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1
I N TRODUCT ION

1.1 interstellar molecules and their cosmochemical evolution

Everything in our daily life, such as the Sun we see, the soil we stand on, the water we drink,
and even the molecules we are made of, all of these have had their origin in the interstellar
medium (ISM). This highly dilute environment, spaced between stars, consists of ∼99% gas
and 1% dust by mass (∼10−12 by number with respect to the element hydrogen). The gas
composes ∼89% atomic hydrogen, ∼9% helium, and ∼2% heavier elements. The dust that is
typically submicron in size (∼ 0.1 μm) comprises iron− or magnesium−bearing silicates, and
carbonaceous material (Draine & Lee 1984; Henning & Mutschke 1997). The gas and dust are
not homogeneously distributed in space, but rather concentrated in certain regions, known
as interstellar clouds. According to the different physical and chemical conditions (density,
temperature, visual extinction (AV ), and chemical composition), interstellar clouds can be
categorized following three different stages; (1) diffuse clouds, (2) translucent clouds, and (3)
dense dark clouds.

In diffuse clouds, the density and temperature are extremely low, i.e., nH ≈102 cm−3 and
T<80 K, which allows optical and UV-photons from the interstellar radiation field (ISRF), to
fully penetrate the cloud, and to intensively irradiate the gas and the dust grains (AV�1).
The energetic UV-photons dissociate and ionize most molecules into atomic and ionic form.
Diffuse clouds are the first stage in complex process ultimately resulting in the formation
of new stars and planets. A disturbance, such as a supernova shock, turbulence, cloud-cloud
collisions, winds from old stars, outflows from young stars, and on larger galaxy scales spiral
density waves, can compress a diffuse cloud. The resulting translucent clouds have a some-
what higher density of ∼103 cm−3. In this stage, the optical and UV-photons are partially
shielded by dust grains (1�AV�5). Dust temperatures drop to ∼15 K. Ionized carbon atoms
transfer into their neutral form C and CO molecules in the gas phase (van Dishoeck & Black
1989). When AV�3, H2O ice starts forming through the sequential hydrogenation of atomic
and molecular oxygen on grain surfaces (Whittet et al. 1988; Boogert et al. 2015; Wakelam et al.
2017).

Further contraction leads to dark clouds with densities of ∼104−5 cm−3 (AV�10), and the
temperature decreases to ∼10 K. In this stage, known as the prestellar core phase, most of the
gaseous species are in molecular form and they accrete onto the pre-formed H2O ice mantle
at 10 K, with the exception of H2 and He. This cloud can be maintained for some time by the
combination of thermal, turbulent and magnetic pressure, but eventually gravity takes over
and the cloud collapses. Initially the cloud stays very cold because the molecules radiate the
gravitational energy away, but ultimately the innermost region becomes opaque and warm,
i.e., no radiative energy escapes. The core then becomes a protostar in which nucleosynthesis
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does not yet happen, but which does emit a continuum of infrared radiation. The entire col-
lapsing object is called a Young Stellar Object (YSO). Due to the conservation of the angular
momentum, the rotating spheres of gas and dust can lead to the formation of a protoplane-
tary disk with bipolar outflows perpendicular to the disk (Shu et al. 1991). The dust and gas
in the disk plane will eventually evolve in the formation of planets, their moons and other
celestial bodies. When the temperature of the protostar is sufficiently high to initiate nuclear
fusion, the new star, ‘sun’, is born. Depending on its mass, a star can live several billion years.
Once it starts running out of fusion material, a number of processes are triggered, resulting
in the collapse of the inner core, while the outer layer regions will be expelled as blown away,
resulting in a planetary nebula. This fertilizes the ISM with chemically enriched material to
be included in a next generation of stars and planets.

1.2 interstellar molecules

To date (Spring 2018), astronomical observations have resulted in the identification of some
200 different molecular species in the ISM or circumstellar shells, not including isotopologues
and isotopomers, (CDMS:https://www.astro.uni-koeln.de/cdms/molecules), mainly by rota-
tional (radio-astronomy), but also vibrational (infrared), and electronic (UV-VIS) spectroscopy.
The list with interstellar molecules comprises various types of species, such as inorganics (e.g.,
H2O, CO, CO2, and NH3), organics (e.g., CH4, CH3OH, and H2CO), anions (e.g., C2nH

−; n =
2− 4), cations (e.g., H+

3 , HCO+, N2H
+), unsaturated hydrocarbon chain radicals (e.g., CnH;

n = 2− 8), fullerenes (e.g., C60, C70, and C+
60), and aromatic hydrocarbons (e.g., c-C6H5CN).

Molecular hydrogen, H2 is the most abundant molecule, at four orders of magnitude higher
concentration than the second most abundant species CO. Over the last decades also much
has been understood of the involved formation mechanisms that range from reactions in the
gas-phase and solid state to gas-grain surface interactions (Herbst & Klemperer 1973; Tielens
& Hagen 1982; Garrod et al. 2009; Wakelam et al. 2010; Aikawa et al. 2012; Taquet et al. 2012;
Herbst & van Dishoeck 2009; Walsh et al. 2014a,b; Ruaud et al. 2016).

In interstellar clouds, ion-molecule reactions dominate the gas-phase chemistry, and suc-
cessfully explain the observed abundances of simple hydrocarbons, protonated species, un-
saturated species, as well as the relatively high fraction of deuterated species (Herbst 1997;
Geballe & Oka 1996; Wootten 1987; Millar et al. 1989). The key processes in the gas-phase are
through reactions between ionized species (e.g., H+

2 produced by cosmic rays interacting with
the gas) and neutral molecules (e.g., H2) to form ions (e.g., H+

3 ). H+
3 can subsequently react

with another species "X" resulting in XH+ through proton transfer. CO+, via C++OH, meets
H2 producing HCO+, which further reacts with an electron giving neutral CO through dis-
sociative recombination. Gas-phase reactions cannot reproduce all the observed abundances,
such as the most abundant molecule H2, fully saturated molecules (e.g., H2O, NH3, CH3OH),
lager complex organics, or species only produced in acid-base reactions (e.g., NH+

4 ). For this,
grain surface reactions and gas-grain interactions are required. The underlying solid-state for-
mation mechanisms have been extensively studied, theoretically, in laboratory studies and
through astrochemical models (Tielens & Hagen 1982; D’Hendecourt et al. 1985; Tielens &
Allamandola 1987; Charnley et al. 2001; Garrod et al. 2008; Cuppen et al. 2009; Vasyunin &
Herbst 2013a; Linnartz et al. 2015; Öberg 2016).
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1.2.1 Formation of icy dust grains

At low temperatures and sufficiently high densities, the submicron−sized dust grains form a
perfect place for gaseous species to accrete, meet, react, and eventually desorb. In translucent
and dense dark clouds, the optical and UV extinction is relatively high, and temperature val-
ues drop down to 10− 15 K. In this temperature regime, atoms and molecules start accreting
forming a so-called "ice mantle" (the term ice refers to any species frozen in the solid state).
The interstellar ice mantle acts as a molecule reservoir, where the chance of particles to in-
teract is much larger than in the gas phase. Upon reaction, excess energy is released to the
surrounding ice, offering a third body (and chemical catalyst) to stabilize new molecules that
are formed through exothermic reactions. In dense clouds, the flux of molecular and atomic
hydrogen arriving on a dust grain is expected to be ∼108 molecules cm−2 s−1, and ∼104

atoms cm−2 s−1, respectively. The accretion of H2 and H-atoms on a single grain (radius
∼0.1 μm) happens about once every 10 seconds, and once a day, respectively. At the low H-
atom flux that is realized at 10K, an H-atom can visit all sites on the grain surface (coverage of
106 sites) many times before desorption, or react with another reactant forming new species
before the next H-atom impacts. The layers with deposited and produced molecules can be
as thick as 0.01 μm (Boogert et al. 2015).

1.2.2 Interstellar ice composition

Within the solid state, molecules cannot freely rotate. As a consequence, interstellar ices are
usually studied through the infrared (IR) absorption spectrum, monitoring typical vibrational
modes. This is realized by observing embedded young stellar objects, or along line of sight to
a background star. In the IR, ground based observations are strongly hindered by the Earth’s
atmosphere, due to polluting H2O and CO2 absorptions. Consequently, air-borne and space
observations have been used to derive interstellar ice compositions, their chemical environ-
ment, abundances, and temperature history (van Dishoeck & Blake 1998). The Infrared Space
Observatory (ISO, see Whittet et al. 1996; Gibb et al. 2000, 2004) and the Spitzer Space Tele-
scope (SST, see Boogert et al. 2008; Pontoppidan et al. 2008; Bottinelli et al. 2010; Öberg et al.
2011b) in the range of 2.4− 200, and 5− 35 μm, respectively, revealed many astonishing ice
features which are classified into three different groups; (1) H2O, CO, CO2, CH3OH, NH3,
and CH4 for secure identification, (2) H2CO, OCN−, and OCS for likely identification, and
(3) HCOOH, CH3CH2OH, CH3CHO, HCOO−, SO2, and NH+

4 for possible identification (see
review Boogert et al. 2015).

A typical IR spectrum in the range of 2 − 80 μm for a massive YSO is shown in Figure
1.1. An interpretation of these astronomical features in terms of molecule identification and
environmental conditions, such as ice mixing ratios and ice temperature, is possible because
of systematic laboratory investigations of IR spectra of a large number of pure and mixed ices
recorded for different temperature settings and ice preparations (Tielens et al. 1991; Hudgins
et al. 1993; Gerakines et al. 1995; Baratta & Palumbo 1998; Cuppen et al. 2011; Boogert et al. 2015;
Terwisscha van Scheltinga et al. 2017). For example, a comparison between observational (ESO
Very Large Telescope and Keck telescope) and laboratory results shows that interstellar ices
are partially layered, starting with a H2O-rich layer and a CO-rich layer coated on top of this
H2O layer (Tielens et al. 1991; Pontoppidan et al. 2003). As solid-state formation schemes are
linked to specific molecules, this also means that some species will be more abundant in the
water rich and other species in the CO rich environments. This spectroscopic confirmation is
fully consistent with the picture of interstellar cloud evolution; in translucent clouds, O (O2)
and H-atoms accrete on a grain surface forming a polar H2O-rich layer with other minor
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Figure 1.1: The strongest ice and dust features in the massive YSO AFGL 7009S
obtained from Infrared Space Observatory (ISO) (Dartois et al. 1998). The figure is
taken from Boogert et al. (2015).

hydrogenated species, e.g., NH3, and CH4. When the density increases to 104−5 cm−3, the
abundant gaseous CO starts dominating the accretion process (Pontoppidan 2006), resulting
in an apolar (non-polar) ice layer and offering a reservoir for the formation of complex organic
molecules. The observed ice abundances for these different environments are summarized in
Table 1.1.

The formation of COMs is linked to the question: does life has its building blocks in space?
Observational searches in the mid-infrared (MIR) range, especially at 5− 10 μm, are essen-
tial to complement ice evolution studies and to link laboratory and modeling studies that
investigate the formation of organic species on grain surfaces. The James Webb Space Tele-
scope (JWST), with extremely high detection sensitivity, very high spatial and relatively high
spectral resolution, will further add to the understanding whether life had a cold start on
interstellar dust grains.

1.2.3 Interstellar COMs: complex organic molecules

Among the observed interstellar molecules, there are about 50 species that contain six or
more atoms and at least one carbon atom. These species are the so-called interstellar Com-
plex Organic Molecules (COMs) (Herbst & van Dishoeck 2009; Herbst 2017). It is important
to note that the term ‘complex’ directly relates to the ISM, as for Earthly conditions most of
the interstellar molecules are considered to be rather simple species. Moreover, in this the-
sis, a more restrictive definition for COMs is used, limiting this class of molecules to species
possessing more than six atoms and at least two carbon/nitrogen atoms. As a direct conse-
quence, CH3OH is not regarded to be a COM. The first detections of COMs e.g., CH3CN,
NH2CHO, CH3CHO, and CH3CCH, was in massive (high)−mass star-forming regions, such
as Orion and Sgr B, through rotational spectroscopy at 100− 200 K (Solomon et al. 1971; Ru-
bin et al. 1971; Gottlieb 1973; Buhl & Snyder 1973). However, COM detections are not limited
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Table 1.1: Interstellar ice species

%[H2O]

Molecule Massive YSO Low-YSO Comets

Securely identified

H2O 100 100 100

CO 3− 26 (< 3)− 85 0.4− 30

CO2 11− 27 12− 50 4− 30

CH3OH (< 3)− 31 (< 1)− 25 0.2− 7

NH3 ∼ 7 3− 10 0.2− 1.4

CH4 1− 3 1− 11 0.4− 1.6

Likely identified

OCN− 0.1− 0.9 (< 0.1)− 11 -

OCS 0.03− 0.16 1.6 0.1− 0.4

H2CO ∼ 2− 7 ∼ 6 0.11− 1

Possibly identified

HCOOH (< 0.5)− 6 (< 0.5)− 4 0.06− 0.14

CH3CH2OH (< 0.5)− 6 - -

HCOO− 0.3− 1 ∼ 0.4 -

CH3CHO 3.3− 11 - -

NH+
4 9− 34 4− 25 -

SO2 (< 0.9)− 1.4 ∼ 0.2 0.2

PAH ∼ 8 - -

HNCO < 0.3− 0.7 - 0.02− 0.1

NH2CHO < 1.5 - 0.002

Table reproduced from Table 2 and 3 of Boogert et al. (2015)

to high-mass protostars. Meanwhile, a great number of COMs are reported toward low-mass
protostars, such as IRAS 16293-2433, NGC1333 IRAS2A, and NGC1333 IRAS4A (Jørgensen et al.
2016; Taquet et al. 2015; Coutens et al. 2015). The interstellar sugar, i.e., glycolaldehyde, which
is an important ingredient for ribonucleic acid (RNA) and was first observed in Sgr B2 by
Hollis et al. (2000), has now been detected in a solar−mass protostar (IRAS 16293-2422). The
formation mechanisms of COMs are traditionally thought to take place on icy grain surfaces,
both upon non-energetic and energetic triggers. COM synthesis, for example, can be realized
through energetic particles (UV photons, free electrons or cosmic rays) dissociating species to
form radicals that can recombine through thermal diffusion. Eventually, the heavier species
will desorb into the gas−phase when temperatures reach ∼100− 150 K. However, observa-
tions showing gaseous COMs in dark cloud and pre-stellar cores challenge the "warm ice"
formation scenario (Marcelino et al. 2007; Bacmann et al. 2012; Öberg et al. 2010, 2011a; Cer-
nicharo et al. 2012; Vastel et al. 2014; Jiménez-Serra et al. 2016). Alternative formation channels
for explaining the presence of COMs in the early phase of dense cloud have been proposed
and discussed in the literature and are at the core of this thesis (Balucani et al. 2015; Fedoseev
et al. 2015a; Butscher et al. 2015; Chapter 2; Chapter 3; Chapter 4).

1.3 physical and chemical processes in interstellar ices

In a number of recent studies, partly summarized in this thesis, it has become clear that solid-
state chemistry triggered by non-energetic and energetic processes on icy grain surfaces is
key in the formation mechanism of hydrogenated species and COMs that contain two, three,
or even more carbon elements. Further studies, characterizing the physical and chemical pa-
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rameters governing solid-state chemistry, e.g., deposition (binding energy and sticking coeffi-
cient), migration (diffusion energy), reaction (activation energy), and desorption mechanism
(energy dissipation), under different vacuum, surface material, and cryogenic conditions, pro-
vide insight in the actual processes taking place. The details of non-energetic and energetic
processes in dense dark clouds are discussed in the next subsections (1.3.1 and 1.3.2). Generally,
in surface reactions, radical−molecule and radical−radical reactions typically have small ac-
tivation barriers or are even barrierless. This makes non−energetic processes - typically atom
addition reactions —a possible dominating mechanism resulting in the formation of heavier
species at very low temperatures. This also offers a non-thermal low temperature (∼10 K)
desorption pathway, (Garrod et al. 2007; Minissale et al. 2016; Chapter 6). In addition, the
moderate flux of UV-photons or electrons induced by cosmic rays (CR) interacting with hy-
drogen can trigger energetic processes, to enhance the concentration of radicals in the ice
mantle, and to non−thermally desorb the solid-state species into the gas phase. In a later
stage of star formation, the interstellar ice will be exposed to higher temperatures and violent
UV radiation from the forming (proto)star. More intense chemical reactions can occur, ther-
mally induced, in the ‘warm’ ice mantle leading to species with high molecular complexity
(Schutte et al. 1993; Butscher et al. 2015; Fresneau et al. 2015). Beside sublimation of volatile
species due to heat, molecules will be locked in icy grains as these move to the mid-plane of
the protoplanetary disk, and become ingredients available for planet and comet formation.
Instruments on the ROSETTAmission to the comet 67P/Churyumov-Gerasimenko (67P/C-G)
studied in situ the pristine interstellar ices on the surface and in the coma, and found a re-
markable level of molecular complexity, such as glycolaldehyde (interstellar sugar), and even
glycine (the simplest amino acid), as well as large amounts of frozen oxygen (Bieler et al. 2015;
Le Roy et al. 2015; Goesmann et al. 2015; Altwegg et al. 2016, 2017).

1.3.1 Non-energetic processes

Three major processes dominate surface reactions. These follow (1) a Langmuir-Hinshelwood
(L-H), (2) an Eley-Rideal (E-R), or (3) a Hot-Atom (H-A) mechanism, as illustrated in Figure
1.2. In the Langmuir-Hinshelwood mechanism, two reactants that are thermally equilibrated
on the surface in two different binding sites, diffuse around the available sites and finally
meet each other resulting in a new species. In the Eley-Rideal mechanism, one of the reac-
tants directly accretes from the gas phase on top of an absorbed reactant, and the reaction
takes place immediately before reaching thermal equilibrium. The Hot-Atom mechanism is
somewhat situated between the previous two; the reactant lands on the surface, migrates
a considerable distance, and associates with another reactant without thermal equilibrium.
The surface is crucial for product synthesis as a way for excess energy dissipation, and the
stabilization of the newly formed species.

In dense clouds, H-atom addition, e.g., so-called hydrogenation reactions, are considered
to be most prominent due to the substantial abundance of hydrogen in the Universe. The
L-H mechanism is the main route to associate two species, since (1) in dense clouds, the tem-
perature of gaseous species and dust grains is ∼10 K, and therefore hot-atoms barely exist,
and (2) the flux of H-atoms is too low to support reactions through an E-R mechanism. In
a laboratory setting, E-R and H-A are hard to distinguish. This is due to the non-negligible
temperature difference between H-atom and the absorbed species, as well as the considerable
H-atom flux that is normally 8− 10 orders of magnitude larger in the laboratory than the flux
in dense clouds, in order to achieve a comparable fluence in a relatively short time. For this
reason it is important to involve modeling simulations, to bridge experiments in the lab with
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Figure 1.2: Three mechanisms for surface reaction on the grain surface: Langmuir-
Hinshelwood, Eley-Rideal, and Hot-atom mechanism. The blue particles are ther-
malized species and red particles are non-thermalized. Ed is an activation barrier
of desorption; Eb is an activation barrier of the diffusion form one surface site to
another.

‘real’ astronomical conditions, compensating for the difference in timescales and to derive the
reaction rate constant under interstellar conditions (Cuppen et al. 2009).

Some important hydrogenation routes that result in the formation of abundant interstellar
molecules, e.g., H2, H2O, CO2, CH3OH, and NH3, are shorty discussed here. H2 formation
is one of the most well studied examples of radical-radical reactions on various surfaces in
the laboratory (Islam et al. 2007; Vidali 2013; Wakelam et al. 2017). In dense clouds, two H-
atoms accreted on a grain surface diffuse and meet each other forming molecular hydrogen
through an L-H mechanism. Molecular hydrogen is also formed through other mechanisms
during different stellar evolutionary stages. Due to the extremely low binding energy (∼100
K) of accumulating H2, multilayer H2 ice is very unlikely to form under interstellar cloud
conditions. Newly formed H2, therefore, will quickly be released into the gas phase. H2O
is the most abundant ice species. The formation of H2O mainly starts in translucent clouds
by means of the interaction between H-atoms and oxygen allotropes, i.e., O, O2, and O3, as
shown in Figure 1.3 (Ioppolo et al. 2008; Miyauchi et al. 2008; Linnartz et al. 2015). A similar
pathway can be applied to explain the solid-state formation of CH4 and NH3 (Hidaka et al.
2011; Fedoseev et al. 2015b). CO2 ice can be formed in different ways. An efficient channel is
through the reaction CO + OH, as shown in Figure 1.3. Alternatively, direct addition of atomic
oxygen to CO is another possible channel, but with a typically high H/O ratio in dense dark
clouds this reaction competes with the barrierless O + H channel that forms the OH radical.

The solid state formation of oxygen-bearing organic ice species, such as CH3OH, was first
proposed by Tielens & Hagen (1982), and confirmed by modeling and laboratory work, as
shown in the left panel of Figure 1.3 (Charnley 1997; Cuppen et al. 2009; Chang & Herbst 2012;
Hiraoka et al. 1994; Watanabe & Kouchi 2002; Zhitnikov & Dmitriev 2002; Fuchs et al. 2009).
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Figure 1.3: A schematic representation of the reaction network for CH3OH (left),
H2O (right), and CO2 (middle) on grain surfaces. The figure is taken from Linnartz
et al. 2015.

In prestellar cores (nH≈105 cm−3 and T≈10 K), gaseous CO catastrophically freezes out on
the grain surface, and reacts with impacting H-atoms through along the sequence:

CO
+H−−→ HCO

+H−−→ H2CO
+H−−→ CH3O(CH2OH)

+H−−→ CH3OH (1)

The first and third H-atom addition reactions, forming HCO, and CH2OH/CH3O, have a
similar activation energy of ∼2400 K, reported in the gas-phase. Later, isotope laboratory
studies with D-atoms showed that the deuteration of CO forms similar products, but in the
corresponding deuterated form. The derived reaction rate constant for deuteration is about
ten times less than the rate constant for hydrogenation indicating that the reaction barrier of
H + CO and D + CO takes place through tunneling (Hidaka et al. 2007). Clearly, solid-state
reactions may result in H/D abundances that deviate from natural values.

Beside H-atom addition reactions, also H-atom abstraction reactions play an important
role (Tielens & Hagen 1982). Laboratory studies demonstrate that the H-D substitution for
H2CO and CH3OH is through H abstraction reactions, and results in H2CO-dn (n = 1− 2)
and CH3OH-dm (m = 1− 3) formation, respectively, as shown in Figure 1.4 (Nagaoka et al.
2005; Hidaka et al. 2009). In this Thesis it is shown that the formation of oxygen-bearing
complex organic molecules involves recombination of radicals that are formed both in addi-
tion and abstraction reactions in the CO-H2CO-CH3OH hydrogenation chain (Woods et al.
2013; Fedoseev et al. 2015a; Chapter 2; Chapter 3). Barrierless radical-radical recombinations
on grain surfaces open a new door to form COMs starting from the simple species CO in the
very early stages of dense dark cloud formation.
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Figure 1.4: Surface reaction network of CO exposed to H and D atoms. The solid ar-
rows refer to for atom addition reactions; the dashed arrows indicate atom abstrac-
tion reactions. Molecules in rectangular frame are astronomically observed. The
figure is taken from Hidaka et al. (2009)

1.3.2 Energetic processes

In dense dark clouds, the interstellar radiation field (ISRF) is blocked by the abundant dust
grains as a result of absorption or scattering. However, cosmic rays, i.e., highly energetic parti-
cles (proton, charged helium, and heavy metal nuclei), are able to affect the inner dense cloud
and interact with gaseous H2 and dust particles along their path, resulting in (secondary) UV-
photons (typically at Ly-α and H2 emission wavelengths) and electrons. The flux of the CR
induced UV field is (1− 10)×103 photons cm−2 s−1, for a CR dissociation rate of ∼10−17

s−1 (Prasad & Tarafdar 1983; Mennella et al. 2003; Shen et al. 2004). Although the UV-photon
(and electron) flux is lower than that of the dominating H-atoms, these energetic particles
can easily penetrate the entire ice mantle, and react with accreted molecules that originated
from the gas phase, e.g., CO, or new species formed through surface hydrogenation, such as
H2O, CH4, NH3 and CH3OH.

Several laboratory studies have focused on the role of energetic processes, i.e., UV-photons,
electrons, X-rays, and protons, and showed the efficient formation of COMs in ice mantles
(Greenberg et al. 1995; Bernstein et al. 2002;MuñozCaro et al. 2002;Meierhenrich 2005; Nuevo
et al. 2008; Öberg et al. 2009; Öberg 2016; Modica & Palumbo 2010; Chen et al. 2013; Boamah
et al. 2014; Maity et al. 2015; Paardekooper et al. 2016a). In the earlier studies, relatively high
energetic fluences, and thick ices containing multiple observed interstellar species were used,
and GC-MS analysis of the refractory residue after UV-photon processing led to the discovery
of biologically relevant compounds, including various amino acids. In the more recent studies,
the focus has been moved on pure, binary, and tertiary ices, to allow a characterization of the
involved reactions. Moreover, these studies are all in situwithout the need to isolate a residual.

1.3.3 Non-thermal desorption mechanisms

The astronomical gas-phase observations showing unexpectedly high abundances of simple
species and complexmolecules (∼10−8−10−9 nH) in dense clouds seem to contradict the con-
cept that at such low temperature ( 10 K) all species must be frozen out on the grain surfaces,
forming ice mantles, except H2 and He due to their extremely low binding energy. In dense
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clouds, the temperature of grain surfaces is too low to sublimate the condensed molecules;
thermal desorption is forbidden in this stage. Thus, different non-thermal desorption mecha-
nisms have been proposed to explain the net transfer of frozen molecules from the solid state
into the gas phase, such as photo-desorption and reactive desorption.

UV-photon irradiation studies of simple species, e.g., CO, CO2, H2O, and CO:N2 ice mix-
ture, have been investigated and discussed to offer an efficient non-thermal desorption path-
way. Broad band UV-light of H/H2 emissions in a microwave discharge H2 flowing lamp
(MDHL) was used, or narrow-band (but tunable) UV light using a synchrotron source (Öberg
et al. 2007; Muñoz Caro et al. 2010; Fayolle et al. 2011; Chen et al. 2014; Fillion et al. 2014;
Paardekooper et al. 2016b). However, for molecules like CH3OH, which is abundantly de-
tected in the gas phase (∼10−9 nH), photon-dissociation becomes a dominant channel lead-
ing to photo-fragmentation, forming CH3O, CH2OH, and CH3 (Bertin et al. 2016; Cruz-Diaz
et al. 2016). The reported upper limit desorption rate, i.e., <10−6 molecules photon−1, is too
small to substantially transfer CH3OH into gas phase. It is expected that this also holds for
other organic species larger than CH3OH.

Alternatively, reactive desorption, i.e., desorption following the exothermic formation of
species, may contribute to the gas-phase enrichment of both simple molecules, e.g., CO, and
complex species, e.g., CH3OH. Upon formation, excess energy, typically a few eV, can release
bound molecules into the gas phase. Up to recently, laboratory studies of reactive desorption
of CO-H2CO-CH3OH hydrogenation scheme in multi-layered CO-rich interstellar ice ana-
logues are lacking. Therefore, the reactive desorption fraction, i.e., the efficiency of product
desorption from the surface after reaction, is usually handled in astronomical models as a free
parameter in the range of 0.01− 0.10 to account for the steady state gas-phase abundances of
simple species observed in dense clouds (Garrod et al. 2007; Vasyunin &Herbst 2013b). Garrod
et al. (2007) showed that models including chemical desorption require a reactive desorption
fraction of 0.03 to optimally represent the observed gaseous CH3OH abundances.

All these non-thermal desorption studies, including investigation of exothermic energy dis-
sipation, reactive desorption, photo-absorption cross-sections, and photo-desorption, are cru-
cial to understand how interstellar molecule transfer from solid state to gas phase is influ-
enced by non-energetic and energetic processes (Fayolle et al. 2011; Cruz-Diaz et al. 2014a,b;
Fredon et al. 2017). In this thesis, reactive desorption is studied for reactions taking place along
the CO hydrogenation chain.

1.4 interstellar ice in laboratory

In this section the experimental setup is described to simulate the processes described above.
To comprehensively study the involved processes and to understand the dependency on the
physical and chemical processes at play, it is important to experimentally mimic realistic sur-
face scenarios under dense cloud conditions as good as possible. Experiments are therefore
performed under ultra-high vacuum (UHV; �∼10−9 mbar) and at cryogenic conditions, in-
corporating both energetic and non-energetic triggers. Simulating interstellar conditions on
a much shorter time scale than usual in space is a challenging task for an experimentalist and
not only because of experimental limitations; different processes will be at play at the same
time and unraveling their relative importance is a time consuming job that is fortunately
possible because in the laboratory conditions can be varied very systematically (Watanabe
et al. 2007; Henderson & Gudipati 2015). This allows to compare, for example, the competi-
tion between ice fragments (i.e., radicals and atoms) andH-atom accretion from the gas-phase
(Chapter 4; Chapter 5).
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Figure 1.5: Schematic top-view of SURFRESIDE2. Figure is adapted from Ioppolo
et al. (2013).

1.4.1 Experimental Setup

The laboratory studies presented in this thesis are performed in the Sackler Laboratory for
Astrophysics using SURFRESIDE2 (Surface Reaction Simulation Device 2), an ultra-high vac-
uum system fully optimized to study atom addition/abstraction reactions in interstellar ice
analogues under dense interstellar cloud conditions. A top-view of the setup is shown in Fig-
ure 1.5. This upgraded system is operational since 2012, and has been further extended in the
past few years to simulate more sophisticatedly the ice chemistry in environments relevant
for interstellar studies. Details are available from Ioppolo et al. (2013). This setup consists
of a main chamber and two atom source chambers, which are all differentially pumped to
10−10 − 10−9 mbar (i.e., ∼106 − 107 cm−3) by turbomolecular pumps and rotary vane vac-
uum forepumps. At UHV, the residual gas is mainly H2 with a negligible amount of H2O
contamination on a cold substrate (�4×1013 molecules cm−2 for 1 hr). A gold-plated cop-
per substrate is centered in the main chamber and cooled by a closed-cycle helium cryostat
(Cold-Edge model: CH-204, supported by a Compressor: HC-4), which allows for manipu-
lation of the substrate temperature between 8 and 450 K using resistive heating wire. Two
silicon diode thermal sensors (LS-DT-640B CU) installed right behind the substrate and on
the second stage of the cold finger are used to monitor the temperature with 0.5 K absolute
accuracy.

Two atom beam lines, incorporated in separate differentially pumped vacuum chambers,
are connected with UHV shutter valves to the main chamber at angles of 45 degree in order
to study different atom addition/abstraction reactions based on different atom generation
methods; (1) Hydrogen Atom Beam Source (HABS, Dr. Eberl MBE-Komponenten GmbH, see
Tschersich 2000) producing H- or D-atoms by thermal (2100 K) cracking of precursor H2 and
D2 through a tungsten filament, and (2) Microwave Atom Source (MWAS, Oxford Scientific
Ltd, see Anton et al. 2000) capable of producing H-atoms, D-atoms, and other atoms, e.g., O-,
N-atoms, and various radicals (like OH) using a microwave discharge (275W at 2.45 GHz). A
nose-shape quartz pipe is placed along the exit path of both beam lines to efficiently quench
and thermalize excited atoms and non-dissociated molecules through multiple collisions with
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Figure 1.6: UV spectrum (yellow) of the MDHL used in this thesis, which is obtained
from Ligterink et al. (2015). The background line (black) is the calculated spectrum
of UV photons induced by CR interacting with H2 molecules in dense clouds, which
is obtained from Gredel et al. (1989). The MgF2 window cutoff is indicated (dashed
line).

the walls of the pipe. This quartz pipe also shields the ice sample from UV light (λ�200 nm)
generated in the MWAS plasma. Typical atomic beam line fluxes vary (depending on the
precursor). Typical H-fluxes are in the range ∼(1− 10)×1012 atoms cm−2 s−1, and can be
simultaneously operated to further increase the H-atom flux.

UV-photons generated by aMicrowaveDischargeHydrogen-flow Lamp (MDHL) are guided
through an MgF2 window, and directed on the substrate at normal incidence. The lamp is
mounted in between the two atomic beam lines. The customized quartz lamp is ‘F’ shaped,
∼1.3 cm in diameter and ∼20.0 cm in length, and combined with a commercial Evenson coax-
ial Cavity (Opthos). The distance between the UHV sealed MgF2 window and the substrate
is about 30 cm. Without a collimating tube, the UV-beam spot covers the entire substrate
area (2.5×2.5 cm2). The microwave power generator (Sairem-GMS200W, 2.45 GHz) is used
to discharge H2 flowing gas at a pressure of ∼1mbar, generating H2 plasma and UV light. In
Figure 1.6, the UV spectrum ranging between 114 and 180 nm is shown to consist of a main
peak at 121.6 nm (Ly-α, ∼33% of the total flux) and a series of other peaks between 155 and
165 nm (H2 emission, ∼20% of the total flux) superposed on a broad continuum (∼47% of
the total flux). The total UV flux is estimated to be ∼6×1012 photons cm−2 s−1. Details are
available in Ligterink et al. (2015).

Gaseousmolecules are prepared in an oil-free gas-mixing/preparation high vacuum (�10−5

mbar) system, which is pumped by a turbomolecular pump backed with a scroll forepump,
and stored in two separate reservoir dosing lines. The dosing pressure is monitored by a mass
independent gauge in the range of mbar to bar. These vapor species are introduced into the
main chamber through one of two capillary tubes controlled by high-precision leak valves,
such that they deposit onto the pre-cooled substrate under an angle of +22◦ (or -22◦) from
the surface normal. The typical deposition pressure is in the range of ∼10−10 − 10−8 mbar,
and ices are grown with sub-monolayer precision in thickness ranges from few ML to several
tens of ML. Here 1 monolayer (ML) is defined to be 1×1015 molecules cm−2.

Two different ice grows techniques are commonly applied in the experiments described in
this thesis; pre-deposition and co-deposition. In the pre-deposition experiments,molecules are
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first deposited on the pre-cooled substrate resulting in a pre-grown ice sample before atoms
or UV-photons start interacting. Once the ice is bombarded with atoms and/or irradiated with
UV-photons, the kinetics of the pre-deposited species and the newly formed products can be
obtained. These time-resolved data can be fitted with rate equations to determine the chemi-
cal characteristics, e.g., reaction rates and activation energy. In the atom addition/abstraction
experiments, the penetration depth is limited to only the upper layers of the pre-deposited
ice leading to relative low formation yields. Moreover, the active intermediate radicals formed
during the chemical reactions are quickly converted into stable products.

In the co-deposition experiments molecules and atoms (and UV photons) are simultane-
ously deposited onto the pre-cooled substrate with a specific deposition-flux calibrated in
advance. This technique has the ability to study various ratios between the molecular reac-
tants and the atomic species simulating the different ISM density (flux) conditions. Moreover,
co-deposition experiments are more representative of the actual processes taking place under
dense cloud conditions, where atoms andmolecules continuously adsorb onto dust grains.Ma-
trix techniques can be exploited in co-deposition experiments using overabundant molecule
depositions to preserve the intermediate radical products, which generally recombine imme-
diately with incoming atoms through barrierless reactions. In this case, the final yield of prod-
ucts is proportional to the co-deposition time, resulting in a more secure identification of the
analytical methods used.

1.4.2 Analytical techniques

RAIRS: The ice composition and abundance are monitored in situ by means of Reflection-
Absorption InfraRed Spectroscopy (RAIRS) using the external IR path from a Fourier Trans-
form Infrared Spectrometer (FTIR; Agilent Technologies Cary 600 Series), and aMercury Cad-
mium Telluride (MCT) detector cooled by liquid nitrogen. The IR absorbance spectrum is ob-
tained by taking the common logarithm of the ratio of substrate and ice sample single-beam
spectra, i.e., Abs(ν) = log(Isubstrate(ν)/Isample(ν)), which covers the range of 4000− 700 cm−1

typically with 1 cm−1 resolution. As RAIR spectra are continuously recorded, these allow to
monitor changes compared with the spectrum for the initially deposited and unprocessed
parent species; this allows not only to investigate which species are formed, but also how
effectively this process takes place. The icy constituents are identified by their characteristic
vibrational modes that are directly connected to different functional groups. The vibrational
modes shift when isotopes are used. In general, RAIRS has a higher sensitivity than transmis-
sion IR spectroscopy, because (1) the geometry of the IR path in the ice is at least two times
longer than in transmission, i.e., the incident sample path before reaching the substrate and
the reflecting sample path after hitting the substrate, and (2) the glancing angle ∼10◦ to the
substrate plane) of IR light enhances the p-polarized electric field at the gold surface resulting
in higher sensitivity. It should be noted, though, that the reported IR band strengths available
from the literature are generally derived from transmission experiments and these cannot be
directly used to quantify RAIR data.

In order to overcome this issue, (setup-specific) RAIR band strengths need to be determined.
Therefore, experiments have been performed to separately derive the RAIR band strength
values for the most commonly studied species in this Thesis, i.e., CO, H2CO, and CH3OH, by
using the laser interference technique. A HeNe laser beam hits the gold-plated substrate, at
an incident angle of ∼3◦ with respect to the surface normal incidence, and the reflecting laser
beam intensity is monitored by a photodiode. Simultaneously, the pure ice is introduced onto
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the pre-cooled substrate forming ice layers in a constant deposition rate over time. For pure
ice, the absolute column density is calculated (molecules cm2) with the equation:

N =
d · ρ · Na

M
(2)

where d is the thickness of ice in cm, ρ is the density in g cm−3, Na is Avogadro’s constant
(6.022×1023 mol−1 ), and M is the molar mass of the species. The ice thickness, d, is experi-
mentally determined by laser refractive interference:

d =
k · λ · 10−7

2n · cos(θf)
(3)

where λ = 632.8 nm is the HeNe laser wavelength, n is the refractive index of a specific ice,
θf=3

◦ is the angle of refraction in the ice in degrees and k is the number of involved fringes
(Hollenberg & Dows 1961; Westley et al. 1998). The ice growth on the substrate is monitored
by RAIRS for the first few minutes (Figure 1.7 right-hand panel) before RAIR signal saturation.
To keep a constant deposition rate for the entire measurement (∼hours), a relatively high gas
sample pressure is used in the gas-mixing and dosing reservoir lines. The IR absorbance area
obtained from the integration of the IR signal is correlated to the absolute column density
derived from the laser interference pattern (Figure 1.7 left-hand panel). The correlation is de-
scribed by the modified Beer-Lambert Law:

N =
log 10 · ∫ Abs(ν)d(ν)

A ′ (4)

where Abs(ν) is the IR absorbance intensity, and A’ is the RAIR band strength value. By lin-
ear fitting the data (middle panel Figure 1.7), the A’ RAIR value can be derived for all rele-
vant modes of the involved molecules. The band strength for CO (2142 cm−1), H2CO (1497
cm−1), and CH3OH (1030 cm−1) is derived as: (5.2±0.3)×10−17, (3.2±0.3)×10−17, and
(7.1±0.6)×10−17 cm molecule−1, respectively.

The identification of specific molecules in RAIR spectra is based on the full ensemble of
fingerprint features. Typically, the larger the molecule, the larger the number of vibrational
modes that can be seen, and the more specific a functional group, the easier is an unambigu-
ous identification. For example, glycolaldehyde (GA, CH2OHCHO) contains a hydroxymethyl
(-CH2OH) and an aldehyde (-CHO) group, showing very strong O-H, C-O, and C=O stretch-
ing vibration modes at ∼3340, ∼1750, and ∼1110 cm−1, respectively. When bands with these
wavelengths are found with SURFRESIDE2, comparable to molecular fingerprints available
from literature, it is very likely that glycolaldehyde is present in the ice. However, it should
be noted that in the case that GA is formed in the ice, e.g., upon hydrogenation of CO-ice, it
is possible that other molecules with similar functional groups are formed as well, yielding
spectra with similar features.

This is part of the discussions in Chapter 2; CO hydrogenation experiments not only give
glycolaldehyde, but also yield isomeric species, e.g., methyl formate (MF, CH3OCHO), and
the fully hydrogenated species, e.g., ethylene glycol (EG, CH2(OH)CH2OH). In this case, the
hydroxymethyl (-CH2OH) and the aldehyde (-CHO) groups are not represented by glyco-
laldehyde alone, so this complicates the qualitative species identification and quantitative
abundance estimation (Figure 1.8). The use of isotopically labeled precursors may help in the
identification, but it is also possible to use a complementary detection method.
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database.

TPD: During a Temperature Programmed Desorption (TPD) experiment an ice sample,
which consists of initially deposited species and newly formed products, is linearly and slowly
heated to a preset (high) temperature value, typically with a rate of the order of 1 − 10 K
min−1. At specific temperatures specific molecules can thermally desorb in the gas phase
and this is recorded sensitively by Quadrupole Mass Spectrometry (QMS; MKS Microvision-
plus). In the QMS desorbed species are ionized by electrons, which are emitted from a hot
filament on the tip of the QMS. The ionized molecules are accelerated and guided into the
quadrupole mass filter, which consists of four cylindrical rods oppositely connected to RF
voltage with a DC offset voltage in two pairs. Only the ions with certain mass-to-charge ratio
(m/z) can reach the detector for a given voltage ratio, and the other ions with different m/z
will eventually collide with rods before detection. Two types of detectors can be used in the
used QMS for different sensitivities: (1) a Faraday detector for high ion intensity, and (2) a
Channel Electron Multiplier (CEM) for trace ion signals (�5×10−14 mbar).

The desorption temperature for each species is another characteristic that depends on the
species’ binding energy to the surface. Therefore, measuring this characteristic offers a com-
plementary tool to distinguish reaction products that share very similar functional groups.
For example, in Figure 1.9, the MF, GA, and EG desorption peaks are located at 120, 160, and
180 K, respectively, in the mass spectrum using the TPD experiment.

The electrons emitted from the ionizing source have an energy of 70 eV, which is sufficient
to break COMs, resulting in typical mass fragmentation patterns. This mass fragmentation

1.1NIST Mass Spec Data Center, S.E. Stein, director, ‘Mass Spectra’ in NIST Chemistry WebBook, NIST
Standard Reference Database Number 69, Eds. P.J. Linstrom and W.G. Mallard, National Institute of
Standards and Technology, Gaithersburg MD, 20899, http://webbook.nist.gov.
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pattern offers another fingerprint for each species due to the different molecular structures
that correspond with different binding energies. For example, in the right panel of Figure
1.9, the mass fragmentation for MF, GA, EG from a H2CO hydrogenation experiment is in
agreement with the NIST database values. Normally, three typical mass fragments, that is,
the total molecular weight, the most abundant signal, and a unique mass, are chosen in order
to make a confident species identification.

Under sufficient gas pumping speed, the recorded QMS signal (I(t)) for the selected m/z
is proportional to the species desorption rate (dN/dt), and can be described by the Polanyi-
Wigner equation:

I(t) ∝ dN/dt = ν(N, T) · Nn exp
(
−Edes(N, T)

kbT

)
(5)

where ν is the pre-exponential factor, N is the surface coverage, n is the kinetic desorption
order, Edes is the activation energy for desorption, kB is the Boltzmann constant, and T is the
surface temperature. This equation is perfect for describing ‘pure’ species desorption behavior
on surfaces, and allows to derive binding energies for various surfaces (Brown & Bolina 2007;
Fayolle et al. 2016). However, inmost of the experiments described in this thesis, interstellar ice
analogues are ‘dirty’, containingmultiple species in the ice mantle and this leads to more than
one binding energy value. Moreover, volatile species may exhibit multiple desorption peaks
from co-desorbing with less-volatile species. Therefore, it is not trivial to accurately derive
species abundances by fitting TPD peaks in the mass spectrum using equation (5). However,
the area of the desorption peak obtained from integration of the QMS signals (I(t)) over time
is representative of the species’ abundance (N) on the surface. This can be used as a tool to
quantify branching ratios for each of the newly formed products.

Care needs to be taken when analyzing the peak area for a given m/z, since this is depen-
dent on several factors: (1) the electronic ionization cross-section (σ+(mol)) as a function of
energy, which is available for most stable molecules in the literature, (2) the fraction of ionized
molecules with charge z (IF(z)), which is unity when z = 1, (3) the fraction of mass fragmenta-
tion (FF(m)), which is available in the literature, and (4) the mass sensitivity (S(m/z)), which is
setup dependent, as shown in Figure 1.10. The species abundance can be estimated by carefully
calibrating the above factors using the equation (Martín-Doménech et al. 2015):

N(molecule) = kQMS · A(m/z)

σ+(molecule) · IF(z) · FF(m) · S(m/z)
(6)

where kQMS is the proportionality constant, which is independent of the species assum-
ing relatively constant pumping speed for all formed products, and need to be independently
measured using other techniques. For the relative abundance, it can be derived by the equa-
tion:

N1(molecule1)

N2(molecule2)
=

A1(m/z)

A2(m/z)
· σ

+
2 (molecule2) · IF2(z) · FF2(m) · S2(m/z)

σ+
1 (molecule1) · IF1(z) · FF1(m) · S1(m/z)

(7)

The TPD experiments thus give a second complementary tool to further constrain the for-
mation of surface reaction products. Obviously, TPD cannot probe species at the temperatures
for which the reactions take place. Moreover, during the heating, additional surface reactions
could happen. Ice destruction is an intrinsic property of TPD. In many of the experiments that
are described in this thesis, RAIRS and TPD are applied simultaneously.
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Figure 1.10: QMS detection sensitivity for different mass channels obtained from
noble gas calibration experiments.

1.5 this thesis

Interstellar ice mantles consist of simple molecules, e.g., CO, accreting from the gas phase,
and of complex species, e.g., CH3OH and COMs (likely), formed on dust grains. To under-
stand interstellar ice evolution, complementary approaches, i.e., astronomical observations,
theoretical/astrochemical models, and laboratory studies, are needed.

The motivation of this thesis is to have a more comprehensive picture of the interactions
of CO-hydrogenation products with abundant H-atoms and moderate UV-photons on the
grain surfaces under dense cloud conditions. The recent gas-phase discovery of COMs at low
temperatures challenges the conventional COM formation scenarios where CH3OH under-
goes intensive UV-photon irradiation, CR bombardment, and ‘warm’ ice chemistry forming
complex organics in the gravitationally collapsing stage. The primary goal of this thesis is
to understand how simple solid-sate species transform to COMs without such energetic pro-
cesses focusing on the CO catastrophically freeze-out stage at temperatures as low as 10 K
and to explain the ‘cold’ COM detections. Moreover, the net transfer of the newly formed
species, especially partially or fully hydrogen saturated molecules on the grain surfaces, into
the gas phase through non-thermal desorption is currently unconstrained, and is a free pa-
rameter in astrochemical models. To this end, experimental studies systematically investigate
CO ice hydrogenation, and expand our understanding of the CO-H2CO-CH3OH formation
network tomore complex organics, which contain two, three or evenmore carbon atoms, such
as glycolaldehyde (an interstellar sugar), ethylene glycol, and glycerol (sugar alcohol). The in-
teractions of COwith other interstellar relevant species, e.g., NO and H2, under moderate UV
irradiation are experimentally studied to address the formation of CN-bearing, and of HnCO
(n�1) species in dense clouds. The utilization of SURFRESIDE2, an UHV and cryogenic setup
in the Sackler Laboratory for Astrophysics, makes it possible to explore molecular complexity
and to understand details of the physical/chemical properties on icy grain surfaces. The ex-
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perimental findings are summarized below.

Chapter 2 focuses on the formation of oxygen-bearing complex organicmolecules, e.g., methyl
formate (HC(O)OCH3), glycolaldehyde (HC(O)CH2OH) and ethylene glycol (H2C(OH)CH2-
OH), upon hydrogenation and without the influence of energetic particles (e.g., UV-photons
and electrons) or embedded energy source under dense dark cloud conditions. The solid-state
synthesis mechanisms are realized by the recombination of the intermediate radicals, i.e.,
HCO, CH2OH, and CH3OH, which are produced in the hydrogenation scheme of CO-H2CO-
CH3OH. We confirm that the interaction of H2CO with H-atoms not only leads to the hy-
drogenated species, i.e., CH3OH, but also results in dehydrogenated species, i.e., CO, through
HCO radical. A similar mechanism is also found in abstraction reactions involving CH3OH to
formH2CO. The simultaneous forward (addition) and backward (abstraction) reactions of sta-
ble molecules enhance the lifetime of active radicals on grain surfaces compared to previous
assumptions, which consider addition reactions only. The experimental findings unambigu-
ously prove complex organic molecule formation during the early phase of the catastrophic
CO freeze-out stage and without the need of UV photolysis or cosmic ray bombardment. The
solid-state COM formation network is proposed.

Chapter 3 aims to extend the COM formation network presented in Chapter 2 to three-
carbon oxygen-bearing species. Under prestellar core conditions, CO hydrogenation is the
dominant pathway leading to H2CO and CH3OH formation through successive H-atom ad-
dition reactions. The recombination of intermediate radicals with single- and double-carbon
containing backbones is experimentally demonstrated to explain the formation of biologi-
cally relevant compounds, e.g., glyceraldehyde (HOCH2CH(OH)-CHO), a three-carbon sim-
ple sugar, and glycerol (HOCH2CH(OH)-CH2OH), a three-carbon sugar alcohol. The three-
carbon sugar plays a key role in energy transfer in living organisms, and the three-carbon
sugar alcohol is an important ingredient for membranes of modern living cells. The pro-
posed formationmechanisms havemuch potential to form complex sugar alcohols and sugars,
which can be delivered by comets or other celestial bodies to planets. The resulting reaction
scheme can be further extended to form even larger COMs.

Chapter 4 presents the first systematic experimental study that compares quantitatively
hydrogenation and UV-induced reactions as well as their cumulative effect in interstellar rel-
evant CO:CH3OH=4:1 ice analogues.We focus on three COMs, i.e., methyl formate (HC(O)O-
CH3), glycolaldehyde (HC(O)CH2OH) and ethylene glycol (H2C(OH)CH2OH), which are
most commonly produced in ‘(non-)energetic’ processes. In the pure hydrogenation experi-
ments, the derived abundances and the abundance fractions are dependent on the ratio of
H-atoms/CO:CH3OH and on the accretion rate of the involved species. The abundance frac-
tions for methyl formate: glycolaldehyde: ethylene glycol are 0:(0.2− 0.4):(0.8− 0.6) for pure
hydrogenation, and 0.2:0.3:0.5 for UV involving experiments. In experiments where both hy-
drogenation and UV irradiation are applied, the overall absolute yields drop to 50% of those
found in the pure UV experiments. However, the COM abundance fractions are identical to
the fractions in the pure UV experiments. The COM ratios obtained from the laboratory find-
ings can be used as a diagnostic tool to derive the chemical origin of these species. The GA/EG
ratios in the laboratory (0.3− 1.5) compare well with observations toward various comets and
solar-mass protostars suggesting a solid-state formation pathway.

Chapter 5 presents the formation of N-C bearing species obtained from the sequence of
NO:CO:H-atom accretion and UV-photon irradiation as well as the simultaneous codeposi-
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tion of NO:CO:H-atoms and UV irradiation on grain surfaces. Ice mixtures of NO and hydro-
genated CO ices, i.e., comprising H2CO and CH3OH, are studied. The UV-irradiation results
in NH2 through photodissociation of NH2OH, which is the main product of NO hydrogena-
tion. The NH2 radical plays a key role in the formation of species with an N-C bond, such
as HNCO, OCN−, and NH2CHO. The formation scheme of N-C bearing species is proposed,
and the astronomical implications are discussed.

Chapter 6 presents the reactive desorption fraction of the species along the CO-H2CO-
CH3OH hydrogenation scheme under prestellar core conditions. The net transfer of solid-
state species into the gas phase at very low temperatures, i.e., for settings inwhich allmolecules
should be condensed on the grain surface, is experimentally triggered through exothermic
reactions with H-atoms in the laboratory. The reactive desorption efficiency for the overall
hydrogenation network is derived by precisely measuring the solid-state element carbon bud-
get at 10− 14 K. This results in an upper limit of 0.24± 0.02. The corresponding effective
desorption fraction for each hydrogenation step and for each H-atom induced reaction (i.e.,
addition and abstraction) is � 0.07 and � 0.02, respectively. These values favor the lower
range of the reactive desorption efficiencies of 0.01− 0.10, which are currently used as a free
parameter in astrochemical models.

Chapter 7 investigates whether additional hydrogenation events can take place upon UV
irradiation of a CO:H2 ice mixture under prestellar core conditions. The experimental find-
ings show unambiguously that hydrogenated species, e.g.., HCO and H2CO, are formed after
UV-irradiation on the pre-deposited CO:H2 ice mixture. A possible formation mechanism is
discussed, through a reaction between photo-excited CO and H2 molecules resulting in HCO
and freeH-atoms.Moreover, the newly formedH-atoms can further react with CO along a reg-
ular addition step. The HCO production shows a strong temperature dependence for the stud-
ied 8− 20 K temperature range, which is directly linked to the H2 sticking coefficient. Isotope
experiments in a CO:D2 ice mixture present a similar trend for the temperature-dependent
DCO formation rate, but the overall DCO production efficiency only reaches �25% of the
HCO yield at 8 K. Clearly, UV-photon induced hydrogenation enriches interstellar ices with
HCO radicals that can further react with other radicals or molecules ultimately also increas-
ing the formation efficiency of COMs. The astrochemical implications are discussed.

The main take-home massage of this thesis is that the building blocks of life are already
formed on the grain surfaces at low temperatures before the emerging of the protostar. In
dense clouds, the chemical complexity of non-energetic processes is beyond our imagination.
The two scenarios of COM formation, i.e., non-energetic and energetic processes, do not con-
flict each other. Moreover, their product fractions offer a diagnostic potential to derive the
formation origin of COMs in different star evolutionary stages. It is therefore expected the
upcoming JWST with high spectral resolution and detection sensitivity at mid-infrared wave-
lengths will greatly increase our knowledge of the interstellar COM evolution from dense
cloud to solar system.
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