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Summary

This Thesis presents a comprehensive study of the interaction between dust grains and
various gas-phase species in the ISM. The main results involve the use of surfaces like
ices and coronene, a surface that resembles polycyclic aromatic hydrocarbons (PAHs),
with gas-phase H and O elements. We investigate how dust grains can catalyze the for-
mation of new molecules through processes like adsorption, diffusion, surface reactions
and desorption in typical ISM conditions.

The Thesis includes three experimental Chapters (4, 5 and 6), performed at LERMA-
CYU by using the FORMOLISM setup, that are complemented by two theoretical stud-
ies (Chapters 8 and 9), conducted with Cloudy and Nautilus codes at UGent. The
experiments focus on the role that different dust grain surfaces and ice layers have on
the Binding Energies (BEs) of molecules (Chapter 4), on the experimental formation of
Hy on coronene up to 250 K (Chapter 5) and on the formation of solid water on dust
at temperatures up to 85 K (Chapter 6). Several astrophysical implications are also
discussed.

The results presented in Chapter 5 show how Hy can form in molecular clouds with dust
temperatures >20 K and this is extremely relevant to explain the efficient Hy and star
formation in high redshift galaxies. Chapter 6 gives new insights on the formation of
icy mantles that could be forming at higher temperature than previously demonstrated,
being a significant way to explain the gas-phase elemental O depletion observed in such
conditions. Moreover, the disappearance of PAHs in the transition from diffuse to dense
clouds could be explained by the dust grains starting to be covered by ice layers. In
Chapter 8 we study the effect of the high temperature experimental Hy formation on
PAHs on the location of the dissociation front (DF) in a classical PDR picture, by
modelling it with Cloudy. From a basic implementation of the experimental results of
Chapter 5 in the code, it has been challenging to quantify such effect. This underlines
how a lot of work still needs to be done on models to better match observations. In
Chapter 9 some questions regarding O depletion in translucent clouds and grain growth
introduced in Chapter 6 are addressed with Nautilus. By using an innovative strategy,
we were able to reproduce C and O depletions in translucent cloud conditions by locking
them in two separate surface species upon adsorption, reproducing the molecular struc-
ture ratio of organic carbonates.

This Thesis shows the incredible catalytic nature of PAHs and their capacity to enable
chemisorption processes for the formation of molecules at high dust temperatures. This
is an important result that can be linked to the new discoveries reporting the possibility

of having grain growth at lower ny.
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Samenvatting

Dit proefschrift rapporteert over een uitgebreide studie van de interactie tussen stofdeelt-
jes en verschillende gasdeeltjes in het interstellaire medium. De belangrijkste resultaten
van deze studie betreffen het gebruik van stofoppervlakken zoals ijs en coroneen (deze
laatste vertoont gelijkenis met polycyclische aromatische koolwaterstoffen of, in het kort,
PAHs) met elementaire H en O deeltjes. We onderzoeken hoe stofdeeltjes de vorming
van nieuwe moleculen kunnen katalyseren door processen zoals adsorptie, diffusie, op-
pervlaktereacties en desorptie onder typische [ISM-omstandigheden.

Het proefschrift omvat drie experimentele hoofdstukken (Hoofdstuk 4, 5 en 6), uitgevo-
erd in LERMA-CYU met behulp van de FORMOLISM-opstelling, die worden aange-
vuld met twee theoretische studies (Hoofdstukken 8 en 9), uitgevoerd met de Cloudy
en Nautilus codes aan de UGent. De experimenten richten zich op de rol die verschil-
lende stofoppervlakken en ijslagen hebben op de bindingsenergieén (BEs) van moleculen
(Hoofdstuk 4), op de experimentele vorming van Hy op coroneen bij temperaturen tot
250 K (Hoofdstuk 5) en op de vorming van vast water op het stofoppervlak bij tem-
peraturen tot 85 K (Hoofdstuk 6). Diverse astrofysische implicaties worden eveneens
besproken.

De resultaten gepresenteerd in Hoofdstuk 5 tonen aan hoe Hy kan worden gevormd
in moleculaire wolken met stoftemperaturen >20 K, wat van groot belang is voor het
verklaren van de efficiénte vorming van Hy en stervorming in sterrenstelsels op hoge
roodverschuiving. Hoofdstuk 6 biedt nieuwe inzichten in de vorming van ijsmantels
die bij hogere temperaturen kunnen ontstaan dan eerder aangetoond, wat een signifi-
cante manier kan zijn om de waargenomen depletie van elementair O in het gas onder
dergelijke omstandigheden te verklaren. Bovendien kan de verdwijning van PAHs in de
overgang van diffuse naar dichte gaswolken worden verklaard door de bedekking van
stofdeeltjes met ijslagen. In Hoofdstuk 8 bestuderen we het effect van de experimentele
Hy-vorming bij hoge temperaturen op PAHs op de locatie van het dissociatiefront (DF)
in een klassick PDR-model aan de hand van Cloudy modellen. Uit onze basisimple-
mentatie van de experimentele resultaten van Hoofdstuk 5 in de code blijkt dat het een
uitdaging is om dit effect te kwantificeren. Dit resultaat benadrukt hoeveel werk er nog
nodig is aan modellen om beter overeen te komen met observaties. In Hoofdstuk 9 wor-
den enkele vragen met betrekking tot O depletie in transparante wolken en de groei van
stofdeeltjes, geintroduceerd in Hoofdstuk 6, bestudeerd aan de hand van de Nautilus
code. Door gebruik te maken van een innovatieve strategie waren we in staat om C en
O depleties in transparante wolk condities te reproduceren door deze twee elementen te
incorporeren in twee afzonderlijke oppervlakte-elementen wanneer een adsorptie proces
plaatsvindt, en waarbij de moleculaire samenstelling van organische carbonaten werd

gereproduceerd.
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Het proefschrift toont de ongelooflijke katalytische aard van polycyclische aromatische
koolwaterstoffen (PAHs) en hun capaciteit om chemisorptieprocessen voor de vorming
van moleculen bij hoge stoftemperaturen te ondersteunen. Dit is een belangrijk resultaat
dat kan worden gekoppeld aan de nieuwe ontdekkingen die wijzen op de mogelijkheid

van stofaangroei bij lagere ny.
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Chapter 1

General introduction to
Astrochemistry

1.1 The InterStellar Medium

The cycle of stellar evolution and destruction is the very core of the chemical variety
and life we have in the InterStellar Medium (ISM). Heavy elements are synthesized in
the inner part of stars during their lifetime to be afterwards expelled into the ISM dur-
ing their death and other processes. Those elements constitute the gas and the solid
dust we observe and they are responsible for the chemical complexity in the ISM. The
ISM is a dynamic environment that represents all the matter between stars in a galaxy,
besides dark matter. This medium is not homogeneous and it can have very di erent
physical and chemical conditions depending on the regions where it is located. Strong
is the in uence of temperature and density, but also the presence and strength of ra-
diation, turbulence, magnetic elds and cosmic rays. Most of the chemical species are
formed through gas-phase reactions while some need catalytic support from dust grains
to undergo reactions allowing the formation of new molecules. Until now, more than 300
molecules have been detected in the interstellar medium or circumstellar shells [CDMS,
2024]. The chemistry of the ISM becomes relevant in regions where the UV photons
sourced from galactic stars are partially shielded by H-atoms, de ning what we call
Molecular Clouds (MC). Thus, stars evolve in a cycle that starts from the gravitational
collapse of dense clouds until the return to the ISM through the remnants of stars at
their death. Interstellar regions contain mainly a mixture of gas and dust (99% and 1%
in mass respectively). 98% of its gas mass is made up of hydrogen (70%) and helium
(of about 28%), while the rest (of about 2%) consists of carbon, oxygen and heavier
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Figure 1.1: Left (from Paron [2018]): An interstellar cloud containing signi cant
amounts of dust along with the gas (a dust cloud) can both scatter and absorb light
that passes through it. The amount of scattering and absorption depends on the number
density of dust grains, the wavelength of the light, and the thickness of the cloud, grain
size and properties. Since shorter wavelengths are a ected more signi cantly than
longer ones, a star lying behind the cloud appears reddened to observer A. Observer B
sees the scattered shorter wavelengths as a blue re ection nebula. Right (from Dubois
et al. [2024]): extinction curve obtained from the ducial G10LG simulation at 400 Myr
for the total dust content (black solid), and the contribution from carbonaceous (blue,
C), silicate (red, Sil) grains, and small (dotted, S) and large grains (dashed, L). The
extinction curves at di erent times (100, 200, 300, and 400 Myr) are shown from light
to dark grey scales. The scatter of the extinction curves from the simulation are the
brown solid lines.The extinction from the Milky Way (MW), Large Magellanic Cloud
(LMC), and Small Magellanic Cloud (SMC) are shown as labelled in the corresponding
panel, with the typical estimation of the scatter.

elements (so-called metals). One can see that up to half of the heavier elements com-
presses to form dust [De Vis et al., 2019], thus constituting only 1% of the total mass
of the ISM. Even if so little, dust is a crucial element in the cyclic evolution of stars. A
star is born out of gas and dust in the ISM and, during its lifetime and death, a large
fraction of material can return to the ISM through stellar winds and explosive events.
Subsequently, the next generations of stars come from this already processed material.
The gaseous matter can be studied by using spectroscopic observations, whereas the
dust particles are more di cult to study for their intrinsic spectroscopic congestion and
because of the scattering of the radiation emitted by stars and absorption of the blue
end of the spectrum. One has to imagine that dust represents objects capable of ob-
scuring the stars behind. The cumulative e ect of scattering (out of the line-of-sight)
and absorption of starlight happening in the ISM is de ned as interstellar extinction.
Figure 1.1 gives an idea of the role of dust in interacting with a source of light such as a
star (right panel) and a typical extinction curve for di erent grain types and sizes (left
panel).
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Extinction depends on the size distribution of the grains present on the line of sight,
their mineral composition and the wavelength of the emitted light. An extinction curve
represents the quantity of light absorbed and scattered as a function of its wavelength.
Understanding this curve is necessary to determine the spectrum emitted by a source
whose light passes through a portion of ISM before reaching us. Thus, the extinction
curve is an interesting diagnostic tool for examining the nature of dust grains. Since
the extinction curves are wavelength-dependent, longer wavelengths are not absorbed
as strongly as the blue light, for example. Extinction curves can therefore give us some
information on dust composition by showing \bumps", the UV slope and other charac-
teristic features. The strength of the characteristic band in the UV at 217.5 nm has been
considered a proof of the existence of graphite and/or polycyclic aromatic hydrocarbons
(PAH) [Draine, 1989, Lin et al., 2023], one of the major components of interstellar dust.
PAHs are also responsible for a series of infrared emissions observed between 3.3 (C-H
stretching) and 12 m and even at longer wavelengths. More information about another
main component of interstellar dust comes from dark absorption bands at 9.7 m and 18

m in the near-infrared which can be associated with SiO-based structures, also known
as silicates. The features of extinction curves can be reproduced by considering dust as
made up of grains of carbon containing molecules, graphite and PAHs, together with
silicates, with sizes that range from tenths of nanometers to microns. More details about
PAHSs are given in a dedicated Section (1.3.1.6), since they are the main type of surfaces
studied in this Thesis.
[Herbst, 1995, Paron, 2018, Lequeux, 2005, Carroll and Ostlie, 2017]

As mentioned before, the ISM gas and dust can be found in di erent density and tem-
perature ranges. The main phases of the ISM are the Cold Neutral Medium (CNM),
the Warm lonized and Neutral Medium (WIM and WNM) and the Hot lonized Medium
(HIM). The most interesting phase for our study is the CNM since, depending on phys-
ical (T between 10-100 K) and chemical conditions (fromny 10 2cm 3to  10° ©
cm 3) it can contain a variety of cloud types. The WNM (T 10°K, ny 1 cm 3)
is in pressure equilibrium with the CNM and it is considered to set its boundaries, it
is made up of neutral atomic hydrogen (HI) while the WIM has slightly higher temper-
ature ranges but more di use ionized gas (T 10* K, ny 0.1 cm 2), visible in HIl
regions. The HIM constitutes the intercloud medium or coronal gas, it contains very hot
(T 10’ K) and di use gas mainly composed of ionized speciesny 10 3cm 3). The
CNM contains clouds that can therefore be classi ed as di use or dense, from atomic
to molecular. Diuse clouds possess gas densities in the range 10 - 1000 cfn low
extinction in the visible, and temperatures in the range 50 - 100 K. The dense clouds,
also called molecular, are the densest part of the ISM with an average temperature of
10 K, with a gas density of 1¢ ® cm 2 and large visible extinction. Since dense clouds
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Figure 1.2: Classi cation of interstellar clouds types. From Snow and McCall [2006].

are shielded from primary UV sources that would contribute to the ionization of H and
to the photodissociation of Hy, most of the hydrogen will be in its molecular form, H,.
Clouds between these two limiting cases, dense and di use, are de ned as translucent
and this speci c transition environment is crucial for the onset of the ice mantles on
the dust grains. A scheme of di erent regions and related main parameters is given in
Figure 1.2 and more details in the following section (1.2).

[Caselli and Ceccarelli, 2012, Mateo-Marti et al., 2019, Snow and McCall, 2006]

1.2 Interstellar Clouds

1.2.1 Diuse Clouds

Di use clouds extend from being totally exposed to radiations, for the vicinity to the
interstellar source, to regimes where this eld attenuates. In the rst case we de ne those
clouds as di use atomic ones, environments where hydrogen is neutral and atomic, while
other atoms such as carbon, with ionization potentials lower than hydrogen, can still
be fully ionized. Low extinction sightlines are typical of di use atomic gas, regions
with low density (10 { 100 cm 2) and temperatures of up to hundreds K. Further
away from the radiating source, we approach a di use MC regime. Here the K does
not dissociate anymore, thus the hydrogen in molecular form increases, but carbon can
still be ionized and almost all the CO will still photodissociate. A typical steady-state
condition that provides such shielding is a di use atomic cloud layer surrounding the
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molecular one. Most sightlines crossing di use molecular clouds will also cross di use
atomic gas, therefore a di use cloud can be observed within a range of visual extinction
of Ay < 2 mag. In this molecular regime the densities are slightly higher than the atomic
ones (up to 500 cm 3) and, together with the presence of H, this permits the chemistry
to start increasing in complexity. The main available molecules are here observed in
absorption in the UV/visible (e.g., CO, CH, CN), in the IR (CO, H ,, H3™), and at mm
wavelengths (e.g. HCO , OH).

[Lequeux, 2005, Snow and McCall, 2006]

1.2.2 Translucent Clouds

When we reach local environments where carbon starts to transition from its ionized
form to its atomic or molecular (CO) form, we encounter regions of the clouds that
have been de ned as Translucent Clouds (TC). There is a co-existence of carbon forms
at visual extinction of 1 < Ay < 5. Here the chemistry starts to actively involve C
and CO and this sets the boundaries of the very dense clouds, where carbon is only
found in its molecular form. Thus, sightlines with Ay > 1 are candidates for hosting
translucent clouds. However, higher values ofAy do not necessarily imply the presence
of translucent material, but such Ay values could simply be justi ed by the presence of
multiple di use molecular clouds along the line of sight. In this Thesis we will address
the TC seen as protagonists for the scienti ¢ problems concerning oxygen depletion and
the onset of the ice mantle. Both those processes should be happening in the transition
from di use to dense clouds and they have both been a hot astrochemical topic in the
last decades.

[Corby et al., 2018, Snow and McCall, 2006, Burgh et al., 2010, van Dishoeck and Black,
1989]

1.2.3 Dense Clouds and Star formation

With increasing extinction, the chemistry changes completely and we enter environ-
ments de ned as dense molecular clouds. Here the main source of ionization are cosmic
rays and the chemistry depends on the main and stable molecular forms: CO and H
This regime is characterized by lines of sight withAy > 5 and they are observed by IR
absorption and mm emission. As already mentioned, the densities are higher and the
dust temperature drops to a few tens of Kelvin or below. These temperatures make the
chemistry happening on grains very relevant since the adsorption of species on surfaces
is favored at lower temperatures. The rst and main molecules detected by their ro-
tational transitions have been CO, NHs, H>0O, and H,CO. Dense clouds also represent
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Figure 1.3: The cycle of matter in space: the loop of stellar life. Picture edited from
an original by Mateo-Marti et al. [2019].

an important step towards star formation and they allow the transition from di use
gas-phase chemistry to surface chemistry, underlying the role of dust grains catalyzing
the formation of new species. H is one of the main cooling agents able to in uence
star formation and its main formation route depends on dust grains as catalysts with
maximum e ciency in cold molecular cloud conditions. When an interstellar cloud ap-
proaches a certain mass, it can undergo the formation of a protostellar system through
its collapse and self-gravitation. A schematic overview of the processes involving MCs
is displayed in Figure 1.3.

[Solomon and Klemperer, 1972, Herbst and Klemperer, 1973, Weinreb et al., 1963]

1.2.4 PDRs

PDR is the abbreviation of Photo-Dissociation or Photon-Dominated Region, a part of
the ISM where the UV Radiation Field (RF, energies between 6 eV< photon energy

< 13.6 eV) is capable of photo-dissociating molecules. The radiation decreases while
going deeper into the molecular clouds and di erent physical-chemical stages of PDRs
are usually de ned through the visual extinction. Observationally, it is possible to
easily study those regions because of strong [CII] and [OI] lines, at 158 and 63m
respectively, as well ro-vibrational Hy, lines and aromatic bands from the grains in the
mid-IR. A picture of a typical PDR structure is given in Figure 1.4. Chemically, in
the parts that are the closest to the radiation source, hydrogen is ionized (H, Hll
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Figure 1.4: Schematic diagram showing the di erent zones in a PDR by Draine and
Bertoldi [2000].

region), afterwards it is in its atomic form (H) and only further away from the radiation
source it recombines to form B. The rst front is called the ionization front (IF),
while the dissociation one (DF) de nes the H to H, transition at Ay around 0.2. In a
similar way, carbon rstly goes from C** , in the HIl region, to C* in the outer parts

to afterwards recombine with electrons to form C atAy around 1. Only deeper in the
cloud carbon will be molecularized into CO. Oxygen is almost everywhere in its atomic
state and its abundance depends on the C to CO transition, that is not a sharp one at
all. Every transition and front represents a certain coexistence of ionized, atomic and
molecular forms of all the species. The chemistry in these regions depends on the high
temperatures and the photons that are able to trigger photoelectric e ects on dust grains
and to excite H, molecules. Grains get heated by UV-photons absorption and they are
only able to cool down through the emission in the IR continuum and with typical
aromatic bands in the mid-IR. Many models for PDRs have been constructed since the
rst detection of the infrared cooling lines in the 70's. Sternberg and Dalgarno [1995]
present a comprehensive overview of the chemical processes happening in these regions.
In the review by Hollenbach and Tielens [1999] they stress on the crucial location of the
DF since it is considered to be extremely important in PDRs because molecular hydrogen
formation and its excitation can trigger many other chemical reactions and form new
species. The so-called Unidenti ed InfraRed emission bands (UIR) are routinely detected
in the strongly illuminated parts of the PDR and it has been understood that the
chemical nature of such emissions comes from carbonaceous grains, typically aromatic
hydrocarbon materials. [Duley and Williams, 1981, Allamandola et al., 1985, Puget and
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Leger, 1989, Tielens, 2008]

The aromatic C-H stretching bands give rise to emission at 3.3, 8.6 and 11.3 mm while the
6.2 and 7.7 mm bands are due to C-C stretching modes. The assignment of such bands
to a speci c molecular structure has been under discussion for several years, but there
is now agreement on identifying PAHs as the most probable source. Allamandola et al.
[1985] provides an abundance for PAHs of about 10’ relative to hydrogen, considering
that they should absorb about 5% of the total IR ux and they have an average size of
50 C atoms. The study of PDRs has therefore underlined how the presence of far-Uv
photons can a ect the processes of the ISM. The models describing those regions are
applicable to very diverse environments.

1.3 Dust Grains and molecules

1.3.1 Dust Grains

To understand the lifecycle of the dust, it is important to consider the physical and
chemical processes taking place in the cosmic environments. The diuse ISM evolves
into translucent clouds and then into cold, dense interstellar molecular clouds. Dense
clouds collapse into denser cores forming central stars. Central stars at the end of their
life (evolved stars) expand and, nally, release their shells into the ISM re-introducing
dust in the di use interstellar medium. Dust is one of the fundamental players in these
processes. When dust enters the ISM, it can be destroyed and re-condensed, traveling
through di use and dense clouds, proto-stellar envelopes and so on. The exact formation
pathways of interstellar dust remain a scienti ¢ discussion [Galliano et al., 2021]. First
steps of dust formation are thought to occur via gas-phase reactions in high-temperature
circumstellar envelopes of evolved stars [Nanni et al., 2013, Ventura et al., 2012, Maer-
cker et al., 2014]. After their formation, dust grains are pushed away by radiation
pressure into the ISM, where they can undergo destruction by supernova shocks [Slavin
et al., 2015]. Only a part of the dust produced by stars survives into the ISM. However,
observations show a high concentration of dust grains in the ISM. Thus, an e cient
formation mechanism is required to explain the di erence between stellar formation and
interstellar destruction rates [Potapov and McCoustra, 2021, Draine, 2009].

As mentioned before, dust grains are omnipresent in the interstellar medium. Despite
their low abundance, they play a crucial role in many aspects of the evolution of the
interstellar medium. They have a great in uence on the radiative transfer in the Galaxy.
They absorb about half of the stellar radiation in the UV and visible before re-emitting

it at longer wavelengths in the IR, submillimeter and millimeter wavelength domains
in the form of thermal emission [Viaene et al., 2016, Driver et al., 2006]. Furthermore,
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Figure 1.5: The dust and PAH emission SED for the di use ISM at high Galactic

latitude (solid line) calculated using the model described in Popescu et al. [2011]. Here

are also plotted the COBE data (symbols with error bars). These are given as an average

of the data from the North ecliptic pole eld and the Lockman Hole eld Arendt et

al. (1998) and are further colour corrected. The contributions of the dierent dust

compositions to the total model SED are as follows: Si (dotted line), Gra (dashed line),
PAH (dashed-dotted line). SED taken from Popescu et al. [2011].

dust grains are important players in heating the interstellar medium, on the one hand
through the photoelectric e ect and on the other hand by collisions with the gas atoms
in dense environments.

As already mentioned at the beginning of this Chapter, di erent emission and/or ab-
sorption features give us insights on the major components and main constituents of
the observed dust grains. In general, they are considered to be mainly made of silicates
and/or carbonaceous materials. The usual assumed ratios between the two families of
dust grains are 70 % for Si-bearing grains and 30 % for the C-bearing ones [Jones
et al., 2013, 2017, Draine et al., 2007]. The smallest dust grains, PAHSs, deserve a spe-
cial mention. The fraction of dust mass in the form of PAHs strongly correlates with
metallicity, thus the value may vary for di erent samples, but several studies have tried

to give quantitative constraints to account for the correct percentage. Draine et al.
[2007], Aniano et al. [2020] studied a sample of galaxies obtaining a % of PAHSs in the
range 0.4 - 4.7 (higher values found for higher metallicities) with respect to the total
dust mass. One has also to consider that PAHs have incredibly small sizes, compared
to other grains populations, with a mean value of 50 C atoms, they therefore dominate
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the surface/volume ratio and have a strong role in the interaction with the gas-phase
[Lin et al., 2023].

To account for extinction and interstellar emission, Desert et al. [1990] proposed a sep-
aration into three populations of grains of increasing sizes, giving rise to IR emission
at increasing wavelengths. The characteristics of these emissions depend on the nature
and size of the grains: large grains, very small grains and PAHSs in order of decreasing
grain size. Large grains (BGs) have sizes greater than 15 nm with a maximum size at
least greater than a hundred nanometers to account for extinction. BGs dominate the
emission from 100 m to 1 mm. Very small grains (VSGs) are here needed to account
for the emission between 20 and 100 m, usually a population of small carbonaceous
grains with sizes of order of 1.2 to 15 nm is used. PAHs are aromatic and carbon-based
compounds with sizes from 0.4 to 1.2 nm, more details are given in a separate section
(1.3.1.6). In Figure 1.5 one can see a typical Spectral Energy Distribution (SED) in
emission for the di use ISM and it shows how di erent features belong to di erent dust
compositions.

1.3.1.1 Dust formation and destruction

The di erent mechanisms for dust formation, size increase or decrease, and eventual
destruction, depend on the environment, and physical conditions. As said before, nucle-
ation of dust grains is not considered to happen in the ISM, but most of the grain seeds
and metals must come directly from stars. These stars also contribute to an important
dust destruction mechanism (\astration"), since they also require grains for their for-
mation process. By considering only stellar dust production sources (SNe and AGBs),
it appears di cult to account for the bulk of the dust mass observed in galaxies [De
Looze et al., 2020, Galliano et al., 2021, Draine, 2009]. Accretion of metals onto dust
grains in dense ISM clouds could be the key to explain the large amounts of interstellar
dust. Many physical processes behind \grain growth" in the interstellar medium remain
unclear. Once in the ISM in fact, dust in a diuse cloud can fragment through shat-
tering processes [Hirashita and Yan, 2009] or be a ected by supernovae (SNe) shocks.
In a dense environment, dust can undergo coagulation, mostly if in neutral phases, or
condensation, by accretion of elements from the gas-phase to build up a refractory grain
mantle and icy layers. Figure 1.6 gives a schematic view of all the possible directions and
pathways that dust can take during its evolution, as a function of the environment. It is
important to stress on the fact that the nature of the grain (carbonaceous or Si-based)
completely a ects the reactions and processes happening on the di erent dust surfaces.
A brief overview about the main mechanisms involved in dust evolution is given below,
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Figure 1.6: Figure taken from Jones et al. [2013]. Schematic view of all the possible

evolutionary tracks of insterstellar dust in its lifecycle. The red zone re ects the density,

ny, and the violet one represents high @ radiation elds. The picture corresponds to
a speci c dust model and it is only taken as a qualitative example.

in order to afterwards move to the actual growth processes of dust particles.
[Slavin et al., 2015, Kirchschlager et al., 2022, De Looze et al., 2020, Jones et al., 2013]

1.3.1.2 Processes a ecting grain sizes and size distribution

Dust fragmentation depends on the amount of kinetic energy of two colliding particles.
If the relative velocity between grains is high enough, they would not clump together
or scatter, but rather break up to form smaller fragments. This process results in an
increase of the small grain abundance and it is mainly e cient for turbulent gaseous
media or in SN shock waves.

Coagulation mainly concerns neutral grains in cold or warm environments. When grains
nd each other in high density regions, such as MC cores, they have the possibility to
clump together, conserving the total mass but increasing the number of large grains. Co-
agulation makes a contribution only when a su cient fraction of the grains has reached
a su cient size to make the rate high enough. So far, we have considered coagulation
and fragmentation as processes that directly a ect grain sizes and their distribution,
but they conserve the mass while changing the total available surface area for further
processes happening on grains. The size distribution of available dust grains in a speci ¢
region strongly a ects the amount of available surface, thus the condensation rate.

The last main mechanism that is relevant for the dust lifecycle, before describing the
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processes triggered by SNe, is grain condensation. In denser and colder environments,
where high molecular densities contribute to radiation shielding and low temperatures
prevent sublimation from the grains, the accretion of molecules on the grain becomes
important. In these conditions cold dust grains can grow by accretion of condensing
species on their surface. The timescale of an e cient condensation process in a MC core
is shorter than its lifetime (a few 107 years). Condensation is an important replenish-
ment mechanism, but the average grain size is not much a ected.

[Mattsson, 2016]

1.3.1.3 SNe and dust

Supernovae can destroy both pre-existing grains by the SN blastwave (i.e. the forward
shock) and newly formed dust by the reverse shock [Slavin et al., 2015, 2020, Jones
et al., 1996, Silvia et al., 2010]. In general, these processes are crucial to understand
galactic dust evolution. Supernova generated shock waves are responsible for most of
the destruction of dust grains in the interstellar medium (ISM). Grains can be destroyed

in shocks by thermal and non-thermal (inertial) ion sputtering, shattering (mostly for
larger grains) and vaporization caused by grain-grain collisions.

Because of the shock, the magnetic eld increases, the grains accelerate and the heating
of the gas (for non-radiative shocks) enhances the sputtering of small grains resulting
in a reduction of the dust mass and a change of the grain size distribution shape. Av-
erage shock speeds range between hundreds and thousands of km/s. Grain destruction
timescales by SNe events is of the order of a few &Qyr [Slavin et al., 2015, Kirch-
schlager et al., 2022, Jones and Nuth, 2011], while the grain supply from AGB stars has
a timescale longer than 100 Myr. Another growth mechanism explaining this discrep-
ancy, like chemical accretion on grain surfaces, should therefore exist.

The e ciency of dust destruction strongly depends on the rate of grain shattering, due to
grain-grain collisions, ion sputtering, the ISM structure and on the environment (dense
or di use) where the SN goes o. There are still many questions trying to understand

to what extent the dust formed in supernovae (SNe) will actually survive the passage of
the shocks and be mixed into the interstellar medium (ISM).

Also a reverse shock (shock wave collapsing back toward the origin of the supernovae
explosion) is potentially able to destroy newly formed dust material. In this case, the
processes involved are grain charging, sputtering and grain-grain collisions. The fraction
of grains destroyed by a reverse shock depends on the morphology of the ejecta as well
as on the surrounding medium (to decide whether a reverse shock will form and at which
point in time). The most important factors are the composition and size distribution

of the grains, the properties of the SNe and its environment. There are several studies
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Figure 1.7: Simpli ed schematic evolution of dust in galaxies.

showing the dust survival of silicates with respect to carbon dust (10 - 30% and 20 - 40%
respectively) with smaller radii being the most a ected by destruction [Micelotta et al.,
2016]. Grain-grain collisions and sputtering are synergistic in determining the surviving
dust budget in supernova remnants. Since an alternative to star supply is needed as
dust production, a proposed and now largely accepted mechanism for dust grain growth
is the accretion of elements under interstellar conditions. Laboratory experiments have
supported e cient formation of silicate and carbon grains of small size (nm) at low
temperatures [Rouile et al., 2015, 2020]. Figure 1.7 shows a simpli ed picture of the
overall dust production/destruction mechanisms and its participation to the lifecycle of
stars.

[Slavin et al., 2015, Kirchschlager et al., 2022, 2019, Micelotta et al., 2016, Potapov and
McCoustra, 2021, Rouile et al., 2015, 2020]

1.3.1.4 Grain growth: elemental accretion & depletion

Observationally, the existence of grain growth is considered to be an important process
that explains the positive correlation between the depletion of elements and the gas den-
sity [Jenkins, 2009]. The dust-to-gas ratio increases with the density, proving the more
e cient accretion of gas-phase metals on dust in denser ISM conditions [Roman-Duval
et al., 2022, Clark et al., 2023]. Another proof relies on the proportional trend of the
dust-to-gas and dust-to-mass ratios increasing with the metallicity and suggesting that
grain growth is an important way to account for dust production at redshifts at least
up to 6.3 [Konstantopoulou et al., 2024].
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Understanding the composition and the main elements participating in the growth of
dust is therefore a crucial aspect in this eld. Measurements of the elemental depletions
provide another perspective on interstellar dust. The elemental depletions show that in
interstellar clouds most of the elements with low condensation temperatures such as Si,
Fe and Mg are in dust grains. For the two most abundant elements, C and O, the situa-
tion is not easy to analyze since comparison of their fractions in the gas and in the dust is
not trivial. Infrared and submillimeter observations of dust emission are important tools

to provide further information about the composition of interstellar dust as a function

of size. Populations of molecular sized particles and small grains are observed by their
mid-infrared emission bands. Grain growth by accretion of gas-phase metals contributes
to the formation of a refractory material mantle and this is believed to happen in the
cold di use ISM [Zhukovska et al., 2016, 2018]. In a more dense environment, in the
transition from translucent clouds to dense molecular ones, we observe the onset of an
ice mantle around the refractory core via physisorption and chemisorption. As already
mentioned, two processes can actually lead to the increase in size and mass of grains in
interstellar clouds: coagulation, where two low velocity grains collide and stick together,
and chemical accretion. The rst process will form more porous grains consisting of
various sub-grains with di erent composition that can reach micrometre sizes (see the
recent work by Dartois et al. [2024]), whereas the second process will result in accretion
of the abundant species, namely H, O, C, N, but also Fe, Mg, Si onto grain surfaces.
Only at lower temperature and in speci ¢ environments, a formation of an ice mantle
around the refractory core takes place. In fact, here small molecules such as water, CO,
CO,, ammonia, methane, methanol adsorb on grain surfaces and, together with newly
synthesized molecules, they build icy mantles around the grains. D represents more
than 60% of the present molecules. The ice layers promptly desorb when exposed to UV
radiation and temperatures higher than 150 K [Ferrara et al., 2016].

All the layers accreting on the grain, from the refractory material to the ice mantle,
have the importance of removing species from the gas phase and representing a catalytic
surface for further synthesis of new molecules on the grain that may afterwards desorb
and come back to the gas component. The composition of the mantle strongly depends
on the environment.

Gas-phase species arriving on the surface of a grain can bond by physisorption or
chemisorption (see Chapter 2). Dierent types of grains also change the energies in-
volved in all these processes even for the same species. Dust in the interstellar medium
is thus subject to modi cations, accretion and both constructive and destructive pro-
cessing. The interstellar dust composition and size distribution is therefore a balance
between the formation, growth and destruction processes operating in interstellar media.
Having binding energy values, insights on desorbing species and reactions happening on
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the surface, comparison with observations and models can give more details on the life-
cycle of dust and ISM evolution (see also Barlow [1978]). For what we have understood
until now, the growth of dust grains by accretion of gas-phase metals is now widely
assumed to be an important process in the interstellar medium (ISM). Observations
such as the positive correlation of depletion with gas density [Jenkins, 2009] are now
well explained by grain growth and studies on galaxy evolution consider grain growth a
needed addition to their models. As said before, in dense gas accretion is very e cient
and it has to be taken into account. Here dust grains form icy mantles, rather than
directly accreting refractory elements, which are rapidly photo-desorbed when exposed
to ultraviolet (UV) radiation [Ceccarelli et al., 2018, Ferrara et al., 2016]. A low den-
sity condition makes accretion more ine cient, and this is still a problem in traditional
models. Potential ways have been identi ed in order to avoid this problem, nding that
the observed patterns for some elemental depletions, for example, were well-reproduced.
There are also di erent ideas on the elemental depletions comparisons: e cient accre-
tion of gas-phase metals by small, negatively charged dust grains has been proposed as
an explanation for elemental depletion patterns observed in the CNM [Zhukovska et al.,
2016, 2018]; other authors propose that the accretion of C and S* can be enhanced in
TCs where particles are expected to be negatively charged [Ru e et al., 1999, Cazaux
et al., 2022, Fuente et al., 2023]. Meanwhile, relatively high levels of depletion in the
CNM, rather than being a sign of e cient grain growth, can also be considered indicative
of the survival of dust grains in initially highly depleted material from a (presumably)
denser phase of the ISM. Other authors propose that

[Priestley et al., 2021, Boogert et al., 2015, Ceccarelli et al., 2018, Boulanger et al., 2000]

1.3.1.5 Carbonaceous grains

Dust rich in silicon, metals and oxygen are believed to originate in C-rich AGB and red
supergiants, while carbonaceous dust should be coming from carbon stars (AGB, see next
section (1.3.1.6)). All stars with initial masses in the range of 1-8M (solar masses)
pass through an asymptotic giant branch (AGB) phase. AGB stars eject large amounts
of processed gas into the ISM, having a predominant role in describing abundances of
chemical species. The AGB stars are e cient dust producers too, since their winds pro-
vide the right thermodynamic conditions for the condensation of gas-phase species into
solid particles. Late AGB phases are the most relevant to assess grain production yields
and the mechanisms behind those processes can be unveiled by comparing observations
of post-AGB stars and dust formation modelling [Tosi et al., 2023]. Depending on the
metallicity, the dust population mixture from AGB stars can be more or less dominated
by carbon grains [Zhukovska and Henning, 2013]. One has to take into account that the
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overall dust mass produced by AGB stars over cosmic time scales is usually way lower
than the one observed in speci ¢ clouds, making the hypothesis of the grain growth by
accretion in the ISM possibly being very relevant in such conditions [Srinivasan et al.,
2016].

[Tosi et al., 2023, Nanni et al., 2013, 2014, Ventura et al., 2013, Ventura and Limongi,
2014, Zhukovska and Henning, 2013, Desert et al., 1990]

1.3.1.6 PAHs

The most important types of grains/surfaces for this study are Polycyclic Aromatic
Hydrocarbons (PAH). These are carbonaceous compounds made up of carbon and hy-
drogen atoms arranged in such way to build aromatic rings and C-H bonds. They are
characterized by aromatic emission bands (C-H and C-C modes linked to the aromatic
core), extinction in the UV, and they are considered responsible for the excess of ab-
sorption at 217.5 nm. PAHs constitute a family of molecules composed of at least two
aromatic rings to which hydrogen atoms are attached. There are two classes of PAHs
depending on the compactness of the aromatic structure: cata-condensed PAHSs, if the
carbon atoms are in no more than two rings, and peri-condensed, if carbon atoms are
part of three rings. In all experiments presented in this thesis, the coronene molecule
(Co4H12, Figure 1.8) was used to mimic the observed PAHs in the ISM. Coronene is
a centrally peri-condensed PAH composed of 24 carbon atoms, where all the carbon
atoms located at the edge of the structure are bonded to a hydrogen atom. Because of
the close resemblance to the interatomic carbon-carbon bond length of graphite (around
1.40 A), it is often used as a graphite model. PAHs were rst identi ed in the ISM

in 1984 by Leger and Puget [1984] and Allamandola et al. [1985], to account for the
emission of Unidenti ed Infrared Bands (UIB), subsequently called Aromatic Infrared
Bands (AIB). They contain up to 20% of the total interstellar carbon, making them
the most abundant interstellar molecules after CO and HB. PAHs are considered to
have a size between 50 and 150 carbon atoms to explain the emission of UIBs. Smaller
PAHSs are thought to be photo-dissociated, while larger PAHs will instead begin to form
carbon clusters kept together by weak forces, and ultimately, nanoscale carbon grains.
The aromatic infrared bands are observed in the infrared spectrum in a large number
of interstellar objects. Variations in the positions, line widths and relative intensities of
these bands are observed from one studied object to another.

Several questions still stand nowadays regarding the lifecycle of PAHs. They should be
forming in the envelopes of carbon-rich evolved stars such as AGBs and post-AGBs,
but the timescale of their destruction by SNe and UV elds seems to be shorter than
the production provided by such stars [Sandstrom et al., 2010]. Thus, other production
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mechanisms may need to be considered, such as in situ formation in the ISM, or a top-
down formation route where PAHs are created as the fragments of larger carbonaceous
grains [Chastenet et al., 2019, Sandstrom et al., 2010].

There is a correlation between the mass fraction of PAHs and metallicity, since a de-
crease of their emission has been observed in low-metallicity environments [Gordon et al.,
2008, Galliano et al., 2021]. It is unclear what causes the weak PAH emission observed
in low-metallicity environments. Sandstrom et al. [2010] also found a lower PAH fraction
in di use ISM, compared to the amounts found in dense clouds, possibly explained by
either the presence of destruction events in di use MC or the possible formation mech-
anisms in dense clouds.

In general, it is not very clear whether in low-metallicity regions or more di use en-
vironments the smaller fraction of PAHs is caused by a harder radiation eld or there
simply is a reduced formation e ciency. New discoveries on PAHs have been made with
JWST. Large C-dust reservoirs at high redshifts have been found with the detection of
the 217.5 nm bump [Witstok et al., 2023]. New results also report the possibility to
spatially resolve and better distinguish between the light coming from small and large
dust grains, stars and hot dust. The 3.3 m small-PAHs emission feature has been used
as a tracer of dust grain fractions [Spilker et al., 2023, Chastenet et al., 2023, Sutter
et al., 2024]. The work published by Spilker et al. [2023] represents the highest redshift
detection of PAH emission so far.

JWST is now providing the highest quality IR data ever obtained and this allows the
community to have access to more details regarding the AIBs, among other important
information. Because of the relevance that PDRs and PAHs have in this Thesis, the
recent work carried out by the PDRs4All team (Chown et al. [2024], Peeters et al. [2024],
Habart et al. [2024]), reporting the most updated mid-IR observations of the Orion Bar,

is highly relevant for this Thesis and is brie y summarised here. They provide a zoom-in
of the typical AIBs (3.3, 6.2, 7.7, 8.6, 11.2, 12.7 m), but most importantly they ob-
serve a decrease of about 40% for the 3.3/11.2 intensity ratio in the atomic region of the
PDR, while going from the dissociation fronts to the HIl region. This pushes the size
distribution of PAHs towards larger species in those regions, implying that small PAHs
with less than 50 carbon atoms most probably undergo photolysis and photoprocessing,
depending on the strenght of the FUV. This is in agreement with previous studies show-
ing that PAH sizes increases while approaching the illuminating source. Thus the PAH
size strongly depends on the radiation eld and, in its proximity, the photochemical
processes promote the destruction of small PAHs while they unable the formation of
more stable species [Knight et al., 2021]. A similar situation is applicable to very di use
environments while, in denser regions, smaller PAHs can survive, coagulate and they are
also expected to be condensed onto dust grains [Wakelam and Herbst, 2008, Rapacioli
et al., 2005, 2006].
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Figure 1.8: Coronene chemical structure.

[Draine, 2009, Leger and Puget, 1984, Allamandola et al., 1985, Joblin et al., 1992, Al-
lain et al., 1996, Tielens and Hagen, 1982, Rapacioli et al., 2005, 2006, Salama et al.,
1996]

1.3.1.7 Interstellar ices

When dust is observed in front of a bright IR source, it is possible to observe many other
bands characteristic of di erent solids. These solids are known as ices forming mantles
onto grains when densities are su ciently high and temperatures are low enough to allow
the condensation of gas species onto dust. These ices are formed by condensation of
interstellar molecules onto su ciently cold grains, and they can be modi ed by chemical
reactions. The deposition of an ice mantle onto grains increases their size and changes the
visible and IR extinction curves in molecular clouds. This phenomenon can be ignored
in the di use medium where grains are too warm to allow for e cient ice condensation,
but it becomes important in molecular clouds. In general, the deposition and formation

of the very rst layers of the ice mantle is considered to be starting in translucent regions

of molecular clouds. More details on these aspects are given in Chapter 6. These mantles
are destroyed when molecular clouds are disrupted, either through thermal evaporation,
or through photodesorption (by the absorption of a UV photon), or through the prompt
dissipation of accumulated chemical energy. The icy mantles of interstellar grains are
made up of di erent molecules and the most abundant species are $0, CO, COg,
H,CO, CH,4, CH3OH, NH3 with water being the major component. In general, these
molecules freeze on the surface of the grain from the gas phase, however the composition
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Figure 1.9: Scheme of an icy mantle around the refractory core of a dust grain from
https://www.collegesidekick.com/study-guides/astronomy/cosmic-dust.

of the mantle does not re ect the composition or abundance of the gas phase since the
reactions forming most of the complex species containing O, C and N happen on the
surface through grain chemistry processes (see a typical ice mantle representation in
Figure 1.9). Water, which is the dominant species of ice, is produced by a succession of
hydrogenation of oxygen atoms which are adsorbed on the surface of the grains. Water
molecules deposited on a surface form di erent structures depending on the temperatures
and pressure under which it is formed. For a temperature above 160 K, ice has a
hexagonal crystal structure. If the surface temperature is between 130 K and 160 K, the
water ice has a crystalline cubic shape. For a temperature below 130 K, ice is amorphous.
Amorphous ice mainly has two forms, between 100 to 130 K, it is in compact form (non-
porous ice) because the molecules can still rearrange themselves a little. Below 100 K,
ice is amorphous and porous. In this case molecules coming from the gas phase are
immediately stuck where they adsorb on the grains, forming networks of pores with a
complex morphology. The transitions between the di erent shapes are clearly visible
on a water TPD (Temperature Programmed Desorption) curve by the appearance of
stages. The experimental study in Chapter 4 shows, uses and describes experimental
results of amorphous compact ices and crystalline ones.

[Oba et al., 2009, Gibb et al., 2004, Tielens and Hagen, 1982, Petrenko and Whitworth,
2002]
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1.3.2 Molecules in the ISM

The rst interstellar molecules have been identi ed in the early 1940s, namely CH and
CN, and with the development of millimeter telescopes in the 70s, a lot of interest shifted
towards the denser and darker regions. To date we consider two main processes causing
the rich chemistry observable in the ISM: gas-phase reactions and reactions happening
on the surface of grains. When we observe the di use ISM, we notice that almost all the
molecules lay in the ground electronic and vibrational states. The rotational excitation

is associated to collisions with other molecules (mainly H and H) and to radiative
processes. In general, most of the physical and chemical processes that occur in di use
clouds are the same ones that operate in dense clouds, with the main di erence being
that photo-processes play an important role only in di use cloud chemistry. In dense
clouds the large dust extinction suppresses them and the presence of molecular hydrogen
makes collisions more relevant. As already mentioned before, radio observations have
resulted in the identi cation of more than 300 molecules [CDMS, 2024] with di erent
degrees of complexity, from diatomic molecules such asHand CO, to tri-atomic ones
like H,O and H; and very long organic molecular chains such as HGN. The main
factors a ecting the chemical nature of the ISM are the density and the temperature
of the available gas together with its composition and the type and concentration of
dust grains in the specic cloud. The main constituent of molecular clouds is H and
its formation strongly depends on the presence of dust grains. It is therefore likely that
those surfaces provide important catalytic e ects for the formation of other species as
well, namely CH, NH, OH, CH», CO, CO,, and H,0. The surface/grain chemistry is not
the only one playing an important role in the chemical complexity within clouds, but
many molecules show formation pathways only possible in the gas-phase. A notorious
example is the formation of the hydroxyl molecule (OH) that can be synthetized through
reactions involving atomic and molecular ions. The chemistry of di use and dense clouds
has been reviewed by van Dishoeck [1998]. In the following Sections the focus is on two
important molecules for the overall ISM chemistry: H, and H,O. Reactions on the
surfaces of the dust particles promote indeed the formation of molecules, especially of
H», and other hydrogen-rich species like HO. Besides representing the main characters
of the research developed through this PhD, H is the most abundant molecule of the
ISM and the cooling agent needed to start star formation processes. #D represents the
main component of interstellar ices, locking up most of the available oxygen and creating
icy mantles around dust grains in uencing the whole chemistry in the transition from

di use towards denser clouds.

[Snow and McCall, 2006, Carroll and Ostlie, 2017].
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1.3.2.1 Molecular hydrogen

H- is the most abundant molecule in the Universe and plays a crucial role in the processes
regulating star formation and the evolution of galaxies. Its formation on dust grains ini-
tiates the chemistry of interstellar gas and it is a major contributor to the cooling of
astrophysical media. H is a symmetrical homo-molecular species without dipole mo-
ment, therefore direct observations of H have always been challenging: the electronic
transitions occur in the UV region, to which the Earth's atmosphere is opaque, and all
the high temperature ro-vibrational transitions within the electronic ground state are
guadrupolar, thus faint. This section is organized as an historic overview of the main
scienti ¢ steps taken towards understanding the physical-chemical processes of molec-
ular hydrogen in the ISM and the progress made from its rst detection. Space-based
missions in the mid-IR such asSpitzer and ISO have been crucial in detecting the ro-
tational lines, providing new understandings about molecular hydrogen in space. The
gas-phase production of H is considered to be too low, most of it is therefore thought
to be formed on the surface of dust grains [Gould and Salpeter, 1963]. Besides theoret-
ical and experimental studies unveiling the di erent formation processes, observations
can provide estimates of the several rates for di erent ISM regions. Regarding IR ob-
servations, beforelSO (1995), only few ro-vibrational lines of H, had been observed,
towards Galactic shocks and PDRs, planetary nebulae, and in some instances the nuclei
of active galaxies ( rst studies by Shull and Beckwith [1982] and Fischer et al. [1987]).
The rst observations of the pure rotational lines of H, in the zero vibro-eletronic state
were done in 1991, from the ground and towards the Orion bar [Parmar et al., 1991].
ISO was able to cover wavelengths in the range 2 { 200 m, thus several pure rota-
tional lines of H, have been observed, helping in studying the links between molecular
hydrogen, dust and other gas components. Studies combining observations fromsO
and ground-based telescopes allowed to have new information aboutHormation rates
under several physical conditions. Habart et al. [2004] found e cient H, formation at
gas temperatures above 300 K, meaning that physisorption (see Chapter 2) is not the
only processes involved in its formation on dust grains, but chemisorption (see Chapter
2) involving strongly bound H-atoms is required. The e cient H » formation under those
conditions, where H atoms scan the surface nding a previously chemisorbed one, seems
to depend on the presence of very small grains (VSG, £ a few 10 nm) in PDRs and
aromatic dust particles (PAHs, r < 1 nm). Several works have addressed this topic both
in the laboratory [Joblin, 2001] and observationally [Le Coupanec, 1998]. The role of
VSGs in molecular hydrogen formation processes and their emission between 15 and 40
m has been understood through the IRSpitzer Space Telescope launched in 2003.
Spitzer has provided spectroscopic observations and has given more insights into the
H, physics in PDRs. Those studies also revealed that the observed column densities of
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rotationally excited H » were way higher than model predictions. An approach to reduce
this di erence was proposed to introduce an enhancement in the K formation rate, since
the line intensities depend strongly on it and it a ects the location of the dissociation
fronts in PDRs. Despite enhancing the formation rate, the PDR models keep giving too
low intensities. Several explanations were given, such as the possibility of having4as
at a higher temperature than previously thought or predicted by models. [Habart et al.,
2004]

New insights have come with the James Webb Space Telescope (JWST). In the inner
region of the Orion Nebula, it has been able to provide the newest and sharpest images
ever. New details regarding the description of hydrogen in the transitions between the
ionization and dissociation fronts of PDRs are now available. The observations provide
a more detailed spatial resolution of the AlBs, showing how the PDR edge is steep
and it is followed by a warm atomic layer reaching the DF, de ned by multiple ridges
[Peeters et al., 2024]. By following the H lines, a new and more complex DF structure
has been found, where the H to H transition is at stake. With JWST [Habart et al.,
2024], they were for the rst time able to spatially resolve the emission pro les of the
high rotationally and vibrationally excited H » lines [Peeters et al., 2024]. There are also
new studies detecting hot B without a cold counterpart in CO with JWST MIRI and
they are now focusing on understanding how the formation of H is possible in these
conditions.

[Habart et al., 2005, 2011, 2024, Appleton et al., 2023].

Trying to explore all the ranges of temperatures at which molecular hydrogen can be
e ciently formed on dust grains thus represents an important research topic in this eld.
Experiments and models such as the ones presented in this thesis can provide important
references for the interpretation of the new JWST data.

1.3.2.2 Water in the ISM

Water represents one of the most important molecules in the whole universe, playing a
fundamental role from terrestrial life to interstellar processes. It is made up of the rst
and the third most abundant elements, namely H and O. The same historic approach
used for H, is adopted in this section. After its discovery as vapor in the Orion Nebula
in 1969, its general chemical formation pathway was established and considered to in-
volve both gas-phase and solid-state chemistry, but many related processes were still not
fully understood. Thanks to the detection of water in several regions by theHerschel
Space Observatory, we have a now a better description of water chemistry in space. [Van
Dishoeck et al., 2013]

Because of the presence of a strong molecular dipole, water shows strong pure rotational,



Introduction 23

vibrational and electronic transitions. H,O can exist either in the gas-phase or as ice
and its chemistry involves three main formation routes: low-temperature & 100 K)
ion-neutral chemistry; high-temperature neutral-neutral chemistry; surface chemistry.
Gas-phase water can also undergo destruction through reactions involving ions such as
H3, HCO*, C*, H*, He" and via photo-induced processes. Besides the pure gas-phase
formation processes of water molecules, it is extremely important to account for the
reaction happening on grains at lower temperatures. Surface chemistry is indeed the
way for gas-phase species to interact with dust grains through accretion and desorp-
tion processes, thermally (sublimation) and non-thermally (mainly photo-desorption).
From observations of water ices in molecular clouds [Whittet et al., 2011], it is now well
known that ices form in regions of molecular clouds where thé\y is around 3. For lower
extinction values, the interstellar UV elds contribute to e cient photo-desorption of

the species landing on the dust grain surfaces thus preventing the icy mantle formation.
Water ice is, after Hy, one of the most important molecules formed on grain surfaces
at low temperatures. Ice chemistry is therefore another approach to understand the
depletion of abundant species such as oxygen from the gas-phase by accretion on dust.
The processes involving the formation of water ices on grain surfaces can also be distin-
guished between the chemistry of di use and translucent clouds, namely the reactions
happening on dust itself (silicates and/or amorphous carbon), and the ones happening
in colder and denser regions where oxygen and other species accrete on pre-existing ice
layers. The chemistry of water on dust grains has been mainly investigated because of
its importance not only for the onset of the icy mantles during dust cycles and stellar
evolution, but also in relatively new elds such as Astrochemistry and Astrobiology that
aim to uncover the origin and the future of life in the universe.

[Van Dishoeck et al., 2013, Caselli and Ceccarelli, 2012]

1.4 Introduction to Thesis structure and projects

This Thesis represents a surface astrochemical study of reactions happening on dust
grains. Speci cally, the main part is dedicated to experiments run at LERMA-CYU
using the FORMOLISM (FORmation of MOLecules in the ISM) setup, where we were
able to use surfaces such as amorphous ice, simulating icy mantles, and coronene, a PAH-
like structure. The gas-species interacting with those surfaces are mainly hydrogen and
oxygen and we have tried to answer very simple questions with eventually high impact.
The three Chapters reporting experimental studies and results (Chapters 4, 5, 6) come
from three di erent already published articles. The two main experimental Chapters (5
and 6) are also followed up with theoretical studies carried out at UGent usingCloudy
and Nautilus codes, respectively Chapters 8 and 9, to provide an interpretation for
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some the experimental work.

The Thesis starts with a general introduction to the world of Astrochemistry (Chapter

1). The aim is to cover the main astrochemical aspects and processes relevant to the
research carried out in this PhD: the composition of the ISM, with the diverse envi-
ronments and phases, and the molecular clouds; the main processes related to the dust
lifecycle, together with the role of those surfaces as catalysts for the chemical reactions
and adsorption processes; some details about the most abundant molecules of the ISM
that are also the main characters of this Thesis, namely H ad H,O.

Chapter 2 presents some theoretical elements of surface physics and surface chemistry
in order to create a theoretical basis to afterwards go into the details of the experimen-
tal setup and to make a link with the astrochemical reactions involving the dust grain
surfaces described in Chapter 1.

Chapter 3 gives a detailed description of the di erent components of the FORMOLISM
setup at LERMA-CYU. This chapter also describes the experimental methods used
to carry out the experiments: TPD (Temperature Programmed Desorption) and DED
(During-Exposure Desorption). The main results section of this manuscript starts with
Chapter 4.

This is the rst experimental Chapter containing the rst published study of this PhD.
This chapter is mainly used here as an example and introduction to FORMOLISM,
experimental techniques and con gurations. It is also an input to add some theoreti-
cal aspects to this Thesis and show how experiments allow to extract Binding Energies
(BEs) through appropriate ttings.

The second chapter reporting experimental results is Chapter 5. This is taken from the
second publication of this PhD journey. This Chapter shows the experimental results
concerning the high temperature atomic recombination of hydrogen on PAH-like struc-
ture, where those surfaces act as catalysts. The study is framed in an introduction that
links H, to star formation and it discusses the astrophysical implications of such results.
The last experimental publication is reported in Chapter 6: by adding oxygen to the
experimental setup we were able to form icy mantles at higher temperatures than previ-
ously reported. A general introduction and discussion of icy mantles, translucent clouds
and oxygen depletion is reported within this Chapter.

From here on starts the modelling/theoretical part of the Thesis. Chapter 7 is a general
introduction to the main codes used in astrochemistry with a brief description of the
ones used in this Thesis. Chapter 8 represents in fact the theoretical follow-up of the
results presented in Chapter 5. By using theCloudy model, we tried to study the e ects

of high-temperature H, formation on the location of the dissociation front of a PDR
by implementing the formation of molecular hydrogen on carbonaceous grains at higher
temperatures.

Chapter 9 is the very last project of this PhD. With the Nautilus code, we tried to
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go deeper into the scienti ¢ question marks regarding translucent clouds, already intro-
duced in Chapter 6. In this study we tried to reproduce the translucent regions of a few
molecular clouds and, by following the strategy of Jones and Ysard [2019], we tried to
develop a sink molecule that would account for the observed oxygen depletion eventually
resulting in grain growth, before the onset on the icy mantle.

Finally, the conclusions are presented in Chapter 10. This last one represents a brief
summary of the goals achieved, it brie y discusses possible applications to astrophysics,
but it also gives a personal point of view on the future perspectives for such topics.






Chapter 2

Theory Background

2.1 Surface Physics

The experimental methods used in this Thesis are designed to study the e ect of the
interaction of molecules and/or atoms in the gas phase on a solid phase. There are three
main processes describing such a system and they concern the landing of the species on
the surface (adsorption), the di usion on the chosen substrate and the eventual desorp-
tion (return to the gas phase).

Each process strictly depends on the nature of the species involved and on the tem-
perature chosen for the experiments. Moreover, the dynamics and the reactivity of
molecules/atoms can be studied in two di erent regimes: sub-monolayer and multilayer.

A monolayer is when a one-molecule-thick layer covers the entire surface, after which
the following landing species will adsorb on the just-formed layer and not on the original
surface anymore. The actual interaction between a gas-phase species and a surface is
therefore usually studied through the physical-chemical description of the sub-monolayer
regime, which is the goal of our study.

2.1.1 Adsorption

The rst process concerning the landing of gas-phase species on the surface is adsorption.
Depending on the nature and type of systems this can lead to two main interactions:
physisorption and chemisorption. Physisorption is involved when only weak bonding
between molecules/atoms and the surface take place. We are thus talking about van
der Waals-type forces without signi cant redistribution of electron densities between
the molecule and the surface. Chemisorption involves instead the formation of an actual
chemical bond, with a relevant rearrangement of electron densities, that will strongly

27



Theory Background 28

link the adsorbate to the substrate. As for all long-distance weak forces, the potential
describing physisorption is a combination of attractive (Van Der Waals) and repulsive
(Pauli repulsion) parts. The resulting potential is a typical Lennard-Jones potential:

12 6

V(=4 - (2.1)
where r is the distance between two interacting particles, is the depth of the potential
well (usually referred to as \dispersion energy", strength of interaction), and is the
distance at which the particle-particle potential energy V is zero (often referred to as
\size of the particle"). The Lennard-Jones potential V| ; has its minimum at a distance
of r = rp, =219
In this case the nature of the adsorption does not require activation and it is therefore
very fast, it is described as totally reversible and non-dissociative. Thus, it can act at
longer distances making the multilayer regime possible. The typical binding energy of
a physisorption process is about 10-400 meV (100-5000 K. If chemical bonds are
formed, the type of potential now includes dissociation and it is better described through
a Morse potential: h i

Ur)=D 1 e @ T (2.2)

where D is the depth of the potential well relative to the dissociated atoms, s its
range (inversely proportional to the width of the potential well), and r ¢ the equilibrium
distance.

Chemisorption usually forms bonds with energy of 1-10 eV. Since chemisorption is de-
ned as the formation of chemical bonds between landing species and surface upon
adsorption, this puts several constraints in order for this to be possible: the presence
of active sites on the surface, the reactivity of the impinging species and the over-
coming of the activation barrier are almost always needed to initiate the reaction. If
the chemisorption process provokes the dissociation of the landing species, this newly
formed chemical bond can also be responsible for the formation of new molecules by the
encounter of other reactants through surface di usion, thus resulting in an irreversible
process. Chemisorption involves higher energies than physisorption and it needs the ac-
tive role of the surface, thus it is a process happening only in the sub-monolayer regime.
Figure 2.1 gives a visual representation of the potential energies involved in chemisorp-
tion and physisorption processes as a function of the distance of an atom approaching
the surface. The experiments run in the course of this PhD and the results presented
in this Thesis show the joint impact of these processes since some are facilitated under
certain conditions rather than others. While physisorption is always at work, the best
example of chemisorption is given in Chapter 5.
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Figure 2.1: The interaction between an atom adsorbate and a surface site as a function

of the distance to the surface: weak physisorbed sites (Van der Waals interactiork phys )

and chemisorbed sites (chemical bondEcnem ). The physisorption potential has been

assumed to be a Lennard-Jones potential, whereas chemisorption is described by a
Morse potential.

2.1.1.1 Sticking coe cient

When a gas-phase molecule arrives at the surface, there is a certain probability that this
will stick, adsorb and eventually di use and desorb. This is expressed by the sticking
coe cient ( S) in the range 0 - 1, where the limits correspond to no adsorption and com-
plete adsorption of all incident molecules, respectively.S depends on the temperature
of the system, the surface coverage and its structure. From an energetic point of view,
S represents how fast the energy of gas phase atoms is transferred to the surface. There
is a simple way to approximate it in experiments:

Es

Sl E v ES

(2.3)

Where Egs is the sticking energy (physisorption) and Ey the kinetic energy of the gas
species.

The sticking coe cient varies only for big ranges of surface T (  600K) and since we run
experiments in ranges of 200 K we consider it constant for each studied system. In
general, if the Eg is signi cantly bigger than Ey, the sticking coe cient is approximately
considered to be equal to 1. One has to keep in mind thaEs corresponds to the ph-
ysisorption binding energy Ey, [Kruegel, 2003]. The binding energy strongly depends on
the kinetic energy of the adsorbing molecule and its nature, but most importantly on the
type of surface (composition and local conditions). Given the fact that a surface shows
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a distribution of possible binding sites and a molecule can di use before desorption, the
description of the energies involved in the desorption of a species from a speci c surface
should always be considered as a distribution of binding energies as well [Minissale et al.,
2022].

Details of each set of experiments are given in every experimental Chapter.

2.1.2 Surface di usion/migration

The motion of an adsorbed particle on a surface is described by the laws of surface
di usion. In most of the cases, the mobility is enabled by thermal activation and its
path de nes a random walk. If the species on the surface are distributed in such a way
to de ne a concentration gradient, the adsorbed particles will therefore move towards
sites of low concentration and this situation, that does not concern our experiments, is
better described by the Fick's laws. Thus, from an atomic scale, our system is made up
of adsorbed species located in a speci ¢ site of a surface with the possibility, if thermal
activated, to undergo a site-to-site random hopping. The mean-square displacement of
the hopping species in time t is given by:

br2i= a2 t; (2.4)

where a is the jump distance (i.e., the adsorption site spacing) and the frequency of
hops. Note that t gives the number of hops.

It is also convenient to de ne a di usion coe cient as the ratio between tr?i and the
time of hopping multiplied by the number of neighboring available sites (z):

D= — = : (2.5)

where z depends on the type of di usion and on the solid structure of the surface.
When a species adsorbs onto a site, it nds itself located in a certain well, with a precise
oscillation frequency o, where the barrier height is essentially the di usion energy Eg;i ).
The hopping frequency is therefore de ned as the possibility for a species to hop to
another site:

= o P2y, (2.6)
where k;, is the Boltzmann constant and T is the temperature of the surface. Moreover,
one has to take into account thatEy; can also be expressed as a fraction of the desorption
energy ([Eges), With a ratio that depends on the species and surfaces involved (Minissale
et al. [2016]).

In fact, the diusion energy is usually way lower than the desorption one, but slightly



Theory Background 31

higher than k,T. Di erent types of di usion can also happen depending on the coverage
and the landscape of the surface. In the rst case we have two main di usion conditions:
tracer or chemical di usions. For low coverages, we would observe a tracer di usion,
where there is no interaction between adsorbed species. Here particles are considered to
have an independent random walk. For high coverages, we talk about chemical di usion
with non-negligible interaction between di usible particles. In this case, adsorbed species
could have a diusion with a certain dependence on the concentration gradient and
thus the scienti c description can be achieved by using Fick's laws. Depending on
the surface landscape, we can distinguish between intrinsic di usion, if there are no
traps/defects for di using species, or mass transfer di usion if the process is a ected by
the generation and/or trapping of di using species by inhomogeneities of the surface.
Finally it is important to stress on the several possible di usion mechanisms: hopping,
atomic exchange, tunneling and vacancy.

" Thermal Hopping
As already brie y mentioned, this is a thermally activated di usion mechanism
allowing an adsorbed particle to go from an equilibrium-state adsorption site to
the next one. Despite being the simplest, it gives a good general description of
various real systems.

Atomic Exchange

It is a place exchange mechanism between two atoms. An adsorbed atom replaces
another one which will therefore move to the very next site. During this di usion
mechanism, all the involved atoms show a high coordination number. Sometimes
it is energetically more favorable than simple hopping.

Tunneling

Quantum tunneling (QT) represent the migration by which a small mass species
can cross an energy potential barrier if the latter is low and thin enough. In this
case, this mechanism physically substitutes the thermal hopping resulting in the
same e ect. Nevertheless the QT diusion is always dominated by the thermal
di usion, above a certain critical temperature T ..

Vacancy

This mechanism appears relevant on a surface where the majority of atomic sites
are occupied and the species move controlled by the formation and migration of
vacancies.
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2.1.3 Desorption

Desorption is the process by which a pre-adsorbed species gains enough energy to cross
the activation barrier to return to the gas-phase. Desorption is mainly of two types: ther-

mal and non-thermal. The latter is a non-equilibrium process in which the temperature

of the system is not the main phenomena allowing desorption. Non-thermal desorption
can be important under speci ¢ ISM conditions. The main non-thermal mechanisms are:
electron or ion impact-stimulated desorption, photo-desorption, chemical desorption.
When an atom or a molecule is ejected from a grain/solid-state surface due to the impact
of particularly energetic ions or electrons, the process is referred to as sputtering. In this
case, the particles have kinetic energies higher than the usual thermal ones. Extensive
ion sputtering is one of the processes caused by SNe-generated shock waves. Electron
sputtering of ices is, instead, widely studied for the production of gas-phase species from
icy surfaces in the ISM [Johnson et al., 2013].

Photo-desorption is the mechanism by which the absorption of a UV photon by a
molecule adsorbed on a surface results in its desorption or in the desorption of a nearby
species (direct or indirect processes respectively) [Bertin et al., 2013]. Many studies
focus on the role of UV photo-desorption of ices (se®berg et al. [2009,]). Regarding
chemical desorption, it concerns the possibility for a newly formed molecule to desorb
because of the excess of exothermic energy that does not dissipate on/through the sur-
face [Dulieu et al., 2013].

Only thermal desorption is relevant to the experiments presented here.

2.1.3.1 Thermal desorption

From a thermodynamic point of view, thermal desorption is a process where thermal
and chemical equilibrium are achieved at each time step, therefore describing an overall
metastable equilibrium that evolves linearly. From a kinetic side, one can de ne the
desorption rate as the number of particles desorbing from a unit surface area per unit
time. The reverse of the rate is the residence time, de ned as follows:

Ep
des= o boelTs; (2.7)

with ¢ being the oscillation frequency of a species in a site (approximately the vibration
the surface lattice is 103 s 1), Ey, is the binding energy and Ts the surface tempera-
ture. A better description of  can be found in the review by Minissale et al. [2022].

If we assume that all the adsorbed species occupy identical sites and there is no interac-
tion among them, the desorption rate can be expressed as a function of surface coverage,
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by using the Polanyi-Wigner Equation:
des= —-=kn " (2.8)

where n is the so-called order of the desorption (see Figure 3.2, Section 3.3.2) ands
the surface coverage. The desorption rate constant k can be expressed by using the
Arrhenius equation as general expression for T-dependent chemical reaction. A better
description of the study of desorption rates by using the Arrenhius equation and the
importance of the pre-exponential factor are given in Chapter 4 by giving an example
of experimental results and their analysis.

2.2 Surface Chemistry

As already said in the introduction, chemical reactions happening on dust grains play
an important role in explaining abundances of observed species in the ISM, since they
are crucial surfaces onto which gas-phase species can land and eventually react. In this
terms, the surface is catalyst that can speed up or facilitate reactions. There are two
main mechanisms to explain the formation of new species by the interaction of gas-phase
species with a given surface. Both of them require the adsorption of, at least, one species
on the surface to make the reaction possible.

2.2.1 Eley-Rideal

In this mechanism, proposed in 1938 by D. D. Eley and E. K. Rideal, only one of the
molecules is already adsorbed and the other one reacts with it upon arriving from the
gas phase. It is similar to what would happen in the gas-phase. It is a non-thermal
surface mechanism because it leads to a reaction between a thermally adsorbed surface
species and a reactant which has not been thermally accommodated to the surface yet.
It is also possible that the landing particle does not adsorb on the surface at rst impact,
but it dissipates its energy by hopping on the surface until nding a reactant already
thermalized, located far from the impact site. This is the hot atom mechanism, similar

to the dynamic of the ER one, but of about one order of magnitude higher in terms of
total reaction rate.
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Figure 2.2: Representation of Eley-Rideal & Langmuir-Hinshelwood mechanisms.

2.2.2 Langmuir-Hinshelwood

This mechanism concerns the formation of molecules when two reactants are already
adsorbed on the surface. The LH mechanism is a thermal surface mechanism because
both reactants are thermalized but at least one of them should be mobile, having enough
energy to di use and migrate to encounter the other one. Thus, the reaction may not
be the only limiting step, but also the di usion of the species on the surface.

[Wang and Gomer, 1979, Antczak and Ehrlich, 2010, Roger, Martinazzo et al., 2004,
Oura et al., 2004]



Chapter 3

Experimental Setup:
FORMOLISM

The experiments were conducted at LERMA-CYU, laboratory in the Physics Depart-
ment of the Universie de Cergy-Paris (France), by using the FORMOLISM setup. The
acronym stands for FORmation of MOLecules in the InterStellar Medium and it aims

to reproduce and to study relevant astrophysical reactions happening on dust grains in
speci ¢ physical conditions. FORMOLISM is an equipment made up of an UltraHigh
Vacuum (UHV) chamber (base pressure of 1 10 ! mbar) containing an oxygen-free
high-conductivity (OFHC) copper sample holder/surface with diameter of 1 cm and a
base temperature of 300 K. This surface is located in the middle of the chamber and
attached to a closed-cycle He cryostat (Advanced Research Systems 4K DE-210SB cryo-
cooler coupled to a ARS-10HW compressor). The connection to the cryostat allows to
scan temperatures from a few Kelvins up to hundreds. It enables to study the adsorp-
tion of species from the gas phase, their reactions, and related mechanisms happening on
the surface as well as to reach desorption temperatures. The copper sample holder can
also be covered with other substrates based on the scienti ¢ question that is addressed
during the specic experiment, without a ecting the temperature. Surfaces such as
graphitic and carbon pellets or silicates represent usual composites glued on the copper,
but FORMOLISM also allows to directly deposit ice through an ad-hoc microcapillary
array system, locally injecting water vapour. Those surfaces thus become the new stage
mimicking dust grains on which gas-phase species will land, eventually react and desorb.
Molecules and atoms arrive through two main beams by regulating the initial pressure of
injection. The beams are collimated towards the surface. The dissociation of molecules
into atoms is made possible by forming a plasma in the source zone. The latter is cooled
down by a ux of compressed air constantly circulating around the tube to minimize the
eventual recombination of the atomic species and to reduce the discharge temperature of

35



FORMOLISM: set-up and methods 36

the cavity, resulting in a cold plasma. Finally, the detection of the incoming beams and,
most importantly, the processes occurring on the surface upon gas-phase species inter-
actions is realized by IR and mass spectrometry. FORMOLISM is in fact equipped with
both a Bruker Tensor 27 Fourier transform infrared spectrometer (FTIR) to study the
adsorbed/formed species in situ, set up in a re ection-absorption infrared spectroscopy
(RAIRS) con guration, and a Quadrupole Mass Spectrometer (QMS). In the present
thesis, only the rotatable QMS has been used to characterize the composition of the
beams entering the UHV chamber and to detect, study and measure the desorption of
each species from the surface into the gas phase as a function of temperature [Congiu
et al., 2012, Amiaud et al., 2007, Minissale, 2014].

Over the years FORMOLISM has been used to address and answer several astrophysi-
cally relevant experimental questions, here we provide an overview of typical laboratory
projects.

" Physics and chemistry on the surfaces of interstellar dust grains: reactions and
energies involved.

Study of interstellar ices: formation and morphology.
Thermal and non-thermal processes coupling gas and solid phases.

" IR spectroscopy analysis of molecules formed on interstellar grains and the predic-
tion of their reaction pathways.

The specics of each FORMOLISM component, together with more details about the
experimental con gurations, are given in the following Chapters (4, 5, 6). Figure 3.1
shows a schematic picture of the setup with its most relevant parts.

In the following sections we describe the main FORMOLISM components:

3.1. The UltraHigh Vacuum (UHV) main chamber and sample holder;

3.2. Two triply di erentially pumped beamlines and microwave cavities;

3.3. The Quadrupole Mass Spectrometer (QMS).

3.1 UHV main chamber, sample holder and surfaces

The UHV main chamber is a stainless steel cylinder with radius of 15 cm and height of
120 cm, that is able to reach values of about 10! mbar by using a system made up of a
cryopump, a titanium sublimation pump, a turbo molecular pump and an ion pump, with

a residual molecular/atomic density of about a few 16 cm?. One has to consider that, in
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Figure 3.1: Schematic top-view of the FORMOLISM set-up taken from Congiu et al.

[2012] where MCT is the liquid-nitrogen-cooled Mercury Cadmium Telluride detector;

OAE and OAP are the O -Axis Ellipsoidal and Parabolic mirros rispectively; PAH

stands for Policyclic Aromatic Hydrocarbon and the FLAGS are mechanical choppers
that can be rotate in order to block or reduce the ux in the beams.

practice, it is impossible to exactly reproduce astrophysical conditions of p= 1014 mbar
(Williams and Herbst [2002]) for both the vacuum system and for the experimental time
that each study would require. However, the pressure of FORMOLISM, coupled with
the possibility of reaching very low temperatures, is enough to get rid of the pollutants
that would strongly interfere with the experiments. One has to keep in mind that, at

a H,O partial pressure of about 10 1° mbar and a surface temperature of 10 K, our
system would need more than 5000 minutes to get the sample holder covered with 1 ML
of water vapour.

The sample holder that is placed in the main chamber represents the main surface for
the reactions to occur. The sample holder is connected to a He closed cycle cryostat
with a speci cally designed interface that allows the surface to cool down and heat from
a few Kelvins up to 800 K. The temperature is measured using a calibrated silicon-diode
sensor and a Au-Fe/Cromel K-type thermocouple attached to the sample holder. A
simple controller unit, Lakeshore 340%, is used to regulate the temperature by varying
the power of the heater, controlling the changes and following the experiments upon
careful calibration of the parameters. The temperature can be controlled tot 0.2 K and
measured with an accuracy oft 1 K. An important aspect concerns the fact that the
sample holder is placed at the same height of the beamlines, in order to better receive

1The Lakeshore 340 is a control unit that enables the remote control of some parameters in FOR-
MOLISM. Speci cally, this unit allows the regulation of the temperatures and the heating rates by which
the surface is heated or cooled down
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the eventual species, and it can be moved back and forth with respect to the center
of the chamber depending on the type of experiments. The translation plate to which
the copper surface is connected is remotely controlled and it is used to achieve specic
con gurations to respond at best to various experimental requests such as depositing
water ices through a built-in channel, checking the beamlines' composition with the
QMS or to better position the surface depending on the rotation of the QMS used in
the experiment.
Last but not least, it is important to mention that the copper sample holder is not the
actual surface used to mimic reactions in the ISM, there is in fact the possibility to
glue pre-made samples (usually silicates or graphite-like ones), directly deposit water
ices or carbon-based structures such as PAHs. For each mentioned surface there is a
protocol that has to be followed to allow the correct experimental procedure and the
absence of pollution in the chamber. If pre-made surfaces are used, it is important to
follow a step-by-step procedure in order to clean the surface before putting it inside the
setup and to operate several de-gazing and heating cycles. Di erent glues also respond
to several experimental parameters such as the temperatures involved and the type of
surface sample. The main chamber is also equipped with a microchannel doser used to
make water ice Ims on the sample surface. Water is contained in a small vial located
outside the chamber and it can di use into it via a microcapillary array. The water
di user can be moved and placed in front of or above the sample holder, depending on
whether we want a direct ice deposition or whether we want to mimic the growth of ice
on the surface by spraying water in the whole chamber (background deposition) above
the sample. Moreover, the temperature on the surface can be chosen, changed, and
controlled in order to go from a more or less compact ice to an amorphous or crystalline
one. More details on speci cs about the deposition of di erent ices are given in Chapter
4. When water is sent directly through the doser, by opening the leak valve, the local
pressure reaches about 1 mbar, while the residual pressure into the chamber goes up
only to a few 10 °® mbar. This is explained by the distance between the di user and the
cold surface being smaller than the mean free path of 5D so most of water molecules
will deposit on the sample holder (or on the cryostat). The original UHV is afterwards
reached again by waiting about one hour. For the background deposition, longer times
are required to deposit the same amount of ice layers. For a pressure in the chamber
that reaches a few 108 mbar, a monolayer (10 molecules cm 2) is grown in around
5 minutes. The expression of the ux is given below:
r
. vn_ P 8KT

- T2 T KT m’ (3.1)

Where P and T are respectively pressure and temperature of the chamber, m is the
mass on the impinging moleculesy is the molecular mean velocity and n the molecular
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number density.

FORMOLISM also provides a PAH-oven that allows the sublimation of a chosen molec-
ular powder, previously placed inside, towards the sample holder creating a whole new
surface. Once the sublimation temperature of the chosen species is obtained, the oven is
brought in front of the sample holder (distance of about 3 cm) and the valve is opened.
For both the ice and the PAH depositions, the number and type of layers deposited can
be tuned by varying time and distance from the sample holder.

Specics on how each of the surfaces is chosen, glued, or deposited are given in the
protocol description for every study/experiment/Chapter.

[Minissale, 2014, Minissale et al., 2016, Ferrero et al., 2022]

3.2 Beamlines and microwave cavities

FORMOLISM is equipped with two beamlines that are the channels by which the
molecules/atoms are collimated into the main chamber and eventually land on the sur-
face previously placed on the sample holder. The atoms/molecules are usually sent at a
temperature slightly above the room temperature < 350 K) and they reach the surface
at an angle of either 40 or 57°, depending on the chosen beamline. The resulting kinetic
energy perpendicular to the surface is therefore reduced. The beamlines are triply di er-
entially pumped and aimed towards the sample holder. They are basically three vacuum
chambers connected together by tight diaphragms of 3 mm diameter. Firstly, from an
external vial containing the sample, the injection pressure is 1 mbar and we reach
10 ® mbar in the expansion chamber (rst stage). The second stage is de ned by a
pressure of 108 and the ux arrives in the main chamber with an usual pressure increase
of about few 10 1 mbar. The beamlines are always kept under vacuum and they can
be detached and separated from the main chamber by two valves. Between the third
diaphragm and the main chamber there is a mechanical chopper/plate, called \ ag”,
that can be used to block or reduce the ux, depending on the type of experiment. In
order to achieve atomic beams by injecting molecules through the beamlines, the latter
are also equipped with a surfatron (microwave) cavity and a power supply (up to 300 W
at 2.45 GHz). Each atomic beam is therefore produced by a RF (radio-frequency) dis-
sociation of the molecules in a compressed-air Pyrex tube placed in the cavity in which
a water circuit cools down the metallic parts. Decreasing the discharge temperature by
creating a cold plasma is essential to avoid total recombination of the atoms. In fact,
even though the dissociation rate is never 100%, it is possible to maintain the atomic
beams over the whole experimental session. The dissociation rate is measured by the
guadruple mass spectrometer in the main chamber and more details are given for each
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experimental study (Chapters 4, 5, 6).
[Pirronello et al., 1997, Minissale, 2014, Grieco et al., 2024]

3.3 QMS and experimental methods (TPD and DED)

33.1 QMS

All the detections and results presented in the experiments of this Thesis are obtained
through Quadrupole Mass Spectrometer (QMS) analyses. The QMS is made up of 3
main parts: an ionizer (an electron-bombarding system using thermal emission from a
hot tungsten lament), a mass lter (discrimination zone) and the ion detector. When
the molecules/atoms that we target to detect enter the QMS, they are rstly ionized
and therefore accelerated toward the mass lter. This is composed of 4 metallic rods
where voltage combination of direct and radio frequency components are applied between
adjacent and opposite rods. This allows the species to be selected according to their
mass charge ratio (m/z), which is technically xed. The ion detector is a Channeltron
(electron multiplier) that converts the output current into a digital signal. A software
allows to monitor, record and follow the number of a given species arriving at the QMS.
Together with the QMS, the Lakeshore temperature controller, which remotely controls
and changes the temperature of the surface, can be launched, allowing more complex
analyses. In particular, it is possible to study the dependence between the desorption
temperatures of a species and the type of surface used for the experiments. The QMS is
located on the top part of the chamber and it can be vertically translated in order not

to interfere with the beam deposition on the surface (maintained above the surface) or
moved at the same height as the beams and sample holder. It can also be rotated to
allow detection of the beamlines themselves, their composition and possible dissociation
rate, as well as the species desorbing from the surface, if it is moved to face the sample
holder. In the upper position, the QMS is used to analyze the abundances of residual
gases in the main chamber. Di erent types of experiments can be run by using the QMS,
coupled with varying the temperature of the surface. The setups used in this study are
TPD (Temperature Programmed Desorption) and DED (During Exposure Desorption)
experiments.

3.3.2 TPD

Thermal Programmed Desorption is an important method to study thermal desorption of
atoms and molecules from the sample holder. In TPD experiments molecules and atoms
are deposited on the surface at a temperature low enough to unable their sticking. The
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Figure 3.2: Representative thermal desorption pro les with varying initial surface
coverage/dose.

system is afterwards heated with a linear ramp to observe the desorption of molecules
from the sample surface. When the surface reaches a speci c temperature (desorption
temperature), the energy transferred to the adsorbed species causes their desorption into
the gas phase. During the operated TPD experiments, the temperature T is increased
linearly with time from the initial temperature T . Temperature and time are related
by:

T=Tot+ (3.2)
Where = dT=dtis the heating rate in units of K/sec.

Di erent desorption pro les are possible, depending on the number of reactants necessary
to activate the desorption (kinetic order). Figure 3.2 displays three di erent TPD pro les
corresponding to the zero, rst, and second order n of the desorption kinetics.

The typical zero order (n = 0) prole re ects a desorption that does not depend on
the coverage. The rst-order (n = 1) pro le corresponds to the thermal desorption of
molecules adsorbed on the surface, the desorption peak is asymmetric and its position
does not change with the coverage. For the second order (n = 2) prole, the peak
positions shift towards low temperatures when the coverage increases, the reaction rate
is thus proportional to the concentrations of the reactants. More details about the
desorption kinetics are given in the Desorption Section (2.1.3) of Chapter 2 and more
practical speci cs and examples are given in Chapter 4.

3.3.3 DED

In case of DEDs, we monitor the signal during the deposition phase with the QMS
rotated to allow the beam to reach the sample and to have a certain detection of species
already desorbing or reacting upon arrival on the surface. In general, DEDs are useful



FORMOLISM: set-up and methods 42

when the species, arriving from the gas phase or newly formed on the surface, are unable
to thermalize on the surface, and they are released into the gas phase. The best example
is given for the formation of H, at high temperatures in Chapter 5.

[Abdi-Salam, 2019, Thanh, 2018, Minissale, 2014]



Chapter 4

Acetaldehyde binding energies: a
coupled experimental and
theoretical study

The following Chapter is taken from the rst publication of this PhD Thesis [Ferrero
et al., 2022]. For this study, several groups have collaborated in order to combine the ex-
pertise of LERMA-CYU in astrochemical experiments with their theoretical simulations
(performed by Ferrero, S. at Universitat Autonoma de Barcelona) to draw important
conclusions. The published paper is therefore divided in exactly two parts. This Chap-
ter will report mainly on the experimental side of the article with a little section (4.5.3)
dedicated to the comparison with the simulations run by Ferrero, S. This work can be
seen as an important step in the PhD to gain knowledge in managing the FORMOLISM
set-up, building the scienti ¢ independence for the next projects, being able to run ex-
periments, getting the best results and analyzing data. This Chapter is also used to
introduce and specify in more depth a few concepts already introduced previously in
the manuscript: the importance of the pre-exponential factor in the Polanyi{Wigner
equation, the di erence among the possible interstellar ices structures and how to use
the experimental results to extract BEs (binding energies) through tting.

The undersigned PhD student has been the one performing the entire experimental
procedure: protocols (together with Prof. F. Dulieu), experiments, tting to extract the
binding energies and results and their interpretation (together with the other co-authors
of the paper [Ferrero et al., 2022]).

43
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4.1 Abstract

Acetaldehyde is one of the most common and abundant gaseous interstellar complex
organic molecules, found in cold and hot regions of the molecular interstellar medium. Its
presence in the gas-phase depends on the chemical formation and destruction routes, and
its binding energy (BE) governs whether acetaldehyde remains frozen onto interstellar
dust grains or not. In this work, we report a combined study of the acetaldehyde BE
obtained via laboratory TPD (Temperature Programmed Desorption) experiments and
theoretical quantum chemical computations. BEs have been measured and computed as
a pure acetaldehyde ice and as mixed with both polycrystalline and amorphous water
ice. Both calculations and experiments found a BE distribution on amorphous solid
water that covers the 4000{6000 K range, when a pre-exponential factor of:1 10'8s 1

is used for the interpretation of the experiments. We discuss in detail the importance
of using a consistent couple of BE and pre-exponential factor values when comparing
experiments and computations and when introducing them in astrochemical models.
Based on the comparison of the acetaldehyde BEs measured and computed in the present
work with those of other species, we predict that acetaldehyde is less volatile than
formaldehyde, but much more than water, methanol, ethanol, and formamide. We
discuss the astrochemical implications of our ndings and how recent astronomical high
spatial resolution observations show a chemical di erentiation involving acetaldehyde,
which can easily be explained as due to the di erent BEs of the observed molecules.

4.2 Introduction

Acetaldehyde (CH3CHO) was one of the rst polyatomic molecules discovered in the
interstellar medium (ISM) [Gottlieb, 1973, Fourikis et al., 1974]. It is a rather common
interstellar molecule, found in warm and cold environments. For example, it is abundant

in hot cores [e.g. Blake et al., 1987, Csengeri et al., 2019, Law et al., 2021] and hot corinos
[e.g. Cazaux et al., 2003, Manigand et al., 2020, Yang et al., 2021, Chahine et al., 2022],
protostellar molecular shocks [e.g. Le och et al., 2017, De Simone et al., 2020, Codella
et al.,, 2020] and young disks [e.g. Codella et al., 2018, Lee et al., 2019]. Against the
theoretical expectations, acetaldehyde is also present in cold prestellar cores [e.g. Bac-
mann et al., 2012, Vastel et al., 2014, Scibelli and Shirley, 2020]. Finally, acetaldehyde is
detected in comets [Crovisier et al., 2004, Le Roy et al., 2015, Biver et al., 2021], where
the measured relative abundance with respect to methanol is similar to that found in
hot corinos [e.g. Bianchi et al., 2019, Drozdovskaya et al., 2019]. Several experimental
and theoretical studies have focused on the acetaldehyde formation routes both in the
gas-phase and on the grain-surfaces. Charnley [2004] rst proposed that acetaldehyde is
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synthesised in the gas-phase via the reaction of the ethyl radical (CEICH>) with atomic
oxygen (O). Subsequently, Skouteris et al. [2018] found that acetaldehyde could be a
daughter of ethanol (CH3CH>OH), while Vasyunin et al. [2017] proposed a synthesis
from methanol (CH3OH) reacting with CH. Finally, publicly available astrochemical
reaction networks [KIDA and UMIST: Wakelam et al., 2012, McElroy et al., 2013, re-
spectively] also report an ionic route via the protonated acetaldehyde (CHCHOH™),
which is in turn formed from dimethyl ether (CH 30CH3) reacting with H*. Vazart
et al. [2020] has reviewed all these reactions from the theoretical and experimental point
of view and concluded that only the rst two routes are viable (i.e. involving CH 3CH>
and CH3CH,OH, respectively), while the last two (i.e. those involving CH3OH and
CH3CHOH™) are ine cient in the ISM conditions. Finally, the observed correlation
between the derived abundances of acetaldehyde and ethanol in warm and hot sources
is in favor of acetaldehyde being the ethanol daughter [Vazart et al., 2020]. For the
grain-surface formation routes, the situation is more debated. Since the end of the last
millennium, experiments have found that acetaldehyde is formed in UV-illuminated ices
consisting of water, CO, methanol and methane [e.g. Hudson and Moore, 1997, Bennett
et al., 2005,0berg et al., 2010, Martn-Donenech et al., 2020] or other components [e.g.
Chuang et al., 2021]. Triggered by these experiments, Garrod and Herbst [2006] pro-
posed the formation of acetaldehyde from the combination of the radicals HCO and Chl
on the dust grain icy surfaces, when the grain temperature increases enough to make the
two radicals mobile. However, a rst study by Enrique-Romero et al. [2016] suggested
that the reaction of the two radicals on an amorphous water ice surface actually does not
end up into the formation of acetaldehyde but rather into carbon monoxide (CO) and
methane (CH,). Subsequent and more accurate studies con rmed that the acetaldehyde
formation on amorphous water surfaces may or may not occur and is always in compe-
tition with the CO + CH 4 formation [Rimola et al., 2018, Enrique-Romero et al., 2019,
2020]. Similar conclusions were reached when considering the reaction on CO-rich ices
[Lamberts et al., 2019]. Finally, the most recent theoretical study by Enrique-Romero
et al. [2021] found that the e ciency of the formaldehyde formation by the coupling of
HCO and CHgs is a strong function of the grain temperature and the di usion energies
of the two radicals, with the possibility to being practically zero if their mobility is rela-
tively large (i.e., a di usion/BE ratio less than 0.3). In agreement with these theoretical
predictions, a very recent and sophisticated study by Guterrez-Quintanilla et al. [2021]
found no formation of acetaldehyde on an amorphous water ice enriched with HCO and
CHas. In their experiment, Guterrez-Quintanilla et al. [2021] trapped radicals, formed
via photolysis of methanol ice, in an argon matrix at 14 K and identi ed them via Elec-
tronic Paramagnetic Resonance (EPR) spectroscopy. Once liberated from the matrix,
the various radicals combined giving rise to several species, but not acetaldehyde. More
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recently, non energetic processes on the grain surfaces have been found to possibly pro-
duce acetaldehyde in CO-rich ices [e.g. Fedoseev et al., 2022]. Adding confusion to this
situation, Hudson and Ferrante [2020] noticed that the IR bands, on which the identi -
cation (frequencies) and quanti cation (band strengths) of acetaldehyde in the various
experiments relied, were often incorrect. Finally, this work also emphasized the almost
impossibility for astronomical observations to be able to identify frozen acetaldehyde.
Whatever the formation mechanism, either in the gas-phase or on the grain surfaces,
acetaldehyde would freeze onto the cold dust grain mantles and would be removed from
them only when the dust temperature reaches the acetaldehyde sublimation tempera-
ture, which is governed by its binding energy (BE: sometimes it is also called desorption
energy) to the water ice, and its pre-exponential factor (see the Section 4.5.1). Please
note that the sublimation temperature can be reached due to both thermal and non-
thermal processes, such as the desorption caused by the interaction of the cosmic-rays,
which permeate the Milky Way, with the dust grains. In the latter case, for example,
only a fraction of the grain is heated up and acetaldehyde would be desorbed if the
reached temperature is larger than its sublimation temperature. Therefore, in practice,
whether acetaldehyde is in the gas-phase (where it can be observed via its rotational
lines) or frozen onto the grain mantles (where it has not been detected so far) is com-
pletely governed by its BE. Moreover, BE always enters in an exponential form, so that
its accurate estimation is essential to properly assess whether and how much acetalde-
hyde would be gaseous. So far, there are very few speci ¢ studies on the acetaldehyde
BE. To our best knowledge, Wakelam et al. [2017] is the rst theoretical study, but it
only considered one water molecule to simulate the interstellar water ice. These authors
found a BE equal to 5400 K. Recently, Corazzi et al. [2021] reported an experimental
study of the BE on olivine surfaces covered by an ice of pure acetaldehyde or mixed with
water. They found that the acetaldehyde BE on a mixture of iced water-acetaldehyde
is 3079 K, substantially di erent from the Wakelam et al.'s estimate. In a very recent
combined theoretical and experimental study, Molpeceres et al. [2022] obtained, for the
desorption of acetaldehyde on non-porous amorphous solid water surfaces, the values
of 3624 and 3774 K, respectively. These values are relatively similar to the Corazzi et
al's value, but still far from that of Wakelam et al.'s one. There is, therefore, a need to
clarify the origin of this di erence as well as to improve both experimental and theo-
retical estimates. In this work, we combine state-of-the-art experimental (temperature
programmed desorption, TPD) and theoretical (quantum chemical computations) tech-
niques with the aim to provide possibly the most accurate estimate of the acetaldehyde
BE on water ice, simulating at best the ISM conditions.
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4.3 Methods: FORMOLISM con gurations and experi-
mental protocols

For the speci ¢ purposes of this study, the sample holder, hosted in the UHV chamber
and connected to the cryostat, has been covered with a highly oriented pyrolytic graphite
(HOPG, ZYA-grade) sample. The HOPG is a model of an ordered carbonaceous ma-
terial, carbon atoms in a hexagonal lattice, mimicking some aspects of interstellar dust
grain analogues. The HOPG grade (10 mm diameter-2 mm thickness) was rstly dried
in an oven at about 100C for two hours, and then cleaved several times in air using
the \scotch tape" method at room temperature to yield several limited defects and step
edges [Chaabouni et al., 2020]. The HOPG was glued directly onto the copper nger
and dried in ambient conditions for about an hour before inserting it in the chamber
and closing the set up. Once high vacuum is reachedk(10 ’ mbar) in few minutes the
sample is dried under vacuum during 3 hours at 350 K. Then the HOPG sample and
the whole system is baked out at 108C for a few days in order to remove any adsorbed
contaminants and to reach the UHV base pressure. Before starting any experiment,
the system is slowly heated up to 720 K to maximise the degassing rate and ensure a
very clean sample surface. The CHCHO (Sigma Aldrich, purity higher than 99.5%)
molecular beam is prepared in a triply di erentially pumped beam-line aimed at the
sample holder. It is composed of three vacuum chambers connected together by tight
diaphragms of 3 mm diameters. Molecular pressure injected in the gas line is of about
1.4 mbar. In the expansion chamber ( rst stage) the pressure is in the 10° mbar range,
while in the main chamber the rise of the pressure is not measurable<(10 ! mbar).
The CH3CHO on HOPG experiments have been used as reference and preliminary stud-
ies before investigating the desorbing behaviour of the molecule on two di erent RO ice
substrates formed on the sample. In this study, we have deposited C4#CHO molecules
on HOPG by using only one beam-line oriented at 57 relatively to the surface of the
sample, while D,O ice Ims have been deposited on HOPG by using a separated chan-
nel and a micro-capillary array doser moved close to the sample holder. It allows to
control the ice deposition rates and to avoid to raise the pressure in the whole chamber.
The two di erent D 5,0 ices are, respectively, compact non-porous amorphous deuterated
water (ASW-c) and (poly)crystalline deuterated ice (PCI). ASW-c is formed when the
sample is held at 110 K, while PCI layers have been formed by depositing £D at 110
K, heating until 150 K with a ramp rate of 5 K/min and waiting for few minutes to be
sure that the crystallization has happened, as detected by the change in the desorption
rate [Speedy et al., 1996]. For both ices, about 30 monolayers (ML) have been deposited
on HOPG while the pressure in the main chamber never exceeded 510 © mbar. After
the CH3CHO deposition phase at 45 K, we used the TPD technique by warming-up the
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sample and detecting the desorbing species from the surface through mass spectrometry.
TPD were obtained from 45 to 220 K for the CH;CHO on HOPG experiments and only
to 140 K for the CH3CHO on water ice ones, in order to avoid DO desorption after 150
K. In all cases, a linear heating rate of 12 K/min has been programmed to heat up the
sample. Because of the poor thermal contact between the sample holder and the copper
block, the temperatures registered during the TPD were re-calibrated by depositing dif-
ferent gases of known BEs (Q, Kr, D ;0). The accuracy is about 1 K for the values of
temperature below 125 K and 0.2 K for the ones above. The actual new ramps obtained
after calibration are taken into account in the simulations and analyses. With the QMS,
the same molecule can be detected in di erent m/z corresponding to the fragmentation
of the parent molecules after the electron impact (here at 30 eV). The main fragments
under study here are m/z=44 (molecular mass of CHCHO™ ) and m/z=29 (HCO *, the
main fragment of acetaldehyde). The desorption and degree of crystallization of RO
ice Ims have been followed through the signal of m/z=20.

4.4 Experimental Results

Experiments on HOPG have been used mainly as reference, in order to understand
the behavior of the acetaldehyde adsorption and the deposition time needed to have a
monolayer on the substrate. Seven measurements corresponding to increasing deposition
times (1, 1.5, 3, 4, 5, 6, 12 minutes) have been carried out on HOPG to study the
evolution of the TPDs from a sub-monolayer regime to a multilayer one. Figure 4.1
shows only four TPD curves belonging to four di erent deposition times using the same
rst stage pressure to introduce a constant ux of CH3CHO in the system. There
are two main features appearing in the graph: a low temperature peak between 105-
110 K, and a second peak centered around 117.5 K. At low deposition times, only the
peak at higher temperature appears (black and red curves corresponding to 1.5 and
3 minutes). It initially increases in intensity with coverage but saturates for longer
depositions. After 6 minutes of deposition, the low temperature peak clearly appears.
The TPD after 12 min deposition shows both peaks equally intense, although the low
temperature peak is slightly broader. The high temperature peak is attributed to the
sub-monolayer regime and is rst populated, and, when the monolayer is saturated and
the multilayer regime starts, the second peak at lower temperature appears. By following
the TPD experiments on HOPG, a monolayer of molecules on the substrate is believed
to form after 4 minutes of deposition. We de ne this time to calibrate the rest of
the analyses. As HOPG and ASW-c have about the same surface density of sites, the
same time deposition is used to characterise the coverage on ice, and to derive the BEs
of CH3CHO as a function of the coverage. In order to derive the BEs on HOPG and on
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Figure 4.1: Set of four smoothed TPDs (m/z=44) for di erent time depositions of
acetaldehyde on HOPG: 1.5 min (0.4 ML), 3 min (0.8 ML), 6 min (1.7 ML), 12 min
(3.3 ML).

the two di erent ices, the three TPDs for the 4 min depositions on HOPG, ASW-c and
PCI have been selected. By proceeding this way, the interaction between a monolayer
of deposited CH;CHO and each substrate can be studied. Figure 4.2 shows the results
for one of them, i.e., the experiment of 4 min deposition of CHCHO on PCI, and the
simulation obtained by tting the data. The procedure is detailed in Chaabouni et al.
[2018]. The calculation uses eleven independent TPDs, starting from 4500 K, with an
energy gap between each TPD of 150 K (i.e. 4500, 4650, 4800 K...). Each individual
TPD is calculated using simple Arrhenius kinetics, named the Polanyi-Wigner equation:

r(T) = %z AN " exp Edes

(4.1)

where r(T) is the desorption rate (in ML s 1), N is the number density of molecules
adsorbed on the surface (ML), andn is the order of the desorption equal to 1 in our
case. A is the pre-exponential factor (s 1), T is the temperature of the surface (in K),
and Eges is the activation energy for desorption (in K). If there is no reorganisation of
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Figure 4.2: Simulation of eleven TPDs (red line) used to t the experimental TPD

(black line, raw data not smoothed) obtained from 4 min (1 ML) of CH3;CHO deposition

on PCI (pre-exponential factor=1:1 10® s 1, Epip, =4500 K, Enax =6000 K by steps
of 150 K).

the surface, Eqes is equal to BE. First order desorption TPD pro les are independent
of the surface population, so that each independent BE can be weighted, and nally a
distribution of BEs can be found. We have set the pre-exponential factor at 11 108

s ! (see the Section 4.5.1). The arbitrary choice of binning the energy distribution (basis
of eleven BES) has been optimized with the aim to have a good tting of all the three
experiments under analysis. Figure 4.2 gives a qualitative idea of the simulation for the
case of the PCI substrate. The best values found for the eleven TPDs, also known as
energy distribution set for each substrate, are reported in Table 4.1. The values are here
expressed as a function of the population, in percentage, having that specic BE. We
estimate the accuracy of the method to be around a few percents, mostly due to the
noise-to-signal ratio and the presence of a small background noise.

The three energy distributions are displayed in Fig. 4.3. We omit the populations below
4 percents. One can observe the main di erences because of the di erent substrate. For
HOPG, there is not an actual distribution, but it rather shows almost only two main

1This is 100% true on graphite, but this is an assumption/approximation in case of acetaldehyde on
water.
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Table 4.1:

Desorption energy values of the eleven simulated TPDs obtained for three
sets of 4 min CHCHO depositions: on HOPG, ASW-c and PCI (pre-exponential
factor:1:1  10%® s 1),

HOPG c-ASW PCI
Eqes (K) | Population (%) | Population (%) | Population (%)
4500 0 0 < 4
4650 10 16 28
4800 0 32 27
4950 0 10 12
5100 34 12 12
5250 66 7 9
5400 0 8 6
5550 0 9 6
5700 < 4 6 8
5850 < 4 7 < 4
6000 < 4 < 4 < 4

energy values, which are associated with the sub-monolayer regime (at 5100{5250 K). As
can be noticed by the 10% population at 4650 K, for the 4 min depositions the multilayer
regime slightly started already. This is in agreement with the accuracy of the determi-
nation of the ux, which is usually estimated around 15%. The distributions of BEs
of CH3CHO on ices present di erent characteristics, signature of the more disordered
nature of water ice (even for the PCI case). There is a larger distribution of population
covering almost all the possible energy values proposed by the simulation. The ASW-c
substrate presents the largest distribution of BEs. The energy distribution histogram
associated with the desorption of CHCHO on PCI presents, instead, a more peaked
distribution towards lower values of energy (mainly below 4900 K). This is due to the
reduced number of combination of water molecules on the surface. The disorder here
is provoked by the possibility of having an O or an H in the vicinity of the adsorption
sites, even if the collective structure is cubic. On the contrary, ASW-c have a more dis-
ordered nature and, accordingly, the adsorption sites may have a more variable number
of water molecules strongly interacting with CH3CHO (see below). Finally, we calculate
the weighted average for each case to estimate the di erence in BEs for the di erent
substrates. We obtain the following result: 5150 K for HOPG (range: 4650{5250 K),
5080 K for ASW-c (range: 4650{5850 K) and 4990 K for PCI (range: 4650{5700K). This
corresponds to what one can expect by looking at the trend in the desorption pro les.
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Figure 4.3: Energy distributions of eleven simulated TPDs for the 4 min CH;CHO
depositions on HOPG, ASW-c and PCI taken from Table 4.1.
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45 Discussion

4.5.1 The importance of the pre-exponential factor

Experiments do not directly measure a desorption energy, but a desorbing ux, and,
by applying the Polanyi-Wigner equation, a BE is derived (which is supposed to be
equal to the desorption energy in most of the cases). However, to do so, one needs
to set a value for the pre-exponential factor, since the equation has two parameters:
the pre-exponential factor A and the binding energy BE (if the desorption order is set
to n=1). Here, following the recommendation by Minissale et al. [2022], we adopt the
derivation of the pre-exponential factor based on the Transition State Theory (TST).
This theory takes into account both the rotational and translation partition functions

of the desorbing molecules and, therefore, allows including in the calculation of the pre-
exponential factor, Atst, the entropic e ect associated with the kinetic desorption rate.
We brie y describe the salient points of the calculation of Arst [more details can be
found in Tait et al., 2005]. We used the following formula:

P
h 3(8 2 kapeak)s_2 Ix Iy Iz (4-2)

A — kpT qz — kpT A
TST h Cads h 2

where gugs and ¢ are single-particle partition functions for the adsorbed (initial) state
and the transition state, respectively, calculated at the temperature Tpeak. A is the
surface area per adsorbed molecule. Here, like in other experiments or computational
studies, it is xed to 10 °m 2 (the inverse of the number of surface sites per unit
area). Iy, Iy, and |, are the principal moments of inertia for the rotation of the particle,
obtained by diagonalizing the inertia tensor of the free acetaldehyde. They are xed
to Ix = 52.46, 1y = 46.86, |, = 8.78 amu A2. The symmetry factor, , is the number
of di erent but indistinguishable rotational con gurations of the particle and it is xed

to 1 in the case of acetaldehyde (as it belongs to the Csymmetry point group). The
thermal wavelength of the molecule, , depends on its atomic mass (44 amu) and on
the peak of the desorption energy Tpeak=115 K), and it is 24.5 pm. By using these
parameters, Arst=1:07 10 s 1. itis important to emphasize, however, that Atst is
a function of Tpeak. As shown in Figure 4.1, the temperature of the peak depends on the
surface coverage. For example, when usin@peak=108 K, A 1st is equal to 858 107
s 1, while xing Tpeax=117 K then Atsr=1:13 10'® s 1. In this study, we choose
Atst=1:1 10%® s 1 which is the average value.
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Often, the pre-exponential factor is calculated using the harmonic oscillator approxima-
tion introduced by Hasegawa et al. [1992] and here called A\:

ApH = —5— (4.3)

where ng is the surface density of sites andm is the mass of the adsorbed species.
Using this approximation, which does not take into account the fact that the molecule
adsorbed does nb rotate whereas the desorbed one does, we nd 4y = 1:3 1012

s 1 if we choose an arbitrary value of BE=4500 K. In addition, in the Hasegawa et al.
[1992] formulae, the value of Ay depends exclusively on the BE of the adsorbate and
is calculated directly from it, so that, in the models, there is a unique parameter, BE,
and not the A and BE pair, as determined in experiments. We stress that the chosen
pre-exponential factor A can strongly a ect the BE value determined using the TPD
technique, since they are actually coupled and are somewhat degenerated (monotonic).
To compare the values obtained with di erent pre-exponential factors A, we can re-scale
the BE values using A4y and the following formula:

BEnH =BE st Tpeak IN(A1sT =AHH) (4.4)

where BEyy and Ay (BEtst and Arst) are the pair BE and pre-exponential fac-
tor calculated with the harmonic oscillator approximation of Hasegawa et al. [1992] or
the TST proposed by Tait et al. [2005]. One has to consider that a full quantum me-
chanical (QM) evaluation of the pre-exponential factor can be derived by the statistical
mechanical treatment as in the transition state theory, considering the availability of
the harmonic frequencies for all involved systems.

4.5.2 Comparison with previous experimental estimates

Now we have a tool to compare BE provided by di erent values of pre-exponential fac-
tors. Corazzi et al. [2021] recently reported an experimental value of BE=3100 K of
acetaldehyde co-deposited with water on a substrate made of micrometer-sized olivine
grains. It obviously di ers from the measured values here and it is less than any cal-
culated value. However, these authors used a xed value of A=1% s 1. To be able
to compare with our results, we use the By equation (4.4) and nd that the couple
BE=3079 K and A=101%s 1 corresponds to the couple BE=4680 K and A=11 10
s 1, that is exactly what has been found here for the multilayer energy of acetaldehyde.
This example shows us how important is to take into account not only the BEs, but also
the pre-exponential factor that allows us to calculate a desorption ux, to reproduce
experiments or to simulate the desorption in ISM conditions.
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4.5.3 Comparison of experimental and theoretical results

The aim of this section is to compare the experimental and theoretical approaches in
order to give an idea on how the experimental results obtained through this study relate
to the theoretical calculations run by Ferrero, S. (see Ferrero et al. [2022]). This will be
done for the pure acetaldehyde, crystalline and amorphous water ices, separately. Before
going into the comparison itself, it is important to give an overview of the computational
methods.

Simulations of the adsorption of an acetaldehyde molecule on crystalline and amorphous
ice models, as well as a component of a pure acetaldehyde surface have been carried out
in order to i) gain insights of the adsorption process at an atomic level, and ii) calculate
BEs of the species on ices with the purpose to make comparisons with TPD experiments.
All the calculations were performed by Ferrero, S. with the ab initio CRYSTAL17 code
[Dovesi et al., 2018]. The code can simulate any kind of system, from non periodic
molecules to full periodic 3D crystalline systems, employing atom centered Gaussian
basis sets for the description of the electronic structure. In this work, they carried out
DFT-based static optimizations using the BFGS optimization algorithm, relaxing both
the cell parameters and the atomic positions. These calculations were performed with
the PBEso0I0-3c functional [Dora et al., 2019], which makes use of an Ahlrichs' polarised
valence-single zeta basis set in order to reduce the computational cost. Then, on the
PBEsol-3c optimized geometries, single point energy calculations were carried out with
the B3LYP functional [Becke, 1993, Lee et al., 1988] added with the Grimme's D3(BJ)
correction (to account for dispersive forces [Grimme et al., 2010, 2011]) with the aim
to re ne the BEs at a higher level of theory. These re nement calculations have been
performed using an Ahlrichs' VTZ basis set added with a double set of polarization func-
tions. For the sake of accuracy, the calculations carried out with the B3LYP-D3(BJ)
method have been corrected for the basis set superposition error (BSSE), adopting the
a posteriori counterpoise correction.

Vibrational harmonic frequencies were calculated at the PBEsol0-3c level using a nite
di erences method. A partial Hessian approach was used to reduce the computational
cost of the calculations. Thus, the vibrational frequencies were calculated on the opti-
mized geometries only for a fragment of the entire system, which included the acetalde-
hyde molecule and the closest water molecules interacting with it. From this vibrational
frequency calculations, the zero point energy (ZPE) correction terms were included in
the calculations of the BEs.

The crystalline and amorphous water ice surface models used in this study have already
been described in Ferrero et al. [2020].

Since the crystalline structure of pure acetaldehyde is not available yet, in order to simu-
late a pure acetaldehyde slab they resorted to the crystal structure prediction algorithm.
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First, the acetaldehyde molecule was optimized in gas phase with the B3LYP-D3(BJ)
method combined with the optimized def2-SVP basis set with the Gaussian 09 [Gaus-
sian09, 2009] program. This gas-phase optimized structure was used as input parame-
ter to derive the pure acetaldehyde periodic solid state structures, which was achieved
by using the programs of DFTB+ (version 20.2.1) [Hourahine et al., 2020] including
Self Consistent Charge [Elstner et al., 1998] and the D4 dispersion model by Grimme
[Caldeweyher et al., 2019, 2017], and VASP 5.4.4 [Kresse and Hafner, 1993, 1994, Kresse
and Furthmaller, 1996,] using PAW PBE pseudopotentials [Kresse and Joubert, 1999].
Solid-state structure prediction was performed using the USPEX (version 10.4.1) evolu-
tionary algorithm [Lyakhov et al., 2013, Oganov and Glass, 2006, Oganov et al., 2011],
with embedded the topology crystal structure generator [Bushlanov et al., 2019], em-
ploying the DFTB+ code for geometry optimizations. The rst generation of crystal
structures were randomly generated, while subsequent generations were obtained by
applying the genetic algorithm embedded in USPEX coupled with di erent variation
operators, in particular rot-mutation and lattice mutation. The search space was lim-
ited from 1 to 4 molecules per cell. Calculations proceeded for 23 generations and 570
structures, in which USPEX identi ed the best structure, which contains 2 molecules per
cell and a nal volume of 118.77A3. Since periodic DFTB+ calculations tend to exces-
sively shrink the unit cell, subsequent calculations with USPEX but this time employing
VASP calculations were performed using as initial seeds the best structures found by
DFTB+. This proceeded for 28 generations and 723 structures, resulting in the nal
optimized structure characterized by a = 4.960A, b = 5.655 A, ¢ = 4.536 A, and
=89.55, =289.70, =127.17 (with a nal volume of 127.17 A3) The resulting
bulk structure has been optimized at the PBEso0l0-3c level. Once we obtained the bulk,
we cut it along the (010) direction to obtain a 2D periodic slab model, which does not
posses a large dipole along the non periodic direction.

4.5.3.1 Pure acetaldehyde ice

By comparing theory with experiments, in general, we compare a static and "uni-
molecular" calculation with a measurement that is both dynamic and averaged over
a large population and a large number of situations. For the pure acetaldehyde ice, ex-
periments provide a BE of 4650 K (MultiL value visible in Fig. 4.3), while calculations
dealing with the ideal model of a molecule above the acetaldehyde surface gives a BE of
2650 K. Given the robustness of the measurement [con rmed by Corazzi et al., 2021],
one would conclude that what is measured does not correspond to what is calculated. In
reality, when a molecular Im is heated, it will constantly reorganise itself, and the situa-
tion of a molecule on top of the surface is not the most energetically stable con guration.
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The other extreme case corresponds to the calculation of the BE of one acetaldehyde
molecule extracted from the surface slab, which is 5692 K. We thought that this last
computed value is probably overestimated with respect to the experimental BE, as we
only focused on the process occurring at the rather stable surface without considering
more defective surfaces, from which the desorption can occur from kink and edges leaving
the molecule less engaged with the underneath layers. As a rst conclusion, therefore,
it can be said that the calculations presented in Ferrero et al. [2022] provide good high
and low boundary values to the experimental results, but that the dynamic (in the case
of experiments) versus the static (in the case of calculations) nature can make any direct
comparison somewhat misleading.

45.3.2 CH 3CHO desorbing from crystalline water ice

Although in Ferrero et al. [2022] we provide two BE values because of the use of two
di erent unit cell sizes (i.e., 1x1 and 2x1 supercell), here, for the sake of comparison
with experiments, we took the value of BE=5194 K obtained using the 2x1 supercell, as
it is more realistic. In experiments, we nd a distribution of BEs. It is not a bias of the
method, as it was possible to derive a unique value of the BE for the HOPG surface.
Actually, in experiments, even for a PCI, the surface is disordered. Indeed, the water
molecules at the outermost positions of the surface almost randomly alternate dangling
hydrogens pointing outside or inside the solid. Therefore, even for crystalline water
ice, distributions of BE are usually measured whatever is the adsorbate [Amiaud et al.,
2007, Noble et al., 2012, Nguyen et al., 2018]. The calculations, made on a perfectly
regular or periodic crystal, are not able to reproduce this disorder. In experiments, the
largest population is found for BE=4650 K and it corresponds to the BE of an acetalde-
hyde multilayer. This means that CH3CHO molecules prefer to rearrange themselves,
probably creating some sort of small clusters, rather than spreading over the surface.
In other words, acetaldehyde does not "wet" properly the water ice surface. The low
coverage values, which correspond more to the calculations made for a unique molecule,
lay between 4950 and 5700 K. This is in excellent agreement with the calculated value of
BE=5194 K. We note that the population at 5700 K could also correspond to defaults
or steps in the poly-crystalline assembly.

45.3.3 CH 3CHO desorbing from amorphous water ice

Both experiments and calculations show a broad distribution of BEs. Calculations
demonstrates that, compared to the crystalline case, some sites are more energetically
favorable (two over nine), one is about equal, and the other six are less favorable sites
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for adsorption. There is no doubt that such less bounded sites exist, but in experiments
they will not be populated, as molecules reorganise during the heating phase and tend to
occupy the available most favourable adsorption sites. This has been well experimented
and documented as the " lling behaviour", for relatively volatile substances [Kimmel
et al., 2001, Dulieu et al., 2005]. In the experiments, for all adsorbates, the minimum BE
measurable is set by the limit of the BE of the multilayer. This is why we observe that
half of the population of acetaldehyde desorbs from sites with a BE very close to that of
pure CH3CHO Ims. Indeed, this accumulation at the lower part of the BE distribution
corresponds, in the calculations, to the six (out of nine) sites that have a BE lower than
4650 K (the multilayer limit). Once again, we nd here that the theoretical calculations
are in very good agreement with what is obtained experimentally. They show perfectly
the extent of the distribution (up to 6000 K), and propose a good sampling of sites.
Finally, we point out here that we do not observe any co-desorption of acetaldehyde
with water. All the acetaldehyde desorbs prior to the water. This is consistent with the
rather low values of BE calculated for the interaction with water, lower than the multi-
layer BE measurements of the acetaldehyde Im alone. This molecule would somehow
have a low hydrophilic character.

4.5.4 Comparison of the acetaldehyde BE with those of other impor-
tant interstellar molecules

The detailed calculations and measurements of the acetaldehyde BEs on water ices show
a consistent but complex picture. First, as already reported in other works [e.g. Dulieu
et al., 2005, Ferrero et al., 2020], BE on an icy surface is not a single value, but there is
rather a distribution of BEs caused by the di erent sites to which acetaldehyde can be
adsorbed. Second, using the BE values without paying attention to its associated pre-
exponential factor can lead to inconsistencies, if not mistakes. That being said, most of
the astrochemical models use a single value of BE and the fy pre-exponential factor,
which is not a guarantee of correctness. Another question is: which single value of BE
to choose from the observed distribution? To choose a single value in the distribution,
one needs to know the nature of the ice, for instance, if the surface will be fully or partly
covered. Acetaldehyde is a frequently observed molecule in the gas phase, but it has not
been detected yet in the ice mantles because its concentration is probably low (but see
also the discussion in the Introduction (4.2)). Therefore, the coverage of this molecule on
the surface of icy grains should remain low and the low coverage side of the distribution
shall be preferred. Moreover, the interval of values that we propose overlaps the BE
extrapolated by Wakelam et al. [2017] (5400 K), which turns out to be correct if one
adopts the pre-exponential factor of A=1:1 108 s 1. However, if the astrochemical
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model uses the harmonic oscillator approximation and a value of Ay 102 s 1 a
value around 3800 K shall be preferred. The advantage to use the couple BE=5400
K and A=1:1 10'® s ! is that one can then compare this BE with that derived by
the theoretical calculations and to the already published BE values of other molecules
[Minissale et al., 2022].

455 Astrochemical implications

From an astrochemical point of view, two points are particularly relevant. The rst point
regards the presence of acetaldehyde in cold (10 K) objects [e.g. Bacmann et al., 2012,
Vastel et al., 2014, Scibelli and Shirley, 2020, Zhou et al., 2022]. The relatively large
BE (4800{6000 K) makes it di cult to explain the presence of gaseous acetaldehyde if
formed on the grain-surfaces, and would rather favor a gas-phase formation. Of course,
this may just move the problem of the presence of the reactants needed to synthesize
acetaldehyde from them, namely ethyl radical and/or ethanol. Non-thermal mechanisms
could be at play such as cosmic ray bombardment that would not be chemically selective
(Dartois et al. [2019]), whereas the chemical desorption initiated by hydrogenation on
the grain surface may have di erent e ciencies depending on the molecule [Minissale
et al., 2016]. As written in the Introduction, the BE of a given species determines at
what temperature the species remains adsorbed or goes to the gas-phase. In hot cores/-
corinos, several species, including acetaldehyde, have a jump in the abundance in the
region where the dust temperature reaches about 100 K. This is believed to be caused
by the sublimation of the frozen water [e.g. Charnley et al., 1992, Ceccarelli et al., 2000,
Jaber et al., 2014], which is the major constituent of the icy grain mantles [e.g. Boogert
et al.,, 2015]. However, the analysis of the emission lines of di erent species and their
spatial distributions sometimes suggest that there is a di erentiation in the sublima-
tion of di erent species [e.g. Manigand et al., 2020, Bianchi et al., 2022]. The recent
study by Bianchi et al. [2022] de nitively shows a chemical di erentiation between the
two hot corinos of the SVS13 protobinary system. Speci cally, the analysis of the high
spatial resolution ALMA observations leads to the conclusion that gaseous acetaldehyde
and formamide (NH,CHO) are distributed in an onion-like structure of the hot corino,
with formamide becoming abundant in a warmer region with respect to the acetalde-
hyde region. A natural explanation of this behavior is that species with larger BE emit
lines (mostly) in more compact regions, i.e., the region corresponding to their sublima-
tion temperature, rather than the water sublimation front, because the large densities
(108 cm %) make those species freeze-out back very quickly. Therefore, given their
respective BEs, acetaldehyde is emitted in a region more extended and colder than that
of formamide.
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More in general, by considering their respective BEs, formaldehyde and acetaldehyde
would desorb before water, ethanol and methanol with water, but formamide has to wait
for higher average temperatures, given its much higher BE. Our new estimates of the
acetaldehyde BE, slightly lower than water, would suggest that acetaldehyde should be
found approximately in the regions where water and methanol are present too, which
is what has been so far found [Bianchi et al., 2022]. On the contrary, formamide has
de nitively a larger BE range, so that we predict formamide to originate in a hotter re-
gion than that of acetaldehyde, which is indeed what is observed in the few cases where
a similar analysis has been carried out [e.g. Csengeri et al., 2019, Okoda et al., 2021,
Bianchi et al., 2022].

In summary, with the high sensitivity of the new present facilities, such as ALMA and
NOEMA, very likely studies revealing a di erentiation in the chemical species in hot
cores/corinos will become more an more available. We need to be prepared with studies
similar to the one reported here, where the BEs of more complex organic molecules are
estimated, so that we can appropriately interpret the astronomical observations. In turn,
those observations can help to validate our methods, for which so much uncertainty still
persists.

4.6 Conclusions

In this Chapter the TPD experiments of the acetaldehyde BEs are presented on a pure
acetaldehyde ice, and on crystalline and amorphous water ices. The main conclusions
of this work are the following:

" The experiments indicate that the acetaldehyde BE has a distribution of values.
In the acetaldehyde ice, the BE has two main energy values, at about 4650 and
5250 K, with the peak around 5250 K being about ten times more frequent. In
crystalline water ice, the BE ranges between about 4600 and 5700 K, with a peak
around 4600{4800 K. In amorphous water ice, the BE ranges between about 4600
and 5900 K, with a peak around 4800 K. The weighted average in the three cases
are 5150, 5080 and 4990 K, respectively.

The theoretical calculations give BE values on the di erent sites of the used ice
model. BEs spread over 5194 and 7253 K in the case of crystalline ice, and 2809
to 6038 K in the case of amorphous ice. In the pure acetaldehyde ice, two extreme
values of 2650 and 5692 K are obtained.
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We discussed and showed the importance of the pre-exponential factor when de-
riving, comparing and using BE derived from experiments and theoretical calcu-
lations. Remarkably, when the correct pre-exponential factor is used with the
derived BE, experiments and theory are in fair good agreement.

A comparison of the derived acetaldehyde BEs with those of other important
species shows that acetaldehyde would desorb at temperatures lower than those
at which water desorbs and even lower temperatures with respect to formamide.

The large acetaldehyde BE challenges the explanation for its gas-phase presence in
cold ( 10 K) astronomical objects, especially if it is formed on the grain surfaces.
The problem may be alleviated if it is formed by gas-phase reactions.

In hot cores/corinos, the measured and computed BEs are in agreement with the
observations of acetaldehyde originating in regions colder than formamide, whose
BE is larger.

Finally, our study shows the importance to extend the methodology adopted here to
other molecules of astrochemical interest that show a spatial segregation probably due
to their di erent BE.






Chapter 5

Experimental high-temperature
formation of H 5 on carbonaceous
dust grains

This Chapter is a re-organisation of the second publication of this PhD Thesis [Grieco
et al., 2023]. This experimental work provides evidence of highly e cient formation
of H, on carbonaceous dust grains through TPD and DED experiments at LERMA-
CYU. The main motivation for this project was to check whether molecular hydrogen
could form e ciently at temperatures above 20 K, that had been reported to be the
highest temperature for an e cient H », formation on dust grains. While exploring several
temperature and starting having positive results, we nally were able to con rm the
maximum e ciency for such processes around 20 K, but we have actually extended the
e cient formation of molecular hydrogen on such surfaces for temperatures up to 250
K.

The undersigned PhD student has been the one in charge of the entire experimental
procedure: experiments, protocols (designed together with Prof. Frarcois Dulieu), data
analysis (with the help of Prof. Frarcois Dulieu), discussion of the results for their
astrophysical importance (together with all the co-authors of the published paper [Grieco
et al., 2023)).

5.1 Abstract

The microphysics of molecular hydrogen formation has implications on galactic-scale
star formation rates over cosmic times. It is the cooling agent needed to initiate the

63
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cloud collapse regulating the star formation e ciency. H, formation is ine cient in the
gas phase under typical interstellar conditions, needing dust grains as catalysts. Small
carbonaceous grains with sizes from 4to 100 200 Angstrom, including Polycyclic
Aromatic Hydrocarbons (PAHSs), have been shown to increase the Hformation rates due
to their large surface-to-volume ratios. H formation on PAHs was previously thought
to reduce above temperatures of 50 K and H atom recombination was believed to be
highly e cient only below 20 K. Until now, both laboratory experiments and theoretical
modeling have suggested that H cannot form on grains with temperatures above 100 K.
Here we report evidence, through direct laboratory measurements, of the high e ciency
formation of H, at temperatures up to 250 K on a carbonaceous surface mimicking
interstellar dust. By pushing their formation towards warmer temperatures, the H»
molecules could start contributing signi cantly to the cooling of warmergas (T 50 250
K). This will have a huge impact on our understanding of Hy formation in nearby
galaxies and its e ciency in high redshift galaxies where the CMB (Cosmic Microwave
Background) already pushes dust temperatures to> 20 K.

5.2 Introduction

5.2.1 The eciency of H , formation on dust grains

Molecular hydrogen H, is the smallest, simplest but most abundant of the molecules in
the Universe, its abundance (i.) shapes the molecular phases of the interstellar medium
(ISM) where stars are formed because its self-shielding from the interstellar radiation
[Hartwig et al., 2015] controls the extent of the photodissociation regions H [Tielens
and Hollenbach, 1985], and (ii.) regulates the star formation e ciency via the e ect
of H», and the subsequent molecules formed, cooling lines on the ISM cooling function
for gas temperature T 10* K [Bigiel et al., 2008, Glover and Clark, 2014]. Molecular
hydrogen has three major routes of formation: (i.) the H" route (H+H * ! Ho++ h |
Ho++H ! H,+ H™"), which dominates for redshiftsz 400, (ii.) the H route (H +

e ! H +h,H +H! H+e ) which dominates forz 100 and (iii.) the grain
surface catalytic route (H + H + surface! H, + surface), which dominates in the local
Universe (z = 0). The two gas phase routes dominate in the primordial gas of the Early
Universe, and, although ine cient, they play a major role in the formation of the rst
stars (population 1l stars). The dominant H » formation route depends on the presence
of dust grains, hence on the metallicity and the dust temperature. H formation on dust
grains can also dominate at redshift 6 - 7, after the formation of the rst stars and the
enrichment of the ISM with metals and dust grains [Cazaux and Spaans, 2004, Algera
et al., 2023]. Our present study focuses on this third and major route. The process of
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H, formation on interstellar grains can be summarized in three steps. The rst consists
of the sticking of atoms from the gas phase on the grain surfaces, the second relates to
the di usion and reactivity of the atoms on the surface and the third to the return of
the molecule to the gas phase. The most critical step is the second one, since, depending
on the temperature of the grain, the atoms already adsorbed can desorb before a new
atom arrives, making the recombination impossible. This is why on a water ice surface,
for example, as the binding energy of physisorbed H is low (residence time of H short
for rising temperature), the recombination e ciency decreases abruptly beyond 12 - 15
K [Amiaud et al., 2007]. The same has been observed for silicate surfaces [Pirronello
et al.,, 1997]. The range is wider for graphite or amorphous carbon surfaces [Vidali,
2013], but overall, if the atoms cannot chemisorb, (i.e. make a covalent bond with the
surface), the formation e ciency can no longer be signi cant beyond 20 K, due to the fast
desorption of H. On an aliphatic carbon surface, HD recombination has been reported,
at higher temperatures, but with low cross sections [Mennella, 2008]. If the atoms can
chemisorb, then Cazaux et al. [2016] estimated that H formation ought to reduce above
50 K and slowly decrease to zero at 150 K. Many studies on H sticking, di usion and
recombination on di erent surfaces have been performed and are collected in the review
article by Wakelam et al. [2017]. But none had performed a direct measurement of the
recombination e ciency at temperatures above 20 K.

5.2.2 Astrophysical importance

Dust grains at high redshift are likely partly in the form of very small graphitic grains
(PAHSs). In fact, both in the nearby and high-redshift Universe, one can see evidence
for the PAH mass fraction correlates with metallicity [Galliano et al., 2021, Shivaei
et al., 2017] due to harder and more intense radiation elds in low-metallicity galaxies.
Given the high dust masses in several high-redshift galaxies, rather high metallicities
are expected. Indeed, both observations and models suggest that the metallicity can
already be around 20% of the solar value [Jones et al., 2020, Dayal et al., 2022], which
would still allow for su cient PAHs to be present in these high-z galaxies. Recent
ALMA observations have demonstrated the presence of large quantities of dust already
at redshifts of z 6 - 9 [Watson et al., 2015, Pozzi et al., 2021, Riechers et al., 2014,
Spilker et al., 2023], it is likely that H , formation on dust grains is already the dominant
mechanism in those galaxies. Theoretical models predict dust temperatures in high-
redshift giant molecular clouds above 60 K [Sommovigo et al., 2020], while estimates
from observational studies range between 40 - 80 K [Sommovigo et al., 2022, Faisst
et al., 2020, Bakx et al., 2020]. The fact that star formation is e cient in these galaxies
suggests that H formation must be e cient as well at those temperatures, to enable high
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levels of star formation activity. The experimental results reported in this paper have
the potential to revolutionize our understanding of the formation of the rst generations
of stars at high-redshift. The high H, formation rate estimated from the observation
of PDR has been proposed to be due to the catalytic e ect of PAH [Habart et al.,
2004] and its propensity to do chemisorption has been calculated [Rauls and Hornekr,
2008]. There are several studies in literature highlighting that the presence of small
carbonaceous grains, with large surface-to-volume ratios in comparison to large grains,
increases the H formation rates [Habart et al., 2004, Rauls and Hornek r, 2008, Lipshtat
and Biham, 2005]. Direct experimental results supporting the hypothesis of PAHs as
active catalysts for H, formation under interstellar conditions have so far been lacking.
This study provides a breakthrough in experimental insights and will nally enable an
estimation of the contribution of PAHSs to interstellar H , formation at higher temperature
until now not considered.

5.3 Methods: FORMOLISM con gurations and experi-
mental protocols

To create the right surface to reproduce PAH-like structures for the purpose of this
work, few layers of coronene (G4H12) are deposited on the sample holder held at 280
K, from a movable crucible, that works like an oven, placed at 3 cm from it. The layers
of coronene are obtained by a gentle sublimation of the powder contained in the PAH
oven heated up at 420 K. The coronene Im is a corrugated surface, probably made
of disordered stack or small clusters of coronene, mimicking dust particles with surface
defects. A beam of D atoms is aimed at the surface through a triple stage of di erential
pumping. D isotope is used instead of H, because His the major contaminant of any
UHV system, and will give a better signal to noise ratio. When the beam is aimed at
the surface, the overall pressure in the main chamber only rises by!? 1! hPa, and the
partial pressure directly in the beam at the surface is estimated to be 18 19 hPa. In
such conditions, D atoms land on a surface adsorption site every 100 s. The atoms
are produced from a plasma discharge, but the B dissociation e ciency is not perfect.
The atoms are at a temperature slightly above the room temperature € 350 K), and
approach from the surface at an angle of 40 reducing their kinetic energy perpendicular
to the surface. The detection tool of this set-up is a Quadrupole Mass Spectrometer
(QMS) that can be rotated to be placed in front of the beams or the surface depend-
ing on the type of the experiments. In our experimental methodology there are a few
important points to stress before going into their technical details. In order to infer
the e ciency for the atoms to scan the surface and recombine to form molecules, it
is indeed extremely crucial to calculate the amount of them produced by our system
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when the plasma is switched on (when o, only D, reaches the surface) and the level of
the background partial pressure present in the chamber. Those determinations help in
knowing the amount of D, molecules due to the recombination of the atoms reaching the
surface and to exclude any e ect coming from a change of the background signal during
experiments. Figure 5.1 describes the protocol followed to estimate the ratio of pand

D in a given experiment. The set up con guration, together with the corresponding
signals measured by the quadrupole mass spectrometer (QMS) are displayed. Here the
QMS directly intercepts the beam, and the surface does not contribute to the signal.
The discharge can be switched ON (con guration 3, 4), or switched OFF (1, 2). The
beam can be intercepted by a metallic ag in the main chamber (1, 4). On the left part

of the Figure we represent the signal of m/z=4 noted M4 (corresponding to B), and
M2 i.e. m/z=2 (composed of residual H, from the background (noted BKG), cracking
pattern of D, (a few % of M4) and D atoms produced by the plasma). The M2 has
been subtracted from the constant H BKG. One can see the decrease of M4 when the
discharge is switched ON, as well as the increase of M2 corresponding to the appearance
of D atoms. To evaluate the dissociation e ciency only the drop in signal of M4 is
considered and it can be calculated using the following formula:

- (M 4plasma (o] BKG plasma on) (M 4plasma on BKG plasma on) .

5.1
M 4p|a5ma 0 BKG plasma o ( )

The dissociation e ciency (%) is measured before and after each experiment and is
stable over a day, but has some day to day variation of a few %, for a typical value of
60%.

Figure 5.2 displays the protocol we use to measure the recombination e ciency of D into
D,, for a given surface and temperature. The beamline containing B aims towards the
surface where the temperature-dependent results reported in this paper are measured.
For the recombination e ciency experiments the QMS is placed in front of the surface,
and it is mostly measuring what is coming o the surface (plus some unavoidable back-
ground contribution from the wall of the chamber). The beam, dissociated (1,2) or not
(3,4), can be intercepted by the ag (1,4). This way we can subtract the contribution of
the chamber. The black curve on the left panel is the measurement of the M4 (m/z=4
corresponding to D) using as surface a coronene Im held at 250 K, whereas the blue
curve is for an amorphous compact solid water ice Im (c-ASW) of 30 layers of thickness
deposited on the sample holder at 100 K. The ice Im has been deposited to validate our
protocol and to prove the di erence in results with respect to when the coronene is used
as surface. For the blue curve, we observe no increase of the M4 when the dissociated
beam is aimed at the surface. The increase between step 1 and 2 is only due to the
undissociated part of the beam. On the contrary, we observe a clear increase of the
signal when the coronene Im is used (black curve). This is the direct evidence that in
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Figure 5.1: Schematic con guration of FORMOLISM setup including position and
role of the ag, position of the QMS (right). M4 (D ,, m/z=4, black line) and M2 (H ,
or D, m/z=2, red line) signals measured to calculate the dissociation e ciency (left).

the case of coronene Ims [ molecules are formed and readily desorb to be detected
by the QMS. In the case of water ice, as expected, the contribution of b formation is
measured as negligible, which demonstrates the robustness of the protocol. From this
graph, and by taking into account the dissociation e ciency, one is able to calculate the

e ciency of D+D recombination mediated by the surface at a given temperature. Since
the total signal of M4 detected when the plasma is on equals the background signal plus
the undissociated part of the beam and the signal from recombination, the e ciency ()

is therefore expressed as follow:

= ( M4 plasma on BKG plasma on) (M 4 plasma o BKG plasma o ) (l ): (5-2)

Where \M 45asmaon BKG plasma on” is the total signal detected with the QMS when
the plasma is ON after background subtraction; \M 4 pasmao  BKG pasmao (1 )"

is the part of the signal coming from the undissociated molecules and whererepresents
the dissociation e ciency (%) measured before and after each experiment (see Figure
5.1). is normalized to the signal of m/z=4 detected when the plasma was o subtracted
from its background (M 4 pasmao  BKG piasmao ).  corresponds to the probability for
an atom impinging the surface to recombine and be detected as a molecule, it includes
all steps of accretion, di usion and reaction. The de nition of recombination e ciency
can therefore di er depending on the inclusion of those steps. In Cazaux and Spaans
[2004], the quantity displayed does not include the accretion (i.e. sticking) phase.
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Figure 5.2: Comparison between M4 (B, m/z 4) signals by using Coronene (black

line, Ts=250 K) and c-ASW (light blue line, Ts=100 K) as surfaces (left); 4 schematic

con gurations of FORMOLISM including position and role of the ag, position of the

QMS associated to the 4 divisions of the signal shown on the left (right). The green
lines show the values of the recombination e ciencies .

5.4 Experimental Results

Figure 5.3 displays the variation of with the surface temperature. The points at
temperature above 100 K have been performed at xed temperature, whereas the points
below have been measured on the vy, using the TPDED technigue with a 1 K/min
ramp [Minissale et al., 2016]. The error bars have been estimated by adding all sources
of uncertainties, including the most extreme uctuations of the dissociation e ciency
which gives the major contribution in the uncertainty. We observe a plateau above 100 K,
at around 20%, a higher value at around 30% between 30 K and 80 K, two extreme values
around 20 K, and a sharp decrease at 10 K. The reduction of e ciency at 10 K is due
to the presence of adsorbed molecules. The presence of pre-adsorbed molecules reduces
the direct contribution of formed molecules, as similarly observed on water ice Ims
[Congiu et al., 2009]. The overall e ciency of the recombination depends on di erent
competing mechanisms. The sticking or accretion, is not supposed to be very dependent
on the surface temperature in this range [Cazaux et al., 2011] and it should be around
0.5, which is in line with our upper value of . This is due to the corrugated nature of
our Coronene, contrarily to when graphite is used as substrate, where coronene forms
an uniform and at Im. The desorption of atoms is increasing exponentially with the
temperature, and should become a dominant loss channel. For a typical binding energy of
45 meV, the residence time is hundred picoseconds at 60 K, therefore, the only chance
for an atom to recombine is to be incorporated in a chemisorption site. Fortunately,
C-H termination of PAH can procure such chemisorption sites. This has been rst
proposed and calculated by Rauls and Hornek r [2008], and the inclusion of D atoms to
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coronene has been experimentally demonstrated later [Thrower et al., 2011]. Mennella
[2008] has also shown that the aliphatic group could also have a similar catalytic role,
despite its lower cross section. The plateau at around 20% for temperatures 80 100
K is therefore the probability of a D atom to react with an extra D atom already
chemisorbed on the surface or to nd a default site in the coronene Im. We note
here that there should be a barrier for the rst hydrogenation, but that has no real
importance in steady state conditions such as in our experimental protocol. The results
were found constant after an exposition of a few 18 atoms/cm?, which correspond to a
Im of coronene just slightly superhydrogenated [Thrower et al., 2011]. When the surface
temperature is reduced, the D residence time on the surface increases exponentially, and
the physisorption-chemisorption transfer is probably favored. The maximum is obtained
for a surface slightly higher than 20 K where the surface is still free of @ molecules
that could have adsorbed. Below this temperature, B molecule coverage increases and
may prevent D atoms from accessing reactive sites/partners, simply by reducing their
accretion rate on the surface. This has to be studied in better detail in forthcoming
experiments. Considering the fact that small carbonaceous grains make a dominant
contribution to the total grain surface and have numerous chemically bonded hydrogen
atoms, we demonstrate for the rst time that they play a key role in H, formation by
chemisorption. Our study shows that the H, formation pathway on surfaces can be much
more e cient than previously estimated, and over an extended range of temperatures.
One has to keep in mind that chemisorption is speci ¢ for PAHs, because the same
results would not be possible on graphite, for example. The research group led by L.
Hornekaer [Hornek r et al., 2006] studied, through experiments and calculations, the
possibility for H atoms to chemisorb on graphitic planes. The activation barrier to make

a carbon accessible is too high and it would require very high temperatures ( 2000
K) to obtain the hydrogenation of such surfaces. In fact, in our previous experiments
we have not been able to hydrogenate the HOPG surface either. The same group has
instead demonstrated that the hydrogenation of PAHs is possible at every temperature
and they even report experiments on the interaction of H atoms with low-T coronene
[Thrower et al., 2012, Simonsen et al., 2020].

The incredible catalytic nature of coronene and the possibility to provide chemisorption
and stabilization of H atoms to further recombine, found with our results, is therefore
perfectly in line with previous works in this eld.

5.5 Discussion & Conclusion

As soon as carbonaceous dust appears, the cooling capacity of the interstellar medium
increases sharply, and thus its condensation in pre-stellar cores. Our work on molecular
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Figure 5.3: Temperature-dependent percentage recombination e ciency () of D,

on Coronene. Circles: TPDED experiments; triangles: DED isothermal experiments.

Data are presented as mean values +/- SEM (1-sigma error), in which the error bars

are derived from each component of the equation of. Those components are each the

average of the signal recorded at a speci ¢c temperature for that setup con guration

(ag on (BKG) or o, plasma on or o), each providing a di erent sample size (n
number) depending on its detection time.

hydrogen surface formation involving chemisorption on carbon surface at temperatures
around 100 - 200 K is of prime importance in astrophysics. It will change the location of
the H/H , photodissociation front and the respective size of Hll regions, PDR and molec-
ular regions in a classical PDR picture [Tielens and Hollenbach, 1985]. Our results may
furthermore explain the under-prediction of observed H column densities by models
[Habart et al., 2011] and the shift of the H/H, transition closer to the ionization front

in resolved PDRs [Habart et al., 2023]. Additionally, our work brings one possibility
to solve the contradiction between on one hand the possible discovery of James Webb
telescope ultra-high redshift galaxies [Finkelstein et al., 2022] and on the other hand the
redshift limit above which stars could not have formed, obtained by crossing the e -
ciency of H, formation against dust temperature and the dust temperature dependence
against the redshift [Sommovigo et al., 2022, Bakx et al., 2021, Liang et al., 2019, Viero
et al., 2022], with a minimum temperature ultimately de ned by the CMB. The warmer
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CMB of high-redshift galaxies is observed in the (sub-)millimeter dust continuum and
the line emission as it provides an additional source of heating [da Cunha et al., 2013,
Lagache et al., 2018].

Another implication of our experimental results could be the impact that the high tem-
perature formation of H, might have on the star formation rate (SFR) and on the cloud
collapse timescales. The formation of new stars per unit time strongly depends on the
environment, since the latter a ects the gas density of the pre-existing cloud and the
nal SFR [Longmore et al., 2013]. In general, observations underline how the gas den-
sity has a crucial role in assessing the SFR per unit dense gas [Schinnerer and Leroy,
2024]. This molecular gas mass is traced through CO emission and it depends on the
conversion factor CO, which translates the observed CO emission into a B mass. It
has been demonstrated that the CO-to-H conversion depends on the metallicity and for
low values the star formation unit per molecular hydrogen mass increases [Glover and
Clark, 2012]. Regions where star formation is happening are dust-rich, underlying their
role in the formation of H, gas [Schinnerer and Leroy, 2024]. Focusing speci cally on
PAHSs, their relative abundance to dust grains exhibits a strong metallicity dependence
as well [Li, 2020]. New studies report on the coexistence of PAH emission with Hines
[Van De Putte et al., 2024], the possibility to use PAHs to trace molecular gas [Shivaei
and Boogaard, 2024] and the fact that they can be used as tracers of star formation
rate [Sandstrom et al., 2010]. These reported connections between PAH and,Hseem
to support a scenario in which B, molecules can e ciently form on the surfaces of PAH
molecules, in line with our experimental results.

The time needed for a molecular cloud to collapse to form stars (\free-fall" timescale)
has been estimated to be 4{20 Myr, up to 80 % of the total cloud lifetime [Corbelli
et al., 2017, Kim et al., 2023]. The fact the H, can be e ciently formed on PAHs at
higher Tqust might have an e ect in providing higher gas densities in regions where dust
is warmer, so molecular hydrogen could already be a cooling agent for a more e cient
cloud collapse. Moreover, the free-fall timescale is inversely proportional toy, so if
higher gas densities are possible in warmer ghains regions, then the free-fall time could
be shorter than the typical 4{20 Myr reported above. It is also possible to foresee that
with high T H , formation, the cloud will be e ciently enriched with molecular hydrogen,
contributing to reach a cloud of high mass that would collapse earlier (due to increased
mass), or faster, because of the cooling provided by Hto form stars.

To conclude, correctly accounting for molecular hydrogen formation over cosmic time
is a key ingredient for several reasons, from the interpretation of the James Webb tele-
scope observations in the local Universe to the atomic and molecular emission lines of
high-redshift galaxies in general.



Chapter 6

Experimental H 20 formation on
carbonaceous dust grains at
temperatures up to 85 K

This is the last Chapter reporting experimental results of this Thesis and it corresponds
to the third publication of this PhD [Grieco et al., 2024]. By adding atomic oxygen to
the \equation" of Chapter 5, we explored if, by exposing coronene to H and O atomic
beams, we would e ciently form ice layers and until what temperature this would be

e cient. In the work we therefore report evidence of experimental ice formation on
carbonaceous dust grains for temperatures up to 85 K and we discuss the astrophysical
implications of such ndings: the e ect on oxygen depletion and other consequences
involving grain growth and ice mantle formation.

The undersigned PhD student has run and designed the whole experimental procedure
(with the help of Prof. Frarcois Dulieu), while the astrophysical implications of the ob-
tained results have been discussed together with Prof. llse De Looze and Prof. Frarcois
Dulieu.

6.1 Abstract

Water represents the main component of the icy mantles on dust grains, it is of extreme
importance for the formation of new species and it represents the main component for
life. Water is observed both in the gas-phase and frozen in the ISM, where the solid-
phase formation route has been proven essential to explain abundances in molecular
clouds. So far, experiments have focused on very low temperatures (around 10 K).

73
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We present the experimental evidence of solid water formation on coronene, PAH-like
surface, for a higher range of temperatures. Water is e ciently formed up to 85 K
through the interaction of oxygen and hydrogen atomic beams with a carbonaceous
grain analogue. The beams are aimed towards the surface connected to a cryostat
exploring temperatures from 10 K to 100 K. The results are obtained with a QMS
and analyzed through a temperature-programmed desorption technique. We observe an
e cient water formation on coronene from 10 K up to 85 K mimicking the temperature
conditions from the dense ISM to translucent regions, where the ice mantle onset is
supposed to start. The results show the catalytic nature of coronene and the role of
chemisorption processes. The formation of the icy mantles could be happening in less
dense and warmer environments, helping explaining oxygen depletion in the ISM. The
ndings have several applications such as the disappearance of PAHs in translucent
regions and the snowlines of protoplanetary disks. We stress on how JWST projects
characterizing PAHs can be combined with HO observations to study water formation

at warm temperatures.

6.2 Introduction

6.2.1 Experiments and theoretical studies on water formation routes

The study of water formation in the interstellar medium (ISM) is very important as
the main molecule constituting icy mantles, storing and catalyzing the formation of
potential biologically relevant structures. Water is observed as vapor in the gas-phase in
cold regions with temperatures below 50 K, such as molecular clouds [Caselli et al., 2010],
but also frozen, up to about 2010 4 in abundance, with respect to H, in colder objects.
The frozen water is believed to consist mostly of icy mantles on dust grains [Boogert
et al., 2015]. In both the solid and gas phases, water is considered to lock most of the
elemental oxygen into the molecular form [van Dishoeck et al., 2013]. Also, interstellar
water has a very strong implication in planets' habitability research. Apart from its
important role as a major factor for life, it can give indications on eventually detectable
biospheres. Having more details about the abundance of solid water, its freezing and
melting temperatures can help constraining the so-called habitability index [Silva et al.,
2017]. Understanding the origins of water is also key in several other elds and there are
still many questions regarding when and where ices are formed in both planet-forming
disks and stellar systems, for example. They are thought to possibly form through two
main processes: |) in the dense ISM, ices could form in cold molecular cloud cores prior
to star formation. Here interstellar ices would be incorporated into all planet-forming
disks. 1l) They could also be products of reprocessing within the central star nebula. In
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this case we would have large water abundance variations for di erent stellar systems
[Cleeves et al., 2014]. The link between the formation and the observation of water on
planetary systems remains of fundamental importance in astrochemistry. The study of
its chemical and physical evolution can therefore give more info about the origin of water
in Solar System bodies [Jensen et al., 2019]. For example, terrestrial and sub-Neptune
planets should be forming water in the inner regions of proto-planetary disks where water
plays a crucial role. Besides eventually needing a water reservoir for their formation,
this rises the question about the birthplace of the available water, if in situ or from the
outer disk. Understanding the position of the snowline as well as the role of dust/ices
and temperatures are interesting points since the replenishment of both gas and dust
from the outer disk could be one of the main water reservoir contributors [Perotti et al.,
2023]. Finally, the icy mantle-covered dust grains in the rotating disks around stars
come from the accretion of gas onto dust in molecular clouds, from where the planets
will be afterwards formed [van Dishoeck, 2004]. Assessing how the ice mantles form,
in which regions and under which physical conditions and range of temperatures could
therefore be linked to many other aspects at bigger scales. However, independently from
speci ¢ applications, studying water formation requires an understanding of how water
interacts with a dust grain surface, how the latter contributes to its formation and which
ranges of temperatures are involved in those processes. In the last decades, there have
been di erent laboratory studies and models trying to unveil the water formation routes
on dust grains, focusing on three main possible chemical routes initiated with di erent
reaction [Tielens and Hagen, 1982]: 1) O+H reactions [Dulieu et al., 2010, Vidali, 2013];
2) hydrogenation of O, [Oba et al., 2009, loppolo et al., 2008, Matar et al., 2008]; 3)
hydrogenation of O3 [Mokrane et al., 2009, Romanzin et al., 2011].

All the models and experiments that have helped us understanding water formation
processes are often carried out in di erent conditions. This makes it challenging to
directly apply and interpret those ndings for several ISM regions. Thus, there are still
many open questions that need to be answered in this eld. Nevertheless it is now
clear that the formation of water molecules in the gas phase is incapable of explaining
the observed abundances in molecular clouds, especially for the solid form [Ceccarelli
et al., 2007, Parise et al., 2005]. In general, water molecules are mainly believed to
be synthesized by atomic reactions involving H and O atoms on pre-existing silicate
or carbonaceous grains at around 10 K. However, OH+H may probably be another
important alternative, as explained by the di erence in deuteration e ciency for the D
and HD routes [Kristensen et al., 2011, Oba et al., 2012].

The rst formation route (O+H reactions) has been studied intensively by Cuppen and
Herbst [2007] who found it to be the main one for O atoms on grains in cool di use
clouds with no activation barrier (in the gas phase), where H and O atoms are the
major gas-phase species: O + H OH (reaction 1); OH + H H-0.
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From reaction 1, OH can also follow a di erent path, encountering molecular hydrogen
already adsorbed on the grain, as shown below (activation energy of 5.16 kcal/mol in
the gas phase [McCormac, 1973]): OH+H H,O + H.

The second route relates to the hydrogenation of @. Tielens and Hagen [1982] proposed:
O+0 Oy

O, +H HO; (no barrier); HO, + H H,0y;

H,O, + H H,O + OH.

Those are the main routes in cold molecular clouds where Hmolecules are the major gas-
phase species. There are laboratory experiments studying this second water formation
network reporting the formation of water molecules under conditions mimicking cold
interstellar molecular clouds. By starting from reactions of cold H atoms with solid O,
molecules at 10 K, they found the following reaction steps to be the most e cient:

0O, + 2H H>05; H,O, + H H,O + OH; [Miyauchi et al., 2008, Kristensen et al.,
2011].

For the third route, since the chemical models by Tielens and Hagen [1982], there have
been many others con rming the hydrogenation of O; leading to water formation on
grains. Parise [2004] proposed a water formation scheme wherezQOnolecules react
with H or D atoms to form OH or OD, and subsequently the reaction H, + OH/OD
would lead to H,O/HDO. This has been con rmed experimentally by Oba et al. [2012].
The Monte Carlo simulations of Cuppen and Herbst [2007] emphasize the non-negligible
contribution from the H + H ,0O, reaction (H>O2 being a product of the H + O, pathway)
and the unusual high abundance of reactants such as OH and ©

It is also relevant to mention experiments on water formation via OH radicals. Oba et al.
[2011] produced them in a HO microwave-discharge plasma, where water was formed at
40 K and 50 K, but not at 60 K, together with H 20,. The study shows the importance of
OH radicals as well as the possibility to investigate water formation at higher dust grain
temperatures and the role of the surface. Lastly, there have been several experimental
studies reporting water formation on dust grains or in astrophysically relevant conditions.
The reality is that, under dark cloud conditions, only the very rst monolayer grows on
bare silicate or carbonaceous grains [Papoular, 2005], most water molecules should be
subsequently synthesized on a surface mainly composed of ices. Dulieu et al. [2010] ran
an investigation on how water formation continues on the icy surfaces of cosmic grains.
At 10 K, deuterated water molecules were formed with a high e ciency (about 50%) by
exposing amorphous water ice substrate to O and D atoms. Furthermore, the details
about all the possible di erent networks have been deeply investigated by Kristensen
et al. [2011] and Kristensen et al. [2011]. Later on, it has been also shown that, if water
forms in excess of energy, the newly formed molecules can undergo chemical desorption
mechanisms. This process is more e cient for harder surfaces [Dulieu et al., 2014].
Until now, all the studies have only considered water formation through physisorption
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mechanisms. However, we have already demonstrated the importance of chemisorption
processes for K formation on carbonaceous dust grains at temperatures up to 250 K
[Grieco et al., 2023]. Therefore we want to keep investigating the role of those surfaces for
the formation of small and important molecules in the ISM, such as BO in this paper.
Reporting the main H,O formation pathways and the state of the art of several studies
on dust grains gives us the right context to address the main goal of this work: the
experimental study of H,O through its formation and interaction with a carbonaceous
surface for a higher range of temperatures. An overview of di erent studies of PAHs
and ice interactions are given in the following Section (6.2.2).

6.2.2 PAHs in ISM, O and H atoms interactions and interstellar ices

Already in the 1970s, broad mid-infrared (mid-IR) emission features present in almost all
objects (bright HIl regions, surfaces of dark clouds and the general ISM) were attributed
to polycyclic aromatic hydrocarbons (PAH), molecules of about 50 carbon atoms [Alla-
mandola et al., 1989, Puget and Leger, 1989].

PAHs are ubiquitous (10 ‘/ny) in the ISM. These species play an important role in
the heating of neutral gas, in the ionization balance in molecular clouds as well as in
the phase structure of the ISM and its ion-molecule chemistry. Since then, models have
provided much insight into the formation and evolution of interstellar PAHs. PAHs
represent an important reservoir of interstellar elemental carbon (fc of about 35 10 ?)
and they can be found in both gas and solid phases in the ISM [Tielens, 2008, Salama,
2008]. They are supposed to either form in the envelopes around carbon stars by a series
of reactions building up large PAHs from small carbon chains, or by top-down routes
through fragmentation of large grains in the ISM [Chastenet et al., 2019]. The main
part of the PAH population is bigger than C 49 [Jochims et al., 1999] and PAHs smaller
than this will be destroyed by UV irradiation in regions of high photon ux, coagulate

in dense regions or they can survive in icy grain mantles in molecular clouds. Also,
many new small cyclic N-bearing carbon molecules have been detected in the molecular
cloud TMC-1. McGuire et al. [2021] analyze and discuss in situ gas-phase formation
from smaller organic molecules, but they are not able to explain and match the ob-
served abundances with neither top-down or bottom-up pathways. The formation of
those molecules in molecular clouds and their survival in those conditions in order to be
observed could be an indication of the strong stabilization that small aromatic struc-
tures can provide. This open the doors to other possible formation routes that should
be considered for those heteroatoms-bearing structures, as for example chemisorption
processes involving C and N atoms from the gas-phase landing on the surface and further
form new functional groups on the ring.
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In the present experimental study, the PAH used as interacting surface is coronene, a
molecule of 24 carbon atoms (GsH12). Coronene is often used in the laboratory to
model more interstellar-relevant PAHs. In fact, it is often considered as an archetypal
interstellar PAH. It is believed to represent a favoured structure during PAH growth
and formation [Oomens et al., 2001]. G4H12 is indeed one of the largest PAHSs that can
be easily manipulated in the laboratory and using this type of surfaces is a standard
experimental approach. Coronene is also found to be relatively resistant to UV photode-
composition [Noble et al., 2017]. During their lifetime in the ISM, PAHs can be both
functionalised with chemical side groups, or be substituted with heteroatoms (observa-
tions: Peeters et al. [2002]; calculations: Sadjadi et al. [2015]; experiments: Bernstein
et al. [1999], Gudipati and Yang [2012], Guennoun et al. [2011], Bouwman et al. [2011],
Noble et al. [2020], Cook et al. [2015]).

In cold regions of the ISM, PAHs are expected to be frozen out on dust grains. There
are laboratory experiments investigating water-ice and PAH mixtures and they show
that superhydrogenated PAHs are produced together with PAHs with alcohol and ke-
tone functional groups. These studies suggest that oxygen-bearing PAH species could
be formed in the ISM on icy grains [Jaganathan et al., 2022]. In fact, laboratory studies
on the reactivity of PAHs and water molecules show an e cient formation of oxygenated
PAHSs, higher than the actual abundance observed in denser regions. Destruction routes
of such species should therefore be e cient [Noble et al., 2017, Thrower et al., 2014].
Speci cally, in regions with higher extinction ( Ay higher than 2) it is not clear whether
PAHs exist and under what form. PAHs can condense on small grains or be incorpo-
rated in icy mantles. Indeed Ay around 2 correspond to the onset of detection of solid
water ice in the ISM [Boogert et al., 2015]. In these edge zones, PAHs in water ice
can become oxygenated or be chemically transformed in the gas phase. O atoms are
responsible for these changes. In particular they can be the main actors since they can
remain in the gas phase or they are kept in the form of water. Actually, O atoms can
easily be inserted on the edges of small PAHs, and thus coronene, but they can also
push the chemical destruction of these molecules into smaller ones, such as ketene, and
enhance their entrance in the interstellar medium [Dulieu et al., 2019]. Finally, another
important point is the role of dust grains as catalysts, and speci cally PAHs, for the for-
mation and thus abundance of molecules in the cold interstellar medium (ISM), such as
H», H2,0, H,CO and CH3OH, that cannot be synthesized solely by gas phase reactions.
One of the simplest water formation routes ever proposed is the sequential hydrogena-
tion of O atoms, producing OH and then water, as shown experimentally [Dulieu et al.,
2010]. The interaction of the incoming species (H, OH and CO) with PAHs has been
recently modeled. They can react with axial H atoms of hydrogenated PAHs following
the Eley{Rideal mechanism and HO is produced with no activation barrier [Ferullo
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et al., 2019]. As introduced in the previous Section (6.2.1), there are several water for-
mation routes involving dust grains. The study of the role of PAHs on icy mantles, their
reactivity with water, the interaction with H and O atoms to eventually form water

is therefore of fundamental importance in this eld. In our laboratory we studied the
behavior of hydrogen and oxygen atoms sent onto coronene and the eventual formation
of water on the surface at several temperatures up to 85 K. This work has the aim of
verifying if the main H ,O routes, when a typical PAH-like surface is used, can compete
with the incorporation of O and H atoms into the grain and how the e ciencies vary
with the temperature.

6.3 Methods: FORMOLISM con gurations and experi-
mental protocols

6.3.1 Set-up and detection methods

In the current set-up, we study the interaction and reactivity of oxygen and hydrogen
atomic beams with a PAH-like surface, coronene, mimicking interstellar carbonaceous
dust grains. Exactly like it has been discussed for the experiments of Chapter 5, a few
layers of coronene (G4H12), contained in a movable crucible, are deposited on the sam-
ple holder held at 280 K. The movable crucible is placed at 3 cm in front of the sample
holder and it works like an oven that heats up the solid powder. In our case, coronene
(higher than 99% purity, Sigma-Aldrich) is deposited on the surface by bringing the
crucible up to 420 K to obtain a gentle sublimation. After the deposition the crucible

is retracted into its own vacuum chamber. The obtained coronene Im is a corrugated
surface of disordered molecular clusters that mimicks typical dust particles with surface
defects. Since the coronene powder is hygroscopic, the eventual water trapped inside
the coronene layers upon deposition has been checked after each set of experiments. No
visible water peaks have been observed together with the desorption of the coronene
Im.

Two beams containing oxygen and hydrogen are aimed at the surface through a triple
stage of di erential pumping (three vacuum chambers connected together by tight di-
aphragms of 3 mm diameters). When the beams are sent to the surface, the overall
pressure in the main chamber only rises by 1 10 ! hPa, and the partial pressure
directly in the beam at the surface is estimated to be 2 10 & hPa. Molecular pressures
injected in the gas lines are about 1.5 mbar for the oxygen beam and 3 mbar for the
hydrogen beam, and the atomic form of the beams is obtained by a microwave plasma
discharge. However, after expansion in the source chambers, the pressure is immedi-
ately reduced to a few 10° mbar and so the atoms nally mostly interact only with
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the surface, after a free ight. The atoms are at a temperature slightly above the room
temperature (<350 K), and they reach the surface at an angle of 40for the hydrogen
beam and 57 for oxygen, resulting in a reduced kinetic energy perpendicular to the
surface.

As already mentioned, FORMOLISM is equipped with a quadrupole mass spectrometer
(QMS). It allows both the detection of species desorbing from the sample during a TPD
(temperature programmed desorption) and, when placed in front of the beam-line, the
characterization and calibration of molecular beams, as well as the evaluation of the
dissociation e ciency. TPDs represent the most common experiments to determine the
interaction energies and behavior between chemical species and involved surfaces. These
types of studies consist in selecting a system made up of a surface, coronene, on which
a gas-phase species is sent, oxygen and hydrogen in our case. The latter would land,
stick, react with incoming or already present species and further desorb, depending on
the conditions. The temperature at which the surface is kept plays a crucial role. Every
species (hydrogen, oxygen or newly formed molecules like water), have indeed a certain
propensity to interact with the surface and to reside on it based on the surface temper-
ature and binding energies. Once a speci c temperature is reached, a given species can
desorb, while at very low temperatures a species has enough residence time to stay on
the surface, eventually di use and react with others forming new ones (in this work: wa-
ter, Oy, O3). In our TPD experiments, coronene is cooled to temperatures ranging from
11 K to 100 K and is exposed to oxygen and hydrogen beams. The interaction between
the species and the surface can go from a simple, and lower in energy, physisorption
to the formation of actual chemical bonds (chemisorption). Chemisorption is the only
interaction mechanism that makes oxygen and hydrogen atoms stay on the surface at
temperature above 40 K for a longer residence time, this enables further processes on
the surface instead of sudden desorption. The eventual newly formed species, mainly
water and Oz in our study, will have a new binding energy with the surface and a new
temperature of desorption. During our temperature-programmed desorption, coronene
is heated over time with a linear ramp ( = 12 K/min) from an initial temperature
(experiments from 11 K to 100 K) to a higher one, 180 K, su cient for the desorption

of all the species in our system. Water molecules are the last ones to desorb at temper-
atures around 150 K. The signal of the desorbing species is detected by the quadrupole
QMS in counts per second through the mass to charge ratio (m/z). The temperature at
which each species desorbs, the shape and intensity of the peak, indicates the strength
of the interaction (binding E), the type (order) of desorption and the amount of species
undergoing that process.

Thus, TPDs are powerful tools to study the mechanisms of chemical reactions that occur
on a speci ¢ surface and to infer the nature of the interaction between the surface and
the adsorbing species.
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The dissociation e ciency is instead measured by placing the QMS in front of the oxygen
and hydrogen beams. The two beams do not interact with the surface in this case and
this is just a measure of the amount of atoms that we are able to produce by dissociat-
ing the oxygen and hydrogen molecular beams. To evaluate the dissociation e ciency,
we measure the drop in signal of the molecular mass, m/z=32 for @ and m/z=2 for
H», and we observe a proportional increase of the signal of the atomic one, m/z=16 for
O and m/z=1 for H. The dissociation e ciency (%) for both the hydrogen and oxygen
beams is usually stable over a day and we measure a typical value of 60% for both beams.

6.3.2 Experimental protocol

This study focuses on exposing coronene to hydrogen and oxygen atomic beams in order
to verify their respective and conjugated e ect when they are sent onto the surface.
In particular, we investigate the probability of the atoms being locked on the surface,
how they physi- or chemi-sorb and/or if they promptly react with each other forming
water molecules, or Q and Hy. The protocol is therefore divided into two main parts:
preparation of the surface, with the collection of a reference, followed by an interaction
of the surface with atomic oxygen and hydrogen beams. Firstly the coronene surface is
formed by depositing it as described in Section 3.1 and afterwards cooled down to reach
10 K. At this point, to quantify the structure of the surface, its role as catalyst and the
eventual changes due to the atomic irradiation, we use the molecular oxygen desorption
peak as reference. This @ peak (after deposition of about 1 monolayer on the surface at
11 - 12 K) is taken everyday by detecting its desorption through the QMS with TPDs up
to 50 K. The position (at a temperature of about 35 K) and shape of the @ desorption
peak are well studied in the literature and eventual changes can thus be an indication
of surface alteration and evolution [Mohamed Ibrahim et al., 2022]. This reference @
desorption peak is the black curve visible in Figure 6.1 and it shows very little di erences
due to day-by-day changes on the coronene surface that, even if deposited by carefully
controlling all the parameters, carries an experimental error. Once we are sure to have
deposited the coronene and to have the reference for the day, we start with the second
part of the protocol. Now, the following phase represents the actual investigation of
the paper. Coronene, kept at a xed temperature, is exposed to hydrogen and oxygen
atomic beams for a certain time/dose. Right after the irradiation, the surface is cooled
down to 10 K and at this point, we deposit molecular oxygen again to compare its des-
orption peak to the daily reference and to detect any changes to the surface due to the
prior atomic irradiation. Therefore, after depositing about 1 monolayer of molecular
oxygen, we perform the very nal and most important TPD up to 180 K to detect the
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desorption peaks of Q just sent on the surface (green and magenta curves in Figure 6.1,
desorption T around 35 K), O3 (green and magenta curves in Figure 6.1, desorption T
around 65 K) and water (blue and red curves in Figure 6.1, desorption T around 150 K).
The surface is subsequently cooled down to a given surface temperatureg,Tand a new
protocol cycle can start.

At the beginning of the study, we have mainly focused on determining the e ects for
surface temperatures of 11 K and 45 K, Figure 6.1. Afterwards we have examined dif-
ferent times/doses (see Figure 6.2) for these same two temperatures in order to de ne
the best one suitable for comparing di erent temperatures. Finally, we have evaluated
the amount of water formed through the O and H atomic irradiation of coronene kept at
xed temperatures ranging from 10 K to 100 K for the chosen time/dose (30 minutes),
Figure 6.3. The last but very important detail regards the two di erent approaches used
right after the irradiation, and before the O, deposition to check the surface changes, for
temperatures below and above 35 K. Since the molecular oxygen coming from the undis-
sociated part of the beam sticks on the surface during the irradiation for temperatures
below 30 K, this one is removed after the irradiation and before any further analysis by
heating the surface up to 50 K. This allows us to verify only the e ect from the atomic
beam and to have the same conditions for experiments at all temperatures. Once the
irradiation is nished and we have eventually removed the O, stuck on coronene for
temperatures below 35 K, the surface is cooled down to 10 K to deposit 1 ML of ©
for the daily reference comparison and the protocol follows the general description given
above.

To sum up, all the experiments presented here consist in depositing the coronene surface
every day before any set of experiments (typically 1-3 cycles of water formation, without
substantial changes to the coronene), collecting a @ reference, atomically irradiating
the surface and checking its changes through the molecular oxygen peak, lastly recording
the molecules formed though TPDs up to 180 K. With the QMS, the same molecule can
be detected with di erent m/z ratios corresponding to the fragmentation of the parent
molecules after the electron impact (here at 30 eV). The main fragments under study
here are m/z=2 (molecular mass of H), m/z=18 (molecular mass of H,O), m/z=32
(molecular mass of @ and main fragment of Oz) and m/z=48 (molecular mass of Os).

6.4 Experimental results

All the results shown in the following paragraph come from the temperature programmed
desorption experimental method (TPD), as described in the protocol. The idea is to



H,O formation on carbonaceous dust grains up to 85 K 83

Figure 6.1: A. Black curve: O, reference peak; green curve: § of about 1 ML
deposition added after irradiation, and Oz from 30 minutes f O+H g exposure at 11
K; blue curve: H,O from 30 minutes f O+H g exposure at 11 K. B. Black curve: G
reference peak; green curve: § of about 1 ML deposition added after irradiation,
and O3 from 30 minutes f O+H g exposure at 11 K; blue curve: HO from 30 minutes
fO+H g exposure at 11 K; magenta curve: @, of about 1 ML deposition added after
irradiation, and O 3 from 30 minutes f O+H g exposure at 45 K; red curve: HO from
30 minutesf O+H g exposure at 45 K.

check both the changes produced on the surface when the atoms are sent and, most
importantly, the amount and type of molecules (hamely O,, O3, H,O) formed.

6.4.1 Experiments at 11 K

In Figure 6.1A we show the TPD peaks recorded by using the QMS for the rst part of
this study. The surface is kept at 11 K and two types of analyses are performed here.
Firstly we collect the reference peak of about 1 ML (monolayer) of Q (referred to as
mass 32 (M32), see black curve) to have the position (desorption temperature/binding
E) and the shape of Q interacting with coronene. Secondly, and separately, the surface
is exposed simultaneously to hydrogen and oxygen atomic beams for 30 minutes, before
detecting the desorbing species with the TPD method. The main molecules under
analysis here are molecular oxygen, @and water molecules. As shown in Figure 6.1A,
O, is characterized by a desorption peak at around 35 K (m/z=32 reference peak, black
curve). In Figure 6.1A we also observe the other two main products of thef O+Hg
exposure: ozone, @, (from the m/z=32 fragment signal, green curve) with a TPD peak
around 70 K and water molecules (m/z=18, blue curve). HO is the one desorbing at
the highest temperatures in our system, as shown by its peak centered at 150 K. By
checking the behavior of M18 (m/z=18) during the TPDs, we observe a peak at higher
temperatures only for the experiments at 11 K. The water peak also represents the main
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fragment of the H,O, molecule and we do see a sign of its desorption around 177 K
only when O and H atoms are sent onto the coronene at 11 K. This is in agreement
with previous works studying water formation at very low temperatures [Chaabouni
et al., 2012, loppolo et al., 2008]. In fact, at temperatures around 10 K, @ represents
a stable and largely available reactant whose chemistry also leads to the formation of
H,0,, as reported in the introduction. The reactivity of O » towards the formation of
H»0, becomes less relevant at higher temperature due to its mobility on the surface,
by approaching its desorption temperature, and the appearance of a more relevant £
chemistry with an overall water formation being favoured instead.

In Figure 6.1, one can notice how the amount of molecular oxygen desorbing from the
1 ML deposition realized after irradiation (green and magenta curves) is consistently
higher than the reference peak (black curve). The most simple explanation relates to
the actual higher quantity of O, deposited in the same 5 minutes, that are usually used
as reference. Since this deposition is realized after the atomic irradiation, during which
the plasma is turned on, the molecular ux tends to be higher when compared to the
conditions prior to the fO+H g exposure. Even after waiting a certain time for all the
parameters and pressure to be back to the initial conditions, there is a trend in all
experiments that shows an average of about 30% of more molecular oxygen coming from
the surface with respect to the reference peak. The actual ux after atomic irradiation is
therefore depositing more Q than expected. Since we are controlling, with the time/dose
and pressure we are using, the deposition of about 1 ML of @only, even if we observe
the desorption of a higher quantity, we keep referring to these reference peaks as the
desorption peak of the deposition of about 1 ML of Q. This does not have an impact
on the analyses and on the interpretation of the results. To this main factor, one has
to add the possible change in sticking coe cient because the surface is now hosting the
newly formed species, namely ozone and water. In Figure 6.1A, as expected at 11 K,
the molecular part of the oxygen beam is sticking on the surface during irradiation,
allowing all the 3 mechanisms for water formation described in the introduction. The
rst formation route (O+H path) is the most obvious, but also the presence of O, during
the plasma exposure allows, given a certain degree of dissociation, the formation of;O
and its further hydrogenation, as well as the reaction of Q with the incoming H atoms.
Also, one would expect that at these low temperatures the direct interaction of atomic
oxygen and hydrogen mediated by coronene would result in a reaction that forms water
with a 100% e ciency, while only a part of our system goes in this direction. The
explanation is due to the hydrogen being the limiting reactant, allowing the rest of O
to recombine as Q or to form Os.

The black curve, reference Q peak, is mostly used to compare the e ect of thef O+H g
exposure on the coronene surface. The goal is to check if there is evidence of a relevant
position shift (di erent desorption temperature and therefore di erent binding E) and
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shape of the molecular oxygen peak after thd O+H g irradiation (green curve). No
relevant variation from the reference of the Q@ peak is observed here.

6.4.2 Experiments at 45 K

So far we have presented and introduced the topic by using the results obtained at widely
studied low temperatures, 11 K in our case, where the expected reaction pathways are
very e cient. Figure 6.1B shows, by following the same protocol of Figure 6.1A, also
the results when the coronene surface is kept at 45 K during thé O+H g exposure. The
main point here is to check the surface temperature e ect on the quantity of G, magenta
curve, and H,O, red curve, formed. At temperatures higher than 35 K, molecular oxygen
does not accumulate on the surface anymore, since it instantaneously desorbs upon
sticking, limiting its contribution in forming O 3 and further water formation pathways
during the atomic exposure. The O+H reaction route is happening in both cases (at
11K and at 45 K), with an evident and obvious higher e ciency at 11 K. All those e ects
result in a noticeable higher quantity of water synthesized on the grain duringf O+H g
irradiation at 11 K. The predictable and almost negligible amount of O3 at 45 K is not
surprising, but the presence of formed water represents here the novelty of this study.
Thus, the fact that there is still a quanti able amount of H ,0O formed at 45 K stimulated
us in this study to search for higher temperatures at which the systenf O+H g-coronene
would still produce a reasonable amount of water.

6.4.3 Temperature e ect

Figure 6.2 displays the e ect of di erent f O+H g doses and the comparison for temper-
atures below and above the @ desorption (around 35 K). Every point on the graph
represents the integrated areas under each respective peak. The rst thing to notice
is a good proportionality found for the area of the H,O peaks with increasing doses
of fO+Hg at both 11 K and 45 K. The most e cient water formation pathway, in
terms of quantity recovered, is as expected happening at 11 K, with twice the e ciency
with respect to the same atomic irradiation method at 45 K. Again, at 11 K all the
water formation routes are open. The other remarkable point is the proportionality of
O3 formation at 11 K and the absence of variation detected at 45 K, underlining the
important role of the sticking of O, molecules on coronene for its formation and their
eventual hydrogenation to form water. Last but not least, this plot allows to choose
the best dose to use to further compare the behavior at di erent temperatures. The 30
minutes time-dose is found to be a reasonable reference in order to maximise the amount
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Figure 6.2: Area of O3 and H,O peaks after several irradiation times (0, 5, 15, 30
minutes) at 11 K and 45 K. The error bars are obtained from the linear regression.

of water recovered from the surface before having too many molecules covering it and
therefore reducing the e ect from the coronene surface itself. The max amount of water
formed on coronene is in fact obtained for the 30 minutes deposition at 11 K, but it
stays right below 1/2 ML, ensuring the exposure of the surface to the incoming beams.
To determine the area of 1 ML of water on coronene, we have deposited 30 ML of ice
Im on the coronene surface by using a separate channel and a micro-capillary array
doser, keeping the pressure of the main chamber always below 1®mbar, as reported
in previous work [Ferrero et al., 2022]. The value has been con rmed by comparing it to
the area of about 1 ML of water deposited on coronene, which di ers only 13%. The 30
minutes dose is afterwards also used to compare the e ect and the results from exposing
the surface with the O and H beams together, up to 100 K, alone or in sequence atsT
=25 K.

Figure 6.3 shows the integrated values of the water peaks detected after irradiating the
surface with the f O+H g beams during 30 minutes at temperatures up to 100 K. The
reported values are normalized with respect to the area of about 1 ML of water on
coronene. A stable and maximum situation is obtained for temperatures up to 25 K,
while the rst decrease of the plot is observed between 30 - 35 K. After 35 K the amount
of water formed with f O+H g irradiation already reaches a lower value that extends
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up to 85 K, with a non-negligible area still at 100 K, even if the calculated error bar
already falls in the noise level. The molecular oxygen from the undissociated beam,
and the newly formed one through recombination, can stick and remain on the surface
upon irradiation at temperatures lower than 35 K, as shown by the rst dashed vertical
line in Figure 6.3. During the f O+H g exposure, the presence of @therefore helps in
forming O3 and water, with the advantage of a longer residence time for the atoms at
those temperatures. This results in an overall more e cient water formation pathway
when the coronene is kept at temperatures up to 35 K: all the main 3 formation routes
are possible. Between 35 - 70 K there is no ©staying on the surface anymore, but the
formed O3 and the incoming oxygen and hydrogen atoms still provide an e cient water
formation on coronene. After 70 K, second dashed vertical line, @ desorbs and does
not contribute anymore to form water through its hydrogenation. This is when only
the O+H route is available and we observe the lowest water formation e ciency. The
bottom magenta line displayed in Figure 6.3 represents the integrated area of the water
peak when only H atoms are sent onto the surface, at 25 K. In this conditions the water
could only come from the beam, as a pollutant, or from the chamber and it is not due
to the f O+H g interaction. Its level is thus taken here as a minimum noise level. How-
ever, Figure 6.3 con rms the important role played by coronene and the temperature
dependence of the system under study in this paper, as well as the important role of the
O, and O3 molecules. The fact that water is formed at temperatures higher than 40
K proves the chemisorption of O atoms on coronene, since they would otherwise never
be present on the surface for further reactions at those temperatures. The chemically
adsorbed oxygen atoms therefore represent available reactants for the incoming O,,0
and H to undergo all the possible reactions.

6.4.4 Catalytic role of coronene

Our experimental results provide further evidence to the catalytic role of coronene in
these types of systems, already observed in previous work from our group for Jre-
combination [Grieco et al., 2023]. As already discussed above, coronene represents an
e cient catalytic surface for water formation up to 85 K when O and H atoms are sent
together. In this Section we study the role of the surface when the atomic beams are sent
separately or in sequence and we compare the di erent results in order to understand
the mechanisms involved.

Figure 6.4 reports the amount of G, O3, and H,O recovered after each irradiation. All of
them were obtained by exposing the surface to the hydrogen and oxygen beams together
(f O+H g), separately (f Og and f Hg) or in sequence {Og+ f Hg and f Hg+ f Og), at 25 K.
Since the experiments displayed in Figure 6.4 are carried out at a temperature below
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Figure 6.3: Area of H,O after 30" irradiation dose at 11, 25, 30, 35, 45, 85, 100 K
normalized to 1ML H,O Area on Coronene. The error bars represent the standard
error from standard deviation.

the desorption one of Q, the integrated area of the oxygen peak shown here represents
the actual molecules stuck on the surface, coming from the undissociated part of the
oxygen beam as well as the ones eventually formed by atomic recombination, that have
not resulted in water formation. The most H,O is detected for the f O+H g exposure
(black histogram) since, as expected, when hydrogen and oxygen atoms are sent together
towards coronene, they can promptly react and undergo all the possible pathways. In
this case hydrogen represents the limiting factor for a full water transformation, this is
why we still observe a certain amount of @ and Oz. One has also to consider that a part
of the newly formed water could have been returned to the gas-phase through chemical
desorption. In fact, by comparing the total oxygen recovered when only oxygen atoms
are sent to coronene {Og, blue histogram) with the black histogram (f O+H g exposure),
one can indeed conclude that more or less 1/3 of the overall oxygen is recovered when
O and H atoms are sent together and only 1/6 of it is observed in the form of water
desorbing from the surface.

The most O is instead detected when coronene is exposed to only oxygen atomisdg,
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blue histogram). In this case in fact, except for the hydrogen that can be found on the
surface or abstracted from it, oxygen atoms act alone in order to recombine (highest ©
value in Figure 6.4) or to form Oz with the available molecular one. As expected, this
is when the smallest amount of water is formed.

On the other hand, the experiment with only hydrogen atoms f Hg, magenta histogram)
irradiating the surface allows us to have an idea of the role of the surface in water forma-
tion and to be sure that the oxygen beam is the only source of O atoms in our system.
No O, or O3 are indeed recovered from the surface in these conditions, while there is a
certain amount of water desorbing even after this experiment. It has to be considered
that water could come from the beams as a pollutant or was already be present as a low
background in the chamber. For this reason, the amount of water desorbed when only
H atoms are sent onto the surface for 30 minutes at 25 K are taken in this study as the
noise level (see Figure 6.3). Finally, we have investigated the e ect of exposing coronene
to the hydrogen and oxygen beams in sequence, therefore separately, and not together.
In Figure 6.4 we show the two possible cases: when the 30 minutes exposure of oxygen
atoms happens before the hydrogen onef Og + fHg, red histogram) and the reverse
situation (f Hg+f Og, green histogram). In the rst case, red histogram, we observe the
second highest amount of water detected out of all the experiments, aftefO+Hg. A
temperature of 25 K ensure in fact a residence time long enough to stabilize an interac-
tion oxygen-coronene that will make the atoms available on the surface for the H atoms
that are only going to be sent afterwards. However, since the amount of water is lower
than the f O+H g experiment, we observe a larger amount of oxygen transformed into
0,. The max amount of Os is instead detected for the reverse experimentf Hg+ f Og,
green histogram. Contrary to what happens when oxygen atoms are sent before the H
ones, in this case 25 K is a temperature already too high for the hydrogen atoms to
reside on the surface long enough for the afterwards incoming O. For this experiment,
the amount of water observed can be explained similarly to thef Og case.

All the results shown in this paper are therefore of extreme importance for a better un-
derstanding of water formation on carbonaceous dust grains at temperature up to 85 K,
the role of a PAH-like surface at di erent temperatures and the e ect of the interaction

of oxygen and hydrogen atoms with coronene.

6.5 Discussion & astrophysical implications

The main results from this paper are 1) the formation of water on PAH-like carbona-
ceous surfaces for temperatures up to 85 K and 2) the catalytic role of coronene. To
understand the astrophysical importance of these ndings we have to focus on the ISM
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Figure 6.4: O, (from the irradiation, M32), O 3 (M48), H,O peaks Area afterf O+H g
30' irradiation at 25 K normalized to Area of H,O recovered from the 30'fO+H g
exposure.

phases where this could be relevant: the presence of PAHSs, the physical conditions, such
as the grains temperature, and the availability of O and H atoms.

6.5.1 Water formation at high temperatures

Talking about the high temperature formation of water on dust grains, one should zoom
into the ISM regions right before the onset of the ice mantle Ay = 0 - 3). In these
regions there are wide temperature ranges, with values higher than the ones so far be-
lieved to be important to form water on grains and for ice mantle formation [Corby
et al., 2018]. The temperature drops going towards denser regions reaching conditions
widely studied and accepted. At lower T, around 10 K, the catalytic e ect of the PAH
surface no longer plays an important role, since the grains start to be covered in layers
of ice. In these conditions new ice layers will form on top of the pre-existing ones and
we only observe a thickening of the ice mantle. The observed ice abundances are in fact
generally in agreement with considering water formed by atomic accretion from the gas
phase followed by grain surface chemistry. From observations, the ice mantle formation
threshold is believed to be aroundAy = 1:6, near local cloud edges, and this is actually
taken as the onset of rapid ice mantle growth after a rst monolayer has formed [Hol-
lenbach et al., 2009]. In fact, as stated in the introduction, in regions with Ay higher
than 2, therefore in the so-called transition zones, it is more di cult to assess whether
PAHSs exist, as small grains or incorporated in the already existing icy mantles [Boogert
et al., 2015]. The actual reasons behind the disappearence of typical PAHs features
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from detection represent the many question marks about this phenomenon. JWST will
for sure help in studying PAH abundances and give more details about di erent envi-
ronments. As said before, coronene is one of the most stable and least reactive PAH
species and, from the results obtained in this study, there is not enough evidence and
experimental accuracy to exactly asses the eventual O or H lockup in the grain, while
a prompt reaction to form H,O is surely favoured instead. Water could start covering
the surface at higher temperatures than considered before.

This process could have a relevant impact on the formation of other molecules whose
formation depends on icy grains and their surface temperature. Many molecular reac-
tions happening on dust grain icy mantles are indeed strongly temperature dependent,
even if the ice does not exactly participate as a reactant itself. The most interesting ice-
dependent species are complex organic molecules (COMs). They can form as by-products
from the ices or by combination of photo-processing with UV photons penetration. In
fact, some COMs are thought to be formed in translucent conditions where the built of
ice mantles combines with an external UV eld. In particular, some studies have focused
on how these reactions and conditions could be relevant for new surface/ice reactions
involving CH and CH». Other two COMs involved in energetic ice formation pathways
are formamide and acetaldehyde [Martn-Donenech et al., 2020, Whittet, 2010]. The
earlier set of ices on dust grains discussed in this paper would involve regions where
higher temperatures and the presence of UV photons could have an e ect on the forma-
tion of those molecules. Many aspects discussed in this section are summarized in Figure
6.5, that is here used to give a better idea of the regions in which the formation of water
up to 85 K can be relevant: Tgrain = 10 - 100 K, 0 < Ay < 3 and a certain availability

of oxygen and hydrogen atoms. Given the e ciency by which O atoms are transformed
into water as soon as H atoms appear, and in the presence of catalytic surfaces such
as PAHSs, these regions could represent a perfect candidate for such reaction. Fév,
lower than 1, where we actually haveTgin around 85 K, the eventually formed water is
immediately injected into the gas-phase, where it can undergo photodestruction o+

in Figure 6.5 represents indeed the ratio between its formation and photodestruction).
After the H/H » front, water molecules remaining on the surface could start covering the
grains by forming the very rst sub-layers before the ice mantle regime Ay = 3).

6.5.2 Hydrogenation and functionalisation of PAHs

In UV dominated zones (di use to translucent clouds, up to boundaries of dark clouds)
proof has been found of hydrogenated PAH [Le Page et al., 2003, 2009] and it would
be very useful to also assess the presence of functionalised PAH that would eventually
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lead to water formation. In interstellar regions with number density > 10%/ cm®, the
O+H route seems to be crucial, it is thus reasonable to consider these reactions as
relevant in environments where UV photons and atomic species dominate. In diuse
clouds and boundaries of the dense onedy < 3, the O+H reaction route may be
the only process for the e cient formation of the rst monolayer of water ice on bare
interstellar grains. Speci cally, in regions with low UV ux PAHs are expected to
be mainly neutral and possibly superhydrogenated [Allamandola et al., 1989, Le Page
et al., 2003]. Even hydrogen already adsorbed or present on the surface could contribute
in further hydrogenation of the newly formed OH. Rauls and Hornek r [2008] and
Jaganathan et al. [2022] report the possible oxygen-functionalisation of PAHs where a
subsequent H addition leads to the loss of the oxygen-functional groups via the formation
of small oxygen-containing species such as water. There is experimental evidence for
the enhanced reactivity of oxygen-functionalised PAHs as compared to their pristine
analogues. The fast reaction with incoming H atoms could represent an explanation for
why oxygen-functionalised PAHs are more elusive in the ISM gas-phase [Dulieu et al.,
2019]. If the temperature of the system is below the desorbing temperature of water
molecules in fact, the newly formed OH may remain on the grain forming ices.

PAHSs are assumed to have an important role in providing a catalytic surface for reactions
in the ISM, but they can also play a role in water formation and therefore ice formation
extending the range of temperatures than previously thought. If we take into account
the results of our work, for temperatures below 100 K this could already be happening.
Regions characterized byAy < 3, presence of atomic oxygen and hydrogen as well as
neutral or superhydrogenated PAHs with temperatures higher than few tens of K, could
therefore be the perfect conditions for the results presented in this paper, as summarized
in Figure 6.5. So far, the formation of water on a grain has been mainly considered at
temperatures around 10 K in cool or dense clouds, and there are studies about its
formation at max 40 K and 50 K. The results reported here extend the temperatures of
interest and could give new answers on why PAHs seem to disappear in transition zones
by considering higher temperatures for the formation of ice in the ISM. Also, this study
con rms and underlines the catalytic role of PAHs for the formation of small molecules
such as i and H,O. If water can be formed by hydrogen and oxygen addition on PAHSs,
eventual water-PAH complexes could also lead to C@ formation driven by UV photons,

as reported by the study of Potapov et al. [2019].

6.5.3 Evidence of grain growth

Another question of this project has been the possible lock up of oxygen into the car-
bonaceous grain, contributing to its growth and being a possible explanation for O
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Figure 6.5: Summary schematic illustration of the main H, and H,O formation pro-

cesses in PDRs including the results of this study. Updated version of the scheme taken

from Wakelam et al. [2017]. Refs.1: Fuente et al. [2019], Laas and Caselli [2019]. Ref.2:
Grieco et al. [2023].

depletion. In our conditions, by using coronene and at a given experimental accuracy,
it is not possible to easily assess whether oxygen is locked up in the surface. In order to
verify the eventual inclusion of oxygen atoms in the grain we checked the surface with
O, peaks after the irradiation, see green and magenta curves in Figure 6.1, and com-
pared them to a reference taken before any modi cation. In order to study a possible
evolution or morphological changes in the surface structure, we were aiming to see a
certain change in the shape and/or position of the peak, in addition to recovering M16
or M32 (respectively m/z=16 for O and m/z=32 O ;) together with the desorption of
coronene from the sample holder (at around 300 K, m/z=300). We have not observed
a release of atomic or molecular oxygen upon surface desorption. The,(peak method
has been used also to check the surface after irraditions up to 100 K, not only for 11 K
and 45 K as shown in Figure 6.1. In all cases, we only observe a trend for the peaks to
shift towards slightly higher temperature when less water is formed (higher temperature
for the f O+H g exposure). In addition, our experiments are hampered by an uncertain
input ux as suggested by the higher depositing ux for the O, peaks after irradiation.
Due to additional possible changes in the sticking coe cient and the complex surface
chemistry involved, it is not trivial to assess whether oxygen is locked up in the grain.
Given the strong catalytic role of PAHs and the fact that we do not see any M16 or M32
desorbing with coronene, it is possible that oxygen has not been locked up in our surface,



H,O formation on carbonaceous dust grains up to 85 K 94

therefore there is no direct sign of grain growth. Coronene-like structures could not be
adequate surfaces, but also the experimental study of the oxygen depletion problem and
grain growth seem to carry a very high complexity. Coronene corresponds in fact to
a very small and stable structure that does not easily accumulate atoms or molecules
inside. In our case, we observe how oxygen atoms suddenly react with the always avail-
able H atoms forming ices. There have been theoretical studies [Jones and Ysard, 2019]
about the role of atomic O interacting with a-CH mantles of grains aiming to explain the
disappearance of oxygen in the denser interstellar medium, or what they would de ne
an \anomalous incorporation of oxygen into dense ISM". These doubts arise since the
depletion of O, 40% of the overall abundance (170 - 255 ppm) [Whittet, 2010], is faster
than incorporation into dust. They suggest incorporation of O into a-CH mantles to
form epoxides and carbonyls. The latters functional groups can further react with CQ
and O to nally give cyclic organic carbonates. Organic carbonates would thus solve
the problem and explain the elemental abundances/depletions and ratios involved; they
should form in the translucent ISM before ice mantles [Jones and Ysard, 2019].

There are other relevant works trying to address the oxygen depletion problem. Poteet
et al. [2015] investigate if in the di use to dense cloud transition zone there is a chance
for the missing, or not easily observable, oxygen to be locked up in big O-bearing grains
opaque to IR radiation. Another option that they consider is the possibility of thick
H,O ice mantles being an important reservoir of oxygen as well. Those two solutions
could both lead to an explanation for the missing oxygen, but only future observation
can shed light on these hypotheses. Wang et al. [2015] consider instead the possibility
of having pm-sized HO ice grains formed in dense clouds, but still present in more
di use environments before being photo-sputtered. For both cases, the results of this
paper could support the hypothesis that forming water ice at warmer temperature could
either contribute to the formation of an eventual thicker ice mantle or to the existence of
pm-sized ice grains before very dense environments. In Figure 6.5, apart from stressing
on how the results of this paper could be crucial to understand the catalytic formation
of water on PAHs up to 85 K, we also point out that a possible inclusion of oxygen
atoms in the surface could happen only before the onset of the ice mantle. However, the
formation of ices at higher temperatures than previously thought can still be considered
to contribute to the explanation of O depletion. Also, in conditions where H atoms are
so abundant, their interaction with oxygen through a PAH surface would most probably
lead to water molecules formation rather than O atoms inclusion in the structure. Fi-
nally, we want also to acknowledge how the results provided in this paper could be used
to help answering new questions in other elds. The formation of water on carbonaceous
grains at temperature higher than so far demonstrated could help understanding why
H>O would remain frozen in relatively warm environments. This could give new insights
in the study of snowlines in protoplanetary disks [Tinacci et al., 2023].
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This study, even if it is not providing answers or supporting the organic carbonate route
in the case of coronene and possible grain growth, con rms the role of small and stable
PAH-like structures as catalysts. It opens the door to further experiments that should
focus on surfaces that could more easily incorporate atoms into their structures and
be more easly functionalised in order to assess grain growth and interstellar elemental
depletions.

6.6 Conclusions

In this paper we provide experimental evidence of water molecules forming on a PAH-
like surface by oxygen and hydrogen accretion from the gas-phase at temperatures up to
85 K. This study represents another crucial experimental proof of carbonaceous surfaces
being e cient catalysts.

In a previous study from our group we have reported new results that extend the H
formation temperatures up to 250 K, when coronene is used as surface. We demon-
strated the possibility of chemisorption as an explanation for the H atom recombination
on coronene at high temperatures [Grieco et al., 2023]. The same happens in this set of
experiments when O and H atoms are sent to the surface. All three mechanisms lead-
ing to water formation can happen in our conditions, with di erent probabilities and

e ciencies depending on the temperature at which the surface is kept. About 1/2 ML

of water is formed and detected for temperatures around 20 K with 30 minuted O+H g
coronene exposure, and a non-negligible amount above the noise level is still recovered
at 85 K. Thus, also in this case, as for H, coronene plays a very important catalytic
role.

Chemisorption is the phenomenon that would explain why O and H are still on the
surface and react at temperatures above 40 K. Temperatures at which atoms start to
desorb are usually very low if only physical bonds are involved while here we observe the
resilience of the atoms staying on the surface at higher temperature to further react or
recombine. This is a typical example of chemisorption where the stabilization happens
through actual chemical bonds that need higher energies/temperatures to be broken and
result in the desorption of the species. This naturally has a direct e ect on the residence
time and it gives more chances to go through other processes while being on the surface.
In our system O atoms can chemisorb on the surface forming ©and Oz, as well as OH
and nally H ,0 as soon as H atoms appear.

In our conditions we indeed observe how water formation is extremely favoured, but we
are not able to precisely asses an eventual atomic lockup in the surface resulting in grain
growth, functionalization or morphological change by only using a reference @ peak as
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a probe.

Here we also want to mention the importance for these results to be taken into account
for future and/or ongoing JWST projects in characterizing PAHs to be eventually com-
bined with H,O observations in order to study their potential impact on its formation

at warm temperatures. There are already some rst JWST results by the PHANGS
group studying the changes, over three nearby galaxies, of the average PAH sizes as well
as their ionization state. They report regions with hotter PAHs and a more important
heating/change in PAH size correlation with higher molecular gas content [Chastenet
et al., 2023]. Future studies on PAH characterization by mapping their sizes, tempera-
ture and ionization state in di erent regions could help to further understand their role

for physical-chemical processes happening on dust grains and eventually support the
warm temperature formation of H,O on those catalytic surfaces.

Considering the stability of coronene and the ability to stabilize species to further mak-
ing them react, we can conclude on its incredible catalytic role and extend the range of
temperatures for the formation of water. We stress that also the potential formation of
other molecules on carbonaceous grain surfaces at high temperatures should be consid-
ered in the future.



Chapter 7

Introduction to codes In
astrochemistry

Several methods are nowadays used to study astrochemistry in terms of dust grains inter-
acting with gas-phase elements. At the very beginning, in the development of gas-grain
models, gas-phase models were implemented to interpret surface reactions and the grain
surface chemistry was treated almost as gas-phase chemistry. The main problems with
this approach were found in the regime where the surface abundance is low, the so-called
\accretion limit". The importance of dust grains for the formation of relevant molecules
such as B and H,O had been understood already in 1949 [van de Hulst, 1949], when
also the role of grain surface chemistry, to study the processes happening in the ISM,
became more popular. Since then, several methods have been developed to reproduce
at best all the astrochemical conditions. Di erent techniques have been applied to sur-
face astrochemistry, for instance by trying to start from new experimental information.
Experiments are, in fact, crucial to test the physical and chemical processes happening
in the ISM, but models are needed to actually understand the relevant astrochemical
timescales. Codes represent the bridge between experiments and observations and they
are very important to understand how experimental results can be applied to the ob-
served processes in a MC. The main di erences between the several available gas-grain
models relate to the computational cost/time needed to have enough details to be able
to study the physical and the chemical evolution of the systems in real time. In fact, all
these numerical models seem to be able to answer and solve important aspects, but also
to have several limitations [Cuppen et al., 2013].

Gas-grain codes can use several approaches to model the chemistry and the physics in-
volved in the interaction of dust surfaces with gas-phase species in di erent ISM regions.
There are some codes that focus on the chemistry by using binding energies and reaction
rates (rate equations and molecular dynamics methods, with di erent timescales), while
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others provide a more detailed description of the gain surface, being able to account for
its inhomogeneities as well. For example, Monte Carlo simulations represent stochastic
methods to either study the single interaction of a species with each surface binding site,
even at long timescales (i.e. random-walk microscopic MC, see Cuppen et al. [2009]), or
they can provide results to describe an averaged overall behavior of the system (macro-
scopic MC) [Cuppen and Herbst, 2007].

Lastly, we introduce photo-ionisation and dissociation models that are capable of mod-
eling the observed emission (continuum and lines) from the ionised gas all the way to
the PDRs and dense gas. Given the relevance that PDRs assume in this Thesis, it is
important to mention the eld of PDR-modelling and the main codes available. PDR
modelling started in the 70s [Hollenbach et al., 1971], when the rst codes implemented
the study of the H to H transition and the molecularization of C* into CO. In general,
PDR models try to address the chemical, physical and thermal structure of a cloud close
to a radiation eld, source of FUV ionizing photons with a variety of assumptions and
simpli cations [Rellig et al., 2007].

An overview of the main characteristics of the available codes and a more detailed de-
scription of the ones chosen for the projects reported in Chapter 8 and 9 are given
below.

7.1 PDR codes

PDRs codes are characterized by a close interaction between chemical-thermal balance
and radiative transfer. Typical PDR codes solve the local chemistry to determine local
densities, energies and physical properties like temperatures, pressures, level populations.
Every code includes di erent assumptions and approximations, but in general the main
aspects are the geometry of the cloud interacting with the RF, the description of the
chemistry involved, the type of RF, the treatment of dust grains and the possibility to
study the gas-phase through its cooling and/or heating functions. Every model also
shows limitations in terms of ranges of input parameters that can be used, a ecting the
di erent possible model outputs and numerical treatments.

The individual strengths and weaknesses of each available PDR code are summarized
on the website: https://lecture.phl.uni-koeln.de/pdr-comparison [Rellig et al., 2007].

In this Thesis, and speci cally in Chapter 8, we have used theCloudy code, version c23,
to tackle the theoretical follow-up of Chapter 5 and to study the possible implications
of the high temperature formation of H, on PAHSs for typical PDR pictures.

Cloudy is an ab initio spectral synthesis code for astrophysical plasmas ranging from far
to to Local Thermodynamic Equilibrium (LTE) and Strict Thermodynamic Equilibrium
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(STE) [Chatzikos et al., 2023]. A more detailed description of Cloudy, to understand
the methods reported in Chapter 8, is given in the following section.

7.1.1 Cloudy code brief description

Cloudy is a numerical photoionisation code written in Fortran and rst released in
1978 to simulate plasmas and their spectraCloudy provides an accurate description of
chemical and physical processes at atomic and molecular levels. By assuming that the
energy is conserved and all the atomic processes have reached steady state, it calculates
the ionization state of the gas-phase species, the related chemistry (based on UMIST
network database [McElroy et al., 2013]), and gas kinetic temperatures. In our case, we
were interested in the emission level populations of the studied systems therefore they
have been modelled through theCloudy cooling functions. The code also solves grain
physics and it calculates the observed dust emission spectrumCloudy divides a cloud
into concentric zones of almost constant physical conditions. Usually, the code computes
100 to 200 zones in an optically thick model of an HIl region. Thus, this code predicts
the thermal, ionization, and chemical structure of a cloud within certain limits, and
predicts its observed spectrum in a self-consistent way. This is done by simultaneously
solving the statistical and thermal equilibrium equations. The main code boundaries
concern the kinetic gas temperatures (between 2.7 and 18 K), low density limits and
the radiation eld (30 meV to 200 MeV). In order to obtain those results, one needs
to specify the shape and intensity of the external radiation eld reaching a cloud, the
chemical composition and grain content of the gas, and the geometry of the interacting
gas. [Ferland et al., 1998, 2017]

" Radiation Fields
A de ned central object emits radiation that de nes the incident RF illuminating
the cloud. The incident RF therefore describes the very energy source of the
system. While the radiation travels through the cloud, dust extinction diminishes
the incident RF de ning the net emission that emerges from the shielded side of
the cloud. The Transmitted Field thus is the sum of the attenuated RF and the
Di use one. The Di use Radiation Field represents the emission of gas and grains
within the interacting cloud. Finally, there is a Re ected Radiation Field which is
the emission by the illuminated side of the cloud facing the RF source. It is the
sum of the emission from the interacting cloud (Di use) and the backscattering of
the incident RF. A visual scheme is given in Figure 7.1.

Shape and Intensity of the RF
Both the shape and intensity of the external Radiation Field ionizing the cloud
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Figure 7.1: The di erent Radiation Fields considered in Cloudy.

need to be speci ed. The shape of the RF is de ned in terms of spectral energy dis-
tribution (SED), but it has to be within the limits reported above. A fundamental
form to specify the RF is for example the blackbody emission. The intensity or
luminosity of the external Radiation Field can be given either as the ux striking

a unit surface area of cloud or as luminosity radiated by the central object. The
intensity and luminosity de ne the strength of the radiation eld.

Chemical and grain composition

Cloudy considers the lightest 30 elements of the ISM. Grains are included if spec-
ied and they can be described in di erent ways (e.g. PAHs and their sizes in
terms of number of C atoms). The code treats all the photo-ionization states that
are included as ionization mechanisms, from valence to inner molecular and atomic
shells. The chemistry includes many molecules and it goes to fully molecular limits
(Hin Hy and C or O in CO). The default composition is solar but several other
standard mixtures can be speci ed.

Geometry

In the simplest case the geometry is spherical, or plane parallel if the inner radius
is much larger than the thickness of the cloud. The output at the end of the
calculation underlines whether the geometry was plane parallel (the ratio of the
thickness to the inner radius, ( r=rg < 0:1), a thick shell ( r=rg < 3), or spherical
( r=rg > 3). A schematic picture is presented in Figure 7.2.
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Figure 7.2: Two limiting cases of geometries can be assumed. The star is the source
of ionizing radiation and the shaded area represents the cloud. An open geometry is
the default, and a closed geometry will be computed if the sphere command is entered.
The radius is the distance from the center of symmetry, usually the center of the central
object, to a given point. The depth is the distance between the illuminated face of the
cloud and a point within the cloud. The inner radius is referred to as 1, the depth is

r, and the current radius is r. The depth or radius for a zone is the distance to the

center of the zone.

7.2 Gas-grain chemistry codes

Given the importance of dust grains in astrochemistry for observed extinction of the
starlight, shielding and being responsible for molecular complexity, it has been impor-
tant to develop models accounting for both gas and grain chemistry and for the de-
scription of their interface. The usual approaches to combine these two phases involve
various numerical methods with di erent degrees of complexity: molecular dynamics,
rate equations, the master equation approach, macroscopic KMC (Kinetic Monte Carlo)
method and the microscopic one. [Ruaud et al., 2016]

As already mentioned, each comes with a di erent level of chemical and physical accu-
racy, limitations, computational cost.

In particular, molecular dynamics helps in a good description of the system and molecules
involved in terms of orientation and location of the species, but the simulated time is so
small that it stays within the picosecond and the nanosecond frame.

Rate equations can cover the lifetime of a molecular cloud, with a moderate computa-
tional cost, but with weak description of the molecules. The species are only treated in
terms of numbers and their exact position is not accessible. Solving these equations for
a system is of extreme importance though, because they can give constants and insights
about all the processes happening on the surface (adsorption, desorption, di usion, re-
action rates). Finally, KMC seems to lie in between, even if several versions of these
models can be found, all with di erent levels of di culties in terms of computations
and applications. In particular, the KMC methods had been introduced to solve the
problem of the accretion limit, by solving the master equations they can simulate long
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timescales. Master equations provide a stochastic description of the system, with the
probability of having a number species in certain positions on the surface. If the number
of particles expands, either by a change in physical conditions or by increasing the num-
ber of considered species in the model, the number of equations becomes exponentially
higher. Already this can be seen as a limitation, since atomic coordinates restrictions
have to be put, and the physical interactions become not so realistic anymore. Moreover,
traditional KMC models work by de ning a table of events that, even if it is di cult but
possible to be de ned in for crystalline grains, it becomes impossible for amorphous ones,
that is most of the time the case for ISM grains and ices. To overcome these problems,
new directions have been undertaken, all of them requiring the use of other methods,
together with KMC, or a combination of them, resulting in a more complicated method
and more computational costs [Cuppen and Herbst, 2007]. The model that has been
taken into account for the development of Chapter 9 is theNautilus code, developed
at Laboratoire d'Astrophysique de Bordeaux. In particular, its new 3-phase version is
able to account for gas, grain surface and grain mantle in separate ways in order to bet-
ter describe the dynamics of a system by using di erential equations. A more detailed
description is given in the following section.

7.2.1 Nautilus code brief description

The model here described idNautilus and takes the name from the one developed by
Hasegawa et al. [1992], a 2-phase model one (gas and overall grain description). A 3-
phase code that distinguishes between grain surface and mantle has been introduced
a year after by Hasegawa and Herbst [1993]. A limitation still present in that version
was the inert mantle description, that has been improved in the current version in a
chemically active participation of the under-surface mantle since photodissociation, dif-
fusion and recombination should be at work in interstellar grain mantles. Bulk di usion

is driven by the di usion of water molecules in the ice, both accretion and desorption
only occur between the gas and the outer layers and chemical reactions can occur in
the mantle, with a smaller di usion rate of the species compared to the surface [Ruaud
et al., 2016].

The 3-phaseNautilus code has been developed at the Laboratoire d'astrophysique de
Bordeaux by a group of researchers led by Valentine Wakelam, from the original code
of Hasegawa et al. [1992]. The code uses di erential equations to describe the gas, the
surface and the mantle of the grains. The equations contain reaction rate coe cients,
accretion, ionisation and dissociation (cosmic rays, UV) rates. The model describes the
mantle-surface species swap (it depends on the thermal hopping), di usion and desorp-
tion (thermal or not). More details can be found in Ruaud et al. [2016]. The surface
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Figure 7.3: Schematic picture of the 3-phase (gas, J, K)Nautilus system with the
main processes involving dust grains and their interaction with the gas-phase.

reactions are considered mainly through a Langmuir-Hinshelwood mechanism so that
two gas-phase species adsorb on the surface to further meet and eventually react, dif-
fuse and desorb. This mechanism is the most e ective for the low di usion energy to
binding energy ratio used in the code (0.4), except for H for which a specic value is
used instead. One has to take into account also the limitations, since the comparison of
the computed abundances in dark clouds with some observations has shown less good
agreement when compared to the 2-phase model because of large accretion on the grain.
This strongly constrains the chemical-age of these clouds to be of the order of a few 310
years and strongly rejects the largest ages of few £0years for dark cloud applications
[Ruaud et al., 2016]. The limitations and comparisons between the 2- and 3-phase model
in the case of translucent clouds has not yet been reported in literature.

A simple study trying to reproduce a typical TC environment is given in the Result and
Discussion Section (9.3) of this Chapter. The documentation given by theNautilus
developers helps using the code and easily tuning some parameters in order to better
describe the purposes of the research as well as to familiarize with the very useful tools
provided. Figure 7.3 shows a scheme of the 3-phad¢autilus described in this Section,

to give a visual idea of the di erent structures, layers and processes used in the code.






Chapter 8

Modelling the e ect of high
temperature H - formation on the
location of the DF in a classical
PDR picture with  Cloudy

This Chapter discusses the results of a collaboration started right after the publication
of the paper reported in Chapter 5 [Grieco et al., 2023] with the second author of that
paper. After obtaining such novel results, the rst idea was to rapidly check if the
e cient high temperature formation of H , on coronene could have a direct e ect on
the typical PDR picture, speci cally on the location of its DF. Thus, the aim of this
study is to nd a way to implement the experimental data into a photo-ionisation and
-dissociation code,Cloudy in our case, to investigate this question.

The undersigned PhD student has performed the tting of the experimental results of
Chapter 5 and their implementation in Cloudy, the data analysis and interpretation.
The idea behind studying the e ect of the high T H, formation on the location of
the dissociation front (DF) in PDRs has been rstly proposed by Dr. Patrice Theuk
(collaborator of the project and second author of the published paper presented in
Chapter 5). The discussion and the astrophysical implications of the obtained results
have been discussed together with Prof. llse De Looze, Prof. Frarcois Dulieu and Dr.
Patrice Theuk.
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8.1 Introduction

A general description of PDRs and their physical-chemical structure has been given
in Section 1.2.4, but here the focus will be on the molecular hydrogen formation in
PDRs and how the experimental results presented in Chapter 5 might have an e ect
on the location of the Dissociation Fronts. PDRs are mainly neutral regions of the
ISM and their conditions in terms of physics and chemistry depend on the radiation
elds that illuminate the PDR. In the PDR, we observe the transition of gas from
atomic to molecular. Since B is the main and most abundant molecule of the Universe,
it is of particular importance trying to understand its formation and distribution in
PDRs. The main formation mechanism of molecular hydrogen is considered to take
place on grain surfaces. Depending on the surface temperature ,Htan form through two
di erent reactions. The Langmuir-Hinshelwood mechanism describes two physisorbed
H atoms migrating on a dust grain surface that react and desorb as bkt the Eley-
Rideal mechanism concerns a gas phase hydrogen atom reacting with a chemisorbed
one forming a molecule. Based on the results of high temperature formation of H
on coronene presented in Chapter 5, Eley-Rideal is the most interesting mechanism,
being e ective at high dust temperatures at stake in PDRs. As already discussed in
Chapter 5, H, formation rates on PAHs were previously thought to reduce for grain
temperatures above 50 K with H atom recombination being highly e cient only below
20 K and the impossibility for molecular hydrogen to form above 100 K. In particular,
Habart et al. [2004] had set upper limits for the gas and grain temperatures that would
still allow a certain and e cient H  formation rate, with T gas around 300 K and Tgrain

of about 30 K (considering the grain at thermal equilibrium with the radiation eld).
The PDR conditions are totally controlled by the local gas density and the intensity
of the RF. The dust grains, heated by the UV and optical photons of the RF, always
have a temperature lower than the gas T and Tyt decreases going towards the inner
parts of the cloud. Since the formation of molecular hydrogen strongly depends on the
grain temperature which depends on the RF, one has to consider that the physical and
the chemical processes vary with the depth of the cloudAy. The UV eld is indeed
progressively attenuated by dust. As already presented in Section 1.2.4, the resulting
PDR structure is composed of di erent layers: a hot atoms region before the H/H
transition (DF front), a molecular layer still warm between the H/H , transition and the
C* IC/CO transition, and the typical cold and dark molecular cloud afterwards. Even

if the behavior and the general description of the gas temperature inside a PDR is well
understood, it is not the same for the surface temperature of dust grains, especially for
small grains and PAHs. They are thought to have temperature uctuations showing
spikes of a few 100 K, due to the presence of UV photons in certain regions [Desert
et al., 1986, Draine and Li, 2001]. The temperatures of the grains can determine and
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change the formation rate of H in the PDR and, therefore, shift the typical depth at
which we observe the DF. The position of the DF will have important implications in
terms of chemical diversity and physical conditions at a given cloud depthAy . In this
Chapter, we aim to implement our experimental results on highly e cient H » formation
on PAHs at high T in a PDR model to study the implications. Also, H, formation
on PAHs is an important contributor to the total H , formation rate and one has to
consider that the emission of PAHs coincides with the presence of Hmolecules [Van
De Putte et al., 2024]. As already mentioned in Section 1.3.2.1, JWST is providing new
insights with regards to the transitions between the ionization and dissociation H fronts
of PDRs and the community is now able to spatially resolve the high T rotationally
and vibrationally excited H» lines. Since the B detections in the NIR/MIR with Webb
trace warm H, gas, these new data provide an ideal test ground for our experimental
model of high T H, formation of dust grain surfaces. So far, PDR models have used
the typical temperatures for H, formation on grains. Here we present the attempt to
implement a new formation rate for molecular hydrogen resulting from the tting of the
experimental results of Chapter 5. We usedCloudy to predict PDR structures, namely
the location of DF and IF, the emission of the main species involved (H, C, O), and the
main Hy emission lines, exploring several gas densities and ionization parameters.
[Wakelam et al., 2017, Castellanos et al., 2018, Hollenbach and Tielens, 1999, Habart
et al., 2003, Cazaux et al., 2016]

8.2 Methods

In this study, we have used the ¢23.00 version of th€loudy code described in section
7.1.1. The rst way to approach the goal of this study has been to obtain a reference
and classical PDR picture by using Cloudy with a set of standard inputs. To have
an overall description and for the aim of this work, it was important to focus on the
hydrogen IF and DF together with the transitions associated to carbon (C"/C/CO).
Table 8.1 displays the very rst important parameters chosen to run Cloudy. The input
parameters have been selected from standard sets provided I@oudy in order to obtain
a result that has physical meaning when compared to literature [Wol re et al., 2022],
mostly in terms of positions of the IF and the DF. The main scope is to provide a side-
by-side parallelism between the standard results and the outcomes from forcing the H
formation on grain with the coe cients obtained from the experimental data of Chapter
5.

The ionization parameter is the dimensionless ratio of hydrogen-ionizing photon to total-
hydrogen densities and it is taken in its log value. Its precise physical expression is
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Table 8.1: First inputs used in Cloudy to test the methodology and obtain the refer-
ence PDR structure of Figure 8.1.
INPUTS NAME VALUE/DEFINITION

Shape and Intensity of the RF Table star BCO3

Abundances of the interacting gas/cloud Table 8.2
lonization parameter (U) -1

nu (gas density) 1000 cm @

Geometry of the interacting gas/cloud Spherical

Grains type ISM grains + PAHSs (size distribution from Abel et al. [2008])
Chemistry Full H, chemistry database
Ay (stopping parameter) 10
Table 8.2: Input fractional abundances wrt H for all the species included in the
gas/cloud interacting with the RF in Cloudy.
Hydrogen | 1.00 Sodium 1.62E-06 | Scandium 1.45E-09
Helium 9.77E-02| Magnesium 3.63E-05| Titanium 8.51E-08
Lithium 1.90E-09| Aluminium 2.69E-06 | Vanadium 7.76E-09
Berylium 2.09E-11| Silicon 3.16E-05| Chromium 4.17E-07
Boron 6.41E-10| Phosphorus | 2.57E-07| Manganese | 2.63E-07
Carbon 2.65E-04| Sulphur 1.32E-05| Iron 3.31E-05
Nitrogen 6.17E-05| Chlorine 1.78E-07 | Cobalt 8.51E-08
Oxygen 5.75E-04 | Argon 2.51E-06| Nickel 1.58E-06
Fluor 2.75E-08| Potassium 1.10E-07 | Copper 1.51E-08
Neon 1.23E-04 | Calcium 2.09E-06| Zinc 3.63E-08
reported below:
_ Q(H) (H).
" 4ron(H)c  n(H)c (8.1)

where rp is the separation [cm] between the center of the source of ionizing radiation and
the illuminated face of the cloud, n(H) [cm 3] is the total hydrogen density (ionized,
neutral, and molecular), c is the speed of light, Q(H) [s 1] is the number of hydrogen-
ionizing photons emitted by the central object, and ( H) [cm 2 s 1] is the surface ux
of ionizing photons.

With these rst parameters, we obtained a full description of the species for visual
extinction up to 10 and we were therefore able to have a rst idea of the hydrogen
and carbon atomic to molecular transitions. In Figure 8.1 the PDR structure of this
rst standard model is shown with the lonization and Dissociation Fronts, where the
abundances of the main species such as*KHH, H,, C* and CO are plotted versus the
visual extinction. We obtain a typical PDR picture comparable to a general description,
as shown in Figures 1.2 and 1.4 (Chapter 1). Once we had a reference PDR scheme
from our inputs, it was time to start studying the implementation of the experimental
ndings of Chapter 5 in the code. Cloudy treats the molecular hydrogen formation on
grains by using a general modi ed Arrhenius equation, usually used in all astrochemistry
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Figure 8.1: Reference PDR picture with IF and DF, including H*, H, H,, C* and
CO, from the inputs of Table 8.1.

codes. As reported by Meisner et al. [2019], the equation is the following:

k(T) = L exp

300K 8.2)

T
Here, the parameters , and are obtained by tting to either experimental measure-
ments or from accurate computations, thus , and are purely tting parameters. In
Cloudy, the line regarding the H, formation on grains is described as only dependent
on the parameter, thus this coe cient had been selected as the main character of this
study. Before going to the main core of the methodology, it was very relevant to have a
rst idea of the degree of dependence that the DF has on . In Figure 8.2, we show an
example for increasing values, from the reference one of 1 up to 1000. One can notice
that the DF, i.e. the transition from atomic to molecular hydrogen, shifts towards lower
values of Ay. This suggested that the e ciency of H, formation can have an impact on
the location of the DF.

In order to express the experimental results reported in Figure 5.3 (Chapter 5) for the D
recombination rate on coronene in terms of the modi ed Arrhenius equation presented
above, we proceeded with an analytical tting of the data. Figure 8.3 shows the out-
come of a regression that approximates the experimental data to a modi ed Arrhenius
equation. The resulting equation is the following:
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