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Abstract

The origin of life on Earth remains one of the most captivating scientific questions. To
explain the emergence of life, one must first understand how the molecular building blocks
necessary for the first living cell appeared. This thesis contributes to the investigation
of the exogenous origin of these building blocks—that is, their synthesis in astrophysical
environments and subsequent delivery to Earth via cometary and asteroidal impacts. The
focus is placed on the potential formation of amino acids - particularly glycine - in dark
molecular cloud environments.

Building on the gas-phase study by Groyne (2023), this work extends the investigation
using a static (i.e. with fixed physical parameters over time) three-phase astrochemical
model that incorporates not only gas-phase chemistry, but also reactions occurring on and
within interstellar dust grains, including their surfaces and icy mantles. This modeling
is performed using the Nautilus code (Ruaud et al., 2016). After presenting this rate-
equation-based model and comparing it to results obtained with the Astrochem code in
Groyne (2023), this study offers a detailed analysis of the chemical behavior of key glycine
precursors, as identified in various formation pathways proposed in the literature.

Finally, a comparison with observational data from the literature is conducted, high-
lighting the limitations of this simplified model in reproducing observed ice abundances.
Although a static, rate-equation-based approach may not be optimal for modeling ice
compositions, this study provides valuable initial insights into the chemical behavior of
glycine precursors, laying the groundwork for future research using more comprehensive
and dynamic models.
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Chapter 1

Introduction to the field of
Astrochemistry

In this introductory section, the field of Astrochemistry will be introduced along with
its various connections with other research fields. The two main guidelines to follow, i.e.
molecular complexity and astrophysical filiation, will also be introduced, as well as a brief
census of molecular species that have been discovered so far in the interstellar medium.

1.1 What is Astrochemistry? What lies behind this field of
research?

Before diving into the core of the work that I have carried out throughout this academic
year, it is essential to get everyone on the same page and to clearly define the field we
are studying. Following De Becker (2013), Astrochemistry can be defined as "the science
devoted to the study of the chemical processes at work in astrophysical environments, in-
cluding the interstellar medium, comets, circumstellar and circumplanetary regions”.

Our research field is at the crossroad of two disciplines giving it its name, namely
Astrophysics and Chemistry. The first is focusing on the physics behind the evolution
of astronomical objects, while the second is linked to the study of the formation and
evolution of molecular species within a given environment. Astrochemistry is thus a mul-
tidisciplinary scientific domain using both fields in a complementary way, extending the
application field of Chemistry to space and being a significant input for Astrophysics’.
A next step in our definition of the field is to differentiate Chemistry from Molecular
Spectroscopy. There is often confusion between those and it is therefore useful to define
them properly. The first has already been defined, whereas the second could be seen as
a technique allowing a qualitative and quantitative study of molecular species through
their interaction with electromagnetic radiations (absorption and emission) within a given
environment (astrophysical or not). This technique is thus an extremely useful tool for
Astrochemistry, because it allows the census of molecular populations.

Another link to be highlighted is the one to Astrobiology, which is of prime impor-

Indeed, the molecular content of an astrophysical environment (interstellar cloud, protoplanetary
disk, planetary nebulae, ...) is completely dependent on its physical properties. As we will see in Chapter
2, chemical reactions (moreover astrochemical reactions) depend a lot on the density and temperature
conditions.
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tance in the context of the present work. Several key questions in Astrobiology can be
tackled with the help of Astrochemistry such as the origin of the building blocks of life
(sugars, nucleic acids, amino acids, ...), i.e. endogenous or exogenous, but also the origin
of the homochirality problem?, the problem of bio-signatures (with the help of molecular
spectroscopy) as discussed in Seager et al. (2013) and Seager et al. (2016), and also the
RNA (RiboNucleic Acid) world hypothesis to explore the gap between biotic and abiotic
systems (Gilbert, 1986; Ayukawa et al., 2019). This is of course not an exhaustive list,
but these are some questions that can be explored with the help of Astrochemistry.

We may say that Astrochemistry is the natural multidisciplinary answer that modern
science has developed to address scientific questions that are totally out of the scope of
existing individual scientific disciplines (De Becker, 2013). A summary of all those various
connections is presented in Figure 1.1.

Astrobiology

' o
<

Astrophysics

Figure 1.1: Schematic view of the interdisciplinary dynamical exchanges implied in the
astrochemical field of research.

Beside those considerations, on a more practical point of view, it is also important to
emphasize some challenges an astrochemist may encounter. Unlike classical Chemistry,
which takes place in laboratories under terrestrial conditions, Astrochemistry deals with
chemical processes occurring in space under highly unusual physical conditions. In
particular, temperature and density—two fundamental parameters in our study—differ
significantly. In most laboratory experiments, standard conditions of pressure and tem-
perature are assumed, namely 101325 Pa and 273.15 K. While experiments can to some
extent be conducted at higher or lower values, they are limited by what is achievable
on Earth. Under atmospheric conditions, the density at sea level® is approximately 1019

2Most of the amino acids and the sugars active in our biochemistry are respectively of the L-form and
D-form. Even if they are much rarer, other enantiomers can also be found in living organisms as discussed
for example in Fujii (2002) and Genchi (2017). A question that may be asked is the following: Where does
this enantioselectivity comes from? Is it linked to some astrophysical considerations? It may be, through
a phenomenon called asymmetric photolysis as for example discussed in Cerf and Jorissen (2000) or
Jorissen and Cerf (2002).

3Throughout this work, I may occasionally misuse the term density. Unless otherwise specified, density
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molecules/cm®. By contrast, the highest densities observed in the ISM correspond to
approximately 10 molecules/cm?®, typical of the densest molecular clouds—the primary
astronomical objects of interest in this study. This represents a decrease of about 10'3
orders of magnitude compared to terrestrial conditions. Furthermore, such low densities
are associated with extremely low temperatures, typically ranging from 10 K to 20 K. In
addition to these density and temperature differences, molecular clouds are continuously
exposed to intense radiation fields, primarily in the ultraviolet (UV) range, as well as to
energetic cosmic rays, as discussed in Chapter 2.

Considering these factors, such environments present a unique and challenging setting
for chemical studies. One might even assume that these astrophysical conditions are en-
tirely inhospitable to molecular formation, a view famously expressed nearly a century ago
(1926) by Sir Arthur Stanley Eddington (1882-1944): ” It is difficult to admit the existence
of molecules in interstellar space, because once a molecule is dissociated it seems to be no
chance for atoms to join again”. However, as we will explore in Section 1.3, molecules do
indeed exist in space. Moreover, it must be understood that such ISM-like conditions are
very difficult to reproduce in laboratory, even with the best technologies at our disposal®.
Furthermore, as discussed in Section 1.3, the molecular content of interstellar clouds is rich,
notably made of species present in rather low relative abundances, which makes spectral
molecular lines often difficult to characterize through spectroscopy.

All of those challenges complicate the work of astrochemists, and they must usually
restrict their studies to specific cases. For example, we might mention the study of inter-
stellar ices present inside molecular clouds, as discussed in Chapter 2, through experimen-
tation and simulation on interstellar ice analogues® or the study of the molecular content
of meteorites or cometary coma, known to possess a quite appreciable amount of organic
molecules (including notably amino acids).

As a conclusion to this section, we may say that astrochemists aim to understand the
molecular complexity that can be achieved in various astronomical environments, through
observational studies, computational molecular modeling (as done in this master thesis)
and laboratory experiments.

1.2 Two guidelines: molecular complexity and astrophysical
filiation

It is legitimate to ask ourselves: what do we mean by molecular complexity? It is already
possible to get, intuitively, a glimpse of its signification. Let’s take the Hs molecule, the
most abundant molecule in the universe. One senses that this molecule is more simple
than for example HoO. The CO molecule, the second most abundant molecule in the uni-
verse, a priori also more complex than He. Our opinion seems thus to be based upon the
number of different constituting atoms, as well as the number of chemical bonds within
the molecule.

should be understood as numerical density.

4Some setups are able to achieve these low temperature and pressure levels, such as the one at the
Laboratory for Astrophysics at the Leiden University (https://home.strw.leidenuniv.nl/~linnartz/
setups.html)

SInterstellar ice analogues are synthetic ices, containing elements which are known to be contained in
interstellar ices, aiming at reproduce the icy mantles surrounding dust grains.
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We will restrict the discussion to the reasoning proposed by Mil’'man (1989), which is
based on information theory, and where it is considered that ”the complexity of a molec-
ular compound can be approximated by the amount of information required to fully and
unambiguously characterize it”. Following this principle, we will consider several criteria
in order to establish the level of complexity of a given molecular species:

(i) The number of constituting atoms
(i) The number and diversity of functional groups®
(iii) The presence of a stereogenic center’

In order to investigate molecular complexity, two (complementary) approaches may be
followed: (i) we can either climb the complexity ladder, following the bottom-up ap-
proach, in which we study the simplest compounds in order to understand how they
can become more and more complex to achieve eventually the highest complexity that
we know, i.e. DNA, RNA and proteins, (ii) or we can go down this ladder following the
top-down approach where we start with the more complex molecules to find out their
precursors. In the context of this work, the first approach will be explored, as discussed
with much more details in Chapter 3.

The second guideline to be addressed is the concept that we call astrophysical fil-
iation, which is linked to the transformation of astrophysical environments, and thus to
the changes of the physical parameters affecting chemical reactions. A schematic view of
the connection between various astronomical environments is shown in Figure 1.2. In this
work, we focus exclusively on the interstellar medium (ISM), with a particular emphasis
on molecular clouds. However, it is important to remember that many other astrophys-
ical environments are equally relevant, as they are all interconnected. The collapse
of a molecular cloud leads to stellar formation, and only a small fraction of the original
cloud, not incorporated into the newly formed star, will give rise to a protoplanetary
disk. This disk will eventually evolve into planets, asteroids and comets. Some asteroids
and comets may become meteorites, enriching planetary surfaces with molecular material.
Stars, through their radiation fields, influence the molecular composition of interstellar
clouds, particularly the diffuse ones. As they reach the end of their life cycle, the ejected
planetary nebula/supernova remnants may further impact the surrounding interstellar
medium, primarily through hydrodynamic shocks that alter both density and tempera-
ture. While stellar evolution and planetary formation extend beyond the scope of this
master thesis, these processes are deeply intertwined. This broader astrophysical lineage
highlights the strong connections between various fields of study relevant to Astrochem-
istry.

5Mainly found in organic compounds, and can be simply defined as specific groupings of atoms within
a molecule, that possess their own reactivity properties, regardless of the other atoms inside the molecule.
Examples that will be of great interest to us are the carboxylic acid group R—COOH and the amine group
R—-NHs, contained in each amino acid. Let us note that the "R-" stands for the rest of the molecule.

"A stereogenic center is another word for chiral carbon, which is a carbon atom bound to four
different groups.
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Collapse

Protoplanetary disk

Evolution

Planetary system

Figure 1.2: Filiation between astrophysical environments relevant in the case where we
limit ourselves to the galactic environment. Adapted from De Becker (2023-2024).

1.3 Census of the molecular entities discovered in the inter-
stellar medium

On the contrary to what Sir Eddington might have thought, molecules do exist in
space. Particularly, they exist in the ISM, as it has been proven thanks to molecular
spectroscopy®. Since the first molecular detection in gas phase, namely the CH molecule
(Swings and Rosenfeld, 1937), a lot of molecules have been detected in the ISM, including
several complex organic species, such as the first isomer of glycine, i.e. syn-glycolamide
NH>C(O)CH2OH (Rivilla et al., 2023). As years go by, more and more molecules will
continue to be discovered in the ISM, thanks to new technological developments included
in new observatories (on the ground and in space) such as the Atacama Large Millime-
ter/submillimeter Array in the radio domain or the James Webb Space Telescope in the
infrared. A census of the currently detected molecules in the ISM is presented in Table
1.1 (adapted® from De Becker 2013).

8Mainly (more than 80%) through the detection of bands in the radio part of the electromagnetic
spectrum, which carries information about the rotational modes of a given molecule and constitutes a very
specific signature. The rest has been detected mostly in the infrared domain (vibrational modes), and a
very small amount in the ultraviolet and visible domains.

9Thanks to the Astrochemist website, created and maintained by D. E. Woon, https://www.
astrochymist.org/
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2 atoms

AICI, AIF, AlO, Co, CFT, CH, CHT, CN, CN-, CO, CO™, CP, CS, FeO, NaS,
MeS, CaO, Ho, HCI, HF, NH, KCI, N5, NO, NO*, NS, NaCl, O,, OH, OH*, PN,
SH, SH*, SO, SO+, SiC, SiN, SiO, SiS, P, TiO, ArH*, NS*, VO, HeH*, NCS,
PO, SiP, FeC

3 atoms

AINC, AIOH, Cs, CoH, C50, CoP, C,S, COy, Hy, CHy, HyCIT |, H,0, Hy07,
H,S, HCN, HCO, HCO*+, HCS*, HCP, HNC, HNJ, HNO, HOC+, KCN,
MeCN, NHy, NoH*, N2O, NaCN, OCS, SO», ¢-SiCs, SiCN, SiNC, SiCSi,
FeCN, TiO2, CCN, SoH, HCS, HSC, NCO, NCS, CaNC, MgC,, HSO, CaCs

4 atoms

I-C5, ¢-C3H, C3N, C30, C3S, C3HT, H307, CoHa, H2CN, HoCO, HaCS,

HCCN, HCCO, HCNH*, HCNO, HOCN, HOCO*, HNCO, HNCS, HSCN,
NHj3, SiCs, PHs, HoOo, HMgNC, MeCCH, NCCP, CNCN, HONO, HCCS,
HNCN, HCCS*, HoNC, HCNS, HOCS*, HNSO

5 atoms

Cs, CHy, c-C3Hy, 1-C3Ha, HoCCN, H2Co0, HoCNH, HoCOHT, CaH, C4H-,
HC;3N, HCCNC, HCOOH, NH,CN, SiCy, SiHy, HCOCN, HNCNH, HC5N-,
CH;0, NCCNH*, CH;3Cl, MgCsN, NH,OH, HC30+, HC3S+, HoCCS, C4S,
HCCCO, HCOSH, HCSCN, NaCCCN, MgC3N+, HC3N+, NC5S, HC3S, t-HCSSH

6 atoms

-H,C30, CoH,, CH5CN, CH3NC, CH;0H, CH3SH, L-H,Cy, HC3NHT,
HCONH,, C5H, HCo,CHO, HC4N, CH,CNH, C5N—, C5S, SiH3CN, z-HNCHCN,
MgC4H, HC5CO*, CH,CCH, H,CCCS, HCSCCH, MgCsN, CH;, HOCNCH™,
CH5CO*, C50, ¢-CsH, HCCCCS, HMgCCCN, MgC,H*, H,CCCH*,
H,CCCN, HOCOOH, Hy,CNCN, NCCHCS, ¢-C35HaS

7 atoms

c-CoH,0, CH5CoH, H3CNH,, CH,CHCN, HoCHCOH, CgH, CgH—, HC4CN,
CH;CHO, CH3NCO, HC;N~, HC50, HOCH,CN, HNCHCCH, HC4NC,
CH,CHCCH, C3HCCH, HoCs, MgCsN, CH,CCCN, NC,NH*, MgCsN*+,
NCCONH,, HC5N+, HNC5, CHy(CN)y, HCCCHCN, CH3CHS

8 atoms

H;CC,>CN, H,COHCOH, CH;00CH, CH;COOH, CgHs, CH,CHCHO,
CH,CCHCN, C7H, NH,CH,CN, (NH;)2CO, CH3SiHs, (NH;)2CO,
CH,CHCCH, HCCCH,CN, MgCgH, HC;NH*, C2HsNH,, Z-(CHOH),,
HCCCHCCC, C;N~, CH;CHCO, MgCgH*, Z-NCCHCHCN

9 atoms

CH3C4H, CH30CH3, CH3CH2CN, CH3CONH2, CH3CH2OH, CgH, HCsCN,
Cng, CHQCHCHg, CchHQSH, CHgNHCHO, HC70, H305CN (2 iSOIIleI‘S),
HCCCHCHCN, H,CCHC3N, CsHy, HoCCCHCCH, OHCHCHCHO,
CH,CHCHNH, HCCCH,CCH, HC-N+, CH3SCHs

10 atoms

CH;COCH;, CH;CH,CHO, CH3C5N, CH30CH,0H, CgHy, HC,CCHC3N,
HC;NH*, CoH5NH,, CoH;NCO, t-CH;CHCHCN, ¢-CH;CHCHCN,
CH,C(CH3)CN, NH,C(0)CH,0H

> 10 atoms

HCgCN, CH3CgH, CH30CoH5, HC1(CN, CgHg, CoH;OCHO, C3H7CN,
CH3COOCH3s, CoHsOCH3, CH3sCHCH20, C¢HsCN, CH3COCH20H, Cgp,
CEJ{O, Cro, -CsH5CN, C1oH7CN (2 isomers), c-CsHg, ¢ CoHg, NHoCH2CH20OH,
CH3CrN, i-C3H70OH, n-C3H;OH, CH;CCHC4H, g-CHy;CHCH>CN, HC1N,
CsH5CCH (2 isomers), C¢H; CCH, CH3C7N, ¢-CH2CHCH2CN, ¢-C5H4CCHgy,
c-CoH7CN, CioH™, C1gH, E-1-C4H5CN, (CHg)QCCHz, CH30CH2CH>,OH,
1-C12H7CN, 5-C12H7CN, C16H9CN (3 iSOHleI“S), Co4H11CN, 2-C4H5CN

Deuterated

HD, H,DF, HDO, D,0, DCN, DCO, DNC, N,D¥, NHD,, ND3, HDCO,
D,CO, CH,DCCH, CH3CCD, D,CS, NH3D+

Table 1.1: Temporary census of interstellar molecules until June 4, 2025.



Objective and insight into the
following chapters

The origin of the molecules necessary for the emergence and development of life has been
a fascinating topic at the heart of scientific inquiry for decades. Two origins, potentially
complementary, have been thoroughly studied for decades, i.e. the endogenous (production
in situ on Earth) and exogenous origin (production in some astrophysical environments).
This master thesis aims at participating at the exploration of the latter, by studying
some of the most promising precursors (cf. Chapter 3) towards the simplest
of all 20 natural amino acids, i.e. glycine NHoCH,COOH.

The main goal of the present study could then be stated in the following way:

Achieving a detailed overview of the chemical processes that govern the
formation and destruction of various glycine precursors in molecular clouds,
both in the gas and solid phases, using an astrochemical modeling tool.

The present study aims to add a layer of complexity on top of the thorough work carried
out a couple of years ago by Groyne (2023), in which all precursors (illustrated in Figure
1.3) were studied in a pure gas phase context with the help of the A strochem model, used
to simulate molecular clouds. Important components of the ISM that were omitted
in the previous work are dust grain particles, known to be one of the major components
of interstellar environments. These grains, in dark, dense, and cold environments such
as molecular clouds, are known to be surrounded by icy mantles, in which interesting
(organic) chemistry may be at work.

In order to achieve this objective, the following ”work plan”, subdivided into chapters,
will be followed.

First of all, in order to have the theoretical background necessary to perform this work,
Chapter 2 will describe the basic knowledge about the ISM, dust grains, chemical reactions
and amino acids. Chapter 3 will then extend a bit the theoretical framework by discussing,
strongly based on Groyne (2023), the chemical pathways that could be envisaged for the
formation of glycine.

Having the theory in mind, the practical part of this work will begin with Chapter
4, in which the astrochemical modeling tool is introduced. For this study, the Nautilus
three-phase astrochemical kinetic modeling code (Ruaud et al., 2016) has been chosen. It
will allow us to compute the temporal evolution of the abundance of various molecular
species. In addition, the software will also be used to make an assessment of the relative
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contribution of the dominant formation and destruction pathways of each molecule. As
in Groyne (2023), dark molecular cloud environments will be simulated, considering a ho-
mogeneous cell not evolving with time of constant density, temperature, visual extinction
and cosmic-rays ionization rate.

Before diving into the objective of this master thesis, i.e. the full 3-phase (gas, dust
surface and dust icy mantle) study of glycine precursors (Chapter 6), we will try to re-
produce the results of Groyne (2023), to make an assessment of the reproducibility of
these results using Nautilus. This model will then be used as the foundation for a more
comprehensive astrochemical study, as detailed in Chapter 6. Moreover, the 3-phase study
will allow us to explore all the capabilities of this code, to understand its functioning
and its main limitations affecting the results.

In the last part of this work, an assessment of the validity of the results presented
in Chapter 6 will be carried out by making a comparison with observational values. This
will be done in Chapter 7.

As the work upon which it has been built (Groyne, 2023), this master thesis aims to
be one more step toward a long-term and deep study of the formation of amino acids in
interstellar environments. The potential improvement of the work will be presented at the
end of this document, in Chapter 9.

et

Figure 1.3: Summary of the precursors studied in the framework of the pathways from
Chapter 3. In blue, the ones which have been studied. In red, the only one which was not
available. The image of the Eagle nebula has been taken from https://www.esa.int/
ESA_Multimedia/Videos/2011/12/M16_the_Eagle_Nebula.
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https://www.esa.int/ESA_Multimedia/Videos/2011/12/M16_the_Eagle_Nebula

Chapter 2

Theoretical considerations and
sclientific context

This chapter provides an overview of key scientific concepts essential for understanding
the work presented in this study. We begin by introducing the structure and composition
of the interstellar medium. Next, we outline some general properties of interstellar dust
grains. We then delve into the chemical reactions that occur in the ISM, in gas-phase, on
grain surfaces and in icy mantles. Finally, we conclude with a brief review of molecular
clouds and their chemistry, followed by a discussion on the nature and current detection
status of amino acids in space.

2.1 The interstellar medium

Before going deeper into concepts linked to Astrochemistry, it is paramount to know and
understand the region of the Milky Way we are going to study. In this section, the basics
concerning the ISM’s composition and phases will be introduced.

The interstellar medium, or simply ISM, is one of the most important components of a
galaxy. It corresponds in fact to “everything in the galary that is between stars” (Draine,
2011). It is usually restricted to the galactic disk since it is there that most of the galactic
matter can be found. Why is the ISM so important? It serves as the birthplace of new
stars, which themselves are major energy sources within a galaxy. However, the ISM is
not only crucial for Astrophysics but also plays a fundamental role in Astrochemistry.
Through the concept of astrophysical filiation, the initial composition of a molecular cloud
undergoes significant processing throughout the various stages of stellar formation and
evolution (as briefly discussed in Section 1.2), driven by evolving physical conditions such
as radiation fields, temperature and density. Throughout its lifetime, a star continuously
emits electromagnetic radiation and ejects stellar material, influencing the surrounding
ISM in ways that depend on its type and evolutionary phase. At the end of its life cycle,
part of the star’s matter is returned to the ISM, enriching it with newly synthesized
elements and molecules. These processes highlight the ISM’s fundamental role in both
Astrophysics and Astrochemistry, making it a key component of this study.

2.1.1 The composition of the ISM

As said before, the interstellar matter is composed of the material that is found between
stars. The following list, based on the one established by Draine (2011), emphasizes the
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constituents that are of interest in this study:

e Interstellar gas: Composed of protons, electrons, atoms, ions and molecules found
in gas phase with a quasi thermal velocity distribution. Such a component accounts
for about 6.7 10° Mg, of the total galactic mass (which is of the order of 10'? M),
a fraction of a percent.

e Interstellar dust: Small particles in the solid phase completely mixed with the
gaseous component (crucial interplay between both components), with a size often
lower than 1 gm. The composition may vary depending on the location in the ISM.
The dust component represents only about 1% (in mass) of the gas component, but
it is of prime importance for Astrochemistry.

e Cosmic rays: Highly energetic charged particles (ions and electrons), with a non-
thermal velocity distribution, which are very often ultra-relativistic. Those particles
can be of galactic or extragalactic origin, and must have been accelerated in some
astrophysical environment!.

The primary matter components of interest to us are gas and dust, as they provide the
environments where chemical reactions occur, as discussed in Sections 2.3.2 and 2.4.

2.1.2 The different phases of the ISM

As a next step in our presentation of the ISM, we will emphasize that it is organized in
several phases, making it absolutely not homogeneous.

The ISM consists of various regions, each characterized by distinct physical condi-
tions. The Hot Ionized Medium (HIM) consists of shock-heated gas at ~ 10° K, contain-
ing highly ionized species and filling about 50% of the galactic disk. The Warm Ionized
Medium (WIM) and HII regions?, ionized by OB-type stars, have temperatures of ~ 10*
K and densities between 0.2 and 10* H atoms/cm?®, occupying about 10% of the ISM.
The Warm and Cool Neutral Media (WNM and CNM) are composed mainly of neutral
hydrogen, with temperatures of ~ 5000 K and ~ 100 K, and densities of ~ 0.6 cm™ and
~ 30 cm ™3, respectively, with a volume filling factor around 0.4. The Diffuse Molec-
ular Gas is a transitional phase between the CNM and molecular clouds, with densities
of ~ 100 cm ™3, temperatures between 10 K and 50 K, and significant Hy presence due
to self-shielding (attenuation of photo-dissociation). The Dense Molecular Gas (or
Molecular Clouds) consists of gravitationally bound clouds with densities ranging from
103 ecm ™3 to 10% cm™2 and temperatures of 10 to 20 K. These environments are molecule-
rich, primarily composed of Hy and CO (along with many others), with a high extinction
making them appear as ”dark clouds”.

Important remark:

Do not be misled by the low volume filling factors of interstellar clouds (10~2 and
1074, respectively), as dense dark molecular clouds are of crucial importance to us
due to the remarkably rich chemistry occurring within them (see Section 2.5).

'For the galactic cosmic rays, processes such as Diffusive Shock Acceleration (DSA) within supernova
remnants have been proposed.
2Using the usual spectroscopic notation, HII means ionized hydrogen.
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2.2 Generalities about interstellar dust grains

Since dust grains will be central in this work, thanks to their reaction properties, we will
review in this section some of their features as well as their evolution in the ISM.

2.2.1 Evidences pointing towards interstellar dust grains

We now know that microscopic (even submicroscopic) dust particles can be found all over
the ISM, especially in the densest regions (Pagani et al., 2010). Those dust particles are,
in fact, extremely important in respect of the chemistry in the ISM, thanks to the chemical
reactions taking place at their surface (as discussed in Section 2.4). Several observational
evidences strongly suggest the presence of interstellar dust (Draine, 2011) such as:

e Wavelength-dependent attenuation (extinction) of starlight: The dimming
of stars by an absorbing medium was first noted by Barnard (1907, 1910) and later
confirmed by Trumpler (1930), who attributed it to cosmic dust. Dust absorbs
UV /visible light and re-emits it in the mid- and far-IR, causing reddening of stars.

e Polarization of starlight: Discovered by Hall (1949), this polarization is linked
to interstellar dust grains aligning with the magnetic field. The effect increases with
reddening and follows a predictable law (see Draine 2011). Notably, dust-induced
polarization has been proposed as a factor in asymmetric photolysis, relevant to
enantioselectivity in biochemistry.

e Thermal infrared emission from dust: Heated by starlight, dust grains re-emit
in the IR, contributing significantly to the bolometric luminosity of spiral galaxies.

2.2.2 Size, shape and composition of dust

A strong observational evidence that was not mentioned in Section 2.2.1 is the depletion
of some elements in gas-phase. By taking as a standard set the relative element abun-
dances measured in hot stars3, it is possible to observe that some elements are greatly
depleted (as measured within a diffuse interstellar cloud) in comparison to our standard
set. We are mostly talking about elements capable to form so called refractory (heat-stable
& resistant) solids (Fe, Mg, Si, Ni, but also elements like carbon and oxygen which can be
found both in gas-phase and inside grains). In order to illustrate what has just been said,
Table 2.1 (inspired from Draine 2011 and simplified for the need of illustration*) shows
the abundances of elements both in gas-phase and within dust grains towards the 09.5V
star ¢ Ophiuchi, as compared to standard solar photospheric values.

Another illustration is given in Figure 2.1, where the relative abundance of some ele-
ments in respect of solar photospheric abundances is plotted as a function of the conden-
sation temperature T,.,4°. This example allows us to infer relevant information about the
composition of dust grains: silicates, e.g. of pyroxene (Mg;Fe; ;SiO3) or olivine composi-
tion (MgaFes 2,Si04) with 0 < 2 < 1%, oxides of silicon, magnesium and iron (e.g. SiOs,
MgO, Fe30y4), carbon solids (graphite, amorphous carbon and diamonds), hydrocarbons

3Dust particles cannot survive such temperatures and their constituting atoms must be in gas-phase.

“The values found in this table are the central (rounded) values of the confidence interval. We did not
consider the error bars because they are of no interest in the context of this illustration.

®Defined as the temperature below which 50% of atoms are in the solid-phase.

52 is the magnesium fraction in the solid. If z equal 1, then no iron is present in the molecule.
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X (Nx/Ni)o™  Nxgas/Nu®  Nxaust/Ne®  %gas Podust
295 135 P 160 45.8% 44.2%
N 74 74 0 100% 0%
O°¢ 537 295 P 242 55% 45%
Mg 44 54 39 11.7% 88.3%
Al 3 0.005 © 2.995 0.17% 99.83%
Si 36 2 ¢ 34 5.5% 94.5%
S 15 15 0 100% 0%
Ca 2 0.00004 & 1.99996 0.002% 99.998%
Fe 35 0.134 34.87 0.37% 99.63%
Ni 2 0.003 f 1.997 0.15% 99.85%
* Asplund et al. (2009) " Expressed in part per million (ppm)
b Cardelli et al. (1993) ! The quantity of oxygen trapped within dust grains
¢ Cardelli et al. (1994) is strongly dependent on the line of sight consid-
4 Savage et al. (1992) ered.
¢ Morton (1975) 3 Those values may of course be discussed, as done in
f Federman et al. (1993) Jenkins (2009), but the important message is that
& Crinklaw et al. (1994) the quasi totality of nitrogen and sulfur are found

in gas phase.

Table 2.1: Table comparing the abundances in gas-phase from the solar photospheric
reference values and from a diffuse cloud towards the star ¢ Ophiuchi (the abundances
being expressed compared to the hydrogen abundance). The abundances inside the grains
are inferred from the two other columns. The percentage of a given element (X) in gas-
phase or trapped within dust grains is also given.

(like polycyclic aromatic hydrocarbons or PAHs), carbides (and particularly silicon car-
bide) and metallic iron. Other elements might enter the composition, like titanium and
chromium, but their abundances are quite low compared to other elements.

The size of such grains covers a very wide range, going from a few A to several pum,
and their shapes are absolutely not symmetrical (they are too small to be spherical).
In fact, based on the data available to us, it is impossible to build a unified grain model.
Some models that seem to reproduce quite well the observed extinction from the near-IR
to the UV are based on the following considerations: (i) Dust is made of only two mate-
rials, i.e. amorphous silicates and carbonaceous materials (ii) Dust grains are considered
spherical (iii) A power-law size distribution for the grains is assumed (here we consider’
dn/da x a3 for amin < a < Gmaz)- Of course, these are not the only class of models, as
discussed in Draine (2011), but it is quite enough for our brief introduction to dust grains.

2.2.3 Icy mantles around dust grains

When the astrophysical environment is cold enough (like in interstellar clouds), atoms and
molecules may condensate onto dust grains (carbonaceous and silicates) in order to form

"Frequently referred to as the Mathis-Rumpl-Nordsieck, or "MRN”, distribution (Mathis et al., 1977).
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Figure 2.1: Gas-phase abundances in the diffuse cloud towards ¢ Ophiuchi relative to
solar photospheric abundances (from Draine 2011 and references therein). The darkened
squares represent the major grain constituents.

icy mantles. Such mantles may be relatively thick, forming sometimes more than 100
monolayers. The thickness of such mantles is the result of the competition between
accretion and desorption. Observations of icy mantles have shown that they mostly
consist of water (H20), carbon monoxide (CO), carbon dioxide (CO2), methanol (CH3OH),
ammonia (NHs3) and methane (CHy) (Boogert et al., 2015). Mantles and their surfaces
are of tremendous importance for chemistry in the ISM, as discussed in Section 2.4.

2.2.4 Basis about the formation, destruction and evolution of dust grains
Formation of dust particles

Dust grains do not form and evolve within the environment where we see them now. It is
indeed possible to show that dust formation and growth within interstellar clouds would
take a very long time, exceeding the age of the universe. They can only form within much
denser environments than molecular clouds.

The following are considered to be the two main sources of interstellar dust: (i) Stel-
lar winds from cool evolved stars (ii) Supernova ejecta. In the dense (10 H
atoms,/m?), relatively cool (1000-2000 K) atmospheres of evolved stars, dust forms through
gas-phase condensation onto nucleation clusters. The composition depends on the O/C
ratio: O-rich stars (O/C > 1) produce silicate dust, with HoO, SiO, and metals like Fe
and Mg while C-rich stars (C/O > 1) produce carbonaceous dust, with hydrocarbons
like CoH and CoHg. Supernovae, particularly type II, can generate even larger amounts
of dust due to high post-shock densities, enabling grain growth through aggregation.

Destruction and evolution of dust particles

Several processes may be responsible for the alteration/destruction of dust grains once
ejected in the ISM, such as:

e Irradiation by the mean interstellar radiation field: This radiation, especially
the UV emission from massive hot stars, is able to alter the chemical composition
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as well as the optical properties of hydrogenated carbons by removing much of their
hydrogen. Such a process affects mostly carbonaceous dust grains, the silicates being
not so sensitive to the radiation field.

e Shock waves: After the passing of a shock wave, the atoms, ions and molecules
from the hot post-shock gas might strike dust grains and cause the erosion of the
surface, ejecting one atom at the time. This process is called sputtering and can
cause structural and chemical changes of the grain. Grain-grain collisions might
also occur, leading to more dramatic structural changes since the grains will break
into pieces (shattering of the grains) and the material composing them will be
redistributed, possibly leading to grains with larger radii®.

e Cosmic rays: High energy particles such as cosmic rays might indeed dust. During
a collision between a dust grain and a cosmic ray particle, sputtering of the dust
surface may happen.

To conclude this section, let us mention that the fate of dust particles within a molec-
ular cloud is to be involved within the planetary formation process (agglomeration of
dust particles forming more and more massive bodies). During this process, dust parti-
cles far enough from the central forming star (beyond the so-called snow line of water)
and shielded from the radiation field are able to keep their icy water-based mantles, pre-
serving therefore their rich molecular content. These mantled grains may then be
incorporated within comets and asteroids, if not in planets. Such grains surrounded by icy
mantles are thus witnesses of the pristine conditions reigning at the epoch of the young
solar system, which makes them extremely interesting to study.

2.3 Gas-phase processes

We will now close this astrophysical parenthesis and focus our minds on the world of
chemistry. In this section, some considerations about chemical kinetics will be addressed.
Energetic aspects will also be discussed as well as several types of gas-phase chemical
reactions that may take place in the ISM.

2.3.1 Chemical kinetics and energetic considerations

In this work, the chemical transformations occurring in the ISM will be studied in the
framework of chemical kinetics’. Let us begin with a quick contextualization before ad-
dressing the gas-phase reactions in Subsection 2.3.2. Chemical kinetics can be defined as
the study of the rates at which chemical reactions occur and of the factors affecting them,
such as temperature, density, and catalysts. It provides insight into reaction mechanisms
and helps predict how quickly reactants transform into products under various conditions.

When we use this chemical kinetics approach, we will have to solve sets of differential
equations (one equation for each species considered), called reaction rate equations or
simply rate equations, in order to understand the rates of formation and destruction of
the chemical species involved in the reactions. Let us emphasize that with this approach,

8This is what happens for example within a protoplanetary disk during planetary formation.

9The other main framework in which chemical transformations may be studied is chemical ther-
modynamics. It will not be detailed here, but some thermodynamical considerations will be addressed
during our discussion about energy activation barriers and chemical equilibrium.
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all the intermediate reactions have to be taken into account if we want to study kinetics
as best as possible. In order to illustrate such rate evolutions, we can consider three kinds
of general chemical reactions, with their respective rate equations:

1. Unimolecular reaction: A — B

—dn(A)
2. Bimolecular reaction: A+ B — C
_dZt(A) = kn(A)n(B) (2.2)

3. T(h)ermolecular'® reaction: A+ B+ M — C + MU

_d;‘t(A) = kn(A)n(B)n(M) (2.3)
In these equations, k is what we call the reaction rate coefficient, also called rate con-
stant), and is THE important quantity when talking about kinetics since it allow its
quantification. We will see in this section that k contains the information about the tem-
perature dependence. Concerning the units of the rate constant, they depend in fact on
what we call the kinetic order of the reaction. It is generally not possible to predict this
order, except in the case of elementary processes!? where it is simply equal to the molec-

ularity of the reaction, i.e. the number of partners involved in the reaction's.

The study of reaction kinetics is thus of prime importance, especially in the context of
astrochemistry, since it allows to understand in which conditions a molecular compound
might be formed as well as the velocity at which this reaction is taking place.

Important remark:

The equations presented above are simple cases, presented as illustrations, and
things can become more complex when considering astrophysical environments, as
some species can be involved in several reactions, potentially of different orders, at
the same time (parallel and consecutive reactions). One understands that such a
classical approach is impossible to put into play in the context of astro-
chemistry in interstellar clouds. We have in that case thousands of reactions all
interconnected, taking place at the same time in a cold and diffuse (as compared to
Earth) environment. Since the equations cannot be solved analytically, we have to
proceed by numerical methods to solve simultaneously all our equations. That is the
purpose of astrochemical models, as will be discussed in Chapter 4.

10The ”h” is usually included when we want to emphasize the energetic aspect of the reaction.

11 M has an energetic purpose, it just plays a catalytic role as it is recovered unchanged after the reaction.
For example, dust grains will play this role as we will discuss in Section 2.4.

12Processes with no known intermediate steps.

13In our restrictive case of astronomical environments, reactions involving three partners are extremely
rare, especially if we consider molecular clouds where the densities are extremely low compared to Earth-like
conditions.
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The rate of a chemical reaction depends primarily on: (i) Density (n) and (ii) Tem-
perature (7). According to collision theory, the reaction rate (here of a bimolecular
reaction) can be expressed as follows:

dn(A 8kpT _Ea
n( ):a B e ’“BATn(A)n(B) (2.4)
dt T

VA = —

where o is the collisional cross-section [cm?], ;1 the reduced mass [g], and E4 the activation
energy [K]'*. The exponential term, derived from Boltzmann statistics, highlights how only
molecules with sufficient kinetic energy can react. Everything that is found before the
density product is forming the expression of the rate coefficient. This formulation shows
the strong dependence of reaction rates on density and temperature: higher n
leads to more collisions, while higher T increases the fraction of effective collisions.

Note about activation energy barriers

The activation energy barrier determines whether a reaction can occur, as it represents
the minimum kinetic energy required for colliding molecules to react. This concept is
crucial in Astrochemistry, where the cold environments of molecular clouds severely limit
which reactions can take place. A reaction progresses from reactants to products through
an activated complex, an intermediate state where bonds are simultaneously breaking and
forming. The energy barrier 4 corresponds to the energy difference between the reactants
and this intermediate state. It can somehow be interpreted as the energy required to
extract electrons from their existing chemical bonds, which constitutes a requirement to
make them available to participate in new chemical bonds. In an exothermic reaction
(AE < 0), energy is released, whereas in an endothermic reaction (AE > 0), energy
must be supplied from the surroundings. Not all reactions have an activation barrier;
radical-radical reactions, for example, proceed without one since radicals already possess
unpaired electrons, making them immediately available and highly reactive. This
is particularly relevant in Astrochemistry, where such barrierless reactions can dominate
in cold interstellar environments.

2.3.2 Gas-phase chemical reactions

We will now present different kinds of gas-phase reactions for elementary processes (in-
spired from De Becker 2013 and Babb 2024) that may take place in the ISM. As we will
see, the dominance of a certain reaction will depend on the environment considered.

Photo-chemical reactions

Photo-chemical reactions are reactions induced by the absorption of a photon (typically a
FUV photon, regarding the typical bonding energies between atoms). Two main subtypes
of such reactions exist: photo-dissociations and photo-ionizations.

Let us begin with the first ones. Photo-dissociation reactions are of the type:

AB+hr— A+B

14Usually, this quantity is expressed in Kelvin in the literature. One would thus have to multiply it by
kp to get true energy units.
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i.e. the absorption of a photon possessing the right energy can dissociate a molecule. It
is immediate that, in order for such reactions to take place, the medium must be
diffuse enough to let the photons go through. For a study about the importance
of FUV photons in photo-dissociation regions, one is referred to Tielens and Hollenbach
(1985a,b). Typically, only molecular clouds are dense enough to prevent FUV photons
to go very deep within them. These considerations lead to the very important concept
of self-shielding, which is discussed with more details in Section 2.5. Note also that,
as discussed in Section 2.2.1, dust particles play also a role in the absorption of stellar
light, as they absorb it and re-emit it in the infrared (reddening of the star light). Typi-
cal values of k4, the photo-dissociation rate constant, are of the order of 1079 to 10719571,

The second kind of photo-chemical reactions are the photo-ionization reactions:
A+hy — AT

in which, as in the previous case, hv represents the energy of the photon'®. In that case,
the absorbed photons do not have enough energy to break bonds, but they have sufficient
energies to ionize atoms or molecular compounds, depending on the ionization potential.

Neutral-Neutral reactions

Neutral-Neutral reactions have the following form:
A+B—C+D

i.e. the reaction of two neutral molecules gives two new neutral molecules. Such reaction

results from the attractive interaction of the molecules through Van de Waals forces, effec-
tive at short distances. Not counting the inhibiting influence of activation barriers, typical
values of kyy, are of the order of 1072 to 10~ 1* cm? /s. When barriers are considered,
knn can drop further by several orders of magnitude at low temperature. These reactions
are predominant within warm environments, since they usually possess large activation
energies. Indeed, in that case chemical bonds have to be broken. In cold environments
like molecular clouds, we thus see that only reactions involving light partners or radicals
may occur since they possess low (or not at all) activation barriers.

It is important to understand that we did not consider a reaction of the type:
A+B—C

i.e. the addition of two compounds, but we directly considered the loss of a fragment. This
is because when the reaction of two molecules occur, the formed compound is in an excited
state, not stable at all. It must thus evacuate this excess of energy one way or another.
This is done through the loss of a fragment, which takes away the energetic excess. This
is typically what happens for small species, but when bigger species are considered, they
might find a way to store the excess of energy within their vibration modes. As we will see
in the next Section 2.4, dust grains will have a tremendous importance for that since they
have this capacity to take away the excess of energy, thus stabilizing the reaction product
and allowing for the formation of more complex species.

15Tn this expression, h is the Planck constant and v the frequency of the photon.
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Ion-molecule reactions

We are here talking about reactions of the type:
AT+B—Ct+D

Such reactions are especially important in the context of Astrochemistry in cold environ-
ments, since they are much quicker than neutral-neutral processes'®. They do not suffer
from any strong temperature dependence, which gives k;,, values of the order of 10° cm?/s
which are several orders of magnitude higher than for neutral-neutral reactions. They can
thus basically happen wherever ions are present. Let us note that through this type
of reaction, cationic chains can be envisaged, which mainly terminate with the capture of
an electron (see next type of reactions).

Dissociative electronic recombination reactions

We have:
AT 4+e” — A* —C+D

i.e. the capture of an electron by an ion leads to an electronically unstable neutral
compound, which therefore dissociates to give (at least) two fragments. For such reactions,
we have kg, values of the order of 1077 cm?/s. Such processes allow the formation of many
small neutral molecules which cannot be formed through the simple addition of two simple
species (for example, ng +e~ — H, + H). In the same way as previously discussed
(neutral-neutral reactions), such reactions must be dissociative for light species, but may
not be dissociative for large molecules.

Cosmic-ray induced reactions

The nature of cosmic rays have already been described in Section 2.1.1. Such particles
are indeed of great importance in Astrochemistry (see for example Indriolo and McCall
2013) and in our context. Therefore, we have to emphasize the capability of such energetic
particles to interact with molecular compounds. Cosmic-ray induced processes are central
in the case of molecular clouds, since the probability of encounter with a partner is much
higher than in diffuse clouds. As we will see, cosmic rays constitute an important source
of energy within molecular clouds, since such clouds are opaque to external UV photons.
Three types of cosmic-ray induced reactions can be envisaged:

1. Cosmic-ray induced dissociation: This process consists in the breaking of a
chemical bond due to the interaction with an energetic particle. This acts as a
significant destruction agent within molecular clouds, since extinction prevents UV
photons to go deep in the cloud. It must be emphasized that it is (usually) not
primary cosmic rays that lead to dissociation, but secondary cosmic rays.
This can be simply explained thanks to energetic considerations. Primary cosmic
rays possess a huge energy'”, thus a low cross-section leading to low reaction rates
(kcra ~ 10717 ecm?/s). Typical secondary cosmic rays are helium cations He™,
resulting from the cosmic-ray induced ionization of neutral He in the cloud. During
this process, the primary cosmic ray transfers a small fraction of its energy to He.
The energetic He™ can thus behave as a cosmic ray, but at lower energies than
primary ones, leading to a greater cross-section. Secondary cosmic rays lead thus to
processes with significantly higher reaction rates (kcpg ~ 1072 cm3/s).

16Very strong polarization-induced interaction between reactant molecules.
" Typically, energies below the knee of the usual cosmic-ray power-law spectrum (E = 10'® eV).
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2. Cosmic-ray induced ionization: This is similar to photo-ionization, but in this
case the electron is ejected through the interaction with a cosmic ray. For instance,
this process leads to the presence of energetic He™ (see above). The ionization of He
by primary cosmic rays is quite not highly efficient (kcr; ~ 1078 cm?/s), but we
must not forget that He is an abundant species. This process allows thus cosmic rays
to produce ions deeply within dense clouds, and ions are important since they are
involved in reactions with relatively high reaction rates enhancing thus the chemistry
taking place in the cloud.

3. Cosmic-ray induced photo-reactions: Finally, it as been proposed that cosmic
rays act as an in-situ source of UV photons in molecular clouds (Prasad and
Tarafdar, 1983). Indeed, electrons generated thanks to cosmic-rays interaction have
the capability to excite atomic hydrogen present in the cloud, which will radiatively
relax through the emission of UV photons. These photons will then be involved in
photo-chemical processes as the ones described previously. They will also act as a
desorption agent for chemical species onto dust grains, as discussed in Section 2.4.

Charge transfer reactions

During such reactions:
AT +B— A+B"

no chemical bonds are broken, we just have an exchange of the electric charge between
the partners. Reaction rates are quite high for this process (ke =~ 1072 cm3/s).

Radiative association reactions

In that case, the reactions are of the following form:
A+B— AB* — AB + hv

The excess of energy is taken away by the photon, allowing the stabilization of the product.

The kinetics of those reactions are fully governed by the life-time of the activated complex
AB*. Knowing that the excess of energy is initially stored within the vibrational modes
of the compound, only the large species will lead to high reaction rates. For small species,
typical values of k., are found between 1076 and 10720 cm?/s.

Associative detachment reactions

During associative detachment reactions:
AT+B— AB+e¢"

an anion and a neutral compound react to form a new molecule, which is stabilized by the

emission of an electron. Due to the rareness of anions in the ISM (only a few have been
detected, see Table 1.3), such reactions are not of prime importance. They are thought to
be responsible for the production of molecular hydrogen in the early universe'® through
the reaction H™ + H — Hy +e7.

8Now, it is nearly entirely produced at the surface of dust grains, as it was thoroughly reviewed in
Wakelam et al. (2017a)



20 Theoretical considerations and scientific context

2.4 Grain-surface processes

The importance of dust grains in the context of Astrochemistry has been emphasized
several times since the beginning of this work. We saw in Section 2.3.2 that one of the
main properties of dust grains is its catalytic role during a three-body chemical reaction'?.
The adsorbed species will encounter and react onto the grain surface, and the grain will
just take away the excess of energy, allowing for the stabilization of the product. Dust
grains are thus indispensable in the context of this work since they will allow to climb
the molecular complexity ladder, i.e. to build more and more complex species, which
would be impossible to achieve with pure gas-phase reactions due to the low densities
and temperatures. When talking about such processes, two main mechanisms can be
considered which are the Langmuir-Hinshelwood mechanism and the Eley-Rideal

mechanism?°.

2.4.1 Langmuir-Hinshelwood mechanism

Let us begin with the Langmuir-Hinshelwood mechanism. Such a process, which is il-
lustrated in Figure 2.2, may be decomposed into four steps that will be described in the
following subsection (inspired from Potapov and McCoustra 2021 and De Becker 2013):
(i) Accretion (ii) Migration (iii) Reaction (iv) Desorption.

N & Adsorption 3 e
> o

Surface Diffusion
T and Reaction

Desorption

Figure 2.2: Schematic view of the Langmuir-Hinshelwood mechanism. Taken from Potapov
and McCoustra (2021).

Accretion

The first step of the process is accretion, during which an atom or a molecule from the
gas phase will be adsorbed onto the surface. Two types of adsorption may be considered
depending on the nature of the interaction: (i) Physisorption, in which case the interac-
tion is a weak attraction caused by Van der Waals forces or (ii) Chemisorption, where
the interaction is much stronger than the previous case since a chemical bond is created
with the surface. The binding energy of the adsorption will depend on the composition of
the dust grain as well as the presence of some adsorbates on the surface.

19We may also note that, in a medium depleted in dust, Polycyclic Aromatic Hydrocarbon (PAH)
molecules may play this catalytic role (Tielens, 2008).

29A third mechanism may be considered, namely the Kasemo-Harris mechanism. It follows roughly the
same steps as the Langmuir-Hinshelwood mechanism, but involves a so-called hot atom, i.e. an adsorbed
species that did not have the time to thermalize (Harris and Kasemo, 1981).
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Concerning the kinetic constant of the adsorption process, it is expressed as
kad = ndade (2.5)

where ng is the number density of dust grains, o4 is the cross-section of the grains, v is
the mean speed of the particles and S is the sticking factor, which express the probability
of adsorption and is generally close to 1 (cf. Nautilus presented in Chapter 4).

Migration onto the surface

Once an atom or molecule has been adsorbed onto the dust surface, whether through
chemisorption or physisorption, it may migrate from one site to another before desorb-
tion. The mobility of that species will be induced by two major effects: (i) Temperature
and (ii) Quantum tunneling. Temperature will of course affect the mobility: the higher
the temperature, the greater the thermal energy available to overcome migration barriers.
Provided the temperature is high enough, a molecule may thus go to another adsorption
site (we speak of thermal hopping). The energy required will of course depend on the
adsorption site. As previously emphasized, it requires more energy to leave a chemisorbed
site than a physisorbed one. In fact, when the temperature has dropped severely, migra-
tion from chemisorbed sites may be almost forbidden. In the latter case, the quantum
tunneling effect?! becomes non-negligible for very light species. Thanks to this process,
molecules and atoms are still allowed to migrate even at low temperature. The mass of
the considered species has also a strong effect on migration, light species being
more mobile than heavier ones.

We may express the thermal migration time scale, i.e. the characteristic time needed
for a molecule to acquire sufficient energy to migrate to another site, in the following way:

Tm = vy tePm/kBTa (2.6)

where v,, is the vibrational frequency of the adsorbed species, E,, is the energy barrier
against migration, kp is still the Boltzmann constant and Ty is the dust temperature.
Through Equation 2.6, one clearly sees the relationship with temperature since
the higher Ty, the lower 7,,. For molecular clouds, we may thus expect that the mobility
of the species will be strongly reduced due to the low temperatures (10 to 20 K).

Reaction

During their random migration process, adsorbates may encounter onto the surface and
interact (formation/destruction of chemical bonds), leading potentially to new chemical
species. In the case of reactions involving radicals, the adsorbates will directly interact
without any further formality, but it is more complex when energetic barriers are involved.
Indeed, while they are nearly completely inhibited in gas phase, the time spent onto the
grain will increase the chance of interaction. As stated in Tielens (2005), the probability
that a reaction takes place before evaporation (i.e. the probability to cross the activation
barrier) is given by:

Preaction X Tabr p (27)

21 Quantum tunneling is a phenomenon where particles pass through a potential barrier that they classi-
cally should not be able to overcome due to insufficient energy. This occurs because, in quantum mechanics,
particles have wave-like properties, and their position is described by a probability wave. If the barrier is
thin enough, the wave function can extend beyond it, allowing the particle to ”tunnel” through, even if its
energy is lower than the barrier’s height.
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where 74 is the residence time of the species (Equation 2.8), 6, is the surface coverage and
p expresses the probability to overcome the migration barrier.

Desorption

Finally, the newly formed species may desorb from the surface and return to the gas phase
to participate to its chemistry. We define the residence time of a chemical species with
the following formula:

Ty = u;leEb/kBTd (2.8)

where vy is the vibrational frequency of the species on the grain surface and FEj is the
binding energy of the species (greater than the migration barrier). Through Equation 2.8,
the strong influence of the temperature is again emphasized. However, temperature is
not the only parameter. We can consider other influencing factors such as (i) the action
of UV radiation, which provides the necessary energy for ejection, (ii) the action of
X-rays, which have the same role as UV photons but also play a role in the heating of the
grain, (iii) the action of cosmic rays, which may directly eject an adsorbate or deposit
some of its energy allowing thus the desorption and (iv) hydrodynamic shocks, through
the heating of the grains or their sputtering.

2.4.2 Eley-Rideal mechanism

The Eley-Rideal mechanism, illustrated in Figure 2.3, was in fact the first to be introduced
(Eley and Rideal, 1940).

.\ /

Adsorption
> o

Gaseous Diffusion
T and Reaction

Desorption

Figure 2.3: Schematic view of the Eley-Rideal mechanism. Taken from Potapov and
McCoustra (2021).

It is a process which is taking place only in conditions of high surface coverage.
In such conditions, the adsorbed species arrives onto a surface which is already highly
populated. The migration step that is part of the Langmuir-Hinshelwood mechanism is
thus not required. Formulated differently, the surface coverage is high and the newly
adsorbed specie directly reacts with an already adsorbed specie to form a new compound.
Then, depending on the residence time, the new species will finally desorb to return to the
gas phase. This mechanism will not be considered in our models.

2.4.3 Bulk-ice chemistry

In Section 2.2.2, it was mentioned that in cold environments dust grains could be sur-
rounded but icy mantles. When the thickness of this mantle becomes high enough (at
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least a few monolayers), it becomes important to differentiate between the reactions tak-
ing place at the surface of the grains (like the ones presented just before) and the reactions
taking place within the mantle. Below the few top monolayers involved in surface pro-
cesses, the species are considered to be "trapped” in the ice, i.e. they are fully surrounded
by neighboring molecules and thus tightly bound. But this does not mean that nothing is
happening. Indeed, recent experiments and calculations like the ones in Andersson and van
Dishoeck (2008) and Oberg et al. (2009b) have shown that sub-surface processes should be
at work in interstellar dust grains. Even if the temperature is low and the species strongly
bound, diffusion may be at work within icy mantles. As done in the implementation of
Nautilus (cf. Chapter 4), it will be assumed that the bulk diffusion is driven by the
diffusion of HoO within the ice (Ruaud et al., 2016). Depending on the activation barrier,
some reactions between compounds may be allowed as well as recombination reactions.
Photo-reactions may also take place depending on the density of the environment as well
as photo-reactions induced by cosmic rays. Moreover, there are interactions between the
ice core and surface. Molecules formed within the core may diffuse towards the surface
and vice-versa, but we could also envisage a swapping between the two as done in the
Nautilus model.

Let us go a little bit into the details of the formation and chemistry of such mantles,
following Shingledecker et al. (2024). The more abundant molecule in interstellar ices is
H>0O which can be formed, depending on the environment, through a hydrogenation
reaction?? with O, Oy or O3 (Tielens and Hagen 1986, Cuppen and Herbst 2007), H be-
ing the more mobile specie at such low temperatures. These HoO molecules will form a
metastable phase known as amorphous solid water, which acts as an icy matrix where
other atoms and molecules can adsorb and further react and where energy can be dissi-
pated. Within such HyO-OH matrix, other species such as CH3OH, NHs and CHy4 can
be formed. We thus have at our disposal several simple species, which can themselves
be involved into other chemical reactions leading to more and more complex, potentially
organic (Oberg, 2016), species. Indeed, several laboratory and modeling works, like the
ones presented in Garrod et al. (2008) and Woon (2002), have shown that complex organic
molecules, including some biologically significant compounds like glycine, can be formed
during late stages of stellar formation through energetic processing of ices (UV photons,
cosmic rays, electrons, X-rays, and thermal effects). Other works have even shown that
complex molecules can be formed through non-energetic processes, during much earlier
stages of stellar formation than previously thought (i.e. at the state of interstellar clouds).
Toppolo et al. (2021) for example have shown that glycine could be formed in icy mantles
at temperatures as low as 10 K through the reaction between radicals and molecules which
were formed in the vicinity of one another (more about this paper in Chapter 3). It is
interesting to note that, if prebiotic molecules can indeed be formed at such early stages,
they could very well be preserved in the ice (assuming that it did not suffer from a
strong alteration) which could allow a further detection in the future. This discussion
partly illustrates the complexity of the chemistry that might take place in this so-called
polar ice layer.

Moreover, in dense (n > 10* cm~3) and dark interstellar environments (A4, > 9 mag
and T < 20 K, Qasim et al. 2018), the phenomenon which is called catastrophic con-
densation of CO might happen, forming an additional layer called the apolar ice layer.
This addition of CO opens a new doorway towards a more complex chemistry, as described

22 A successive hydrogen addition.
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for example in Shingledecker et al. (2024) and references therein. The structure of an icy
mantle is illustrated in Figure 2.4.

Figure 2.4: Schematic view of the icy mantle that may form in the right conditions around
dust grains. The innermost layer is the one called polar layer, the other being the apolar
layer. Taken from Shingledecker et al. (2024).

In conclusion of this section, one can see that, on the contrary to the naive assumption
that dust particle surfaces and mantles are inert, the reality is quite opposite.

2.5 Molecular clouds and the crucial interplay between gas
and surface processes

Now that we introduced all those astrochemical considerations, let us come back to molec-
ular clouds in order to summarize once and for all everything that will enter into consid-
eration in order to explain the chemical processes at work within such environments. One
may find a summary of the following discussion in Figure 2.5.

Molecular clouds are dense and cold regions of the ISM primarily composed of molecu-
lar hydrogen Ha, though they also contain heavier and more complex molecules like carbon
monoxide CO, as well as dust grains (surrounded by icy mantles). These clouds have typ-
ical temperatures of 10 to 20 K and densities ranging from a few 103 to 108 particles per
cm?®. Due to their low temperatures, the gas is predominantly found in molecular
form rather than ionized or atomic. Molecular clouds serve as the birthplaces of
stars, as gravitational collapse within these regions can lead to the formation of protostars
and planetary systems.

Before discussing the chemistry, let us define the concept of what will be called the
reaction time-scale. It is the time after which the abundance of reactant A has dropped
by a factor e during the considered elementary process. The expression depends on the
molecularity. For a unimolecular reaction we have 7,cqc o 1/k and for a bimolecular re-
action we have Treqe o 1/(kn(B)). It is relevant in our context to confront this reaction
time-scale with another time-scale called dynamical time-scale 74,,, which is the time
during which the physical properties of the medium may be considered as constants. The
dynamical time-scale of a molecular cloud is found between 10 and 10® years. The com-
parison between both time-scales leads to an important question: Does a chemical reaction
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Figure 2.5: Summary of the chemistry taking place within a molecular cloud.
The image of the Rosette molecular cloud (in IR), is taken from the ESA website
(https://www.esa.int/ESA_Multimedia/Images/2010/04/The_Rosette_molecular_
cloud_seen_by_Herschel).

have the time to occur significantly before changes in the properties of the medium? Yes,
but at the condition that 7yeqc << Tgyn. For molecular clouds, considering the low densi-
ties and temperatures, the chemistry will usually take a long time, sometimes larger
than the dynamical time of the cloud.

In contrast to diffuse clouds, which have much lower densities, extinction is very strong
within molecular clouds. Atoms and molecules at the borders of those objects will absorb
a lot of the external UV radiation emitted by nearby stars, preventing it to reach the
core of the cloud and preserving thus its molecular content. In other words, the lack of
penetration of external UV photons prevents photo-reactions to be active in dense clouds,
especially in their inner parts. Another concept to introduce is isotopic fractionation
that arises from the mass differences between isotopes, affecting their reactivity, espe-
cially at low temperature. Heavier isotopes form more stable molecules, making them
less prone to dissociation and leading to an enrichment in heavier isotopes in cold
environments like molecular clouds. This effect is especially seen in hydrogenated species,
where the enrichment in deuterium in some abundant organic compounds such as HoCO
and CH30H is quite high (Charnley et al., 1997). This is also seen in the carbon and
oxygen content of various species. This is linked to self-shielding, which depends on the
specific absorption frequencies of each isotopologue. In the case of CO, the most abun-
dant species (12C'%0) primarily shields itself, leaving rarer isotopologues (13C160, 12C170)
more exposed to photo-dissociation. This selective shielding enhances the availability of
less abundant isotopes for further chemical reactions, allowing them to be well incorporated
in other compounds. For a detailed discussion, see Visser et al. (2009) or Colzi et al. (2020).


https://www.esa.int/ESA_Multimedia/Images/2010/04/The_Rosette_molecular_cloud_seen_by_Herschel
https://www.esa.int/ESA_Multimedia/Images/2010/04/The_Rosette_molecular_cloud_seen_by_Herschel
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Now that we clarified some of the properties of molecular clouds, let us emphasize
what are the important chemical processes at work. Concerning the gas-phase processes,
we already established that photo-reactions are inhibited. However, as discussed in Section
2.3.2, energetic cosmic rays have the capability to enter molecular clouds and to reach the
deepest regions. They will then interact with the content of the cloud, typically with
H,, that may generate some UV photons, and these photons will then be involved in
photo-chemical reactions. Cosmic rays themselves also interact with the content of the
cloud, leading to dissociation reactions as well as ionization reactions. What is important
to remember is that, since external UV photons are severely attenuated by extinction,
cosmic rays are a relevant agent bringing energy within molecular clouds. Such
very energetic particles allow to break molecules and to create ions. Thanks to cosmic rays,
we thus have some ions that may be involved in ion-molecule reactions as the one described
in Section 2.3.2. Since such reactions are usually not inhibited by activation barriers and
therefore do not suffer from a temperature dependence, the low temperature of molecular
clouds is not a problem. Neutral-neutral reactions on the other hand are quite inhibited
23 in such cold environment, making the ion-molecule reactions the dominant ones. On
top of that, we have to note that thanks to the low temperatures, atoms and molecules
stay easily onto dust grains, favoring surface and bulk-ice reactions as the ones described
in Section 2.4. The molecules produced may then desorb, thanks to the action of cosmic
rays for example, and return to the gas phase to be involved in some gas-phase reactions.

Important remark:

In the context of this work, molecular clouds possess thus a huge potential, since
they contain a rich molecular diversity allowing interesting chemical reactions to take
place. Within such environments, we have seen throughout this theoretical section
that both gas and surface processes are at work, and even that there is a crucial
interplay between gas-phase, grain-surface and bulk-ice processes.

2.6 Amino acids and the building blocks of life

We finally arrive at the end of this theoretical chapter, but before diving into the practical
part of the work we still have one more thing to discuss. It concerns the core molecules
of interest in this master thesis, i.e. amino acids. In this section will be presented the
nature and structure of amino acids, their role and importance in our biochemistry as well
as their current detection status within the ISM and more generally celestial objects.

2.6.1 The building blocks of proteins: amino acids

We have discussed about Astrophysics, we have discussed about Chemistry, and now it is
time to discuss (shortly) about Biology and Biochemistry.

First of all, why are we so interested in amino acids? Because they are essential
building blocks of life as we know it, since they are the monomers used to build
proteins which are macromolecules having a central role in our biochemistry. Proteins
play indeed a wide variety of essential roles in living organisms. Structural proteins such
as collagen and keratin provide strength and structure to connective tissues, skin, hair,

23That does not mean that some are not taking place, everything depends on the activation barrier.



27 Theoretical considerations and scientific context

and nails. Enzymatic proteins, including DNA polymerase and amylase, act as catalysts
in processes such as DNA replication and digestion. Transport proteins like hemoglobin
and albumin are responsible for transporting oxygen and other substances throughout
the body, while aquaporins facilitate water transport across cell membranes. Defensive
proteins, such as antibodies and fibrinogen, play key roles in the immune system by iden-
tifying pathogens and aiding in blood clotting (coagulation). Signaling proteins, including
insulin and growth hormones, regulate biological processes, while receptors detect signals
like hormones and neurotransmitters. Storage proteins like ferritin and casein store es-
sential molecules such as iron and amino acids, respectively. Additionally, contractile and
motor proteins like myosin and dynein are involved in muscle movement and intracellu-
lar transport. These are just some examples that illustrate the importance of the role
played by proteins in our bodies. The 3D structure of proteins is of great importance,
as it determines their biological function. Without its proper conformation or with dif-
ferent sequences of amino acids, a given protein would not be able to carry out its function.

Now that the importance of proteins have been highlighted (more information can be
found for example in Whitford 2013), let us get a bit deeper into the nature and structure
of their building blocks that are amino acids. Natural amino acids, which are part of the
a-H-amino-acids??, are organic molecules. They are all based on the following skeleton:

I
HoN C
\4c< “Som
s ™
H

where the constitutive parts are as follows:

A stereogenic center (except for glycine), which is the carbon at the « position with
respect to the carboxylic acid functional group

An amine functional group NHso

A carboxylic acid functional group COOH

A hydrogen atom

e A radical R, which is the part unique to each amino acid. Each natural amino
acid possesses a different radical, the simplest one corresponding to a single H atom
included in the amino acid glycine.

In order to build proteins, amino acids will react between each others forming peptidic
bonds. More specifically, what happens is that the amine group from one will react
with the carboxylic acid group from another (through what is called a nucleophilic
substitution) forming an amide group linking both amino acids and releasing one
water molecule at the end of the process. Successive additions lead to larger and larger
molecules called polypeptides, which will ultimately lead to proteins.

240ther kinds of amino acids exists do exist, like a-CHs-amino-acids, S-amino-acids with the amine
group at the 8 position with respect to the carboxylic group or diamino acids, but we do not take them
into consideration here since we are interested in the ones found in proteins.
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Important remark:

Proteins are, of course, not the only essential macromolecules in our organism.
Sugars (or carbohydrates) play a crucial role, not only as an energy source but also
in the structure of DNA and RNA. These nucleic acids are fundamental for genetic
information storage, transmission, and expression, making them indispensable for life.
Another essential class of biomolecules is lipids, which contribute to cell membrane
integrity, energy storage, and cellular signaling.

2.6.2 Amino acids detection in astrophysical environments

After this small biological parenthesis, let us come back to Astrochemistry and discuss
about what we know of amino acids in abiotic environments. Their different formation
processes will be addressed in depth in Chapter 3.

The question that has fascinated (and still does) scientists for decades is the one of the
origin of life. In our context we should even be a little bit more specific: From where do
the molecules required for the emergence of life come from? As for now, we do not have
the answer, but two approaches may be followed to tackle this problem: the endogenous
and exogenous origins. The first one, assuming that molecules were synthesized in-situ
on Earth, will not be considered in this work. Complementary readings related to this
approach are the following papers: Miller (1953), Miller and Urey (1959) and Bada (2013).
On the other hand, the exogenous origin is exactly what is studied in this master thesis. In
this approach, we are looking at the possibility that molecules required for the appearance
of life have been delivered to Earth, typically through cometary or asteroid bombardment.
As an example, an instructive discussion about the possibility of nucleobases formation
during the era of the Late Heavy Bombardment can be found in Ferus et al. (2014). In
order to be delivered to Earth, molecules must thus have been formed in some astrophysical
environment and successfully stored in a reservoir such as cometary ices or asteroids.

Interstellar medium

As already emphasized before, a lot of molecules could be of interest to us in order to
study the emergence of life. In this work, it has been chosen to study different pathways
towards the building blocks of proteins which are amino acids. We will further explore
some chemical pathways taking place in the ISM, more precisely in molecular clouds, that
may lead to the simplest of all amino acids that is glycine (more about that in Chapter
3). Studies such as Ioppolo et al. (2021) suggest that glycine formation could occur in
cold environments like molecular clouds, while others, like Garrod (2013), indicate that
this amino acid may form in warmer regions such as hot molecular cores. This naturally
leads to the question: Has glycine been detected in the ISM? The answer remains no,
glycine has yet to be confirmed in any region of the ISM. Although Kuan et al.
(2003) initially reported its detection in the hot molecular cores Sgr B2(N-LMH), Orion
KL, and W51 el/e2, these claims were later refuted by multiple studies, including Snyder
et al. (2005). Nonetheless, though the detection of glycine remains elusive, the detection
of one of its isomers (NH,C(O)CH,OH, Rivilla et al. 2023) reinforced the confidence in
its detection in the future.
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Asteroids and comets

Though glycine has not been detected in the ISM, it does not mean that it has not been
identified at all out of the Earth. Indeed, assuming that glycine has been formed in regions
typical of stellar formation (as it is now more and more believed), one may wonder if this
glycine could have been preserved in some way (like within icy mantles surrounding dust
grains), thus surviving the stellar formation process. This will probably depend on the
position of those molecules within the protoplanetary disk. Considering that glycine has
been formed on dust particles, and stored within their mantles, only the ones far from the
central star will avoid a strong energetic processing. Such grains, if not incorporated in
planets, might very well be included in the small bodies of the solar system, i.e. comets
and asteroids. Such bodies are quite representative of the pristine conditions of the young
solar system epoch, and represent thus legitimate environments for glycine detection.

And indeed, astrochemists detected not so long ago the simplest natural amino acid not
at the surface but within the coma (thus in gas-phase) of 67P/Churyumov-Gerasimenko.
The Rosetta spacecraft/Philae lander mission from ESA?, through measurements made
by the ROSINA instrument, led to the first unambiguous detection of the amino acid
glycine in gaseous state, of some of its possible precursors (methylamine NHoCHs and
ethylamine CH3CH2NHy), as well as phosphorus?® within the coma of 67P/Churyumov-
Gerasimenko (Altwegg et al., 2016). This was the first valid detection of glycine in a
cometary environment, since the detection of extraterrestrial glycine made at the epoch of
the Stardust mission (NASA2?7) was tainted by some perturbations. Even if a contamina-
tion by terrestrial glycine was completely ruled out through isotopic ratio measurements
(Elsila et al., 2007), the origin of this glycine was still questionable (Sandford et al., 2006).
Indeed, it may have resulted from the chemical alteration of other cometary
compounds during the collection process. The results presented by Altwegg et al.
(2016) were thus needed to firmly establish that glycine can be found in cometary environ-
ments. One question still remains though, which is the one concerning the origin of this
glycine. What is formed onto the cometary body? What is formed previously in cold proto-
planetary disk’s regions or even before within the molecular cloud itself? We may also
wonder by which mechanism glycine was released in the coma of comet 67P/Churyumov-
Gerasimenko. Actually, this last question was discussed by Hadraoui et al. (2019), in
which three emission mechanisms of glycine were discussed as illustrated in Figure 2.6.
The conclusion that is achieved according to their model is that mechanism (c), where
glycine is first embedded in an icy mantle and then released through sublimation of the
ice, seems to explain the observed distribution. Further studies are needed to conclude
that this possible explanation is fully valid.

Asteroids have also been studied thanks to the Hayabusa 2 mission (JAXA?®), which
successively collected and brought back to Earth samples taken on the C-type asteroid
Ryugu. As discussed in Naraoka et al. (2023), 15 amino acids, including glycine, were
discovered in the studied samples along with many other organic molecules. However,
as already noted in Naraoka et al. (2023) and further discussed in Potiszil et al. (2023),
aqueous alteration is expected to influence the amino acid content of a body,
primarily through Strecker synthesis (see Chapter 3). This does not imply that amino acids

https://wuw.esa.int/Science_Exploration/Space_Science/Rosetta_overview
26Which has an important role in the DNA structure.
2"https://science.nasa.gov/mission/stardust/
2®nttps://wuw.isas.jaxa.jp/en/missions/spacecraft/current/hayabusa2.html
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Figure 2.6: Mechanisms proposed in Hadraoui et al. (2019) to explain the desorption of
glycine from the cometary nucleus. It does not mean that other mechanisms could not be
at work. Panel (a): Glycine sublimates directly and exclusively from the comet’s nucleus.
Panel (b): Dust particles, carrying solid-state glycine adsorbed on their surfaces, are
first ejected from the comet. Subsequently, this adsorbed glycine undergoes desorption,
releasing it into the gas phase. Panel (c): Dust particles with icy mantles, containing
glycine embedded in the ice, are first ejected from the nucleus. Then, as glycine diffuses
within the ice and the ice mantle sublimates, glycine is released into the coma.

were absent before the collapse of the molecular cloud or during the next parts of stellar
evolution. Rather, it remains possible that they were already present, and the findings of
Potiszil et al. (2023) simply suggest that aqueous alteration leads to an increase in amino
acid abundance within a parent body.

Meteorites

When a comet or an asteroid enters the Earth’s atmosphere and survives the ground im-
pact, we speak of a meteorite?”. In that case, could the initial glycine survive the impact?
Before answering this question, let us emphasize directly that glycine has been discovered
in meteorites. Indeed, detailed analysis performed on a few meteorites have allowed to
study their composition, revealing their rich organic molecular content, including several
kinds of amino acids (natural and other ones). One detailed example would be the case
of the Murchison meteorite®® (see Figure 2.7). The study performed by Kvenvolden et al.
(1970) unequivocally established the presence of 5 natural amino acids (glycine, valine,
alanine, proline and glutamic acid) along with other non-proteic amino acids. Since this

29Meteorites are pieces of celestial small bodies such as asteroids and comets which were trapped in the
Earth’s gravitational field and survived both the entry in the atmosphere and the impact on the ground.
They are of various kinds but in our context, the carbonaceous chondrites (CCs) are the most interesting
regarding their high carbonaceous (> 5%) and water (> 20%) contents.

3°0ne of the CM type, which impacted the Earth and subsequently exploded into fragments over the
Australian town of Murchison on September, 28 1969.
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study, more amino acids (even some exotic ones) have been discovered in the same me-
teorite, as reported by Koga and Naraoka (2017) or Lawless (1973). Even though this
is still a matter of debate, some clues are pointing towards an extraterrestrial origin for
this organic material. Indeed, in the previous finding for other meteorites, human con-
tamination could not have been ruled out due to the high abundance of serine, which is
the principal amino acid found in fingerprints. In the case of the Murchison meteorite, as
described in Kvenvolden et al. (1970), the total abundance of serine was about one order
of magnitude lower than glycine, which could not be explained by human contamination.
Isotopic fractionation, which was introduced in Section 2.5, consists also of a strong clue
towards an interstellar origin. Indeed, we have seen that cold environments such as molec-
ular clouds tend to favor an enrichment in heavier isotopes (such as D, °N, 13C) with
respect to cosmic standards. Other papers clearly show that the amino acids found on
the Murchison meteorite are quite enriched with such heavier isotopes (Cronin and Chang
1993 and Pizzarello et al. 1991).
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Figure 2.7: Relative abundances of organic compounds found in the Murchison meteorite.
From Remusat (2014).

Important remark:

Amino acids are not the only biologically interesting molecules that were dis-
covered on the Murchison meteorite. Nucleobases such as uracil have been found
(Martins et al., 2008) but also sugars such as ribose (Furukawa et al., 2019). Both
are building blocks of RNA, which could be a support regarding the RNA world
hypothesis (Ayukawa et al., 2019).

To conclude this section, we must address one remaining question: What is the true
origin of the glycine molecules? While we have discussed evidences supporting an ex-
traterrestrial origin, the possibility of material alteration cannot be entirely ruled out.
Carbonaceous chondrites, such as Murchison, are known to contain significant amounts of
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water, which could modify the pristine material (Le Guillou et al., 2014). Additionally,
catalytic reactions on clay minerals, as proposed by Garvie and Buseck (2007), as well as
thermal alterations during atmospheric entry and impact, could further affect the molec-
ular composition. As a result, the original molecular content may have undergone
significant changes, potentially influencing isotopic ratios. However, a study by
Busemann et al. (2006) demonstrated that meteorites can effectively preserve primitive
organic compounds and their isotopic signatures, much like interplanetary dust grains,
which are often regarded as the most pristine material from the early Solar System. This
suggests that meteorites are capable of storing, preserving, and transporting primordial
material, delivering it to Earth largely intact. It is also important to note that even if
glycine can be preserved from a time predating the solar system, this does not exclude the
possibility of its formation within the parent body, such as an asteroid or comet. Distin-
guishing between glycine formed before the parent body’s formation and that produced in
situ remains a considerable challenge (Aponte et al., 2017).

We now have a better understanding of the current status of glycine detection in
space, but its origin remains only partially explored. Key questions such as “How
s glycine synthesized?” and “Which precursors contribute to its formation?” are crucial
for gaining deeper insight into its origins. Addressing these questions is challenging, as no
straightforward answers exist. In the next Chapter 3, we will provide an overview of the
various proposed mechanisms for glycine formation.



Chapter 3

Glycine synthesis in abiotic
environments

In this chapter, different formation mechanisms of our molecule of interest, i.e. glycine,
are reviewed. The chosen glycine precursors analyzed in this study will also be presented
based on the various proposed formation pathways.

3.1 Formation mechanisms of glycine in the ISM

In order to perform this work, it was necessary to have a global view about the different
chemical processes that may lead to the amino acid glycine. One can find in the literature
several proposed routes toward this molecule, but not with the same relevance. Some are
indeed more probable than others, and moreover some have been much more theoretically
studied. Therefore, the discussion will be restricted to the pathways that are the
most promising based on a deep bibliographic investigation. This has already
been done a couple of years ago in the thorough study performed by Groyne (2023), which
will therefore be the reference work that allowed the writing of this chapter.

As stated in the latter work, glycine formation mechanisms are usually studied within
the framework of a specific phase, i.e. considering reactions taking place within dust
grain’s icy mantles or in the gas phase, the interplay between them being not accounted
for. That is what was done in the work of Groyne (2023), where different glycine precursors
were studied in gas-phase, but this master thesis aims at pushing further that work by
considering all those glycine precursors within a set of reactions taking place both in
gas-phase and solid-phase.

3.1.1 Strecker-like formation mechanism

The first mechanism, and maybe the best known, that will be addressed is the Strecker-
like mechanism. The chemical reactions composing this mechanism take place within
the water-based icy mantle of dust grains. We speak of ”Strecker-like”, since a pure
Strecker mechanism involves the reaction of an aldehyde R—COH or ketone R—CO-R
with an amine R—NHy and a CN bearing species in a water liquid solvent under acidic
conditions. However, water in its liquid state does not exist in the ISM. A modified
mechanism may nonetheless be invoked where reactions take place within an icy water
matrix such as the icy mantles around dust grains. For the synthesis of glycine, the
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simplest precursors of the compounds cited above are as follows: HoCO, NH3, HCN and
H20O. All the chemical reactions participating in this mechanism are illustrated below.

Formation Route A

H>CO + NH3 = NH,CH2OH
NH2CH2;OH = CH2NH + H20
CHoNH + HCN = NHCH>CN
NH>CH2CN + HoO = NHoCH2COOH + NH3

Formation Route B

H,CO + HCN = CH,(OH)CN

Then, two subroutes may be envisaged:

Subroute B1
Subroute B2

CH3(OH)CN + NH3 = NH,CH,OH
NH,CH,0H = CH,NH + Hy0
CH,NH + HCN = NH,CH,CN
NH,CH,CN + Hy0 = NH,CH,COOH + NHs

In this mechanism, the presence of ammonia is indispensable in order to lead to
the formation of amino acids. Indeed, depending on the relative abundance of ammonia
and hydrogen cyanide, two formation routes can be considered: route A and route B. The
first one is based on the classical Strecker synthesis. We first have a reaction between am-
monia and formaldehyde, leading to an unstable aminomethanol which dissociates directly
to form an imine CH2NH molecule. This step is followed by a nucleophilic attack of an
hydrogen cyanide molecule on the imine, forming an aminoacetonitrile NHoCHoCN. The
final step consists of the hydrolysis of this last compound, which finally forms the glycine
molecule, NHo,CHoCOOH.

CHQ(OH)CN + NH3 = NH;CH5sCN + Hs0
NH2CH2CN + H2O = NH>,CH2COOH + NHs

When the NH3 abundance becomes negligible compared to HCN, the second formation
route B may dominate. In that case, we start with a nucleophilic attack of the formalde-
hyde molecule by HCN forming a cyanohydrin molecule CH2(OH)CN. Then, an other
nucleophilic attack by an ammonia molecule follows, the results of which will depend on
the leaving side group!. Subroute B1 and Subroute B2 must thus be considered, in which
we will come back to route A at some point provided ammonia is present in the
environment. Indeed, without this important molecule, the production of cyanohydrin
in route B will be followed by an hydrolysis of the cyano group on this molecule, resulting
in the production of an hydroxy-acid (CH2(OH)COOH). In the absence of NHg, the
Strecker-like mechanism thus leads to the production of hydroxy-acids instead of amino
acids. Both NHs and HCN are thus required to produce glycine through this mechanism.

'"During a usual experiment in a lab at room temperature, one relies on acidity constant values to
determine the leaving group which in usual conditions would be the —CN. Such values are however
only tabulated at usual temperature values, therefore not for extreme conditions such as the ones within
molecular clouds. In our context, it is thus required to consider the loss of both side groups (Groyne, 2023).
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It is legitimate to ask ourselves whether or not this process is able to produce glycine
in a significant manner in environments such as molecular clouds. First, not only the
simplest precursors of glycine in this mechanism, i.e. NH3z (Cheung et al., 1968), HoCO
(Snyder et al., 1969), HCN (Snyder and Buhl, 1971) and of course HoO (Cheung et al.,
1969), have been firmly identified in the ISM but also its direct precursor aminoacetoni-
trile NH,CH,CN (Belloche et al., 2008). An hydrolysis is then simply required to form
glycine. Moreover, the computational study performed by Rimola et al. (2010) showed
that all reactions are thermodynamically favorable, provided that they occur on
their water-modeled surface, and that they are catalyzed by the icy-matrix.

This mechanism seems thus quite promising, nonetheless it has a main flaw. Indeed,
despite the catalytic role played by the icy-matrix, the kinetics of this set of reactions
is quite low due to the high activation energy barriers (especially for the final hy-
drolysis supposed to lead to glycine). This is due to the cryogenic conditions typical of
molecular clouds, that inhibit neutral-neutral reactions as seen in Chapter 2. Although
alternative reactions were investigated, such as in Kayanuma et al. (2017) where the reac-
tion between NHoCH2CN and CO32 was studied, energetic barriers are still too high to be
overcome without an external energy source such as UV irradiation or shock heating.
In order to circumvent the previous limitations, one may directly think about reactions
involving ions. Indeed, we have seen that such reactions are not highly dependent on the
temperature. In fact, one way to create ions would be the external processing of the
water-based icy mantles, which has been neglected until now. Several studies, includ-
ing the one of Bernstein et al. (2002), have shown that interstellar ice analogues under
UV photolysis conditions may lead to the production of several amino acid precursors. A
direct question would then be, where could these UV photons originate from? We have
seen that molecular clouds are quite well shielded against external UV radiation. The an-
swer comes from the discussion in Section 2.5, where it was said that cosmic rays are able
to act as an energy source within molecular clouds leading notably to the production
of radicals and ions. Regarding the typical composition of dust grain’s mantles (more
than 50% water), the radicals H and OH and the cations HT and H3O™" are expected to
be the most abundant.

Studies by Walch et al. (2001) and Walch and Bakes (2001) have shown that substi-
tuting ions (CH20H+, CH,oNH, T and NHQCHQCNH+) in the Strecker-like mechanism’s
route A activates the reactions. This provides us low or inexistent-barrier processes that
are more plausible to take place in cryogenic conditions. This will be called the activated
Strecker-like mechanism in the subsequent chapters.

3.1.2 Radical-radical pathways

A first radical-radical pathway which is quite interesting is the one referred to as the
Woon’s mechanism. It is based on the work of Woon (2002), where the viability of
various glycine formation routes in UV irradiated water-ices were studied.

This mechanism is characterized by the following barrierless reactions:

Formation of the carboxylic acid radical

OH + CO — COOH — CO2 + H
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Formation of the aminomethyl radical

HCN + H —s (CH,N, HONH)
(CH,N, HCNH) 4+ H — CH,NH
CH,NH + H —» (CH3NH, CHoNH,)
(CH3NH, CHoNH,) + H —s CH3NH,

Final step towards glycine

CH2NH> + COOH — NH2CH2COOH

In this route, one can notice the presence of an imine, as in the Strecker-like synthesis,
emphasizing a potential interconnection between the two mechanisms. Moreover, unlike
the Strecker-like pathway, no ammonia is required. As remarked in Groyne (2023),
this might be linked to the work of Elsila et al. (2007), which highlighted that the major
glycine formation pathway in UV irradiated ices is achieved without NHj.

Important remark:

Woon (2002) emphasized that irradiated ices contain significantly more available
energy than icy mantles completely shielded from UV radiation. Photolysis prod-
ucts, primarily radicals, exhibit a substantial excess of internal energy. This energy
excess can help overcome activation barriers in subsequent reactions, a process that
also applies to cationic species generated through cosmic-ray interactions. Further-
more, the barrierless recombination of radicals releases additional energy. However,
in the cryogenic conditions of dense molecular clouds, most radicals, except hydrogen,
lack the mobility to diffuse through the ice and encounter reaction partners. As a
result, heavier radicals primarily react with hydrogen or nearby species,
significantly restricting the range of possible chemical interactions.

Before moving on to the next mechanism, it is worth noting that the simplest molecules
involved in this pathway have already been detected in the interstellar medium: OH (Wein-
reb et al., 1963), CO (Wilson et al., 1970), and CHoNH (Godfrey et al., 1973). While their
direct precursors, COOH and CH2NHs, have yet to be observed, some closely related
species, such as formic acid HCOOH (Zuckerman et al., 1971) and methylamine CH3NH,
(Kaifu et al., 1974), have been successfully detected. The formation of the missing pre-
cursors could thus be achieved through a simple hydrogen ablation process.

The next formation mechanism that might be relevant is the one studied in the paper
from Rimola et al. (2012). In that work, a pathway involving both radicals and cations
is considered, taking thus the kinetic advantages of both types of compounds. The entire
process is illustrated by the following reactions?:

COincoming + OH®* — COOH*®
COOH® + CHoNHy ™ — NHoCHoCOOH ™™
NH2CH2COOH™ — NHoCHC(OH) ™
NH2CHC(OH)3 ™ — HY — NH,CHCOOH®
NH,CHCOOH® + H* — NHyCH2COOH

2The ”” symbol stands for a radical species.
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It is worth noting that the hydrogen involved in the final radical addition step could
be substituted by other radical species, potentially leading to the formation of different
amino acids than glycine. Additionally, the ”—H®” shown in the penultimate reaction is
included to highlight the proton transfer between NHoCHC(OH)o1® and the ice surface.
While all these reactions are, in principle, thermodynamically favorable3, it is important
to emphasize that rate constants calculation indicate these processes are unlikely to
occur efficiently on astronomical time scales in cold and quiescent molecular
clouds. They are more typical of warm environments such as hot cores or shocked-regions.

The mechanisms discussed above represent only a fraction of the numerous pathways
proposed in the literature for solid-phase astrochemistry in interstellar molecular clouds,
with several alternative routes likely to exist. In this context, Garrod (2013) devel-
oped an astrochemical network to simulate coupled gas-phase, grain-surface, and bulk-ice
chemistry in hot cores (built on earlier models). It was extended by including various
formation and destruction reactions involving glycine and related species such as glycinal
(HoNCH2CHO), propionic acid (CH3CH2COOH), propanal (CH3CH2CHO), and their
precursors. Most of these new reactions follow radical-radical synthesis pathways through
thermal diffusion, including the mechanism proposed by Woon (2002). A gas-phase for-
mation route proposed by Blagojevic et al. (2003) was also included but showed negligible
contribution to glycine formation. To implement this network, the MAGICK A L model,
a three-phase astrochemical kinetic model (as the model used in this work, Nautilus)
which is unfortunately not open source, was developed. This model was applied to simu-
late hot core environments with a warm-up phase from 8 K to 400 K, starting from the
collapse of a molecular cloud. The results highlighted several interesting points, among
which the most important ones are summarized here:

e Four radical-radical recombination pathways leading to glycine were included in the
network. Glycine is mainly formed on the surface and within icy mantles of dust
grains between ~ 40 K and 120 K, with no single pathway dominating the total
contribution after sublimation.

H*®* + NHCH,COOH® = NH,CH;COOH
NH,* + CH,COOH®* = NH,CH,COOH
NH>CH,* + COOH®* = NH,CH,COOH
NH2CH2CO® + OH®* = NH2CH>,COOH

e The influence of each glycine formation pathway may vary slightly depending on the
temperature and the warming timescale of the physical model. This was discussed,
for example, in Sato et al. (2018).

The last glycine formation mechanism that can be discussed is the one proposed by
Ioppolo et al. (2021), which is illustrated in Figure 3.1.

In contrast to previous studies, Ioppolo et al. (2021) explored glycine formation in
dark clouds by considering a non-diffusive mechanism within icy matrices, occurring at
an earlier stage of star formation than previously thought (see the bottom of Figure 3.1).

3Since the arrival of an imine molecule from the gas phase followed by its reaction with COOH® has
been shown to face a high energy barrier, an alternative pathway involving proton transfer from a surface
H3;O01 to the imine—forming CH,NHyt—has been proposed as shown in the second reaction (Rimola
et al., 2012).
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Figure 3.1: Schematic representation of surface reaction pathways leading to glycine for-
mation in a water-rich ice during the early stages of low-mass stellar evolution. The
reaction network shown has been taken from Ioppolo et al. (2021). Each blue ring repre-
sents an additional hydrogenation step. Hydrogenation—addition reactions are indicated
by upward arrows, while downward arrows denote hydrogenation—abstraction reactions.
Radical-radical recombination reactions are represented by horizontal or diagonal arrows.
Non-energetic surface reaction routes tested under laboratory conditions are shown with
orange arrows, whereas reactions examined in Ioppolo et al. (2021) are marked with grey
arrows. In a water-rich ice environment, H and OH initiated surface reactions lead to the
formation of stable species, such as HoO, CH4, NH3, and COs, along with intermediate
radicals like HOCO, CH, CHs, CH3, NH, and NHs. Further radical-radical recombination
enables the formation of the NHaCHy radical and methylamine (NH2CHgz). Glycine ulti-
mately forms through the recombination of the HOCO complex with the NHyCHs radical.
Species unambiguously detected in ices are highlighted in red, while tentatively detected
species (which have been now detected since the publication of that paper) are shown in
blue. All other species involved in the reaction network are represented in black.

While many studies, such as the previous paper of Garrod (2013), have focused on glycine
formation under higher temperature conditions, including simulations in hot cores, Ioppolo
et al. (2021) showed that glycine can form in such dense cloud environments (around 15
K) via a primordial formation pathway that does not require energetic irradiation
from stellar UV photons, cosmic rays, or cosmic-ray-induced UV photons. One may note
that the final step towards glycine is reminiscent of the work performed by Woon (2002).
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Regarding gas-phase processes, previous mechanisms are basically considered unchanged.

As rightfully discussed in Groyne (2023), one may however wonder if such mechanisms
should not be modified. Indeed, as discussed previously, light molecules are usually sub-
ject to dissociation when formed in gas-phase since no external agent is able to take away
the excess of energy as the dust grain would. Moreover, icy mantles are noted here to play
a catalytic role, allowing the reduction of some activation barriers. However, when the gas-
phase is taken into account, these mechanisms are usually considered unchanged
in the literature for the sake of comparison (Groyne, 2023). Moreover, the proposed
mechanisms are not exhaustive. Many others exist in the literature, but considering all
of them would be impractical. Therefore, a selection was made based on their scientific
relevance. The main criteria included the availability of detailed studies, such as quan-
tum calculations and kinetic simulations, as well as the number of references supporting
each mechanism with minimal kinetic or thermodynamic limitations (Groyne, 2023).

As a conclusion to this section, it is important to understand that, even if those mech-
anisms are usually considered in each phase separately, their might more than probably
be interconnections between the phases. Indeed, a particular glycine precursor may
form through an initial gas-phase mechanism, then be adsorbed onto the dust-grain sur-
face, diffuse into the bulk of the ice, and become incorporated into a solid-phase process,
potentially leading to glycine formation. These connections have to be taken into account
if one intends to make a comprehensive glycine formation study. For this reason, it has
been chosen to work with the three-phase astrochemical code Nautilus, which will be
deeply introduced in Chapter 4.

3.2 Which glycine precursors are to be selected?

Before diving into generalities about astrochemical modeling in the next chapter, it is
important to select which pathways, and thus which glycine precursors, will be studied
in this work. As detailed previously, this work can be seen as a continuity of the one
performed by Groyne (2023). The species studied in that work will thus also be studied
here? (see Table 3.1). One may note that only simple species have been considered, for
reasons related to the limited complexity of the code’s chemical network, as detailed in
Chapter 4.

Mechanism Precursors
Classical Strecker-like mechanism H20, HCN/HNC, NHj3, HoCO
Activated Strecker-like mechanism H,CO™*, NH3™, HoCOH™
Woon’s mechanism CO, CO2, Hy0O, OH, HCOOH, HCN, CHsNH,

HOCO, CH2NH»

Table 3.1: Glycine precursors studied in this work, according to the various formation
mechanisms discussed in this chapter and already studied in Groyne (2023).

4Those species are shortly presented in Appendix D.
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Chapter 4

Astrochemical modeling with
Nautilus

In this chapter, the bases for astrochemical kinetic modeling, i.e. the modeling tool used
in this master thesis, are presented in a general way. Furthermore, we describe in details
the model that has been used, Nautilus, as well as its various inputs and outputs.

4.1 Generalities about astrochemical modeling

Numerical astrochemical modeling is an indispensable tool in Astrochemistry. It allows
scientists to explore the chemistry taking place in various astrophysical environments,
such as the ones interesting to us: molecular clouds. As we have seen, those clouds
are characterized by very low temperatures and densities, which are quite difficult to
reproduce on Earth. Moreover, as a result of such unusual conditions, astrochemical
timescales are usually quite long, which means that the chemical content evolves
slowly at least within the gas-phase. Chemical equilibrium is therefore slowly reached,
resulting in out-of-equilibrium chemistry for most of the cloud lifetime. For that purpose,
full time-dependent kinetics should be resolved to grasp every aspect of the chem-
istry within the cloud. We have seen that in the framework of this concept, in order to
study the abundance evolution of a certain compound over time, rate equations have
to be solved (chemical kinetics). The problem is that, in the context of Astrochemistry
in general, the equations that are to be solved are extremely complex (even more so for
dynamical objects). On the contrary to laboratory experiments, it is impossible to isolate
and study one particular reaction. All the reactions are coupled with each other, resulting
in a complex system of hundreds of Ordinary Differential Equations (ODEs) that
are analytically unsolvable. Numerical methods' are thus needed, and that is why as-
trochemical models were implemented. An additional major challenge lies in the fact
that astrochemical systems are often stiff, meaning that they contain reactions evolving
on very different timescales—from fractions of a second to millions of years. This stiffness
can render standard integration schemes numerically unstable or prohibitively slow. To
overcome this, most astrochemical models make use of implicit numerical solvers such
as Backward Differentiation Formula (BDF) methods, which are specifically designed to
handle stiff systems. The stiffness is usually evaluated from the system’s Jacobian matrix
and the derivatives dn;/dt, reflecting the fast and slow chemical pathways present. While

!The interested reader is invited to consult Reynolds (2024), where several numerical algorithms are
described.
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robust, BDF methods are significantly more computationally demanding, adding to
the complexity of solving astrochemical kinetics. The rate equation approach is not the
only one that may be implemented in astrochemical codes. Other methods such as kinetic
Monte-Carlo may be used (cf. Section 4.3), but one has to keep in mind that these meth-
ods, though sometimes indispensable to include more complexity in the grain modeling,
are also much more CPU demanding (as discussed in Cuppen et al. 2013, 2017 and ref-
erences therein). The advantage to use the rate equation approach is its convenience and
rather quick numerical performances.

It should be noted that several kinds of astrochemical models exist. Some are pro-
prietary while others are public (open-source). Moreover, the models may be further
subdivided into categories depending on their applicability. We have pure gas-phase mod-
els (such as Astrochem, Maret and Bergin 2015), 2-phase gas-grain surface models which
consider the mantle and its surface as a single entity, and 3-phase models which make the
difference between the grain surface and its mantle (such as Nautilus, Ruaud et al. 2016,
the one used in this work). It is important to understand that different models are not
exactly equivalent. It means that, if you provide two models with the same parameters
and networks, they will not yield inevitably the same results. ” There are always
code-level differences (k parametrization, approximations made, solver tolerance, ...) that
one cannot detect and correct without direct access to the codes being compared” (Sipila
and Ruaud, 2024). Sometimes the benchmarking of the results between two chemical net-
works (i.e. files regrouping all the chemical reactions) can thus be complicated, especially
if you are trying to compare your network with a private one. Nonetheless, it does not
mean that results cannot be equivalent between two models.

4.1.1 Requirements for astrochemical models

Astrochemical models require two principal ingredients, which are the set of parameters
characterizing the environment and a chemical network.

First of all, let us talk about the required parameters. There are four main pa-
rameters which dictate the chemistry taking place: the density n, the temperature 7', the
cosmic-ray ionization rate £ and the visual extinction A,. It is mandatory to specify those?
in your model. At this point, it is important to recall the discussion in Section 2.5 regard-
ing the timescales. In what follows, we will consider that 7cpem is below 74y, meaning
that the chemistry taking place will happen before a significant evolution (change of the
physical parameters) of the considered medium. In other words, assuming an homogeneous
medium, the values of the previous parameters will be considered as constant
with time in every region of the molecular cloud. If we considered Tepem > Tayn,
it would mean that the medium has the time to evolve significantly before the chemistry
modifies the molecular content. We would thus have an important and continuous change
in the physical parameters describing the environment, which would require much power-
ful simulation tools®.

These are not the only parameters, since the model may also take various parame-
ters describing the solid-phase (dust temperature, grain density, dust-to-gas mass ratio,

2Depending on the model type, you may choose to differentiate the gas and grain temperatures
(grain_temperature_type). In what follows, we will assume Tgas = Tdust-

3Let us note that with Nautilus, it is possible to implement a discrete temporal evolution of the
environment as described later.
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sticking coefficient, grain radius, ...). Other specifications should also be given, such as
the duration of the study period. One is referred to the documentation of his favorite
astrochemical code for more information concerning its own specificities.

The second important requirement for an astrochemical model is the chemical net-
work. We have seen that in our context thousands of reactions involving hundreds of
compounds are all interconnected, occurring all simultaneously and making impossible
the task to isolate one particular reaction and thus the involved chemical species. Chem-
ical networks are provided in the form of files including all the chemical reactions
that are considered. An example of graphical illustration of a chemical network is
shown in Figure 4.1, which is an easy way to visualize the interconnection between all the
compounds. It is obvious that networks that are of use in astrochemical models are much
richer than the one illustrated in this figure, as they actually involve much more reactions.
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Figure 4.1: Simplified gas-phase chemical network showing the principal formation routes
towards ammonia NHs in dense clouds. From Prasad and Huntress (1980b).

In a practical way, chemical networks are simply text files composed of several columns.
Each line of such files contains the information concerning one particular reaction, such
as the reactants, the products, the kinetic parameters (used to compute the expression of
the rate constant k and which can be found in relevant databases) and the index of the
formula used to compute k* (the ID of the reaction, i.e. its number in the file, can also
be found as it is the case for Nautilus). In order to build such networks, we are thus
in need of kinetic data specific to each reaction. These can be found in astrochemical
databases. The most used ones are the NIST chemical kinetics database®, the UMIST
database for astrochemistry® (Woodall et al., 2007) and KIDA7 (Wakelam, 2009). The
last two databases are constantly updated. Databases are built upon laboratory experi-
ments and chemical quantum computations, and in that sense are thus limited. Indeed, it
is very time demanding to determine the parameters for each molecule and each reaction,

4Depending on the used database, k can be parametrized with different mathematical expressions.
*https://kinetics.nist.gov/kinetics/

Shttp://udfa.ajmarkwick.net/index.php

"https://kida.astrochem-tools.org
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and that sometimes limits the extent of an astrochemist’s study®.

Some concepts are still needed to fully characterize an astrochemical network, as thor-
oughly discussed in Groyne (2023). Firstly, it is important to ensure the model is able to
infer the most accurate abundance evolutions possible. It is therefore necessary to include
as many formation and destruction pathways” as you can in your network. This require-
ment refers to what is called the completeness of a chemical network. This concept
refers to the extent to which a network includes all relevant chemical species and reactions
necessary to accurately describe the chemistry of a given astrophysical environment. A
complete network should account for gas-phase, grain-surface, bulk-ice and photo-chemical
reactions, as well as interactions driven by cosmic rays and thermal processes. However,
achieving full completeness is challenging due to the huge number of possible reactions
and the limited availability of experimental or theoretical data for many rate coefficients.
As a result, astrochemical models often rely on continuously updated reaction databases,
such as the ones presented above, to improve their accuracy. Secondly, what will be called
the complexity limit has to be taken into account. The latter can be seen as the high-
est molecular complexity (cf. Chapter 1) achievable in the astrochemical network. The
higher this complexity limit, the more complex the astrophysical environments that can
be studied (Groyne, 2023).

Balance between completeness, complexity and computational feasibility is also cru-
cial to ensure that the network remains both representative and manageable in numerical
simulations. Indeed, the more reactions and molecules are included in the network, the
more CPU will be needed to solve the ODEs system. For 0D and 1D-simulations!, this
is usually not a problem, but for 3D-simulations it is required to work with a tailored
network in order to reduce the computing time (Sipild and Ruaud, 2024).

From all this discussion, it results that the best astrochemical network should
combine both a high completeness and complexity. However, as we saw previously,
we are limited in what can be achieved in terms of parameter computations. As for now,
the complexity limit achievable is not very high (for example, in the Nautilus network

8Moreover, the rate coefficients of chemical reactions always carry some degree of uncertainty. For
gas-phase reactions, they are typically known with a precision factor of about 2-3 at a given temperature,
though this uncertainty may vary with temperature. Similarly, grain-surface reaction rates are subject to
much higher uncertainties. Even small variations in key reaction rates can significantly impact simulation
outcomes. Despite this, most astrochemical models do not account for these uncertainties. Addressing this
issue requires varying the rate coefficients of all uncertain reactions using random distributions and running
hundreds or even thousands of simulations to obtain a range of possible abundances rather than a single
time-dependent solution. However, such an approach is computationally impractical for most modeling
studies. More about this topic can be found in Sipild and Ruaud (2024) and references therein.

9The closure of an astrochemical network is another fundamental characteristic. Each species in the
network must possess both formation and destruction routes, or it would lead to so-called sink-species
which could cause serious problems since some compounds could just disappear (Sipild and Ruaud, 2024).

10T astrochemical modeling, 0D, 1D and 3D simulations refer to the spatial dimensionality of the models
used to study chemical and physical processes in astrophysical environments. 0D simulations assume a
uniform value of the physical parameters across the entire environment. In that case, a molecular cloud
would be considered as a unique cell of uniform density and temperature. 1D simulations assume variations
occur along a single axis, making them computationally efficient for studying time-dependent chemistry
in molecular cloud cores, protoplanetary disks, or shock fronts. In contrast, 3D simulations capture the
full spatial complexity of turbulent, magnetized, and evolving structures, such as star-forming regions or
protoplanetary disks with gaps and spiral arms. While 0D and 1D models provide fundamental insights with
simpler assumptions, 3D models are essential for realistically simulating complex gas dynamics, magnetic
fields, and turbulence, though they require significantly more computational resources.
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described in Section 4.2, the simplest amino acid, glycine, is currently not included).
What is great is that those networks are constantly evolving, including more and more
complex species while keeping quite high completeness at each step, which is the
most important to insure sufficient confidence in the obtained results.

Important remark:

Another characteristic that has to be emphasized is the nomenclature of the dif-
ferent species. As emphasized in Sipild and Ruaud (2024), astrochemical networks
do not necessarily have the same nomenclature for the same species (as an example,
H3CO™ in Astrochem but HoCOH™ in Nautilus).

4.2 Presentation of the 3-phase gas-grain code Nautilus

This section aims at providing the reader with a basic overview of the capabilities of Nau-
tilus, but one is referred to the official documentation for more in depth presentation of
the software.

In this work, it has been chosen to use the Nautilus astrochemical code. A legitimate
question would be: ” Why Nautilus and not another chemical network?” This master
thesis aims at going one step further than the thorough work done by Groyne (2023) fo-
cusing on the gas phase. We need therefore a code that includes the solid-phase chemistry,
allowing us to describe in more depth the dust grain component. Private networks such
as MAGICKAL (Garrod, 2013) were of course out of reach. Other 3-phase codes do
exist, such as Chempl (Fujun, 2021) or Uclchem (Holdship et al., 2017), but it was
chosen to use Nautilus for its reliability (i.e. the code has been reworked several times!!,
minimizing bugs) and ease of use. This astrochemical code is quite sufficient for the ex-
tent intended in this work. Nautilus (Ruaud et al., 2016) is a 3-phase gas-grain code,
meaning that in addition to the gas-phase chemistry, the solid-phase chemistry is taken
into account by not only including the reactions at the grain surfaces but also the complex
chemistry taking place in icy mantles surrounding dust grains in cold environments such
as molecular clouds. The code and all the documentation can be downloaded from the
dedicated webpage!'?.

Model description

Nautilus is an astrochemical model written in FORTRAN and based on the KIDA
database. It can be used to study various astrophysical environments, such as hot molec-
ular cores, protostellar envelopes, protoplanetary disks and of course molecular clouds.
These various environments may be simulated thanks to a large set of tunable parameters
which will be described later.

As explained in Ruaud et al. (2016), it has been assumed in the network implemen-
tation that accretion and desorption processes only occur from the surface of
the mantle, i.e. the first two monolayers, and the gas phase'. As already emphasized,

"The last updates of the code were implemented in March 2022, as described in the documentation.

2https://forge.oasu.u-bordeaux.fr/LAB/astrochem-tools/pnautilus

13This does not mean that the species found deeper in the mantle are trapped forever. Some diffusion
or swapping mechanisms are at work, allowing species to move within the icy mantle.
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chemical reactions are allowed within the mantle, but with a slower diffusion rate of the
species in comparison with the ones on the surface.

In order to illustrate the complexity of the ODEs to be solved, the following equations
have been reproduced!* from Ruaud et al. (2016), where more details about the calculation
of the various terms can be found:
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Those equations describe the evolution of the abundance (represented by the number
densities) of a given chemical specie i for the 3 phases considered in the code: the gas
(n(i)), the surface (ns(i)) and the mantle (ny,(7)). In these equations, various terms
describe all the processes that may take place. The rate coefficients k;j, k‘fj, and k‘ZL
[cm3s™1] correspond to reactions between species i and j occurring in the gas phase, on
the grain surface, and within the mantle, respectively. The coefficients kace and kqes
[s71] represent the accretion and desorption rates of individual species onto and from
the grain surface. In this model, kgos can account for both thermal and non-thermal
processes. The dissociation rate coefficient, kyv.cr [sfl], encompasses contributions from
(1) direct cosmic-ray interactions, (2) secondary UV photons induced by cosmic rays,

and (3) standard interstellar UV photons. The coefficients kS, and k., [s™'] express

M These equations have been slightly modified after some thoughts on the matter. A sum have been
added in front of the terms kuv_cr(5)n(j), kgv_cr(F)ns(j) and kv _cr(5)nm () since not only one given
species ” j” could be dissociated to produce the species ”i”. You have to sum over all the species that could
produce it, as it is implemented in the code. Moreover, the notation used in Ruaud et al. (2016), i.e. kdiss,

has been replaced by kuv_cr in this work for the sake of clarity.
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the swapping rates between the surface and the mantle, in both directions. The terms

d"d#t(i) and dnst(i) describe the individual transfer rates of species ¢ from the
sS—m m—s

surface to the mantle and vice versa.

Inputs of the Nautilus model

The entire collection of parameters available for modification is described in Appendix B,
for which the file name must be parameters.in, which is the name recognized by the
Nautilus code. The most important parameters have already been described in Section
4.1, we will thus not come back to them. Nevertheless, other parameters must be presented
in order to understand all the possibilities that can be explored with this modeling tool.

Besides the grain and gas parameters, several switches are available. The code may
be used in multiple modes. It can either work as a 2-phase or 3-phase model (switch
is_3_phase), or as a pure gas-phase model by setting the parameter is_grain reactions
to 0. A discrete temporal evolution can be implemented if is_structure_evolution is set
to 1. This functionality will not be used, and one is referred to the documentation for fur-
ther details. A last possibility to be discussed is the dimensionality of the simulation.
0D simulations will be performed during this work, i.e. an homogeneous medium with the
same mean parameters everywhere will be assumed. But the Nautilus software allows
also the user to work with 1D simulations, i.e. a radial evolution of the physical quantities.
In that case, the switch structure_type has to be set to 1D no_diff. The parameters
alone are of course not sufficient to run the model. The initial abundances'® for chosen
chemical compounds must be given through the input file abundances.in, cf. Table 4.1.
When not specified, a default value is used by the code which can be set with the parameter
minimum_initial_abundance. The file elements.in lists all the elements which are in-
cluded in your medium. The files surface_parameters.in and activation_energies.in
contain the information related respectively to the parameters of some species on the sur-
face (mass, binding energies, ...) and on the activation energies values for some species.
And finally, we still have to specify the molecular compounds that we are considering as
inputs. This is done thanks to the files gas_species.in and grain species.in, where
species populating the gas phase and the solid phase have to be specified separately even
if interactions between the phases do exist.

The last files to be given are of course the astrochemical networks. Since we are
considering both solid and gas phases in this model, networks compiling reactions for each
phase have to be provided. We thus have two different networks to give to the software
which are stored in files gas_reactions.in and grain reactions.in. The only important
parameters are: the reactants, the products, the kinetic parameters (A, B, C)', the
temperature range of validity of the parameters, the formula used to compute the reaction
rate (label of the reaction type) as based on the KIDA database and the reaction ID (i.e. its
number in the file). The gas-phase network contains 8275 reactions, involving 567 unique
species and the solid-phase network contains 4837 reactions involving 511 species. Let us
emphasize that those networks are the ones found in the folder example_simulation, that

15For the electron initial abundance, it is chosen in the code to ensure global charge neutrality.

16Reaction rates are often expressed using formulas as Equation 2.4, but not always depending of the
model. In a general way, the factors A, B and C describe the values that have to be injected in the
kinetic constant’s parametrization depending on the reaction type. One is referred to https://kida.
astrochem-tools.org/help for details about the rate constant parametrization.
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Species  Abundance

He 9.000000E-02
N 6.200000E-05
O 2.400000E-04
H 0.000000E+00
Ha 0.500000E+00
ct 1.700000E-04
St 8.000000E-08
Sit 8.000000E-09
Fe™ 3.000000E-09

Na™ 2.000000E-09
Mg™ 7.000000E-09

pt 2.000000E-10
C1t 1.000000E-09
F 6.680000E-09

Table 4.1: Initial elemental abundances relative to Hydrogen.

can be found when downloading Nautilus, and are the most up to date (i.e., 2023, as
described on the Nautilus webpage). Actually, the 2024 version of the KIDA network
has been released (Wakelam et al., 2024) but all the necessary files are not made available
(only gas-phase network).

Outputs of the Nautilus model

We have introduced in details the inputs of our astrochemical model, but what about the
results provided by the code, i.e. the outputs? Well, as for the inputs, all the out-
put files are described in the Nautilus documentation. The important output files are
as follows: species.out, elemental_abundances.out, abundances.out and rates.out.
species.out provides the information concerning the species found at the end of the simu-
lation. Basically, it is just a file consisting of a list of molecules. elemental_abundances.out
contains the information about the final elemental abundances (which is not supposed to
have changed since elements should be conserved all along the simulation). In the files
abundances.out and rates.out, one finds the information about the molecular abun-
dances and the reaction rates, respectively, for each of the considered time-steps.
They are thus as many abundances.out and rates.out files as the number of steps
chosen in the simulation. Those two files will be used to generate the plots for our analy-
sis in the following chapters. Note that the last two files are in binary format. They will
thus need further formatting to be used in the different routines of the Nautilus software.

Not only the astrochemical code can be obtained when downloading the software, but
also some routines and Python scripts that allow the user to exploit the output files. It is
possible to plot abundances of some chosen species within a given time interval. The user
may also choose to compare the abundance evolutions between two or more simulations.
Finally, it is possible to plot the time evolution of the main formation and destruction
pathways of a given species. Once again, the reader is referred to the documentation for
further understanding concerning the code usage.
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Important remark:

The plotting scripts have been adapted to improve readability and interpreta-
tion of the figures presented in Chapter 6. This modification particularly concerns
the graphical representation of formation and destruction pathways. In the original
code, all reactions deemed non-negligible by the software were plotted, often result-
ing in an overwhelming number of reactions and unreadable graphs. To address this
issue, a selection criterion was introduced: only reactions contributing to at least
5% of the total integrated production/destruction fraction were retained. Addition-
ally, reactions that, at any time, accounted for more than 50% of the fraction were
also included to ensure that important contributors were not omitted. It is impor-
tant to note, however, that other reactions may still play a role, even if their
contributions are smaller.

As a summary of this section, Figure 4.2 illustrates the basic working principle of the
Nautilus code.

Inputs:
Parameters characterizing the environment
Initial abundances
Initial gas and grain species
Surface parameters
Astrochemical networks

\4

Optional:
Dimensionality of the simulation (0D or 1D)
2-phase or 3-phase
Time evolution of environment or not

............... > Nautilus code

\4

Outputs:
Final abundances
Final gas and grain species
Rates of the reactions

Post-processing

Main production and destruction reactions for H20

Abundance with respect to hydrogen

1 10 100 1e+03 1e+04 le+05 let06 le+07
Time [years]

Figure 4.2: Schematization of the working principle of the Nautilus astrochemical model.
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4.3 Limitations of the Nautizlus model

While traditional rate-equation models such as Nautilus are widely used in astrochemical
simulations due to their ability to handle large chemical networks in terms of computational
requirements, it is crucial to acknowledge the limitations of this approach—particularly
regarding its treatment of grain-surface chemistry and ice mantle formation.

One significant limitation lies in the treatment of surface binding sites. Standard rate-
equation models typically assume a single type of binding site, characterized by a single
value of binding energy for each species. This oversimplification is problematic because,
in reality, interstellar grain surfaces are heterogeneous, featuring a distribution of binding
site energies (Ferrero et al., 2020; Duflot et al., 2021; Tinacci et al., 2022; Groyne et al.,
2025). As shown in Furuya (2024), the outputs of astrochemical models significantly vary
if a distribution is used instead of a single value for the binding energy of species. Since this
value is fixed in rate-equation models, the results are heavily dependent on an arbitrary
or poorly constrained parameter, reducing the predictive reliability of such simulations.

Another critical aspect concerns the formalism adopted for desorption processes. Var-
ious desorption mechanisms, such as thermal desorption, photo-desorption, and reactive
desorption, can be treated differently depending on the model. For example, Wakelam
et al. (2017b) compared the formalism introduced by Garrod et al. (2007) with that of
Minissale et al. (2016), showing that the assumptions made in these formalisms can lead
to notably different outcomes. This sensitivity to the choice of desorption model further
amplifies the dependency of rate-equation simulations on the specific parameter set and
assumptions employed. Binding energy values themselves again play a central role here,
reinforcing the previous concern.

Furthermore, as in all astrochemical modeling tools, chemical networks used in these
models may omit key reactions due to incomplete kinetic data, especially for grain-surface
and bulk-ice processes. The lack of well-characterized rate coefficients for certain reac-
tions can result in inaccurate modeling of the formation and destruction pathways of key
molecules. This limitation reflects both the incompleteness of current reaction networks
and the inherent difficulty in quantifying surface reaction rates under interstellar condi-
tions.

A major limitation of the Nautilus model lies in its use of the rate equation approach
to simulate surface and mantle chemistry. The following is based on the review from Cup-
pen et al. (2013), and one is referred to it for further details. In astrochemical modeling
— particularly for grain-surface and ice-mantle chemistry — two fundamentally different
approaches are used: the rate equation (RE) method, which is deterministic, and a class
of stochastic approaches that include the master equation formalism and kinetic Monte
Carlo (KMC) methods. These approaches differ significantly in terms of physical real-
ism, computational complexity, and suitability for modeling processes under interstellar
conditions. Unlike deterministic rate equations, which have been proven to be inaccurate
to simulate chemistry on dust grains (Vasyunin et al., 2009), KMC methods provide a
more detailed treatment of grain-surface chemistry. In contrast to the deterministic na-
ture of rate equations, which solve coupled stiff ordinary differential equations based on
average concentrations, KMC methods simulate the stochastic evolution of in-
dividual chemical events — such as accretion, diffusion, reaction, and desorption —
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using event-based time stepping. This inherently probabilistic approach is based on the
chemical master equation'”, and it allows for a more accurate modeling of processes that
occur with low surface populations or when discrete effects become important. There are
two main variants of KMC methods: macroscopic and microscopic. While both include
similar reaction types and physical processes, microscopic KMC simulations offer several
key advantages. In these models, each species is tracked individually, including its
exact location on the grain surface. Diffusion is modeled as discrete hops between binding
sites, and species may revisit the same site multiple times - a process known as back dif-
fusion. While this effect can be introduced approximately in rate equations, microscopic
KMC accounts for it naturally and explicitly. Moreover, reactions in microscopic KMC
occur only when species occupy the same or adjacent binding sites, meaning the reac-
tion order is not imposed a priori and may deviate from classical second-order kinetics
depending on the local surface environment. Another important feature of microscopic
KMC is its ability to incorporate complex surface structures. Binding sites can differ in
energy, allowing the model to represent heterogeneous grain surfaces, such as amorphous
silicates or ices with topographical features like steps and pores. This spatial heterogene-
ity directly affects diffusion and desorption rates, which is site-specific. As a result, the
reaction-diffusion competition - i.e. whether a particle reacts before desorbing or diffus-
ing away - is automatically captured by the simulation rather than manually imposed via
corrective factors as in rate-equation models. Microscopic KMC also naturally simulates
ice mantle growth. As the mantle thickens, molecules can become buried in lower layers,
where their mobility is reduced. These buried species may no longer participate in sur-
face chemistry or desorb efficiently, a phenomenon difficult to model using rate equations,
which typically lack positional information. Thus, the stratification of ices and chemical
inhomogeneities within the mantle is inherently taken into account in microscopic KMC
simulations. While these benefits make microscopic KMC highly realistic and powerful
for studying surface chemistry in cold interstellar environments, they come at the cost
of significantly increased computational expense. This limits their application to smaller
chemical networks and shorter simulation times compared to rate-equation models, which
are computationally more tractable but necessarily involve simplifying assumptions.

In conclusion, rate-equation models offer a computationally cheap yet simplified frame-
work for exploring large-scale chemical evolution in astrophysical environments. However,
due to assumptions such as single binding energy per species, different desorption schemes,
and deterministic treatment of inherently stochastic processes, caution must be exercised
in interpreting their predictions—particularly for surface and bulk-ice chemistry. Acknowl-
edging these limitations and comparing results with more detailed probabilistic approaches
like KMC is essential for a more robust understanding of interstellar chemistry. Therefore,
the treatment that will be presented in Chapters 5, 6 and 7 must be considered within that
limited framework. Nonetheless, the results will greatly help to obtain first insights into
the behavior of the glycine precursors, and will open the doors to more detailed studies as
proposed in Chapter 9.

'"The chemical master equation (CME) is a probabilistic framework that describes the time evolution of
the probability distribution of a system’s chemical states, accounting for the stochastic nature of individual
reaction events. Unlike deterministic rate equations, the CME tracks how likely the system is to be in each
possible state, making it well-suited for systems with small numbers of reactants or discrete events. More
information can be found in Section 2 of Cuppen et al. (2013) and references therein.
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Chapter 5

Comparison between Astrochem
and Nautilus

The first step of the practical aspect of the work was a comparison between the astro-
chemical codes Nautilus and Astrochem. If this work intends to be a continuation of
the one performed in Groyne (2023), it is primordial to be sure that the gas-phase re-
sults presented in that work can be reproduced using Nautilus, allowing us to start on a
concordant basis.

5.1 Comparison between the gas-phase networks

First of all, it was required to compare the gas-phase chemical networks of both models
to be sure that the molecules we want to study can be found in our model’s network.

In order to perform that comparison, several Python functions have been written.
The first (and longest) function' was built in order to read the text files in which the
networks were contained and to store the relevant information into Python arrays that
will subsequently be used in the various codes for comparison. Practically, what this first
function does is decompose the text file into its different columns of interest for each net-
work and to store each column as elements of the array. We thus have at the output of
the function two Python arrays (one for each network), the columns of which are (i) the
list of reactants (70”) (ii) the list of products (”1”) (iii) the list of kinetic parameters
(727) (iv) the label of the reaction type (73”), cf. KIDA database. The principal result
that emerges from this comparison is that the Nautilus gas-phase network has a higher
completeness (8275 vs. 6046 reactions) in absolute terms (some redundancy must be
considered) and a higher complexity (567 vs 469 unique reactants). All the glycine pre-
cursors studied in Groyne (2023) (Table 3.1) can be found in the gas-phase network from
Nautilus. Moreover, each of these precursors is involved in more formation/destruction
pathways in the network from Nautilus than in the one from Astrochem (one exception
being HCOOH, which is involved in one less formation route than in Astrochem).

From this comparison, it seems that Nautilus can be used to reproduce some of the
results obtained in the work of Groyne (2023), as shown in the next section.

!This function has been written with the help of Maria GROYNE, a PhD student at the University of
Liege, whom I thank for the help.
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5.2 Reproduction of the results

In this section, the main results of Groyne (2023) will be reproduced using Nautilus in
order to push further the comparison. We are thus still focusing here on pure gas-
phase chemistry.

To reproduce the results, only two of the files required modifications: abundances.in
and parameters.in. The abundances in elements were set to the same values as those
used in Groyne (2023) (Table 4.1) and the parameters and switches were set to consider
an homogeneous molecular cloud, where only gas-phase reactions are taken into account
(is_grain reactions = 0). In those conditions, only the gas initial density and tempera-
ture as well as the visual extinction and cosmic-ray ionization rate required modifications.

Important remark:

In order to compute the initial gas density ng, one must be aware that all the
hydrogen is assumed to be in its molecular form Hy. According to the Nau-
tilus documentation, the initial gas density is calculated using the following formula:
ng = n(H) + 2n(Hz). The previous comment means that ng = 2n(Hz2) and that
n(Hz)/ng = 0.5 in the abundances.in file (see Table 4.1).

In the following, we will use the different models from Groyne (2023) to study the
glycine precursors presented earlier. The different physical conditions considered are de-
scribed in Table 5.1.

ng (em™3)  Tys (K) A, (mag) € (s7!)  Fyy (ref. units)

Model 1a 104 10 20 10~ 1
Model 2a 106 10 20 10~ 1
Model 3a 104 20 20 10~ 1
Model b 10° 50 20 1017 1

Table 5.1: Models with various gas-phase conditions describing an homogeneous stable
through time molecular cloud. Reproduced from Groyne (2023).

This section does not aim at performing a deep analysis of the various glycine precur-
sors. This has been done thoroughly in Groyne (2023) for the gas phase and it would be
pointless to just rewrite that discussion. A pure comparison will thus be performed and in
this chapter we will only emphasize the differences that may be encountered between the
two astrochemical codes. The reader is referred to Appendix E for a detailed discussion of
both similarities and discrepancies, along with some relevant figures. However, a thorough
analysis of the results including the solid-phase chemistry will be performed in Chapter 6.

5.2.1 Strecker-like synthesis - Neutral pathway

This pathway towards glycine involves the following simple precursors: HoO, NH3, HoCO
and HCN, as previously specified in Chapter 3. In Table 5.2, one can find the equilibrium?

2Readers unfamiliar with the equilibrium formalism are invited to consult Appendix C.
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abundances from both the present work and the one of Groyne (2023).

Groyne (2023) H,O HCN/HNC NH, H,CO

Model 1a 2.5 1077 8.5 10710 2108 6.3 10710
Model 2a 1.210°7 2.1 10710 11078 1.8 10710
Model 3a 31077 1.13 107 4.2 1078 5.7 10710
This work H,0 HCN/HNC NH, H,CO

Model 1a 1.65 1077 1.53 107 2.0210°% 75910710
Model 2a 4.43 10°8 1.47 10710 5.69 10? 1.40 10710
Model 3a 1.92 1077 1.36 1079 2.05 10~8 7.28 10710

Table 5.2: Equilibrium abundances with respect to hydrogen for the four precursors studied
in the framework of the neutral Strecker-like mechanism.

What can be seen from Table 5.2, looking first at model 1la, is that results from As-
trochem and Nautilus converge quite well. Indeed, the equilibrium concentrations are
remarkably similar. As in Groyne (2023), H2O remains the dominant species throughout
most of the simulation. This indicates that, at first sight, Astrochem and Nautilus
give consistent gas-phase abundances. The chemical equilibrium is reached after approx-
imately 105 years, which aligns with the discussion in Groyne (2023). However, notable
differences arise before equilibrium. For instance, in the Nautilus simulation, HCN
is the second most abundant molecule, whereas in Groyne (2023) it is surpassed by H,CO
after roughly 102 years except at the very end. This discrepancy may be attributed to the
greater completeness of Nautilus, which incorporates more reaction pathways - for exam-
ple, HCN has more than twice the number of formation routes in Nautilus as compared
to Astrochem - but also to differences in the kinetic parameters used in the two models.
Indeed, on top of the fact that both codes are based onto two different databases (OSU
versus KIDA), kinetic parameters are continuously refined across the years. Discrepancies
in the parameters are thus expected. Those hypotheses can be checked with the main
formation/destruction pathways over time and their rates, as discussed hereafter.

Important remark:

It must be pointed out that the Y-axis of the figures shown in Appendix E, which
displays the chemical routes, is not the same between the results of the two codes
(rates versus production/destruction fraction). Therefore, only qualitative compar-
isons are allowed, i.e. we may only discuss about the dominant reactions taking place
and their relative importance, respective to each code outputs.

Starting with H,O, a comparison with Groyne (2023) shows that the overall conclusions
remain consistent, although some differences should be noted. While four of the six main
formation reactions are shared between both models, discrepancies appear primarily in
the early chemistry (before ~ 103 years). Beyond 10° years, the dominant reactions
are nearly identical, except for the absence of the reaction involving SiO in our work.
Groyne (2023) previously identified missing contributors to water formation in the early
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stages (i.e. the reaction involving molecular hydrogen). This was corrected by considering
a higher density that permitted additional reactions to take place (model 2a). Interestingly,
this issue does not arise in this study. One may have thought that the kinetic parameters
are different, however they are exactly identical in both networks. It is therefore probably
linked to code differences, emphasizing the fact that providing two codes with the same
parameters for a given reaction does not ensure that the results will be identical (cf.
Chapter 4). Moreover, it must not be forgotten that everything is interconnected, meaning
that changes in kinetic parameters for other reactions could have an impact on reactions
involving water precursors. For the destruction pathways, the Nautilus model accounts
for the same reactions as the one used in Groyne (2023). Overall, the results remain highly
similar. One slight difference is that, at the end, the reaction involving HCO™ dominates
clearly whereas in Groyne (2023), there were nearly equal contributions of HCO' and H3™,
with a slight dominance of the latter. On top of those considerations, one may note the
nearly identical equilibrium abundance of water. Despite Nautilus including additional
reaction routes involving water compared to A strochem, this does not significantly affect
its final abundance. This suggests that the newly introduced pathways contribute only
marginally to the overall balance of water formation and destruction.

Important remark:

It is important to keep in mind that more reactions included in a network does
not necessarily mean a higher completeness. Indeed, although Nautilus includes
dozens more reactions than Astrochem, these may have little impact at the
low temperature considered (they would be deactivated). This reason might
also explain, at least partially, the similarity between the results of the two codes.

Having a look at the formaldehyde formation pathways, it is striking to note that the
results are quite similar to those of Groyne (2023), though two reactions from Astrochem
are not found in the results of Nautilus. For the formaldehyde destruction pathways,
we still have clear similarities but also deviations. Between 10% and 10° years, a reaction
involving atomic carbon clearly dominates destruction (Figure E.3), which is clearly dif-
ferent from the results presented in Groyne (2023). This can be explained by the simple
fact that the latter reaction is not included in the network from A strochem.

For hydrogen cyanide HCN (Figure E.4), even if final abundances are not strongly af-
fected, one directly notices the differences between both modeling approaches. If we look
at the formation pathways, the chemistry until ~ 10? years is dominated by the reaction
N + CHy — HCN + H in Nautilus whereas in Astrochem the reaction HCNH™' +
e — HCN + H must also be taken into account. Looking closer at the networks, the ki-
netic parameter A between the networks is not the same (9.622 x 1078 in Nautilus versus
1.85 x 10~7 in Astrochem). In the work of Groyne (2023), the last reaction therefore has
a higher kinetic, which could explain the difference from our results. Out of the 6 main
reactions in Groyne (2023), only three are found in this work. While the reaction H +
HNC — H* + HCN is not included in the network of Nautilus, the two other reactions
are present with the same kinetic parameters as in Astrochem. Regarding the destruction
routes, the only main difference is that in our results, the importance of the contribution
of the reaction involving CT is comparable (even higher) to the ones involving H*, H3O"
and H3 ™, whereas in Groyne (2023) it is completely negligible. As previously, that may
probably be explained by differences in the kinetic parameters. Indeed, the values of all
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the parameters have been changed between the networks (4 = 4.75x 1079 B = —5x 107!
and C = 0 in Astrochem becomes A =1, B =1.28 x 107 and C = 6.61 in Nautilus).
Nonetheless, it is important to keep in mind that there are important differences in
the kinetic constant parametrization between the two codes, meaning that the
comparison between the parameters might be in this case irrelevant. Whereas an Arrhe-
nius like parametrization is assumed in the OSU database on which is based Astrochem,
ion-neutral® reactions are computed using the Su-Chesnavich capture approach. The de-
tailed comparison of those approaches goes beyond the scope of this master thesis and one
is referred to the following document (and references therein) if in need of further details:
https://kida.astrochem-tools.org/uploads/documents/ionpol_notice.pdf.

It is now interesting to compare the results concerning the abundances of HCN and
HNC. In Groyne (2023), the abundance ratio remained close to unity throughout the
simulation, a result consistent with Graninger et al. (2014), where this ratio was found
to be stable in cryogenic environments such as molecular clouds. However, in this work,
we observe a divergence of about two orders of magnitude between 10* and 10° years.
Interestingly, a closer look at Graninger et al. (2014) (Figure 5, using parameters similar
to ours) reveals a similar feature: a temporary bump in the same time range, where HCN
becomes more abundant than HNC. Despite this temporary difference, the abundances
of both species eventually converge at equilibrium, reaching values comparable to those
reported in Groyne (2023). This transient enhancement in HCN abundance could be at-
tributed to its slightly higher stability compared to its isomer, HNC. Since both molecules
share the same dominant reaction pathways (except during a short time between 10* and
10° years), HNC may be preferentially destroyed, as confirmed by the slightly higher ki-
netics of the reactions involving hydrogen isocyanide.

Finally, let us analyze the results concerning the ammonia molecule (see Figure E.6).
Ammonia being mainly produced through a cationic chain starting with nitrogen and its
cation, finally ending through the dissociative recombination of the ammonium cation, the
similarity with Groyne (2023) was expected. For the destruction pathways, the main dif-
ferences are the involvement of the reaction involving atomic carbon and the importance
at equilibrium of one of the reactions (NH3 + C* — H + HCNH™) involving C*, which
were already discussed previously.

The first results are thus similar in both work. One main deviation is the involvement
of C* in the late destruction equilibrium chemistry, which was completely negligible in
Groyne (2023). Verifying in the networks, the values of the kinetic parameters of the
reactions are different (both codes are not built on the same database and the kinetic
constant parametrization for some ion-neutral reactions is different). We may also note
that the destruction equilibrium chemistry is, in this work, dominated by HCO™ (see
Appendix E for more details), whereas in the previous work of Groyne (2023) there is
a slight dominance of H3™. Once again, the parametrization is not the same between
the codes. If the physical parametrization is not the same, one could have expected such
differences and a comparison of the parameters cannot be performed since their role in the
formulas are not the same. On top of that, everything is interconnected, and changes in
parametrization and parameter values of various reactions could lead to significant changes
in the chemical modeling results.

3The following is valid for ion-neutral reactions in which the neutral molecule has a dipole moment.
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Important remark:

All these studied precursors are expected to be involved in pathways leading to
more and more complex species, themselves being probably involved in a plethora of
other processes. Our astrochemical code has nonetheless a limited complexity and
these first results are coming from purely gas-phase chemistry treatment, without
any source of sink terms from the solid-phase. The expected synergy of the results
with a more complete network and a solid-phase linked treatment should therefore
be kept in mind when interpreting these results, without drawing hasty conclusions.

Now that differences in the results from model la have been compared, let us have
a look at model 2a where the overall density of the cloud is enhanced by two orders of
magnitude. From Table 5.2, we reach easily the same conclusions as Groyne (2023), the
abundances at chemical equilibrium being very close between models 1a and 2a despite the
hundredfold increase in initial hydrogen density. As discussed in Groyne (2023), it can be
noted that the time required to reach equilibrium does not depend on the initial hydrogen
density, as shown in Appendix E. Looking at the main formation/destruction pathways,
results are close from the ones of Groyne (2023) though discrepancies exist in the involved
reactions between the two models, as already emphasized in the case of model 1a.

We will conclude by the results obtained with model 3a, in which T" has been increased
from 10 K to 20 K compared to model 1la. The abundances at equilibrium and even their
temporal evolution remain pretty similar, which is in perfect agreement with the results
obtained by Groyne (2023). Indeed, as discussed in that work, a small temperature in-
crease is not sufficient in such cryogenic conditions to enhance sufficiently the chemistry.
In other words, reactions that were inhibited at 10 K will remain inhibited at 20
K. To notice sufficient differences, one would have to raise the temperature to a higher
level, but that would mean leaving the physical conditions of a quiescent molecular cloud.

What can be said in conclusion of this first comparison is that although the time-
dependent chemistry varies between the results, the equilibrium chemistry obtained
with both codes is always similar.

5.2.2 Strecker-like synthesis - Activated pathways

As discussed in Groyne (2023) and in Chapter 3, in order to activate the kinetics (lower
the activation barriers) of the Strecker-like formation route, ions can be substituted in the
reactions to give the activated Strecker-like mechanism. In that context, the following
precursors will be considered: HoCO™, HoCO, HCN, NH3, HoCOH™ and NH3". Table5.3
includes a summary of the equilibrium abundances of this work and that of Groyne (2023).

Let us begin to study the results obtained from model 1a for those precursors. As dis-
cussed in the previous section, even though the time-dependent chemistry varies slightly in
comparison with the results from Groyne (2023), the equilibrium results are quite similar.
The abundances of the cationic/protonated species are about 2 to 3 orders of magnitude
lower than the neutral ones, as expected in environments such as molecular clouds, fewer
ions being created. Despite their low abundances, ion-involved reactions remain relevant
to our study because of their significantly lower activation barriers, which make them much
more reactive and thus compensate for their scarcity.
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Groyne (2023)  H,COH™ H,CO* NHZ

Model 1a 1.65 1072 15710713 21310712
Model 2a 3.44 10714 1.08 1015 1.87 1014
Model 3a 1.49 1072 13110713  8.1310°!2
This work H,COH™T H,CO™T NHZ

Model 1a 1.48 1072 266 10713  5.23 10712
Model 2a 1.05 10~ 42310715 427107
Model 3a 1.69 102 33010713 2551071

Table 5.3: Equilibrium abundances with respect to hydrogen for the three supplementary
precursors of the Strecker-like synthesis. Adapted from Groyne (2023).

Considering model 2a, the conclusions made with the neutral species are no longer
valid and one finds an agreement with the results of Groyne (2023). Quantitatively, we
notice that the equilibrium abundances are very similar to those found in the latter work.
This agreement might be explained by the close similarity in terms of the number
of pathways in which these precursors are involved in both networks. Nonethe-
less, one must not forget the effect of the kinetic parameters on the results as well as the
different parametrization for ion-neutral reactions. Looking in more detail at those of the
dominant formation/destruction pathways plotted by Nautilus, when the parametriza-
tion is the same, the parameter values are not always identical; when the parametrization
is not the same then the comparison is not really relevant. One has to keep in mind that
it is those kinetic parameters and the parametrization of the reaction rates in which they
are involved that dictate the chemistry. The fact that they differ, even slightly, between
the codes adds a complexity layer on top of this comparison.

The curves obtained for model 3a are this time also pretty similar to those obtained
with model 1a as in Groyne (2023). This is further illustrated in Table 5.3, where the abun-
dances from both models are nearly the same except for NH3' which has an equilibrium
abundance enhancement of nearly one order of magnitude. This increase in abundance
has already been observed in Groyne (2023), though with a lower amplitude. Looking
closer at the networks, the dominant destruction of that species (Hy + NH3t — H +
NH4 ™) is included only one time in A strochem, but 3 times in Nautilus, each time with
different values of the kinetic parameters but also ranges of temperature validity. For the
relevant temperature range (10 to 20 K), though the A parameter is the same, in Nautilus
the B has decreased and C' has increased. Differences in the kinetic parameters and the
complex interconnection between various reactions may explain the slight difference in the
equilibrium abundance value.

5.2.3 Precursors for Woon’s mechanism and its variants

Concerning the so-called Woon’s mechanism, based on the work carried out by Woon
(2002) and discussed in detail in Chapter 3, some details have to be pointed out that
differentiate this work from the one of Groyne (2023). First of all, since that work only
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focuses on gas-phase chemistry, the initial Woon’s mechanism (based on reactions taking
place within interstellar ice analogues) had to be modified to take into account the
fragment losses that may take place in gas-phase, dust grains being absent to take away
the excess of energy. In the context of this work, the mechanism will not require any
modification since we are considering both grains and their icy mantles. Nonetheless, this
modified pathway will have to be taken into account in order to reproduce the results.
The interested reader is referred to the original work of Groyne (2023) for the discussion,
but a summary of the processes considered can be found in Figure 5.1.

a) COOH radical & formic acid formation

H, + CO,
-H
Hydrogen abstraction by OH radical
(or another abundant radical)
.0 ! e !
1 | 1
-H : ’ | _HO l ’ :
H,0O + CO _— ., o ' :+ ‘OH
! |
| OH | | OH !
1 | L
-H
H,CO + OH
eg.
CH30,* + e
b) H,CNH; radical formation
)
H,CNH, + e
H, + HON — 1 HONH M
Hp CN — »~ H,CMNH " o=
1
+ H ———— > H,CNH, |
+ Hp [ !
c) Glycine formation
o
Q o)
b | |
H) OH+ H, CNH, oH —— +  HyCNH
N/ c.1) c.2) OH

Glycine

c.1.) Faithfull termination to the principle of fragment loss

c.2.) Faithful termination to the Woon’s mechanism: direct radical-radical recombination

Figure 5.1: Modified Woon’s mechanism, taking into account the fact that when consid-
ering gas-phase, fragment losses cannot be excluded. From Groyne (2023).

Moreover, it was acknowledged in that work that the targeted direct precursors of
glycine NH,CH,COOH, i.e. COOH and H,CNH,, were not included in the Astrochem
genuine network. Within the Nautilus gas-phase network, both of those species are
included (named respectively HOCO and CH,NH,). The presence of these precursors
could then allow their direct (radical-radical) recombination to form glycine, following
the mechanism proposed by Woon (2002). We will come back in the next chapter at the
solid-phase study of this mechanism, but as for now let us focus on the gas-phase synthesis.
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The results obtained thanks to model 1la for both steps of Woon’s mechanism are
presented in Table 5.4.

Groyne (2023) COs H>O CO OH CH309

Model la 2.75 10~ 7 2.5 1077 6.15 107° 1.35 1077 2.72 10710
Model 2a 1.210°7 1.210°7 6.53 107° 2.28 1079 4.21 10710
Model 3a 31077 31077 6.15 1075 1.39 1077 2.01 10710
Groyne (2023) HCN CH;3N CH4NT CHsN* CHgNT

Model la 8.5 10710 3.04 10712 1.07 10~ 7.65 10716 2.30 10714
Model 2a 2.1 10710 7101073 1811071 80910~ 3711016
Model 3a 1.13107° 4.13 10712 1.64 10~ 894 10716 3.02 10714
This work CO, H>O CO OH HCOOH
Model la 2.33 1077 1.65 107 1.70 10~* 4.70 1078 4.94 10710
Model 2a 3.55 10~ 7 4.43 1078 1.69 104 6.00 10710 1.10 1079
Model 3a 2.18 1077 1.92 1077 1.70 10~* 5.21 1078 3.14 10710
This work HCN CHQNH CHQNH2+ CH3NH2+ CH3NH3+
Model 1a 1.53 107° 419 10711 1.04 1078 27910714 23210713
Model 2a 1.47 10710 7.14 10712 4.89 10715 3.73 10716 1.04 10~
Model 3a 1.36 107? 4.49 10711 1.35 1071 25810714 25210713

Table 5.4: Equilibrium abundances with respect to hydrogen for the precursors of the
Woon’s mechanism. Adapted from Groyne (2023).

The equilibrium abundances values are quite consistent between both works, as can
be seen in Table 5.4. However, there are some discrepancies, like in the case of carbon
monoxide and the hydroxyl radical. The abundance of CO is slightly higher by almost an
order of magnitude in this work, while OH is lower by a similar factor. This difference
is likely due to the greater completeness of the gas-phase reaction network in Nautilus,
where both species participate in more than twice as many reactions compared to As-
trochem. That could also be related to variations in the kinetic parameters and related
parametrization (for example, the main way to destroy CO is parametrized differently in
both codes), as already discussed previously. It is not surprising that CO dominates, since
it is the second most abundant molecule in the galaxy due to its high stability (and the
high relative abundances of C and O). The case of formic acid deserves more comments. In
the gas-phase network of Nautilus, HCOOH is only involved in one formation route,
while it was involved in two routes in the work of Groyne (2023). As in that work, some
completeness issues may arise concerning this species, and that will have to be kept in
mind. Moreover, even though it has a higher complexity than the other compounds, it is
still found in an appreciable amount, which is beneficial with regard to Woon’s mechanism.

Using model 2a, the results once again align well with those presented in Groyne (2023).
However, a notable and somewhat unexpected difference arises in the relative abundances
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of formic acid and the OH radical. Contrary to expectations—since OH is typically more
abundant—the results show formic acid as the most prevalent species. This discrepancy
likely stems from differences in the dominant reaction networks implemented in the two
chemical codes. In the case of Nautilus, the main formation pathway for OH under model
2a, conditions is the reaction O + HC30 —— OH + C30, which is absent from A strochem.
Although OH also participates in a greater number of destruction reactions in Nautilus,
its primary destruction pathway, O + OH —— H + O3, exhibits similar, but not equal,
kinetic parameters in both models. As for formic acid, its main destruction route in Nau-
tilus involves ion-neutral chemistry, and differences in reaction parametrization between
the codes likely contribute to the observed variation. Furthermore, the higher density used
in model 2a compared to model la favors the reactivity of transient radicals such as OH,
leading to a more efficient depletion than for more stable species like HCOOH. Another
discrepancy in the results arises when looking at the abundance of CH3NHs". Indeed,
differences close to two orders of magnitude can be observed. As discussed in Groyne
(2023), which is also valid in this case, this is a quite complex species and its complete-
ness in the network is not really high. The results obtained here are therefore questionable.

For model 3a, the same curves as for model 1a are obtained, aligning once again on
the conclusion of Groyne (2023).

5.2.4 Comparison to previous results and observational data

To conclude, we will compare the results obtained thanks to the Nautilus code with those
of Groyne (2023) and results previously published in Prasad and Huntress (1980a,b). In
order to complete this last step, model b proposed in Groyne (2023) has been used, which
aims to mimic the conditions used in the two previously cited papers. The results from
the different works are summarized in Table 5.5.

Our results match quite well those obtained both in Groyne (2023) and in Prasad
and Huntress (1980a,b). The maximum deviation being limited to less than one order of
magnitude. Since we are considering quite low complexity species, this is not unexpected,
knowing that all the works are based on quite complete networks regarding those molecules.
The exception arises when looking at the most complex species of this table, i.e. HoCO™,
HoCOH™ and CHoNH> ™", which have abundances well above those of Prasad and Huntress
(1980a,b). This was already encountered in Groyne (2023), and was related to the much
lower completeness of the network used in Prasad and Huntress (1980a,b) than the one from
A strochem. This argument is also valid for this work, as we know that the completeness of
the network from Nautilus is even higher than in A strochem. Regarding the comparison
with observational data, one must first bear in mind that in a real molecular cloud
there is a crucial interplay between the gas-phase and solid-phase chemistry.
Therefore, perfectly matching results are not expected since a pure gas-phase model is
used.

5.2.5 Conclusions from this comparison

As a first step in this work, we performed a detailed comparison with the results from
Groyne (2023), focusing on the gas-phase precursors of glycine. The aim of this mas-
ter thesis is to build upon that foundation by incorporating grain-surface and bulk-ice
chemistry, thereby enabling a more realistic and complete modeling of molecular clouds
and the complex chemistry occurring within them. At the end of this comparison, we
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Species  Groyne (2023) This work Prasad and Huntress Obs. data
(1980a; 1980b)

H,O 1.11 1077 6.39 1078 5.04 1076 <71078a

HCN 7.62 1071 1.89 10710 8.01 10710 ~210710b

H,CO 3.151071% 5731071 9.93 10710 4-8107%¢

NH, 1.03 1078 9.73 107 1.25 1078 ~1078,210°8¢

CcO 7.11 107° 1.70 1074 1.44 10~* ~41075f 810" 8

CO, 7.92 1078 1.92 1077 2.09 10-¢ -

OH 5.87 107 1.54 107 6.01 107 -

ct 2.46 1071 724 1071 2.39 10~ -

NH; 45310718 7.40 10713 8.15 10713 -

H,COT  4.5910°% 112107 2.23 10716 -

H,CO* 229107  1.00 10713 6.23 10716 -

CH,N* 99510716 151 1071 1.63 10718 -

<]

# Roberts and Herbst (2002).
b Gottlieb et al. (1975)

¢ Evans and Kutner (1976)

4 Morris et al. (1973)

Ohishi and Kaifu (1998)
f Liszt et al. (1974)
& Ohishi et al. (1992)

Table 5.5: Comparison of the precursor abundances that were studied in this work, Groyne
(2023) and both Prasad and Huntress (1980a,b), with some observational data towards
the Orion A molecular cloud when available. Adapted from Groyne (2023).

can conclude that the results of Groyne (2023) were successfully reproduced to a large
extent. Those results were not unexpected because the scientific community largely agrees
on the way to compute gas-phase chemical evolution. While some discrepancies were
observed—particularly in the temporal evolution of molecular abundances—the equilib-
rium abundances we obtained were systematically similar. Although not all contributing
reactions were identical, most of the key pathways for formation and destruction were
consistent between the two studies. These differences are expected, given that Nautilus
is not only a different code from Astrochem, but also one that allows for a higher level
of completeness and complexity. Interestingly, despite differences in the implementation,
the reference kinetic parameters and their related parametrization as well as the ODE
solvers used in both codes, the results remain remarkably consistent. As a result, many
of the conclusions drawn in Groyne (2023) remain valid here as well. Thanks to this re-
producibility, Nautilus will be used to perform a more comprehensive description of the
chemistry in molecular clouds. The reader is referred to Appendix E for a summary of
both similarities and discrepancies in the results from both codes.

The logical next step is to increase the model’s complexity by including the chemistry
occurring on dust grains. This is the focus of Chapter 6, where all glycine precursors are
examined in greater detail.
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Chapter 6

Three-phase chemical modeling of
glycine precursors

In this chapter, we will revisit all the glycine precursors examined in Chapter 5, but this
time within an extended model that includes solid-phase chemistry. Rather than relying
solely on a gas-phase approach, we will now use a comprehensive 3-phase model that
accounts for gas-phase reactions as well as grain-surface and bulk-ice processes to carry
out a more complete study of glycine precursor formation.

6.1 Model modifications to include dust grains

6.1.1 Solid-phase astrochemical network

As we have seen in Chapter 4, when considering solid-phase reactions with the Nautilus
code, a second astrochemical network (grain reactions.in file) has to be considered. To
analyze this network with care, the Python functions used for the comparison in Chapter
5 have been slightly modified.

A key observation when examining the solid-phase network is the complete absence
of charged species (both cations and anions) in surface reactions. Only neutral
species are considered. Moreover, the default values for the sticking coefficients of anions
and cations are considered equal to 0, which means that charged species do not ac-
crete on the surface of dust grains. The Nautilus documentation states that ”We
do not consider ions on the surfaces because grains are usually negatively charged so that
any cation produced on the surface would recombine quickly”. Having a closer look at the
astrochemical network gas_reactions.in, we can see that grains with a negative charge
can be produced in only one way, which is the capture of free electrons. Although some
neutralization processes through collisions (but not accretion) with cations are present,
the production of negatively charged grains is characterized by such a high kinetic con-
stant (~ 1072) that a neutral grain would quickly capture a new free electron. One must
understand that grain charging mechanisms are not simple processes, and are functions
of various parameters such as the grain sizes, their composition, the ISM environment
considered, the local radiation field strength, the temperature, and the electron number
density. For instance, Draine and Sutin (1987) have shown that, assuming an MRN power
law (cf. Section 2.2.2) extended down to a minimum grain size am, of approximately

65



66 Three-phase chemical modeling of glycine precursors

3A', charged dust grains can carry a significant fraction of free electrons? in

cold clouds with very low fractional ionizations (ne/ny < 4 x 1077). Consequently, in
all reactions of the solid-phase network in Nautilus, dust grains are assumed to be
negatively charged and only neutral species are considered. As a result of this absence
of cations on dust grains, surface processes analogous to gas-phase photo-ionization would
occur at similar rates but ultimately yield the neutral products expected from electronic
recombination rather than sustaining ionic species.

However, one may wonder about the origin of these considerations. Concerning the
anions, assuming negatively charged dust grains, this can simply be explained by the classic
Coulomb interaction, causing negative species to just be repelled by the grains. For the
cations, it deserves a more in depth exploration. Calling again the Coulomb interaction,
positively charged species should on the contrary be attracted by the grain, which should
reinforce the sticking coefficient, making it very close to 1. However, as assumed in the
Nautilus code, the sticking coefficient of ions, both anionic or cationic, is equal to 0. This
can be arguably explained by the following considerations:

1. A cationic adsorption reaction such has C* + grain~ — JC + grain has both
a high speed and very high exothermic nature. This energy excess is principally
found in form of translational energy rather than in the ro-vibrational levels, which
are discrete and limited. Moreover, through momentum conservation, the initial
momentum of the cation will be conserved due to the fact that the grain is way
more massive than the cation. Therefore, such reactions would be dissociative, and
cations would not stay on the grain. One may nonetheless wonder if the grain could
not take away the energy excess as in the case of classical surface reactions. This is
unfortunately not that simple, since in that case the grain does not have a third body
passive role. Some studies (Fredon et al. 2021a,b, Cuppen et al. 2022) have shown
that the dissipation of kinetic energy from translational towards ro-vibrational levels
of grains is quite slow and may be even slower than the recombination kinetics.

2. Adsorbed species are considered to be physisorbed in the implementation of Nau-
tilus. No chemical bond is thus created3. This weak interaction between the species
and the grain allows the situation to be simply parametrized by sticking coeffi-
cients. However, when considering the adsorption of a cation on a negatively charged
grain, the interaction is much stronger (notably, through Coulomb interaction at long
range). This simple treatment would then be less justified than for neutral species.

3. Cations are very reactive species that might directly react with the ice and its com-
ponents (water, ammonia, methane, ...). Those interactions could then potentially
lead to chemisorption, which would enter in contradiction with the adsorption model
intrinsically based on physisorption.

What we see through those proposed hypotheses is that, in light of the direct des-
orption caused by the high exothermic nature of such processes, the approximation of
considering only neutral species in solid-phase is valid in first approximation.

LAt the time of the publication of Draine and Sutin (1987), little was known about the real size
distribution and abundances of very small grains. This minimum size was chosen for the sake of illustration,
acknowledging that interstellar clouds are likely to have higher abundances of very small grains.

2To be perfectly correct, that is not so easy. Studies like the one performed by Ivlev et al. (2015) have
shown that cosmic rays may have an impact on grain charging in dense molecular clouds.

3 Nautilus and other astrochemical codes do not consider direct chemisorption.
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Important remark:

The Nautilus solid-phase network involves 763 species and 4837 reactions. But
something important to emphasize is that within that network (grain reactions.in),
a same species can be considered in three phases. It can either be found in gas-phase,
adsorbed on the surface and within the icy mantle. Therefore, when it is said that
763 species are involved, several species are in fact counted three times. In both
solid phases, 255 unique species (all found also in gas-phase) have to be
considered. In agreement with the conventions adopted in Nautilus, species ad-
sorbed on the grain surface will be affected by the letter ”J” in front of the molecule
formula and species within the mantle with the letter ”K”. Neither of those means
that the species is in gas-phase.

On a final note, all the neutral precursors studied in the previous chapter are also
present in the solid-phase network, both in the mantle and on the surface. That will
therefore allow us to perform our 3-phase analysis of glycine precursor formation pathways,
which will be described in the following sections.

6.1.2 Parameters from Nautilus

It is in this chapter that the full capacity of Nautilus will be used based on the conditions
summarized in Table 6.1.

Gas ny (cm=3) Tyas (K) A, (mag) € (s7h
Model 1a 10% 10 20 8.79 10718
Model 2a 108 10 20 8.79 10718
Model 3a 10% 20 20 8.79 1018
Grain Mdust/Mgas Tiust (K) radius (cm) Sheutral
Model 1a 1/100 10 1075 1
Model 2a 1/100 10 107° 1
Model 3a 1/100 20 1075 1

Table 6.1: Summary of the three models that will be considered in this chapter to perform
a study of glycine formation both in gas-phase and solid-phase. Those models are adapted
from Groyne (2023). Note that, as before, no temporal evolution will be considered.

The parameters. in file had of course to be modified. First of all, the switch is_3_phase
had to be set to 1, in order to allow the model to take into account, the gas-phase and
grain surface reactions, along with the bulk-ice component. Moreover, by putting
the switch is_grain reactions to 1, the existence of dust grains as well as the chemical
reactions taking place on them are acknowledged. In terms of grain parameters, the initial
temperature was kept fixed throughout the simulations (see Table 6.1), at the same value
as the gas component (grain temperature = gas). The quantity of dust with respect to
the gaseous component, described in terms of a ratio (dust_to_grain mass_ratio), was
set using the usual considered value for the galactic dust content, i.e. 1/100. Moreover,
the sticking coefficient S is considered to be equal to 1 for all the neutral species, which
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means that if a gas-phase species encounters a dust grain, it will be adsorbed on it. For the
charged species, it is equal to zero as discussed above. The other parameters, described in
Appendix B, were kept to their default values.

For the following analyses, we use the models defined by Groyne (2023) (see Table
5.1) to maintain consistency with that previous work, though they are slightly adapted as
shown in Table 6.1. In addition, previous considerations will also still be valid. Hydrogen
is still entirely found in its molecular form, and we keep considering a homogeneous,
steady in time molecular cloud. However, the cosmic-ray ionization rate is now com-
puted from an extinction-based formula from Wakelam et al. (2021) thanks to the switch
is_compute_zeta (see value in Table 6.1). Indeed, the cosmic-ray ionization rate has been
observed to depend on the extinction of the cloud for A, > 0.5 mag (Neufeld and Wolfire,
2017). In the work performed in this chapter, we thus have an extended set of parameters
to take into account. Concerning the energy barriers and desorption energy, values were
not modified (cf. surface parameters.in or default values).

6.2 Results from the Nautilus model

We will now begin the 3-phase study of the precursors entering in glycine formation,
by considering the main pathways described in details in Chapter 3. The Strecker-like
synthesis (neutral and activated) will be addressed first, before an in depth exploration of
the radical-radical pathway presented in Woon (2002) as well as its variants.

6.2.1 Strecker-like mechanism - Neutral pathway

For the study of the Strecker-like synthesis, the modified model 1a (Table 6.1) has first
been used. In Figure 6.1, one may see the temporal evolution of the abundances of the
four previous glycine precursors (HoO, NH3, HoCO and HCN) in each phase. Having a
look at Figure E.1, one clearly notices the similarity between the curve obtained for the
gas-phase and the previous one from the pure gas-phase model, the more affected curve
being that of formaldehyde. Moreover, the final abundances (in gas-phase) are similar to
the previous ones, except once again for HoCO whose final abundance raises by 2 orders
of magnitude with respect to the pure gas-phase. The curves of the three other molecules
have only been subject to minor changes. The dominance of water and ammonia in the
solid-phase for the last 10 million years is expected, knowing that they are among the
major species composing icy mantles (cf. Chapter 2). Whereas HoCO is more abundant
in gas-phase, it does not seem to be abundant in ices regarding the other molecules of
interest. In order to study in more detail the abundance evolutions, we will now (as we
did in Chapter 5) look at the formation and destruction routes of each molecule.

Starting with HoO, we notice in Figure 6.2 that most of the dominant gas-phase chem-
istry is similar to the one of the pure gas-phase model. The same dominant formation
routes in the gas-phase are found at the same time as before, whereas this is a bit differ-
ent for the destruction pathways. The destruction until 10* years is still dominated by
reaction with CT, but afterwards the dominance of the reaction involving HCO™, followed
by the one with H3™, are this time clear. New formation (such as the production on the
surface and direct desorption) and destruction (like accretion on the surface) routes have
appeared, but with small contributions. For the solid-phase chemistry, only one reaction
dominates in each case (with fractions higher than 99%). The main formation route of
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Figure 6.1: Temporal evolution of glycine precursors from model 1la via neutral Strecker-
like synthesis, shown separately by phase: Surface (top left), Mantle (top right), Gas
(bottom).

surface water JH2O is a swapping with one mantle water molecule KHyO throughout the
simulation and its main destruction pathway is a swapping from the surface to the mantle.
For mantle water KH2O, it is the exact reverse case. We thus see that water in the
solid-phase seems to stay preferentially on the grain.

For HCN;, the dominant gas-phase formation and destruction pathways closely resem-
ble those from Chapter 5, though some differences are worth highlighting. In terms of
formation, the reaction HCNH" + e~ — H + HCN becomes dominant earlier in the
simulation than it does in the pure gas-phase model. Additionally, new surface reac-
tions—such as JH 4+ JCN — HCN;, i.e. reaction on the grain followed by direct chemical
desorption—have emerged. Regarding destruction, the most notable change is the di-
minished role of the reaction with C* at the end of the simulation. Instead, the final
destruction is now driven mainly by reactions with HCO™, followed by those with Hs™
and H3O™. As for solid-phase chemistry, the relevant reactions are identical to those ob-
served for the water molecule.

It is important to note that, although the gas-phase abundances remain comparable,
the abundances of the isomeric couple HCN/HNC on the surface and in the mantle are
less similar (Figure 6.4). We have close evolutions during the first 103 years, then devia-
tions are observed. At the end of the simulation, there is maximum 1 order of magnitude
of difference for the surface and mantle abundances of HCN and HNC. Even if those
differences are not huge, they are nevertheless more significant than in the framework of



70 Three-phase chemical modeling of glycine precursors

Main production and destruction reactions for H20

100 H

e | — A~

T 8o — H30++e ->H+H20

[=]

§ o0 —— JH + JOH -> H20 \/R

I —— OH + HCO -> CO + H20

£ 404~ H2+0-->H20+e-

Ex —— t-C3H2 4 H30+ -> c-C3H3+ 4+ H20

2 209 — H+02H->0 +H20

g . . N
T T ARARM T T AR | T T T T
10° 10! 102 10? 104 10° 108 107

2

= %01 — H20+C+->H+HOCH

g —— H20 + H+ -> H + H20+

Z 40 | — H20 + H3+ -> H2 + H30+

s —— H20 + HCO+ -> CO + H30+

2 204 —— H20 + C+ -> H + HCO+

E —— H20 -> JH20

8 04z ; ! : : ; ; ,
107 101 102 10° 104 105 10% 107

Time [years]

Figure 6.2: Main formation/destruction routes obtained with model 1la for H2O.
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Figure 6.3: Main formation/destruction routes obtained with model la for HCN.

a pure gas-phase model. However, the equivalence between both abundances will still be
assumed in each phase.

With regard to the ammonia molecule, the gas-phase formation/destruction routes
(Figure 6.5) are again extremely similar to those presented in Figure E.6. A new sur-
face chemistry-related formation reaction appears (JH + JNHy — NHjs), but with only
a small contribution at the end of the simulation. For the destruction routes, what is
changing is the negligible contribution of C* at the end of the simulation, where, as in the
case of HCN, reactions with HCO™, H3™ and H30" dominate. For solid-phase chemistry,
swapping reactions between the surface and the mantle once again dominate.
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Figure 6.5: Main formation/destruction routes obtained with model 1a for NHj.

One may wonder about the clear dominance of swapping reactions in the simulation.
Such reactions involve an exchange of species between the surface phase (the first two
monolayers) and the mantle phase. But in the case of the rate-equation approach imple-
mented in Nautilus, the code has no consideration for the fact that species in the mantle
have to be found at the interface between the surface and the mantle for such reactions to
take place (rate-equation approach threats this as an average process). This constitutes,
in fact, another limitation of the rate-equation approach and the Nautilus model. As em-
phasized in Section 4.3, other modeling approaches as microscopic KMC methods allow for
fully taking into account positioning considerations as well as the layering of icy mantles.
Unfortunately, as previously discussed, such an approach would require much more CPU
power than the one at our disposal. Following this discussion, one may wonder about the
origin and physical justification of the dominance of those swapping reactions. First of all,
if the code does not consider the depth of the species in the mantle for swapping to hap-
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pen, the mobility of deeply buried species will be overvalued. This is therefore expected to
influence non-negligibly the simulation results, and the impact is expected to be greater
along the time evolution of our cloud in static physical conditions. Indeed, the mantle
is modeled as a homogeneous phase with no internal structure or spatial dimension. All
species in the bulk are treated as physically equivalent, as if uniformly distributed in a hy-
pothetical collection from which molecules can be randomly selected for a swapping event,
regardless of whether they are near the surface interface or deeply embedded. This is anal-
ogous to representing the mantle as a bag of marbles where each marble has equal access
to the surface, despite the physical unlikelihood of such behavior. Similarly, the surface is
also represented as a constant-sized bag of marbles once the ice and its top two layers are
formed. In contrast to the surface, however, the number of species in the mantle increases
as the ice grows, especially under the low-temperature static conditions considered in this
study. Consequently, as time evolves, the mantle becomes increasingly populated, and the
RE assumption of equal access leads to a growing bias - overestimating the frequency of
swapping processes. This likely explains the dominance of such reactions toward the end
of the simulations for certain species. This dominance, however, is non-physical, resulting
from a modeling artifact rather than a true chemical behavior. It suggests an unrealistic
over-mixing of the ice, the implications of which cannot be reliably quantified without
resorting to a more physically detailed micro-physical model - an approach beyond the
scope and computational capacity of this work.

We still have one molecule to study, that is, formaldehyde, for which we might suspect
some effects of the solid phase on the increase in the final abundance in the gas phase (Table
6.2). For the gaseous chemistry in Figure 6.6, nothing seems to have changed much com-
pared to the pure gas phase. In terms of formation routes, the reaction O + CHs — H+
H>CO still dominates completely. A new non-negligible surface reaction followed by direct
chemical desorption (JH+ JHCO — HyCO) have appeared at the end, that may be par-
tially responsible for the density increase observed in gas-phase compared to the results
in Chapter 5. The destruction routes are very similar to the ones of ammonia, though
a new reaction involving OH becomes as dominant as the one involving Hs™ at the end.
The early destruction chemistry is on the other end still dominated by the reaction with
C*. What about the solid-phase chemistry? Figure 6.7 reveals a notable contrast with the
three previously discussed molecules, for which gas—solid interactions played only a minor
role. In the case of HoCO, such interactions are much more significant. For the formation
routes of surface formaldehyde, we have an alternation between adsorption and swapping
with the mantle during the simulation, with swapping being dominant at the end. It is
even more interesting for the destruction, since one can see that, after 103 years, the main
sink terms of JH,CO are JH + JH,CO — HCO + Hs and JH + JHo,CO — CH30. In
each case, we have a surface reaction and direct chemical desorption, rejecting therefore
the products of the reaction in gas-phase. For the mantle population, the formation is
dominated after 10 years by the reaction KH + KHCO — KH5CO, and after more or
less the same time the destruction is dominated with an equal destruction fraction by the
two same reactions as for the surface formaldehyde. In the case of this simple organic
molecule, the solid-phase chemistry seems thus to be way more active than for
the three previous compounds.

Returning to the evolution of the abundance of HoCO, we can now try to explain what
is happening. The decrease of surface/mantle formaldehyde after 10® years results proba-
bly from its destruction and the subsequent release in gas-phase of the two main products,
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Figure 6.6: Main formation/destruction routes obtained with model 1a for HoCO.
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Figure 6.7: Main formation/destruction routes obtained with model 1la for JH2CO.

i.e. HCO and CH30. The increase in gas-phase abundance in comparison with the pure
gas-phase model may then be explained by the fact that more dominant reactions have to
be considered, in which some species originate mainly from the dust surface like CHoOH,
isomer of CH30. The main destruction path after 10° years of that species is the reaction
H+ CH;OH — CHj3 + OH, the product of which may then be involved in the formation
of gas-phase formaldehyde. In that case, there is a bigger interplay between the phases.
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Important remark:

There does not seem to be any real global chemical equilibrium for any
phase, unless maybe at the very end. In fact, no perfect horizontal line can be ob-
served. This may probably be related to the fact that, in contrast to a pure gas-phase
model, the abundance evolutions of the species are linked to what happens on dust
grains. Knowing that reactions on and within the grains are usually slower (limited
by diffusion) than in gas-phase, especially at such a low temperature, the chemistry
will be slower and equilibrium may not be reached within the lifetime of the
cloud. As will be seen throughout the remainder of the chapter, everything will
depend on the species considered.

Now that model 1a has been studied in detail, let us use model 2a and see if the argu-
ments that were used in the context of the pure gas-phase model are still valid now. The
evolution of the abundances is reproduced in Figure 6.8.
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Figure 6.8: Temporal evolution of glycine precursors from model 2a via neutral Strecker-
like synthesis, shown separately by phase: Surface (top left), Mantle (top right), Gas
(bottom).

The curves here are clearly different from those obtained with model la (Figure 6.1).
Some similarities still exist, but what has been said for the case of the pure gas-phase
model (i.e. a rise in density will not change the gas-phase abundances) is no longer valid
here for the solid-phases. Indeed, one may see in Table 6.2 that the abundances in gas-
phase for the two models are pretty much the same, except for some variations limited to
the order of magnitude. Abundances on the surface have also remained at similar levels,
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with the exception of HoCO, whose fraction has increased dramatically. For the mantle,
the abundances of HoO and NHjs did not change much, whereas those of hydrogen cyanide
and formaldehyde have increased significantly. Since model 2a considers an increase in
density, we know from Chapter 2 that accretion should be favored. In order to under-
stand the chemistry at work, let us have a look at the formation and destruction pathways.

First, the solid-phase chemistry of HoO has not been modified. The swapping reactions
from the surface to the mantle and vice versa are still completely dominant. By comparing
Figures 6.9 and 6.2, it can be seen that the formation chemistry in gas-phase has been
affected by the increase in density. At the end of the simulation, it is now the reaction
HyCO +H30" — HyO +HyCOH™ that dominates, followed by OH +Ho,CO — HoO +
HCO and H30" + e~ — H + HyO. This can be explained by the huge increase in the
abundance of formaldehyde, which will be involved in more reactions. The destruction
chemistry has also changed. We now have a clear dominance of the adsorption of
water on the dust surface between 100 and 10° years. Even afterward, it remains
the second dominant process after destruction through the reaction with H3*. However,
this change in the chemistry at work does not seem to strongly affect the final water abun-
dance, although it could explain the small decrease in the abundance of gaseous water.
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Figure 6.9: Main formation/destruction routes obtained with model 2a for H2O.

In the case of HCN in Figure 6.10, we also observe some differences. Although it is still
the dominant formation route during most of the simulation, the production fraction by
dissociative electronic recombination of HCNH™ is surpassed at the end of the simulation
by the reaction HoCO + HCNH"T — HCN 4 HoCOH™. The third reaction which is of
importance is, as before, the surface reaction JHy + JCN — HCN + H. In terms of
destruction chemistry, only the late chemistry has been subject to some changes. What
we observe is that, in the end, the reaction involving Hs™' is completely dominant. The
other dominant processes in the end are adsorption on the surface and destruction through
reactions with H" and HCO™. Once again, the solid-phase chemistry has not been modi-
fied by the increase in density. The rise in solid-phase abundances might then be related
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to the increase in formaldehyde, the newly formed HCN would then simply have to be
adsorbed on the surface, before being transferred to the mantles by swapping reactions.
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Figure 6.10: Main formation/destruction routes obtained with model 2a for HCN.

For the ammonia molecule (Figure 6.11), we observe the same formation chemistry as
in Figure 6.5. For destruction chemistry, some similarities to hydrogen cyanide may be
observed. Indeed, we again observe the rise of the dominance of the destruction reaction
involving H3™. After that, it is the reaction involving HoCOH™ that dominates followed
closely by adsorption on the grain. No changes in the solid-phase chemistry were observed.

Main production and destruction reactions for NH3

100
)
= 80
8
T oA —— NH4+ + e--> H + NH3
&
= —— JH + JNH2 -> NH3
§ 40 4 —— NH2 + H2CO -> NH3 + HCO
v
3 20
2
a

0

107 10! 104 104 10% 10° 10% 107
100

53 —— NH3-> JNH3
‘e 804 —— NH3 + HCO+ -> CO + NH4+
= —— NH3 + H30+ -> H20 + NH4+
& 607 — NH3 + H3+-> HZ + NHa+
S 4ol — NH3+H+->H+NH3+
s —— NH3 + H2COH+ -> H2CO + NH4+
=
£ 204 NH3 + C+ -> H + HCNH+
g —— C+NH3->H2CN +H

0_

.

10° 10! 102 103 104 10% 106 107
Time [years]

Figure 6.11: Main formation/destruction routes obtained with model 2a for NHs.

Finally, let us study the formaldehyde routes illustrated in Figure 6.12. In that case,
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the chemistry was significantly affected by the increase in density. First, the formation af-
ter 10* years is now completely dominated by the surface reaction JH+JHCO — HyCO.
That may be related to the dramatic increase of CO on dust surfaces (therefore, of its hy-
drogenated form), discussed later in this chapter. The destruction caused by the reaction
with CT at the beginning has now disappeared. In fact, as for the previous ones, the
displacement towards the left of the curves is observed, and the reaction involving atomic
carbon begins now much earlier. In addition, the previously dominant reaction, that is,
the one involving HCO™, drops now at the end to be surpassed by the reaction involving
H3™. Moreover, adsorption on the surface is now the third dominant destruction route,
after reactions with HCO™, at the end of the simulation, while it did not even appear
before. Turning to the solid-phase chemistry, it is notable that the reactions involving
surface species are now almost entirely dominated by swapping processes; other surface
reactions have minimal influence, except around 100 years. In light of the earlier discus-
sion regarding the increasing bias introduced by the rate-equation treatment of swapping
reactions, a rise in density - as in model 2a - would accelerate the growth of the icy mantle,
thereby exacerbating this bias. The rise in abundances in both solid phases may therefore
be directly linked to the enhanced efficiency of adsorption under higher density conditions.
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Figure 6.12: Main formation/destruction routes obtained with model 2a for HoCO.

In conclusion, the results from model 2a show that not all species have been af-
fected in the same way by the density increase. Indeed, while the abundances of
water and ammonia did not change by more than one order of magnitude, formaldehyde
has seen its abundance in both solid phases increase significantly allowing also to increase
the HCN abundance in the solid-phase. As will be seen when discussing the Woon’s mech-
anism, at high densities CO, direct precursor to HCO, tends to condense significantly on
dust grains forming the so-called apolar layer, which will allow to increase significantly the
production of formaldehyde. Moreover, we have seen that for each molecule in its gaseous
state, the destruction fraction through adsorption has increased significantly which might
probably explain the abundance increase in the surface phase, but also in the mantle phase
knowing that swapping reactions between the surface and the mantle are completely domi-
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nating. Therefore, we see that simple adsorption is not the answer to everything, and that
one has to consider the specificities of each molecule before drawing any hasty conclusion.

Finally, the neutral Strecker-like synthesis precursors will be studied by means of model
3a. Table 6.2 shows that the final abundances have remained almost at values similar to
those of model 1a, the deviations being kept below one order of magnitude, with the excep-
tion of surface formaldehyde and mantle water. As discussed in the next subsection about
the Woon’s mechanism, we will see that the abundance of solid-phase CO has reached a
quite high value compared to model la, probably explaining the important difference in
the abundances of surface formaldehyde between models 1a and 3a. In the same section,
we will also see that the decrease in the abundance of mantle water might be related to
the fact that less OH will be affected to its formation. Moreover, the evolutionary curves
in Figure 6.13 and Figure 6.1 look quite similar (except again for surface formaldehyde
and mantle water). We find clear similarities with what has been done in the case of the
pure gas-phase model for the gas-phase, but for some species the solid phases seem to
have been more affected by the temperature increase.
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Figure 6.13: Temporal evolution of glycine precursors from model 3a via neutral Strecker-
like synthesis, shown separately by phase: Surface (top left), Mantle (top right), Gas
(bottom).

It is still interesting to consider the formation and destruction routes of the molecules,
notably to try to explain what is happening with formaldehyde. We notice that the same
dominant reactions as model 1a have to be considered for all phases, although some minor
changes can be noticed in the gas phase. Therefore, despite slight changes in the fractions
of the formation and destruction routes of the precursors, the chemistry between model 1a
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and 3a is closely similar. For HyCO, this is no longer the case. Although destruction has
not been subject to significant changes, formation is now completely dominated by surface
reaction JH + JHCO — HyCO, hence the previous link regarding the increase in surface
CO. Moreover, the solid-phase chemistry has also been affected, since now swapping re-
actions dominate, except between 10% and 3 x 10° years for the surface population where
the previous reactions from model 1a dominate. In contrast to a pure gas-phase model,
the solid-phase chemistry can thus be affected by such a slight increase in temperature.
Indeed, in the case of surface formaldehyde, we see that the previously cited reaction has
been activated, though the amount of surface atomic hydrogen has decreased significantly,
hydrogen being a weakly bound species. The case of mantle water is also interesting be-
cause it has seen its abundance decrease significantly by two orders of magnitude. As will
be seen later, this can partially be explained by the changing chemistry of the OH radical.

Gas-phase H,O HCN NH, H,CO

Model 1a 3.30 1077 2.53 1077 3.04 1078 1.79 10~8
Model 2a 4.92 1078 2.55 1079 5.48 1079 2131077
Model 3a 3.30 1077 3.39 107 5.25 108 8.87 107?

Surface JH,O JHCN JNH, JH,CO

Model 1a 2.62 1076 2.00 1077 7.25107%  5.17 1072
Model 2a 2.46 1076 7.61 1078 2.46 10~8 1.90 10~7
Model 3a 3251077 7501071 1851078 1.01 10711

Mantle KH,O KHCN KNH, KH,CO

Model 1a 1.28 107° 9.80 107Y 3.55 1077 1.58 1012
Model 2a 1.09 10~* 3.38 1076 1.09 10~ 8.43 10~
Model 3a 7.63 107 1.76 1072 4.3410°%  2.36 10~

Table 6.2: Final abundances with respect to hydrogen of the four precursors studied in
the framework of the Strecker-like neutral mechanism for the three phases.

6.2.2 Strecker-like mechanism - Activated pathway

Now that we have explored the neutral Strecker-like precursors, let us study the activated
ones. Before going further, let us recall what has been said in Section 6.1. Cations, such
as those used in the activated Strecker-like mechanism, are not included in solid-phase re-
actions. Nevertheless, it is interesting to study whether including the surface and mantle
chemistry has an impact on the gas-phase chemistry or not.

We will begin this study within the framework of model la, as reproduced in Figure
6.14. Having a look at Table 6.3, and comparing with the results in Table 5.3, we notice
that the final abundances are not the same. Indeed, the abundances of HoCOH™" and
HyCO™ have increased significantly compared to the pure gas-phase model, while the final
abundance of NH3™ remains at a similar value. In order to understand this abundance
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increase, one may be interested in looking at the main processes of formation and destruc-
tion of those species.
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Figure 6.14: Temporal evolution of glycine precursors from model 1a via activated Strecker-
like synthesis, only in the gas-phase.

Concerning protonated formaldehyde, we see in Figure 6.15 that its 3 main formation
routes involve neutral formaldehyde. As we have seen in the previous subsection when
analyzing the neutral Strecker-like mechanism, the gas-phase abundance of formaldehyde
has increased by two orders of magnitude compared with the pure gas-phase model. Thus,
if more formaldehyde is available in gas-phase, more of it may be involved in reactions
with H3O™, H3* or HCO™ to produce its protonated form.

Main production and destruction reactions for H2COH+
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Figure 6.15: Main formation/destruction routes obtained with model 1a for H,COHT.

Concerning cationic formaldehyde, it is less direct. Having a look at its main forma-
tion and destruction routes (Figure 6.16), one may see that it is mainly produced through
reaction involving HCO with HCO™ or H3*. Therefore, it was necessary to go a bit deeper
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and look at the abundance as well as the formation/destruction routes of HCO. The gas-
phase abundance of HCO has increased by four orders of magnitude compared to the pure
gas-phase model. Moreover, looking at the main formation routes of the same molecule,
the completely dominant pathway (~ 100%) to produce it after approximately 10% years
is the surface reaction followed by direct chemical desorption JH + JCO — HCO even
if in the case of model 1a, the surface abundance of carbon monoxide is quite low. Al-
though cations may not accrete onto the grains, the surface chemistry still has
an indirect effect on their abundances, at least for some of them. Indeed, for NH3™,
the abundance has not really evolved compared to pure gas-phase. It is predominantly
produced during the entire simulation by the reaction Hy + NHy™ — H + NH3™, as in
Chapter 5. No effect of the solid-phase seems thus to be detectable.

Main production and destruction reactions for H2CO+
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Figure 6.16: Main formation/destruction routes obtained with model 1a for HoCO™.

Results obtained with the modified model 2a (Figure 6.17) will now be presented. It is
surprising because one would have expected the abundances of HoCOH™ and HyCO™ to
drop as for NH3™, as observed in the pure gas-phase model. In contrast, the abundances
of HoCOH™ increased and the one of HoCO™ remained nearly at the same level as for
model 1la (Table 6.3). To explain the abundances of both cations, let us again come back
to their formation mechanisms. One may directly suspect some effect of the solid-phase
chemistry. Indeed, as seen in the previous case, the surface chemistry has a noticeable
effect on the abundances of both ions, while its effect on NH3™ is negligible. For this last
molecule, we thus have a decrease of the abundance when a density increase is consid-
ered, as already noticed in the case of the pure gas-phase model. An increase in density
enhances the reactivity (more collisions) of this cation, and thus its destruction. Consider-
ing the main chemical reactions, they have not really changed, except that the chemistry
involving H3™ is now dominant. This had already been pointed out when looking at the
destruction reactions of the neutral Strecker-like mechanism, and is linked to the fact that
the other dominant cation, i.e. HCO™, which is predominantly formed from gas-phase
CO, is decreasing when the density increases, knowing that CO preferentially condenses
on dust grains at high densities. Moreover, less CO would be available to participate in
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the destruction of Hs™.
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Figure 6.17: Temporal evolution of glycine precursors from model 2a via activated Strecker-
like synthesis, only in gas-phase.

For HoCOH™, we know that it is mainly formed from formaldehyde. In Table 6.2, one
sees that although the gas-phase abundance of formaldehyde remained almost the same,
its surface abundance has increased dramatically. Surface formaldehyde would then simply
have to desorb and participate in gas-phase reactions producing its protonated form. For
HyCO™, we know that it is formed primarily through reactions that involve hydrogenated
CO. In addition, CO is known to heavily condense on dust grains in dense and cold medi-
ums (cf. Section 2.4.3). More HCO might therefore be formed on the surface and then
released in gas-phase to participate in the formation of HoCO™, potentially maintaining
its abundance at similar values as before.

The conclusions previously drawn remain valid for the results of model 3a. In the gas
phase, the chemistry is not altered significantly enough to meaningfully impact the overall
chemical processes.

Gas-phase ~ H,COH™ H,CO™* NHZ

Model 1a 568 10711 5931071  9.66 10712
Model 2a 9.16 10~10 5.55 10~ 2.24 10713
Model 3a 2.89 1011 1.12 10710 789 10711

Table 6.3: Final abundances with respect to hydrogen of the three cationic precursors
studied in the framework of the activated Strecker-like mechanism for the gas-phase only,
since cations are not considered in the solid-phase.

Some elements of interpretation have been proposed, but it is critical to understand
that any treatment of cations in the framework of Nautilus must be carried out
with extreme caution. Cations are not considered in the solid-phase. Unfortunately,
these considerations raise numerous questions about the exact chemistry that is taking
place and uncertainty remains about the exact scientific validity of the results obtained in
this context. Thus, great care must be taken when analyzing the results, even if potential
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explanations have been provided at the beginning of the chapter to justify the absence of
cations on grains.

6.2.3 Precursors for Woon’s mechanism and its variants

As already emphasized in Chapter 5, both the original Woon’s mechanism and the modified
version proposed by Groyne (2023) will now be investigated.

Step a of the Woon’s mechanism

As a reminder, the simple precursors linked to this mechanism are the following: COa,
CO, H20O, OH and HCOOH. The results obtained with model 1a, are first shown in Figure
6.18 and Table 6.4.
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Figure 6.18: Temporal evolution of glycine precursors from model 1a via step a of Woon’s
mechanism, shown separately by phase: Surface (top left), Mantle (top right), Gas (bot-
tom).

CO dominates the gas-phase by at least two orders of magnitude, as one may have
expected, knowing it is the second more abundant molecule after molecular hydrogen.
On the other hand, the solid phases are completely dominated by water, which is logical
knowing it is the dominant component of interstellar ices. Something surprising is the
low abundance of CO on the grains. Indeed, as seen in Chapter 2, under dark clouds
conditions (i.e, A, > 9 mag, T < 20 K and ny > 10* cm™3), carbon monoxide is expected
to enter its dramatic freeze-out regime, in which a huge fraction of it is expected to be
found on the grains. The solid-phase results could be explained here in the case of an
important destruction of that molecule, as discussed shortly after. As one is now used to,



84 Three-phase chemical modeling of glycine precursors

we will study the formation/destruction pathways to try to explain what is observed.

For the routes of carbon monoxide, we can see in Figure 6.19 that its main direct
precursors in gas-phase are HCO, along with its cationic form HCO™. Moreover, its main
destruction pathway throughout the simulation is its reaction with Hs™, followed by the
adsorption on dust surfaces. We thus see that solid-phase chemistry seems to have a sig-
nificant effect on the gas-phase abundance of CO, since adsorption is the second main sink
of this species as expected, knowing the freeze-out phenomenon. For surface chemistry,
the swapping reactions with the mantle dominates until 1000 years, before adsorption
takes over and completely dominates the formation of JCO. The destruction chemistry is
dominated after the same time by the reaction JH+JCO — HCO, releasing HCO in gas-
phase. For mantle chemistry, swapping reactions dominate until 10* years, the time when
the formation of KCO is dominated by KCO2 — KCO 4 KO and its destruction by KH +
KCO — KHCO. Returning to what has been said on the abundances, the results ob-
tained here would mean that hydrogenation reactions in the solid phases seem to be able to
destroy JCO and KCO significantly, decreasing their abundances by an important amount.
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Figure 6.19: Main formation/destruction routes obtained with model la for CO.

The formation and destruction pathways of COg are illustrated in Figure 6.20. Up to
around 10° years, the dominant formation route is the reaction O + HCO — H + COq,
with a brief exception during which O + HC30 — CCH + CO2 temporarily takes over.
Toward the end of the simulation, the formation is mainly driven by a gas-phase reac-
tion involving CO and HOCO™, alongside the previous reaction, highlighting the central
role of carbon monoxide and its protonated form as key precursors of carbon dioxide. As
for the destruction processes, initially, destruction is dominated by the reaction with C™,
as also seen in Strecker-like synthesis routes. However, beyond 10° years, the reaction
involving H3' becomes the primary sink, soon followed by adsorption onto dust grains.
These results once again underline the significant impact of solid-phase chemistry on the
gas-phase abundance of this molecule. Regarding the evolution of CO3 in the solid-phase,
both surface and mantle populations are governed mainly by swapping reactions.
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Main production and destruction reactions for CO2
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Figure 6.20: Main formation/destruction routes obtained with model 1a for COx.

For the OH radical (Figure 6.21), H3O™ remains the primary precursors at late times.
However, during the first 10° years, OH is predominantly produced through the surface
reaction JH+JO — JOH. Regarding destruction pathways in the early stages, OH is pri-
marily destroyed by reactions with C* and then with atomic carbon. In the later stages,
destruction is mainly driven by reactions with atomic oxygen.
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Figure 6.21: Main formation/destruction routes obtained with model 1a for OH.

The surface chemistry of OH presents an interesting deviation from the typical be-
havior observed for other species. As shown in Figure 6.22, this is the first case in our
study where swapping reactions do not appear at all in the dominant pathways. Instead,
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the main pathway for surface formation JOH is the direct adsorption of the gas-phase
OH, except at later times where water dissociation dominates. Its destruction is primar-
ily due to reaction with surface Ho, before reaction with surface atomic hydrogen. The
mantle chemistry is also more nuanced than in previous cases. Although swapping with
the surface is dominant during certain periods, after 10° years two main reactions have
to be considered, water dissociation and the simple addition of KH and KO. In terms of
destruction, swapping reactions prevail for most of the simulation, but around 10° years,
reaction with molecular hydrogen of the mantle becomes the main destruction pathway.
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Figure 6.22: Main formation/destruction routes obtained with model la for JOH.

Finally, for gas-phase formic acid (Figure 6.23), only one formation route appears,
which is logical knowing that the Nautilus gas-phase network contains only one forma-
tion reaction linked to that species. The destruction chemistry is dominated after 10%
years by a reaction involving HCO™ followed by reactions involving H3'. For solid-phase
chemistry, only swapping reactions between surface and mantle have to be considered.

Details in the context of model 1a have been given. Let us now turn to model 2a. In
Figure 6.24 and Table 6.4, the most notable changes are the ones linked to CO and COs.
Remembering what has been said in Chapter 2 and previous discussions, we know that
density is an important factor in the freezing-out process. If, as in model 2a, we increase
the density by two orders of magnitude, then the freezing-out process will be reinforced,
decreasing the gas-phase abundances of CO. Concerning COs3, as we will see just after,
the adsorption will be strongly reinforced due to the increase in density.

Although the gas-phase chemistry of carbon monoxide formation has not been much
affected by the density increase, the same cannot be said about its destruction. Indeed,
now the entire simulation is dominated by the adsorption onto dust grains, as one may have
expected. For COq, the formation is now completely dominated by the surface reaction
JO+JCO — COq, while its destruction is dominated by adsorption on grains as for CO.
However, in contrast to carbon monoxide, we do not observe an increase in abundance in
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Main production and destruction reactions for HCOOH
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Figure 6.23: Main formation/destruction routes obtained with model la for HCOOH.
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Figure 6.24: Temporal evolution of glycine precursors from model 2a via step a of Woon’s
mechanism, shown separately by phase: Surface (top left), Mantle (top right), Gas (bot-
tom).

the solid phases; we even notice a decrease. Unfortunately, no noticeable changes were ob-
served in the solid-phase chemistry. That could mean that some processes at work destroy
the CO2 (or even some of its indirect precursors), decreasing its solid-phase abundance.
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These results allow us to emphasize the fact that interstellar chemistry is not always
intuitive or easy to study. When trying to understand in detail what is happening
in the context of a full 3-phase model, one should take into account all the specificities
of each molecular compound as well as its tendency to react. Moreover, as discussed in
Chapter 7, one has to keep in mind that a static model such as the one used here
is not the most representative of reality (Clément et al., 2023). It is interesting to
note that the solid-phase chemistry of CO has been affected, and swapping reactions now
dominate everything. Concerning the results related to the OH radical, one may notice
that adsorption on grains dominates the simulation between 10* and 10° years, probably
explaining the increase on the surface and mantle since the solid-phase chemistry has not
been strongly affected. For formic acid, similar discussions to those described previously
might be made.

Gas-phase CO, H,O CcO OH HCOOH
Model 1a 2931076  3.3010°7 1.65 104 7.80 1077 6.48 1010
Model 2a 9.49 107  4.92 1078 1.69 106 1.68 108 1.24 1071
Model 3a 1.11107°  3.30 1077 1.41 10* 8.54 10~ 7 2.16 1079
Surface JCO, JH,O JCO JOH JHCOOH
Model 1a 3681077 2621076 43010717  7.0510°2 1.50 1010
Model 2a 1.571078 246 1076 2.33 106 7.56 10716 3.54 10~
Model 3a 3571076 3251077 1.54 106 4.49 1020 1.24 1079
Mantle KCO, KH,O KCO KOH KHCOOH
Model 1a 1.80 106 1.28 107>  6.2210713 279107~ 73610710
Model 2a 6.97 1077  1.09 10~* 1.03 10* 2.66 10713 1.57 1079
Model 3a 8391076 7.6310°7 3.62 1076 3.33 10712 2.90 107?

Table 6.4: Final abundances with respect to hydrogen of the five precursors studied in the
framework of step a of the Woon’s mechanism for the three phases.

Finally, let us look at the model 3a, whose results seem to be consistent with previ-
ous discussions for most compounds. The increase in temperature to 20 K is not enough
to strongly affect the abundances in the gas phase, but the chemistry in the solid phase
could still be affected, especially reactive species such as OH. Indeed, for KOH, i.e. an
increase by two orders of magnitude, it might probably be explained by the fact that the
chemistry has been significantly modified. Now, after 10* years, the dissociation of water
dominates completely the formation, whereas destruction is dominated by swapping reac-
tions. Moreover, the case of mantle water has already been emphasized, and it may be
linked to the behavior of surface OH. The water formation reaction no longer dominates,
less OH will thus be affected to its formation, and surface CO2 formation takes over,
which could explain the observed increase in its surface abundance compared to model
la. Other strange results are those related to surface and mantle carbon monoxide. In-
deed, solid-phase abundances are at expected values, in a catastrophic freeze-out regime.
Obviously, something must have changed in the chemistry of surface carbon monoxide
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to notice such an important difference between models 1a and 3a, while until now both
models produced quite similar results. After checking the dominant formation/destruc-
tion routes, the only notable important change is that, after 10° years, the hydrogenation
of the surface CO falls to negligible contributions and the swapping reactions dominate
completely. Since swapping also dominate the mantle, it would mean that CO in the
solid-phase is no longer destroyed, but instead accumulates in the mantle. How to explain
these chemical differences with a small temperature increase? Knowing that hydrogen has
such a small desorption energy, most of it just probably desorbs directly and returns to
the gas phase. One may, however, wonder if the only effect of one reaction is sufficient
to cause such abundance differences, and the answer is probably no. Other phenomena,
unnoticeable and probably linked to the entanglement of the chemistry, might be at work.
Having said this, knowing the real complexity of interstellar chemistry, things might some-
times be counterintuitive, especially when using an (over)simplified model. In fact, in the
simulations (using Nautilus) from Clément et al. (2023), it is clearly acknowledged that
static models such as those used in this work have a difficult time accurately reproducing
the abundances of ices. Another key result from the same paper is that the dust grain
temperature is an important ingredient for solid-phase chemistry. Considering that the
dust temperature is at the same value as the gas might have a significant effect on the
abundances.

Step b and final step of Woon’s mechanism

For step b of the mechanism, three precursors must be considered: HCN, CH2NH, and
CH>NH, ™. In the final step, the direct precursors HOCO and CHaNH, are also involved.
As with other complex species discussed in this thesis, it is important to note that - aside
from HCN - these molecules participate in relatively few reactions. Consequently, some
important chemical processes related to these species might be omitted, and this will have
to be considered when analyzing the results.

Looking at model 1a (Figure 6.25), the abundances of CHoNH and CH3NH, ™ closely
match those in the pure gas-phase model. The strong correlation between their gas-phase
curves, as noted in Appendix E, also holds in the 3-phase model. In contrast, the abun-
dances of more complex organic molecules in the solid phases - especially HOCO - are
notably low. This is expected to some extent: HOCO is highly reactive and its chemi-
cal network (like that of CHaNHs) possesses a very low completeness. These limitations
mean that the results must be interpreted with caution, as key reactions may be missing
from the model. Additionally, as discussed below, the only gas-phase production route for
HOCO is the reaction JOH 4+ JCO — HOCO. Given that surface CO is scarce under
the conditions of model 1a, the low abundance of HOCO is more or less consistent with
expectations, even if such a low abundance seems at first sight surprising. To better un-
derstand the underlying chemistry, we now turn to the analysis of the specific reactions
involved.

Looking at the formation/destruction routes of methanimine in Figure 6.26, we see
that, after 10% years, the most dominant reactions are the dissociative electronic recom-
bination of iminium and CH3NHj3™", respectively. Its destruction is dominated in the
first 10 years by a reaction involving C*, and after that by reactions involving HCO™
and H3™. The main formation routes from the pure gas-phase model are thus recovered,
except the dissociative electronic recombination of CH3NHy' which no longer appears.
Looking at the solid phase chemistry, surface methanimine production is dominated by
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Figure 6.25: Temporal evolution of glycine precursors from model la via step b and final
step of Woon’s mechanism, shown separately by phase: Surface (top left), Mantle (top
right), Gas (bottom).

adsorption on the grains after 103 years. For the destruction of JCHoNH, it is the re-
action JH + JCHoNH — CH3NH, that dominates after 10% years. This reaction is
quite important, as it allows the production of one of the direct precursors of glycine, i.e.
CH3NHs. For mantle chemistry, the reactions KCHsNHy — KCHoNH 4+ KHs and KH +
KCHyNH; — KCHoNH + KHs dominate the formation, whereas the reaction KH +
KCHy;NH — KCHoNHs dominates the destruction.

Concerning the routes of the iminium cation (Figure 6.27), the early chemistry is dom-
inated by a reaction involving NHy and CH3' whereas the late chemistry is dominated
by the reactions CHoNH + HCOT — CO + CH3NH,' and NH3 + CH3™ — Hy +
CHyNHs ™. The destruction is, on the other hand, always dominated by the dissociative
electronic recombination of the cation.

Looking at HOCO, it is completely dominantly formed in gas-phase by the surface
reaction JOH 4+ JCO — HOCO. Nevertheless, one must understand that, in addition
to desorption reactions from the surface, it is its only gas-phase formation reaction in-
cluded in the network. What is interesting is that it is the exact reaction taking
place in the Woon’s mechanism. We also see the interplay between the phases, since
it is considered that the newly formed HOCO is ejected towards the gas-phase (chemical
desorption). Concerning its destruction, it is dominated all along the simulation by the
dissociation into its constituents with a perfectly constant destruction fraction. Then,
with a slightly lesser fraction, is the adsorption on the grain. Looking at the chemistry of
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Figure 6.27: Main formation/destruction routes obtained with model 1la for CH,NH, ™.

the surface species, it is the swapping with the mantle that dominates the formation until
103 years, after which adsorption dominates. The same is true for destruction, except
that after 103 years it is the reaction JH + JHOCO — JHs + JCO2 that dominates.
The mantle formation chemistry is completely dominated by swapping reactions with the
surface, while the destruction is dominated by reactions that involve KH after 10* years.

For CH,NH,, its gas-phase formation is completely dominated by the surface reac-
tion JH + JCHoNH — CH3sNHs, which is once again important for Woon’s mechanism.
However, in addition to desorption, it is the only formation pathway that is consid-
ered in the network. Its destruction is dominated by reaction with atomic hydrogen.
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Looking at its surface chemistry, we may see that for the formation of JCH,NH,, we
have an alternation of adsorption and swapping all long the simulation, with swapping
finally dominating after 10 years. Its destruction is dominated by the reaction JH +
JCHoNHy — JCHoNH + JH; after 102 years. Concerning mantle chemistry, the reaction
KH + KCH,NH — KCH,NH» is the dominant one after 10* years, meaning that the
production in the mantle may be non-negligible. For destruction, the same reaction as for
the surface may be considered, but this time in the mantle.

Looking now at Table 6.5 and Figure 6.28, we see that the increase in density from
model 2a has induced an increase in the final abundances in both solid phases, as one may
expect in higher density conditions. The gas-phase abundances have remained at similar
values, except for the hydrocarboxyl radical. For the ionic compound, previous arguments
might be referred to. Indeed, knowing the limitations of the code we are using, analyzing
the results of cations is quite difficult.
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Figure 6.28: Temporal evolution of glycine precursors from model 2a via step b and final
step of Woon’s mechanism, shown separately by phase: Surface (top left), Mantle (top
right), Gas (bottom).

Due to this density increase, the surface formation through the reaction JN4+JCHs —
CH2NH becomes the main formation pathway of CHoINH throughout the simulation. The
electronic dissociative recombination of CHsNHs™ and the reaction CH + NH; — H +
CH3NH remain key contributors. Regarding destruction processes, the most significant
change is the emergence of adsorption on dust grains, which has become the second most
important destruction pathway after reaction with Hz™. As seen previously, the increase
in environmental density appears to enhance adsorption efficiency. As for the solid-phase
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chemistry, it is now dominated by swapping reactions. As for CHoNHo ™, its chemistry
remains mostly unchanged, except that its formation through the reaction CHoNH +
H3t — Hy + CHoNHy™ now dominates overwhelmingly by the end of the simulation. In
the case of HOCO, while its gas-phase formation has remained unchanged, the destruc-
tion is now fully dominated by its adsorption on the grain, as expected with respect to
the increase in density. The huge increase in abundance originates from the increase in
abundance in the surface CO. Swapping reactions also dominate the chemistry in this
case. Finally, for CHaoNHy, the gas-phase chemistry has remained similar to the previous
case. As for the surface and mantle chemistry, swapping reactions dominate.

Gas-phase HCN CH,NH CH,NH; HOCO CH,NH,
Model 1a 253107° 799107 2621071 1491072  3.69 107"
Model 2a 2.55 107 1.71107 5551071  1.881071%  5.98 10712
Model 3a 3381077 1.24107' 43610713 5591077 1.2310°13
Surface JHCN JCH,NH JCH,NHJ JHOCO JCH,NH,
Model 1a 2.00 107° 2231072 / 3.20 107* 2,01 107%7
Model 2a 7611078  1.84 1071 / 1.75 10716 2,07 10712
Model 3a 7.50 10710 3.50 1016 / 7.78 1071 3.07 107
Mantle KHCN KCH,NH  KCH,NHJ KHOCO KCH,NH,
Model 1a 9.80 1072  7.88 10718 / 4421074 767107
Model 2a 3.3810°¢ 81910710 / 7771071 9.20 1071
Model 3a 1.76 1072 9.42 10716 / 1.8310712 7451071

Table 6.5: Final abundances with respect to hydrogen of precursors studied in the frame-
work of both step b and final step of Woon’s mechanism for the three phases (except
CHoNHy ™).

To conclude this chapter and this study, let us analyze the results from model 3a. As
one can see in Table 6.5, gas-abundances has remained similar to the ones from model
la, except in the case of HOCO in which the abundance is even higher than in model 2a,
surpassing even hydrogen cyanide. This is surprising, because as seen when discussing step
a of Woon’s mechanism the surface CO abundance, though much higher than in model 1a,
was not higher than in model 2a. Moreover, the abundances in the solid phases have all
increased, especially those at the surface. This illustrates once again the fact that a small
increase in temperature is sufficient to enhance and modify surface chemistry.
In order to try to find an explanation to those, the formation/destruction routes have been
studied one last time. First of all, though some slight differences can be noticed, the gas-
phase chemistry of the species has remained similar to the case of model 1la. Notably, for
CH3NH, the surface formation pathway JN + JCHs — CHsNH is dominant for a longer
time, even if at the end the two previous formation routes are back. For HOCO, one may
notice that the destruction is now dominated by its adsorption throughout the simulation,
which is also the main formation route of JHOCO. The destruction reaction with JH
still dominates, although the swapping has now a high destruction fraction. Moreover,
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swapping dominates now in the mantle, both for formation and destruction. For CH;NHs,
the surface chemistry has been affected, since now adsorption dominates the formation at
the end, whereas destruction is dominated by swapping reactions. Together, these changes
in chemistry could explain the differences with model 1a, especially at such low abundances
that a small chemical change could cause an important increase in terms of order of
magnitude. Moreover, one must absolutely keep in mind the small completeness
of those species, such that results obtained here should not be considered as robust, but
more indicative. A more complete network will be more than welcome in the near future
to generate results with much higher confidence. However, this section allowed us to show
the effect of a change in temperature on the surface chemistry, where the last parameter
was identified as a key to unlocking some reactions, contrary to the effect on the gas-phase
discussed in Groyne (2023).

6.2.4 Main conclusions from this chapter

In this chapter, several precursors of the glycine molecule (see Figure 1.3), identified from
the formation pathways proposed in Chapter 3, have been studied using a 3-phase astro-
chemical model. We examined their abundance evolution over time along with their main
formation and destruction routes. One key takeaway is that the use of a comprehensive
3-phase model such as Nautilus can make the interpretation of the results quite complex.
A complete understanding of the chemistry at play requires considering all the interconnec-
tions between chemical species and reaction pathways, something that can quickly become
overwhelming. As observed throughout this chapter, intuitive reasoning is often insufficient
to fully grasp the behavior of the system; see e.g., the case of carbon monoxide. Another
limitation encountered is the absence of cationic species in solid-phase reactions, even if
justifications for these considerations have been proposed at the beginning of the chapter.
This limitation should be kept in mind when interpreting results related to ionic species.
It is likely an aspect that could be improved with a more chemically inclusive modeling
code, but adding electrostatic considerations on top of a microscopic KMC simulation
would be very complicated, not to mention the high CPU requirements. Additionally, the
rate-equation approach used in Nautilus introduces certain non-physical biases, notably
in the treatment of swapping reactions. This limitation hampers the accurate modeling
of the icy mantle structure. Last but not least, we have seen that contrary to the work of
Groyne (2023), a small temperature increase is sufficient to activate or at least enhance
some solid-phase reactions, changing the chemistry between models 1a and 3a.

Finally, although direct routes of glycine formation (NHoCH2COOH) were not explored
- due to their absence in current astrochemical networks, which remain limited in terms
of complexity and completeness - this study provides a broader understanding of its key
precursors and how they behave under simulated conditions representative of molecular
clouds. As discussed in Chapter 4, these results must be considered in the limited frame-
work of the model that is used, being fully aware of its limitations. One must not take
these results for granted and is invited to test their robustness by comparing them to the
literature/observation data, as done in Chapter 7.



Chapter 7

Confrontation with observations

As a concluding note to this work, we will now compare the abundance values obtained
in Chapter 6 with observational values from the literature. The gas-phase will first be
addressed before moving to the icy mantles.

7.1 Gas-phase observations of molecular clouds

Gas-phase molecules in the interstellar medium are primarily detected through their ro-
tational transitions, which emit and absorb radiation in the microwave and radio do-
mains of the electromagnetic spectrum. These transitions arise because of changes
in the rotational energy levels of polar molecules (the presence of a dipole moment is a
strict requirement). Moreover, these transitions are very specific to molecular compounds,
making them a useful tool for precise molecular identification. Facilities such as the At-
acama Large Millimeter/submillimeter Array (ALMA), the IRAM 30 m telescope, and
the Green Bank Telescope have played key roles in identifying and characterizing a wide
variety of molecular species in cold interstellar clouds.

Referring to Appendix D, in our group of interest, only HoO, NH3, HCN, H»CO,
H,COH™, CO, OH, HCOOH and CHyNH have been firmly detected in gas-phase in the
ISM. In order to confront our theoretical values obtained thanks to Nautilus with ob-
servational results from the literature, a bibliographic investigation has been undertaken
to make an assessment of the available interstellar abundance values towards dark clouds.
The comparison can be found in Table 7.1, where the abundances are compared with ob-
servations towards two extensively studied dark clouds, TMC-1 and L134N! (data from
the review paper of Agindez and Wakelam 2013). According to Pratap et al. (1997), the
TMC-1 cloud seems to have along its ridge a temperature close to 10 K and a density
value of about 6 x 10* cm™3. Swade (1989) derived for the L134N molecular core a kinetic
temperature of about 12 K and a peak molecular hydrogen density of about 3 x 10* cm™3.
Therefore, new models, respectively called Model T and Model L for TMC-1 and L134N

were built to adapt to those cloud conditions.

1One has to be aware that the study carried out by Ruaud et al. (2016) contains also a comparison
between the results from Nautilus and the observational values in both cold cores. However, this is not a
comparison as intended in this work. Whereas it their work confidence levels with observations are sought
for the entire molecular population identified in those clouds (according to Agindez and Wakelam
2013), we are here looking for specific abundance values for the precursors of interest.

95
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Molecule Model T TMC-1 dark cloud Model L L134N dark cloud
H,0 3.26 1076 <710782 1.93 1077 <3107 72
NH;3 1.36 1078 2451078 ¢ 2.98 1078 5910784
HCN 6.37 10710 1.11078¢ 1.31 1078 7310794
H,CO 5.89 107 510°8¢ 7.60 107 210°8P
H,COH't  1.48 1071 / 1.82 1071 /

CcoO 5.71 107° 1.71074¢ 1.26 10~ 8.710°°4
OoH 5.06 1076 310°7P 3.13 1077 7.51078P
HCOOH 1.84 1077 / 5.51 10710 3107100

CHyNH & 3.39 10710 <6.51071f 1.52 1078 <7101 f

¢ Not firmly detected in TMC-1 and L134N, but up-
per limits have been proposed in terms of column
densities by Dickens et al. (1997), converted into
abundances by Luthra et al. (2023) (relative to H)
assuming an H column density of 2 x 10?2 cm™3.

® Snell et al. (2000)
 Ohishi et al. (1992)

¢ Pratap et al. (1997)

4 Dickens et al. (2000)

¢ Ohishi and Kaifu (1998)
f Luthra et al. (2023)

Table 7.1: Table comparing the abundances (at 1.956 x 10° years) in gas-phase from this
work to the ones from observations towards the TMC-1 and L134N dark clouds when
available. Note that the molecular abundances from Agindez and Wakelam (2013) in
these clouds are expressed relative to the Hy abundance. Knowing that in this work, all
the hydrogen is assumed to be found in the form of Hs, we are indeed able to
compare the abundances.

Important remark:

Ruaud et al. (2016), using the 3-phase astrochemical code Nautilus, have con-
strained the age of both dark clouds to be of the order of a few 10° years.
To be as close as possible to reality, the abundance values shown in Table 7.1 are
those found at 1.956 x 10° years in our simulations.

In the results presented in Table 7.1, one can see that the modeled abundances gener-
ally fall within a one order of magnitude range of the observed values for all species. In the
case of TMC-1, the modeled abundance of water is however overpredicted by two orders
of magnitude whereas the one of hydrogen cyanide is underpredicted by the same amount.
Regarding L134N, the main exception concerns CHaNH, which is clearly overpredicted in
regards of the upper limit determined by Luthra et al. (2023).

These results suggest that our model is capable of predicting gas-phase abundances not
too far from the measured values reported in the literature. However, it is important to
recognize that we are working with a simplified model?, and these simplifications inevitably
affect the accuracy of the predicted values. In fact, the close matches observed for certain
species may be coincidental rather than indicative of true predictive power, an aspect

2For example, we consider only a single cell with constant density, temperature, cosmic-ray ionization
rate and visual extinction, as well as the inherent approximations to the rate-equation approach.
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that could be better assessed using more sophisticated models, as discussed in Chapter
9. As already highlighted in the work of Ruaud et al. (2016), ” such comparisons must be
approached with caution, since these sources possess complex internal structures and may
have undergone different physical histories”. It is therefore not surprising that comparisons
between different molecular clouds lead to slightly different results, as reflected in Table
7.1. Moreover, as will be seen in the next section, results concerning the solid-phase are
subject to strong uncertainties. As seen throughout this work, for several species the
interaction between the phases is strong; therefore, the uncertainty related to the results
in solid-phase will more than probably be propagated to the gas-phase.

7.2 Solid-phase observations of molecular clouds

In contrast to gas-phase molecules, which are typically detected via their rotational tran-
sitions in the microwave and radio domains, molecules embedded in interstellar ices are
primarily observed through their vibrational transitions in the infrared. Within the dense
and cold environments of molecular clouds, many volatile species rapidly accrete onto
the surfaces of dust grains, forming icy mantles. Once trapped in this solid matrix,
these molecules are no longer free to rotate, and thus their rotational spectra
become inaccessible. However, their vibrational modes—such as stretching and bending
motions—remain active and can be excited by background radiation, leading to absorption
features at characteristic wavelengths in the near- and mid-infrared. Instruments aboard
space telescopes like ISO, Spitzer, and more recently JWST (NIRCam, NIRSpec, MIRI)
have revealed rich ice absorption spectra.

As described in Appendix D, much less species have been firmly identified in interstellar
ices. In this case, only HoO, NHs, CO, CO2, HoCO and HCOOH have to be considered
for comparison. For the last two organic molecules, no reliable data were found in the
literature. Those will thus not be studied in the rest of this chapter.

Important remark:

Abundances within interstellar ices are usually expressed as percentages compared
to water. The ratio between the abundances of a given and that of water will thus be
taken. Moreover, the abundances on the surface and in the mantle will be summed
for each species.

Comparison with observational results will be made with some results from the ICE
AGE? JWST observation program (McClure et al., 2023). In that paper, JWST instru-
ments are used to explore the pristine ice composition towards two background stars
(NIR38 and J110621) in the Chamaeleon I molecular cloud. As we did for the results in
the gas phase, the literature was explored in order to find some information describing the
physical conditions towards those background stars on top of the visual extinction/col-
umn densities already provided in McClure et al. (2023). In that context, it is interesting
to consider the paper by Jiménez-Serra et al. (2025). That paper aims at modeling the
ice chemistry in the Chamaeleon I cloud, based on the observations of McClure et al.
(2023), in order to establish the dominant formation processes of ice compounds, princi-
pally methanol CH3OH. This is achieved using various astrochemical models, including

3The ICE AGE program (https://jwst-iceage.org) was part of JWST’s observation Cycle 1, which
aimed (observations ended in 2023) at tracing the building blocks of life in ices.
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Nautilus and KMC simulations, which allow for a benchmarking of various codes. Their
simulations aim at studying the free-fall collapse following a translucent phase, the pa-
rameters of which start as a base for the free-fall collapse simulations (varying density
with time). Thanks to that paper, we found that the densities that can be assumed lie
somewhere between 10° and 10° cm™3, according to Belloche et al. (2011) and Viisili
et al. (2014). Therefore, in the following, a constant density of about 4 x 105 cm ™2 will be
assumed. In addition, according to the Herschel-based dust temperature maps of Viisala
et al. (2014), a dust temperature (assumed equal to the gas temperature) of 14 K for
NIR38 and 12 K for J110621 can be assumed. We also collected information concerning
the visual extinction in these clouds. Indeed, McClure et al. (2023) used pre-flight esti-
mates of 60 mag and 95 mag for NIR38 and J110621 respectively, which were also the
values used in Jiménez-Serra et al. (2025). As explained in the latter paper, Dartois et al.
(2024) revised those values, dividing them by a factor close to 2. Therefore, the values of
34 mag and 47 mag for NIR38 and J110621 will be used respectively. The new models
will be called "Model N” and "Model J” based on the names of the background stars.
Let us keep in mind that the dust temperature has an important effect on chemistry (cf.
Clément et al. 2023). Therefore, a small temperature modification could have a significant
impact. As seen before, it is assumed in our models that the dust temperature is kept at
a constant value equal to the gas temperature, and that is expected to have an impact on
the simulations.

A strong limitation that affects this comparison is the age of the considered clouds, on
top of their different physical conditions and histories. Indeed, as we have seen throughout
Chapter 6, the abundance of the various species varies continuously over time, stabiliz-
ing only at the end. Therefore, the composition of a molecular cloud will be a
function of its age and the final abundance values of this work put in Table 7.2 might
not be the relevant ones for the comparison. Note that this comment is also valid for the
previous section, even if the ages of TMC-1 and L134N have been more or less constrained.

Molecule Model N NIR38 2 Model J J110621 @

H>O 100 100 100 100
NH3 ~1 ~ 4 ~1 ~5
CO ~ 283 ~ 40 ~ 217 ~ 30
CO2 ~ 41 ~ 20 ~ 22 ~ 15

# McClure et al. (2023)

Table 7.2: Table comparing the final abundances (expressed as percentages with
respect to water) in icy mantles (both ”J-” and "K-” species) from this work to the
ones from observations. Here, we are looking at dark clouds towards background stars
(NIR38 and J110621, McClure et al. 2023). Note that other ice components, such as
methanol CH3OH, are not accounted for. Moreover, error bars are not indicated.

The results provided in Table 7.2 show that the predictions by Nautilus are not in
good agreement with the observations. Indeed, while the abundances of NHs and COq
seem to be approximately close to the observations, this could very well be a coincidence
regarding the huge differences with observations for the abundance of CO. We already
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mentioned in Chapters 4 and 6 that the rate-equation approach to model the solid-phase
might not be the best to reproduce observations, but we may also come back to some of
the previous hypotheses to have a better understanding of the results.

We have seen in Chapter 6 that the mantle water abundance obtained with model 3a
seems quite low compared to those obtained with previous model la, even if an increase
in dust temperature is expected to affect chemistry. Therefore, even if new models were
built in this section, one may wonder if the Nautilus code is truly reliable in terms of
calculating the HoO abundance. Indeed, some major formation routes might have been
omitted, owing to a lack of kinetic data, for example. As described by Grieco et al. (2024),
two main solid-phase pathways* are expected to dominate water formation on dust grain:

Pathway 1:
O+H— OH
OH+H — H2O
or
OH+Hy; — H2O+H
Pathway 2:
O2 + H — HO2
HO2 + H — H202
H202 + H — H0 + OH

After checking in the chemical network, it appears that both pathways are included
in both solid phases (mantle and surface). Therefore, it seems that the main pathways
of solid water formation are taken into account. As proposed in Chapter 6, the decrease
in the mantle should thus probably be related to the fact that less OH is affected to water
formation and is instead used in the formation of COg, therefore adding an argument to
the overabundance of COy with respect to HoO when using model 3a.

Let us now come back to the CO freeze-out hypothesis that was assumed at the be-
ginning of Chapter 6. Indeed, in order to explain the abundances of carbon monoxide
between the models, it was assumed that, regardless of the model, the conditions for the
freeze-out presented in Chapter 2 are met®. Knowing the environments considered, this is
not a bad approximation and the differences observed in the framework of the Nautilus
model might be reasonably explained by the chemistry presented in the previous chapter.
One must nonetheless understand that the freeze-out process as well as the ice composition
still require much more studies and observations to be fully understood. As an example,
the study presented in Penteado et al. (2015) discusses the fact that observations towards
young stellar objects are better reproduced using a CO:CH30H ice mixture rather than
the generally assumed CO:H2O. Another very interesting paper is the one by Smith et al.
(2025), in which a new mapping of H2O with CO3 and CO within the Chamaeleon I
molecular cloud is presented. What is new in that publication is that the same molecular
cloud is observed from numerous lines of sight (44) towards background stars thanks to
JWST, whereas in previous publications various clouds with different physical histories

“Note that hydrogenation starting from ozone Os has also been proposed as one of the dominant
formation pathways towards water.

SEven if the freeze-out process is reinforced when using higher density conditions, as shown when using
model 2a instead of model 1a.
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were averaged. That study, in addition to highlighting the role that JWST will play in
the future, showed that within a same environment variations in column densities (thus,
in the freeze-out of CO) can be observed, as real molecular clouds are not at all
uniform astrophysical environments. Additionally, the layered icy-mantle formation
model presented in Chapter 2 might not be the only one. Indeed, considering the accre-
tion, formation, and diffusion rates of the relevant species, as well as the wettability® of
the surface, Kouchi et al. (2021a,b) recently proposed an alternative mechanism for icy
mantle formation illustrated in Figure 7.1. In their model, (a) an amorphous solid water
(ASW) matrix forms around the grain core, with nano-crystals of CO2 (produced in situ
through the exothermic reaction between CO and OH) and amorphous COz embedded
in its upper layers, and (b) a single a-CO crystal island develops atop the ASW surface
via efficient Ostwald ripening”. This structure is supported by their experimental results
showing that a-CO wets the ASW surface poorly, which explains why the a-CO crystal
forms above, rather than within, the amorphous water ice. Furthermore, compared to a
classical layered structure, thin crystalline layers are less stable (due to their higher surface
energy) than small spherical aggregates of the same volume, lending additional credibility
to the model proposed by Kouchi et al. (2021a,b). One thus sees that interstellar dust
grains can be more complicated than initially thought, suggesting that models should be
adapted to take into account this alternative structure.

Layered model New model
a-CO

Figure 7.1: Comparison between the usual layered model and the new model proposed
by Kouchi et al. (2021a,b), from Tsuge and Watanabe (2023). Note the ’a-’ refers to
amorphous phase, while ’a-’ means crystalline component.

When trying to make this comparison, the interesting paper by Clément et al. (2023)
deserves to be considered. In their work, the 3-phase gas-grain code Nautilus was used to
predict the ice abundances of the dominant species in order to compare these predictions
with the observed abundances. Two types of simulations were ran in their work: one with

SWettability refers to the ability of a solid dust grain surface to allow the spreading and adhesion
of gas-phase species that condense into ices under cold interstellar conditions, such as carbon monoxide
and carbon dioxide. A highly wettable surface promotes the uniform growth of ices, leading to more
extended coverage of the grain. Conversely, low wettability may result in patchy, non-uniform coverage or
the preferential formation of molecular clusters or islands.

"Ostwald ripening is a process that can occur in solids or liquids, involving the gradual redistribution
of material and the evolution of an initially inhomogeneous structure over time. In solids, it leads to the
dissolution of smaller crystals and their re-deposition onto larger ones, as larger particles are energetically
favored compared to smaller ones. In the context of our study, this process is facilitated by the high
diffusion coefficient of CO on amorphous solid water (ASW).
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static conditions (similar to this work) and one accounting for the full 3D dynamic structure
of the clouds. However, in their static simulation, the physical conditions (density, dust
temperature, extinction) as measured by the Herschel telescope were used. As this does
not consider a unique value for each of the physical quantities, but rather several fixed
values depending on the point considered, the comparison with our results may thus
not be fully relevant. One of their conclusions is that the model using static conditions
- corresponding to a snapshot of the physical conditions as observed by Hershel - does not
reproduce the observed trends in interstellar ices, as one could see in their Figure 1.

Important remark:

Another major limitation in interpreting the results lies, as previously empha-
sized, in the choice of binding parameters. As discussed in Sections 5 and 7 of the
review by Minissale et al. (2022), which focuses on the thermal desorption properties
of species, the simplified approach from Hasegawa and Herbst (1992) — used in the
Nautilus code — may not be the most accurate for describing desorption processes.
In particular, the treatment of the pre-exponential factor v in the desorption rate
is often oversimplified: many astrochemical models typically encode this factor as a
fixed, arbitrary value (typically, around 10'2 to 10 s~1) regardless of the species or
process involved. However, such an approximation is not physically justified.
A more rigorous alternative would be to derive these factors using Transition State
Theory (TST), as discussed in Minissale et al. (2022) and references therein, which al-
lows one to compute pre-exponential factors specific to each process. This modeling
uncertainty can have drastic consequences on the calculated abundances.
Notably, this uncertainty in modeling thermal desorption could also affect the relia-
bility of the gas-phase results, as desorption rates play a critical role in determining
the availability of species across phases.

As a concluding note, the full discussion presented in this chapter must be considered
in the framework of the Nautilus model. As emphasized in Section 4.3, the rate-
equation method applied to solid-phase chemistry is subject to heavy uncertainties. The
results coming from the code must thus be considered uniquely in this limited framework,
and it is important not to draw any hasty conclusion. Nevertheless, this work provided
us with a first insight into the behavior of these glycine precursors in a 3-phase context
and moreover allowed us to have a better understanding of both theoretical and observed
composition and structure of interstellar ices. It also allowed a critical assessment about the
veracity and the extent of the results that were obtained, demonstrating the limitations of
the Nautilus astrochemical model. A key takeaway from this chapter is that the structure,
composition, and properties of icy mantles are highly complex. Future advancements in
ice modeling, along with new observational data, will be essential to better constrain our
understanding of these features.
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Chapter 8

Conclusion

The question of the origin of life has always been one of the most dominant and intriguing
questions among the scientific community. In this master thesis, it has been chosen to
contribute to the exploration of the exogenous origin of life’s building blocks, i.e.
the possibility that the molecules essential for the development of terrestrial life may have
originated from space. The emphasis was placed on molecular clouds, which are the cold-
est and densest phase of the interstellar medium. The focus has been set on natural amino
acids, essential biomolecules in living organisms (cf. Chapter 2), and more particularly on
the simplest one known as glycine, NHoCH,COOH.

This work intends to be the continuation of the work presented in Groyne (2023),
extending the pure gas-phase study of various glycine precursors to a full 3-phase study
accounting for both surface and mantle of interstellar dust grains. In order to fulfill the
objective of this study, an astrochemical kinetic modeling tool has been used, as described
in Chapter 4. In this work, the astrochemical code Nautilus (Ruaud et al., 2016) was used
and allowed us to conduct a study of various potential glycine precursors, according
to the dominant mechanisms proposed in the literature (Chapter 3), i.e. Strecker-like and
Woon’s (Woon, 2002) mechanisms.

The first part of the practical work in this master thesis consisted of a comparison with
the pure gas-phase results obtained using A strochem, as presented in Groyne (2023), and
discussed in Chapter 5. In general, this comparison demonstrates that we successfully re-
produced the main results presented in Groyne (2023). Although some discrepancies were
observed, particularly in regard to the temporal evolution of certain species, the equi-
librium abundances are, in most cases, remarkably similar. Although not all
contributing reactions were identified identically, the dominant formation and de-
struction pathways largely overlap in both models. These differences are expected,
given that Nautilus and Astrochem are distinct chemical codes, developed with differ-
ent implementations, the former being more complete and complex than the latter (cf.
Section 4.2). This reinforces the robustness of the findings presented by Groyne (2023),
many of which remain valid in the extended framework explored in this work.

Following this comparison and the intermediate conclusion that Nautilus constitutes
a valuable tool to perform a more elaborate analysis of glycine precursors, the full 3-phase
study (gas, surface and mantle phases) was carried out and described in Chapter 6. This
study allowed us to see the behavior of the chemistry of all those various molecules. A
detailed summary of those results can be found in Table 8.1.
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Important remark:

The values of the final abundances in Table 8.1 have all been rounded to keep
only orders of magnitude for easier visualization. Moreover, the last columns, i.e.
formation and destruction, regroup all the dominant species involved in those pro-
cesses. To be representative, the agents found in those columns are only those whose
fraction is higher than 20% after 10° years.

Looking first at the neutral Strecker-like synthesis, in which the precursors HoO, NHs,
HCN and HyCO were considered, we observed that the species are not affected in the same
way by the surface chemistry. Indeed, while for the first three compounds, they do not
seem to have a strong interaction between the gas-phase and the surface, making the final
gas-phase abundances quite similar with those of the pure gas-phase model, this was not
the case for formaldehyde. This last molecule was strongly affected by the solid-phase,
and was in fact mainly produced on the surface of grains before being released to gas-
phase. Moreover, the apparent dominance of swapping reactions between the surface and
mantle was found to result from a non-physical bias inherent to the rate-equation approach.
Nonetheless, in some cases the chemistry is more active than simple swapping reactions.
When increasing the density using model 2a (Table 6.1), we found intuitive results, since
the phases that have been the most affected are the surface and mantle phases due to an
increased accretion rate. Finally, we observed that a small increase of 10 K (model 3a)
in temperature is not enough to significantly enhance the gas-phase chemistry, as already
noted in Groyne (2023), but that it is no longer valid for the surface and the mantle. In
that case, the solid-phase chemistry for some species can be significantly affected
by a small increase in temperature, as in the case of formaldehyde.

As a next step, attention was paid to the activated Strecker-like synthesis, in which
cationic and protonated species are considered (HoCO™, HoCOH' and NH3"). The study
of charged species allowed us to realize that they are not considered in the solid-phase
network of Nautilus. This was justified at the beginning of Chapter 6, and would in fact
be difficult to implement as discussed in Chapter 9. However, it was seen that though they
are not considered in solid-phase reactions, surface chemistry may have an indirect
impact on their abundances through the effect on the neutral precursors of these
ions (or not, depending on the species considered). When increasing the density, we
saw that the effect for HoCO™ and HoCOH™' was opposite to a pure gas-phase model,
their abundances being either increased or kept constant. Through this first surprising
result, we noted that the interconnection between species is important, and that
the abundance variations of other compounds have to be taken into account to find a
plausible explanation. When using the Nautilus code, it is mandatory to be careful when
analyzing results related to the study of ions.

As a last step of the 3-phase study, the precursors involved in the glycine formation
mechanism proposed by Woon (2002) (CO, CO2, OH, HCOOH, CHyNH, CH3NH:™) were
studied. The study of those precursors, especially the results related to CO and COs,
showed that the results may sometimes be counter-intuitive. Being aware of the CO
freeze-out phenomenon, we found that the abundance differences between models 1a and
3a were huge and unexpected. Looking closer at the chemical pathways, this was linked to
a lack of destruction of JCO, but these discrepancies must be considered in the framework
of the limited model that is used, as discussed in Chapter 4. For the Woon’s mechanism,
the work could even go a bit further than in Groyne (2023), since the network of Nautilus
contains some information about the two direct precursors of glycine which are HOCO and
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CH3NHy. However, great care must be taken when analyzing the results, knowing that
the completeness of the network regarding these species is quite low.

In chapter 7, a comparison with observations was carried out. Even though the results
from the gas phase were more or less in agreement with observations, it was not really
the case for the solid phase. Potential explanations were proposed for the discrepancies,
emphasizing the limitations of the Nautilus model. According to the work of Clément
et al. (2023), we saw that a static model might not be the more relevant to reproduce
interstellar ice observations. The use of a full time dependent 3D model might thus be a
huge step forward to continue this work, as proposed in Chapter 9.

As a final remark, this study provided a detailed preliminary 3-phase investigation of
the chemistry of several glycine precursors under simulated molecular cloud conditions,
focusing on the most promising pathways identified in the literature. It highlighted that
3-phase modeling is inherently complex and results can sometimes be counter-intuitive,
particularly when using a simplified framework such as the one in this thesis. Conse-
quently, any interpretation of the results must carefully consider multiple factors: the
unique properties and reactivity of each molecule, their chemical interconnections within
the network, and, crucially, the limitations of the model itself. Only by acknowledging
these aspects can we avoid over-interpreting the findings.

Water H,0O
Model Phase Final Ab. Formation Destruction
Gas ~ 1077 H;0T, e~ HCO™, Hz*
Model 1a  Surface ~ 1076 swap. swap.
Mantle ~ 1075 swap. swap.

Gas ~5x107% H,CO, H30", e, JHy, JOH ad., H3™"

Model 2a  Surface ~ 1076 swap. swap.
Mantle ~ 1074 swap. swap.
Gas ~ 1077 H307", e HCO™, Hg™
Model 3a  Surface ~ 1077 swap. swap.
Mantle ~ 1076 swap. swap.

Protonated formaldehyde H,COH™

Model Phase Final Ab. Formation Destruction

Model 1a Gas ~ 10710 H>CO, H3™, HCO™*, H30" e

Model 2a  Gas ~ 1077 H,CO, Hz™, H3O™ e

Model 3a  Gas ~ 1071 H,CO, H3™, HCO™, H30™ e

Table 8.1: Summary of the results obtained in Chapter 6 for glycine precursors involved
in the mechanisms considered in this work. Note: ”ad.” stands for adsorption, ”diss.” for
the dissociation of the molecule and ”swap.” for swapping reactions.
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Ammonia NH,
Model Phase Final Ab. Formation Destruction
Gas ~ 1078 NH;T, e C, HCO™, H3*
Model 1a  Surface ~ 107 swap. swap.
Mantle ~ 1077 swap. swap.
Gas ~ 1078 NH;T, e HCO™, Hy™
Model 2a  Surface ~ 1078 swap. swap.
Mantle ~ 1076 swap. swap.
Gas ~ 1077 NH;T, e” HCO™
Model 3a  Surface ~ 1078 swap. swap.
Mantle ~ 1078 swap. swap.
Hydrogen cyanide HCN
Model Phase Final Ab. Formation Destruction
Gas ~ 1077 HCNHT, e, H, CCN, H,CO Hs*, HCO™
Model 1a  Surface ~ 107Y swap. swap.
Mantle ~ 1078 swap. swap.
Gas ~ 1077 HCNH™, e, JHy, JCN, HoCO Hs', H3O
Model 2a  Surface ~ 10~7 swap. swap.
Mantle ~ 1076 swap. swap.
Gas ~ 1077 HCNHT, e~ HCO™, Hz™
Model 3a  Surface ~ 107 swap. swap.
Mantle ~ 1077 swap. swap.
Formaldehyde H,CO
Model Phase Final Ab. Formation Destruction
Gas ~ 1078 O, CHs, HoCOHT, e, HCO*
Model 1a  Surface ~ 10720  ad., swap. JH
Mantle ~ 107!2 KH, KHCO KH
Gas ~ 1077 JH, JHCO, H,COH™, e~ OH, H3z", H30™
Model 2a  Surface ~ 107° swap. swap.
Mantle ~ 107° swap. swap.
Gas ~ 1078 JH, JHCO, O, CH3, H,COH', e~ OH, HCO™
Model 3a  Surface ~ 1071 ad., swap. swap., JH
Mantle ~ 1071 KH, KHCO, swap. swap.

Table 8.1: (continued from previous page).
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Cationic ammonia NH;
Model Phase Final Ab. Formation Destruction
Model 1a  Gas ~ 107" NH,*, H, Ho
Model 2a  Gas ~ 10713  NH,*, Hp, NHy, Hy* Ho
Model 3a Gas ~ 10710 NH, ", Hy Ho
Cationic formaldehyde H,CO™
Model Phase Final Ab. Formation Destruction
Model 1a  Gas ~ 10710 HCO, H3", HCO™ e
Model 2a Gas ~107? HCO, H3™, H,CO, H' e , HyO
Model 3a  Gas ~ 10711 HCO, H3™, HCO™ e
Protonated methanimine CHQNHQ+
Model Phase Final Ab. Formation Destruction
Model 1a  Gas ~ 10713 NHj3, CH3", CHoNH, HCO™', H3t e
Model 2a  Gas ~ 1072  CH3", CH,NH e
Model 3a  Gas ~ 1071 NHj3, CH3", CHoNH, HCO™', H3t e
Carbon dioxide CO,
Model Phase Final Ab. Formation Destruction
Gas ~ 106 O, HCO, CO, HOCO™ ad., Hy™
Model 1a  Surface ~ 1077 swap. swap.
Mantle ~ 1076 swap. swap.
Gas ~ 1078 JO, JCO, O, HCO ad., Hy™
Model 2a  Surface ~ 1078 swap. swap.
Mantle ~ 1076 swap. swap.
Gas ~ 1075 O, HCO, JO, JCO, CO, HOCO™ ad., Hy™
Model 3a  Surface ~ 1076 swap. swap.
Mantle ~ 1075 swap. swap.

Table 8.1: (continued from previous page).
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Carbon monoxide CO
Model Phase Final Ab. Formation Destruction
Gas ~ 1074 H, HCO, HCO™, e~ ad., Hy™'
Model 1a  Surface ~ 10717 ad. JH
Mantle ~ 10712 KCOs KH
Gas ~ 1076 H, HCO, HCO™, e~ ad., Hy™"
Model 2a  Surface ~ 1076 swap. swap.
Mantle ~ 1074 swap. swap.
Gas ~ 1074 H, HCO, HCO™, e~ ad., Hg™'
Model 3a  Surface ~ 1076 ad., swap. JH, swap.
Mantle ~ 1076 swap. swap.
Hydroxyl radical OH
Model Phase Final Ab. Formation Destruction
Gas ~ 1076 H;0", e, JHJO, H,OoH O
Model 1a  Surface ~ 10~20 ad., JH2O JH
Mantle ~ 107'%  KH,0, KH, KO swap. KH,, KH
Gas ~ 1078 H30T, e H,CO, Hz™, ad.
Model 2a  Surface ~ 1071 ad., JH,O JHo
Mantle ~ 10713  KH,0 KH,
Gas ~ 1076 H;0", e, JH, H, JO, OoH O
Model 3a  Surface ~ 10720 ad., swap., JH2O JCO, JCHy
Mantle ~ 10712 KH-20 swap.
Formic acid HCOOH
Model Phase Final Ab. Formation Destruction
Gas ~107? CH309, e~ HCO™, H3™"
Model 1a  Surface ~ 10710 swap. swap.
Mantle ~ 1079 swap. swap.
Gas ~ 107" CH30,, e ad., Hg™'
Model 2a  Surface ~ 107" swap. swap.
Mantle ~ 1079 swap. swap.
Gas ~ 107 CH3039, e, JH, JHOCO HCO™, Hy*
Model 3a  Surface ~ 107 swap. swap.
Mantle ~ 1079 swap. swap.

Table 8.1: (continued from previous page).
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Methanimine CH,NH
Model Phase Final Ab. Formation Destruction
Gas ~ 10710 CH,NH,*, CH3NH3™, e~ Hst, HCO™
Model 1a  Surface ~ 1072  ad. JH
Mantle ~ 10717 KCH3sNH,, KH, KCH>NH, KH
Gas ~ 10710 JN, JCH3, CHoNHy™, e ad., Hg™
Model 2a  Surface ~ 10711 swap. swap.
Mantle ~ 1079 swap. swap.
Gas ~ 10710 JN, JCH3, CHoNH,™, CH3NH3™, e~ H3™, HCO™
Model 3a  Surface ~ 10716 ad., swap. JH, swap.
Mantle ~ 10710 KCH3NH,, swap. swap.
Hydrocarboxyl radical HOCO
Model Phase Final Ab. Formation Destruction
Gas ~ 1072 JOH, JCO ad., diss.
Model 1a  Surface ~ 1074 ad. JH, swap.
Mantle ~ 1074 swap. KH
Gas ~ 10715 JOH, JCO ad.
Model 2a  Surface ~ 10716 swap. swap.
Mantle ~ 1071 swap. swap.
Gas ~ 1076 JOH, JCO ad., diss.
Model 3a  Surface ~ 10712 ad., swap. JH, JN, swap.
Mantle ~ 10712 swap. swap.
Aminomethyl radical CH,NH,
Model Phase Final Ab. Formation Destruction
Gas ~107*  JH, JCH,NH H, O
Model 1a  Surface ~ 10727  swap., ad. JH
Mantle ~ 10717 KH, KCH;NH KH
Gas ~ 1071 JH, JCH,NH H
Model 2a  Surface ~ 10712 swap. swap.
Mantle ~ 10710 swap. swap.
Gas ~ 1071  JH, JCH,NH H, O
Model 3a  Surface ~ 107%° swap., ad. swap., JH
Mantle ~ 10718 swap., KH, KCHaNH, KNHoCH2OH  swap.

Table 8.1: (continued from previous page).
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Chapter 9

Future perspectives

The final part of this master thesis presents some perspectives for future research based
on the work carried out.

9.1 Towards more comprehensive astrochemical models

Several avenues can be explored to enhance the fidelity and scope of astrochemical mod-
els in future work. As underlined throughout this work, particularly in Chapter 7, rate
equation models such as Nautilus are limited in their ability to capture the detailed
behavior of grain surface chemistry and the structure of icy mantles. These models rely
on mean-field approximations and are unable to represent effects such as site heterogene-
ity, back diffusion, or trapping of species in deeper layers of the ice. Kinetic Monte Carlo
methods, especially microscopic variants, are better suited for this task because they allow
for spatial resolution of surface processes and naturally account for stochasticity and site-
specific dynamics. However, they are computationally intensive and have historically been
restricted to smaller chemical networks. The increasing availability of high-performance
computing resources and ongoing developments in efficient algorithms could make us hope
that in the future, KMC models could realistically incorporate more complex networks and
become a standard tool in astrochemical modeling, allowing for a better understanding of
(organic) solid-phase chemistry. However, this is not sure at all regarding the complexity
of such simulations. One type of improvement that seems to be very promising would be
the inclusion of binding energy distributions such as proposed in Furuya (2024). Although
such methods still require improvements, the work presented in the latter paper paves the
way towards a method halfway between the rate-equation and KMC approaches, being
computationally cheaper than KMC and at the same time more comprehensive than the
rate-equation approach in capturing the complex microphysics describing grain surfaces.

One could also consider to modify Nautilus or adopting an alternative modeling tool
capable of handling the chemistry of charged species, particularly cations, on grain sur-
faces. Indeed, current implementations typically focus on neutral species and neglect the
role of electrostatic interactions and surface charge effects, which may be crucial in accu-
rately modeling surface reactions in cold cores. However, the hypotheses presented at the
beginning of Chapter 6 justify the fact that cationic species are not considered in solid-
phase reactions. The most important is to capture the complexity of the microphysics at
work on grain surfaces and the stochasticity of the mechanisms, with several binding sites
and binding energies for each species. Adding on top of that electrostatic interactions
between ions would be computationally complicated, if not unfeasible.
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Finally, significant progress in the construction of chemical networks will depend on
continued laboratory experiments and quantum chemical simulations. These efforts are
crucial in better constraining fundamental parameters such as kinetic parameters, binding
energies, activation barriers, and reaction rates under interstellar conditions. By incorpo-
rating these new data into models, it will be possible to build more realistic and compre-
hensive descriptions of interstellar chemistry, from the gas phase to complex grain surface
and ice mantle processes.

9.2 Towards a real molecular cloud, and beyond

To improve the realism and applicability of astrochemical modeling, future efforts could
alm at better reflecting the physical structure and dynamical complexity of molecular
clouds. Omne promising direction would be to implement Nautilus in a one-dimensional
(1D) configuration, allowing for spatially varying physical parameters such as tempera-
ture and density as a function of the radial distance within a cloud. Even more ambitious
would be the use of fully three-dimensional (3D) models that integrate hydrodynamics
or magnetohydrodynamics with chemistry. Although Nautilus in its current form does
not support such 3D modeling, these more advanced frameworks would enable a more
complete representation of cloud evolution, including collapse, turbulence, and heteroge-
neous chemical environments. These are key features in accurately reproducing observed
chemical structures and abundances in molecular clouds.

Another natural extension of this work would be to go beyond cold molecular clouds
and apply similar modeling strategies to more evolved or active environments, such as hot
cores or protoplanetary disks. These regions present different physical conditions, including
higher temperatures, UV irradiation, and denser, more complex structures. These changes
profoundly impact the chemical composition, especially the formation and survival of
complex organic molecules such as glycine, which was the focal point of the present study.
Although such environments fall outside the scope of this work, they represent an exciting
continuation of astrochemical modeling that could help trace molecular complexity from
the earliest stages of star formation to planet-forming disks.

9.3 Towards more biologically relevant molecules

Finally, another possible extension of this work would be to expand the focus to include
additional molecules of prebiotic interest, like other natural amino-acids. Indeed, though
glycine is the most simple one, there are 19 other amino-acids playing a role in our biochem-
istry. Glycine is not the only one that could potentially form under some astrophysical
conditions. Others, such as serine and alanine, have been firmly identified to be of ex-
traterrestrial origins owing to studies performed on samples from the Ryugu asteroid (cf.
Chapter 2). The study of Potiszil et al. (2023) has even shown that these two last amino
acids can be found in an appreciable amount. Therefore, even if they have not been de-
tected in molecular clouds, the study could extend to such simple amino acids.

In that case, one may wonder about their formation mechanisms. Regarding the
Woon’s mechanism, both serine and alanine could be formed in the continuity of glycine.
In fact, as discussed in Woon (2002), when CH>NH2 and COOH recombine, the inter-
nal energy accumulated could cause the newly formed glycine to dissociate. An H atom
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would be ejected, leaving the radical NHoCHCOOH behind. That radical could then sim-
ply react with CHs, forming alanine, or with CH2OH, forming in that case serine. One
may note that both last reactants can originate from methanol photo-dissociation (Woon,
2002), making their presence highly likely in interstellar ices. Regarding the Strecker-like
mechanism, one may note that, as illustrated in Figure 9.1, since the radicals R and R’
are not changed by the process, everything will depend on the nature of the initial
carbonyl compound.

O O NH,
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¢ c H H
R™ R R R N ot
20 f|\||
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0{ CN CN NH, -~
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Figure 9.1: General view at the Strecker-like mechanism. From De Becker (2023-2024).

In this work, we started with the simplest precursor, i.e. formaldehyde, where R and
R’ are simply H atoms. However, starting with acetaldehyde (R = CHs and R’ = H) or
glycolaldehyde (R = CH20H and R’ = H) would produce alanine and serine, respectively.
Note that both CH3 and CH2OH have been discovered in the ISM (Gottlieb, 1973; Hollis
et al., 2000). Therefore, we see that considering other precursors, being aware of the given
complexity limit of our model, could constitute a promising extent for this work.
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Appendix A

List of molecular

10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.

22.

. Hy: Molecular hydrogen

H; : Trihydrogen cation

Oy: Molecular oxygen

. O3: Ozone

OH: Hydroxyl radical
CO: Carbon monoxide
CO,: Carbon dioxide
H,0O: Water

SiO: Silicon monoxyde
Si0,: Silicon dioxyde
CH: Methylidyne radical
CH,: Methylene radical
CH;: Methyl radical
CH,: Methane

C,H: Ethynyl radical
CyHy: Acetylene

HCN: Hydrogen cyanide

HNC: Hydrogen isocyanide

HCNH™: Protonated hydrogen cyanide

CH;OH: Methanol
CH,OH: Hydroxymethyl radical

H,CO: Formaldehyde

compounds
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23. HCOOH: Formic acid

24. HCO™: Formyl cation

25. H,CO™: Formaldehyde cation

26. H,COH™: Protonated formaldehyde
27. NH: Imidogen

28. NH,: Amine

29. NH;: Ammonia

30. NH;: Ammonium cation

31. CH,NH: Methanimine

32. CH,NH,: Aminomethyl radical

33. CH,NH3: Iminium cation

34. NH,CH,CN: Aminoacetonytrile

35. NH,CH,CNH™: Protonated aminoacetonytrile
36. CH3NH3': Methylamine cation

37. CH3NH§: Methylammonium

38. NH,CH;: Methylamine

39. CH,(OH)CN: Cyanohydrin

40. CH;CH,NH,: Ethylamine

41. H,NCH,CHO: Glycinal

42. CH;CH,COOH: Propionic acid

43. CH;CH,CHO: Propanal

44. NH,CH,COOH: Glycine

45. NH,CHCOOH: Glycyl radical

46. NH,C(O)CH,OH: Syn-glycolamide, isomer of glycine
47. Mg Fe,_ SiO5: Pyroxene, 0 <z <1
48. MgyFe, , 5i0,: Olivine, 0 <z <1
49. MgO: Magnesium oxyde

50. Fe;O,: Iron oxyde

51. HOCO: Hydrocarboxyl radical, that could react with a molecule and form a car-
boxylic acid functional group



Appendix B

All the parameters in Nautilus

Presentation of all the Nautilus parameters. It should be noted that several of those
parameters remained set to their default values. The modified parameters are always
specified throughout the thesis.

Listing B.1: All the parameters that can be modified when using the Nautilus astro-
chemical code.

1#
!# Parameter file for various properties of the disk.
1#
!# blanck line or with spaces will be skipped.

!# In fact, the only lines that matter are non commented lines with a
# ’=’ character to distinguish the identificator and the value(s)

# (each value must be separated with at least one space.

!# Line must not be longer than 80 character, but comments can be far
!# bigger than that, even on line with a parameter to read.

!*>|<*>|<>(<************************
% Switch 2/3 phase model x
Dk ok o o ok ok ok ook oK o o ok ok ok ok ok o R R K ok KK K K

is_.3_phase = 0 ! 0: 2 phase, 1: 3 phase
Dok sk ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok ok kR o KK K K KOk K

I % Switches *
Dt sk sk sk stk stk sk kK Kk SRR R R R SRRk Rk ok

preliminary_test = 1 ! Will or will not do comprehensive tests before the
! simulation. Switch it off when lauching thousands or simulations
is_structure_evolution = 0 ! If 1, physical structure properties evolve

! with time, values come from structure_evolution.dat file that must exists
grain_temperature_type = fixed ! fixed, gas, table_evolv, table_1D,

! computed or computed_hocuk

I' fixed: Tgrain = initial_dust_temperature. ;

! gas: Tgrain = Tgas ;

! table_evolv: Tgrain is interpolated from structure_evolution.dat data
I file (5th optional column)

)
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132 All the parameters in Nautilus

! table_.1D: Tgrain is read in the 1D_static. dat file (5th column) ;

! computed: calculated from uv_flux and visual extinction by radiative

! equilibrium

! computed_hocuk: computes the dust temperature using the approximation
I from Hocuk et al. (2017) (as a function of Av and UV.FLUX).
is_compute_zeta = 1 ! Computation of zeta using equations 6 and 7 of

I Wakelam et al. (2021) (l=activated)

is_.dust_-1D = 0 ! Reading the grain abundance and the NH/AV factor in the
! 1D_static.dat file (mostly for disks)

is_grain_reactions = 0 ! Accretion, grain surface reactions
is_h2 _adhoc_form = 1 ! Ad hoc formation of H2 on grain surfaces (l=activated)
is_absorption_h2 = 1 | H2 self—-shielding from Lee & Herbst 1996 (l=activated)

is_absorption_co = 2 ! CO self-—shielding (1: Lee & Herbst 1996,

! 2: Visser et al. 2009)

is_absorption_.n2 = 1 ! N2 self —shielding from Li et al. 2013 (l=activated)
is_photodesorb = 1 ! Switch to turn on the photodesorption of ices
is_chem_des = 1 ! Flag for chemical desorption (0: Garrod 2007,1:

! Minissale et al. 2016)

is_er_cir = 0 ! Switch to turn on Eley—Rideal and Complex Induced

! Reaction mechanisms (default=0: desactivated)

grain_tunneling_diffusion = 2 ! O=thermal; 1= QM for H and H2 only; 2=QM for
I all species depending on mass

conservation_type = 0 ! O=only e— conserved;l=elem #1 conserved, etc

Dt s s s sk sk sk stk ok 33 ok ok ok ok kKO KK KR K K K K K K
Ik 1D and diffusion *
Dt s s s sk sk sk otk ok o ok ok ok ok ok KO KK KR K K K oK K K
I'(diffusion is for species, not the structure)

structure_type = 0D ! 0D, 1D_no_diff
spatial_resolution =1 ! If 1, we are in 0D, else, we are in 1D, with diffusion
! between gas boxes. Number of lines in 1D.

Dok sk ok ok ok ok o ok okok ok ok ok ok ok ok ok o ok ok ok K KOk R K KOk K
D% Gas phase parameters *
Dot sk ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok o ok kR K KOk K K KOk K

initial_gas_density = 1.000E+04 ! initial gas density [part/cm—3]
initial_gas_temperature = 1.000E401 ! initial gas temperature [K]
initial_visual_extinction = 2.000E+01 ! initial visual extinction
initial_cr_ionisation_rate = 1.300E—17 ! cosmic ray ionisation rate [s—1]

! (standard=1.3e—17)

x_ionisation_rate = 0.000E400 ! Ionisation rate due to X—rays [s—1]

uv_flux 1.000E4+00 ! Scale factor for the UV flux, in unit of the reference

I flux (l.=nominal)

Dok ok ok ok ok ok ok ok ok ok ok ok ko ok ok ok ok ok oKk K ok o Kok Kok ok
I Grain parameters *
Dok sk ok ok ok o ok ok ok ok o ok ok ok ok o kR Kok K ok R Kok KOk K
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initial_dust_temperature = 1.000E4+01 ! initial dust temperature [K] when
! grain_temperature_type=fixed

initial_dtg_mass_ratio = 1.000E—02 ! dust—to—gas ratio by mass
sticking_coeff_neutral = 1.000E+00 ! sticking coeff for neutral species
sticking_coeff_positive = 0.000E4+00 ! sticking coeff for positive species
sticking_coeff_negative = 0.000E4+00 ! sticking coeff for negative species
grain_density = 3.000E4+00 ! mass density of grain material

grain_radius = 1.000E-05 ! grain radius [cm]

diffusion_barrier_thickness = 2.500E—08 ! Barrier thickness [cm]
surface_site_density = 1.500E+15 ! site density on one grain [cm—2]

diff _binding_ratio_surf = 4.000E—-01 ! Ratio used to compute the

! DIFFUSION_BARRIER from the BINDING.ENERGY if not known (surface species)
diff _binding_ratio_.mant = &8.000E—01 ! Ratio used to compute the

I DIFFUSION_BARRIER from the BINDING.ENERGY if not known (mantle species)
chemical_barrier_thickness = 1.000E—-08 ! grain reaction activation energy
' barrier width. [cm]

cr_peak_grain_temp = 7.000E4+01 ! peak grain temperature [K] (CR heating)
cr_peak_duration = 1.000E-05 ! duration [s] of peak grain temperature
Fe_ionisation_rate = 3.000E—14 ! (cosmic) Fe—ion grain

! encounter [s—1 grain —1]

'l (for 0.1 micron grain) For cosmic photo desorptions, only Fe-ions are

! efficient to heat grains.

vib_to_dissip_freq_ratio = 1.000E—02 ! [no unit] The ratio of the

! surface—molecule bond frequency to the frequency at

' which energy is lost to the grain surface. Used for the RRK

' (Rice Ramsperger—Kessel) desorption mechanism

'l (see Garrod el al. 2007 for more). Assumed to be 1% by default.
EDH2 = 2.300E+01 ! H2 binding energy over itself. Used for the desorption
! encounter mechanism. in K.

!*****************************
!'*  Integration and Outputs x
Dotk sk ok ok ok ok ok ok ok K ok oK KK KK R KK Rk K

start_time = 1.000E4+00 ! [yrs] first output time
stop_time = 1.000E+07 ! [yrs]| last output time
nb_outputs = 128 ! Total number of outputs (used for linear and log

! spaced outputs)

output_type = log ! linear , log

! linear: Output times are linearly spaced

I log : Outputs times are log—spaced

relative_tolerance = 1.000E—04 ! Relative tolerance of the solver
minimum_initial_abundance = 1.000E—40 ! default minimum initial abundance
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Appendix C

Equilibrium chemistry

We have a chemical equilibrium when all the abundances (reactants and products) are
steady, do not evolve anymore with time even though reactions are still occurring. We
speak of a dynamical equilibrium. Such an equilibrium can only occur provided that
the chemical processes have the time to complete compared to the changes within the
environment (i.e. Treae < Tayn)-

Let us consider that such an equilibrium exists. In that case, it is characterized by
the following equations (the direct and inverse reactions), occurring simultaneously at two
different rates to which the constants k1 and k2 are associated. In Equation C.1, a, b, ¢
and d are the stoechiometric coefficients:

k
aAf%bB;fﬁcC—%dD (C.1)
2
To this equilibrium, we can associate an equilibrium constant K defined through the

following relationship:

n(C’)Cn(D)d ks
n(A)an(B) ks
This constant can be related to a thermodynamic quantity called the Gibbs energy,
denoted G. Only in the case of an equilibrium, we have Equation C.3:

K = (C.2)

AG = —RTIn(K) (C.3)

where R is the universal gas constant (R = 8.314463 x 107 erg/mol K), T is the tempera-
ture and AG is the difference between the Gibbs energies of the products and the reactants
(AG = YXGproducts — XGreactants)- The AG values can be estimated base of the Gibbs free
energy values which are tabulated in databases, such as the NIST-JANAF database’.

In the case of a chemical equilibrium, the densities in reactants and products at equi-
librium can be easily calculated. However, we usually deal with non-equilibrium chem-
istry in astrochemistry since the reaction time-scales of the processes taking place in the
ISM are extremely long due to the low densities and low temperatures.

"https://janaf .nist.gov
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Appendix D

Presentation of the studied glycine
precursors

Water H,O

Water (H20) is a small, polar molecule consisting of two hydrogen atoms covalently bonded
to an oxygen atom. It plays a central role in astrochemistry due to its abundance and its
participation in both gas-phase and solid-phase processes. Water ice constitutes a major
fraction of the icy mantles covering interstellar dust grains and serves as a key environment
for grain-surface reactions that can lead to the formation of complex organic molecules,
including glycine precursors.

H/O

Water molecule

H

As seen in this work, water is formed in dense molecular clouds through several gas
and solid pathways. Within such environments, water quickly freezes onto grains, making
it the main constituent of icy mantles.

Moreover, water was firmly detected in the ISM a long time ago. Water vapor was
first identified by Cheung et al. (1969) thanks to its microwave emission, before being
discovered in interstellar ices by Gillett and Forrest (1973) thanks to absorption features
in the infrared, around 3.1 pm.

Ammonia NHj;

Ammonia (NHj3) is a small, trigonal pyramidal molecule composed of a nitrogen atom
bonded to three hydrogen atoms. It is a key nitrogen-bearing species in astrochemistry,
known for its presence in both gas-phase and solid-phase reservoirs in interstellar envi-
ronments. The lone pair' on the nitrogen atom contributes to its reactivity, especially in
acid-base chemistry and hydrogen bonding.

1The lone pair on the nitrogen atom in ammonia (NHs3) refers to a pair of valence electrons that are
not involved in bonding with hydrogen atoms. Nitrogen has indeed 5 valence electrons.
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H

AN
H H
Ammonia molecule

In cold dense regions of the ISM, ammonia is primarily formed via a sequence of ion-
molecule reactions (i.e. a cationic chain) followed by dissociative recombination. It can also
be synthesized on the surface of dust grains through hydrogenation of nitrogen atoms or
radicals. Ammonia contribute also significantly to the chemical composition of icy mantles.

Ammonia was one of the first polyatomic molecules detected in the interstellar medium,
with its discovery dating back to the 1960s. Cheung et al. (1968) indeed detected NHj
via its microwave emission in the direction of the galactic center. Moreover, it was also
detected in interstellar ices by Lacy et al. (1998) thanks to its infrared spectra close to 10
microns.

Let us note that its cationic form, NH3™, has not yet been discovered in the ISM.

Hydrogen cyanide HCN and hydrogen isocyanide HNC

Hydrogen cyanide (HCN) and hydrogen isocyanide (HNC) are structural isomers, both
consisting of one hydrogen, one carbon, and one nitrogen atom, but differing in the ar-
rangement of these atoms. These two simple nitriles are of particular importance in astro-
chemistry due to their prevalence in the ISM and their participation in reaction networks
leading to more complex nitrogen-bearing molecules, such as amino acids.

H—C=N H—N=C

HCN (left) and HNC (right) molecules

HCN is generally more stable thermodynamically than HNC, but both are routinely
observed in various astrophysical environments. In cold dense regions of the ISM, HNC
can be nearly as abundant as HCN, due to the low temperature conditions that hinder
isomerization (cf. close abundances of both in Chapter 6). As the temperature increases,
however, the HNC/HCN abundance ratio tends to decrease, making this ratio a useful
thermometer for cold molecular gas. In terms of astrochemical pathways, both isomers
are notably formed via gas-phase reactions involving ions (but not only) such as HCNH™,
followed by dissociative recombination. They can also interact with grains through various
processes.

Hydrogen cyanide was among the first molecules to be detected in space, first ob-
served by Snyder and Buhl (1971) in gas-phase. Hydrogen isocyanide was also detected
shortly thereafter simultaneously by Snyder and Buhl (1972) and Zuckerman et al. (1972).
Unfortunately, they have not yet been discovered unambiguously in interstellar ices.
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Formaldehyde H,CO

Formaldehyde (H2CO) is one of the simplest organic molecules and a fundamental species
in interstellar chemistry. It consists of a central carbon atom double-bonded to an oxy-
gen atom and single-bonded to two hydrogen atoms. Its relatively simple structure and
high reactivity make it an important building block for more complex organic molecules,
including amino acids such as glycine.
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In astrochemical environments, HoCO is formed both in the gas phase and on the
surface of interstellar dust grains. In grain mantles, it is typically produced through the
hydrogenation of CO ice (CO — HCO — H2CO), a key process in cold, dense molec-
ular clouds as seen in Chapter 6.

Formaldehyde has been firmly detected in both the gas phase and solid phase (ices) of
the interstellar medium. It was first identified in the gas phase by Snyder et al. (1969) via
its microwave emission, and much later detected in ices by infrared spectroscopy through
absorption features between 6.8 and 8.6 um (Rocha et al., 2024).

Though its cationic form HoCO™ has not been discovered in the ISM, its protonated
form HoCOH™ was firmly detected in gas-phase (Ohishi et al., 1986).

Carbon Monoxide CO

Carbon monoxide (CO) is a simple, linear diatomic molecule composed of one carbon
atom triple-bonded to an oxygen atom. It is one of the most abundant and widely ob-
served molecules in the ISM, second only to molecular hydrogen (Hz). Due to its strong
rotational transitions in the millimeter and submillimeter ranges, CO serves as a key tracer
of Ha molecular gas in cold interstellar clouds.

C=0
Carbon monoxide molecule
In astrochemistry, CO plays a pivotal role in gas-phase and grain-surface processes.
Its high abundance and chemical stability make it a reservoir of carbon in molecular
clouds. CO also influences the chemistry of other species by acting as a precursor for more

complex molecules such as formaldehyde.

Carbon monoxide was extensively detected both in the gas phase (Wilson et al., 1970)
and in interstellar ices (Whittet et al., 1989).
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Carbon Dioxide CO,

Carbon dioxide (CO2) is a linear, non-polar molecule consisting of one carbon atom double-
bonded to two oxygen atoms. Although it lacks a permanent dipole moment and is there-
fore not observable through pure rotational transitions in the radio domain, it is readily
detected in the infrared through its vibrational modes. In astrochemical environments,
COg is mainly observed in the solid phase, where it is an important constituent of inter-
stellar ices. As with CO, it has indeed a tendency to condense at relatively high densities.

Carbon dioxide molecule

COg3 is commonly found mixed with HyO, CO, NH3s and CH30H in icy mantles. It has
been firmly detected in interstellar ices through its absorption band close to 15.2 microns
(D’Hendecourt and Jourdain de Muizon, 1989), but on the contrary to previous molecules
it has not been discovered in gas-phase in cold environments.

Hydroxyl radical OH

The hydroxyl radical (OH) is a diatomic molecule composed of one oxygen atom covalently
bonded to a hydrogen atom. It is a highly reactive radical due to the presence of an
unpaired electron and plays a crucial role in the oxygen-based chemistry of the interstellar
medium, since it participates in various key reactions in both the gas and solid phases.

O—H
Hydroxyl radical

OH was one of the first molecules detected in the interstellar medium. It was discov-
ered in the gas phase through its radio emission around 18 cm by Weinreb et al. (1963).
Although not directly observed in ices, the presence of OH on grain surfaces is inferred
from its fundamental role in the surface formation of various molecules. In this work, it
has indeed been considered in solid-phase reactions.

Formic acid HCOOH

Formic acid (HCOOH) is the simplest carboxylic acid, consisting of a hydrogen atom and
a carboxyl group attached to a central carbon. It is considered a key molecule in the
chemistry leading toward complex organics and is often regarded as a possible glycine
precursor (cf. Woon’s mechanism) due to its functional group.
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Formic acid molecule
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HCOOH was firmly detected in both the gas phase and in interstellar ices. It was first
observed in the gas phase towards the molecular cloud Sgr B2 (Zuckerman et al., 1971).
Its presence in ices was confirmed through infrared absorption features, notably near 8.22
pum, as reported by Rocha et al. (2024).

Methanimine CH,NH

Methanimine (CH2NH) is a small imine molecule composed of a methylene group (CHz)
bonded to an imine group (NH). It is considered a prebiotic molecule of interest in
astrochemistry, as it contains both carbon and nitrogen atoms and can serve as a building
block for more complex organics, including amino acids such as glycine. Its relatively
simple structure and reactivity make it a plausible intermediate in both gas-phase and
grain-surface chemistry.
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CHyNH was detected in gas-phase in the ISM towards Sgr B2 by Godfrey et al. (1973).
It has yet to be discovered in interstellar ices. Because of its relevance to prebiotic
chemistry and its role as a glycine precursor candidate, methanimine remains an impor-
tant species in astrochemical modeling and observational studies.

Its protonated form, CHoNHs™, had not been discovered in the ISM at the time of
writing.

Hydrocarboxyl radical HOCO

The hydrocarboxyl radical (HOCO) is a highly reactive intermediate composed of a hy-
droxyl group (OH) bonded to a carbon center that also carries a carbonyl function. Ac-
cording to the mechanism proposed in Woon (2002), it is considered a key species in the
formation of glycine since it acts as one of its direct precursors.
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Hydrocarboxyl radical

Even though its cationic form was discovered decades ago (Thaddeus et al., 1981), the
neutral form of this radical has yet to be discovered in the ISM.
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Aminomethyl radical CH,;NH,

The aminomethyl radical (CH2NHz) is a reactive species consisting of a methylene group
(CH2) bonded to an amino group (NHz). It is a radical due to the presence of an unpaired
electron on the carbon atom. This species is of significant interest in astrochemistry
as a potential intermediate in the formation of more complex nitrogen-bearing organic
molecules, including amino acids such as glycine.
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Its reactivity and role in radical-radical coupling pathways make it an important species
to consider in models of prebiotic chemistry. Unfortunately, it has not yet been observed
in the ISM, although closely related species such as methylamine CH3NHg were discovered
(Kaifu et al., 1974).



Appendix E

Detailed comparison between
Astrochem and Nautilus

This appendix provides a more detailed comparison of the results obtained with the two
astrochemical codes, serving as an extension of Chapter 5. It emphasizes the similarities
between the codes’ outputs and offers a concise overview of the findings reported by Groyne
(2023). Some overlap with the content of Chapter 5 is to be expected.

Strecker-like synthesis - Neutral pathway
This pathway towards glycine involves the following simple precursors of glycine: H2O,

NH3s, HoCO and HCN, as previously described in Chapter 3.

This appendix provides a more detailed comparison of the results obtained with the two
astrochemical codes, serving as an extension of Chapter 5. It highlights the similarities
between the results, and offers a concise summary of the findings presented in Groyne
(2023). Some redundancy with previously discussed content may be noted.
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Figure E.1: Abundance temporal evolutions of the glycine precursors linked to the neutral
Strecker-like pathway using model la. Left: Groyne (2023). Right: this work.

A first observation is that, while the time-dependent chemistry differs slightly, the
equilibrium concentrations are remarkably similar (cf. Table 5.2). Indeed, as in Groyne
(2023), H2O remains the dominant species throughout most of the simulation, except for
a brief period around 102-102 years. This indicates that, on first inspection, Astrochem

143



144 Detailed comparison between Astrochem and Nautilus

and Nautilus give consistent gas-phase abundances. The chemical equilibrium is reached
after approximately 10 years, which aligns with the discussion in Groyne (2023). How-
ever, notable differences arise in the out-of-equilibrium phase. For instance, in
the Nautilus simulation, HCN is the second most abundant molecule, whereas in Groyne
(2023), it is surpassed by H,CO after roughly 103 years except at the very end. This dis-
crepancy may be attributed to the greater completeness of Nautilus, which incorporates
more reaction pathways - for example, HCN has more than twice the number of formation
routes in Nautilus as compared to Astrochem - but also to differences in the kinetic
parameters used in the two models. Indeed, on top of the fact that both codes are based
onto two different databases (OSU versus KIDA), kinetic parameters are continuously
refined over the years. Discrepancies in the parameters are thus expected. Those hypothe-
sis can be checked with the main formation/destruction pathways over time and their rates.

Let us begin with H,O, as illustrated in Figure E.2. Two primary formation routes
can be identified: Hy + O~ — H20 + e, which dominates during the first 103 years,
and H3O" 4 e~ — Hy0 + H, which becomes dominant between 10* and 107 years. A
third reaction, I-C3Hs + H30" — c-C3H3t +HyO!, briefly plays a significant role around
103 years, while the three other reactions contribute only marginally. Beyond 103 years,
the dissociative recombination of H3O" becomes the dominant process, highlighting its
crucial role in water formation. In fact, H3O™" is involved in five of the six major forma-
tion reactions, reinforcing the idea that gas-phase water formation in molecular clouds is
driven primarily by ion-molecule reactions, as discussed in Chapter 2. When comparing
with Groyne (2023), the overall conclusions remain consistent, although some differences
must be noted. While four of the six main formation reactions are shared between both
models, discrepancies appear primarily in the early chemistry (before ~ 10% years). Be-
yond 10% years, the dominant reactions are nearly identical, except for the absence of
the SiO reaction in our work. Groyne (2023) previously identified missing contributors to
water formation in the early stages (i.e. the reaction involving Ha), which were corrected
by considering a higher density that permitted additional reactions to take place (model
2a). Interestingly, this issue does not arise in this study. One may have thought that
the kinetic parameters are different, except that they are exactly the same between the
two networks. It is therefore probably linked to code differences, emphasizing the fact
that providing two codes with the same parameters for a given reaction does not ensure
that the results will be identical. Moreover, it must not be forgotten that everything is
interconnected, meaning that changes in kinetic parameters for other reactions could have
an impact on other reactions involving water precursors. For the destruction pathways,
this model accounts for the same reactions as the one obtained in Groyne (2023). Overall,
the results remain highly similar. During the first 10® years, the chemistry is primarily
governed by reactions with the C cation, one of the most abundant ions at early times,
as noted in Prasad and Huntress (1980b). As one of the first cations to form in molecu-
lar clouds, it is indeed expected to play a dominant role in the early chemistry (Prasad
and Huntress, 1980b). However, beyond this point, the chemical processes become more
complex and interconnected. It can be noted that the destruction chemistry is primarily
influenced by a reaction with HCO™, followed by reactions involving C*, H3* and H'. In
the work of Groyne (2023), there were nearly equal contributions of HCO' and H3 ™, with
a slight dominance of the latter. On top of those considerations, one may note the nearly
identical equilibrium abundance of water. Despite the fact that Nautilus includes addi-
tional reaction routes involving water compared to A strochem, this does not significantly

1127 standing for the linear form of the molecules and ”c-” for the cyclic form.
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affects its final abundance. This suggests that the newly introduced pathways contribute
only marginally to the overall water formation and destruction balance.
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Figure E.2: Comparison between the different formation and destruction routes of HoO
using model la. Top: Groyne (2023). Bottom: this work.

Let us now consider formaldehyde HoCO whose production and destruction fractions
are reproduced in Figure E.3. Having a look at the formation pathways, it is striking to
note that the results are quite similar to those of Groyne (2023). One reaction dominates
clearly the chemistry all along the simulation, i.e. O + CHs — H2CO + H. After about
106 years, the dissociative recombination reaction HyCOHT +e~ —» HyCO + H becomes
the second dominant reaction. This dominance was achieved earlier in Groyne (2023), but
let us keep in mind that more reactions are considered in Nautilus and that the kinetic
parameters/rate parametrization of various reactions may be different between the two
networks, which may have an impact on the results. Even though the 2 other reactions
in Nautilus are not found in Groyne (2023), there is still a clear similarity in the dom-
inant formation chemistry taking place. For the destruction pathways of formaldehyde,
there are still clear similarities, but also some deviations. The first 103 years are clearly
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dominated by reactions with C* in both results, as we may expect regarding the previous
discussion. Then, the destruction of HoCO is clearly dominated by the reaction involving
atomic carbon between 103 and 10° years, which is a clear deviation compared to the
results presented in Groyne (2023). This can be explained by the simple fact that the
reaction is not included in the Astrochem network. On the contrary, the equilibrium
chemistry (after 10° years) is again clearly dominated by reaction with HCO™ followed
again by reactions involving HT and H3*. Contrary to what was encountered for the water
molecule (for which it was not even found in the dominant reactions), the destruction of
formaldehyde involving H3O" has here to be taken into account, similarly to the work
of Groyne (2023). As it was the case for water, the chemistry of formaldehyde is domi-
nated by ionic reactions, i.e. barrierless reactions, as one may expect in cold environments.
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Figure E.3: Comparison between the different formation and destruction routes of HoCO
using model la. Top: Groyne (2023). Bottom: this work.

For hydrogen cyanide HCN (Figure E.4), one directly notices the differences between
both modeling approaches.
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Figure E.4: Comparison between the different formation and destruction routes of HCN
using model la. Top: Groyne (2023). Bottom: this work.

Concerning the formation pathways, the chemistry until ~ 10* years is dominated by
the reaction N + CHy — HCN + H in Nawutilus whereas in Astrochem the reaction
HCNH' 4 e — HCN + H must also be taken into account. A closer look at the net-
works shows that the kinetic parameters A are not the same (9.622 x 107® in Nautilus
versus 1.85 x 1077 in Astrochem). In the work of Groyne (2023), the reaction has thus
a higher kinetic, which could explain the difference with our results. Out of the 6 main
reactions in Groyne (2023), only three are found in this work. While the reaction H +
HNC — H* + HCN is not included in the network of Nautilus, the two other reac-
tions are present with the same kinetic parameters as in Astrochem. The equilibrium
chemistry is the same, the dissociative recombination reaction of HCNH"' being domi-
nant in both results. Regarding the destruction routes, it is again the reaction with C*
that unambiguously dominates the early chemistry in both results. Between 10* and 106
years, all reactions are intertwined (most reactions from Groyne (2023) being also found
in this work). The equilibrium chemistry is again dominated in both results by a reaction
involving HCO™, followed by the reaction involving the carbon cation. The three same
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molecules as before (i.e. H;OT, H3* and H') follow, with the same destruction fraction.
The only exception is that in our results, the importance of the contribution of the reaction
involving C* is comparable (even higher) to the three others, whereas in Groyne (2023)
it is completely negligible. As previously, that may probably be explained by differences
in the kinetic parameters. Indeed, the values of all the parameters have been changed
between the networks (A4 = 4.75 x 107, B = —5 x 107! and C = 0 in Astrochem
becomes A =1, B = 1.28 x 107? and C' = 6.61 in Nautilus). Nonetheless, it is impor-
tant to keep in mind that there are important differences in the kinetic constant
parametrization between the two codes, meaning that the comparison between the
parameters might be in this case irrelevant. Whereas an Arrhenius-like parametrization
is assumed in the OSU database on which is based Astrochem, ion-neutral reactions in
Nautilus are computed using the Su-Chesnavich capture approach. The detailed com-
parison of those approaches goes beyond the scope of this master thesis and one is re-
ferred to the following document (and references therein) if in need of further details:
https://kida.astrochem-tools.org/uploads/documents/ionpol_notice.pdf.

It is now interesting to compare the results concerning the abundances of HCN and
HNC (Figure E.5). In Groyne (2023), the abundance ratio remained close to unity through-
out the simulation, a result consistent with Graninger et al. (2014), where this ratio was
found to be stable in cryogenic environments such as molecular clouds. However, in this
work, we observe a divergence of about two orders of magnitude between 10* and 10°
years. Interestingly, a closer look at Graninger et al. (2014) (Figure 5, using parameters
similar to ours) reveals a similar feature: a temporary bump in the same time range,
where HCN becomes more abundant than HNC. Despite this temporary difference, the
abundances of both species eventually converge at equilibrium, reaching values compara-
ble to those reported in Groyne (2023). This transient enhancement in HCN abundance
could be attributed to its slightly higher stability compared to its isomer, HNC. Since
both molecules share the same dominant reaction pathways (except during a short time
between 10* and 10° years), HNC may be preferentially destroyed, as confirmed by the
slightly higher kinetics of the reactions involving hydrogen isocyanide.
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Figure E.5: Abundance temporal evolutions of the isomers HCN and HNC using model
la. Left: Groyne (2023). Right: this work.

Finally, let us analyze the results concerning the ammonia molecule presented in Fig-
ure E.6. What is striking in the Nautilus results is that only one dominant formation
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reaction of NH3 occurs, which is the dissociative recombination of NH4". That reaction
is also found to be the dominant one in the results of Groyne (2023). Ammonia is in fact
mainly produced through a cationic chain starting with nitrogen and its cation, finally
ending through the dissociative recombination of the ammonium cation. For the destruc-
tion pathways, it is no surprise that the early chemistry until 10 years is dominated by
reactions with C*. Then, as it was the case for formaldehyde there is a clear dominance
of reactions involving atomic carbon before completely dropping around 10° years. As for
H»CO, this did not appear in Groyne (2023) and is explained by the fact that the reaction
is not included in the Astrochem network. Like the previous molecules, at equilibrium
the destruction is dominated mainly by reaction with HCO™, and then with less impor-
tance with HT, H3O™", H3™ and C™T.
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Figure E.6: Comparison between the different formation and destruction routes of NHs
using model la. Top: Groyne (2023). Bottom: this work.

The first results are thus similar in both works. One main deviation is the involve-
ment of CT in the late destruction equilibrium chemistry, which was completely negligible
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in Groyne (2023). Verifying in the networks, the values of the kinetic parameters of the
reactions are different (both codes are not built on the same database and the kinetic
constant parametrization for some ion-neutral reactions is different). We may also note
that the destruction equilibrium chemistry is, in this work, dominated by HCO™, whereas
in the previous work of Groyne (2023) there is a slight dominance of H3™. Once again,
the parametrization is not the same between the codes. If the physical parametrization is
not the same, one could have expected such differences and a comparison of the param-
eters cannot be performed since their role in the formulas are not the same. On top of
that, everything is interconnected, and changes in parametrization and parameter values
of various reactions could lead to significant changes in the chemical modeling results.

Now that results from model 1la have been compared in details, let us have a look
at model 2a where the overall density of the cloud is enhanced by two orders of magni-
tude. Looking at the density profiles in Figure E.7, we reach easily the same conclusions as
Groyne (2023). Again, even though the time-dependent chemistry is not the same between
both works, we can notice that the abundances at chemical equilibrium are nearly the same.
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Figure E.7: Abundance temporal evolutions of the glycine precursors linked to the neutral
Strecker-like pathway using model 2a. Left: Groyne (2023). Right: this work.

Moreover, as discussed in Groyne (2023), one notices that the studied precursors
appear all quantitatively earlier than in model la. It is consistent since a higher
density means a higher collision rate, which means of course a higher kinetics as it was
discussed previously in Chapter 2. Additionally, chemical equilibrium is achieved more or
less after 10° years, the same as in the previous results of Groyne (2023). As discussed in
the latter study, this translates into the fact that the time required to reach equilib-
rium does not depend on the initial hydrogen density. This is consistent with the
discussion found in Iglesias (1977). What is interesting to note in that paper is that the
time scale required to achieve equilibrium is inversely proportional to &, the cosmic-ray
ionization rate. As done in Groyne (2023), we tried to study this effect by a slight modi-
fication of the & value. For that, the same physical parameters than model 2a were kept,
except that two other values of ¢ were tried, i.e. 10710 and 107! s~ (values studied in
Herbst and Klemperer 1973), as shown in Figure E.8. For the higher value of & (10716
s71), the equilibrium is reached before 108 years and for the lower value (10718 s71) it is
reached after. The more cosmic rays penetrate the cloud, the more ions will be produced.
The chemistry will therefore be more active, leading to a faster equilibrium. Keeping
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in mind that, for any real molecular cloud, the cosmic-ray flux decreases from the borders
of the cloud toward the center.
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Figure E.8: Comparison (model 2a) of the times at which the equilibrium is reached, using
two different values of cosmic ray ionization rate. Left: 10716 s~1. Right: 10718 s

As shown in Table 5.2, the equilibrium abundances in models 1a and 2a remain
remarkably similar despite the hundredfold increase in initial hydrogen density. At first
glance, this aligns with the conclusions of Herbst and Klemperer (1973), which suggest
that, since species are continuously formed and destroyed through chemical reactions, an
increase in initial density would proportionally enhance both formation and destruction
rates, keeping abundances relatively unchanged. However, as Groyne (2023) discussed,
this perspective is overly simplistic. A more accurate understanding requires considering
additional factors, such as the balance between formation and destruction pathways, re-
action types, and the specific order of each process.

We will now discuss the main formation and destruction routes in the case of model 2a,
in order to study the effect of a density change on those chemical processes. For the water
molecule, except for the first 100 years, the formation chemistry is completely dominated
by the dissociative recombination involving H3O™". The destruction pathways are also very
similar, the early destruction being dominated by reactions with C* and the equilibrium
chemistry by reactions involving HCO™. Regarding the formaldehyde molecule, results
are somehow different. In the results obtained thanks to model la, the dominance of the
formation reaction involving O and CHj could not be challenged. In those results, we have
a drop of the related production rate around 10° years, during which the reactions CH +
H,0O — H+HCO and HoCOH™ + e~ — H+ H,CO take over. Those reactions showed
only a minor contribution in the first model. In comparison with the results from Groyne
(2023), the involved reactions are not the same, but the equilibrium chemistry is the same,
with the same two dominant formation reactions. The destruction pathways are similar
to what was previously obtained. The early destruction is dominated by reactions with
C™T until ~ 10 years, then the reaction with atomic carbon dominates completely until
10° years. As before, the equilibrium chemistry involves reactions with HCO' and H3O™.
Looking at the ones of HCN, the dominant formation/destruction routes at equilibrium
are the same in both models, as in Groyne (2023). Some new reactions are considered,
but with a questionable impact on the final abundance. For ammonia, except for a gen-
eral displacement of the curve towards the left, nothing has really changed concerning the
dominant reactions which are involved.
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We will conclude by the results obtained with model 3a, in which T" has been increased
from 10 K to 20 K compared to model 1la. The abundances at equilibrium and even their
temporal evolution stay pretty similar, which is in perfect agreement with the results ob-
tained by Groyne (2023). Indeed, as discussed in that work, a small temperature increment
is not enough in such cryogenic conditions to enhance sufficiently the chemistry. In other
words, reactions which were inhibited at 10 K will remain inhibited at 20 K.
To observe significant differences, one would have to increase the temperature to a higher
level, but that would mean leaving the physical conditions of a quiescent molecular cloud.

What may be said in conclusion of this first comparison is that although the time-
dependent chemistry varies between the results obtained with both codes, the equilib-
rium chemistry is always similar. For comparison, Table 5.2 shows the equilibrium
abundances for the four precursors obtained in both works.

Strecker-like synthesis - Activated pathways

As discussed in Groyne (2023) and in Chapter 3, in order to activate the kinetics (i.e.
lower the activation barriers) of the Strecker-like formation route, ions can be substituted
in the reactions to give the activated Strecker-like mechanism. In that context, the
following precursors will be considered: HoCO™, HoCO, HCN, NH3, HoCOH™ and NH3™.

Let us begin to study the results obtained from model 1a for those precursors. As dis-
cussed in the previous section, even though the time-dependent chemistry varies slightly in
comparison with the results from Groyne (2023), the equilibrium results are quite similar.
The abundances of the cationic/protonated species are about 2 to 3 orders of magnitude
lower than the neutral ones, as expected in environments such as molecular clouds, fewer
ions being created. Despite their low abundances, ion-involved reactions remain relevant
to our study because of their significantly lower activation barriers, which make them much
more reactive and thus compensate for their scarcity.
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Figure E.9: Abundance temporal evolutions of the glycine precursors linked to the acti-
vated Strecker-like pathway using model la. Left: Groyne (2023). Right: this work.

Considering the abundances obtained with model 2a, as reproduced in Figure E.10,
the conclusions made with the neutral species are no longer valid. Indeed, as one can see
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in Table 5.3, we observe a decrease by about 2 orders of magnitude in the ionic equilibrium
abundances as compared to model la. As discussed in Groyne (2023), this illustrates the
restrictiveness of the considerations found in Herbst and Klemperer (1973). The abun-
dances of HoCOH™', HoCO™, and NH3™ are roughly inversely proportional to the initial
hydrogen nuclei abundance. This behavior can be understood based on the discussion
found in Groyne (2023): "predicting the impact of an increased initial hydrogen nuclei
density on a given species requires considering its involvement in multiple formation and
destruction pathways, each governed by specific reaction orders and kinetic parameters”.
To fully determine how a species’ abundance depends on the hydrogen number density,
one must apply the concept of chemical equilibrium, equating its production and destruc-
tion rates. In doing so, all density terms in the resulting expression must be rewritten
in terms of the hydrogen abundance, which is not straightforward and often necessitates
approximations. In quantitative terms, we notice that the equilibrium abundances are
very similar to the ones found in the work of Groyne (2023). This agreement might be
explained by the close similarity in terms of the number of pathways in which
those precursors are involved in both networks. Nonetheless, one must not forget
the effect of the kinetic parameters on the results. Looking in more detail at those of the
dominant formation/destruction pathways plotted by Nautilus, when the parametriza-
tion is the same, the parameter values are not always identical; when the parametrization
is not the same then the comparison is not really relevant. One has to keep in mind that
it is those kinetic parameters and the parametrization of the reaction rates in which they
are involved that dictates the chemistry. The fact that they differ, even slightly, between
the codes adds a complexity layer on top of this comparison.

Abundances

106
10-¢ 4

1078 A 107°

10-10
10-10

10-12 4

n(x)/ny

-12 4
10 10-14 4

—— H2COo+
H2CO
—— HCN
— NH3
—— H2COH+
—— NH3+

10-16 4

Abundance with respect to hydrogen

10-14

1018

10-16

10° 10t 10? 10° 104 10° 108 107 1 10 100  1e+03 1le+04 1e+05 1e+06 1le+07
Time (yr) Time [years]

Figure E.10: Abundance temporal evolutions of the glycine precursors linked to the acti-
vated Strecker-like pathway using model 2a. Left: Groyne (2023). Right: this work.

The curves obtained for model 3a are this time also pretty similar to those obtained
with model 1a as in Groyne (2023). This is further illustrated in Table 5.3, where the abun-
dances from both models are nearly the same except for NH3' which has an equilibrium
abundance enhancement of nearly one order of magnitude. This increase in abundance has
already been observed in Groyne (2023), though with a lower amplitude. Looking closer
at the networks, the dominant destruction of that species (Ha + NH;"™ — H + NH4+)
is included only one time in Astrochem, but three times in Nautilus, each time with
different values of the kinetic parameters but also ranges of temperature validity. For the
relevant temperature range (10 to 20 K), though the A parameter is the same, in Nautilus
the B has decreased and C' has increased. Differences in the kinetic parameters and the
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complex interconnection between various reactions may explain the slight difference in the
equilibrium abundance value. It was also checked which formation/destruction pathways
are at work for the other compounds, and the important ones are the same in both models.
Moreover, the shapes of the abundance curves are nearly the same in the results from both
models, meaning that the conclusions drawn previously for model 3a remain valid now.
Such a small temperature increase will not affect much the reactions taking
place, especially reactions involving cationic or protonated species.

Precursors for Woon’s mechanism and its variants

The results obtained thanks to model 1a for the first step in Woon’s mechanism, named
step a in Groyne (2023), are presented in Figure E.11. It must be noted that the abun-
dance of molecular hydrogen is not plotted, since it would make the other curves
appear insignificant.
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Figure E.11: Abundance temporal evolutions of the glycine precursors linked to the step
a of the Woon’s pathway using model la. Left: Groyne (2023). Right: this work.

The similarity between the two sets of curves may not be immediately obvious due to
the difference in scale on the Y-axis, but their overall behavior is remarkably consistent.
For instance, we observe characteristic bumps at the same positions, such as the one cor-
responding to formic acid HCOOH (referred to as CH202 in Groyne 2023). Additionally,
as shown in Table 5.4, the equilibrium abundances are generally comparable. However,
some discrepancies exist, particularly in the case of carbon monoxide and the hydroxyl
radical. The abundance of CO is slightly higher by nearly an order of magnitude in this
work, while OH is lower by a similar factor. This difference is likely due to the greater
completeness of the gas-phase reaction network in Nautilus, where both species partic-
ipate in more than twice as many reactions compared to Astrochem. That could also
be linked to variations in the kinetic parameters and related parametrization of the rates,
as already discussed in Chapter 5. It is not surprising that CO dominates, since it is the
second most abundant molecule in the galaxy thanks to its high stability (and the high
relative abundances of C and O). The similarity between OH and H2O abundance curves,
already noted by Groyne (2023), is explained by the same reasons. It has been carefully
checked: both molecules are in fact predominantly produced by the same species, which
is H30". The overabundance of water between 10% and 10 years could be explained by
an enhanced destruction of OH, as it has been explained in Groyne (2023) and checked by
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computing the destruction routes. The case of formic acid deserves more comments. In
the gas-phase network of Nautilus, HCOOH is only involved in one formation route,
while it was involved in two routes in the work of Groyne (2023). As in that work, some
completeness issues may arise concerning this species, and that will have to be kept in
mind. Moreover, though it has a higher complexity than the other compounds, it is still
found in an appreciable amount, which is beneficial with regard to Woon’s mechanism.

Considering now step b, we once again note a clear similarity in the equilibrium abun-
dances. One would expect HCN to dominate regarding its lower complexity as we observe
in Figure E.12.
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Figure E.12: Abundance temporal evolutions of the glycine precursors linked to the step
b of the Woon’s pathway using model la. Left: Groyne (2023). Right: this work.

As in Groyne (2023) we observe a similar behavior of the abundance curves of metha-
nimine CHoNH and iminium CHyNHs". This similarity is probably linked to the fact
that both molecules are part of the same cationic chain. As explained in Groyne (2023),
complementary formation routes involving other ions should be taken into account. The
main formation routes of CHoNH have been studied in the framework of Nautilus, and
the dominant ones, i.e. dissociative electronic recombination of CHoNH, ", CH3NH, ™ and
CH3NH;3™, are the same as in the reference work of Groyne (2023). One more reaction
has to be taken into account in the context of this work, which is not an ionic reaction
and only involves CH and ammonia.

When using model 2a, results are once again quite similar to Groyne (2023). A sur-
prising difference is the higher abundance of formic acid than that of OH. one would have
indeed expected the OH radical to be more abundant. This could be related to the fact
that it is involved in more destruction reactions in Nautilus, or once again to kinetic
parameter considerations. The density being also higher than in model 1a, a reactive
radical such as OH would react much easier than a more stable species such as HCOOH.
Concerning the decrease in the cationic abundances, one is referred to previous discussions.

For model 3a, the same curves as for model la are obtained. This is consistent with
what have been said for the Strecker-like synthesis, and we may thus refer to the reasons
that have been discussed previously to explain that case.
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