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OBSERVATIONS AND MODELING OF COMs IN PRE-STELLAR
CORES
Paola Caselli
1

Max-Planck-Institute of Extraterrestrial Physics, Garching, Germany

Astrochemistry, molecular clouds, interstellar medium, star formation

Complex organic molecules have been detected in dark clouds since the 80s (e.g. Matthews et al.
1985) and the list has significantly increased in the recent years, thanks to the high sensitivity of the
new receivers at millimeter telescopes, such as the IRAM 30m antenna (Bacmann et al. 2012;
Bizzocchi et al. 2014; Vastel et al. 2014; Jimenez-Serra et al. 2016). In this talk, I shall review
recent observational findings and discuss theoretical interpretation, mainly based on the work
described in Vasyunin et al. (2017). Main uncertainties in the model will also be highlighted.
References
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VERY LOW TEMPERATURE CHEMICAL KINETICS OF
OXYGENATED ORGANIC COMPOUNDS STUDIED USING A
PULSED LAVAL NOZZLE
Dwayne Heard1
1

School of Chemistry, University of Leeds, Leeds, LS2 9JT, UK. d.e.heard@leeds.ac.uk

Hydroxyl Radical, Oxygenated Organic Compounds, Chemical Kinetics, Quantum Mechanical Tunnelling, Laval nozzle

Reactions of OH with volatile organic compounds feature prominently in chemical
mechanisms describing oxidation in combustion media and the Earth’s atmosphere. The majority of
reactions involve abstraction of a hydrogen atom to generate an alkyl radical, displaying normal
Arrhenius kinetic behaviour owing to the presence of an activation barrier to reaction. Such
reactions have largely been neglected in mechanisms describing interstellar chemistry as they are
assumed to be negligibly slow at the very low temperatures (10-100 K) of most interstellar
environments. We used a Laval nozzle apparatus to generate supersonic, thermalized flows at
temperatures down to ~ 40 K suitable for kinetic studies, and utilised laser-flash photolysis with
laser-induced fluorescence (LIF) detection to measure rate coefficients and product yields. For
reactions of OH with ketones, ethers and alcohols, as well as ammonia, all of which possess an
activation barrier to abstraction, we have observed a dramatic acceleration in the rate coefficient at
very low temperatures (Caravan et al., 2014; Gomez-Martin et al., 2014; Shannon et al., 2013,
2014). For example, for acetone the rate coefficient is almost three orders of magnitude larger at
79 K compared to 200 K. The enhancement of these rate coefficients at low temperatures is
rationalised by the formation of a weakly bound van der Waals complex between OH and the COM
prior to the barrier for reaction. This hydrogen-bonded complex, which has an enhanced lifetime at
lower temperatures, has three possible fates: dissociation back to reactants, collisional stabilisation
into the pre-barrier well, or quantum mechanical tunnelling through the barrier to form products.
Measurements of the pressure dependence (or not) of the rate coefficients, as well as direct
observation of products by LIF, helps to unravel details of this mechanism. We have also used the
Leeds MESMER (Master Equation Solver for Multi Energy well Reactions) programme (Glowacki
et al., 2012) to calculate the pressure and temperature dependence of the rate coefficients, for
comparison with measurements and to extrapolate to even lower temperatures. Finally, the
importance of OH radical–neutral low temperature tunnelling reactions in interstellar clouds was
investigated using a gas-grain model (Acharyya et al., 2015).
References
Acharyya et al., Mol. Phys. 113 (2015) 2243; Caravan R.L. et al., J. Phys. Chem. A., 119 (2015)
7130; Glowacki D.R. et al., J. Phys. Chem. A 116 (2012) 9545; Gomez-Martin et al., J. Phys. Chem.
A 118 (2012) 2693; Shannon R.J., et al., Nat. Chem. 5 (2013) 745; Shannon R.J. et al., Phys. Chem.
Chem. Phys. 16 (2014) 3466.
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METHANOL DIMER FORMATION DRASTICALLY ENHANCES
HYDROGEN ABSTRACTION FROM METHANOL BY OH AT
LOW TEMPERATURE
Willem Siebrand,1, Zorka Smedarchina1, Emilio Martínez Núñez*,2, and Antonio FernándezRamos3
1

National Research Council of Canada, Ottawa, Canada
Departamento de Química Física, Universidade de Santiago de Compostela, 15782, Spain.
emilio.nunez@usc.es
3
Centro Singular de Investigación en Química Biolóxica y Materiais Moleculares y Departamento
de Química Física, Universidade de Santiago de Compostela, 15782,Spain
2

The kinetics of the reaction of methanol with hydroxyl radicals is revisited in light of the reported
new kinetic data, measured in cold expansion beams (Shannon et al 2014). The rate constants
exhibit an approximately 102-fold increase when the temperature decreases from 200 to 50 K, a
result that cannot be fully explained by tunneling, as we confirm by new calculations (Siebrand et
al. 2016).
These calculations also show that methanol dimers are much more reactive to hydroxyl than
monomers and imply that a dimer concentration of about 30% of the equilibrium concentration can
account quantitatively for the observed rates (Siebrand et al. 2016). The assumed presence of
dimers is supported by the observation of cluster formation in these and other cold beams of
molecules subject to hydrogen bonding.

References
Shannon RJ, Blitz MA, Goddard A, and Heard DE, Nat. Chem., 5, (2013), 745.
Siebrand W, Smedarchina Z, Martínez-Núñez E, Fernández-Ramos A, Phys. Chem. Chem. Phys. 18,
(2016) 22712
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Destruction (and formation) of COMs via ion-molecule reactions
Daniela Ascenzi*,1, Andrea Cernuto1, Luca Matteo Martini1, Paolo Tosi1
1

Department of Physics, University of Trento, Italy. daniela.ascenzi@unitn.it

Keywords: dimethyl ether; methyl formate; capture models; interstellar medium; Titan; planetary ionosphere

Reactions of charged species can play a relevant role in shaping the chemistry of the
interstellar medium and planetary atmospheres. In the interstellar medium, the reactions of the most
abundant atomic and molecular ions (He+, H+, H3+ and HCO+) dominate the destruction of the vast
majority of interstellar Complex Organic Molecules (iCOM), but little experimental information is
available on rate constants and nature of products, and, in most cases, guesses based on “common
sense” and chemical analogies are used for modelling the chemistry of such environments. In
planetary atmospheres, such as Titan, a plethora of cations and anions has been discovered by the
Cassini mission and the idea is put forward that ionic reactions play an active role in the formation
pathways of complex molecules, but also in this case laboratory experiment on key reactions are
sparse.
Our contribution is in the laboratory measurements of kinetic parameters (cross sections,
branching ratios and their dependences on collision energy) for the reaction of charged molecules
with neutrals, by using tandem mass spectrometric techniques and RF octupolar trapping of parent
and product ions. As examples of destruction and formation processes driven by ionic species,
results will be presented on the reactions of He+ with two of the most abundant and ubiquitous
iCOM (CH3OCH3 and HCOOCH3) [Cernuto A. et al. 2017a; Cernuto A. et al. 2017b] and on the
reaction of CH3+ cations with the unsaturated hydrocarbon CH3CCCH3, with focus on the bond
forming channels leading to the growth of complex hydrocarbons [Cernuto A. et al. 2017c].
Acknowledgments
The work here presented is the result of an extensive collaboration between our group at Trento
University and other research groups: Fernando Pirani & Nadia Balucani (Univ. Perugia IT), Cecilia
Ceccarelli (IPAG Grenoble FR), Christian Alcaraz, Claire Romanzin, Roland Thissen, Allan Lopes
(Univ. Paris Sud et Paris-Saclay, FR), Barbara Cunha de Miranda (SOLEIL synchrotron &
Sorbonne Univ. FR), Glauco Tonachini & Andrea Maranzana (Univ. Turin, IT), Miroslav Polasek &
Jan Zabka (Heyrovsky Institute of Physical Chemistry, Prague CZ)
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Experimental branching ratio determination
of gas phase chemical reactions for a better understanding of the
formation of complex molecules in astrophysical objects
Sébastien D. Le Picard*
Institut de Physique de Rennes-UMR 6251, CNRS-Université de Rennes 1,
263, Avenue du Général Leclerc, 35042 Rennes cedex, France
sebastien.le-picard@univ-rennes1.fr
Gas phase chemistry – kinetics - branching ratios

A major challenge of astrochemistry is to determine the nature and abundance of molecules
observed or suspected to be present in the interstellar medium. This necessitates the spectroscopic
identification of the species as well as the construction of chemical models including large networks
of elementary chemical and some physical processes. Recent observations of complex molecules
raise the question of their processes of formation. An important piece of information essentially
missing in astrochemical networks are the branching ratios of the chemical reactions involved in the
models, especially at the low temperature prevailing in the environment where complex molecules
have been observed.
In this contribution, I will present recent advances and perspectives in the detection of the
products of gas phase reactions through various experimental techniques. I will discuss on the
advantages and limitations of these techniques for a better understanding of the chemistry of cold
astrophysical objects.

LIT6-WG1

The COST Meeting. Ciudad Real (Spain) December 2017

TESTING A REDUCED DIMENSIONALITY
REACTIVE SCATTERING MODEL USING
QUASICLASSICAL TRAJECTORY SIMULATIONS
Tibor Nagy*, Anna Vikár and György Lendvay*
Institute of Materials and Environmental Chemistry, Research Centre for Natural Sciences,
Hungarian Academy of Sciences, Magyar tudósok körútja 2. , H-1117 Budapest, Hungary
Keywords
reduced-dimensional models, quasiclassical trajectory simulations, adiabatic switching

Application of exact quantum scattering methods in reaction dynamics is limited by the
exponential scaling of the computational problem with the system size. Freezing of the less
important, spectator degrees of freedom often makes the simulations feasible. The accurate test of
the goodness of a reduced-dimensionality (RD) model would be a comparison of its results with
those of the full-dimensional (FD) calculations, which in full detail are not routinely solvable for
systems with 5 or more atoms. However, classical mechanics allows one to perform reaction
dynamics calculations using both the RD and the FD model.
The standard method of preparing molecular initial states in quasiclassical trajectory (QCT)
calculations is normal mode sampling (NMS), which is based on quadratic approximation to the
Hamiltonian. It was shown that NMS in lab Cartesian coordinates generates methane ensembles
which are non-stationary, and as a correction the one-period averaging, 1PA method has been
proposed (Nagy et al., 2016). Employing the 1PA sampling, Vikár et al. (2016) investigated the
goodness of the Palma-Clary RD model of the CH4 + H → CH3 + H2 reaction in the case of four
methane isotopologs. The Palma-Clary (PC) model reduces the degrees of freedom by 4 via
constraining the motion of the methyl group to maintain C3v symmetry. The RD and FD excitation
functions were found to be close to each other for some isotopologs but in general, the RD
reactivity parameters were lower than the FD ones beyond statistical error and for one of the
isotopologs the deviation is significant. This indicates that the goodness of RD cross sections cannot
be taken for granted.
In the meeting we present the formulation of the vibrational Hamiltonian in the RD case
(Nagy et. al., submitted), which is needed for the preparation initial states. We demonstrate that the
reactivity of the reaction in the case of the PC model is surprisingly sensitive to the choice of
coordinates (e.g. rectilinear vs. curvilinear) used for the NMS of the initial CH4 ensemble.
Consequently, we revisit the RD vs FD comparison, by sampling initial states in an unambiguous
way using the recently proposed, general adiabatic switching procedure (Nagy and Lendvay, 2017).
References
Nagy T., A. Vikár & G. Lendvay, J. Chem. Phys. 144 (2016) 14104
Nagy T. & Lendvay G., J. Phys. Chem. Lett. 8 (2017) 4621
Nagy T., A. Vikár and G. Lendvay, submitted.
Vikár A., T. Nagy & G. Lendvay, J. Phys. Chem. A 120 (2016) 5083
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THE ROLE OF ATOMIC OXYGEN CHEMISTRY IN THE
INTERSTELLAR MEDIUM
Nadia Balucani
DCBB, Università degli Studi di Perugia, 06123 Perugia, Italy, nadia.balucani@unipg.it
Keywords
Molecular complexity in space, reactions of atomic oxygen

Oxygen is the third most abundant element in the Universe. In cold interstellar clouds, most of
it is segregated into molecules like H2O and CO. Yet, the presence of oxygen in atomic form can
have a strong influence on the formation and destruction of interstellar complex organic molecules.
Several examples will be illustrated where atomic oxygen degrades organic molecules and, at the
same time, allows the formation of other complex molecular species (Balucani et al 2015, Skouteris
et al. 2017,
References
Balucani N., Ceccarelli C, Taquet V., MNRAS 449 (2015) L16
Casavecchia P., Leonori F., Balucani N., Int. Rev. Phys. Chem. 34 (2015) 161
Skouteris D., Balucani N., Ceccarelli C., et al. ApJ, submitted.
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Astrochemistry in the Cryogenic Storage Ring
Oldřich Novotný1
1

Max Planck Institute for Nuclear Physics, Heidelberg, Germany DE 69117.
oldrich.novotny@mpi-hd.mpg.de

Keywords
Dissociative recombination, Laboratory astrochemistry, Insterstellar medium, Storage rings

Interstellar chemistry attra cts an increasing atten tion due to continuously improved
capabilities of new obse rvatories, both in spatial and spectral resolution. Most of the chemistry is
driven by ion reactions. At low temperatures (10-100 K) the dominant reactions are the dissociative
recombination of molecular ions with fr ee electrons and ion-neutr al reactions. Although c omplex
molecules have been observed, exact path ways and time scales for thei r formations are still poorly
understood. With the new Cryogenic Storage Ring (CSR) in Heidelberg, Germany, we aim to study
the critical reactions at conditions for cold interstellar medium.
The CSR combines the advantages of tra ditional large-scale heavy-ion storage r ings with
those of compact electrostatic and cryogenic storage devices. The key features are the el ectrostatic
beam storage in a wide range of en ergies (20 - 300 keV), ex cellent vacuum conditio ns (<10-14
mbar), very long storage times (>5 hours reached), and a v acuum vessel that is practically free of
thermal radiation (~15 K). The CSR includes experimenta l facilities for studies of ion-photon, ionelectron, and ion-neutral interactions under interstellar conditions.
In the talk we will present first re sults from cr yogenic CSR operation. We will also discuss
the experimental plans and the CSR performance parameters relevant for future molecular ion
chemistry studies.
References
von Hahn et al., Rev. Sci. Instr. 87 (2016) 063115
Fig. 1. The Cryogenic Storage Ring

O'Connor et al., PRL 116 (2016) 113002
Meyer et al., PRL 119 (2017) 023202

Fig. 1: The Cryogenic Storage Ring
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EXPERIMENT-THEORY, A COMBINED VISION FOR
ASTROCHEMISTRY
Astrid Bergeat*
Univ. Bordeaux, CNRS, ISM, UMR5255, F-33405 Talence, France. astrid.bergeat@u-bordeaux.fr
Keywords
CMB, inelastic processes, low temperature, CRESU, RRKM, statistical calculations, kinetics.

Physical conditions prevailing in the interstellar medium and in low temperature planetary
atmospheres are so diverse and difficult to achieve in the laboratory that experimental and
theoretical efforts need to be combined to bring the most accurate measurements and calculations of
the neutral reaction kinetics or inelastic processes to astrochemical modelers.
In fact, theoretical calculations, for example, predict that rotational energy transfer to small
molecules, such as CO or H2O, by collisions with H2 or He is dominated by resonance phenomena,
which can only be revealed at very low energies. I shall report on experimental studies of such
systems, using a crossed molecular beam apparatus with variable crossing angle to determine the
integral cross sections (Bergeat et al. & Chefdeville et al. 2015) as a function of the collisional
energy down to a few wavenumbers. These experimental data are a stringent test for theoretical
calculations, which will then provide every accurate collisional data for non-LTE models in
astrophysics.
Moreover, the rate coefficient of neutral reactions can present a non-Arrhenius behavior at
low temperature (see the talk of D. Heard, S. LePicard, K. Hickson, for example). This is usually
the case when the reactions proceed via formation of a metastable reactive complex that
subsequently dissociate into different bimolecular products or be stabilized via radiative transitions
and/or molecular collisions. The master equation approach provides a standard procedure for
calculating the rate coefficient (Wiesenfeld et al. 2016). I shall report on a few examples where
RRKM calculations permit to explain some CRESU measurements and to extend them to various
conditions of the interstellar medium and planetary atmospheres.

References
Bergeat A., Onvlee J., Naulin C., van der Avoird A., Costes M., Nature Chem., 7 (2015) 349.
Chefdeville S., Stoecklin T., Naulin C., Jankowski P., Szalewicz K., Faure A. Costes M., Bergeat
A., Ap. J. Lett., 5 (2015) 4213.
Wiesenfeld et al., Report from the Workshop on Theory of Gas Phase Scattering and reactivity for
Astrochemistry, arXiv:1610.00438v1 [astro-ph.IM] (2016)
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A new theoretical study of the OH+methanol hydrogen abstraction
reaction. The effect of pressure.
Antonio Fernández-Ramos
Center for Research in Biological Chemistry and Molecular Materials.
Universidade de Santiago de Compostela, 15782. qf.ramos@usc.es
Keywords: Interstellar chemistry, tunneling effect, pressure dependence, low temperatures

Recent low-pressure Laval nozzle experiments (Shannon et al. & Antiñolo et al.) indicate that
the OH + methanol hydrogen abstraction reaction may be of certain importance in interstellar
chemistry. These experiments show that there is a substantial increase of the thermal rate constant at
temperatures below 200 K. From the theoretical point of view, this reaction has been studied by
using the master equation and Kinetic Monte Carlo (together with quassiclasical trajectories and
RRKM). The work of Siebrand et al. indicates that the sudden increase of the thermal rate constants
is only possible if a third body is present to stabilize the OH + methanol complex (those authors
consider that the third body is a second molecule of methanol).
In this context, it is interesting to check whether a different theoretical method can confirm
that conclusion or refute it. With this objective in mind, we have used the canonical unified
statistical (CUS) theory, which provides a framework to study the behavior of the reaction at low
and at high pressures. For that study we have performed high level DFT calculations that compare
well with CCSD(T), as well as calculations that include torsional and high-frequency modes
anharmonicity. These new results indicate that in the low-pressure limit the low-temperature rate
constants are of the same order as those above 200 K, with no significant increase. However, in the
high-pressure limit the low-temperature rate constants present the same behavior as the
experimental data. These new calculations confirm that there is some effect of the pressure in the
Laval nozzle experiments and that it is possible that methanol dimers play a role in such
experiments as predicted by Siebrand et al.
References
Shannon R. J. et al., Nat. Chem., 5 (2013) 745
Antiñolo M. Astrophys. J. 823:25 (2016)
Siebrand W. et al. Phys. Chem. Chem. Phys. 18 (2016) 22712
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COMs in prestellar cores: observations and challenges
Aurore Bacmann*,1, Alexandre Faure1
1

Univ. Grenoble Alpes, CNRS, IPAG, 38000 Grenoble, France
*
aurore.bacmann@univ-grenoble-alpes.fr
.

Keywords
Prestellar cores, observations.

As likely precursors of prebiotic molecules, complex organic molecules have been the subject of
intensive investigation. Long thought to be characteristic of the hot cores of star forming regions,
they are now found in a wide range of regions with various physical conditions, including prestellar
dense cores, i.e. at a stage even prior to the formation of protostars. The unexpected detections of
terrestrial-like complex organic molecules in these cold (~ 10 K) sources questioned our
understanding of their formation mechanism, since these species were first thought to originate
from warm chemistry. In this presentation, I will show recent observational results of complex
organic molecules in prestellar cores, and expose what we can learn about their formation
mechanisms, as well as highlight the remaining challenges.
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Interpreting the detection of COMs in cold dense cores with gas-grain
astrochemical models
Vianney Taquet1
1 INAF–Osservatorio Astrofisico

di Arcetri, Largo E. Fermi 5, Firenze 50125, Italy.

Keywords
Astrochemical modelling, Non-thermal desorption, Gas-phase chemistry

The advent of sensitive large-band receivers placed on single-dish sub-mm telescopes recently
allowed astronomers to detect several complex organic molecules (COMs) towards cold (T ~ 10 K)
dense cores (Bacmann et al. 2012, Vastel et al. 2014, Jimenez-Serra et al. 2016, Taquet et al. 2017).
These detections challenge the current chemical scenario, based on radical-radical recombination in
warm (i.e., T > 20 K) ices, invoked to explain the organic chemical complexity around low-mass
and high-mass protostars (Garrod et al. 2008). As shown by gas-grain astrochemical models, the
presence of cold COMs in dense cores would rather be due to cold gas phase chemistry triggered by
the non-thermal desorption of methanol (Vasyunin & Herbst 2013, Balucani et al. 2015). I will give
here an overview of these state-of-the art astrochemical models developed to interpret the detection
of COMs in star-forming regions. I will discuss how the various non-thermal desorption processes
are treated in models and present the different chemical pathways for the production of COMs by
taking di-methyl ether CH3OCH3 and methyl formate CH3OCHO as key examples.

References
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COM Chemistry in Star-forming Regions: Gas-phase vs. Grain
Surface Formation of NH2CHO and CH3NCO
Izaskun Jimenez-Serra*,1, David Quenard1, Serena Viti2, Jonathan Holdship2 and Audrey Coutens3
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Queen Mary University of London, Mile End Road, E1 4NS, London, UK. i.jimenezserra@qmul.ac.uk
2
University College London, Gower Street, WC1E 6BT, London, UK.
3
Laboratoire d’astrophysique de Bordeaux, Univ. Bordeaux, CNRS, B18N, allee Geoffroy SaintHilaire, 33615 Pessac, France
Keywords: Astrochemistry, Molecular data

In the past decade Complex Organic Molecules (or COMs, defined as carbon-based species
with more than 6 atoms) have attracted much attention due to their link to prebiotic molecules or
species involved in the processes leading to the origin of life. Thanks to the advent of highersensitivity instrumentation, we now know that these complex organics are ubiquitous in the
interstellar medium (ISM), even appearing in harsh environments such as the nuclei of galaxies.
In this talk I will present our recent chemical modelling work (Quenard et al. 2017, submitted)
that aims at constraining the dominant formation/destruction routes of COMs with peptide-like
bonds such as formamide (NH2CHO) and the recently discovered molecule methyl isocyanate
(CH3NCO; Halfen et al. 2015; Cernicharo et al. 2016). This modelling suggests that gas-phase
routes such as those proposed by Skouteris et al. (2017), dominate the formation of these COMs in
the low-temperature regime, since they are needed to explain the upper limits and abundances
measured toward a variety of star-forming environments, from pre-stellar cores to low-mass, warm
envelopes and cores.
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Reaction kinetics of OH radicals with interstellar COMs at low
temperatures
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In the field of astrochemistry, complex organic molecules (COMs) are defined as molecules
which are formed by C, H, O and/or N atoms and have six or more of atoms (Herbst & van
Dishoeck., 2009). Understanding how those molecules are formed and destroyed is crucial to model
their abundances in different regions of the interstellar medium. Usually, the rate coefficients (k) for
many gas-phase radical-molecule reactions used in modelling are extrapolations from Arrhenius
expressions of their temperature dependence reported at T > 200 K. Nevertheless, these reactions
have been measured to be much faster than obtained from extrapolations.
The aim of this work is to provide new kinetic data on reactions of hydroxyl (OH) radicals
with some COMs at ultra-low temperatures (22-107 K), such as CH3CH2OH, CH3OH (Antiñolo et
al., 2016) or HC(O)OCH3 (Jiménez et al., 2016) and other small molecules believed to be important
precursors of COMs, such as H2CO (Ocaña et al., 2017). The kinetics of these reactions has been
studied experimentally by our group in Ciudad Real using the pulsed and continuous CRESU
(French acronym for Cinétique de Réaction en Ecoulement Supersonique Uniforme, that stands for
Reaction Kinetics in Uniform Supersonic Flow) technique coupled with the PLP – LIF (Pulsed
Laser Photolysis – Laser Induced Fluorescence) technique (Jiménez et al. (2015). Finally, the
astrochemical implications of the obtained results and future works will be presented at the
conference.
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COLLISION-INDUCED EMISSION AND ABSORPTION IN SELFCOLLISIONS OF O2(1∆g)
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The energy emitted in a textbook example of chemiluminescence, the peculiar red light
produced by singlet molecular oxygen is about twice that of the O2(1∆g) → O2(3Σg-)
transition. Since the transition is strongly spin-forbidden, its origin is not
trivial.
Multi-Reference Configuration Interaction Singles and Doubles calculations with a posteriori
Pople correction for size-consistency (MR-CISD+QP) have been performed at numerous relative
orientations of the two O2 molecules and energies as well as the Einstein A coefficients for
spontaneous emission have been evaluated for all states of the first singlet manifold. The O2(1∆g)–
O2(1∆g) van der Waals interaction is weak, the binding energy is around 200 cm-1. This suggests that
at room temperature no long-lived complex is formed. In the bound domain of the dimer the
oscillator strength is very small, but increases at smaller intermolecular separations, where,
however, the interaction is repulsive, which suggests that the emission of the bound dimer is weak,
but collisions allow the system to access the repulsive part of the potential energy surface up to the
collision energy, where the oscillator strength is relatively large.
A semiclassical model has been worked out (which roughly coincides with that used in
modeling radiative association) with an extension to calculate the energy and shape of the emission
peak. We found that the emission observable at around 300 K induced by collisions occurs at about
one half of the wavelength corresponding to the O2 singlet-triplet energy gap because the singlet
and triplet potential curves of the dimer are almost parallel not only the dissociation limit but also at
small separations. The contribution of different orientations of the two O2 molecules to the
magnitude and shape of emission has been evaluated. The position of the emission peak is in accord
with the experiment, and the estimated rate coefficient of collision-induced emission averaged over
orientation is in reasonable agreement with the measurements.
The results of extending the model calculations to collision-induced absorption will also be
presented.
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On the synthesis of complex organic molecules by ion-molecule
reactions: formamide, glycine and urea
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Different organic molecules have been observed in the space and recently glycine was found
in the comet 67P/Churyumov-Gerasimenko (Altwegg et al.). While these molecules have been
observed, the mechanisms by which they are formed under astrophysical conditions are not clear.
One main problem is that they are very cold such that they do not always have enough activation
energy to react under thermodynamic conditions. Ion molecule-reaction is a possibility, which
merits to be investigated since the barriers are generally low and the ions can be accelerated under
astrophysical conditions and they can use this energy to react.
We show here how formamide, glycine and urea can be formed, by means of theoretical
chemistry. In particular, ion-molecule collisional simulations show that formamide and glycine
could be formed by the following reactions (Spezia et al.):
(1) NH2OH2+ + H2CO
(2) NH3OH+/NH2OH2+ + CH3COOH
In both cases the products correspond to loss of a neutral water molecule, and the collisional
energy is transformed into internal energy such that the reaction can occur. Notably, in both cases
the final ion has been synthesized in a form different from regular formamide and glycine.
A study of the potential energy surfaces of possible bi-molecular reactions leading to urea was
also conducted resulting in a barrier-less ion-molecule reaction. Preliminary collisional dynamics
show that urea precursors can be obtained but, due to other competing reactions, the efficiency is
not larger than in the case of glycine and formamide.
Finally, we have studied the formation of glycine experimentally in a modified Paul
(McAleese et al.) ion trap at the FEL-CLIO (Centre Laser Infrarouge d’Orsay) facility in Orsay. In
our experimental conditions we were able to observe only the adduct. However, if the
NH3OH+:CH3COOH complex is irradiated via multiple IR photons from the FEL an ion with the
mass of protonated glycine is also formed. A similar phenomenon is observed for urea. These
interesting new results suggest the possibility that IR radiation triggers the formation of such
organic molecules under astrophysical conditions.
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DYNAMICS AND NOVEL MECHANISMS OF REACTIONS OF
ATOMS AND IONS WITH POLYATOMIC MOLECULES
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We developed high-level ab initio full-dimensional analytical potential energy surfaces
(PESs) for the X + CH4 (X = F, O, Cl, Br) reactions and studied their dynamics using the quasiclassical trajectory (QCT) method (Czakó & Bowman, 2014). While the analytical PES-based
approach has been widely used for atom + molecule reactions and recently helped to map the
transition-state bending potential for Cl + CHD3 (Pan et al., 2017), the simulations of bimolecular
nucleophilic substitution (SN2) reactions have traditionally been performed using direct dynamics,
in which the required forces are computed on-the-fly at relatively low-level of electronic structure
theory. We have recently started to use the above mentioned analytical PES-based approach for SN2
reactions, thereby allowing efficient QCT computations and setting a new state-of-the-art for the
dynamics simulations of SN2 reactions. Using this novel approach we have studied the F + CH3Y
(Y = F, Cl, I) reactions (Olasz et al., 2017; Szabó et al., 2013 and 2015; Szabó & Czakó, 2015) and
we are working on the more complex F + CH3CH2Cl system (Tajti & Czakó, 2017) as well. The
simulations revealed a new double-inversion reaction pathway (Szabó & Czakó, 2015), showed
front-side complex formation (Szabó et al., 2017), and uncovered the impact of the leaving group
(Stei et al, 2016) on the dynamics of SN2 reactions. Furthermore, the stereo-specific analysis
technique developed for SN2 reactions has been utilized to identify novel reaction pathways for the
Cl + CH4 reaction.
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Atomic species such as C, N and O are thought to be present in a wide variety of astrochemical
environments including diffuse and dense interstellar clouds and in planetary atmospheres. The
reactions of these atoms in their ground electronic states with small molecules have been shown to
have an important influence on the chemical diversity of the interstellar medium in particular
(Agundez & Wakelam, 2013; Loison et al 2014). In contrast, the reactions of C, N and O in excited
electronic states are much less well understood. Although these species have only limited influence
on the gas-phase chemistry of interstellar environments due to their relatively short radiative
lifetimes, recent work has suggested that excited state atoms could play more important roles in COM
formation through insertion reactions on interstellar ices (Bergner et al., 2017).
Here, I will present some of our recent work on ground state/excited state atom + molecule
reactions using the Bordeaux CRESU apparatus. These results will be discussed in the context of their
potential role in the chemistry of the interstellar medium .
References
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New observational constraints of organic chemistry in cold dark
clouds
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The great improvement achieved in last years in the sensitivity of radioastronomical receivers
is allowing nowadays to detect interstellar molecules down to unprecedented abundance levels. In
this talk I will present the detection of various organic molecules in cold dark clouds. The ketenyl
radical (HCCO) and protonated cyanogen (NCCNH+) have been detected for the first time in space
in various dark clouds down to abundance levels as low as 10-12-10-11 relative to H2, while other
molecules such as the HCO radical and propylene (CH2CHCH3), which were known to be present
in just a few cold dense clouds, have been detected in a wider sample of similar sources. I will
discuss the implications of these detections for our current understanding of the chemistry of cold
dark clouds.

Fig. 1. Lines of HCCO and NCCNH+ detected for the first time in space in two cold dark clouds (Agúndez
et al. 2015a,b).
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Processes involved in the formation of COMs on dust surfaces
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Astrochemistry, ISM: abundances, dust, extinction.

In the Interstellar Medium, the formation of molecules on dust is govern by the binding
energies of the reacting species, their diffusion as well as their reaction barriers. While many
experiments are used to derive such important quantities that are driving the solid phase reactivity,
the methods used to reproduce the experiments are of main importance since they constitute the
interface between experiments and the interpretation of astrophysical observations. We recently
showed that Temperature Programmed Desorption experiments (TPDs) do provide the binding
energy of icy species when the ice is processed and re-oganized, which is mostly not encountered in
the ISM (Cazaux et al. 2017). Looking at the reactivity in ices, reproducing experimental results
either with Monte Carlo or with rate equations methods do provide different values for reactions
barriers. This is critical for surface reaction networks, which are using quantities mostly derived by
these two methods.

Fig. 1. Binding of CO molecules seen in laboratory experiments (left) and in pre-stellar cores at 6
K. Each box represent one CO molecule and the color shows the binding energy in kelvins.

References:Cazaux, S., Martin-Domenech, R., Chen, Y. J., Munoz Caro, G. M., & Gonzalez Diaz,
C. 2017, arXiv:1709.01285
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Icy mantles on dust grains are the environment for the synthesis of many complex organic
molecules (COMs) in interstellar molecular clouds. The production of various COMs strongly
depends on the composition of the ice itself, i.e., the abundance proportions for major icy species.
As gaseous species accrete on the grains, the proportions of H2O, CO, CO2, NH3, CH3OH and
probably N2 (e.g., Öberg et al. 2011) in starless clouds is the result of several processes. First,
desorption by interstellar photons in (contracting) diffuse clouds defines the onset of ice formation.
As the cloud contracts and becomes darker, effective selective desorption is required for the
H2O:CO:CO2 abundance ratio to be reproduced by astrochemical models (Kalvāns 2015c). Such a
mechanisms may be cosmic-ray (CR) induced whole-grain heating, which may have a higher
frequency than previously thought (Kalvāns 2016).
Photoprocessing converts CO mixed with H2O into CO2, deeply affecting the balance between
these three main species in the icy mantles. While interstellar photons dominate in diffuse medium,
processing by CR-induced photons is important for ices in stable starless cores (Kalvāns 2015b).
Most COMs in ices are the result of CO hydrogenation. The H atoms accrete from the gas or
are provided by the photodissociation of H2O. The dissociation of CO is source for C atoms in ice,
contributing to the synthesis of carbon chains. NH3 must be present for the synthesis of COMs
containing the amine group. If methanol has been synthesized in ice in significant amounts, its
destruction as a source for the CH3- and OH- groups (Kalvāns 2015b). Meanwhile, CO2 is largely
an end product of reaction chains.
Therefore, photodissociation is crucial for chemical complexity in ices. Other seemingly
minor but potent effects include a minor and temporal heating of a cloud core (Kalvāns 2015b),
heating by CRs and direct destruction of icy species by CR particles (Kalvāns 2015a).
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Protoplanetary disks – Astrochemistry – Molecular processes

The superior sensitivity of the Atacama Large Millimeter/submillimeter Array (ALMA) has
allowed the first detection of so-called complex organic molecules (COMs) in protoplanetary disks
orbiting nearby young stars (Öberg, K. I., et al. 2015; Walsh et al. 2016; Loomis et al. 2017). These
detections provide the first link between the chemical complexity which is observed to be
ubiquitous in star-forming regions with that also seen in the cometary record in the Solar System.
COMs - defined as containing carbon and six or more atoms - are thought to be the stepping stones
towards the formation of prebiotic molecules such as amino acids. In this talk I will present the
recent results from ALMA reporting the detections of gas-phase CH3CN (methyl cyanide) and
CH3OH (methanol) towards our nearest protoplanetary disk, TW Hya (Walsh et al. 2016; Loomis et
al. 2017). I will present results from chemical models which confirm the importance of grainsurface chemistry for the generation of COMs in the ice phase in protoplanetary disks (Parfenov et
al. 2017; Walsh et al. 2017). I will also discuss the various proposed mechanisms for the release of
ice-formed COMs into the gas phase in the cold regions of the disk (< 40 K) from where the
molecular emission arises (Ligterink et al. 2017; Walsh et al. 2017).
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The different vacuum-ultraviolet (VUV) photon-induced desorption processes of COMs present in
ice mantles as starting ice components or subsequently formed by ice processing are introduced.
Depending on the experimental parameters, in particular the initial ice composition of the VUVirradiated ice, COMs were found to i) desorb with an increasing rate, ii) constant rate, or iii) no
observed desorption. In this context, the transmission of photon energy in the ice will be discussed.
These results can be extrapolated to the astrophysical context of ice mantles exposed to the
secondary VUV-field in cold regions.

Fig. 1. A constant desorption of the CH4 photoproduct, during irradiation of pure CH3OH ice, is likely the result of
radical recombinations on the ice surface. The excess energy overcomes the binding energy and the new molecule
desorbs inmediately after formation, this is a type of chemical desorption or ¨photochemidesorption¨.
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Complex Organic Molecules in star forming regions:
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Astrochemistry - ISM:molecules - Radiolines:ISM

One of the most important questions in molecular astrophysics is how, when, and where
complex organic molecules, COMs (i.e. that contains 6 atoms or more, see Herbst & van Dishoeck,
2009), are formed. In the Interstellar-Earth connection context, could this have a bearing on the
origin of life on Earth? Formation mechanisms of COMs, which include potentially prebiotic
molecules, are still debated and may include grain-mantle and/or gas-phase chemistry.
Understanding the mechanisms that lead to the interstellar molecular complexification, along with
the involved physicochemical processes, is mandatory to answer the above questions. In that
context, active researches are on going on in theory, laboratory experiment, chemical modelling and
observations. Thanks to recent progress in radioastronomy instrumentation (e.g. NOEMA, ALMA),
new results have been obtained, in particular through large observation programs such as SOLIS
(Seeds of Life in Space, PIs C. Ceccarelli & P. Caselli). I will review some notable results on the
detection of COMs, including prebiotic molecules, towards star forming regions and their
consequences on the physicochemical processes at play for their production (e.g. Favre et al., 2014,
Jaber et al., 2014, Brouillet et al., 2015, Jørgensen et al., 2016, Fontani et al., 2017, Pagani et al.,
2017).
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Complex organic molecules (COMs) are detected in a number of objects representing earliest
stages of star formation, including prestellar cores (e.g., Bacmann et al., 2012, Jiménez-Serra et al.,
2016 etc.). Although currently there is no commonly accepted scenario of their formation at low
temperatures of ~10 K typical for prestellar cores, it is likely that such scenario includes some gasphase chemistry facilitated by non-thermal desorption of species from interstellar grains (e.g.,
Vasyunin and Herbst, 2013) as well as possible ice processing with energetic particles (Ivlev et al.,
2015). Many details of these processes are currently known poorly, but recent progress in laboratory
studies shed some light on the details of relevant physical processes at cold environments (e.g.,
Minissale et al., 2016). First detailed models of COMs formation in prestellar cores appeared
recently (e.g., Vasyunin et al., 2017).
In my talk, I will present further development of the model published in (Vasyunin et al.,
2017). The chemical model is now coupled with 1D hydrodynamic code developed by
(Pavlyuchenkov and Zhilkin, 2013) which allows us to study the interplay between chemical and
dynamical evolution of prestellar cores until the emergence of the first hydrostatic core. I will
discuss the impact of initial conditions on the development of COMs during the evolution of a
prestellar core as well as the evolution of COMs on the verge of the formation of the first
hydrostatic core. In addition, I’ll discuss the impact of recent laboratory and theoretical findings on
the chemical model of the formation of COMs in cold environments.
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CH3NCO ices: infrared spectroscopy and energetic processing
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Methyl isocyanate has been recently detected in comet 67P/ Churyumov-Gerasimenko
(67P/CG) (Goesmann et al. 2015) and in the interstellar medium (Cernicharo et al. 2016). In this
work, infrared spectra of solid CH3NCO have been obtained at temperatures of relevance for
astronomical environments. The spectra are dominated by a strong, characteristic multiplet feature
at 2350-2250 cm-1, which can be attributed to the antisymmetric stretching of the NCO group. The
band strengths for the absorptions of CH3NCO in ice have been measured (Maté et al. 2017).
Samples of CH3NCO diluted in H2O ice were also formed by simultaneous deposition of
water and methyl isocyanate at 20 K (see Figure 1). In different experiments, these ices were then
subjected to heating, bombardment with 5 keV electrons and UV irradiation with ≈ 7.6 eV photons.
Heating of the ices leads to variations in the infrared band profiles but not to an appreciable
depletion of CH3NCO until H2O sublimation (beyond T=150 K) and thus rules out hydrolysis in the
ice. UV irradiation and electron bombardment at 20 K lead to the destruction of CH3NCO and to the
formation of CO, CO2 and OCN- ions in the processed ices.
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The high CH3NCO/H2O ratio reported for comet
67P/CG, and the characteristic spectral structure of the
antisymmetric stretching of the NCO band, make
methyl isocyanate a very good candidate for future
astronomical searches.
A preliminary evaluation of the energetic
processing results suggests that the lifetime of
hypothetical CH3NCO present in the ice mantels of dust
grains in a typical dense cloud might be shorter than the
cloud´s lifetime.

Fig. 1. Spectrum of a mixture of H2O and
CH3NCO. ( ≈ 1.5% CH3NCO molec. ratio)
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This investigation is focused on mixtures of water and methane, plus a relevant amount of
nitrogen, frozen at 40 K, in an attempt to simulate the possible content of a spot at the surface of
Pluto, the Pulfrich crater (Grundy et al., 2016), recently observed by the New Horizons mission.
The interpretation of infrared measurements of remote sources, like in astronomical missions,
often relies on the knowledge of the density of the sample measured by other means. For icy
samples containing water, the analysis of the infrared spectra may reveal the presence of different
kinds of O-H bonding types, from free or nearly free O-H bonds to O-H…O hydrogen bonds of
diverse strength. Each bonding type has a different signature, but also this signature may vary with
the density of the sample. By varying the size of the cell containing these mixtures of molecules, we
can study the effect of the corresponding density of the sample on the predicted IR spectra.
Our calculations are carried out at density functional theory (DFT) level, using the CASTEP
code. We predict the mid-IR spectra of the normal modes of the mixtures, optimized at their minima
in the potential energy surface (Gómez and Escribano, 2017), and also we are trying to calculate the
spectra in the near-IR region, using Molecular Dynamics and the Fourier Transform of the Dipole
Autocorrelation Function. We will discuss at the meeting our current results, which are still in
progress.
We have also recorded in our lab
spectra of mixtures of water and
methane of different content in both
regions of the IR region. All these
results are used to compare with the
calculations.
Fig. 1. Structure of a sample with
density 0.75 g cm . Two unit cells are shown to better appreciate the optimized structure.
-3
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In cold regions of interstellar space dust grains are enveloped by icy mantles composed of water and
other volatile species. These ices are exposed to UV radiation that can dissociate molecules in the
ice and form reactive radicals. If mobile, the radicals can diffuse and react to form complex organic
molecules (COMs) that could potentially be delivered to nascent planetary systems. Despite the role
of ice photodestruction in producing COMs, there are relatively few laboratory studies that record
photodestruction cross sections of solid species; therefore, many astrochemical models still rely on
those measured in the gas phase (Öberg, 2016). Previously measured ice photodestruction cross
sections have been limited by uncertainties in the lamp photon flux and UV-spectrum, as well as the
UV penetration depths through the ice (Gerakines et al. 1996, Cottin et. al 2003). There is limited
data on the dependencies of ice photodestruction rates on the UV wavelength, the ice temperature
and the ice composition.
I will present our current work to produce a new body of VUV photodestruction cross sections for
a range of astrophysically-relevant ice species. I will discuss how the ice photodestruction rates
change with ice temperature and thickness, as well as due to reactions with different
photofragments within the bulk ice. An accurate knowledge of these cross sections is fundamental
to our understanding of the role of photochemistry in producing COMs and will be especially
critical in the era of highly sensitive infrared telescopes like the James Webb Space Telescope
(JWST) that will shed new light on the composition of astrophysical ices.
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In very young solar type stars, still embedded in their envelops, X-ray is one of the main
ionizing radiation source dominating the high-energy emission of young stars. UV radiation in the
surrounding gas is drastically reduced and limited to the innermost region of the envelope (e.g.,
Stäuber et al. 2004). The X-ray emission of a solar-type star 100 Myr old is higher than the EUV
and it remains within a factor of two up to 1 Gyr (Ribas et al. 2005).
In such environments X-ray must play an active role in the chemistry of the ices. In the last years
we have explored the chemistry induced in ice analogues of different compositions by soft X-rays
(250-1250 eV) as function of the photon energy and rate.
An overview of the results and a comparison with other radiation and particle sources is discussed.
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Depletion of ethanol by reaction with OH radicals at typical
temperatures of the dense molecular clouds of the interstellar medium
(21-107 K)
Sergio Blázquez1, Antonio J. Ocaña1, María Antiñolo2, Bernabé Ballesteros1,2, André Canosa3, José
Albaladejo1,2, Elena Jiménez1,2,*.
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Ethanol (CH3CH2OH) has been unveiled in the interstellar medium (ISM) by
radioastronomy and it is thought to be released into the gas phase after the warmup phase of the
grain surface, where it is formed. In order to model the observed abundances, chemical models need
the rate coefficients (k(T)) of the processes in which CH3CH2OH is involved at the temperatures of
ISM (10-100 K). One reaction that depletes ethanol is the gas-phase reaction with hydroxyl (OH)
radicals, ubiquitous in the ISM. Caravan et al. (2015) investigated the kinetics of this reaction at
temperatures between 54 K and 148 K, showing a significant increase of k(T) with respect to that at
room temperature. We also observed this enhancement for other OH-reactions, i.e. with CH3OH
(Antiñolo et al., 2016), HC(O)OCH3 (Jiménez et al., 2016) and H2CO (Ocaña et al. 2017). The aim
of this work is then to provide new kinetic data on the reaction of OH radicals with CH3CH2OH at
ultra-low temperatures (21-107 K). The pulsed and continuous CRESU (French acronym for
Cinétique de Réaction en Ecoulement Supersonique Uniforme, that stands for Reaction Kinetics in
Uniform Supersonic Flow) technique has been used coupled with the PLP – LIF (Pulsed Laser
Photolysis – Laser Induced Fluorescence) technique (Jiménez et al. 2015). With respect to k(300
K), the OH-reactivity at 21 K is enhanced by two orders of magnitude. In addition, the pressure
dependence of k(T) has been investigated at several temperatures between 21 K and 90 K. Our
results show that k(T) is not clearly dependent on total gas density in the investigated ranges.
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Neutral HC3N is very abundant in outer space. However, there is no evidence of existence of
the anions of this species, and we investigate the reason for this fact. Low-energy isomers of HC3N−
species will be presented, and also the results of calculations of adiabatic and vertical electron
affinity (EA) of the corresponding neutral, with the aim to define if this neutral has positive or
negative values of EAs. Its stability and the existence of possible dipole-bound states (DB) will be
analyzed. Additionally, by calculating the stretching potential curves, when H atom is removing
from the linear C3N− fragment, we can perhaps find the way for the formation of the C3N− anions.
In the other direction, the associative detachment reaction (AD reaction) where colliding partners
are H and C3N− can give rise to the neutral HC3N molecule plus electron, and we will examine if
this path is possible. Both C3N− and HC3N were detected and this reaction would link them.
Geometries were obtained at the open-shell coupled
cluster RCCSD(T)-F12/cc-pVTZ-F12 level of theory, and
harmonic frequencies with the same method employed.
Further, at linearity, neutral and anion were calculated with
the CASSCF method, we also performed single-point
coupled
cluster
RCCSD(T)-F12/cc-pVQZ-F12
and
CASSCF-MRCISD(Q)-F12/ cc-pVTZ-F12 calculations.
Apart from presenting potential energy curves of the neutral
and anion species, we will show their dipole moments.
The vertical Eea is negative in the neutral potential
well, however out of it, become positive. Due to the fact that
the dipole-bound anion (a.2) has very large dipole moment
at equilibrium geometry of the neutral, we can say that in
that metastable region, according to only linear geometry,
the neutral is the more stable species. However, the lowest
Fig. 1. The most stable anions
anion isomer has energy almost equal to the neutral, and
adiabatic electron affinity is in fact very small and positive.
Some of the results will be compared with the previous calculations of Sommerfeld et al. (2005)
and experimental work of Goebbert et al (2010).
References
Goebbert D.J., Khuseynov D., Sanov A., J. Phys. Chem. A. 114 (2010) 2259–2265.
Sommerfeld T., Knecht S., Eur. Phys. J. D. 35 (2005) 207–216.

P3

P4

The COST Meeting. Ciudad Real (Spain) December 2017

Impact of the desorption energy of atomic oxygen on the chemical
evolution in star-forming regions
V. A. Sokolova*,1,2, A. B. Ostrovskii2 and A. I. Vasyunin3,2
1

Ventspils University College, Ventspils International Radio Astronomy Centre (VIRAC),
Ventspils, Latvia, sokolova.valeriie@gmail.com
2
Yeltsin Ural Federal University, Yekaterinburg, Russia
3
Max-Planck-Institute for Extraterrestrial Physics, Garching, Germany

Keywords
Astrochemistry, dust, biding energy, modelling, molecules, abundances, molecular processes

The desorption energy of atoms and molecules determines mechanisms of chemical
processes on the surface of dust particles as well as chemical composition of the interstellar
medium. Oxygen is one of the most abundant and chemically active elements in the interstellar
medium, as well as one of the key chemical elements necessary for the origin and evolution of life.
Earlier, theoretically estimated value of desorption energy of oxygen EbO = 800 K was used for
modelling chemical evolution of medium, but in recent studies of (He et al., 2015) and (Minissale et
al., 2016) estimated value of desorption energy of atomic oxygen was obtained experimentally and
these estimates are approximately twice of the previously estimated value.
In this work, we discuss the impact of recently measured value of atomic oxygen desorption
energy (EbO = 1850 K) on the chemical evolution on the surface of dust particles and in gas phase.
We used astrochemical models of a cold dark cloud and a collapse from a translucent cloud into a
dark cloud to assess the impact of the new value of atomic oxygen desorption energy on the
modeling results. Analysis shows that there are no significant changes between the models in
selected conditions, but abundances of several molecules are affected by the oxygen desorption
energy increased from the previously adopted value (EbO = 800 K) to the new value (EbO = 1850 K):
O3 for the model of cold dark cloud, O2H, H2O2, O3, H2C3O, HC2O for the first “warm-up” stage of
a collapse from a translucent cloud into a dark cloud and C, O, O2, CS, SO for the second stage of a
collapse. For these species, we perform the analysis of their formation pathways.
This work was supported by a grant of the President of the Russian Federation for young
PhD scientists (project MK-8005.2016.2).
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Atomic and molecular clouds are the objects of great interest, because their physical and
chemical properties determine the initial conditions for star formation process (Snow & McCall,
2006). One of the important problems in the studying of a diffuse medium is the formation of
molecular hydrogen and explanation of its abundances in the medium. Moreover, according to
recent observations there are some molecules which are more abundant in diffuse clouds than
predicted by models, with the values of abundances typical for cold dense clouds. Existing chemical
models of diffuse clouds experience some difficulties with explaining those abundances and rate of
conversion of H to H2, e.g., (Hollenbach & Salpeter, 1971), (Pirronello et al., 1999, 1997), (Cazaux
& Tielens, 2004). Recently (Tsytovich et al., 2014) proposed a theoretical model that predicts the
existence of an earlier unknown instability in a diffuse medium, leading to inhomogeneities of dust
distribution over the clouds on small spatial scales (< 30 AU).
In this work we perform the analysis of the possible effect of gas-dust clumps, possibly
formed in the interstellar medium due to that instability, on the chemical evolution of the diffuse
interstellar medium. For this purpose we model diffuse medium along the well studied lines-of-sight
in direction on objects like W49N, W31C and W51. We found that in the model with clumps, the
conversion timescale of atomic hydrogen into molecular is an order of magnitude smaller than in
standard model. Thus, the model with clumps shows better agreement with assumption about rapid
evolution (1-2 m. of years) of molecular cloud from a diffuse cloud in steady state (Hartmann,
2001). Furthermore, “clumpy” model shows higher abundances of some molecules (for example,
CS and H2S) than the standard model; probably helps to explain abundances of CH, NH and NH2
and shows no significant changes in abundances of H2O+, OH+ and H3O+. At the same time, there
are no molecules which abundances show worse agreement with observational data in a clumpy
model than in standard model.
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