leiden University, P.O. Box 9513, NL-2300 RA
Leiden, The Netherlands

Although the existence and importance of negative molecular ions had been conjectured in the
early days of astrochemistry, it was not until 2006 that the first interstellar anion, CgH™, was finally
detected. This led to a resurgence of interest of chemists, physicists, and astrophysicists in anions,
motivating new surveys as well as theoretical and laboratory studies. As a result, several other
negatively charged species were soon identified like C4H, CgH™, C3N7, CsN™ and CN™ [1].
Assuming electron radiative attachment (REA) as their major formation route, previous anion
astrochemical models have been successful in reproducing the observed abundances of the larger,
highly-dipolar carbon-chain anions like CgH™, CgH™, and CsN™~. However, for the smallest anionic
species (e.g., CN™ and C3N7) for which REA to their parent neutrals are theorized to very slow,
notable discrepancies have soon appeared between the modeled and observed anion-to-neutral
ratios [1], suggesting that other alternative pathways might dominate their synthesis [2]. Recent
laboratory studies by Chacko et al. [3] pointed out the dominance of the (as yet unobserved) C,N°
species as fragmentation product of larger carbonitrile anions in UV-abundant circumstellar media,
thereby offering new prospects into its omnipresence in the external layers of the carbon-rich star
IRC+10216. Motivated by these most recent findings and the general lack of spectral signatures of
this anion, in this talk, | will discuss our most recent efforts to obtain accurate rovibrational
spectroscopic constants and anharmonic vibrational frequencies for I-C,N(°2") and c-CNC(*A;) by
means of a high-level theoretical approach. Special attention will be paid into the characterization
and computation of their quartic force fields (QFFs) [4,5] using state-of-the-art electronic structure
composite methods followed by nuclear motion calculations. It is then expected that the new
spectroscopic data here reported prompt future high-resolution laboratory and observational
studies on this target molecular anion.

[1] Tomas J. Millar, Catherine Walsh, Thomas A. Field, Chemical Reviews, 2017, 117, 1765-1795.
[2] Simon Petrie, Monthly Notices of the Royal Astronomical Society, 1996, 281, 137-144.

[3] Roby Chacko, Shreyak Banhatti, M. Nrisimhamurty, J. K. Yadav, A. K. Gupta, G. Aravind, The
Astrophysical Journal, 2020, 905, 90-95.

[4] Attila G. Csaszéar, WIREs Computational Molecular Science, 2012, 2, 273-289.
[5] Ryan C. Fortenberry, Timothy J. Lee, Xinchuan Huang, Physical Chemistry Chemical Physics,
2017, 19, 22860-22869.


http://www.tcpdf.org

Parallel Session: Theory, Contributed Talk (15min) CC5
Unveiling the Shape of neutral Levodopa

M. Sanz-Novo!?, i. Ledn?!, E. R. Alonso??, J. L. Alonso*

!Universidad de Valladolid / Departamento de Quimica Fisica y Quimica Inorgénica, 2Universidad
del Pais Vasco (UPV-EHU)

Neurotransmitters are specific molecules involved in the transmission of neural signals between
neurons. The study of the shape of neurotransmitters and their most essential precursors is of
great relevance to biochemistry since it plays a key role in the molecular recognition process at
the receptor site. We here report the first rotational study of neutral levodopa, an aminoacid
precursor of neurotransmitters dopamine [1], adrenaline and noradrenaline using a combination of
broadband chirped pulse FTMW spectroscopy and a laser ablation vaporization system (LA-CP-
FTMW). Three distinct conformers of levodopa have been unambiguously identified in the
supersonic jet. Also, we have analyzed the N nuclear quadrupole hyperfine structure to identify
and experimentally establish the intramolecular interactions in which the N-bearing functional
group is involved, showing the existence of stabilizing N-H-n interactions for the observed
structures.

Acknowledgments: The authors thank the financial fundings from Ministerio de Ciencia e
Innovacién (CTQ2016- 76393-P and PID2019-111396GB-100), Junta de Castilla y Leon (VA077U16
and VA244P20) and European Research Council under the European Union’s Seventh Framework
Programme (FP/2007-2013) / ERC-2013-SyG, Grant Agreement n. 610256 NANOCOSMOS, are
gratefully acknowledged. E.R.A. acknowledges MINECO for a Juan de la Cierva postdoctoral
fellowship and the Fundacién Biofisica Bizkaia (Spain). M.S.N. acknowledges funding from the
Spanish "Ministerio de Ciencia, Innovacion y Universidades” under predoctoral FPU Grant
(FPU17/02987).

[1] C. Cabezas, I. Pena, J. C. Lopez and J. L. Alonso, J. Phys. Chem. Lett., 2013, 4, 486-490.
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Energy-Corrected Sudden approach to the non-Markovian relaxation matrix for two
linear colliders

A. V. Sokolov?, J. Buldyreva?, A. P. Kouzov?!
1Saint Petersburg State University, 2Institut UTINAM, UMR CNRS 6213

A finer picture of collisional effects on spectral band shapes is urgently demanded by a number of
atmospheric and combustion explorations [1]. For that, simulations of band profiles in large
spectral intervals should be done at various thermodynamic conditions, in particular for elevated
gas densities where the line-mixing effects are strongly pronounced. The problem is solved when
the fundamental, frequency-dependent relaxation (super)matrix I'(w) is known. Presently, the only
affordable receipt to calculate ' (w) without limitations of the perturbation theory is due to the
Energy- and Frequency Corrected Sudden Approximation (EFCSA) model developed initially for the
structureless bath [2] and extended recently to linear perturbers [3], assuming collision durations
to be finite, yet much shorter than the period of collider's rotation.

In a previous study [4], we suggested an approach based on spectral moments to model the
translational interaction spectral functions (ISF). This approach requires, however, refined potential
energy surfaces available only for a limited number of molecular systems. To make non-Markovian
calculations feasible for an arbitrary molecular pair, we develop here a semi-empirical approach to
ISF simulation based on the Energy-Corrected Sudden model. While there exist papers presenting
ECS-modeling of the Markovian relaxation matrix for a linear perturber [5] or the non-Markovian
ECS matrix for a structureless perturber [6], to our knowledge, there is no published work
describing non-Markovian relaxation matrices that accounts for the anisotropy of the perturbing
molecule.

After having applied the basic hypotheses of the ECS approximation and having factorized the ISFs
into frequency- and anisotropy-dependent parts, we consider the particular case of the isotropic Q-
branch, which allows identification of the frequency-dependent factor with the adiabaticity factor
and enables relating the anisotropy-dependent factor to the bimolecular transition rates. We
propose various analytical multi-parameter models for bimolecular basic transition rates that are
used, together with a Lorentzian-type adiabaticity factor, for ISF modeling and are shown, on the
example of high-pressure anisotropic Raman spectra of nitrogen, to be suitable for theoretical
prediction of large-band spectra of dense gases of linear molecules.

AS and AK acknowledge the financial support from the RFBR (project number 19-33-90244).

[1] Jean-Michel Hartmann, Christian Boulet, Daniel Robert, Collisional Effects on Molecular Spectra,
Elsevier, Amsterdam, 2008.

[2] Alexandre P. Kouzov, Physical Review A, 1999, 60, 2931.

[3] Alexander P. Kouzov, Jeanna V. Buldyreva, Andrei V. Sokolov, Journal of Chemical Physics, 2018, 149,
044305.

[4] Andrei Sokolov, Alexander Kouzov, Jeanna Buldyreva, Journal of Raman Spectroscopy, 2020, 51, 2053.
[5] Sheldon Green, Journal of Chemical Physics, 1993, 98, 257.

[6] Jeanna V. Buldyreva, Lionel Bonamy, Physical Review A, 1999, 60, 370.
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High-resolution spectroscopy of the simplest molecule: from novel techniques for
molecular ion spectroscopy to fundamental physics

S. Schiller?

YInstitut fir Experimentalphysik, Heinrich-Heine-Universitat Diisseldorf, Germany -
step.schiller@hhu.de

Molecular hydrogen ions (MHI), the simplest molecules, are three-body quantum systems
composed of two simple nuclei and one electron. They are of high interest for fundamental physics
because, in contrast to the hydrogen atom family, their internal energy depends not only on the
electron-nucleus interaction but also on the nucleus-nucleus interaction and on the nuclear
masses. The relative simplicity of MHIs allows predictions by ab initio theory, that as of today has
reached an impressive precision approaching that of the hydrogen atom theory. The experimental
study of the MHI poses its own challenges.

Over the years, we have developed a set of techniques for the precise study of molecular ions at
different levels of resolution and precision. They rely firstly, on trapping MHI in a linear ion trap
and sympathetic cooling by co-trapped and laser-cooled beryllium ions, allowing reaching kinetic
energies of the order 10 mK [1].

A breakthrough in resolution and precision was achieved by introducing novel Doppler-free
spectroscopy techniques for ensembles of molecules, rather than single molecules. For rotational
spectroscopy we interrogate a prolate ion ensemble and irradiate the spectroscopy wave along the
small width, achieving the Lamb-Dicke regime. For vibrational transitions (5 um) we work with
ensembles so small that the ions arrange in a string-like fashion on the trap axis. Again, irradiation
of the spectroscopy laser is performed orthogonally to the trap axis. Under these conditions we
observed one-photon electric-dipole transitions with resolved carrier. Line resolution as high as
3x 10 and transition frequency uncertainties as low as 3x107'? were achieved with HD* [2,3].

The measured rotational and vibrational frequencies are in agreement with their predicted values,
when CODATA fundamental constants are used as input to the predictions. Assuming the
correctness of the predictions within their estimated theoretical uncertainties, we determined
values of the ratio of reduced nuclear mass and electron mass. Their uncertainties are competitive
with the best direct determinations using Penning trap mass spectroscopy. Further, an upper limit
for the strength of a hypothetical fifth force between the two nuclei could be set that was by more
than one order lower than deduced from previous experiments.

Finally, the resolution and precision of the rotational spectroscopy is so high that we could
determine the tiny quadrupole moment of the deuteron to percent precision [2].

Recent developments in the techniques will be presented.

This work was funded by the ERC (786 306), the DFG (Schi 431/23-1, INST-208/737-1) and
FP7-2013-ITN “COMIQ"” and the Prof.-Behmenburg Schenkung

[1] B. Roth, et al. Phys. Rev. A 74, 040501 (2006); 10.1103/PhysRevA.74.040501
[2] S. Alighanbari, et al., Nature 581, 152 (2020); 10.1038/s41586-020-2261-5
[3]I. Kortunov, et al., Nat. Phys. 17, 569 (2021); 10.1038/s41567-020-01150-7
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Optical frequency combs are innovative tools for broadband spectroscopy because a series of
comb modes can serve as frequency markers that are traceable to a microwave frequency
standard. However, a mode distribution that is too discrete limits the spectral sampling interval to
the mode frequency spacing even though individual mode linewidth is sufficiently narrow. Here,
using a combination of a spectral interleaving and dual-comb spectroscopy in the terahertz (THz)
region, we achieved a spectral sampling interval equal to the mode linewidth rather than the mode
spacing. The spectrally interleaved THz comb was realized by sweeping the laser repetition
frequency and interleaving additional frequency marks. In low- pressure gas spectroscopy, we
achieved an improved spectral sampling density of 2.5MHz and enhanced spectral accuracy of
8.39x10”—7 in the THz region. The proposed method is a powerful tool for simultaneously
achieving high resolution, high accuracy, and broad spectral coverage in THz spectroscopy.

[1] Y.-D. Hsieh, Y. lyonaga, Y. Sakaguchi, S. Yokoyama, H. Inaba, K. Minoshima, F. Hindle, Y.
Takahashi, M. Yoshimura, Y. Mori, T. Araki, and T. Yasui, "Terahertz comb spectroscopy traceable
to microwave frequency standard," IEEE Trans. THz Sci. Tech., 2013, 3, 322-330.

[2] Y.-D. Hsieh, Y. lyonaga, Y. Sakaguchi, S. Yokoyama, H. Inaba, K. Minoshima, F. Hindle, T. Araki, and T.
Yasui, "Spectrally interleaved, comb-mode-resolved spectroscopy using swept dual terahertz combs,” Sci.
Rep., 2014, 4, 3816.

[31T. Yasui, Y. lyonaga, Y.-D. Hsieh, Y. Sakaguchi, F. Hindle, S. Yokoyama, T. Araki, and M. Hashimoto,
"Super-resolution discrete Fourier transform spectroscopy beyond time window size limitation using
precisely periodic pulsed radiation,” Optica, 2015, 2, 460-467.

[4] T. Yasui, R. Ichikawa, Y.-D. Hsieh, K. Hayashi, H. Cahyadi, F. Hindle, Y. Sakaguchi, T. lwata, Y. Mizutani,
H. Yamamoto, K. Minoshima, and H. Inaba, "Adaptive sampling dual terahertz comb spectroscopy using
dual free-running femtosecond lasers," Sci. Rep., 2015, 5, 10786.

[5] Y.-D. Hsieh, S. Nakamura, D. G. Abdelsalam, T. Minamikawa, Y. Mizutani, H. Yamamoto, T. lwata, F.
Hindle, and T. Yasui, "Dynamic terahertz spectroscopy of gas molecules mixed with unwanted aerosol
under atmospheric pressure using fibre-based asynchronous-optical-sampling terahertz time-domain
spectroscopy," Sci. Rep., 2016, 6, 28114.

[6] G. Hu, T. Mizuguchi, R. Oe , K. Nitta , X. Zhao, T. Minamikawa, T. Li, Z. Zheng, and T. Yasui, "Dual
terahertz comb spectroscopy with a single free-running fibre laser," Sci. Rep., 2018, 8, 11155.

[71]). Chen, K. Nitta, X. Zhao, T. Mizuno, T. Minamikawa, F. Hindle, Z. Zheng, and T. Yasui,"Adaptive-
sampling near-Doppler-limited terahertz dual-comb spectroscopy with a free-running single-cavity fiber
laser," Adv. Photon., 2020, 2, 3, 036004.
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S. Hu!

'Hefei National Laboratory for Physical Sciences at Microscale, University of Science and
Technology of China, Hefei, 230026 China

Precise determination of ro-vibrational transition frequencies of molecules are interested in various
studies such as molecular dynamics, metrology, astronomy, and fundamental physics. However,
the accuracy of most line positions in the near infrared is limited to 103 - 10* cm™ (~ 1 MHz) due
to broadening (Doppler and collision induced) and/or the weakness of overtone transitions. Here
we introduce cavity-enhanced spectroscopy methods we developed for precision spectroscopy of
molecules. Using high-finesse cavities, we demonstrate a detection sensitivity (noise-equivalent
absorption coefficient) of 10"%/cm and a frequency accuracy of 1 kHz [1]. Two-color double
resonance (DR) spectroscopy using continuous-wave diode lasers [2] is also demonstrated, which
allows us to probe highly-excited states of molecules with unprecedented accuracy. A few
application examples will be given, including kHz-accuracy measurements of the (30012) and
(60025) bands of CO, [3], and the unexpected “distorted” line profile of the Lamb-dip spectrum of
HD [4,5].

[1] Wang et al., Communication: Molecular near-infrared transitions determined with sub-kHz
accuracy. J Chem Phys 2017, 147, 091103.

[2] Hu et al., Comb-locked cavity-assisted double resonance spectroscopy based on diode lasers, Review
of Scientific Instruments, 2021, 92, 073003.

[3] Hu et al., Optical-optical double-resonance absorption spectroscopy of molecules with kilohertz
accuracy, Journal of Physical Chemistry Letters, 2020, 11, 7843.

[4] Tao et al., Toward a determination of the proton-electron mass ratio from the Lamb-dip measurement
of HD, Phys Rev Lett, 2018, 120, 153001.

[5] Hua et al., Dispersion-like lineshape observed in cavity-enhanced saturation spectroscopy of HD at 1.4
um, Optics Letters, 2020, 45, 4863.
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In the last few decades, the THz window of the electromagnetic spectrum has emerged as
enabling breakthrough scientific and technological applications in such diverse fields as
information and communications technology (ICT), biomedicine, homeland security, quality control
of food and global environmental monitoring. Likewise, high precision THz spectroscopy of
rotational and ro-vibrational molecular transitions promises to deliver many novel physical
insights. In this framework we will report on two different approaches for THz metrological-grade
radiation, the first related to difference frequency generation (DFG) based broadband continuous
wave (CW) THz source, the second regarding the characterization and applications of Quantum
Cascade Lasers (QCL) based THz frequency combs (FCs).

1. DFG-based broadband CW THz source

Regarding THz frequency metrology, a lot of work as been done on single mode QCL setups.
However, in order to fully exploit the potential of this key spectral region, the challenge is to
merge, in a single source, three crucial aspects: an even broader spectral coverage towards higher
THz frequencies (covered neither by QCLs nor by other traditional THz sources), metrological-
grade performances (i.e. high resolution and accuracy with referencing to the primary frequency
standard), power levels sufficient for room-temperature detection. In our work we demonstrate
room-temperature generation and detection of continuous-wave THz radiation spanning three
octaves in the THz range, from 1 to 7.5 THz, and performing high-accuracy molecular
spectroscopy. This unprecedented result makes use of a simple, reliable approach that combines,
in a uniqgue set-up, robust telecom laser components with difference-frequency nonlinear
generation.

In synthesis, the main contribution of our work is the combination of all the following aspects: i)
room temperature CW generation, based on the fully-developed and commercial telecom fiber
laser technology that grants a high level of compactness, stability and reliability to our new
source; ii) a 3-octave spectral coverage, from 0.97 to 7.5 THz, that is obtained by the combined
use of a Cherenkov emission scheme and strong light confinement in a surface nonlinear
waveguide; iii) high power levels enabling both room temperature detection and high-precision
THz spectroscopy, achieved thanks to a CW generation efficiency as high as 1077 W™ ; iv)
frequency referencing to the primary frequency standard by means of a mode-locked femtosecond
laser and a GPS disciplined Rubidium-Quartz oscillator; v) a state-of-the-art accuracy in the order
of 107° obtained with a room temperature Golay cell detector. The proposed approach paves the
way to a new class of metrological-grade sources spanning most of the THz range for countless
demanding applications.

2. QCL-based THz frequency combs

The most common sources for FCs are mode-locked lasers, whose high level of coherence
enabled a myriad of scientific applications, providing a frequency ruler for any laser emitting
within their spectral range. For this reason huge efforts have been spent to extend the
characteristics of FCs to all spectral regions, and to extend the figure of merits of FCs to other non-
conventional comb-like source. In this framework Quantum Cascade Lasers (QCLs) technology,
both in the mid-infrared and THz region, is exploiting the extraordinary versatility of these devices
for developing active regions with engineered optical dispersion that emit optical frequency
combs. Thanks to four-wave-mixing non-linear processes happening inside the active medium,
proper mode-locking is obtained. The Fourier modal phases, ultimately describing comb operation
are retrieved thanks to the Fourier Analysis of Comb Emission (FACE) technique, which confirms
the high level of coherence of these sources, and enables retrieval of the temporal emission
profile.

The metrological-grade performance of this class of devices is probed thanks to the full phase
referencing to the primary frequency standard, achieving ~2 Hz in 1 s stability and ~6 Hz
accuracy for the emitted modes. Independent and full control of the two comb degree of freedom
is also demonstrated and characterized. Finally, application of a QCL-FC to high-accuracy
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Probing the dynamic response of a ring-down cavity with heterodyne detection to
measure sample absorption and dispersion

|. T. Hodges'

!Optical Measurements Group, National Institute of Standards and Technology, 100 Bureau Drive,
Gaithersburg Maryland, 20899, U.S.A

style="text-align: justify;">Most cavity ring-down spectroscopy applications involve
measurements of single-mode intensity decay rates at zero frequency (dc). These decay rates are
proportional to the total cavity intensity losses but are independent of dispersion effects. Notable
exceptions include experiments using ac heterodyne beat signals between a local oscillator and
cavity mode’ or two cavity modes?®. Building on this prior work, | will discuss a new heterodyne-
detected cavity buildup/ring-down technique, collaboratively developed by D. Lisak and coworkers
at Nicolaus Copernicus University (Torun, Poland) and members of the Optical Measurements
Group at the National Institute of Standards and Technology (Gaithersburg Maryland, U.S.A.). This
approach, referred to as dynamic mode-resolved heterodyne spectroscopy (DMHRS), yields the
widths and positions of cavity modes to quantify sample absorption and dispersion, respectively. |
will discuss how the cavity response can be described as a first-order linear system?® in which mode
fields are induced by driven or random variations in the probe laser amplitude and/or phase.
Fourier analysis of heterodyne-detected buildup and decay signals yields spectrally distinct
Lorentzian resonances caused by beating between probe-mode and local oscillator-mode fields.
Importantly, all spectral information is encoded in terms of measured optical frequencies and radio
frequencies, with strong immunity to amplitude variations, allowable frequency mismatch between
probe and cavity, and no need for path length calibration. Specific examples and related work
presented include cavity buildup spectroscopy* enabling measurements on time scales much less
than the decay time, Cs-clock-referenced line positions in Doppler-broadened spectra® providing
relative uncertainties at the 102 level for near-IR transitions of carbon dioxide, and parallel dual-
comb ca\éity ring-down spectroscopy for broadband measurements of absorption and dispersion in
methane”.

[1] M. D. Levenson, B. A. Paldus, T. G. Spence, C. C. Harb, J. S. Harris Jr. R. N. Zare, Chem. Phys.
Lett. 290, 335 (1998).\

[2]1]). Ye, J. L. Hall, Phys. Rev. A 61, 061802 (2000).

[3]1 K. K. Lehmann, D. Romani, J. Chem. Phys. 105, 10263 (1996).

[4] A. Cygan, A. ]. Fleisher, R. Ciurylo, K. A. Gillis, J. T. Hodges, D. Lisak, Comm. Phys. 4, 14 (2021).
[5] Z. D. Reed, D. A. Long, H. Fleurbaey, J. T. Hodges, Optica 7, 1209 (2020).

[6] D. Lisak, D. Charczun, A. Nishiyama, T. Voumard, T. Wildi, G. Kowzan, V. Brasch, T. Herr, A. ]. Fleisher, J.
T. Hodges, R. Ciurylo, A. Cygan, P. Maslowski, arXiv:2106.07730v1 [physics.optics] (2021).
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Willame?, S. Robert®**, F. Daerden®*

!BIRA-IASB, °ISAS, JAXA, Japan, *BIRA-IASB/UCLouvain, *Institute of Condensed Matter and
Nanosciences, Université catholique de Louvain

Ann C. Vandaele (1), F. Daerden (1), S. Aoki (2), C. Depiesse (1), J. Erwin (1), L. Neary (1), A.
Piccialli (1), S. Robert (1,3), I. R. Thomas (1), L. Trompet (1), S. Viscardy (1), B. Vispoel (1), Y.
Willame (1)

(1) Royal Belgian Institute for Space Aeronomy (IASB-BIRA), Brussels, Belgium; (2) ISAS, JAXA,
Japan; (3) Institute of Condensed Matter and Nanosciences, Université catholique de Louvain,
Chemin du Cyclotron 2, 1348 Louvain-la-Neuve, Belgium (a-c.vandaele@aeronomie.be)

Mars and its two moons Phobos and Deimos have been scrutinized for decades using
spectroscopic instruments operating in different wavelength ranges, at different spectral
resolutions. After a brief description of what such instruments can teach us, we will focus on some
recent results obtained by the NOMAD (“Nadir and Occultation for MArs Discovery”) spectrometer
suite on board the ExoMars Trace Gas Orbiter. This instrument has been designed to investigate
the composition of Mars' atmosphere, with a particular focus on trace gases, clouds and dust. The
instrument probes the ultraviolet and infrared regions covering large parts of the 0.2-4.3 um
spectral range [1,2], with 3 spectral channels: a solar occultation channel (SO - Solar Occultation;
2.3-4.3 um), a second infrared channel capable of nadir, solar occultation, and limb sounding (LNO
- Limb Nadir and solar Occultation; 2.3-3.8 um), and an ultraviolet/visible channel (UVIS -
Ultraviolet and Visible Spectrometer, 200-650 nm). The infrared channels record spectra at high
spectral resolutions (A/dA~10,000-20,000) provided by an echelle grating used in combination
with an Acousto Optic Tunable Filter (AOTF) which selects the spectral region to be recorded. The
sampling rate for the solar occultation measurement is 1 second, which provides high vertical
sampling step (~1 km) and resolution (~2 km) from the surface to 200 km. Thanks to the
instantaneous change of the observing diffraction orders achieved by the AOTF, the SO channel is
able to measure five or six different spectral intervals per second in solar occultation mode. The
UVIS channel has a spectral resolution

Since its arrival at Mars in April 2018, NOMAD performed solar occultation, nadir and limb
observations dedicated to the determination of the composition and structure of the atmosphere.
Since the beginning of operations, NOMAD acquired more than 4000 solar occultations with an
almost complete coverage of the planet. Here we report on the different discoveries highlighted by
the instrument during its first full Martian year of observations: investigation of the 2018 Global
dust storm and its impact on the water uplifting and escape, on temperature and pressure
increases within the atmosphere; dust and ice clouds distribution; ozone measurements; dayglow
observations; detection of HCI vertical profiles and in general advances in the analysis of the
spectra recorded by the three channels of NOMAD.

[1] Vandaele et al., Planet. Space Sci., 2015, 119, 233-249.

[2] Vandaele et al., Space Sci. Rev., 2018, 214, 80.
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Efficient compression of molecular line lists: application of 'super-energies’' to the
ExoMol database

X. Ke Lin', S. Wright!, A. Owens?, J. Tennyson?!, S. N. Yurchenko *

!Department of Physics and Astronomy, University College London, Gower Street, London WC1E
6BT, UK (s.yurchenko@ucl.ac.uk)

A new compression algorithm for the efficient storage of molecular line lists is presented. The
algorithm is based on the ‘super-energies’ approach recently developed and applied to produce a
compact HITEMP line list for methane [1]. This method assumes a set of artificial lower state
(super-)energies and corresponding reference intensities for an approximate description of the
temperature dependent molecular absorption (absorption coefficient) on a grid of wavenumbers.
The super-energies compression is then applied to the continuum part of the molecular spectrum.

Here we adopt and develop the HITEMP compression algorithm to be applicable to the ExoMol data
format and generate new compressed line lists for SiO, [2], H,O [3], KOH and NaOH [4]. A typical
compression of a line list consisting of, e.g., 40 billions SiO, lines is compressed to about 40 million
data points. Advantages and limitations of the ‘super-energies’ approach will be discussed. The
compressed molecular line lists will be included in the ExoMol database (WWW.EXOMOL.COM) and
their use should greatly facilitate atmospheric retrievals in exoplanets and other hot
astronomical bodies.

[1] R. J. Hargreaves, |. E. Gordon, M. Rey, A. V. Nikitin, V. G. Tyuterev, R. V. Kochanov, L. S.
Rothman, Astrophys. J. Suppl., 2020, 247, 55.

[2] A. Owens, E. K. Conway, J. Tennyson, S. N. Yurchenko, Mon. Not. R. Astron. Soc., 2020, 495,
1927-1933.

[3] O. L. Polyansky, A. A. Kyuberis, N. F. Zobov, J. Tennyson, S. N. Yurchenko, L. Lodi, Mon. Not. R.
Astron. Soc., 2018, 480, 2597-2608.

£[4] A. Owens, J. Tennyson, S. N. Yurchenko, Mon. Not. R. Astron. Soc., 2021, 502, 1128-1135.
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Conway!, A. A. Finenko??, R. V. Kochanov??

!Center for Astrophysics, Harvard & Smithsonian, Atomic and Molecular Physics Division,
Cambridge MA, USA, 2Lomonosov Moscow State University, Moscow, Russia, *Tomsk State
University, Laboratory of Quantum Mechanics of Molecules and Radiative Processes, Tomsk, Russia

The HITRAN database is essential to the remote sensing of the terrestrial atmosphere. The new
2020 edition of the database will be presented. It is a coordinated effort that includes dozens of
international experimentalists, theoreticians, atmospheric and planetary scientists who measure,
calculate and validate the HITRAN data.

The lists for almost all of the HITRAN molecules in the line-by-line section were updated (and
several additional molecules have been added) in comparison with the previous compilation
HITRAN2016 [1]. The extent of these improvements range from updating a few lines of certain
molecules to complete replacements of the lists and introducing additional isotopologues. Many
new vibrational bands were added to the database, extending the spectral coverage and
completeness of the line lists. Six new molecules were also added to HITRAN, including CHsF, CS,,
CHsl, and NF3 that are all important for remote sensing. In addition, the accuracy of the
parameters for major atmospheric absorbers has been increased, often featuring sub-percent
uncertainties.

The number of parameters was also increased significantly, now incorporating, for instance, non-
Voigt line profiles for many gases [2,3]; broadening by water vapor [4]; update of collision-induced
absorption sets [5],to name a few.

The HITRAN2020 edition continues to take advantage of the new database structure and interface
available at www.hitran.org [6] and through the HITRAN Application Programming Interface (HAPI)
[7].The functionality of both tools has been extended for the new edition.

Some of the validation efforts will be demonstrated. Note, a parallel poster by R. Hargreaves
regarding improvements concerning planetary atmospheres.

This work is supported by NASA

[1] Gordon et al., JOSRT, 2017, 203, 3-69.

[2] Hashemi et al., JOSRT, 2020, 256, 107283.

[3] Hashemi et al., JOSRT, 2021, 271, 107735.

[4] Tan et al., J. Geophys. Res. Atmos., 2019, 2019)D030929
[5] Karman et al., Icarus.,2019, 328, 160-175.

[6] Hill et al., JOSRT, 2016, 177, 4-14.

[7] Kochanov et al., JOSRT, 2016, 177, 15-30.
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Investigation of the plasma chemistry of phenanthrene and its mixture with acetonitrile
using broadband rotational spectroscopy

D. Neidt'?, D. Loru?, A. L. Steber®, M. Schnell*?*

!Deutsches Elektronen-Synchrotron DESY, Notkestrasse 85, D-22607 Hamburg, Germany, 2Institut
fur Physikalische Chemie, Christian-Albrechts-Universitat zu Kiel, Max-Eyth-StralSe 1, D-24118 Kiel,
Germany

The interstellar formation and destruction processes of polycyclic aromatic hydrocarbons (PAHSs),
as well as their reactivity with other molecules of astronomical interest, are still far from being fully
understood. A way to get insight into these processes in the laboratory is by combining electrical
discharge sources with spectroscopic techniques.

In this respect, the electrical discharge chemistry of the PAH phenanthrene and its mixture with
acetonitrile has been investigated by using chirped pulse Fourier transform microwave
spectroscopy coupled with an electrical discharge nozzle. The spectral analysis revealed the
formation of cyanopolyynes (HC,N) with n up to 11, molecular species known to be present in the
interstellar medium. Since acetonitrile itself is also a source of these linear chains under electrical
discharge conditions, it was of interest to find out whether and if so, to what extent, phenanthrene
also participates in the formation of these linear chains. In a further electrical discharge
experiment with phenanthrene in mixture with 3C,-acetonitrile, the species HC,**CN could be
observed, thereby confirming the contribution of phenanthrene to the formation of the
cyanopolyynes.
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YETH Zirich, Laboratorium fiir Physikalische Chemie, Vladimir-Prelog-Weg 1-5/10, 8093 Ziirich,
Switzerland, 2ZHAW, ICBT Institut fiir Chemie und Biotechnologie, 8820 Wadenswil, Switzerland

Molecular parity violation has been critically discussed in relation to homochirality and early
biochemical evolution [1]. In this context molecules of potential importance for prebiotic
chemistry are of interest [2]. The small chiral three-membered heterocyclic molecule
aziridine-2-carbonitrile (2-cyano-aziridine) has been previously examined in [3] and the parity
violating energy difference between the enantiomers in their ground state has been calculated [4].
Molecular parameters for the ground state of this molecule are available from earlier microwave
studies [5], and its conformations have been examined by ab initio theory [6]. Here we report
initial results of a high resolution spectroscopic study of cyano-aziridine. The spectrum has been
measured at room temperature using the Bruker IFS125 Zurich Prototype (ZP2001) Fourier
transform spectrometer [7,8] with a resolution of 0.0011 cm™. Transitions associated with the v;s
and v;¢ bands in the 800-1000 cm™ region have been assigned, and molecular parameters have
been determined using the Watson Hamiltonian. Simulations performed using these parameters
reproduce the observed spectra well. The results are discussed in relation to astrophysical
spectroscopy and recent efforts on parity violation in chiral molecules [9].

[1] M. Quack, Angew. Chem. Intl. Ed. (Engl.) 2002, 41(24), 4618.

[2] A. Eschenmoser and E. Loewenthal, Chem. Soc. Rev. 1992, 21(1), 1.

[3]S. Drenkard, J. Ferris, and A. Eschenmoser, Helv. Chim. Acta 1990, 73, 1373.
[4] R. Berger, M. Quack and G. S. Tschumper, Helv. Chim. Acta, 2000, 83(8), 1919.
[5] R.D. Brown, P.D. Godfrey, and A.L. Ottrey, J. Mol. Spectrosc. 1980, 82, 73.

[6] G. S. Tschumper, J. Chem. Phys. 2001, 114(1), 225.

[7]1S. Albert, K. Albert and M. Quack, Trends in Optics and Photonics 2003, 84, 177.

[8]S. Albert, K. Keppler Albert, M. Quack, Ch. 26, Handbook of High-Resolution Spectroscopy, Vol. 2, p.
965-1019, M. Quack, F. Merkt, Eds., Wiley, Chichester (2011).

[9] M. Quack and G. Seyfang,“Tunnelling and Parity Violation in Chiral and Achiral Molecules: Theory and
High-Resolution Spectroscopy,” Chapter 6, Tunnelling in Molecules: Nuclear Quantum Effects from Bio to
Physical Chemistry, p.192—-244, |. Kastner, S. Kozuch, Eds., RSC, Cambridge (2020). ISBN:
978-1-78801-870-8.
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YETH Zirich, Laboratorium fiir Physikalische Chemie, Vladimir-Prelog-Weg 1-5/10, 8093 Ziirich,
Switzerland, *Lanzhou University, College of Chemistry and Chemical Engineering, 730000
Lanzhou, Gansu, China, 3Swiss Light Source, Paul Scherrer Institute, 5232 Villigen, Switzerland, *
ZHAW, ICBT Institut fiur Chemie und Biotechnologie, 8820 Wadenswil, Switzerland

Oxiranecarbonitrile (cyano-oxirane) is of interest as a possible chiral precursor molecule of
evolution [1]. In view of possible experiments and biomolecular homochirality, we have previously
calculated parity violation in this molecule [2]. The spectrum of the molecule has previously been
investigated in the microwave, millimeter, submillimeter [3] and terahertz [4] regions. We have
recorded its infrared spectrum at 295K with a resolution of 0.0011 cm™! using the Zurich Prototype
ZP 2001 FTIR Spectrometer [5] and have conducted a rovibrational analysis of two thousand
transitions associated with the vy, (915.3 cm™!) and v5 (848.2 cm™?) fundamentals using a Watson
Hamiltonian and the WANG program [6]. This analysis, which included not only newly assigned
infrared transitions but also molecular parameters and ground state energies obtained from our
work in the THz region [4], has resulted in accurate molecular parameters for cyano-oxirane.
Simulations performed using the parameters reproduce the observed spectrum well. Our results
will be discussed as they pertain to astrophysical spectroscopic searches and the evolution of
biomolecular homochirality [7].

[1] M. Bolli, R. Micura, A. Eschenmoser, Chem. Biol., 1997, 4, 309 (and refs. cited therein).

[2] R. Berger, M. Quack, G. Tschumper, Helv. Chim. Acta., 2000, 83, 1919; M. Quack, Chem. Phys.
Lett. 1986, 132, 147; M. Quack, Angew. Chem. Intl. Ed., 2002, 41, 4618.

[3] F. Mdller, and A. Bauder, J. Mol. Spectrosc. 1996, 179(1), 61. M. Behnke, |. Medvedev, M.
Winnewisser, F. C. De Lucia, and E. Herbst, Ap/J. Supplement Series, 2004, 152, 97.

[4] S. Albert, Ph. Lerch, K. Keppler and M. Quack, Proceedings of the XX. Symposium on Atomic,
Cluster and Surface Physics 2016, (SASP 2016), Innsbruck University Press (2016), pp. 165-168
(and refs. cited therein).

[5]S. Albert, K. Albert and M. Quack, Trends in Optics and Photonics, 2003, 84, 177, "Handbook of
High-Resolution Spectroscopy," M. Quack and F. Merkt, Eds., 2011, Vol. 2, pp. 965-1019 see also
[6].

[6] D. Luckhaus and M. Quack, Mol. Phys., 1989, 68, 745; S. Albert, K. Keppler Albert, H.
Hollenstein, C. Manca Tanner, M. Quack in "Handbook of High Resolution Spectroscopy,” M. Quack
and F. Merkt, Eds., 2011, Vol. 1, Chapter 3, pp. 117-173, Wiley, Chichester.

[7] M. Quack, Adv. Chem. Phys., 2014, 157, 249 (and references cited therein); M. Quack and G.
Seyfang, in "Molecular Spectroscopy and Quantum Dynamics," R. Marquardt and M. Quack, Eds.,
2020, Ch. 7, pp. 231-282, Elsevier, Amsterdam, see also www.ir.ethz.ch
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A Quantum Cascade Laser compact scheme for Carbonyl Sulfide detection for
environmental monitoring

D. K. Pallotti, L. Santamaria Amato®, M. Siciliani de Cumis?, S. Viciani?, M. Barrucci?, A. Montori?, F.
D'Amato?

'Agenzia Spaziale Italiana, “Istituto Nazionale di Ottica

Carbonyl sulfide (OCS) is one of the gas in the Earth's atmosphere containing sulfur. It is involved
in the global sulfur cycle, in particular in tropospheric and stratospheric regions. OCS also has an
important role for biological applications. OCS natural emissions occur from volcanos, hot springs,
and oceans. In addition, it could be produced in forest or biomass burning.

Here we present a project of portable, compact instrument for OCS detection. It will be based on
the well known technique of tunable laser absorbtion spectroscopy TLAS.

The basic of TLAS technique is simple. The laser wavelenght is tuned over a particular absorption
line of the analyte and the intensity of the transmitted radiation is measured. This intensity is
related to the concentration of the gas by the Beer-Lambert law. The architecture of such device is
based on a low consumption Quantum Cascade Laser around 5 microns provided by Alpes lasers.
Due to natural lower OCS concentration, a 76-m multipass cell (Aerodyne Research) it is necessary
to enhance the optical path for light interaction with the gas. The electronic to control the
instrument and for signal acquisition will be based on compact Field Programmable Gate Arrays.
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Analysis of high-resolution FTIR spectra of tritiated water vapour (HTO, DTO, and T,0)

V. Hermann?, P. Lingnau?, M. Kamrad?!, M. Gaisdérfer?, J. Reinking®, M. Schlésser?, F. Hase?, J.
Orphal?

IKIT IAP-TLK, KIT IMK-ASF

High-resolution infrared spectra of tritiated water vapour (HT*°0, DT*®0, and T,'°0) are sparse, but
of great interest for the validation and improvement of ab-initio and variational calculations [1], for
process monitoring in thermonuclear fusion reactors[2], and as input for theoretical calculations of
fusion fuel cycles and their optimization. In a previous HRMS conference, we presented a novel
spectroscopy cell for high-resolution FTIR spectrometry of the tritiated water isotopologues [3].

High resolution spectra of a tritiated vapour sample (A<1 GBq) by a BRUKER IFS 125HR with a
resolution of 0.0075 cm™ and an accuracy of the line positions of up to 10*% cm™. The lines were
assigned with the help of variational line lists from the Tomsk database[4]. Six bands of HTO, one
of DTO and one of T,O have been analysed in the spectral range from 2450 cm™ to 6450 cm™ with
a total of more than 2000 lines. The observed differences between the measured line positions and
the theoretical predictions are of the order of 0.1 cm™. Furthermore, a shift within a band
correlated to the quantum number K is observed.

The detailed analysis will be demonstrated for the T,'®0 (101) band and a comparison between
measurement and predictions from theory will be made. Concerning the relative line intensities,
very good agreement is observed.
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[1] H. Partridge et al.,J. Chem. Phys., 1997,11, 4618-4639

[2] ). S. Watson et al.,Fusion Technol., 12, 1987, 354-363

[3]]). Muller et al.,Optics Express, 27(12), 2019, 17251-17261
[4] V. Tyuterev et al.,JQSRT, 52, 1994, 459-479
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QCL spectroscopy of SO, lines diluted in CO, and N, in view to planetological
applications - preliminary results

B. Vispoel*?, L. Fabris!, T. Roland!, M. Appart!, O. Browet?!, S. Robert?3, A. Vandaele?, M. Lepérel*

'Research unit Lasers and Spectroscopies (LLS), Institute of Life, Earth and Environment (ILEE),
University of Namur, 61, Rue de Bruxelles, Namur, Belgium, ?Royal Belgian Institute for Space
Aeronomy (BIRA-IASB), 3 Avenue Circulaire, Brussels, Belgium, 3Institute of Condensed Matter and
Nanosciences, Université catholique de Louvain, Chemin du Cyclotron 2, 1348 Louvain-la-Neuve,
Belgium

With similar size but CO,-rich atmosphere with sulfuric acid clouds, extreme temperature and
pressure conditions at its surface, Venus is often described as the nightmarish little sister of Earth.
The VenSpec-H instrument, developed by BIRA-IASB, and very recently selected by ESA [1], will be
launched in 2031-2032 and will observe the atmosphere of Venus in the infrared to measure the
abundances of trace gases like water vapor, carbon monoxide or sulphur dioxide, which could be
related to volcanism or to other surface processes. For the inversion of atmospheric spectra
obtained by VenSpec-H, the knowledge of absorption line parameters of these molecules will be
required.

In this context, we have just started a spectroscopic study of sulfur dioxide. The preliminary work
is devoted to the study of the collisional broadening coefficients of one line in the v vibrational
band of SO, diluted in carbon dioxide (CO,) and nitrogen (N,). The measurements were performed
using a quantum cascade laser spectrometer (QCL) that we have developed very recently. This
dual beam spectrometer has both a very high spectral resolution (~10* cm™) and an excellent
sighal to noise ratio (~2000). Measurements were carried out at room temperature and for
different pressures comprised between 5 and 50 mbar. The collisional half-widths at half maximum
(HWHM) were deduced from individual fits on the experimental line shape, considering the Voigt,
the Rautian-Solbel’Man and the Galatry models. Our results are compared with the literature. This
preliminary study has to be continued for different lines at various temperatures, and considering
the temperature dependence law [2]. The measurements will be realized by QCL spectroscopy and
by Dual-Comb Spectroscopy, allowing to record spectra on a large spectral range [3].

References

[1] https://envisionvenus.eu/envision/.

[2] R.R. Gamache, B. Vispoel, Journal of Quantitative Spectroscopy and Radiative Transfer 2018,
217, 440-452.

[3] M. Lepere, O. Browet, S. Leonis, J. Clément, P. Allmendinger, K. Knapp, F. Eigenmann, M.
Mangold, SPIE photonics west 2021 p11635-31.
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Validation tests of the W2020 energy levels of water vapor
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A decade ago, a task group (TG) of the International Union of Pure and Applied Chemistry (IUPAC)
performed an exhaustive collection and review of measured transitions, applied the MARVEL
procedure and derived recommended empirical energy levels for nine major water isotopologues.
Very recently, using an improved methodology, the sets of empirical energy levels of H,'°0, H,'%0
and H,'’0 were updated leading to the so-called W2020 energy levels and transition wavenumbers
[Furtenbacher et al. J. Phys. Chem. Ref. Data 49 (2020) 043103; https://doi.org/10.1063/5.0030680
1.

Here we present validation tests of the W2020 line list of H,'®0 against spectra recorded by cavity
ring down spectroscopy (CRDS) referenced to a frequency comb (FC), newly recorded in the
8040-8630 cm™ region. The recorded spectra are found in excellent agreement with previous high
quality studies available in the literature. While these literature sources were all incorporated in
the transition database used to derive the W2020 energy levels, the direct superposition the FC-
CRDS spectra to the W2020 line list of H,®0 shows a number of large disagreements. Deviations
largely exceeding the W2020 claimed uncertainty on the transition frequencies are noted. The
resulting W2020 list is thus less accurate that some of the published original sources used to
derive the W2020 energy levels. We conclude that the sophisticated global procedure and
algorithm elaborated to identify and weight adequately inaccurate line positions among the large
W2020 transition database do not prevent less accurate data to spoil higher quality data sources.

The W2020 list of H,'°0 is also compared to newly recorded CRDS spectra in the 13000-13200
cm™ region (corresponding to the region of the A-band of O,) where previous observations were
very scarce. In the same way than in the previous region, important position deviations are
evidenced and the W2020 error bars are found to be strongly underestimated.

SNM activity was also partly supported in the frame of the Russian Science Foundation, grant no.
18-11-00024-I1. CRDS measurements near 760 nm were performed at IAO-Tomsk and funded by
RFBR project 20-32-70054.
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Modeling MW opacities of NH;, SO, and PH; for planetary environments using HITRAN
F. S. Skinner?, R. J. Hargreaves?, I. E. Gordon*®
'Harvard-Smithsonian Center for Astrophysics

The HITRAN (high-resolution transmission) molecular spectroscopic database is an international
standard for reference molecular spectroscopy, particularly in simulating planetary and terrestrial
atmospheric spectra [1]. Recently, new H,-, He-, CO,- [2, 3] and H,0-broadening [4] parameters,
which are relevant to planetary and exoplanetary atmospheres, have been added to HITRAN for
many chemical species. Proof-of-concept comparisons for NH; have been performed against
opacity models and laboratory data utilized by the Juno Mission, using the HITRAN Application
Programming Interface (HAPI) [5]. The microwave radiometer on Juno is probing the atmospheric
composition of Jupiter in the microwave range (0.02-0.73 cm™) [6, 7]. At these frequencies,
Jupiter’'s atmospheric spectra is dominated by the inversion of NH; and is broadened by H,, He,
and H,O. Additionally, due to the recent tentative detections of PH; on Venus [8], and the potential
of spectral blending between transitions of PH; and SO,, we have compared SO, and PHs
absorption in the microwave region to experimental observations. The results of this work
demonstrate that HAPI can be used with HITRAN data to produce atmospheric opacities under
Jovian conditions in the microwave region.

[1] louli Gordon, et al. JOSRT, 2017, 203, 3-69.

[2] Jonas Wilzewski, et al. JOSRT, 2016, 168, 193-206.

[3] Anna Dudaryonok and N. N. Lavrentieva, JOSRT, 2018, 219, 360-365.
[4] Yan Tan, et al. JGR (Atmospheres), 2019, 124, 11580-11594.

[5] Roman Kochanov, et al. JOSRT, 2016, 177, 15-30.

[6] Michael Janssen, et al. Space Science Reviews, 2017, 213, 139-185.
[7] Scott Bolton, et al. Science, 2017, 356, 821-825.

[8] Jane Greaves, et al. Nature Astronomy, 2020.
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High precision laser spectroscopy of atomic or molecular gases has become a fundamental tool
in experimental physics with applications ranging from determination of fundamental constants
and frequency metrology to environmental science. Doppler-Broadened Thermometry (DBT) has
been demonstrated to be a powerful technique for the precise determination of the Boltzmann
constant, kg [1,2], and accurate primary thermometry [3,4]. In particular, the variety of favorable
features of Hg atom for Doppler Broadened DBT, when applied to the UV transition at 253.7 nm,
makes Hg based DBT an excellent candidate as optical primary thermometry technique, hence
contributing to the dissemination of the new kelvin, according to the 2019-redefinition. DBT is
based on the precise measurement of the Doppler contribution to the spectral linewidth of the
targeted transition. The requirement for attaining the goal uncertainty (1 ppm) on the
Doppler width of the 253.7 nm Hg transition, hence to have a relative uncertainty on the
temperature measurement of about 2 ppm, is to probe the absorption line with an ultra-narrow UV
laser source (about 1 kHz) whose frequency is precisely tuned across 6 GHz frequency for a linear
scan of the Doppler-broadened lineshape. The coherent UV radiation with such precision and
stability is provided by frequency quadruplication of an extended cavity diode laser (ECDL) at
1014.8 nm [5].

Here, we present the adopted scheme for spectral purity transfer and frequency control of our
ECDL in a Slave-Master configuration [6], where the Master Laser (ML) is an ultra-narrow linewidth
single mode continuous wave laser at 1540 nm and the Slave Laser (SL) is the ECDL at 1014.8 nm.
Direct Digital Synthesis (DDS) scheme uses an Optical Frequency Comb (OFC) as a bridge between
ML and SL frequencies. The OFC offset-free beatnote of ML with the nearest OFC tooth is the DDS
clock oscillator. Taking into account the NM and NS OFC-orders at the ML and SL frequencies,
the DDS synthesized frequency (i.e DDS clock multiplied by a factor NM/NS), is used as the
local oscillator in a Phase-Lock Loop (PLL) to phase-lock the SL to ML. Long term frequency control
of the ML against the OFC using a second PLL circuit, guarantees primary frequency traceability
of the SL. A 1-s stability of or and absolute accuracy of or for the generated UV frequency is
expected, depending if the OFC is disciplined against to Quartz-Rb-GPS oscillator or to a fiber-
disseminated optical frequency reference, respectively. SL frequency noise have been
characterized.

We acknowledge financial support from MIUR PRIN project 20152MRAKH.

[1] G.W. Truong, J.D. Anstie, E.F. May, T.M. State and A.N. Luiten, Nature Communication, 2015, 6,
8345. [2] L. Moretti, A,. Castrillo, E. Fasci, M.D. De Vizia, G. Casa, G. Galzerano, A. Merlone, P.
Laporta, L. Gianfrani, Phys. Rev. Lett.,, 2013, 111, 060803. [3] L. Gianfrani, Phil. Trans. R. Soc.
A, 2015, 374, 20150047. [4] A. Castrillo, E. Fasci, H. Dinesan, S. Gravina, L. Moretti, and L.
Gianfrani, Phys. Rev. Applied, 2019, 11, 064060. [5] C. Clivati et al., Opt. Lett., 2020, 45 3693
. [6] I. Galli, S. Bartalini, P. Cancio. G. Giusfredi, D. Mazzotti and P. De Natale,Optics Express,
2009, 17, 9582-9587.
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In Lock-In Amplifier (LIA) is an extremely versatile instrument widely used in several scientific and
research fields like optics and photonics, material science, nanotechnology and sensing. In
particular, found applications whenever we need to measure a very low AC signal with known
frequency disturbed or enclosed in a background noise. LIA can detect inputs up to few nanovolts,
where the signal to noise ratio represents one of the bigger bottlenecks. One of the drawbacks is
surely represented by the cost: hardware configuration, processors and general characteristics in
commercial LIA offer high performance at the expense of portability and price, especially with
respect to the final goal in the typical applications.

A solution is offered by modern digital microprocessors, controllers or integrated boards that allow
obtaining a digital LIA with customized characteristics, portable, low cost and possibly totally
embedded in an experimental setup. For example, using a reprogrammable hardware circuit like a
FPGA for the implementation of a LIA can bring several advantages. Moreover, the increased
combining the hardware with a LabVIEW-based software, obtaining a higher customization level. In
this work, we explore the possibility of developing a LIA by the use of LabVIEW facilities for
acquiring and manipulating data collected thought the Red Pitaya STEMlab 125-10 board. We
compare the general performances of the instrument with the one of commercial digital lock-in,
the HF2LI from Zurich Instruments. Our LIA will be possibly used for absorption spectroscopy
testing and measurements and in embedded stand-alone systems.
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Total Internal Partition Sums for the HITRAN2020 database: TIPS_2021_v1pO.for and
TIPS_2021_v1pO0.py
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Interdisciplinaire Carnot de Bourgogne, 8Research Unit Lasers and Spectroscopies (LLS), Institute

of Life, Earth and Environment (ILEE), University of Namur, 9Department of Environmental, Earth,
and Atmospheri

Total internal partition sums (TIPS) are reported for the 181 isotopologues of 57 molecules
important in planetary atmospheres. Molecules 1 to 55, with the exception of #34 atomic oxygen,
are taken from the HITRAN2020 list, and for some molecules additional isotopologues are
considered. Molecules 56 and 57 are CsH,, CH;, respectively. New to TIPS are the calculations for
12CH4, 13CH4, 12CH3D, 13CH3D, 14N160, 15N160, 14N180, 160325180’ 3351602’ 15N1602, 180H, 160D, 35C|

160’ 37C|160, 16013C34S, 32519F6! 12C2H5D, 12C2H3D, 12C19F4, 12CH319F, 70GEH4, 72GeH4, 73GeH4, 74GeH4,

"°GeH,, 2CH5"1, 13CH5*?I, and **N°F5. In addition, all the molecules/isotopologues that were not
recalculated for TIPS2017 (Gamache et al., JQSRT 203, 70, 2017) have been recalculated using the
2014 CODATA physical constants and in some cases (e.g. O3, CS,, ...) updated spectroscopic
information

The TIPS are determined by various methods generally from 1 to 5000 K. The details of these
calculations are presented in Ref [1]. Recall of these data can be done with new versions of the
TIPS codes: TIPS 2021 _v1pO0.for and TIPS_2021_v1pO0.py.

[1] Robert R. Gamache, Bastien Vispoel, Michaél Rey, Andrei Nikitin , Vladimir Tyuterev, Oleg
Egorov, louli E. Gordon, Vincent Boudon, “Total Internal Partition Sums for the HITRAN2020
database,” J. Quant. Spectrosc. Radiat. Transfer, 2021, 271, 107713,
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MCRB line shape parameters for the H,0-N,, H,0-0,, and H,0-air collision systems for
the HITRAN and GEISA databases

R. R. Gamache?, B. Vispoel?®?

!Department of Environmental, Earth, and Atmospheric Sciences, University of Massachusetts
Lowell, 2BIRA-IASB, Research Unit Lasers and Spectroscopies (LLS), Institute of Life, Earth and
Environment (ILEE), University of Namur

Modified Complex-Robert-Bonamy calculations [1,2] of the half-width, y, and line shift, 8§, were
made for the H,'°0-N,, H,'°0-0, collision systems. The calculations were done for all unique
rotational transition quantum numbers for the rotation band and for 0-4 vibrational quanta
exchanged in the v, v,, and v; bands for 13 temperatures from 200-3000 K.

First, the intermolecular potentials for the H,0-N,, H,0-0, collision systems were adjusted to agree
with trusted measurement values. Then, the MCRB calculations were made for 94,536 ro-
vibrational transitions. These calculations give y and 6 for the transitions described above at the
13 temperatures of the study. These data were used to determine line shape parameters (LSP) for
the H,0-air collision system at the 13 temperatures of the study. The temperature dependence of
y and 6 were determined via the Gamache-Vispoel model [3]; the temperature dependence of y
was also determined using the power law model. These data were then used to develop an
algorithm that can predict the LSP with a standard deviation of ~5% for y and average deviation of
better than 0.002 cm™ atm™ for 6 [4]. This procedure was applied at each temperature of the
study, which allows the prediction of the T-dependence for H,0O-air.

The MCRB calculated line shape parameters and the prediction routine data were made part of an
algorithm to add air-broadening line shape information to the databases. The algorithm is rather
complicated by the fact that the data availability varies greatly with isotopologue. The table below
shows the number of line shape data for H,'®0 added to HITRAN and to GEISA from the various
sources. The MCRB and prediction data provide far more data than the other sources.

y(H,O0-  8(H,0-air) DPL(y DPL(56 PL(y) PL(5)
air) ) )

Priority data 4 660 3582 4 340
Intercompari 2 625 700 250
son data

Single 5403 3270 33
measured

datum

MCRB data 24 503 25737 29 29 26 25

236 255 208 315
Predicted 129 317 133167 136 136 135 122
data 954 932 625 358
[1] Robert D, Bonamy J. Short range force effects in semiclassical molecular line broadening
calculations, J. Phys. France 1979; 40, 923-43.
[2] Ma Q, Tipping RH, Boulet C. Modification of the Robert-Bonamy formalism in calculating
Lorentzian half-widths and shifts, J. Quant. Spectrosc. Radiat. Transfer 2007; 103, 588-96.
[3] Gamache RR, Vispoel B. On the temperature dependence of half-widths and line shifts for
molecular transitions in the microwave and infrared regions, J. Quant Spectrosc. Radiat. Transfer
2018; 217, 440-52.
[4]. Vispoel, B., Cavalcanti, J. H., Paige, E. T., & Gamache, R. R. Vibrational dependence,
temperature dependence, and prediction of line shape parameters for the H,0-N, collision system.
J. Quant. Spectrosc. Radiat. Transfer, 2020, 253, 107030.
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There are long running problems over the precise transition intensities and line positions for ozone
[1,2]. In our work, state of the art, first principles quantum mechanical methods are being used to
compute high accuracy transition intensities and line positions for the microwave and infrared
regions of the spectrum of ozone. In this poster | will discuss details of our most recent calculations
of the ab initio dipole moment surface (DMS) and analysis of experimental ozone line positions
using the MARVEL (Measured Active Rotation Vibration Energy Levels) technique [3]. To improve
the quality of our current [4] DMS we are exploring the electronic structure model, finer grids and
larger basis set sizes. The ozone MARVEL project currently involves the analysis of around 70
sources of scientific literature (we anticipate this number to increase). We will use the MARVEL
energy levels to fit a new potential energy surface for ozone. We also intend to replace the
calculated energy levels with MARVEL energy levels in our line lists. We hope the results of this
study will be important for a range of atmospheric studies, such as self-consistency of ozone
concentration retrievals in remote sensing techniques, and possible detections of ozone in exo-
planetary atmospheres.

[1] M. A. H. Smith, V. M. Devi & D. C. Benner, Journal of Quantitative Spectroscopy and Radiative
Transfer, 2012,113(11), 825-828

[2] A. Barbe et al., Journal of Quantitative Spectroscopy and Radiative Transfer, 2013, 130, 172-190
[3]1 T. Furtenbacher, A. G. Csaszar & J. Tennyson, Journal of Molecular Spectroscopy, 2007, 245, 115-125

[4] O. L. Polyansky, N. F. Zobov, I. I. Mizus , A. A. Kyuberis, L. Lodi & J. Tennyson, Journal of Quantitative
Spectroscopy and Radiative Transfer, 2018, 210, 127-135
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of Physics and Astronomy, London, UK

The work we present here is a diatomic molecule line list study on the molecule Sulfur Monoxide
(SO), suitable for characterising exoplanetary atmospheres up to temperatures of 4000 K. The
motivation of this project is to provide comprehensive line list data applicable to modelling high
temperature spectra in environments such as e.g. exoplanetary atmospheres, where current
spectroscopic databases provide only limited coverage. The new SO line list will be included into
the ExoMol database [1]. A production of such a line list first includes the creation of a MARVEL [2]
set of rovibronic energies, calculation of high-level ab initio potential energy curves (PECs), spin-
orbit curves (SOCs), electronic-angular momentum curves (EAMCs) and transition moment dipole
curves (TDMCs) using MOLPRO at MRCI level of theory and a solution of coupled rovibronic
Schrodinger equations using the variational code Duo [3]. The PECs, SOCs and EAMCs of Sulfur
Monoxide were represented by analytical parametrised functional forms and refined by fitting to
the MARVEL energies. A rovibronic line list for SO consists of energies, frequencies, Einstein
coefficients and a partition function covering all electronic states up to 50 000 cm™, including
X327, A3N, A 3A, A" 33t B 327, €3N, a A bzt and ¢ X, IR/Vis/UV absorption and emission
spectra of SO for a set of temperatures are generated using the program ExoCross [4].

[1] J. Tennyson et al. J. Quant. Spectrosc. Radiat. Transf., 2020, 255, 107228.
See www.exomol.com.

[2] T. Furtenbacher, A. G. Csaszar, J. Tennyson, MARVEL: Measured active rotational-vibrational
energy levels, |. Mol. Spectrosc. 2007, 245, 115.

[3] S. N. Yurchenko, L. Lodi, J. Tennyson, A. V. Stolyarov, Comput. Phys. Commun., 2016, 202,
262; publicly available at https://github.com/Trovemaster/Duo.

[4] S. N. Yurchenko, A. F. Al-Refaie, ). Tennyson, Astron. Astrophys., 2018, 614, A131; publicly
available at https://github.com/Trovemaster/ExoCross.
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Molecular Spectroscopy, Institute of Atmospheric Optics, Russian Academy of Sciences, 634055
Tomsk, Russia, °Institute of Monitoring of Climatic and Ecological Systems, Russian Academy of
Sciences, 10/3, Academichesky Avenue, 634055 Tomsk, Russia

Information on the ro-vibrational high-resolution spectra of molecules is necessary for solving
numerous problems associated with the study of the Earth's atmosphere. The CF, molecule though
being yet minor impurities, have a particularly long the Earth's atmospheric lifetime and their very
big estimated global warming potentials are expected to rapidly increase in the future [1]. Its
feature is a presence of relatively low vibrational frequencies that makes the Boltzmann
population of the excited levels important. Calculation of the spectra of polyatomic molecules is a
difficult task, due to the large dimension and the need to perform high-precision ab initio
calculations [2].

The spectra of CF, have been measured on Fourier transform spectrometer Bruker IFS-125M by
using a single-pass low-temperature cell 220 cm long at temperatures between 205 and 300 K [3].
The spectrum modelling was performed thanks to MIRS software [4] based on tetrahedral tensorial
formalism [5]. By combining non-empirical contact transformation Hamiltonians fitted to observed
values for line positions and ab initio based variational calculation for line intensities, we obtained
correct spectra simulation of several cold and hot bands of CF, in the region. In this work we report
the analysis of rovibrational interacting bands of CF, molecule [6], for reliable simulation
atmospheric absorption of this molecule in the region between 2160 - 2210 cm™, including the
most significant hot bands.

Acknowledgements
The reported study was funded by RFBR, project number 20-35-90075

[1] V. Boudon, J. P. Champion, T. Gabard, G. Pierre, M. Loete, C. Wenger, Environ Chem. Lett.,
2003, 1, 86 - 91.

[2] M. Rey, LS. Chizhmakova, A.V. Nikitin, VI.G. Tyuterev, Phys. Chem. Chem. Phys, 2018, 20,
21008-21033
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Towards a complete elucidation of the ro-vibrational band structures in the SFg infrared
spectrum from full quantum-mechanical calculations

M. Rey?!, I. S. Chizhmakova?, A. V. Nikitin3?, V. G. Tyuterev?

'Groupe de Spectrométrie Moléculaire et Atmosphériq, 2Laboratory of Quantum Mechanics of
Molecules and R, 3Laboratory of Theoretical Spectroscopy, V.E. Zuev

SFg is an important greenhouse molecule with a very long lifetime in the atmosphere and because
of its relatively low vibrational frequencies, the hot bands contribute significantly to the absorption
infrared spectra, even at room temperature. The calculation of complete rovibrational line lists
required for a fully converged opacity modeling is thus extremely demanding, making the use of
specific tools (symmetry, compression, reduction) mandatory to reduce the computational costs.

In this work, first accurate and complete theoretical room-temperature rotationally-resolved
spectra in the range 300-3000 cm™ are reported for the three most abundant isotopologues (3?SFq,
33SF, and 3%SFg) [1]. More than 2600 new vibrational band centers were predicted using our
empirically-refined ab initio potential energy surface [2] and highly-excited rotational states were
calculated up to ] = 121. This results in 6 billion transitions [1] computed from an ab initio dipole
moment surface [2] and distributed over more than 500 cold and hot bands. For the first time, the
major (ro)vibrational band structures in the wavenumber range corresponding to the strongest
absorption in the infra-red are completely elucidated for a seven-atomic molecule and are in
excellent agreement with observed PNNL spectral patterns [3].

For applications requiring accurate opacity calculations with a temperature dependence, our
complete theoretical line lists should thus be preferred to partial lists included in all other available
databases. The final line lists are made available through the TheoReTS [4] information system
(http://theorets.univ-reims.fr, http://theorets.tsu.ru).

[1] M. Rey, I. S. Chizhmakova, A.V.Nikitin, V.G. Tyuterev. Phys. Chem. Chem. Phys. 2021 23,
12115-12126

[2] A. V. Nikitin, M. Rey, I. S. Chizhmakova and V. G. Tyuterev, J. Phys. Chem. A, 2020, 124, 7014-7023.

[3] Pacific Nortwest National Laboratory. [Online]. http://www.pnnl.gov

[4] M. Rey, A.V. Nikitin A.V., Y.L. Babikov, V.G. Tyuterev J. Molec. Spectrosc. 2016 237, 138-158
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Accurate modeling of the absorption of CO,-rich gas mixtures is of great importance for planetary
sciences.

In particular, a better understanding of the continua of CO,-H,0O and CO,-H, mixtures will impact
the modeling of early Mars climate. The CO,-H,O binary continuum is also crucial to study the
evolution of rocky planets in the early "magma-ocean" stage.

To this purpose, we used high-sensitivity cavity enhanced absorption techniques (CRDS and OF-
CEAS) to record spectra of CO,-H,O mixtures in several spectral regions corresponding to
transparency windows of CO, and H,O where the monomer absorption is weaker: 1.5-1.53 um,
1.68-1.75 pm, 2.06 um, 2.2-2.35 um and 3.5 pm.

We then subtracted the various contributions to the observed absorption (monomer absorption
and self-continua of both CO, and H,0) to reach the binary continuum absorption which is
proportionnal to the product of the densities of the two mixed species.

Experimental room temperature binary coefficients are compared to the only available models
based on line shape profiles with chi-factors.


http://www.tcpdf.org

Poster Session 2, Virtual Poster F20
New line list of '>CH, in the range 4100-4300 cm™

A. A. Rodina?!, X. Thomas?, L. Daumont?, L. Manceron®®, A. Protasevich?, K. Sung®, V. G. Tyuterev>?,
A. V. Nikitin'*, M. Rey?*

V.E. Zuev Institute of Atmospheric Optics SB RAS, Akademician Zuev Sq 1., Tomsk, 634055
Russia, *Groupe de Spectrométrie Moléculaire et Atmosphérique UMR CNRS 7331, UFR Sciences BP
1039, 51687 Reims Cedex 2, France, AILES Beamline, Synchrotron SOLEIL, L'Orme des Merisiers
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Over the past decades, improving knowledge of the infrared spectra of methane has become the
goal of numerous atmospheric and astrophysical applications [1-2]. In this context, many studies
related to the radiative properties of the Earth's atmosphere have been published (see [3] for
details and references). Another incentive is the study of the atmosphere of Titan (the largest
satellite of Saturn), which consists of 98.6% nitrogen and 1.4% methane at temperatures from 70
to 200 K [4-5].

In this work, we study the spectra belonging to Octad (the third vibrational polyad). A new list of
12CH, lines in the 4100-4300 cm™ range was obtained similarly to our recent work [3,6]. Four
spectra of CH, in the 4100-4300 cm™ region was recorded using Fourier transform spectrometer in
Reims (France) with long optical paths (202 m, 602 m) at various pressures. Additional *CH,
spectra covering the same region were obtained at 80-123 K for various pressures and the path
length of 93 m at the SOLEIL synchrotron setup in Paris; these spectra were used to identify the
positions of the low J lines. In addition, the JPL spectra at 80 K for **CH, [1] and **CH, [7] were used
to partially correct the positions and identifications for the low J lines. The positions and intensities
of the observed transitions were obtained using nonlinear line profile fitting procedures. The
assignment and analyses were carried out using effective Hamiltonian and effective dipole
moment models. The reported list contains new positions and intensities for over 13000 lines
including 2500 new lines corresponding to hot bands. In addition, the positions and intensities of
13CH, were improved using cold spectra. For the resulting list of lines, the positions and intensities
are compared with the HITRAN 2016 database.

Acknowledgments: The reported study was supported by RFBR research project Ne.
20-35-90086. Part of the research was performed at the Jet Propulsion Laboratory, California
Institute of Technology, under contract with the National Aeronautics and Space Administration.
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style="text-align: justify;">Furan compounds are produced through hydrolysis-dehydration of
cellulose and hemicellulose [1] and are largely used as intermediates to alkane fuels from
biomass, industrial usages and biomass burning [2]. Among them, furfural (FF) can be transformed
by hydrogenation in 2-methylfuran (2-MF) and both molecules are emitted into the atmosphere
where their oxidation may lead to ozone and secondary organic aerosol formation [3]. Accurate
spectroscopic data about such compounds become highly necessary to evaluate their fate and
impact on air quality. In this context, high resolution infrared jet-cooled spectroscopy of FF and
2-MF were realized with an infrared quantum cascade laser (QCL) spectrometer coupled to a
pulsed supersonic jet (SPIRALES setup) implemented at the MONARIS laboratory [4]. Three tunable
QCLs were used to investigate the 980-1030 cm™ and 1580-1720 cm™ ranges. For both molecules,
previous microwave studies enabled to characterize finely the ground state [5,6]. Quantum
chemistry calculations provided good estimates of anharmonic frequencies and sets of excited
state rotational constants to initiate rovibrational analyses. The present work reports the
rovibrational analyses of three bands of furfural in the mid-infrared range according to the rigid
rotor approximation : 2 fundamentals, v, (CH in plane bending) and vs (C=0 stretch), and one
intense combination band assighed to v;5+v;7. On the other hand, the more delicate analysis of
both bands of 2-MF observed at 1015 and 1612 cm™ which requires internal rotation treatment
with a V3 potential barrier (412.8 cm™ in the ground state), is currently in progress.
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Jet-cooled laser spectrum of the CO stretching band of furfural compared to the simulated
spectrum at a rotational temperature of 20 K.
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We have developed two new methodologies for the inclusion of non-LTE effects into the pre-
existing line lists of the ExoMol Database (www.exomol.com) [1]. Two approaches for non-LTE
vibrational populations of the product SiH, are introduced: a simplistic 1D approach based on the
Harmonic approximation and a full 3D model incorporating accurate vibrational wavefunctions of
SiH, computed variationally with the TROVE (Theoretical ROVibrational Energy) program [2,3].
The methodologies, named the 1D and 3D approach, work by calculating the integral of the
overlap of wavefunctions between the molecules’ ground and excited states. In this poster we’ll
describe both approaches using the SiH, system and our pre-existed SiH, line list, CATS [4]. We
show how their non-LTE spectral signatures can be used to trace different reaction channels of
molecular dissociations.

[1] ). Tennyson, S. N. Yurchenko, et al., J. Quant. Spectrosc. Radiat. Transf., 2020, 255, 107228.
[2] V. H. J. Clark, S. N. Yurchenko, Phys. Chem. Chem. Phys., 2021, 23, 11990-12004

[3]S. N. Yurchenko, W. Thiel and P. Jensen, J. Mol. Spectrosc., 2007, 245, 126-140

[4] V. H. ]. Clark, A. Owens, J. Tennyson and S. N. Yurchenko, J. Quant. Spectrosc. Radiat. Transf.,
2020, 246, 106929.


http://www.tcpdf.org

Poster Session 2, Virtual Poster F23

Line shape parameter determination by quantum cascade laser dual-comb
spectroscopy (DCS) - application to CH, diluted in N,
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The IRis-F1 is a Dual Comb Spectrometer (DCS) built on quantum cascade laser frequency combs
[1]. It allows to cover relatively large spectral ranges (~ 60 cm™) with high resolution (-1) in the
mid-infrared region (1000-2500 cm™). In rapid-sweep technique [2], IRis-F1 records full spectra in
only 6 ms, but the wavenumber information has to be inferred from the measurement. The step-
sweep technique [3] guarantees an accurate knowledge of the relative frequency axis in a record
time of several minutes. The two techniques will be detailed in [4].

Here, we present the in-depth characterization of the first-built step-sweep IRis-F1 which was
recently delivered to Namur. We show that this type of DCS is very well adapted to the
determination of line shape parameters, such as the collisional broadening. Next, we give the first
results obtained in the v, vibrational band of methane diluted in nitrogen at room temperature.
After recording spectra, the collisional half-widths are deduced by fitting Voigt profile on
experimental line shapes. Finally, our first results are compared with the literature.
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Measurements of intensities and self-broadening line shape parameters of H,0
absorption lines in the spectral range 700-2000 cm™

C. Roske?, M. Birk!, G. Wagner!
'German Aerospace Center (DLR)

A Bruker IFS 125HR Fourier transform interferometer in combination with a multireflection cell was
used to measure pure water vapor transmission spectra in the range 700-2000 cm™. A total of 17
spectra with absorption path lengths between 14 m and 161 m and sample gas pressures from
0.01 to 20 mbar were measured at room temperature.

The recorded spectra were corrected for detector non-linearity, thermal self-radiation and for
deviations from an ideal instrumental line shape. A multispectrum-fitting approach was used,
applying a quadratic speed-dependent Voigt line model which was extended to account for
Rosenkranz line mixing.

Experimentally determined line shape parameters are compared to the HITRAN database. Line
intensities are also compared to values from two ab initio calculations [1][2]. The overall
agreement with both is better than 0.5% for most lines.

[1] L. Lodi, J. Tennyson, O. L. Polyansky, The journal of chemical physics, 2011, 135(3), 034113

[2] E. K. Conway, I|. E. Gordon, A. A. Kyuberis, O. L. Polyansky, J. Tennyson, N. F. Zobov, Journal of
Qualitative Spectroscopy and Radiative Transfer, 2020, 241, 106711
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Laser ablation micro-laboratory for the generation of interstellar species

L. Kolesnikovd?, I. Leén?, E. R. Alonso>*, S. Mata?, J. L. Alonso%*

!Department of Analytical Chemistry, University of Chemistry and Technology, Technickd 5, Prague
6, 16628, Czech Republic, 2Grupo de Espectroscopia Molecular (GEM), Edificio Quifima, Lab. de
Espectroscopia y Bioespectroscopia, Parque Cientifico UVa, Unidad Asociada CSIC, Universidad de
Valladolid, Valladolid, 47011, Spain, 3Instituto Biofisika (UPV/EHU, CSIC), University of the Basque
Country, Leioa, Spain, *Fundacién Biofisica Bizkaia / Biofisika Bizkaia Fundazioa (FBB), Barrio
Sarriena s/n, Leioa, Spain

The chemistry of the interstellar medium encompasses a large number of reactions acting on a
plethora of species. The high amount of unstable species participating in these reactions drives an
urgent need to develop efficient methods for the laboratory in situ generations of molecules with
the aim to characterize them spectroscopically. Such laboratory experiments are crucial to decode
the molecular universe by direct comparison of the interstellar and terrestrial spectra.

In the present contribution, we propose a new approach based on laser ablation of solid organic
precursors. The chemical species generated in the throat of our laser ablation source are cooled in
a supersonic expansion and monitored by high-resolution microwave spectroscopy. We
experimentally demonstrate a simultaneous formation of an impressive number and variety of
compounds including new chemical species of astrophysical interest using diaminomaleonitrile and
uridine as prototypical precursors. With this "micro-laboratory" in hands, we extend the boundaries
for the molecular in situ generations beyond traditional techniques such as electric discharge and
pyrolysis.
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An update for Methane line-mixing spectroscopic parameters and its importance for
IASI retrievals

|. T. Erwin?, B. Vispoel*, A. C. Vandaele!, C. Robert!, M. De Maziére!

!BIRA-IASB

Line-mixing affects the methane absorption spectrum, and studies have suggested that it should
be considered when deriving methane using remote sensing. The ‘1 order’ approximation of this
process produces an additional line shape parameter to correct the computed absorption
spectrum. The data necessary to compute these corrections is not contained in the standard
HITRAN database. The most recent complete database was published to compute the 1 order
correction for a selection of lines in the v; and v, band regions [1]. The HITRAN line-list has been
significantly updated since that publication [2], and at this time a consistent and complete dataset
is not available for line-mixing.

In this work, we include line-mixing for methane in the forward model of IASI spectra in the TIR [3],
using the line-by-line retrieval software ASIMUT-ALVL [4]. We compare the effect of the model
using spectroscopic parameters from three sources: a) Tran’s 2006 published values of line-
mixing, b) HITRAN 2016 without line-mixing, and c) our effort to merge these two sources. Our
effort includes updating the line-parameters from HITRAN 2016 for lines considered in [1] while
retaining the same line-mixing parameters used to compute the 1°* order correction, and to
include other lines from HITRAN 2016 that were not considered in that work.

We found large differences in the absorption cross section between Tran 2006 and HITRAN 2016.
In addition, we show that line mixing at Earth’s pressure and methane abundance has a small
effect on the forward modelled irradiance. We will present results from a set of representative
retrievals and highlight the significance of our three sources of spectroscopic parameters on the
residuals.

[1] H. Tran, P.M Flaud, T. Gabard, F. Hase, T. von Clarman, C. Camy-Peyret, S. Payan, J.M.
Hartmann, Journal of Quantitative Spectroscopy and Radiative Transfer, 2006, 101, 284-305.

[2] I.E. Gordon, L.S. Rothman, C. Hill,Journal of Quantitative Spectroscopy and Radiative Transfer,
2017, 203, 3-69

[3] E. De Wachter, N. Kumps, A. C. Vandaele, B. Langerock, M. De Maziere, Atmospheric
Measurement Techniques, 2017, 10, 4623--4638.

[4] A. C. Vandaele, M. Kruglanski, M. De Maziere, Conference Proc of the First 'Atmospheric Science
Conference', 2006, ESA SP-628.
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Rotational Spectrum of Methylamine in v;=1 and v;=2 Excited Torsional States
P. Gyawalil, I. Kleiner?, R. A. Motiyenko?, I. Gulaczyk®, M. Kreglewski?, V. llyushin®

'Université de Lille, Laboratoire PhLAM, %Laboratoire Inter-universitaire des Systémes
Atmosphériques, CNRS, UMR7583, Université Paris Est-Créteil et Université de Paris, *Faculty of
Chemistry, Adam Mickiewicz University, *Institute of Radio Astronomy of NASU

We present the assignment of the pure rotational transitions in v;=1 and v;=2 excited torsional
states of methylamine. The assignments were made based on new measurements of the rotational
spectrum of methylamine in the frequency range 150 to 1520 GHz using the Lille THz
spectrometer. We used the predictions calculated using the hybrid program [1] that can fit
rotational levels in molecules with one CHs internal-rotation large-amplitude motion, one NH,
inversion large-amplitude motion. The dataset used to calculate the predictions already contains
around 3000 MW and 26848 FIR transitions of v; = 0, 1 and 2 of CHsNH,, which are fit to a
weighted standard deviation of 1.75 using 102 parameters. In the THz spectra, the rotational
transitions of v,=1 state were easily located within few MHz vicinity of their predicted
positions. The assignment of the rotational transitions in v,=2 state was more complicated due to
somewhat higher shifts between predicted and measured frequencies. In this case, to confirm the
assignments we used Loomis-Wood type diagrams. In total, more than 2500 new rotational
transitions of methylamine in v;=1 and v,=2 states were assigned and added to the existing
dataset. The latest results of the global fitting of MW and FIR data will be presented.

[1]I. Kleiner and J. T. Hougen, J. Mol. Spectrosc., 368, 111255 (2020)
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Singly deuterated Hydrogen Peroxide HOOD - The first torsional State
D. Herberth', T. F. Giesen!, A. Kérner*
'University of Kassel

We analysed the infrared spectrum of singly deuterated hydrogen peroxide HOOD up to 500 cm™,
assigned 2440 ro-torsional transitions and derived accurate band origins and rotational constants
for the first torsionally excited state n = 1. We observed numerous perturbations between nearby
levels in n = 1, which were aggravating the assignment of transitions. Therefore, we performed an
additional analysis with an automatic spectral assignment procedure algorithm (ASAP) and
succeeded to determine the location of in total 588 ro-torsional energy levels in the first torsionally
excited state and derived the K,- and J-dependance of the torsional splitting.
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New data for the ammonia spectra between 3900 and 4700 cm™.
P. Cermak!, P. Cacciani?, A. Campargue?, J. Vander Auwera*

!Department of Experimental Physics, Faculty of Mathematics, Physics and Informatics, Comenius

University, Mlynsk& dolina F2, 842 48 Bratislava, Slovakia, *Univ. Lille, CNRS, PhLAM, 59000 Lille,

France, 3Univ. Grenoble Alpes, CNRS, LIPhy, 38000 Grenoble, *SQUARES, C.P. 160/09, Université
Libre de Bruxelle

Room temperature absorption spectra of ammonia have been recorded by high-resolution Fourier
transform spectroscopy in the range of 3900-4700 cm™. Positions and intensities of 8422
absorption lines were retrieved. Their intensities range between 3x10% to 1.6x102° cm/molecule.
The rovibrational assignment was performed based on the C2018 theoretical line list [1] supported
by the systematic use of Lower State Combination Difference (LSCD) relations. 5632 transitions
were thus assigned to the main isotopologue, *NHs, and 620 transitions of the *>NH; isotopologue
were identified. The achieved quality of the LSCD relations indicates that the precision of the
reported line positions is better than 0.001 cm™ for most of the lines. For a given transition, a
comparison of the measured and calculated intensities with other transitions sharing the same
upper state provided an additional helpful criterion. 2064 energy values of 29 upper vibrational
levels are reported. The data represents a significant improvement compared to the HITRAN2020
database [2].

[1] P. A. Coles, R. I. Ovsyannikov, O. L. Polyansky, S. N. Yurchenko, J. Tennyson, Journal of
Quantitative Spectroscopy and Radiative Transfer, 2018, 219, 199-212.

[2] I.E. Gordon, L.S. Rothman, C. Hill, R.V. Kochanov, Y. Tan, P.F. Bernath, et al. Journal of
Quantitative Spectroscopy and Radiative Transfer, 2017, 203, 3-69.
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Elucidation of the Renner-Teller and spin-orbit splitting patterns in the IRPD spectra of
C,H"*

K. Steenbakkers?, A. Marimuthu?, L. Geessinck?, F. Lipparini®, J. Gauss*, S. Schlemmer>, J. F.
Stanton®, A. van der Avoird’, G. C. Groenenboom’, B. Redlich**, S. Briinken**

'FELIX Laboratory, Radboud University, “Theoretical Chemistry, Radboud University, >Dipartimento
di Chimica e Chimica Industriale, Universita di Pisa, *Institut fir Physikalische Chemie, Johannes
Gutenberg Universitdt Mainz, °I. Physikalisches Institut, Universitat zu KéIn, ®Department of
Chemistry and Physics, University of Florida, "Theoretical Chemistry, Radboud University

Open-shell linear molecules, such as C,H' in its M electronic ground state, are of basic
spectroscopic interest due to their extremely complex vibrational spectra, which are a result of a
combination of Renner-Teller and spin-orbit coupling [1]. The first broadband and narrow-linewidth
vibrational IRPD (infra-red pre-dissociation) spectra of Ne- and He- tagged C,H™ ions have been
obtained in the range 250-2000 cm™ using the free electron laser FELIX interfaced with a
cryogenic ion trap [2] and were analyzed with an effective Hamiltonian approach. These spectra
reveal a clear picture of the Renner-Teller splitting patterns for both the He- and the Ne-tagged
species and are clearly different from one another indicating a strong effect of the interaction with
the rare-gas tag on the bending mode. Ab initio calculations show that the rare-gas atom attaches
to the hydrogen with a shallow minimum at linear geometry, such that its vibrational modes
strongly couple to the C-C-H bending. Figure 1 displays the calculated, extremely shallow potential
of the C-H-Ne bending.
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[1] Gans, B., Garcia, G.A., Holzmeier, F., Kruger, J., Rdder, A., Lopes, A., Fittschen, C., Loison, J.C.,
and Alcaraz, C., J. Chem. Phys. 2017

[2] Jusko, P., Brinken, S., Asvany, O., Thorwirth, S., Stoffels, A., van der Meer, L., Berden, G.,
Redlich, B., Oomens, J. and Schlemmer, S., Faraday discuss. 2019
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Cavitiy-Enhanced and High Resolution Fourier-Transform Spectroscopy
A. Libert', B. Fabre?, S. Robert?, A. Roucou?, X. Urbain!, C. Lauzin®

Institute of Condensed Matter and Nanosciences, Université catholique de Louvain, Université de
Bordeaux-CNRS-CEA, CELIA, UMR5107, F33405 Talence, France

The perfect instrument in spectroscopy measures spectra with high-resolution, high-sensitivity and
in a small amount of time over a broad spectral range. Fourier-transform spectrometers allow for
both high resolution and broadband measurements thanks to their multiplex advantage. By
coupling the light source to an optical cavity, the sensitivity of the instrument is considerably
increased since the interaction length of the light with the sample is increased by several orders of
magnitude (reaching kilometric interaction lengths). This poster presents the first results regarding
the design and the fabrication of a homemade instrument that will embody all these features. This
instrument is designed for the analysis of molecules in the gaseous phase from the near infrared
to the UV ranges (2000-400 nm) with a resolution down to 0.0035 cm™. The spectrometer has the
peculiarity to employ either a super-continuum laser or a femtosecond laser as the broadband
light source. Cavity enhanced absorption spectrum of water from 10500 to 14300 cm™ has been
measured in order to evaluate the performances of the setup. These measurements were
performed in an auto-balanced detection scheme with the supercontinuum laser. Finally, when
performing spectroscopy of complex molecules in the gas phase at high resolution, spectra are
highly congested because many energy levels are populated, allowing a great number of
transitions to occur. This results in diffculties to assign each transition to its corresponding energy
levels. One solution is to cool down the sample to a few Kelvin in order to populate only the first
few energy levels. This cooling can be achieved either by buffer gas cooling or by the use of a
supersonic jet. The design of the setup (under construction) to perform buffer gas cooling is
presented as a short-term perspective.
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The millimetre-wave spectrum of 2-hydroxyprop-2-en-1-al
|. Koucky?, L. Kolesnikova?!, K. Lukova®, P. Kania®, 5. Urban*

'University of Chemistry and Technology, Department of Analytical chemistry, Technicka 5, 166 28
Prague 6, Czech Republic

style="text-align: justify;">Aldehydes belong to the group of molecules with recent interest for
being discovered in the interstellar medium[1,2]. One of the possible interstellar candidates is
2-hydroxyprop-2-en-1-al, a dehydration product of glyceraldehyde and 1,3-dihydroxyacetone.
Apart from its aldehyde functional group, it also contains a vinyl alcohol structural motif that has
already been found in interstellar medium[3].

The high resolution rotational spectrum of 2-hydroxyprop-2-en-1-al was recorded with Prague millimetre-
wave semiconductor spectrometer in two separate frequency regions (128-160 GHz and 285-329 GHz).
With hundreds of rotational transitions we were able to determine up to sextic centrifugal distortion
constants in the ground state. Together with the ground state, several series of low-lying vibrationally
excited state were analysed with the help of theoretical predictions carried out with MP2 and DFT
computational methods.

Acknowledgement
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gratefully acknowledged.

[1] Y. Y. Yarnall, P. A. Gerakines, R. L. Hudson, Mon. Notices Royal Astron. Soc., 2020, 494 (4),
4606-4615.

[2] B. A. McGuire, Astrophys. J., Suppl. Ser., 2018, 239 (2), 17.

[3] B. E. Turner, A. J. Apponi, Astrophys. J. Lett., 2001, 561 (2), L207-L210.
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Extending laboratory measurements of the CH;0 radical towards the terahertz domain

M. Martin-Drumel*, O. Chitarra?, J. Spaniol', J. Loison?, T. Hearne?, O. Pirali'*

'Université Paris-Saclay, CNRS, Institut des Sciences Moléculaires d’Orsay, France, Université
Bordeaux, CNRS, Institut des Sciences Moléculaires, France

Current astronomical observations, for instance with ALMA and NOEMA, extend well into the
submillimeter-wave domain. For many molecules, including some that have already been detected
in the interstellar medium, laboratory data remain limited to the microwave and millimeter-wave
domain. This is particularly striking for reactive species that remain challenging to produce in the
laboratory. Considering that frequency extrapolation in absence of laboratory data is particularly
unreliable, this lack of measurements surely prevents some interstellar observations. The CH5O
radical is one such species: it is a known interstellar molecule [1] for which laboratory
measurements do not extend beyond 370 GHz [2].

We have extended the measurements of the pure rotational spectrum of CH;0 towards the
terahertz domain. The radical was produced by H-abstraction from methanol using atomic fluorine,
itself produced using a microwave discharge in F, diluted in He, a method that we successfully
used recently to investigate the rotation-tunnelling spectrum of the CH,OH radical [3]. Compared
to that previous work, several enhancements have been made to our (sub)millimeter-wave
spectrometer that now allows for double-pass into the absorption cell and magnetic-field
modulation. The strength of the double-modulation (source frequency and magnetic field) scheme
is that only transitions of open-shell species are visible over a completely flat baseline, a feature
that has proven invaluable in the case of CHsO to disentangle an otherwise dense spectrum with
numerous strong transitions arising from the precursor or other reaction products (such as H,CO).
Overall, about 500 lines of CH3;0 have been recorded up to 900 GHz, with accuracies ranging from
10 to 200 kHz. These transitions have been fit, together with available pure rotation literature
data, to a rigid-rotor Hamiltonian using the SPFIT/SPCAT software [4].

[1] J. Cernicharo, N. Marcelino, E. Roueff, M. Gerin, A. Jiménez-Escobar, and G. M. Mufoz Caro,

2012, The Astrophysical Journal, 759, L43

[2] Yasuki Endo, Shuji Saito, and Eizi Hirota, The Journal of Chemical Physics, 1984, 81, 122; T. Momose, Y.
Endo, E. Hirota, T. Shida, The Journal of Chemical Physics, 1988, 88, 5338 & 1990, 90, 8; J. C. Laas, S. L.
Widicus Weaver, The Astrophysical Journal, 2017, 835, 46

[3] O. Chitarra et al., Astronomy and Astrophysics, 2020, 644, A123

[4] H. M. Pickett, J. Mol. Spectrosc., 1991, 148, 371
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Hydrogen Bonding in the Dimer and Monohydrate of the Bulky Molecule of
2-Adamantanol Using Microwave Spectroscopy

A. Lesarril, M. Juanes!, R. T. Saragi’, L. Evangelisti?, L. Enriquez?, J. E. Rubio?

'University of Valladolid, Departamento de Quimica , *University of Bologna, Dipartimento di
Chimica “G. Ciamician”, *University of Valladolid, Departamento de Electrénica, ETSIT (Spain)

High resolution spectroscopic analysis on adamantane derivatives are interesting due to their
structural similarity to the cubic crystal structure of diamonds. Here we present the conformational
preferences of the 2-adamantanol monohydrate and the 2-adamantanol homodimer using chirped-
pulse Fourier-transform microwave spectroscopy in a supersonic jet expansion. The analysis of the
rotational spectrum, conducted in the region 2-8 GHz, shows that the alcohol group of
adamantanol (left Figure) behaves as a proton acceptor and displays a moderate hydrogen
bonding (r(O-H--:0)~1.88A) when combining with a molecule of water. Additionally, two
homodimers (r(O-H--:0)~1.90A) have been characterized rotationally (right Figure), reducing the
conformational complexity of cyclohexanol where six isomers were detected [1]. The relatively
large molecular mass of the 2-adamantanol dimers (304 u) produces small rotational constants
(B+C ~ 270 MHz), grouping the lines of the spectrum. The experimental work is supplemented
with DFT and ab initio calculations.

R{

[1] M. Juanes, |. Usabiaga, I. Ledn, L. Evangelisti, ). A. Fernandez, A. Lesarri, Angew. Chem. 2020,
132, 14815-14819.
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En route for the CH20H radical interstellar detection: laboratory re-investigation of its
rotation-tunneling spectrum

0. Chitarra?, J. Spaniol*, M. Martin-Drumel?, B. Gans?, J. Loison?, L. H. Coudert?}, H. S. Miiller?, O.
Pirali**

!Institut des Sciences Moleculaires d’Orsay, *Institut des Sciences Moleculaires, 3I. Physikalisches
Institut, Universitat zu Koln

Radical species are suspected to be involved in gas phase reactions occurring in the interstellar
medium (ISM) and their detection gives important insights about the chemistry happening in the
ISM. More specifically, methanol derivatives (CH;0 and CH,OH) are considered key reactive
intermediates in the formation of commonly observed complex organic molecules (COMs) [1].
Interestingly, despite the recent first laboratory detection of CH,OH rotation-tunneling spectrum
[2] and while this isomer is the most thermodynamically stable, only CH;0 has been detected in
the ISM so far [3]. A plausible explanation to this lack of interstellar detection is the non-
observation in the laboratory of the most intense transitions at low temperature.

We led a re-investigation in the submillimeter-wave region of the hydroxymethyl radical (CH,OH) rotation-
tunneling spectrum from 160 GHz up to 900 GHz. The radical was synthetized by H abstraction from
methanol (CH30H) using F atoms produced by a MW discharge. CH,OH pure rotational spectrum was
recorded using a frequency multiplication chain spectrometer following a method described in ref. [4]. We
further optimized the experimental set-up by multiplying the number of fluorine atoms injection (x3) to
increase the concentration yield of the radical. We also doubled the path length using a roof top mirror
and a polarization grid. Finally, we used a double modulation scheme for the detection: to the source
frequency modulation, we added a magnetic field modulation to selectively detect transitions arising from
open-shell species.

Our previous investigation [4] focused on transition up to 330 GHz. This present high-resolution study
allowed the measurement of about 420 new lines up to 900 GHz. We were also able to measure, for the
first time, the astrophysically relevant 1,51y, transition around 168 GHz. The interstellar search for the
radical can now be undertaken in cold to warm environments of the ISM up to 900 GHz.

[1] T. Butscher. et al., MNRAS, 2015, 453, 1587-1596

[2] C. Bermudez et al., Astronomy and Astrophysics, 2017, 598, A9
[3] ). Cernicharo et al., The Astrophysical Journal, 2012, 759, L43

[4] O. Chitarra et al., Astronomy and Astrophysics, 2020, 644, A 123
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Hyperfine structure in the microwave spectra of a few van der Waals complexes
containing ammonia molecule

. Tarabukin®, L. Surin®, A. van der Avoird?

Institute of Spectroscopy, Russian Academy of Science, Troitsk, Moscow, Russia, %Institute for
Molecules and Materials (IMM), Radboud University Nijmegen, Nijmegen, Netherlands

A nuclear hyperfine structure in molecular rotational spectra arises from magnetic and electric
interactions of the molecular fields with the nuclear moments. Observation of the resulting
splittings of the energy levels into components provides detailed information on the molecular
electronic structure and chemical bonds. In the case of weakly bound molecular complexes, the
hyperfine structure parameters (quadrupole coupling, spin-spin coupling, and spin-rotation
constants) might provide additional valuable information about intermolecular dynamics and the
interaction potential. In this work the results of hyperfine structure analysis of the recently
observed spectra together with ab initio calculations of hyperfine structure parameters for the
NHs-Ne [1], NH3/NDs-H,/D, [2] and NH3-N, [3, 4] van der Waals complexes are presented.

The first detection of the missing (para)-NHs-Ne nuclear spin isomer was performed at frequencies
of 2-8 GHz [1] and the *N nuclear quadrupole coupling constant associated with the (para)-NH;
subunit of the complex was precisely determined for the first time. In case of the deuterated
NHs-H, complexes the measured line positions (20-140 GHz) [2] included nuclear quadrupole
splitting due to the N nuclear spin of NHs/ND; and the additional splitting due to nuclear
guadrupole and spin-spin interactions of D nuclei of the D, unit. Very complicated hyperfine
structure due to three N nuclei was partly resolved and examined for the measured lines of the
NH;—N, complex in the frequency range of 6-26 GHz [3, 4]. For all studied complexes the
determined experimental hyperfine structure parameters were compared with the theoretical
values obtained from the expectation values [JP,(cosByy3)] over the ab initio bound state wave
functions. The results provided the dynamical information about the angular orientation of
ammonia (and hydrogen/nitrogen in appropriative case) units in the complexes, their structure and
intermolecular dynamics.

The authors acknowledge the Deutsche Forschungsgemeinschaft (SCHN 1280/5), Russian Science
Foundation (17-02-01395) and Russian Foundation for Basic Research (19-03-00998).

[1] L.A. Surin, L.V. Tarabukin, C. Pérez, M. Schnell, J. Loreau, and A. van der Avoird, in preparation.

[2] I.V. Tarabukin, L.A. Surin, M. Hermanns, B. Heyne, S. Schlemmer, K.L.K. Lee, M.C. McCarthy, A.
van der Avoird, J. Mol. Spectr. 2021, 377, 111442.

[3]1 L. Surin, I. Tarabukin, C. Pérez, M. Schnell, J. Chem. Phys. 2018, 149, 224305.

[4] L.A. Surin, I.V. Tarabukin, M. Hermanns, B. Heyne, S. Schlemmer, Y.N. Kalugina, A. van der
Avoird, J. Chem. Phys. 2020, 152, 234304.
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Gas-phase IR spectra of two fundamental halocarbon cations: CH,Cl*, CH;CIH"

P. C. Schmid?, S. Thorwirth?, K. Steenbakkers?, T. Danowski', S. Briinken?, O. Asvany?, S.
Schlemmer!*

1. Physikalisches Institut, Universitat zu Kéln, 2FELX Laboratory, Radboud University

Halogen-bearing molecules play an important role in organic chemistry where the use of
halogenated reactants can help to elucidate the underlying mechanism of bi-molecular reactions in
the gas-phase. Additionally, they have a strong influence in a number of important chemical
reaction networks and molecules incorporating a halogen atom are known to exist in the
interstellar medium. In this environment one of the key molecules is CH;Cl which is predicted to
form via gas-phase reactions of chloromethylium, CH,CI*, and protonated methyl chloride,
CH;CIH*. However, so far, no experimental vibrational or rotational gas-phase spectra of these two
molecular ions are known, which are prerequisite for astronomical detection.

Here we present first experimental gas-phase IR spectra of CH,Cl* and CH;CIH*, obtained using
the FELion 22-pole ion trap experiment connected to the Free Electron Laser for Infrared
eXperiments (FELIX) at Radboud University, Nijmegen. IR pre-dissociation spectra of CH,CI*-Ne
and CH;CIH"-Ne clusters were recorded in the range of 500 cm™ up to 3000 cm™ for isotopologs
carrying both *°Cl and 3'Cl. Spectroscopic assignment was performed based on complementary
CCSD(T) calculations. Implications for future spectroscopic studies will also be discussed.
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Cryogenic Messenger-IR lon Spectroscopy Study of Phenol & Aniline Molecular lons and
of the common Fragment lon [CsH¢]"** formed by EI-MS

M. Bast!, D. Zeh?, D. B. Rap?, P. C. Schmid?, S. Thorwirth?, S. Briinken®, S. Schlemmer*, M.
Schéafer’*

1. Physikalisches Institut, Universitat zu Kéln, *University of Cologne, Department of Chemistry,
Institute of Organic Chemistry, *Radboud University, Institute for Molecules and Materials, FELIX
Laboratory

Molecular ions of phenol and aniline as well as the fragment ion at m/z 66 formed by electron
ionization are examined with cryogenic messenger-IR ion spectroscopy and theory [1]. According
to the recorded IR spectra aromatic ground state molecular ions of phenol and aniline are clearly
identified. Similar to earlier reports our new set of spectroscopic and computational results
supports the assumption that tautomeric molecular ions of phenol and aniline are only short-lived
intermediates in the reaction path to the ultimate CO loss reaction product of phenol as well as the
HNC loss product of aniline. Even the present cryogenic messenger-IR ion spectroscopy approach
failed to collect spectroscopic evidence of the intermediate presence of these elusive tautomers of
phenol and aniline molecular ions. However, our study clearly shows that the electron ionization
mass spectrometry dissociation product ion of phenol and aniline at m/z 66 is the cyclopentadiene
radical cation [CsHg][l'™ for the presence of which convincing spectroscopic evidence could be
collected proving the structure assignment and identification. All messenger-IR ion spectroscopy
experiments were conducted on a cryogenic 22-pole ion trap with the use of neon atoms for
tagging. The MS instrument was coupled to a free electron laser delivering wavelength tunable IR
radiation for spectroscopy. Harmonic and anharmonic force field calculations complement the
experiments and support band assignments of the recorded IR spectra and general data
interpretation.
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[1] D. Zeh, M. Bast et al., Journal of Molecular Spectroscopy, 2021, Volume 378, 111453
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Rovibrational spectroscopy of the CH*-He and CH*-He, complexes

T. C. Salomon?, J. L. Doménech?, P. C. Schmid?, E. A. Michael®, O. Asvany?!, S. Schlemmer!*

!|. Physikalisches Institut, Universitat zu KéIn, KéIn, Germany, 2Molecular Physics, Instituto de
Estructura de la Materia (IEM-CSIC), Madrid, Spain, >Department of Electrical Engineering,
University of Chile, Santiago, Chile

A cryogenic 22-pole ion trap apparatus is used in combination with a table-top pulsed IR source to
probe weakly bound CH*-He and CH*-He, complexes by predissociation spectroscopy at 4 K. The
infrared photodissociation spectra of the C-H stretching vibrations are recorded in the range of
2720-2800 cm™. The spectrum of CH*-He exhibits perpendicular transitions of a near prolate top
with a band origin at 2745.9 cm™, and thus confirms it to have the theoretically predicted T-
shaped structure ™2} For CH*-He,, the C-H stretch along the symmetry axis of this oblate top
results in parallel transitions, indicating a 4-membered Helium ring around the C-H bond.

[1] Jason M. Hughes, Ellak I. von Nagy-Felsobuki, Chemical Physics Letters, 1997, 272, 313-318.

[2] Markus Meuwly, Nicholas J. Wright, Journal of Physical Chemistry A, 2000, 104, 1271-1277
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Exploring silicon chemistry in the electrical discharge of methyl phenyl silane using
chirped-pulse Fourier-transform microwave spectroscopy.

G. Batra'?, D. Loru!, A. L. Steber!, M. Schnell*%*

! Deutsches Elektronen-Synchrotron DESY, NotkestraRe 85, 22607 Hamburg, Germany, %Institut fir
Physikalische Chemie, Christian-Albrechts-Universitat

Silicon is one of the most abundant elements in the Earth’s crust and is also prevalent in space in
the form of gaseous molecules, interstellar dust, and ice grains. The first interstellar silicon was
detected in 1971 in the form of SiO towards Sgr B2 [1]. Since then, more than 15 silicon containing
molecules have been detected in various regions of the interstellar medium (ISM) and constitute
approximately 7% of the total number of molecules detected in space to date [2].

Electrical discharge sources coupled with chirped-pulse Fourier-transform microwave spectroscopy
have proved to be a great tool to produce in situ molecular ions, radicals, long chains, and ring
structures of molecules of astronomical interest. In this work, we investigate the electrical
discharge chemistry of methyl phenyl silane (C;H,,Si), with the aim of studying the incorporation
of silicon in the framework of complex organic molecules (COMs). The new species formed in the
electrical discharge of methyl phenyl silane are probed using the Hamburg COMPACT spectrometer
in the 2-12 GHz frequency regime [3]. The newly formed species can be assigned with rotational
parameters required for interstellar searches with various radio telescopes like the Radio
Telescope Effelsberg and Jansky Very Large Array (JVLA).

[1] R. W. Wilson et al., Ap/L,1971,167,L97-L100.
[2] B. A. McGuire Ap/S,2018,239,17.

[3] D. Schmitz et al., J. Mol. Spec.,2012,280, 77-84.
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First observation of the Comet-Tail (A’M;»X?2*) system in >C'’0* and deperturbation
analysis of the A’M;(v = 1) level

l. Piotrowska?, R. Hakalla*, W. Szajna?, R. Kepa?, P. Kolek?, A. Para®, S. Ryzner!, M. I. Malicka?

'Materials Spectroscopy Laboratory, Institute of Physics, University of Rzeszéw, Poland, *The
Faculty of Mathematics and Applied Physics, Rzeszéw University of Technology, Rzeszéw, Poland

In the emission spectrum of the *2C*’O* molecule new observations and analyses were performed.
Three bands (1-0, 1-1 and 1-2) of the Comet-Tail (A’M—»X22*) system, including 1215 spectral
transitions in the 16 950 to 22 000 cm™ region, were recorded with the Fourier-transform
spectrometer (BRUKER IFS 125-HR). As a source of the studied spectrum an air-cooled, carbon
hollow-cathode lamp was used. A precise deperturbation analysis of the A*M,(v=1) level brought
about the discovery of weak but non-negligible, A%M,(v=1)~X?2*(v=11) perturbation, of a complex,
spin-orbit, spin-electronic and L-uncoupling character. As a result, 15 deperturbed molecular
parameters of both A%M,(v=1) and X22*(v=1,2) states were obtained. 11 of 15 these constants
were delivered for the first time. The other 4 parameters for the lower X?*2*(v=1,2) levels were
also calculated with an accuracy of one order of magnitude better than these determined
previously. Moreover, the rovibronic term values of the A’M(v=1) and X?z*(v=0,1,2) levels were
determined. A percentage M character of the A’M(v=1) and X?z*(v=11) levels was considered in
detail.
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FT emission spectroscopy of the AN - X'=* system of AIH
W. Szajna’, R. Hakalla®, I. Piotrowska?, P. Kolek?, A. Paral, S. Ryzner?, M. I. Malicka?, R. Kepa®

!Materials Spectroscopy Laboratory, Institute of Physics, University of Rzeszéw, Poland, *The
Faculty of Mathematics and Applied Physics, Rzeszéw University of Technology, Rzeszéw, Poland,

This work presents the wide measurements of the high-resolution Fourier transform emission
spectra of the of the A'M - X'I* system of aluminum hydride in the visible region. The AIH
molecules were formed and excited within a water-cooled aluminum hollow-cathode lamp in the
presence of 2.5 Torr of Ne and a trace amount of NHs. The eight bands, 0-0; 1; 2 and 1-0; 1; 2; 3;
4, of the A - X transition were recorded with an instrumental resolution of 0.03 cm™. The 1-4 band
band was recorded for the frst time since 1954 [1]. In total, 259 rotational frequencies were
measured with an absolute accuracy of about 0.0020 cm™. The current data have been combined
with the available measurements of the the ro-vibrational bands by Deutsch et al. [2], Yamada and
Hirota [3], White et al. [4] and Ito et. al [5] as well as with the pure rotational frequency calculated
from the data of Halfen and Ziurys [6,7]. As a results, the wide set of the improved molecular
constants of the X'=*, v=0-8 and A, v=0;1 states of AIH has been obtained. A very weak
perturbation [8] at A, v=1, ] = 5 was confirmed.
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[1] Zeeman PB, Ritter GJ. Can. J. Phys. 1954;32:555.

[2] Deutsch JL, Neil WS, Ramsay DA. J. Mol. Spectrosc. 1987;125:115.
[3] Yamada C, Hirota E. Chem. Phys. Lett. 1992;197:461.

[4] White B, Dulick M, Bernath PF. J. Chem. Phys. 1993;99:8371.

[5] Ito F, Nakanaga T, Takeo H, Jones H. J. Mol. Spectrosc. 1994;164:379.
[6] Halfen DT, Ziurys LM. Astrophys. J. 2004;607:L63.

[7] Halfen DT, Ziurys LM. Astrophys. J. 2016;833:89.

[8] Szajna W, Zachwieja M. Eur. Phys. J. D. 2009;55:549.
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Deperturbation analysis of the A'M(v = 2) level in *C*20
M. I. Malicka?, S. Ryzner?, A. N. Heays?, N. de Oliveira®, R. W. Field®>, W. Ubachs®, R. Hakalla*

The Faculty of Mathematics and Applied Physics, Rzeszéw University of Technology, Rzeszéw,
Poland, *Materials Spectroscopy Laboratory, Institute of Physics, University of Rzeszéw, Poland, 3J.
Heyrovsky Institute of Physical Chemistry, Prague, Czech Republic, *Synchrotron SOLEIL, Orme de

Merisiers, St. Aubin, France, *Department of Chemistry, Massachusetts Institute of Technology,

Cambridge, USA, ®Department of Physics and Astronomy, and LaserLaB, Vrije Universiteit,
Amsterdam, Netherlands

The AM(v = 2) level of 2C*®0 was re-examined based on high-accuracy experimental data
comprised of 541 line frequencies obtained by two Fourier-transform spectroscopic techniques.
The absorption spectrum of Al - X'=*(2, 0) was measured with the VUV-FT spectrometer at the
DESIRS beamline of the SOLEIL synchrotron with frequency accuracies of 0.01 cm™. While visible
emission spectra of B'Z* - AMN(0, 2) and C'=* - AM(0, 2) were obtained with a Bruker IFS-125HR
spectrometer at the University of Rzeszéw with frequency accuracies of 0.005 and 0.01 cm™,
respectively.

All new experimental molecular lines, and additional VUV-FT data of *C*®0 B'z* - X'=*(0, 0)
and C'z* - X'=*(0, 0) bands [1] were included in a deperturbation analysis of the AN(v = 2) level
using PGOPHER program [2]. Finally, 11 deperturbed molecular constants and 6 interaction
energies were obtained, along with, 110 experimental ro-vibrational term values of the AM(v = 2)
levels and perturbing €327 (v = 4), I'3(v = 3), a"*2* (v =12), d®A(v = 7) levels. A significant, indirect
influence of aM on the Al state was detected for the first time in *2C*®0 and has therefore been
included in the final fit by taking into account the simultaneous a°M(v = 13) ~ [e327(v = 4), d*A(v =
7), a*zt(v = 12)] ~ AN(v = 2) spin-orbit/spin-electronic/L-uncoupling and spin-orbit interactions
as well as the a’MN(v = 13) ~ [D*A(v = 3), I'S°(v = 3)] ~ AN(v = 2) spin-orbit and L-uncoupling
interactions. The new results provide a significantly improved description of the AM(v = 2) level in
12¢180 and its complex intra-molecular structure compare to the previous data [3-4].

This work is a continuation of the research on the Al state of carbon monoxide conducted by
our team in recent years [1,5-7].
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[1] M.I. Malicka, S. Ryzner, A.N. Heays, N. de Oliveira, R.W. Field, W. Ubachs, R. Hakalla, ] Quant Spectrosc and Radiat Transfer, 2020, 255, 107243.

[2] C. Western, University of Bristol, 2020, Bristol, http://Pgopher.Chm.Bris.Ac.Uk/.

[3] C. Haridass, S.P. Reddy, A.C. Le Floch, J Mol Spectrosc, 1994, 167, 334-352.

[4] L.M. Beaty, V.D. Braun, K.P. Huber, A.C. Le Floch, Astrophys | Suppl Ser, 1997, 109, 269-277.

[5] R. Hakalla, M. Niu, R.W. Field et al., RSC Advances, 2016, 6, 31588-31606.

[6]1 R. Hakalla, M.L. Niu, R.W. Field et al., ] Quant Spectrosc and Radiat Transfer, 2017, 189, 312-328.

[7]1 R. Hakalla, T.M. Trivikram, A.N. Heays, E.J. Salumbides, N. de Oliveira, R.W. Field, W. Ubachs, Mol Phys, 2019, 117, 79-96.
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High-resolution rotational spectroscopy of large steroid hormones
S. V. Caliebe'?, P. Pinacho?, M. M. Quesada-Moreno?, S. Zinn?, M. Schnell?*

YInstitut fir Physikalische Chemie, Christian-Albrechts-Universitat zu Kiel, 2 Deutsches Elektronen-
Synchrotron (DESY), *Departamento de Quimica Inorgénica, Universidad de Granada

We have studied a series of steroid hormones by chirped-pulse Fourier transform microwave (CP-
FTMW) spectroscopy following the earlier study on 17B-estradiol (C;gH»,0,)*. These hormones can
be viewed as large molecules for rotational spectroscopy, consequently their investigation is a
challenging task. The molecules were studied in the gas phase using a supersonic expansion,
which allows for an isolated and cold environment, and their spectra were recorded in the 2-8 GHz
frequency region. Here, we present the rotational spectrum of androsterone (C;9H3,0,), for which
the lowest energy structure was found. Furthermore, we re-investigated the spectra of
17B-estradiol and beside the three already reported conformers we found two unknown species.
These were then assigned as two conformers of estrone (C;5H,,0,), which is a precursor in the
synthesis of 17B-estradiol and forms an equilibrium with it.

[1] Sabrina Zinn, Melanie Schnell, Chem. Phys. Chem., 2018, 19, 2915-2920.
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High-resolution measurements of rovibrational spectra of methyl iodide in the 3.3 pm
range using frequency comb Fourier transform spectroscopy

A. Hjaltén?, I. Sadiek?, F. Senna Vieira!, C. Lu!, M. Stuhr?, A. Foltynowicz*

'Ume3d University, Department of Physics, 901 87 Ume&, Sweden, 2Leibniz Institute for Plasma
Science and Technology (INP), 17489 Greifswald, Germany, 3University of Kiel, Institute of Physical
Chemistry, 24118 Kiel, Germany

Methyl iodide, CHsl, plays an integral role in atmospheric chemistry. Apart from this, it has a
number of industrial and agricultural applications, where its toxic properties pose a health threat.
The development of laser-based detection of this species has so far been hampered by the lack of
accurate spectral parameters and absorption cross-section data. In this work, we use comb-based
Fourier transform spectroscopy (FTS) to measure and assign broadband high-resolution spectra of
methyl iodide around 3.3 um [1]. A liquid sample of CH;l was evaporated into an evacuated 76-m
multipass cell by its room temperature vapor pressure. The absorption spectra were measured
using a mid-infrared frequency comb produced by difference frequency generation (DFG) based on
a Yb:fiber comb with a repetition rate of 125 MHz [2]. The idler, centered at 2975 cm™, had a
bandwidth of 360 cm™, sufficient to simultaneously cover several vibrational bands, including the
symmetric C-H stretch v; band and the asymmetric C-H stretch v, band. Individual Doppler-
broadened absorption lines were resolved using the sub-nominal sampling-interleaving scheme in
the FTS [3].

We simulated the v, fundamental band and the nearby vs; + v, - v3 hot band using PGOPHER [4]
and parameters from previous microwave [5, 6] and FTIR [7] measurements. We assigned 2603
lines to the v, band and 831 lines to the hot band. Floating the upper state parameters and fitting
to the assigned lines yielded standard deviations (observed-calculated) of 0.00034 cm™ and
0.00084 cm™ for the two bands respectively, which is a significant improvement compared to
earlier FTIR-based work [7]. In addition, we retrieved line intensities of 157 isolated lines of the v,
band by multispectral fitting to spectra recorded at different partial pressures of CHsl.

[1] 1. Sadiek et al., J. Quant. Spectrosc. Radiat. Transf., 2020, 255, 107263-107270.

[2] G. Sobon et al., Opt. Lett., 2017, 42, 1748-1751.

[3 L. Rutkowski et al., J. Quant. Spectrosc. Radiat. Transf., 2018, 204, 63-73.

[4] C. M. Western, B. E. Billinghurst, Phys. Chem. Chem. Phys., 2019, 21, 13986-13999.

[5] P. D. Mallinson, J. Mol. Spectrosc., 1975, 55, 94-107.

[6] D. B. Boucher et al., Chem. Phys., 1978, 29, 323-330.

[7] R. Anttila et al., J. Mol. Spectrosc., 1986, 119, 190-200.
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Detailed analysis of the infrared spectrum of SiF,. an update
V. Boudon?, L. Manceron??

!Laboratoire Interdisciplinaire Carnot de Bourgogne, 2Synchrotron SOLEIL, AILES Beamline, *
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Silicon tetrafluoride (SiF,) should be a normal trace component of volcanic gases. However, a
better knowledge of spectroscopic parameters is needed for this molecule in order to derive
accurate concentrations.

We undertook an extensive high-resolution study of its in-frared absorption bands, for the there
isotopologues in natural abundance: 28SiF,(92.23 %), ?°SiF, (4.67 %) and >°SiF, (3.10 %) [1]. We
present here an update of this study. It includes a new global fit with consistent parameter sets for
the ground and all fundamental states (the Figure presents the v, bending fundamental region),
thanks to newly recorded far-IR and mid-IR spectra.
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All existing rotational line data have been included. The 2v, band of ?SiF, could also be analyzed
in detail. A first rough estimate of the dipole moment derivative for the vs; band has been
performed, leading to to an integrated band intensity which is consistent with literature values,
around 680 km/mol [1]. The isotopic dependance of band centers and Coriolis parameters has
been studied, thanks to simple formulas recently established [2].

[1] V. Boudon, L. Manceron, C. Richard, J. Quant. Spectrosc. Radiat. Transfer, 2020, 253, 107114.

[2] M. Loéte, C. Richard, V. Boudon, J. Mol. Struct., 2020, 1206, 127729.
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The Rotationally Resolved Infrared Spectrum of Linear Dialuminum Monoxide, Al-O-Al
E. Déring?, D. Witsch?, A. A. Breier?, J. Gauss?, G. W. Fuchs*, T. F. Giesen'*

Institute of Physics, University of Kassel, Kassel, Germany, %Institut fiir Physikalische Chemie,
Universtitat Mainz, Mainz, Germany

Cosmic dust forms via nucleation processes in the vicinity of evolved stars. Considering many of
the initial nucleation steps are not well understood, yet, the investigation of small di- and triatomic
molecules at radio or infrared wavelengths in stellar environments can help elucidating the dust
formation processes. Especially molecules made of refractory material, like aluminum, are thought
to act as seed molecules for dust grains, since they condense already at temperatures well above
thousand Kelvin. Because Al,O has no permanent electric dipole moment it can not be detected at
radio wavelengths but it has a unique infrared ro-vibrational spectrum around 10um.

In this work the gas phase spectrum of the symmetric linear dialuminum monoxide AI-O-Al is
investigated in our laboratory. We recorded the rotationally resolved infrared absorption spectrum
of AlL,O by using a frequency modulated quantum cascade laser in combination with Herriott-type
multipass optics. By laser ablating an aluminum rod the molecules were produced and rotationally
cooled down to around 120K by purging the ablation plume with a N,O/He buffer gas mixture
which subsequently underwent an adiabatic expansion into a vacuum chamber. The spectrum
reveal a line intensity alteration due to the spin-statistical weight induced by two identical spin 5/2
2Al atoms. Beside the fundamental v3 = 1-0 transition also five hot band transitions could be
observed.

This allowed high-precision molecular constants to be determined and a /-type resonance to be
analyzed. The transition frequencies presented here will enable the astrophysical search for this
molecule in space.
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Line intensities of the 01111-00001 magnetic dipole absorption band of **C'°0,:
laboratory measurements

V. I. Perevalov?, Y. G. Borkov?!, A. M. Solodov?, A. A. Solodov?

1V.E. Zuev Institute of Atmospheric Optics, Siberian Branch, Russian Academy of Sciences, 1,
Academician Zuev square, 634055 Tomsk, Russia

The spectra of carbon dioxide in the 3.3 um region were recorded at three pressures using Bruker
IFS 125 HR Fourier transform spectrometer and a 30 m base multipass gas cell of V.E. Zuev
Institute of Atmospheric Optics SB RAS. Several lines of the 01111-00001 (v,+v3) magnetic dipole
band of '2C!®0, were detected and their line intensities were measured. The uncertainties of the
measured line intensities are between 4% and 25%. The vibrational transition magnetic dipole
moment was fitted to the observed line intensities. The fitted value of the vibrational transition
magnetic dipole moment of 0.71(1)uy is substantially smaller than the value of 0.96u, obtained in
the result of the analysis of the Martian atmosphere spectra [1,2] (here uy is the nuclear
magneton). Using the known set of the effective Hamiltonian parameters and fitted value of the
vibrational transition magnetic dipole moment the list of the line parameters of this band was
generated for the HITRAN database. In addition the line intensities of the R-branch of the electric
dipole 01111-00001 band of the °0%C®0 isotopologue were measured for the first time.

[1] Alexander Trokhimovskiy, Valerii Perevalov, Oleg Korablev, Anna Fedorova, Kevin Olsen, Jean-
Loup Bertaux, Andrey Patrakeev, Alexey Shakun, Franck Montmessin, Franck Lefevre, Anastasiya
Lukashevskaya, A&A, 2020, 639, Al42.

[2] Valerii Perevalov, Alexander Trokhimovskiy, Anastasiya Lukashevskaya, Oleg Korablev, Anna
Fedorova, Franck Montmessin, J. Quant. Spectrosc. Rad. Transf., 2021, 259, 107408.
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lonization energy of the metastable 2 'S, state of “He from Rydberg-series
extrapolation

G. B. Clausen?, P. Jansen!, S. Scheidegger?, J. A. Agner?, H. Schmutz', F. Merkt!*

!Laboratory of Physical Chemistry, ETH Zurich

In a very recent breakthrough in first-principles calculations of two-electron systems, Patkés,
Yerokhin and Pachucki (PRA 103, 042809 (2021)) have performed the first complete calculation of
the Lamb shift of the helium 2 °S; and 2 P, triplet states up to the term in a’m. Whereas their
theoretical result of the frequency of the 2 3P «2 3S transition perfectly agrees with the
experimental value, a more than 100 discrepancy was identified for the 3 °D « 2 3S and 3°D « 2°P
transitions, which hinders the determination of the He?* charge radius from atomic spectroscopy
that is necessary to complement the recent a-particle charge radius determination using muonic
helium (J. Krauth et al., Nature 589, 527531 (2021)).

We report on the determination of the ionization energy of the metastable 2 'S, state of helium
(960'332'040.491(32) MHz) by Rydberg-series extrapolation based on the frequencies of 21
transitions from the 2 'S, state to np Rydberg states with principal quantum number n in the range
between 24 and 102, yielding a relative uncertainty of 3x10*'. A one-photon (~312 nm) excitation
scheme is used for Rydberg-state excitation of metastable He atoms in a doubly skimmed
supersonic beam.

The absolute frequency calibration is achieved using a frequency comb referenced to a GPS-
disciplined Rb clock. This absolute measurement is used in combination with the 2 35; « 2 1S,
interval measured by van Rooij et al. (Science 333, 196 (2011)) and the 2 3P « 2 35, interval
measured by Zheng et al. (PRL 119, 263002 (2017)) and Cancio Pastor et al. (PRL 92, 023001
(2004)) to derive experimental ionization energies of the 2 3S; state 1'152'842'742.637(32) MHz)
and the 2 3P centroid energy (876'106'247.017(32) MHz). These values reveal disagreements with
the o’m Lamb shift prediction by 6.50 and 110, respectively, and support the suggestion by Patké$
et al. of an unknown theoretical contribution to the Lamb shifts of the 2 3S and 2 3P states of He.


http://www.tcpdf.org

Poster Session 2, Virtual Poster F51
The v, vibrational mode of HC;0" observed at high spectral resolution
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Following-up on our recent infrared photodissociation (IRPD) spectroscopic detection of the linear
Ne-tagged HC50* molecular ion [1], the C-H stretching mode v, of bare HC;O* has now been
studied at high spectral resolution. The spectrum was observed using a 4 K cryogenic ion trap
apparatus at Cologne (COLtrap) and a cw optical parametric oscillator using the method of laser-
induced inhibition of complex growth (LIICG) with helium as tagging agent. Fifteen rotational-
vibrational transitions were observed, covering P(8) to R(6). The band origin is found at 3237.1
cm~! and hence blueshifted by some 5 cm™ compared to that of the HC;0*-Ne weakly bound
complex probed earlier in the IRPD study.

[1] S. Thorwirth, M. E. Harding, O. Asvany, S. Brunken, P. Jusko, K. L. K. Lee, T. Salomon, M. C.
McCarthy, and S. Schlemmer, Molecular Physics, 2020, 118, e17764009.
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Laboratory spectroscopy and astrophysical search for small nitrogen-bearing organics
L. Bizzocchi®*
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The recent new discoveries of small organics in the interstellar medium (more than 30 in the last
three years) has enlarged the range of interest to increasingly complex species. Here a focus on a
small group of N-containing molecules is presented. They are: propargylimine HC=C-CH=NH,
allylimine CH2=CH-CH=NH, 2-aza-butadiene

CH2=N-CH=CH, 2-amino-acrylonitrile H2N-CH=CH-C=N, and methylcyanamide CH3-NH-C=N. All
these molecules exhibit an interesting reactivity, both in gas-phase and on dust grain surface, thus
hinting for their possible role in the route toward complex, biologically relevant, species.

We present new extensive investigations of the millimetre/sub-millimetre spectra of these targets
obtained with frequency-modulation absorption spectrometers located in Bologna and at
MPE/Garching. The new set of spectroscopic constants has been used to search for their molecular
signatures in the spectral survey of the quiescent giant molecular cloud G+0.693-0.027, nearby
the Galactic centre. Besides the secure identification obtained for propargylimine [1], a tentative
detection of both allylimine conformers is reported.

[1] L. Bizzocchi, D. Prudenzano, V. M. Rivilla, A. Pietropolli-Charmet, B. M. Giuliano, P. Caselli, J.
Martin-Pintado, I. Jiménez-Serra, S. Martin, M. A. Requena-Torres, F. Rico-Villas, S. Zeng, and J.-C.
Guillemin, Astronomy and Astrophysics, 2020, 640, A98.
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Large Amplitude Torsions in Nitrotoluene Isomers studied by Rotational Spectroscopy
and Quantum Chemistry Calculations
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France, 2Laboratoire PhLAM - Physique des Lasers Atomes et Molécules, University of Lille, CNRS,

F-59000 Lille, France, 3Laboratoire Inter-universitaire des systémes atmosphériques (LISA), CNRS

UMR7583, Université Paris-Est Créteil et Université de Paris,, *Institut de la Matiére Condensée et
des Nanosciences (IMCN), Universite” catholique de Louvain, Louvain-la-Neuve, Belgium
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The monitoring of gas phase mononitrotoluenes is crucial for defence, civil security and
environmental interests since they are used as taggant for TNT detection. Rotational spectra of the
three isomers of nitrotoluene have been recorded at low and room temperatures using a
supersonic jet Fourier Transform microwave (MW) spectrometer and a millimeter-wave frequency
multiplier chain, respectively. Supported by quantum chemistry calculations, the spectral analysis
of pure rotation lines in the vibrational ground state has allowed to characterise the rotational
energy, the hyperfine structure due to the *N nucleus and the internal rotation splittings arising
from the methyl group. An anisotropic internal rotation of coupled -CH; and -NO, torsional motions
was identified for the ortho isomer by quantum chemistry calculations and discussed from the
results of its MW analysis. The study of the internal rotation splittings in the spectra of three NT
isomers allowed to characterise the internal rotation potentials of the methyl group and to
compare them with other mono-substituted toluene derivatives in order to study the isomeric
influence on the internal rotation barrier. [1,2]

Anisotropic internal rotation of coupled -CH; and -NO, torsional motions identified in the ortho
isomer of mono-nitrotoluene.

[1] Roucou et al., CHEMPHYSCHEM, 21(22),2523-2538, (2020).
[2] Roucou et al., CHEMPHYSCHEM, 19, 1056-1067, (2018).
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Frequency stabilization of a 4.7 THz Quantum Cascade Laser using a methanol gas line

S. Mahdizadeh?!, M. Justen?!, U. Graf!, K. Jacobs?, J. Stutzki*
11. Physics Institute, University of Cologne, Ziilpicher Str. 77, 50937 KéIn, Germany

We present the frequency stabilization of a 4.7 THz Quantum Cascade Laser (QCL) to a methanol
gas line. QCL is producing 5 mW of THz power and is cooled down to 33.5K, mechanically isolated
from and thermally connected with first stage of a pulse-tube cryogenic cooler. The methanol gas
line which is located at frequency close to 4.785 THz plays the role of frequency discriminator.
Laser radiation is passed through a gas cell of 31 cm long and then is coupled to the Hot Electron
Bolometer (HEB), here acting as a total power detector. Sending the current output of HEB into a
lock-in amplifier while using the modulator waveform as reference signal, the lock-in output is
used as error signal to close the control loop and eliminate unwanted frequency modulation of the
QCL. As a result, frequency modulation from many of the pulse-tube harmonics could be
considerably reduced, among which the peak frequency deviation of 1.1 MHz from fundamental
frequency at 1.72 Hz could be decreased by a factor of 10.
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A Theoretical Ro-Vibrational Line List of H,Cs Using a new Approach to
Construct the Exact Kinetic Energy Operator

T. Mellor'#, A. Yachmenev ??, S. N. Yurchenko 3

1 UCL Department of Physics and Astronomy , 2Center for Free-Electron Laser Science, Deutsches ,
3 UCL Department of Physics and Astronomy ,Universi, UK, >Center for Ultrafast Imaging,
Universitat Hamburg,

A procedure to generate the exact kinetic energy operator in valence coordinates, based on
Sgrensen’s method [1] for constructing non-rigid Hamiltonians, is presented. This method was
applied to the thioformaldehyde (H 2 CS) molecule, where the TROVE program was used to
compute ro-vibrational energy levels and transition intensities. A line list up to J=105 was
produced. Yachmenev et al.'s ab initio PES [2] is refined with the MARVEL approach using ~4300
non-unique transitions from 10 sources. The exact kinetic energy operator itself was produced
using the symbolic computation program Mathematica and acted as TROVE input. This method has
previously been applied to the linear molecule CO2. [3]

[1] Sgrensen G.O. (1979) A new approach to the Hamiltonian of nonrigid molecules. In: Large
Amplitude Motion in Molecules II. Topics in Current Chemistry, vol 82. Springer, Berlin, Heidelberg.
https://doi.org/10.1007/BFb0048009

[2] Yachmenev A, Yurchenko SN, Ribeyre T, Thiel W. High-level ab initio potential energy surfaces
and vibrational energies of H2CS. | Chem Phys. 2011 Aug 21;135(7):074302. doi:
10.1063/1.3624570. PMID: 21861565.

[3] Sergei N. Yurchenko and Thomas M. Mellor , "Treating linear molecules in calculations of
rotation-vibration spectra", The Journal of Chemical Physics 153, 154106 (2020)
https://doi.org/10.1063/5.0019546
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Helium-Tagging Action Spectroscopy Using Helium Nanodroplets: Electronic
Spectroscopy of Cold Anthracene Cations

A. Schiller!, M. Meyer?!, P. Martini!, F. Zappa?, S. A. Krasnokutski?, P. Scheier'*

YInstitut fir lonenphysik und Angewandte Physik, Universitat Innsbruck, Austria, Laboratory
Astrophysics Group of the MPI for Astronomy at the University of Jena, Germany

Diffuse interstellar bands (DIBs) are absorption features in the visible and infrared range,
originating from dense parts of the interstellar medium. Although their discovery dates back a
century! and some ~500 DIBs are known today, the species causing these features remain widely
unknown. The first and so far only successful identification was only made in 2015 when Cgo* was
confirmed to be the carrier of two intense DIBs in the IR by Campbell et al? via helium-tagging
spectroscopy in a cryogenic trap. Despite the weak interaction of the tag with the solvated
species, a small wavelength shift compared to the gas-phase transition remains. Helium
nanodroplets present an alternative tool for producing cold helium-tagged ions with up to ~100
attached helium atoms. This allows for a systematic analysis of the tag-induced shift as a function
of the number of attached helium atoms. The progression of this shift can be extrapolated to
obtain an accurate prediction of the gas-phase transition wavelength®#,

We employed a recently improved experimental setup to perform electronic spectroscopy on
helium-tagged cold anthracene cations (He,An*) using the described method’. Anthracene (C14H;,)
is a small polycyclic aromatic hydrocarbon which was considered to be a good candidate to be a
potential DIBs carrier. We detected two bands of An* near 348nm and 707nm that are suitable for
comparison with astronomical observations, but did not find a coincidence with any known DIBs.
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This work was supported by the Austrian Science Fund FWF, project numbers 14130 and P31149 as
well as the Max Plank Institute for Astronomy and the Deutsche Forschungsgemeinschaft DFG
(grant No. KR 3995/4-1).

References

[1] Heger, M. L., Lick Observatory Bulletin 1922, 10, 146-147.

[2] Campbell, E. K. et al., Nature 2015, 523 (7560), 322-323.

[3] Kuhn, M. et al., Nature Communications 2016, 7 (1), 13550.

[4] Gatchell, M. et al., Faraday Discussions 2019, 217 (0), 276-289.
[5] Meyer, M.et al., Astrophysical Journal 2021, 913. 136.
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High-resolution spectroscopy with quantum cascade laser frequency combs

M. Mangold?, P. Allmendinger?, J. Hayden?, F. Eigenmann?, O. Browet?, M. Lepére?, M. Gianella®, L.
Emmenegger?, A. Hugi'

lIRsweep AG, Switzerland, 2University of Namur, Research unit Lasers and Spectroscopies (LLS),
Belgium, *Empa, Laboratory for Air Pollution / Environmental Technologies, Switzerland

Optical frequency comb spectroscopy has proven a very useful tool for high-resolution molecular
spectroscopy. Frequency combs based on quantum cascade lasers offer the possibility to easily
explore the mid-infrared spectral range (4-12 um) and allow for microsecond time resolution.
However, they suffer from very large repetition frequencies (~10 GHz) which make them
seemingly unsuitable for high resolution spectroscopy.

Recently, several techniques to overcome this limitation have been developed. In what we call the
rapid-sweep technique, the two frequency combs are simultaneously modulated to cover the gap
between adjacent comb modes [1]. The simultaneous modulation and the inherently high time-
resolution of qguantum cascade laser dual-comb spectroscopy makes it possible to retrieve the full
high-resolution spectrum in only 6 ms. Furthermore, the data throughput of this approach has
been significantly improved to allow for continuous, broadband, high-resolution spectroscopy [2].

In the so-called step-sweep mode, the lasers are each individually modulated in small steps. This
method guarantees an accurate knowledge of the frequency axis by directly measuring the optical
step size from the heterodyne beat signal [3]. The step-sweep technique is best adapted to studies
of molecular line parameters such as line strength, line position and line broadening [4].

Recently, the high time resolution of quantum cascade laser dual-comb spectroscopy has been
used in combination with the step-sweep technique. This has allowed to measure broadband high-
resolution spectra of sub-millisecond-lived samples. The resolution and wavenumber accuracy
obtained using this technique have been assessed in a study of cold gases in supersonic beams [5,
6]. Here, we present an overview of the technological details and some representative
measurements for each of the three measurement modes.

[1] M. Gianella, A. Nataraj, B. Tuzson, P. Jouy, F. Kapsalidis, M. Beck, M. Mangold, A. Hugi, J. Faist,
and L. Emmenegger, Optics Express (2020), 28(5), 6197-6208.

[2] M. Gianella, S. Vogel, B. Tuzson, A. Nataraj, K. Komagata, S. Schilt, T. Stidmeyer, A. Hugi, M. Mangold,
P. Jouy, F. Kapsalidis, J. Hillbrand, M. Beck, J. Faist, and L. Emmenegger, Proc. 76th Int. Symp. Mol.
Spectrosc. (2021) Urbana (lllinois, USA), TBO7.

[3] M. Lepére, O. Browet, S. Leonis, J. Clément, P. Allmendinger, K. Knapp, F. Eigenmann, and M. Mangold,
SPIE photonics west - 2021 p11635-31.

[4] M. Lepére, O. Browet, J. Clément, B. Vispoel, P. Allmendinger, J. Hayden, F. Eigenmann, A. Hugi, and M.
Mangold, 27" Colloquium on High-Resolution Molecular Spectroscopy (HRMS).

[5] J. A. Agner, P. Allmendinger, U. Hollenstein, A. Hugi, K. Keppler, M. Mangold, F. Merkt, M. Quack; Proc.
76th Int. Symp. Mol. Spectrosc. (2021) Urbana (lllinois, USA), TB04.

[6] ). A. Agner, P. Allmendinger, U. Hollenstein, A. Hugi, K. Keppler, M. Mangold, F. Merkt, M. Quack; 27"
Colloquium on High-Resolution Molecular Spectroscopy (HRMS).
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Linewidth measurement of Interband-Cascade Lasers

M. Siciliani de Cumis?, S. Borri?, S. Viciani?, F. D'Amato?, P. De Natale?

'Agenzia Spaziale Italiana, “Istituto Nazionale di Ottica

In spectroscopy and metrology, the mid-infrared and THz regions are crucial due to the
presence of strong molecular absorption lines. While the mid-IR to the THz region [1] are covered
by Quantum Cascade Lasers (QCL), the region below 4 um cannot be investigated by using this
kind of lasers due to their internal structure. Indeed, the 3-4 um region is particularly interesting
due to the presence of fundamental molecular bands for life science and astrophysics (e.g. the O-H
and C-H stretching bands). Interband Cascade Lasers (ICLs) emit from 3 to 6 um, and are
characterized by low-power consumption and compact dimensions. For these reasons they are a
valid alternative to QCLs especially for in-field applications or for space missions [2,3]. Their
application for high-resolution spectroscopy experiments or frequency metrology strongly depends
on the achievable frequency stability and linewidth.

For the structure and internal carrier generation and transport processes, ICLs are different from
other semiconductor lasers. However, a full evaluation of their potential has not been possible yet,
due to a poor understanding of their internal physics lacking also of a theoretical model.

Here, we present a study regarding frequency stability and quantum-limited operation of such
lasers. We characterized an ICL emitting at 4.6 um, performing noise measurement achieving
measured 10-kHz intrinsic linewidth [4]. The frequency noise features allow to mark the difference
with other semiconductor lasers like bipolar diode lasers and QCLs, thus giving a first insight on
the internal physics of these devices. Our analysis also enabled to estimate the linewidth
enhancement factor of these devices. These results are very promising both for new-generation
devices with improved performance and for high resolution molecular spectroscopy experiments in
the 3-6 um range.

[1] L. Consolino, F. Cappelli, M. Siciliani de Cumis, and P. De Natale, “QCL-based frequency
metrology from the mid-infrared to the THz range: a review”, Nanophotonics (2018),
DOI:10.1515/nanoph-2018-0076.

[2] I. Vurgaftman, W.W. Bewley, C.L. Canedy, C.S. Kim, M. Kim, C.D. Merritt, J. Abell, J.R. Lindle &
J.R. Meyer, “Rebalancing of internally generated carriers for mid-infrared interband cascade lasers
with very low power consumption”, Nat. Commun. 2, 585 (2011).

[3] 1. Vurgaftman, R. Weih, M. Kamp, J. Meyer, C. Canedy, C. Kim, M., Kim, W. Bewley, C. Merritt, J.
Abell, and S. Hé6fling, S., “Interband Cascade Lasers”, ). Phys. D: Appl. Phys. 48, 123001 (2015).

[4] S. Borri, M. Siciliani de Cumis, S. Viciani, F. D’Amato, P. De Natale, “Unveiling quantum-limited
operation of Interband Cascade Lasers”, APL Photonics 5, 036101 (2020);
https://doi.org/10.1063/1.5139483.
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Demonstration of a Long-Pulse Fourier-Transform Limited Laser System exploited for
High-Resolution Spectroscopy in Argon

H. Herburger?, U. Hollenstein?, F. Merkt*

!Laboratory of Physical Chemistry, Department of Chemistry and Applied Biosciences, ETH Zurich,
8093 Zurich

We demonstrate a laser system providing user-designed laser pulses with durations tunable from
10 ns to 1 pys and pulse energies up to 680 mJ per pulse at a repetition rate of 25 Hz and at a
wavelength of 1064 nm. This radiation is frequency doubled in an LBO crystal yielding 532 nm
radiation with pulse energies of 90 mJ per pulse. The frequency-doubled laser is used as a pump
source for a dye amplification line seeded by the output of a commercial continuous-wave ring dye
laser. This system enables us to generate 10 ns to 120 ns long pulses with a Gaussian temporal
profile in the visible range of the electromagnetic spectrum with output energies of up to 5 mj per
pulse. We also generate long pulses of UV radiation (pulse energies up to 500 pJ, pulse length up
to 85 ns) by frequency doubling in a BBO crystal.

The properties of the laser system are illustrated in measurements of the one- and two-photon
Rydberg spectrum of atomic argon in the 3p°4s[3/21, 3P, and 3p°4s'[1/2], 3P, metastable states.
Metastable argon is generated in a supersonic beam using a dielectric barrier discharge. We have
recorded spectra of Rydberg series of Ar below the 2P3,2 and 2P1/2 ionization thresholds. We use the
long lifetimes of the former series to characterize the bandwith of the laser system and determine
the autoionization linewidth and line shapes of the later series for comparison with earlier work [1].

[1] Victor L. Sukhorukov, I. D. Petrov, Martin Schafer, Frédéric Merkt, Matthias W. Ruf, and Hartmut
Hotop, Journal of Physics B: Atomic, Molecular and Optical Physics, 2012, 45, 092001 and
references therein.
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The Zeeman effect in CO* observed with rotational action spectroscopy

A. N. Marimuthu?, K. Steenbakkers?, B. Redlich'*, S. Briinken**

'FELIX Laboratory, Radboud University, Nijmegen

The fine-structure components of the N = 0 --> 1 and N = 1 --> 2 transitions of CO" (22+) have
been measured using the action spectroscopic technique ROSAA (Rotational State-dependent
Attachment of rare gas Atoms) [1,2] in a cryogenic 22-pole ion trap. The recorded high-resolution
spectra show resolved Zeeman splittings caused by the Earth’s magnetic field, which are analyzed
with an effective Hamiltonian approach. The ROSAA signal intensity intrinsically depends on a
difference in the ternary attachment rate of He atoms to the molecular ion for different rotational
levels, and is also influenced by experimental conditions such as temperature, excitation power,
and helium number density. Numerical simulation results of the underlying kinetics and excitation
processes are compared to the observed CO* spectra.
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[1] S. Brinken, L. Kluge, A. Stoffels, O. Asvany , S. Schlemmer, Astrophys. |., 2014, 783, L4
[2] S. Brinken, L. Kluge, A. Stoffels, ] Pérez-Rios, S. Schlemmer, J. Mol. Spectrosc., 2017, 332,
67-78
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Spectroscopy of molecular glow discharge products using REMPI
V. Grigorian®, K. Vavra®, S. Schwetje!, M. A. Kaufmann®*
lUniversity of Kassel, *University of Chemistry and Technology Prague

Diffuse interstellar bands (DIBs) are a century old spectroscopic mystery, which can be observed in
the UV and visible spectral range along many astronomic sightlines [1]. The source of these rather
diverse spectral features, ranging from narrow and distinct to very shallow and broad, are largely
unknown. Due to the rich variety of carbon chemistry in the interstellar medium, polycyclic
aromatic hydrocarbons (PAHs) contribute most likely to over 500 unidentified diffuse signals. A
first breakthrough was achieved in 2015 with the assignment of C¢,* as one of the carriers of some
DIBs [2]. Nevertheless, the majority of DIBs remains still unassigned.

In this work a glow discharge plasma is used in order to produce different molecular species in a
molecular beam by introducing simple carbonaceous precursor molecules within a carrier gas, as
demonstrated by T.Motylewski and H.Linnartz 1999 [3].

Resonance enhanced multi-photon ionization schemes (REMPI) combined with a time of flight mass
spectrometer provide high measurement sensitivity and are predestined for spectroscopy of
samples with unknown composition.

We present spectra of molecular species created by a glow discharge nozzle and observe their
vibrionic transitions in the UV spectral range.

[1]]). Kretowski 2018 PASP 130 071001.
[2] Campbell et al., Nature 523, 322 (2015).
[3] Tomasz Motylewski and Harold Linnartz, Review of Scientific Instruments 70, 1305 (1999)
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Chirped-pulse Fourier-transform microwave spectroscopy study of
2,4,6-cycloheptatriene-1-carbonitrile

L. Pille'?, B. E. Arenas'?, G. Batra'?, M. Schnell*?*

! Deutsches Elektronen-Synchrotron DESY, NotkestraRe 85, 22607 Hamburg, Germany , %Institut
fur Physikalische Chemie, Christian-Albrechts-Universitat zu Kiel

An entirely new area of organic chemistry in the interstellar medium (ISM) has opened up because
of the astronomical detection of CN-functionalized ring molecules. After the detection of five-
membered [1] and six-membered [2] rings, similar and more complex organic compounds are of
interest for astrochemical investigations. The seven-membered ring
2,4,6-cycloheptatriene-1-carbonitrile is such an example, with a permanent electric dipole moment
of about 4.3 Debye. With the use of segmented chirped-pulse Fourier-transform microwave
spectroscopy (CP-FTMW) [3], we investigated the rotational spectrum of this molecule in the
18-26 GHz region. In this contribution, we will discuss the precise rotational constants obtained for
the lowest energy conformer and the determination of the gas-phase structure based on the
assignment of 3C and °N isotopologues. The accurate line lists produced from these analyses will
facilitate searches for these species in various regions of the ISM.

[1] M. C. McCarthy, K. L. K Lee, R. A. Loomis, et al., Nat. Astron., 2021, 5, 176-180.

[2]1 B. A. McGuire, A. M. Burkhardt, S. Kalenskii, et al., Science, 2018, 359, 202-205.

[3] M. Fatima, M. Schnell, A. L. Steber, et al., Phys. Chem. Chem. Phys., 2020, 22, 17042.
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Mid Infrared CW Cavity Ring Down Spectroscopy in a Supersonic Jet
F. PeterR?, T. Neumann', G. W. Fuchs'*
Institute of Physics, University of Kassel

The cavity ring down (CRD) technique is an absorption based highly sensitive spectroscopic
analyzing method based on the multiple reflection of light between a pair of highly reflective
mirrors (>99.99%). Here, we report about our progress in building up a mid-infrared CRD
experiment where we use a tunable cw-OPO laser system operating between 2.6um - 4.0 um to
probe a supersonic jet of gas containing molecules produced in a discharge or laser ablation
source. While the cavity ring down technique itself is well known at optical wavelengths, the
application to mid infrared wavelengths for spectroscopy proved to be difficult but is now
constantly improving due to the availability of suitable tunable laser sources and sufficiently
reflective mirrors. The mid infrared region around 3um, where our CRD mirrors have their best
reflectivity, is interesting from a molecular spectroscopy point of view, because -O-H, -N-H and =C-
H stretching vibrations can be investigated in this wavelength region. First spectroscopic results
and a brief technical characterization of our CRD setup will be presented on the poster.
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High-Resolution Spectroscopic Measurements of Cold Samples in Supersonic Beams
using a QCL-Comb Spectrometer

U. Hollenstein?, J. A. Agner?, A. Pitt?, H. Andreas?, K. Keppler!, M. Mangold?, F. Merkt!, M. Quack®

!Laboratorium fir Physikalische Chemie, ETH Ziirich. Vladimir-Prelog-Weg 2, CH-8093 Ziirich,
Switzerland, 2IRsweep AG, Laubisruetistrasse 44, CH-8712 St&fa, Switzerland

Optical frequency comb spectroscopy has proven a very useful tool for high resolution molecular
spectroscopy. Frequency combs based on quantum cascade lasers (QCL) offer the possibility to
easily explore the mid-infrared spectral range (4 um to 12 um), but suffer from very large
repetition frequencies (~ 10 GHz) which make them seemingly unsuitable for high resolution
spectroscopy.

Here, we present techniques to overcome this limitation. We have employed the combined
advantages of high temporal (< 4 us) and high spectral resolution to measure the IR spectra of CF,
and CHCI,F in pulsed, skimmed supersonic beams. The low rotational temperature of the beams
and the narrow expansion cone after the skimmer enabled the recording of spectra of cold
samples with high resolution. The spectra cover the range from 1200 cm™! to 1290 cm™! and the
narrowest lines have a full width at half maximum of 15 MHz, limited by the Doppler effect. The
results demonstrate the potential of QCL dual-comb spectroscopy for broadband (> 60 cm™?)
acquisition of spectra at high resolution (< 15 MHz) and high sensitivity in the mid-infrared range.
The power of the new technology is demonstrated by comparison with previous results on these
molecules obtained by FTIR and diode laser spectroscopy of seeded cw and pulsed supersonic jets.
[1-3]

[1] M. Snels and M. Quack, «High resolution Fourier-transform infrared spectroscopy of CHCI,F in
supersonic jets: Analysis of v3, v;, and vg», J. Chem. Phys. 95, 6355 (1991); doi:10.1063/1.461556.
[2] M. Snels, V. Horka-Zelenkova, H. Hollenstein and M. Quack, «High-resolution FTIR and Diode
Laser Spectroscopy of Supersonic Jets», in Handbook of High-Resolution Spectroscopy, Eds.; M.
Quack and F. Merkt , Vol. 2, pp. 1021-1067, Wiley, Chichester, 2011;
do0i:10.1002/9780470749593.hrs044.

[3] M. Caviezel, V. Horka-Zelenkova, Z. Guennoun, G. Seyfang, M. Quack, unpublished manuscript
(in preparation for Mol Phys.)
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Variational calculations of a ro-vibrational spectrum of ethane using an ab initio
potential energy surface and a symmetry-adapted G;5(EM) basis set

S. N. Yurchenko !, T. M. Mellor*

!Department of Physics and Astronomy, London, UK

Recently, we presented a detailed description of the G3g(EM) molecular symmetry group with a full
set of irreducible representation matrices developed for constructing symmetry-adapted potential
energy functions and basis set functions of ethane (C,Hg) [1]. These transformation matrices and
the symmetry adaption technique have been implemented as numerical procedures in the
variational program TROVE [2] as part of computational approaches to the solution of the ro-
vibrational Schrodinger equation. A self-consistent choice of the vibrational, torsional and
rotational coordinates for ethane, satisfying the Gs3g(EM) symmetry requirements have been
introduced and analysed in full detail. In this contribution we present calculations of rotation-
vibrational energies of C,;Hg based on an ab initio potential energy surface (PES) of the CCSD(T)/TZ-
f12 level of theory computed on a grid of 30,000 geometries. The symmetry adapted Gs5(EM)
representation is used to build a Taylor-type parametrised expansion for our ab initio PES of
ethane. We will show that due to the large number of the degrees of freedom, the variational
calculations are extremely difficult to converge. Possible solutions for the curse of the
dimensionality problem in case of ethane calculations will be discussed. Our goal is to compute a
line list for C,Hg as part of the ExoMol project [3].

[1] Thomas M. Mellor, Sergei N. Yurchenko, Barry P. Mant, and Per Jensen. Transformation
Properties under the Operations of the Molecular Symmetry Groups Gsg and Gsg(EM) of Ethane
H;CCHs. Symmetry, 2019, 11, 862.

[2] Sergei N. Yurchenko, Walter Thiel, and Per Jensen. Theoretical ROVibrational energies (TROVE): A
robust numerical approach to the calculation of rovibrational energies for polyatomic molecules. J. Mol.
Spectrosc., 2007, 245, 126.

[3] Jonathan Tennyson et al. The 2020 release of the ExoMol database: molecular line lists for exoplanet
and other hot atmospheres. J. Quant. Spectrosc. Radiat. Transf., 2020, 255, 107228.
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Cold HSOH in a supersonic jet expansion
|. A. Baldeh?, A. A. Breier?, E. Déring*, B. WaBmuth?', G. W. Fuchs?, T. F. Giesen*
!Laboratory Astrophysics, University of Kassel, Heinrich-Plett Str. 40, 34132 Kassel, Germany

style="text-align: justify;">Since the experimental prove of the 3-wave mixing process on a
molecular racemic sample [1], the goal of enantiomeric separation, conversion and purification by
enantioselective excitation is achievable.

The precondition is that the molecular energy structure is understood very precisely, hence,
typically this process is performed on the molecular rotational degree of freedoms. Theoretical
investigation suggests also that the process can be applied to the molecular vibrational modes [2].
To verify this idea the chiral molecule HSOH is suitable, where its two enantiomers are connected
by the dynamics of its internal rotation[3].

Unfortunately, the common production methods of the radical HSOH results in hot high resolution
IR spectra leading to difficulties in the assignment process of its vibrational states. From our
experience in producing HOOH in a supersonic jet, we developed the first steps in producing cold
HSOH by means of electrical discharge techniques combine with a supersonic jet expansion. This
production method might also foster the enantioselective excitation in the IR region.

[1] David Patterson, Melanie Schnell, John M. Doyle, Nature, 2013, 497, 475-477.
[2] Monika Leibscher, Thomas F. Giesen, Christiane P. Koch, J. Chem. Phys., 2019, 151, 014302.

[3] Oliver Baum, HSOH: An Elusive Species with Many Different Traits, 2008, Cuvillier Verlag (Géttingen).
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New developments in CP-FTmmW spectroscopy
A. Kérner', P. Stahl*, T. F. Giesen'*, G. W. Fuchs'*
YInstitute of Physics, University of Kassel, Heinrich-Plett-Str. 40, 34132 Kassel, Germany

Understanding the chemistry of space requires astrophysical observations with modern telescopes
such as ALMA (Atacama Large Millimetre Array). The comparison of these radio-astronomical data
with high-resolution rotational spectra from the laboratory allows the identification of molecules
and the evaluation of their abundance in the investigated areas.

Chirped pulse Fourier-transform (CPFT) spectroscopy became a standard technique to efficiently
produce such data with high-frequency resolution!™ and large signal-to-noise-ratios. Due to recent
technological developments, CPFT spectroscopy became also feasible in the millimetre wave
(mmW) regime.

We present a new automatised high-resolution CPFTmmW spectrometer, which operates in the
range of 100-112.5 GHz with a typical excitation power of 600mW and a peak power of 1W. The
spectrometer was used in a flow cell, with supersonic jet applications, and a multi-pass optic.

Furthermore, we want to combine these features with laser ablation and discharge sources to
produce (transient) molecules, which are of astrochemical relevance, e.qg. TiO,. Their fingerprints
might facilitate the search for these molecules in astronomical spectra. First results will be
presented.

[1] G. Barratt Park, Robert W. Field, The Journal of chemical physics, 2016, 144, 200901.
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Efficient quantum-state population transfer in molecular rotation by ultrashort laser
pulses

D. lkeda?, Y. Ohshima'*
!Department of Chemistry, School of Science, Tokyo Institute of Technology, Japan

Efficient population transfer between molecular eigenstates is a powerful tool for exploring
molecular science. For instance, an ensemble with molecules residing in a single quantum state
can be beneficial in experiments pursuing highly sensitive spectroscopy and state-to-state
chemistry. Multi-step excitation is required for accessing arbitrary states with high internal
energies. When adopting conventional approaches, e.g., adiabatic passage using narrow-band
light sources with high spectral coherence [1], multi-step excitation needs elaborated optical
setups with multiple lasers. From the view of ultrafast coherent control, the use of broadband
laser has realized excitation with 60% efficiency [2]. The challenge is the suppression of
excitations to other (non-target) states. Here, we numerically demonstrate methods for almost
complete population transfer between rotational states using ultrashort laser pulses and also
report some experimental results.

We simulated the excitation efficiency by solving the time-dependent Schrddinger equation for
the rotational Raman excitation in diatomic molecules (CO and NO) by non-resonant light pulses.
For realizing efficient population transfer, two identical pulses with a time delay were examined to
control the population by wave-packet interference (WPI). The single pulse with a variable pulse
duration was assumed to be generated by applying a linear frequency chirp to a Gaussian pulse
(100 fs duration, centered at 800 nm). We explored conditions that realize almost complete
population transfer, taking the delay time, peak intensity, and pulse duration as optimized
parameters. We found some excitation conditions with over 90% efficiency.

In the experiment, we demonstrated WPI excitation in nitric oxide (NO) molecules. The
schematic is shown in Fig.1(a). Adiabatically cooled NO molecules were excited by a pair of
picosecond near-infrared laser pulses (790 nm, 1.8 ps, ~100 mJ/mm?). The delay time between
the double pulses was adjusted to give constructive WPI. After about 50 nanosecond delay, two-
photon resonant ionization spectrum (A%X*«X?M,,,, 0-0 band) was recorded by an irradiation of a
frequency-tunable nanosecond ultraviolet laser pulse (~226 nm), as shown Fig.1(b). The
efficiency for the excitation from J = 1/2 toJ = 3/2 was evaluated to be 68%. The probable origin
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