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Abstract
Electron-induced reactions play a key-role in astrochemical processes as vast numbers of
secondary electrons are released when any ionizing radiation such as UV photons, X-rays, or
cosmic rays penetrate the icy mantle around interstellar dust particles. Subsequently, these
secondary electrons can interact with molecules in their environment producing reactive
fragments which, in turn, may trigger a reaction sequence. Eventually, new organic molecules
are formed some of which might be important for the emergence of life on earth. However,
while there are many data on the identification of irradiation products under various
conditions, the mechanisms that drive their formation just start to emerge. In particular, there
is a lack of knowledge on the electron-molecule interactions that underlie product formation.
In this thesis, electron-induced reactions have been investigated in pure CH3OH, and in binary
ices, namely CO/H2O, C2H4/CH3OH, and CO/CH3OH. The results of these studies provide
important insights into electron-induced reactions in interstellar ices as H2O, CO, and CH3OH
are all major constituents of these ices. Detailed knowledge on the reaction mechanisms has
been inferred from the dependences of product yields on electron energy which reveals the
underlying electron-molecule interactions. Additional information on a mechanism were
obtained by comparing the energy dependence of a particular product with those of its side
products. This enables one to identify the relevant intermediates and to discriminate among
several possible reaction scenarios. On the basis of this approach, several reaction classes
were identified to play a role under electron-irradiation of the investigated mixtures. Namely,
these are radical recombination, hydrogenation of CO and C2H4, oxidation of CO to CO2, and
addition reactions between a radical and CO or C2H4.
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Kurzzusammenfassung
Elektronen-induzierte Reaktionen spielen eine Schlüsselrolle in astrochemischen Prozessen,
da eine große Anzahl an Sekundärelektronen erzeugt wird, wenn ionisierende Strahlung wie
beispielsweise UV-Strahlung, Röntgenstrahlung oder kosmische Strahlung in den Eismantel
eines interstellaren Staubpartikels eindringt. Im Anschluss können diese Sekundärelektronen
mit benachbarten Molekülen interagieren, wobei reaktive Fragmente entstehen, die weitere
Reaktionen auslösen können. Auf diesem Wege bilden sich organische Moleküle, von denen
einige für die Entstehung des Lebens auf der Erde von Bedeutung sein könnten. Obwohl
bereits eine große Anzahl an Produkten bei solchen Experimenten nachgewiesen werden
konnten, wird erst langsam ersichtlich, welche Mechanismen bei der Produktbildung eine
Rolle spielen. Insbesondere existieren noch große Wissenslücken bezüglich der zugrunde
liegenden Elektronen-Molekül-Wechselwirkungen.
In dieser Dissertation wurden Elektronen-induzierte Reaktionen in reinem CH3OH, sowie in
binären Mischungen aus CO/H2O, C2H4/CH3OH und CO/CH3OH untersucht. Die Ergebnisse
dieser Arbeiten liefern wichtige Einblicke in elektronen-induzierte Reaktionen in
interstellarem Eis, da H2O, CO und CH3OH Hauptbestandteile von interstellarem Eis sind.
Detailliertes Wissen über die Reaktionsmechanismen konnte aus der Abhängigkeit der
Produktausbeute von der Elektronenenergie abgeleitet werden, was die Bestimmung der
zugrunde

liegenden

Informationen

über

Elektronen-Molekül-Wechselwirkungen

ermöglichte.

die

den

Mechanismen

wurden

durch

Weitere

Vergleich

der

Energieabhängigkeiten verschiedener Produkte erhalten. Dies ermöglichte es, die relevanten
Intermediate zu identifizieren und zwischen mehreren möglichen Reaktionsszenarien zu
unterscheiden. Auf Grundlage dieses Ansatzes konnten mehrere Reaktionstypen identifiziert
werden, die bei der Bestrahlung der untersuchten Mischungen eine Rolle spielen. Bei diesen
handelt es sich um die Radikalrekombination, die Hydrierung von CO und C2H4, die
Oxidation von CO zu CO2, und die Additionsreaktionen zwischen einem Radikal und CO oder
C2H4.
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1 Introduction
1.1 Chemical Transformations in the Interstellar Medium
The space between stars is not empty but is filled with gas and dust which are formed at the
end of a star’s life cycle by stellar winds or supernova events.1–3 This space is referred to as
the interstellar medium and is characterized by a wide range of particle densities (10–4–
108 particles/cm3), temperatures (10–106 K), and the presence of high energy radiation
fields.1–3 Up to the late 1960’s, these conditions were considered to be too harsh to enable the
formation and survival of polyatomic molecules. It was not before 1968 that Cheung and coworkers4 discovered NH3 in the interstellar medium.5 Since then, more than 220 molecules
have been observed in the interstellar medium and circumstellar shell6–8 which has changed
conceptions of astrochemistry dramatically.
A more comprehensive understanding of chemical processes in the interstellar and
circumstellar medium is not only desirable to understand the formation of molecules but also
to probe physical conditions, such as the density, temperature, velocity, and age of interstellar
objects.9 Furthermore, it has been recognized that the large inventory of organics in molecular
clouds might have served as a feedstock for the building blocks of life2 and thus may link
astrochemical processes with the emergence of life on earth.
The interstellar medium is a rather inhomogeneous environment which contains regions of
lower and higher densities reflective of the evolution from the diffuse interstellar medium to
the formation of protostars. The regions with the lowest densities are called the diffuse
interstellar medium (typical particle densities of 102–103 particles/cm3)1 where harsh UV
radiation (typical fluxes of 108 UV photons/cm2/s)1,3 from nearby stars prevents the formation
and survival of most molecules. Thus, the diffuse interstellar medium is mostly comprised of
neutral atomic hydrogen, and ionized atoms (particularly carbon).10 One of the rare molecular
species are polycyclic aromatic hydrocarbons (PAHs) which are sufficiently robust to
withstand UV photolysis.2 Under the force of gravity, the diffuse interstellar medium collapses
to form dense molecular clouds whose interior is effectively shielded from external UV
radiation by dust particles which allows more complex molecules to survive.2,11 Despite the
absence of external UV radiation, molecular clouds are not devoid of ionizing radiation. This
is because cosmic ray particles, i.e., highly energetic atomic nuclei most of which are protons
with energies of >1 MeV, can penetrate much deeper into the interior of the molecular cloud.3
On their track through the molecular cloud, these cosmic rays successively lose parts of their
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kinetic energy by ionizing atoms and molecules. This leads to the formation of a high number
of secondary electrons of which a small fraction is thought to lead to electronic excitation of
H2 and subsequent emission of UV photons in the Lyman and Werner bands.1–3,12 By this
mechanism, a flux of about 103–104 UV photons/cm2/s is maintained in the interior of the
molecular clouds which is several orders of magnitude lower than that in the diffuse
interstellar medium.1,3
Due to the lower radiation flux, radiative heating is less effective than in the diffuse
interstellar medium or in the vicinity of a star. The temperature in molecular clouds can thus
drop to values as low as 10–15 K.2,3 At these low temperatures, even highly volatile
compounds are physisorbed when they strike the surface of a dust particle.2 When the
molecular cloud starts to form out of the diffuse medium, atoms dominate the gas phase.11
Thus, H, O, C, and N atoms accrete onto the dust grains where they are thought to react by a
Langmuir-Hinshelwood mechanism, i.e., the atoms are sufficiently mobile to diffuse over the
grain surface until they encounter a partner to react with.3,11,13–17 Other scenarios based on
the Eley-Rideal or the hot atom mechanism, however, are also discussed to contribute to the
formation of reaction products.17 Due to the high mobility and abundance of hydrogen atoms,
hydrogenation reactions are thought to prevail leading to the formation of H2, H2O, CH4, and
NH3.2,3,13–17 In the gas phase, CO is efficiently formed which accretes onto the dust grains
where it can also be hydrogenated yielding H2CO and CH3OH.11 Note that He atoms, which
are also abundant in the gas phase, do not participate in chemical reactions due to their inert
character. With ongoing accretion of atoms and molecules from the gas phase and subsequent
surface reactions, an icy mantle is formed which is subject to further processing by UV
photons and cosmic ray particles leading to the formation of more complex molecules
(Figure 1).1–3 Chemical reactions on the surface of dust grains provide two key advantages
over gas phase reactions: First, they accommodate a large number of molecules in close
proximity which increases the probability of two molecules to meet and, secondly, they also
act as a third body that can dissipate excess energy released during chemical reactions.1,2
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Figure 1. Life cycle of an interstellar dust grain. In the accretion phase, atoms are physisorbed
on the surface of the bare grain where they can undergo surface reactions forming simple
molecules like H2O, NH3, and CH4. During later stages, CO from the gas phase is also accreted
and can be hydrogenated yielding H2CO and CH3OH. With ongoing accretion, a thick ice
mantle is formed around the dust grain. This ice mantle is subject to photolysis and radiolysis
which leads to the formation of more complex molecules. Finally, the ice mantle sublimes into
the gas phase once the grain is in an environment of sufficiently high temperature.3
Although the importance of dust grain chemistry is generally accepted nowadays, detailed
knowledge about the reaction mechanisms just starts to emerge. This is because molecular
clouds are separated from earth by large distances restricting any studies to remote
observations using telescopes.2 Furthermore, chemical transformations occur on a timescale
of thousands of years which only allows one to understand chemical processes by analyzing
the commonalities and differences in chemical composition over a wide range of different
environments.18 Finally, analysis of ice composition is restricted to infrared (IR) spectroscopy
which, however, suffers from overlapping absorption bands and insufficient sensitivity for
minor ice constituents.17,18 Thus, the formation of many products has only been indirectly
inferred from their detection in the gas phase by rotational spectroscopy, that is, after these
molecules have sublimed in warmer environments.17 Consequently, much of today’s
knowledge on the chemical processes in interstellar ices are based on laboratory experiments
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as these enable the study of chemical reactions under well-defined conditions and with a
variety of analytical techniques.

1.2 Laboratory Experiments
Experiments performed in the laboratory provide spectroscopic data which can be used to
identify absorption bands observed by telescopes and to constrain molecular abundances.3 On
the other hand, laboratory experiments also serve to determine rate constants for gas phase
reactions19 and to study chemical reactions that occur when interstellar ices are exposed to
various radiation sources.20–23 With regard to the studies presented in this thesis, the
following discussion is confined to those laboratory experiments that study radiation-induced
chemistry in ices.
Typically, these experiments are performed in Ultrahigh vacuum (UHV) with base pressures
of ~10-10 mbar in order to avoid contaminations of the samples. Ices are typically prepared by
condensing gases or vapors on a substrate which is cooled down to temperatures as low as
5–35 K by He cryostats.20,23,24 Subsequently, the ice is exposed to a radiation source which can
deliver UV radiation,11,21,25 X-rays,26 keV electrons,20,27–29 low-energy electrons,23,30,31 or
ions.32 UV lamps typically operate with photon fluxes of about 1013–1015 photons/cm2/s21,25,33
in order to keep irradiation times reasonable short. Electron sources typically operate at fluxes
of 1011–1015 electrons/cm2/s and may thus be comparable to UV lamps.20,23,29,30,34 Notable,
radiation fluxes, vacuum quality, and ice composition can deviate significantly from those in
the interstellar medium. Still, the data provide valuable information as chemical reactions can
be studied under well-defined conditions. Laboratory experiments are thus essential for a
comprehensive understanding of astrochemical processes.
During irradiation and/or after a defined radiation dose, the composition of the ice is analyzed
by IR spectroscopy, mass spectrometry, or chromatography. Often, ice composition is chosen
to match that of a “realistic” ice mixture consisting of three or more constituents which results
in a very rich chemistry. For example, Caro et al.35 investigated product formation in UV
irradiated mixtures of H2O/CH3OH/NH3/CO/CO2, and Meinert et al.36 investigated product
formation in UV irradiated mixtures of H2O/CH3OH/NH3. Analysis of the processed ices with
gas chromatography in combination with mass spectrometry (GC-MS) revealed the formation
of amino acids35 and sugars36, which are import building blocks in biochemistry. In those
experiments, however, it is difficult to deduce specific reaction mechanisms as the reaction
networks are already too complex to be unraveled. In order to facilitate the interpretation,
mechanistic studies are thus typically performed in pure ices21,23,25,28,30,31 or in binary
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mixtures20,21,29,34,37 which still provides very useful information. Typical questions that are of
interest for the astrochemical community is how chemical reactions are affected by the ice
temperature, morphology, thickness, and composition. Furthermore, there is an ongoing
debate about the contributions of different types of radiation to the overall yields1 as well as
the emergence of homochirality, e.g., by circularly-polarized UV photons11,38,39 and lowenergy spin-polarized secondary electrons.40–42
A comprehensive understanding of a reaction mechanism often requires a number of studies
that each shed light on different aspects of a reaction. These different aspects can be inferred
from reaction kinetics, isotopic labeling of reactants, identification of intermediates and side
products,11,20 matrix isolation experiments,43 computational modelling,44 or by performing
irradiations with different radiation sources.45 Regarding the last aspect, it is worth noting
that different kinds of ionizing radiation have in common that they produce huge numbers of
low-energy secondary electrons when they interact with ices.11,46–48 In fact, secondary
electrons are thought to be the actual driving force behind a wide variety of radiation-induced
chemical reactions.1,46–48 These secondary electrons have kinetic energies which are typically
below 20 eV. In this energy regime, different electron-molecule interactions are accessible
which are electron impact ionization (EI), electronic excitation (EE) and electron attachment
(EA) (see Section 2.1 for a more detailed description).46,49 These electron–molecule
interactions are often followed by dissociation of the molecule into radicals and/or ions in
which case these processes are referred to as dissociative ionization (DI), neutral dissociation
(ND), and dissociative electron attachment (DEA), respectively.46,49 In interstellar ices as well
as in many laboratory experiments that rely on high energy radiation, these events occur at
the same time which makes it very difficult to identify the relevant electron-molecule
interactions as well as to evaluate their individual contribution to the overall product yields.
In order to address this problem, it is important to consider that EI, EE, and EA show
characteristic dependences on electron energy. The basic idea of the work summarized in this
thesis is that this energy dependence is reflected in the product yields of an electron-induced
reaction. Therefore, the underlying electron-molecule interactions can be identified by
performing irradiation experiments with a range of different electron energies.

1.3 Electron-Induced Synthesis
Typically, electron irradiation is associated with its destructive nature which is widely utilized
in mass spectrometry to identify molecules by their characteristic fragmentation pattern.
Electron irradiation, however, can also lead to molecular synthesis, i.e., the formation of more
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complex molecules from smaller entities.49 In many cases, the underlying mechanisms are
remarkably similar to those known from organic chemistry including nucleophilic
displacement

reactions,50

acid-base

reactions,51

addition

reactions,51–53

and

oligomerization.54,55 This suggests that electron-induced synthesis is in fact not only a random
re-assembly of atomic and molecular fragments but that it follows certain reaction principles.
Several examples of electron-induced syntheses in molecular ices were studied previously
using the same approach as also applied in the present thesis. In particular, the electroninduced reactions between C2H4 and NH3 yielding ethylamine (CH3CH2NH2),52,53 C2H4 and
H2O yielding ethanol (C2H5OH),51 and CO and NH3 yielding formamide (NH2CHO)37 were
investigated and reaction mechanisms were proposed.
In the case of C2H4/NH3 mixtures, formation of ethylamine, i.e., an electron-induced
hydroamination, was observed for electron energies above the ionization thresholds of C2H4
and NH3.52 As the electron energies used in that study are still below the onset of DI at least
for NH3 and not much above the threshold for C2H4,56 a mechanism on the basis of intact
radical cations was proposed (Scheme 1). In this reaction model, ionization of either C2H4 or
NH3 leads to an attractive Coulomb force between the reactants which allows them to
circumvent the reaction barrier that prevents a spontaneous reaction between the neutral
molecules.52 Reaction between C2H4 and NH3 after EI yields a cationic adduct (structure I in
Scheme 1) as an intermediate. Intramolecular rearrangement of I into the ethylamine cation
(structure II in Scheme 1) and subsequent neutralization by a thermalized electron eventually
yields ethylamine.

Scheme 1. Proposed mechanism for the ionization-driven formation of ethylamine in
mixtures of C2H4 and NH3 upon electron irradiation.52,53
The proposed mechanism has been examined more comprehensively in a subsequent study53
by investigating the dependence of product yield on electron energy and sample composition,
as well as the formation of side products. Furthermore, experiments were also performed
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using NH3 and propene (CH2=CHCH3), ethylamine and C2H4, and diethylamine
((CH3CH2)2NH) and C2H4 in order to probe possible steric effects. While the mechanism in
Scheme 1 is in accord with the observed energy dependences and successfully predicts the
formation of the respective hydroamination products, it fails to predict some of the observed
side products. For example, ethane (C2H6) and butane (C4H10) were formed as major side
products in the C2H4/NH3 mixture. Although these products were also formed upon electron
irradiation of pure C2H4, the product yields were considerably enhanced in the presence of
NH3 suggesting that NH3 acts as a reducing agent. This is supported by the observation that
N2 was a side product which signifies successive loss of hydrogen atoms from NH3. With
regard to gas phase studies, it has been suggested that DEA to NH3 which yields NH2– and
H⦁57 might cause reduction of C2H4.53 However, this hypothesis remained speculative as no
obvious resonances have been observed in the energy dependent yields of ethylamine, C2H6,
and N2.
The results discussed so far signify that the mechanism in Scheme 1 does not represent a
complete picture as dissociative channels are not included. This conclusion in general calls
for a critical evaluation if a reaction mechanism that explains the formation of a specific
product is in accord with the formation of all side products. For instance, the mechanism
proposed in Scheme 1 does not include the reduction of C2H4 by NH3, as well as the oxidation
of NH3 to N2. Experimental and theoretical studies on ionized NH3 clusters suggest that NH3⦁+
can transfer a proton to a nearby NH3 molecule yielding NH4+ and NH2⦁.58 Previous
experiments on electron-irradiation of a bilayer of NH3 at E0 = 50 eV provided further
evidence for the formation of chemisorbed NH2• radicals by high-resolution electron energy
loss spectroscopy (HREELS) and X-ray photoelectron spectroscopy (XPS).59 In addition, more
recent experiments on thin31,53 and thick60 multilayer films revealed the formation of N2H4 by
TDS,31,53,60 which is thought to result from recombination of two NH2• moieties. Thus, a more
favorable route to ethylamine might be initiated by ionization of NH3 and subsequent proton
transfer to a nearby NH3 molecule yielding NH2⦁ and NH4+.61 The NH2⦁ radical could then add
to C2H4 yielding an intermediate H2N–C2H4⦁ radical which may then abstract a hydrogen
atom from a nearby NH3 to yield ethylamine. In a competitive reaction, the intermediate
radical might also capture a thermalized electron and then undergo proton transfer with the
NH4+ cation yielding ethylamine and NH3.
The mechanism in Scheme 1 has also been adopted to explain the formation of ethanol from
C2H4/H2O mixture51 and the formation of formamide from CO/NH3.37 In addition to the
ionization driven mechanism, however, further mechanisms on the basis of EA and DEA have
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been proposed to explain resonant structures in the energy dependences of ethanol and
formamide production. Considering first the case of C2H4/H2O,51 resonant formation of
ethanol, C2H6, and butane was observed for E0 < 6 eV which has been assigned to EA to C2H4
yielding a C2H4⦁– radical anion which undergoes an acid-base reaction with H2O yielding
C2H5⦁ (Scheme 2). Subsequently, the C2H5⦁ radical can attack the double bond of another C2H4
moiety which initiates dimerization of C2H4 yielding C4H9⦁ which can react further in a chain
reaction. If either of the radical alkyl intermediates reacts with H2O, however, the chain
propagation is terminated yielding, for instance, C4H10 and a HO⦁ radical. The HO⦁ radical, in
turn, can attack a nearby C2H4 moiety forming HOC2H4⦁. Finally, reaction with a nearby H2O
molecule again yields ethanol and HO• (Scheme 2) potentially resulting in another chain
reaction. It is also obvious here how consideration of side products leads to a more
comprehensive view of the reaction.

Scheme 2. Proposed mechanism for the electron-induced formation of ethanol in mixtures
of C2H4 and H2O by EA to C2H4 at E0 < 6 eV. Side products of the reaction are C2H6 and
butane.51
Considering next the case of CO/NH3,37 resonant formation of formamide was observed at
9 eV which has been assigned to DEA to NH3 yielding H– and NH2⦁, or NH2- and H⦁.57
Following DEA, either NH2⦁ or H⦁ can attack a nearby CO molecule to yield H2NCO⦁ or HCO⦁.
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Finally, reaction with NH3 yields formamide and either a NH2⦁ or H⦁ radical (Scheme 3)
potentially resulting in a chain reaction.

Scheme 3. Proposed mechanism for the formation of formamide in mixtures of CO and NH3
by DEA to NH3 at E0 = 9 eV.37
A closer comparison of the formation of ethylamine in C2H4/NH3 ices53 and of formamide in
CO/NH337 reveals that the proposed mechanisms may not be fully consistent calling again for
a more comprehensive reevaluation. In fact, it could be expected that DEA to NH3 at 9 eV
yielding either H– and ⦁NH2, or NH2– and H⦁57 which explains the resonant formation of
formamide37 should also contribute to the formation of ethylamine and/or C2H6. However,
while the energy dependence of formamide evinces a resonance at 9 eV,37 the energy
dependences of ethylamine and C2H6 do not.53 There might be several reasons for this
discrepancy. Firstly, the resonance may have been overseen in the data for ethylamine and
C2H6 production as their formation was not strictly studied in the regime where product
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formation depends linearly on the electron dose. This hypothesis is, in fact, supported by the
energy dependence of product yields which show saturation for E0 > 10 eV.53 Secondly,
ionization of C2H4 may already start to contribute to the formation of ethylamine at 10 eV if
it is considered that the ionization energy of C2H4, which is about 10.5 eV in the gas phase,56
might be shifted to lower values in the condensed phase.62,63 In contrast, the ionization energy
of CO is 14.0 eV in the gas phase56 and thus at considerably higher energies. Thus, resonant
contributions to the overall product yields in the C2H4/NH3 ice might be masked by higher
contributions of the EI-driven mechanism. Finally, the resonance observed in the CO/NH3 ice
may also stem from DEA to CO rather than NH3.64–66 These arguments demonstrate that
interpretation of the experimental data is still ambiguous and that more comprehensive
studies are required to obtain a conclusive picture of the reaction mechanisms that underlie
the product formation under electron irradiation in molecular ices.
This review of the previous work makes clear that it is essential to consider if any proposed
reaction mechanism is also able to predict the reaction outcome in similar reaction systems.
To this end, the present thesis is concerned with the question how a reaction mechanism is
changed when an individual reactant is replaced by another. In particular, this question has
been addressed by studying electron-induced reactions in C2H4/CH3OH, CO/H2O, and
CO/CH3OH mixed ices as summarized briefly in Sections 1.3.1 to 1.3.4. This work
complements the results obtained from studying electron-induced reactions in C2H4/H2O,51
C2H4/NH3,53 and CO/NH3 mixtures.37 For example, the results allow us to directly compare
the formation of formamide, formic acid, and methyl formate which are anticipated as
products in the reaction of CO with NH3, H2O, and CH3OH based on the mechanism depicted
in Scheme 1, respectively (Table 1). This systematic approach leads to more general
conclusions on the reaction mechanisms and thus contributes to a comprehensive picture of
astrochemical processes.
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Table 1. Addition products expected for the reaction of C2H4 and CO with NH3, H2O, and
CH3OH via the ionization-driven mechanism depicted in Scheme 1. Formation of ethylamine,
ethanol, and formamide (black) has been investigated in previously studies.37,51–53 In the
present thesis, formation of ethyl methyl ether, formic acid, and methyl formate (red) have
been studied.
NH3

H2O

CH3OH

C2H4

CO

Reactions in CO/H2O Mixtures (Publication I)
Electron-induced reactions in mixed ices of CO and H2O yield not only formic acid (HCOOH)
anticipated according to Scheme 1 and Table 1 but also H2CO and CO2 (Figure 2). A detailed
study on the energy dependent formation of HCOOH, H2CO, and CO2 revealed that product
formation is mainly triggered by ND of H2O yielding HO• and H•, as well as H2 and O(3P/1D).
In addition, formation of HCOOH also proceeds by DEA to CO or H2O at 10 eV yielding a
reactive O•– radical anion. Finally, formation of H2CO is also initiated by EA to CO at around
4 eV yielding an intermediate CO•– radical anion.
The results have important implications for the formation of CO2 under astronomical
conditions as this is the first experimental study showing that CO2 is mainly formed by the
reaction of atomic oxygen with CO which is in contrast to most previous studies which
proposed a formation route via an intermediate HOCO⦁ radical that decays into CO2 and H⦁.
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Figure 2. Products and relevant intermediates produced during electron irradiation of
CO/H2O ice.

Reactions in Pure CH3OH (Publication II)
Upon electron irradiation of CH3OH, cleavage of the different bonds leads to numerous
products via a complex reaction network. In order to understand chemical reactions in mixed
ices containing CH3OH, it is thus essential to have a comprehensive knowledge of chemical
processes in pure CH3OH ice. Therefore, the formation of H2CO, CH4, ethylene glycol
(HOCH2CH2OH), methoxymethanol (CH3OCH2OH), dimethyl ether (CH3OCH3), and ethanol
(C2H5OH) (Figure 3) has been studied with respect to the dependence of product yields on
electron energy.
The results revealed that electron-induced synthesis, i.e., the formation of larger molecules
from smaller building blocks, mainly proceeds by radical recombination of CH3OH fragments
whereas H2CO and CH4 are also formed by unimolecular decay of CH3OH following electron
interaction. Below the ionization threshold, ND is the main driving force for the formation of
products but DEA to CH3OH also contributes to the yields of H2CO and CH4. Above the
ionization threshold, EI of CH3OH is the dominant electron–molecule interaction responsible
for product formation. In addition, H2CO is formed by EA to CH3OH at E0 = 13 eV followed
by autodetachment and subsequent dissociation of the excited neutral into H2CO and H2. To
a lower extent, this resonance may also yield radical species and thus contribute to the
formation of ethylene glycol, methoxymethanol, dimethyl ether, and ethanol. This publication
constitutes the most complete dataset on the energy dependence of product formation during
irradiation with low-energy electrons of CH3OH ice so far and thus serves as reference for
studies on electron-induced processes in CH3OH containing mixed ices.
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Figure 3. Products and relevant intermediates produced during electron irradiation of
CH3OH ice.

Reactions in C2H4/CH3OH Mixtures (Publication III)
Electron-induced reactions in mixed ices of C2H4 and CH3OH yield not only ethyl methyl
ether (CH3OC2H5) anticipated according to Scheme 1 and Table 1 but also hydrocarbons like
ethane (C2H6) and butane (C4H10) (Figure 4). A detailed study on the energy dependence of
ethyl methyl ether revealed that product formation is mainly triggered by EI. However, there
is a minor reaction channel at lower electron energies which triggers product formation by
DEA to CH3OH.
The proposed reactions do probably not occur under conditions relevant for astrochemistry
as C2H4 is none of the major ice constituents. However, this is the first experimental study
demonstrating the role of DEA for electron-induced synthesis in CH3OH containing ices.

Figure 4. Products and relevant intermediates produced during electron irradiation of
C2H4/CH3OH ice.

Reactions in CO/CH3OH Mixtures (Publication IV)
Electron-induced reactions between CO and CH3OH yield not only methyl formate
(CH3OCHO) which was anticipated to form according to Scheme 1 and Table 1, but also H2CO
and CO2. Based on the dependence of product yields on electron energy and supported by the
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formation of specific side products, it could be inferred that methyl formate is mainly formed
by an intermediate CH3OCO⦁ radical and not by addition of the intact CH3OH•+ radical cation
to CO. The dominant reaction pathway leading to methyl formate is initiated by DEA to CO
at 10 eV although ND and EI of CH3OH contribute to its formation to some extent. At lower
electron energies, methyl formate is also formed by DEA to CH3OH at E0 = 5.5 eV. This is the
first study which provides evidence that methyl formate can be formed by an intermediate
CH3OCO• radical. Furthermore, this study corroborates the importance of DEA for electroninduced synthesis in CH3OH containing ices.

Figure 5. Products and relevant intermediates produced during electron irradiation of
CO/CH3OH ice.
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2 Formation of Reactive Species by Electron–Molecule
Interactions
Chemical reactions can be initiated when electrons interact with a molecule by electron
impact ionization (EI), electronic excitation (EE), or electron attachment (EA).46,49 The primary
intermediates are typically unstable and decay by dissociation into one or more fragments. In
the quasi-diatomic model, EI produces radical cations which can further dissociate into a
radical and a cation. This process is referred to as dissociative ionization (DI):
AB + e− → AB⦁+ + 2e–
AB⦁+ → A⦁ + B+
EE produces an electronically excited molecule which can subsequently decay by neutral
dissociation (ND) into two neutral fragments which are typically radicals:
AB + e− → AB∗ + e−
AB∗ → A⦁ + B⦁
EA produces a transient negative ion (TNI) which can either be stabilized (not shown), reemit
the excess electron by autodetachment (not shown) or decay by dissociative electron
attachment (DEA) into an anion and a radical.
AB + e− → AB⦁–
AB⦁– → A⦁ + B–

2.1 Non-Resonant Electron-Molecule Interactions
EI and EE are non-resonant processes which only occur when the kinetic energy of the
electron exceeds the ionization energy or electronic excitation energy of the target molecule,
respectively. DI requires sufficient excess energy to overcome the binding energy. In the case
of a quasi-diatomic model, this excess energy equals the bond dissociation energy of the
radical cation. For polyatomic molecules, however, this excess energy can be partially or fully
compensated when molecular rearrangement leads to the formation of new chemical bonds.
The cross section of EI and EE increases steadily with increasing electron energy once the
thresholds for ionization or electronic excitation have been overcome. In the range from 50–
100 eV, the cross section reaches a maximum and decreases again for higher electron energies
(Figure 6). This is because the interaction time between an electron and a molecule decreases
with the velocity of the electron and eventually becomes smaller than the time required for
EE or EI.
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Figure 6. Energy dependence of the cross section for the formation of H2O•+ from EI to H2O
as an example of the typical behavior of ionization cross sections. Data were taken from
Itikawa and Mason.67

2.2 Resonant Electron-Molecule Interactions
In contrast to EI and EE, EA and DEA are resonant processes which only occur in narrow
energy ranges (Figure 7). Intact radical anions M⦁– formed by EA to a molecule M are usually
only observed at near-zero electron energies where fragmentation is energetically not
feasible.49 The thermodynamic threshold for DEA, however, is often lower than those for ND
and DI as the energy required to overcome the binding energy can be partially or fully
compensated by the electron affinity of either of the fragments.49
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Figure 7. Energy dependence of the cross section for the formation of O⦁– by DEA to H2O as
an example of the typical behavior of cross sections for DEA. Data were taken from Itikawa
and Mason.67
EA and DEA can be categorized into either single-particle resonances or core-excited
resonances which can be further divided into shape resonances and Feshbach resonances
(Figure 8).62,68 In a single-particle resonance, the incident electron occupies a previously
unoccupied or half-occupied orbital. In a core-excited resonance, this electron capture goes
along with an excitation of the neutral parent molecule into a higher electronic state. In a
shape resonance, the TNI is metastable with respect to the neutral parent state and immediate
autodetachment is only hindered by the centrifugal barrier. Shape resonances are typically
short-lived states with lifetimes from femtoseconds to a few hundreds of picoseconds because
the excess electron can tunnel through the centrifugal barrier.62 In a Feshbach resonance, the
TNI is lower in energy than the corresponding neutral parent state. The lifetimes of Feshbach
resonances are thus considerably higher than those of shape resonances.
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Figure 8. Types of resonances in electron attachment (EA) to a molecule AB. In a singleparticle resonance, the electron occupies a previously unoccupied orbital. In a core-excited
resonance, EA is accompanied by electronic excitation of the molecule. Core-excited and
single-particle resonances can be further categorized into shape and Feshbach resonances. For
shape resonances, the TNI has a higher energy than its neutral parent state whereas the TNI
is lower in energy in case of a Feshbach resonance.
Typically, the kinetic energy of the electron where resonant DEA occurs is slightly higher
than the thermodynamic threshold for the reaction. This is because DEA proceeds by a
vertical transition to the anionic potential energy surface (Figure 9). The kinetic energy of the
electron must thus match the energy difference between the ground state and electronically
excited state. Subsequently, the TNI decays by increasing the internuclear distance which
eventually leads to dissociation into a radical and an anion. During this progression, the TNI
can return to the parent electronic state by autodetachment of the excess electron. Beyond
the critical point where both potential energy surfaces crosses (Rc in Figure 9), however, it is
energetically not feasible for the molecule to return to its parent state which leads to
irreversible dissociation of the TNI unless the parent anion is sufficiently stabilized.
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Figure 9. Potential energy curves of the electronic ground state of a diatomic molecule AB
and that of the AB⦁– radical anion. Potential energy curves are shifted to lower energies when
going from the gas phase (solid lines) to the condensed phase (dotted lines) due to polarization
of the surrounding medium. Compared to dissociation in the neutral state, the dissociation
limit of the molecule AB in DEA is lowered by the electron affinity of B (EEA) which can enable
dissociation of the molecule at near-zero electron energies.

2.3 Effects in the Condensed Phase
In the condensed phase, molecules and in particular ions are stabilized by polarization of the
surrounding medium which can modify electron-molecule interactions regarding their
energetic thresholds, cross sections, and fragmentation behaviour.46,50,62,69
Considering first the resonant electron-molecule interactions, the potential energy surface of
the TNI is shifted to lower energies, typically by about 1 eV, which may also be reflected in
the position of the resonance depending on the experimental method that is used.46 In
addition, stabilization of the TNI in the condensed phase leads to a shift of Rc to a smaller
distance between the two nuclei (Figure 9) which decreases the chance of autodetachment
and, consequently, enhances the DEA cross section.49,62,63 In the extreme case, shape
resonances can become Feshbach resonances in the condensed phase because the anion is
stabilized by the surrounding matrix making it more stable than the corresponding neutral
state.62 DEA is thus considered to be particularly important in the condensed phase. These
promoting factors, on the other hand, might be counteracted by different quenching processes
which affect the lifetime and stability of the TNI. In the gas phase, associative attachment
yielding an intact radical anion rarely ever occurs because the TNI can only get rid of the
excess energy by radiative cooling which is much less efficient than autodetachment.46 In the
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condensed phase, however, associative attachment might become feasible as the excess
energy of the TNI can be accommodated by the surrounding medium.46,63 In close proximity
to metal surfaces, electron-transfer from the TNI to the metal surface can also decrease the
cross section for DEA.63 In order to minimize this effect, experiments are typically performed
with sufficiently high film thicknesses, or by using a noble gas spacer.46
In contrast, the effect of condensation on non-resonant electron-molecule interactions is less
well studied than for DEA. It is generally assumed, however, that ionization thresholds shift
to lower energies upon condensation.25,31,51,70 This assumption is, in fact, backed up by the
ultraviolet photoelectron spectra of a number of molecules which suggest a shift of the
ionization threshold of about 1–2 eV to lower energies.71 The threshold for ND may also be
shifted to lower energies although to a lower amount compared to EI as neutrals are typically
less stabilized in the condensed phase compared to ions.
In the gas phase, EI of a molecule at sufficiently high electron energies is typically followed
by various bond ruptures as is reflected in the mass spectra of most molecucles.72 In the
condensed phase, however, the excess energy can be accommodated by the surrounding
medium which might lower the degree of fragmentation or, in the extreme case, even
suppress bond dissociation. Such a quenching process, for example, has been observed in
cluster experiments with CH3OH. Under single collision conditions, isolated CH3OH
molecules show considerable fragmentation at E0 = 70 eV72 whereas in CH3OH clusters,
proton transfer from CH3OH⦁+ to an adjacent CH3OH molecule prevails over fragmentation.73
Similarly, fragmentation of Fe(CO)5 clusters by DI has been studied which revealed
significantly reduced cross sections for the formation of fragments compared to those of
isolated Fe(CO)5 molecules.74
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3 Experimental Setup
All experiments were carried out in an ultrahigh–vacuum (UHV) chamber (Figure 10) with a
base pressure of ≤ 10–10 mbar which was maintained by turbomolecular pumps. The pressure
inside the vacuum chamber was constantly monitored by a hot-cathode ionization gauge.

Figure 10. Schematic representation of the UHV chamber with (1) sample, (2) cryostat, (3)
valve to the dosing line, (4) residual gas analyzer (RGA), (5) electron source, and (6) ion gauge.
The use of chemicals is limited to gases and to liquids or solids that have a sufficiently high
vapor pressure. Gaseous compounds were typically purchased in a pressurized cylinder which
could be mounted to the dosing line (Figure 11) via an adapter and an Ultra-Torr (Swagelok)
vacuum fitting. In contrast, solid and liquid compounds were transferred into a round bottom
flask which was then mounted to the vacuum fitting. In the case of liquid samples, several
freeze-pump-thaw cycles with liquid N2 were performed in order to remove any dissolved
gases whereas solid samples were used without further purification. By opening the valve
between the flask and the dosing line, the vapor of the head space was allowed to diffuse into
the reservoir (blue part in Figure 11). From this reservoir, a small fraction of the gas or vapor
was leaked into the upper part of the dosing line (red part in Figure 11) by use of a precision
leak valve. There, it could be mixed with a second reactant. Mixing ratios of two reactants
were controlled by a capacitance manometer (MKS Baratron) that monitored the change in
absolute pressure inside this upper part of the dosing line after injection of the first and second
reactant, respectively. Similarly, the amounts of gases or vapors leaked into the UHV chamber
were controlled by monitoring the pressure drop inside the upper part of the dosing line with
the capacitance manometer. Between two consecutive experiments, the upper part of the
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dosing line was evacuated by a turbomolecular pump. The purities of the reactants stored in
the reservoirs were frequently verified by mass spectrometry. Gases or vapors injected into
the main vacuum chamber were allowed to condense on a polycrystalline Ta foil held at 30–
35 K by a closed cycle helium cryostat.

Figure 11. Schematic representation of the dosing line. Gases or vapors of the reactants are
stored in either of the two reservoirs (depicted in blue). From either of the two reservoirs,
defined amounts of a reactant can be dosed into the upper part of the dosing line (depicted in
red) by a precision leak valve. The upper part of the dosing line (depicted in red) is used to
mix the reactants before they are leaked into the UHV chamber.
The temperature of the Ta substrate can be monitored by a thermocouple type K which is
spot-welded to the sample. Electron irradiation was performed with a commercial electron
source (STAIB NEK-150-1) which is operated continuously to avoid contaminations. To
suppress unintended irradiation during sample preparation and TDS, the electron beam was
deflected by a negative sample bias of –25 V to prevent any electrons from reaching the
sample. Upon electron irradiation, the electron beam was allowed to illuminate the entire
sample evenly. The electron exposure was inferred by integrating the transmitted current as
measured on the Ta foil by use of a picoamperemeter over time. After irradiation, samples
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were annealed to 450 K by resistive heating with a rate of 1 K/s as was controlled by an Omega
CN8200 controller using a Proportional-Integral-Derivative (PID) algorithm (Figure 12).
Subsequently, the temperature was held at 450 K for 1–2 min in order to remove residual
molecules from the surface. Cleanliness of the sample was frequently verified by performing
TDS on the pure substrate. During electron irradiation and TDS, desorbing molecules were
detected by a residual gas analyzer (RGA SRS 200). In a typical ESD or TDS experiment, not
more than four mass-to-charge ratios were monitored simultaneously to maintain a good
signal-to-noise ratio.

Figure 12. Temperature ramp (black curve) as was controlled by a PID-Controller and set
temperature (red curve) during a typical TDS experiment from 35–450 K with a heating rate
of 1 K/s.
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4 Experimental Methods
4.1 Electron-Stimulated Desorption
ESD of adsorbate molecules or fragments thereof occurs when electrons of sufficiently high
kinetic energy hit a sample surface. In principle, the impinging electron can transfer its energy
to the adsorbate by elastic or inelastic scattering, the latter leading to excitation, ionization,
or electron attachment. Considering the electron-adsorbate interaction as a central elastic
collision, the maximum energy transfer ∆E is given by75*
Δ𝐸 =

4𝑚 𝑚 𝐸
4𝑚
≈
𝐸
(𝑚 + 𝑚 )
𝑚

(1)

where E0 is the kinetic energy of the impinging electron, me is the electron mass, and mA is
the mass of the adsorbate. For E0 = 20 eV, and H2 as the adsorbed molecule, the kinetic energy
transfer is about 0.018 eV which is still lower than typical adsorption energies of physisorbed
species (0.07 eV for N2 on Au; 0.5 eV for H2O on Au).76 Thus, for low-energy electrons, only
conversion of the electron kinetic energy into internal energy of the substrate-adsorbate
complex can account for ESD.75
A conceptual framework for ESD is provided by the Menzel-Gomer-Redhead (MGR)
model.77–81 Briefly, the MGR model states that upon electron irradiation, the adsorbate
undergoes a Franck-Condon transition to a repulsive state. During the subsequent relaxation
process which forces the adsorbate to move away from the sample surface, desorption
competes with recapture. Note that the description of the MGR model is kept very general,
i.e., the specific nature of the repulsive state and the relevant quenching mechanisms are not
specified. It has thus been modified several times to describe more specific situations.80,82,83
In a very simple scenario, a molecule adsorbed onto a surface undergoes electronic excitation
into a repulsive state with respect to the molecule-surface bond (Figure 13). In order to desorb,
the molecule must reach a critical distance from the surface (Rc in Figure 13) beyond which
the kinetic energy of the molecule is sufficiently high to overcome the recapture barrier (Erec)
even if the excited state is quenched.80,81 If the excited state is quenched before the molecule
has reached the critical distance, on the other hand, it gets recaptured by the surface, that is,
it stays adsorbed.80,81 Consequently, the desorption rate depends critically on quenching of
the excited state by energy transfer, or, in the case of desorbing ions, charge transfer with the

*

In Ref. 75, eq 1 states that ∆E/E0 = (2memA)(1–cos θ)/(me+mA)2 where θ is the scattering angle. For θ = 180°, the
term on the right-hand side of the equation becomes maximum yielding ∆E/E0 = 4memA/(me+mA)2.
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substrate.79 Typically, the desorption rates of neutrals are higher than those of ions by several
orders of magnitudes84 which is mainly due to the following reasons: First, ions are stabilized
by a higher amount of energy than neutrals due to polarization of the surrounding medium
and by interaction of the ion with its image charge induced in metallic substrates. Secondly,
ions are prone to neutralization as electrons can tunnel between the metal surface and the ion
and vice versa.85

Figure 13. Potential energy curve of a substrate-adsorbate complex. Upon ESD, the complex
undergoes electronic transition into an antibonding state which decays by moving away from
the surface. Beyond the critical distance Rc, desorption proceeds irreversibly as the kinetic
energy (Ekin) of the desorbing particle is higher than the barrier (Erec) required to overcome
the adsorption potential.
Electron irradiation, however, does not only lead to desorption of intact molecules but also to
desorption of neutral and ionic fragments produced by ND, DI, or DEA.23,86–88 In contrast to
the example above, relaxation of the excited adsorbate progresses by increasing the
internuclear distance within a molecule. Similar to the MGR model, the molecule can undergo
quenching throughout this progression which may prevent dissociation of the molecule or
desorption of fragments.85 If a fragment has acquired enough kinetic energy during
dissociation, however, it may overcome the desorption barrier and escape into vacuum.
Desorption of neutral and, in particular, ionic fragments is frequently studied to unravel the
primary electron-molecule interactions that occur upon electron irradiation.23,86,89,90 In such
ESD experiments, the energy of the impinging electrons is increased within a defined range
while desorbing cations, anions, or neutrals are monitored by a mass spectrometer. The signal
as a function of electron energy then reflects the cross section of the respective electron-
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molecule interaction. Experiments with isotopically labeled reactants further allow to study
site selective bond cleavages.91 However, ESD experiments can also be used to obtain
information on chemical kinetics if the temporal evolution of a mass spectrometric signal is
studied.92 For example, when CO is used as a reactant, its signal intensity in the ESD shows a
sharp onset once the sample is irradiated followed by an exponential decay of the ESD signal
which is characteristic of a first order reaction kinetic (Figure 14, left panel). When CO is
produced during irradiation of CH3OH, however, desorption is limited by its formation rate
and thus shows a delayed increase which, in this case, follows a (pseudo) first order kinetic
(Figure 14, right panel).

Figure 14. Temporal evolution of the ESD signal of CO upon irradiation of CO/H2O (1:1)
mixtures (left panel) and CH3OH (right panel) at E0 = 20 eV. In the left panel, CO is a reactant;
its ESD intensity thus follows an exponential decay. In the right panel, desorption of CO
during electron irradiation of CH3OH is limited by its formation as indicated by the delayed
increase of intensity; The temporal evolution can be described by the denoted function which
corresponds to a first-order reaction kinetic.

4.2 Thermal Desorption Spectrometry
Thermal desorption spectrometry (TDS) is a surface science technique that is typically used
to determine surface coverages of adsorbates, and their adsorption enthalpies.93 It can also be
used to probe chemical changes that occur on the substrate surface which makes this
technique suitable for studying electron-induced reactions.46,49,94,95 Typically, TDS is used in
combination with mass spectrometry as this can detect molecules even at very low partial
pressures, and because molecules can be identified by their characteristic fragmentation
pattern.
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Mathematically, thermal desorption is described by the Polanyi Wigner equation93,96 which
can be derived by combination of eq 2 which is the chemical rate equation for desorption and
the Arrhenius equation which yields eq 3
−
−

d𝜃
=𝜃 𝑘
d𝑡

d𝜃
𝐸
= 𝜃 𝜈 exp −
d𝑡
𝑅𝑇

(2)
(3)

where k is the rate constant, θ is the surface coverage, n is the desorption order, ν is the
frequency factor, and Edes is the desorption energy. During TDS, the temperature of the
substrate is typically increased linearly which leads to the following form of the Polanyi
Wigner equation
−

d𝜃 𝜃
𝐸
=
𝜈 exp −
d𝑇
𝛽
𝑅𝑇

(4)

where β is the heating rate. In the simplest scenario, the desorption energy, frequency factor,
and desorption order are fixed parameters, i.e., they are independent of coverage. Kinetic
parameters can be then be obtained from experimental data by a number of methods like
Redhead analysis and Leading edge analysis.97,98
In general, however, desorption energy and the frequency factor are functions of the surface
coverage which requires a more sophisticated approach. For coverages in the monolayer
regime, it is often observed that the maximum of the desorption signal shifts to lower
temperatures with increasing coverage.24,99–103 In Figure 15, this is illustrated for the case of
C2H4 where the monolayer desorption peak shifts from 90 K at low coverage to 70 K at
saturation. Traditionally, this coverage dependence of the desorption temperature can be
explained by the multistate model which assumes a set of different binding sites.93,96 When
the adsorbed molecules are sufficiently mobile, the different binding sites are sequentially
occupied from higher to lower adsorption energy. The overall signal can then be regarded as
a convolution of individual desorption signals, each representative of desorption from a
specific binding site.100–102 As molecules adsorbed on less favorable binding sites desorb first
upon heating, the maximum of the overall desorption signal shifts to lower temperatures with
increasing coverage while the trailing edges of the different desorption signals overlap.
However, it is now widely accepted that lateral interactions among adsorbed molecules also
affect the adsorption energy.93,96,97,103 Consequently, the shift of the desorption maximum to
lower temperatures can also be interpreted as repulsive forces among the adsorbed molecules
leading to lowering of the desorption energy with increasing coverage.
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For multilayer coverages, desorption rates become independent of coverage because
desorption occurs only from the topmost layer of the sample. In the TDS, this is reflected by
a shared leading edge corresponding to a desorption order of zero (see multilayer peak of
C2H4 in Figure 15).96,99,101

Figure 15. Thermal desorption spectra for increasing amounts of C2H4. The monolayer
desorption peak shifts from 90 K at low coverages to 70 K at higher coverages. When the
monolayer approaches saturation, a second peak emerges at 59 K which is assigned to
multilayer desorption. Note that the leading edges of the multilayer peaks coincide.
TDS of volatile compounds which are embedded in a less volatile matrix (Figure 16, panel A)
are often much more complex than TDS of the pure ices as additional signals can occur due
to volcano- and co-desorption. Volcano desorption occurs when volatile compounds, typical
small gas molecules like CO, N2, or CH4, are trapped in the pores of an amorphous deposit
(Figure 16, panel B). Upon heating the film, the amorphous deposit tends to crystallize which
produces small cracks (Figure 16, panel C). These cracks, in turn, enable the trapped volatiles
to diffuse to the surface and escape into vacuum. Finally, residues of the volatiles that have
not desorbed by the molecular volcano process co-desorb along with the surrounding matrix
(Figure 16, panel D).104–106 These mixing effects have been extensively studied in H2O ices due

Experimental Methods

29

to its high abundances in icy mantles. However, there are also a few studies that revealed
analogous effects in CH3OH,107 ethanol,108 and CO2109 matrices.

Figure 16. (A) Co-adsorption of two adsorbates. (B) Desorption of the more volatile
compound. Molecules that are trapped in the porous network, stay embedded in the
adsorbate. (C) Volcano-desorption: Crystallization of the matrix leads to the formation of
cracks which form pathways from the pores to the surface of the sample. (D) Desorption of
the matrix leads to co-desorption of last residues of the more volatile compounds.
Thermal desorption of more massive molecules in mixed ices is less well studied compared to
that of volatile molecules. For a number of organic molecules co-adsorbed with H2O, the
desorption spectra also exhibit signals corresponding to volcano- and co-desorption.110
However, if the guest molecule is much less volatile than the matrix, desorption of the guest
molecule might be completely independent from desorption of the matrix as has been
demonstrated for desorption of glycine111 and formamide112 from amorphous H2O ice.

4.3 Quantification of Products
The mass spectrometric signal monitored during ESD and TDS is proportional to the
desorption rate if the pumping speed is sufficiently high.93 However, the individual
compounds typically have different ionization efficiencies and fragmentation properties.
Thus, mass spectrometric signals of two different compounds cannot be compared directly in
a quantitative sense.
In principle, this problem can be addressed by either of two strategies: The first strategy is to
prepare a number of reference mixtures containing increasing amounts of the anticipated
product in the reactant matrix (Figure 17, left panel).95 The data set constitutes a calibration
curve (Figure 17, right panel) which allows to quantify the amount in the irradiated mixture
by comparing the peak area in the irradiated sample with those of the reference mixtures.
This approach, however, requires that the sticking coefficients of all components of the
reference mixtures are known. In a similar approach, defined amounts of the anticipated
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product are added to the irradiated samples. The amount that is initially present after
irradiation can then be calculated by extrapolation (see Publication II). This approach is
similar to the method of standard addition and has the advantage that matrix effects are
already incorporated.

Figure 17. (Left panel) Thermal desorption spectra for increasing amounts of H2CO in
CH3OH. H2CO shows a desorption feature at 88 K. The desorption feature at 130 K is due to
the m/z = 30 fragment of CH3OH. (Right panel) Integral intensities of the H2CO desorption
signals with increasing amount of H2CO in a H2CO/CH3OH mixture. The fraction of H2CO
was deduced from the pressure drops of H2CO and CH3OH in the dosing line.
The second strategy is to deduce the amounts by correcting the mass spectrometric signals
for different ionization efficiencies and ion intensities. Although fragmentation patterns are
accessible for a wide range of molecules in reference databases like NIST,72 it is more accurate
to deduce ion intensities with the same setup used throughout the ESD and TDS experiments.
This is because the intensity pattern of the mass spectrum can differ from those in reference
data due to different transmission and detection efficiencies of the mass spectrometer and due
to a different geometry of the vacuum chamber. In contrast, it is much more difficult to obtain
the ionization cross section for a particular molecule by experiment. For some selected
molecules, experimental ionization cross sections have been published in reference
databases.113 For most molecules, however, ionization cross sections have not been reported
and need to be calculated which is typically performed on the basis of the Binary-EncounterBethe (BEB) model.114,115 The formation cross section of a specific ion following EI is usually
termed as the partial ionization cross section. In contrast to the total ionization cross section,
the partial ionization cross section describes the probability to end up with a particular ion.
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Its value can be obtained by correcting the total ionization cross section for the fractional
intensity of a specific ion which can be deduced from the respective mass spectrum by eq 5
𝜎

,

=

𝐼 ,𝜎
∑ 𝐼

(5)
,

where Irel,i is the relative intensity of the ith fragment, N is the number of fragments, σp,i is
the partial ionization cross section for the ith fragment, and σtotal is the total ionization cross
section. The yield a particular product P with respect to the initial abundance of the reactant
R can then be calculated by scaling the integrated desorption signals (areaP and areaR) with
the respective cross sections according to eq 6:
𝑦𝑖𝑒𝑙𝑑 =

𝑎𝑟𝑒𝑎 𝜎
⋅
𝑎𝑟𝑒𝑎 𝜎

,

(6)

,

Note that eq 6 can equally be applied to calculate relative yields between two arbitrary
molecules or the mixing ratio of two reactants. The advantage of this strategy is that it does
not require additional experiments. Furthermore, this strategy might be the only one that is
feasible for compounds that are difficult to handle or commercially not available.
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5 Classification of Electron-Induced Reactions
Electron-irradiation can trigger a number of different reactions depending on the electron
energy. In a first step, electron irradiation typically leads to depletion of the reactants which
is accompanied by the formation of reactive species, i.e., radicals and ions. EE and EI processes
can be identified based on their characteristic threshold behavior. In contrast, DEA resonances
show a more complex dependence on energy which is different for each individual compound.
Thus, Figure 18 provides an overview over the known gas phase resonances of CH3OH, H2O,
CO, and C2H4 which serves as reference for the discussion throughout the following sections.

Figure 18. Overview over the known gas phase resonances of CH3OH (green), H2O (black),
CO (red), and C2H4 (blue). Data are taken from Ibǎnescu et al.,116 Itikawa and Mason,67 Gope
et al.,65 Rempt (obtained from charge trapping experiments),117 Thynne and MacNeil,118
Trepka and Neuert,119 and Walker (obtained by HREELS).120 In the case of C2H4, only the most
intense signals are displayed. See Ref. 121 for data on minor fragments. Note that the individual
curves are scaled by an arbitrary factor in order to facilitate comparison. Tick marks on the
y-axis indicate the vertical offset.
Following their formation, reactive species can undergo reactions with molecules in their
environment eventually leading to electron-induced synthesis, i.e., the formation of larger
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molecules from smaller building blocks. The mechanisms by which chemical transformation
occur is not a random re-assembly of atomic and molecular fragments but often follows
certain reaction principles. This allows one to classify chemical reactions according to their
underlying mechanisms. However, differences among analogous reactions of the same
reaction type can arise from thermodynamic or kinetic restrictions. The following sections
aim to reconcile the results of the individual publications by discussing the fundamental
reaction types underlying the specific reaction mechanisms triggered by formation of reactive
species in the initial electron-molecule interaction.

5.1 Radical Recombination
Current astrochemical models assume that radical recombination is the dominant mechanism
by which molecular synthesis occurs in interstellar ices.20,21,29,30 However, neutral radicals
which are produced in ices by the interaction of molecules with electrons or UV photons are
typically surrounded by reactant molecules only. Radical–molecule reactions thus require no
diffusion through the ice but are limited by activation barriers which might not be accessible
at cryogenic temperatures. Diffusion, on the other hand, requires less energy allowing the
radicals to travel until they encounter a second radical where a typically barrierless
recombination reaction can occur. As will be shown in the following sections, this paradigm
does not necessarily hold true because radicals released during dissociation of the parent
molecule might have considerable excess energy which can be sufficiently high to overcome
the activation barriers of radical-molecule reactions even at low electron energies.
Furthermore, several theorical studies suggest that disproportionation of two radicals, that is,
the transfer of a hydrogen atom from one radical to another, might dominate over
recombination.122–125 An example of such a disproportionation reaction would be the reaction
between two CH3O• radicals yielding H2CO and CH3OH (Publication II). A similar case has
been observed in matrix isolation experiments for the reaction between two HCO• radicals
which disproportionate to H2CO and CO rather than recombine to glyoxal (HC(O)CH(O)).122
Without doubt, however, radical recombination is an important reaction type in the
processing of ices.
Among the ices studied in this thesis, radical recombination is particularly important in the
case of CH3OH containing ices. In CH3OH, three different bonds can be cleaved yielding
CH3O•, •CH2OH, CH3•, HO•, and H• radicals. The experiments of Publication II have identified
the expected recombination products methoxymethanol (CH3OCH2OH), ethanol (C2H5OH),
ethylene glycol (HOC2H4OH), and dimethyl ether (CH3OCH3). The very similar energy
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dependences for these products (Figure 19) indicate that the different radicals are all produced
by the same electron-molecule interactions. Assuming that radical recombination is in fact
the dominant reaction, the relative yields would reflect branching ratios with which the
different radicals recombine. Branching ratios for photodissociation of CH3OH into CH3O•,
•CH

2OH,

and CH3• radicals were previously deduced from the relative yields of ethanol,

dimethyl ether, and ethylene glycol.21 However, considering the recent theoretical predictions
that disproportionation dominates over radical recombination,122–125 it becomes impossible to
deduce the branching ratios by which CH3O•, •CH2OH, and CH3• radicals are formed because,
unlike for recombination products, the products of disproportionation are not linked to
specific primary radicals. For example, it is not possible to distinguish between H2CO that is
formed by disproportionation between two CH3O• radicals, two •CH2OH radicals, or between
a CH3O• and a •CH2OH radical.
Considering the identified recombination products as listed above, it is obvious that more
compounds could be formed, such as dimethylperoxide (CH3OOCH3) and C2H6. These,
however, were not detected (see Publication II). Dimethyl peroxide, which would result from
recombination of two CH3O• radicals, could only be detected by the Kaiser group using a very
sensitive photoionization reflectron time-of-flight mass spectrometer.126 This suggests that
dimethyl peroxide is produced in much smaller yields than other recombination products
which prevents its detection in the present work. In fact, the competition of radical
recombination with disproportionation could provide a reasonable explanation why certain
recombination products are observed in high yields while others are not. The competitive
disproportionation reaction between two CH3O• radicals yielding CH3OH and H2CO could
thus be more efficient than recombination to yield dimethyl peroxide.
Similarly, there are no reports on the formation of C2H6 under irradiation of CH3OH ice which
is expected to form by coupling of two CH3• moieties. Öberg proposed that this is because of
the higher abundances of CH3O• and •CH2OH radicals which favors reactions of CH3• with
either CH3O• or •CH2OH over recombination of two CH3• radicals.21 In addition, CH3⦁ radicals
have a higher mobility at 35 K than CH3O⦁ and ⦁CH2OH21,127 which might enable quick
trapping of CH3⦁ radicals before the majority of CH3O⦁ and ⦁CH2OH radicals are consumed
by other reactions. Disproportionation between two CH3• radicals would yield methylene
(CH2) and CH4 which, however, is an endothermic reaction† and should thus not be very

Standard enthalpies of formation are 145.69 kJ/mol for CH3•, 386.39 kJ/mol for CH2, and –74.6 kJ/mol for
CH4.181 This yields a reaction enthalpy of 20.41 kJ/mol (0.21 eV) for the disproportionation of two CH3• radicals
yielding CH2 and CH4.
†
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efficient. However, CH3• radicals could react with CH3OH by hydrogen atom abstraction,
which yields CH4 as also observed in Publication II and either CH3O• or •CH2OH. Thus,
hydrogen atom abstraction which competes with radical recombination might be a crucial
factor that prevents formation of C2H6.

Figure 19. Dependence of integral intensities of methoxymethanol, ethanol, ethylene glycol,
and dimethyl ether on electron energy obtained by TDS after irradiating pure CH3OH with
32 000 µC/cm2 in the range from 3.5–9 eV. Adapted with permission from Publication II.
Copyright 2021 American Chemical Society.
Recombination of radicals is also observed in the mixed CO/CH3OH (Publication IV) and
C2H4/CH3OH ices (Publication III) although the yields are typically lower compared to pure
CH3OH ice samples with the same film thickness as obvious from the examples of
methoxymethanol and ethylene glycol (Figure 20). On one hand, this is because of the dilution
of CH3OH with a second reactant which lowers the overall amount of CH3OH. On the other
hand, radical recombination competes with concurrent reactions such as hydrogenation of
CO and C2H4 (Sections 5.2–5.4), oxidation of CO (Section 5.5), and addition of a radical to CO
or C2H4 (Section 5.6). Notably, hydrogenation of CO and C2H4 can progress via different
mechanisms which are based on the transfer of a proton to a radical anion (Section 5.2),
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addition of free hydrogen radicals (Section 5.3), or the transfer of a hydrogen atom from
CH3O• to another molecule (Section 5.4).

Figure 20. Thermal desorption spectra of pure CH3OH (black lines) and a CO/CH3OH (1:1)
mixtures (red lines) after irradiation with 250 µC/cm2 and without electron exposure (denoted
as 0 µC/cm2). The signals at 160 K and 195 K in the m/z = 33 curves are assigned to
methoxymethanol and ethylene glycol (shaded in grey), respectively. The desorption signal
at ~130 K is due to the 13CH3OH isotopologue. The TDS data show that signal intensities of
the products decrease upon mixing CH3OH with CO. Reproduced from Publication IV with
permission from the PCCP Owner Societies.

5.2 Transfer-Hydrogenation

of

CO

and

C2H4

After

Electron

Attachment
Transfer hydrogenation is an important reaction class in organic chemistry which subsumes
all hydrogenation reactions where the reducing agent is not gaseous H2.128 Many of those
reactions rely on the proton transfer between a radical anion and a proton donor, often an
alcohol. A prominent example of such reactions is the Birch reduction129,130 which can be used
to reduce aromatic compounds. The classical reaction employs solvated electrons as reducing
agents which are provided by dissolving either Na or Li in liquid NH3. Subsequently, these
electrons add to an arene yielding a radical anion. In a final reaction step, the radical anion is
protonated by an alcohol, leading to hydrogenation. Depending on the reaction conditions,
the molecule can undergo this reaction sequence multiple times leading to further
hydrogenation. Several variations of Birch reduction have been developed including
electrochemical131 and photochemical132 all of which, however, rely on the initial formation
of a radical anion.
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Similar to the mechanism of Birch reduction, EA to CO at E0 = 4 eV (Figure 21) yields an intact
CO⦁– radical anion which can undergo proton transfer with H2O yielding HCO⦁ and HO–.
Subsequently, HCO⦁ can react with a nearby H2O molecule yielding H2CO and HO⦁
(Publication I). Recall that the resonance at 4 eV can only be due to EA to CO as DEA to H2O
occurs at considerably higher energies (Figure 18). Notably, an analogous reaction was also
observed after EA to C2H4 yielding C2H4⦁– which undergoes proton transfer with H2O to yield
C2H5⦁ and HO– (see Scheme 2).51 Such a reaction, however, was not observed in C2H4/NH3
mixtures53 suggesting that a sufficiently high acidity of the proton donor is essential for the
reaction to occur.

Figure 21. Energy dependence for the formation of H2CO obtained by TDS after electron
irradiation of CO/H2O (1:1) mixtures with 250 µC/cm2. The resonance at 4 eV was assigned to
EA to CO yielding CO⦁–. Data were taken from Publication I.
This type of reaction has also neither been observed in C2H4/CH3OH nor CO/CH3OH
mixtures. It is not immediately obvious why this protonation step does not occur in the
presence of CH3OH as the gas phase acidity of CH3OH is in fact higher than that of H2O.133
One reason for this could be the effect of the molecular environment which, for example,
leads to a reversed order of acidities of H2O and CH3OH in aqueous solution as HO– is better
stabilized than CH3O–.134,135† Thus, depending on the stability of the CH3O– anion in a CH3OH
matrix, the acidity of CH3OH might be too low to enable proton transfer. Another key factor
might be the effect of different molecular environments on the stability of the radical anion
†

In an aqueous environment, the pKa value of H2O is 14.0 and that of CH3OH is 15.6. Note that in many
chemistry textbooks, a wrong value of 15.7 is given for pKa of H2O. For a comprehensive discussion on this issue
see for example Ref. 182.
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as has been reported for acetonylacetone.136 Thus, H2O might be able to sufficiently stabilize
the CO•– and C2H4•– radical anions so that they have a sufficient lifetime to undergo
subsequent chemistry whereas CH3OH is not. Of course, these hypotheses need to be studied
more closely before a definite explanation can be provided. However, the finding that H2CO
is formed via EA to CO in mixed CO/H2O ice clearly demonstrates the relevance of transfer
hydrogenation reactions for electron-induced chemistry of molecular ices.

5.3 Reduction of CO and C2H4 by Atomic Hydrogen
ESD and crossed beam experiments on DEA to H2O and CH3OH revealed the production of
HO–137 and CH3O– (see Figure 18),23,116,138 respectively, which must be accompanied by the
release of hydrogen atoms. In addition, there is clear evidence that hydrogen atoms are
produced by ND of H2O.88 Following these initial electron-molecule interactions, the released
hydrogen atoms can react with unsaturated compounds such as CO or C2H4 enabling reaction
pathways that are neither accessible in pure H2O nor in CH3OH. Hydrogenation of CO has
been previously reported to occur during electron irradiation of CO/H2O and CO/CH3OH ices
yielding H2CO, CH3OH, and intermediate radicals (reaction 1).20,29,34,139,140
CO → HCO⦁ → H CO → ⦁CH OH/CH O• → CH OH

(1)

The hydrogenation of CO by H2O and CH3OH was investigated in this work by studying the
energy dependent formation of H2CO (Publications I and IV). In the case of CO/H2O ice
mixtures (Publication I), reaction 1 is mainly triggered by ND of H2O into H• and HO•. This is
obvious from the onset of H2O production which coincides with the electronic excitation
threshold of H2O which is about 7 eV in the gas phase.67,141 Also, the lack of obvious
resonances in the energy range from 6–13 eV (Figure 22) suggests that DEA of H2O into HO–
and H• (Figure 18) does not significantly contribute to the hydrogenation of CO. Note that the
resonant formation of H2CO at 4 eV is due to EA to CO and subsequent protonation of the
intermediate CO•– radical anion by H2O (Section 5.2).
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Figure 22. (Left panel) Dependence of H2CO yield on electron energy after irradiation of a
CO/H2O (1:1) mixture with 250 µC/cm2. Note that the data points below 10 eV are identical to
those in Figure 21. (Right panel) Reactions leading to the formation of H2CO by ND of H2O.
Adapted with permission from Publication I. Copyright 2019 American Chemical Society.
In CO/CH3OH ice mixtures (Publication IV), it is more challenging to study reaction 1 as
H2CO is not only formed by hydrogenation of CO but also by fragmentation of CH3OH (see
also Publications II and IV). Previous studies differentiated between these two possibilities by
using 13C and 18O labelled CH3OH and CO.20,29 However, isotopic labeling is not required in
the present work. This is because the energy dependence of H2CO formation in CO/CH3OH
mixtures differs from that in pure CH3OH due to contributions of reaction 1 to the overall
yield (Figure 23). The energy dependence of this additional formation channel shows an onset
at ~7 eV, in good agreement with the electronic excitation energy of CH3OH which is about
6.4 eV in the gas phase142 and 6.7 eV in the condensed phase.143 Furthermore, contribution of
this channel to the overall H2CO yield increases steadily with electron energy (red markers
in Figure 23, left panel) indicative of a non-resonant process. This agrees well with the
hypothesis that ND of CH3OH yields hydrogen atoms which then reduce CO according to
reaction 1. Notably, there is no further threshold at higher electron energies suggesting that
EI does not contribute to hydrogenation of CO. This implies that EI of CH3OH does not
produce significant amounts of free hydrogen atoms.
A similar result was observed at lower electron energies. Here, the two DEA channels of
CH3OH at 5–6 eV yielding CH3O– and H•, and CH3O• and H– (Figure 18) are responsible for
product formation. In pure CH3OH ice, a linear increase of the H2CO yield is observed with
electron energy (Figure 23, right panel). This linear increase is ascribed to an overlap of the
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DEA channel yielding CH3O• and H– (Figure 18)23,144 with the onset of ND.142,143 Subsequently,
two CH3O• radicals can undergo disproportionation to yield H2CO and CH3OH. The DEA
channel yielding CH3O– and H• (Figure 18), on the other hand, does not contribute to H2CO
formation in pure CH3OH. However, in the presence of CO, the released H atoms can react
with CO (reaction 1) enabling formation of additional H2CO. This additional reaction channel
is reflected in the energy dependence of H2CO where the linear increase of product yield is
overlaid with the DEA resonance at ~6 eV (Figure 23, right panel).

Figure 23. Dependence of H2CO yield on electron energy after irradiation of pure CH3OH
(blue ), and CO/CH3OH (1:1) (black ) with 250 µC/cm2 (left panel) and 12000 µC/cm2 (right
panel). The difference curve (red ) in the left panel is reflective of an additional reaction
channel that is not accessible in pure CH3OH. The reaction schemes (bottom) denote the
processes that lead to the enhanced production rate of H2CO in the CO/CH3OH mixture.
Reproduced from Publication IV with permission from the PCCP Owner Societies.
In the CO/CH3OH mixed ice, the DEA channel yielding CH3O– and H• (Figure 18) does not
only lead to the formation of H2CO but also produces methoxymethanol (CH3OCH2OH)
which is not observed after electron irradiation of pure CH3OH at E0 = 5.5 eV (Figure 24). This
is because the DEA channel at 5.5 eV only yields CH3O⦁ and H– but no ⦁CH2OH radicals144
which prevents the recombination reaction needed for formation of methoxymethanol in pure
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CH3OH at this low electron energy. In CO/CH3OH mixtures, however, ⦁CH2OH radicals are
formed by successive hydrogenation of CO (reaction 1) which enables the formation of
methoxymethanol by recombination of CH3O⦁ and ⦁CH2OH radicals.

Figure 24. Identification of methoxymethanol by its desorption signal at 161 K (shaded in
grey) in the m/z = 33, 45, and 61 curves of the TDS after irradiation of CO/CH3OH (1:1) with
12000 µC/cm2 at 5.5 eV. Notably, methoxymethanol is not observed in pure CH3OH.
Reproduced from Publication IV with permission from the PCCP Owner Societies.
The DEA resonance of CH3OH at E0 = 5.5 eV is also observed in the C2H4/CH3OH ice mixtures
where it causes hydrogenation of C2H4 yielding ethane (C2H6). (Figure 25, left panel, shaded
in grey) (Publication III). Note that no significant amounts of C2H6 are formed after irradiation
of pure CH3OH (Section 5.1) or C2H4 at E0 = 5.5 eV (Figure 25, left panel) suggesting that
formation of C2H6 mainly occurs by a reaction between CH3OH and C2H4. Two reaction
mechanisms contribute to the formation of C2H6 which are based on the two competitive DEA
channels of CH3OH yielding CH3O– and H•, and CH3O• and H– (Figure 18).138,144 Following
the first of these two DEA channels, the released hydrogen radicals can add to C2H4 producing
an intermediate C2H5• radical. Subsequently, the C2H5• radical can abstract a hydrogen atom
from a nearby CH3OH molecule to yield C2H6 and CH3O•. The proposed mechanism is
supported by the concomitant appearance of butane (C4H10) (Figure 25, right panel) which is
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formed when the intermediate C2H5• radical reacts with a second C2H4 molecule to yield C4H9•
before it abstracts a hydrogen atom from a nearby CH3OH molecule. The reactions of the
CH3O• radical and the outcome of the second DEA channel are discussed in more detail in
Section 5.4. Note that the relevance of reduction by atomic hydrogen has also been noted in
the case of the electron-induced reactions of C2H4 with NH3,53 of cisplatin which is a complex
carrying a NH3 ligand,145 and of η3-allyl ruthenium tricarbonyl chloride in the presence of
NH3.146

Figure 25. Thermal desorption spectra obtained after irradiation of a C2H4/CH3OH (1:1)
mixture and of pure C2H4 and pure CH3OH at 5.5 eV with 8000 µC/cm2. The desorption signal
at 60 K in the m/z = 30 curve (grey, left panel) was assigned to ethane (C2H6) whereas the
signal at 100 K in the m/z = 43 curve (right panel) was assigned to butane (C4H10). Notably,
no significant amounts of ethane and butane are formed in pure C2H4 and CH3OH.
Furthermore, the intensity of the desorption signal of H2CO (shaded in blue, left panel) in the
irradiated C2H4/CH3OH mixture is significantly higher than in pure CH3OH. The reaction
scheme (bottom) denotes the formation of ethane and butane following DEA to CH3OH
yielding CH3O– and H•. Data were taken from Publication III.
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5.4 Hydrogenation of Unsaturated Compounds by Methoxy Radicals
Unsaturated compounds cannot only be reduced by free hydrogen radicals as discussed in
Section 5.3, but also by CH3O• radicals which are produced by DEA to CH3OH at E0 = 5.5 eV
along with H– (Figure 18), ND yielding CH3O• and H•, and EI yielding a CH3OH•+ radical
cation which can then protonate a nearby CH3OH molecule to yield CH3OH2+ and CH3O•.
The CH3O• radical can transfer a hydrogen atom to C2H4 yielding H2CO and C2H5⦁
(reaction 2). This is supported by the increase of the H2CO yield by a factor of about 9 when
CH3OH is mixed with C2H4 (see blue shaded signal in left panel of Figure 25). Analogous to
the reactions following addition of free hydrogen radicals to C2H4 (Section 5.3), the so formed
C2H5• radical can react with a CH3OH molecule to yield C2H6 and CH3O• (reaction 3). In a
concurrent process, the intermediate C2H5⦁ radical can add to a second C2H4 molecule before
it reacts with CH3OH to finally yield butane (reaction 4).
CH O⦁ + C H → H CO + C H⦁

(2)

C H• + CH OH → C H + CH O•

(3)

C H• + C H + CH OH → C H• + CH OH → C H

+ CH O•

(4)

Note that the CH3O• radical is recovered at the end of reactions 3 and 4 so that the net
chemical equations simplify to:
CH OH + C H → H CO + C H

(5)

CH OH + 2C H → H CO + C H

(6)

The overall contribution of hydrogen transfer from CH3O• radicals to the hydrogenation of
C2H4 can be estimated by comparing the relative yields of H2CO, C2H6, and C4H10.
Considering the stoichiometry of reactions 5 and 6, the amount of H2CO should be equal to
the total amount of C2H6 and butane. Analysis of the molecular abundances reveals, that after
irradiation at 5.5 eV with 8000 µC/cm2 (Publication III), the yields of H2CO, C2H6, and C4H10
are 1.5%, 2.6%, and 1.3% with respect to the amount of CH3OH in a nonirradiated sample.
Consequently, the total amount of C2H6 and butane is 2.6 times higher than the amount of
H2CO. Thus, hydrogen transfer from CH3O• to C2H4 accounts for about 40% of the formed
C2H6 and C4H10, whereas the addition of free H• radicals to C2H4 (see Section 5.3) accounts
for about 60% of these products. Reaction 2 has been studied in particular after DEA to CH3OH
at 5.5 eV (Publication III) but may also play a significant role for the reduction of C2H4
following CH3O⦁ formation after ND or EI of CH3OH. Recall that the amount of H2CO after
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irradiation of pure CH3OH at E0 = 5.5 eV is significantly lower than in the C2H4/CH3OH
mixture (Figure 25) suggesting that unimolecular dissociation of CH3O⦁ into H2CO and H⦁
(reaction 7) is not efficient at this low electron energy.
CH O⦁ ↛ H CO + H⦁

(7)

Notably, CO is not reduced by CH3O⦁ radicals (reaction 8) (Publication IV).
CH O⦁ + CO ↛ H CO + HCO⦁

(8)

This has been inferred by comparing the energy dependence of H2CO with that of methyl
formate (CH3OCHO). As the production of methyl formate relies on CH3O• radicals (see
Section 5.6), it can be used as a proxy for CH3O• formation. Notably, the energy dependence
of methyl formate shows a resonance at 10 eV (Figure 26). As discussed in Section 5.6, this
resonance can be assigned to DEA to CO yielding C and O•– (Figure 18). The latter of which
undergoes an ion-molecule reaction with a nearby CH3OH molecule yielding HO– and
CH3O•.147 In contrast to methyl formate, the energy dependence of H2CO does not show a
resonance at 10 eV (Figure 26) suggesting that hydrogen transfer from CH3O• to CO is not
efficient.

Figure 26. Comparison of the energy dependences of methyl formate (black ) and H2CO
(blue ) after irradiation of a CO/CH3OH (1:1) mixture with 250 µC/cm2. Data were taken
from Publication IV.
The different reactivity of CH3O⦁ with regard to hydrogen transfer to CO and C2H4 might be
rationalized by considering the energy profiles of these reactions. To this end, quantum
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chemical calculations were performed with the ORCA 4.0.1.2 software package.148,149 All
geometries were optimized at the DFT UB3LYP/aug-cc-pVTZ level of theory. The optimized
geometries were characterized by their harmonic frequencies as minima (reactants or
products) and saddle points (transition states). Improved single point energies were calculated
for all minima and saddle points at the CCSD(T)/aug-cc-pVTZ level of theory. These were
corrected by the zero-point vibrational energies (ZPEs) which were obtained during the DFT
calculation. The calculated reaction energies and barriers for the decomposition of CH3O⦁ into
H2CO and H⦁, and the hydrogen transfer from CH3O⦁ to CO to yield H2CO and HCO⦁ agree
well with published data (Figure 27, panels A and B).150,151 The values for the hydrogen
transfer from CH3O⦁ to C2H4, which have not been reported so far, should thus be reasonably
accurate (Figure 27, panel C).

Figure 27. Zero-point energy corrected energy profiles for the (A) hydrogen loss from CH3O⦁
yielding H2CO and H⦁, (B) hydrogen transfer reaction from CH3O⦁ to CO yielding H2CO and
HCO⦁, and (C) hydrogen transfer reaction from CH3O⦁ to C2H4 yielding H2CO and C2H5⦁. The
calculations were performed on the CCSD(T)/aug-cc-pVTZ level of theory with ZPEs
obtained at the B3LYP/aug-cc-pVTZ level of theory. Previous values are given in parentheses
and were reported for (A) by Kamarchik et al.,150 and (B) by Wang et al.151
The computations reveal that the unimolecular decomposition of CH3O⦁ into H2CO and H⦁ is
endothermic by 0.89 eV and has a reaction barrier of 1.07 eV (Figure 27, panel A). The
presence of CO, which acts as a hydrogen acceptor, significantly lowers the reaction energy
although the reaction is still endothermic by 0.28 eV. The reaction barrier, however, is not
significantly lowered compared to dissociation of CH3O⦁ into H2CO and H⦁ (Figure 27, panel
B). In the case of CH3O⦁ and C2H4, the reaction is exothermic by –0.59 eV, and the reaction
barrier is lowered to a value of 0.76 eV (Figure 27, panel C). Thus, the trend seen in the
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calculated reaction barriers agrees with the observation that only hydrogen transfer from
CH3O• to C2H4 is experimentally observed. Note, however, that even in the case of reaction
with C2H4 the CH3O• radical must have a sufficiently high excess energy to overcome the
reaction barrier of 0.76 eV. A simple estimate based on the conservation of momentum and
energy144 reveals that the kinetic energy of the CH3O• radical would only be about 0.055 eV
at E0 = 5.5 eV if vibrational excitation is neglected.‡ Obviously, the kinetic energy of CH3O• is
not sufficient to overcome the reaction barrier suggesting that a considerable amount of the
released excess energy must be stored in the rovibrational modes of CH3O•.
In addition to the classical over-the-barrier mechanism, tunneling might also play a role for
hydrogen transfer. In fact, it is known that tunneling is the dominant mechanism by which
hydrogen transfer reactions occur over a wide range of temperatures152–159 as is indicated by
exceptionally large kinetic isotope effects and non-linear Arrhenius plots. In contrast to the
over-the-barrier mechanism, the barrier width is more important for tunneling than its
height. Thus, detailed knowledge on the individual barrier width would be required for a
theoretical understanding. However, as the barrier effectively narrows when one moves
upwards from the bottom of the energy profile to the top of the barrier,152,159 tunneling is
particularly efficient when the reactants have energies below but close to the top of the
reaction barrier. Thus, a tunneling mechanism would probably lead to the same trend in
reactivity as the over-the-barrier mechanism. In order to verify the role of tunneling for the
hydrogen transfer from CH3O• to C2H4 experimentally, one could repeat the same reaction
with CD3OH or CD3OD. As tunneling reactions show unusually large kinetic isotope
effects,152,155,157,158 the efficiency of hydrogen transfer from CD3O• to C2H4 should be
considerably lower than in the case of CH3O•.
The study on the hydrogen transfer from CH3O• to C2H4 clearly demonstrates the relevance
of this mechanism in molecular ices. However, as could be shown for the CO/CH3OH mixture,
this mechanism only operates if the reaction barrier for hydrogen transfer is sufficiently low
and/or CH3O• has sufficient excess energy.

5.5 Oxidation of CO to CO2
Upon electron irradiation of CO/H2O and CO/CH3OH ices, CO is readily oxidized to CO2
(Publications I and IV). In previous studies, CO2 formation has typically been attributed to

‡

The thermodynamic threshold for the formation of CH3O• and H– is 3.75 eV.144 Under the assumption that the
excess energy is only released as kinetic energy of the fragments, the kinetic energy of the CH3O• fragment can
be calculated by137 (1–31/32)×(E0–3.75 eV) which yields 0.055 eV at E0 = 5.5 eV.
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either of two mechanisms: Formation and decay of an intermediate ROCO⦁ radical (R = H,
CH3), or reaction of atomic O with CO.28,34,139,160,161 Considering the first mechanism, reaction
of HO⦁ or CH3O⦁ with CO yields the intermediate HOCO⦁ or CH3OCO⦁ radicals, respectively.
These intermediates can either be stabilized which favors their subsequent conversion to
formic acid (HCOOH) or methyl formate (CH3OCHO), respectively, or they can decay into
CO2, and H⦁ or CH3⦁.
In the case of mixed CO/H2O ices (Publication I), the results of the present thesis suggest that
HOCO⦁ is sufficiently stabilized by the H2O matrix to enable its further reaction to formic
acid (see Section 5.6). In contrast, decay of HOCO⦁ does not play a significant role for the
formation of CO2. This has been inferred by comparing the energy dependences of CO2 with
those of H2CO and formic acid (Figure 28). As H2CO can only be formed via an intermediate
HCO• radical, the resonant formation of formic acid at 10 eV must proceed by the HOCO•
radical. Conversely, it can be excluded that a significant amount of CO2 is formed by decay of
HOCO• as the resonance at 10 eV is not reflected in the energy dependence of CO2. It was
thus proposed that CO2 is mainly formed by the competitive ND channel of H2O into H2 and
O(3P/1D) and subsequent reaction of the latter with CO.

Figure 28. Integral intensities of the m/z = 45 signal of formic acid (HCOOH, ), the m/z = 30
signal of H2CO (), and of the m/z = 44 signal of CO2 () after irradiation of a CO/H2O (1:1)
mixture with 250 µC/cm2. Individual curves are scaled by an arbitrary factor to facilitate
comparison. The solid and broken lines serve as a guide to the eye. Adapted with permission
from Publication I. Copyright 2019 American Chemical Society.
In contrast, the CH3OCO• radical which is formed upon irradiation of CO/CH3OH (Publication
IV) readily dissociates into CO2 and CH3• which has been inferred from the formation of
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dimethyl ether (CH3OCH3) and methyl acetate (CH3C(O)OCH3) which are specific side
products at E0 = 5.5 eV formed by recombination of the CH3• radical with CH3O• and
CH3OCO•, respectively. Notably, dimethyl ether and methyl acetate are not formed upon
irradiation of pure CH3OH at E0 = 5.5 eV so that direct production of CH3• radicals by
dissociation of CH3OH can be ruled out at this low energy (Publication II and IV). ND of
CH3OH into CH4 and O(3P/1D) may also contribute to CO2 formation to some extent as has
been suggested previously.27,28 However, fundamental data on this decay channel have not
been reported yet. This question needs to be addressed in future studies by measuring the
dependence on electron energy for the formation of CO2 in the CO/CH3OH ice.
The different reactivities of HOCO⦁ and CH3OCO⦁ with respect to dissociation might be
explained by their electronic structures and the molecular environment in which these
radicals are formed. HOCO⦁ exists in cis- and trans-conformations which can be
interconverted by rotation around the C–O bond. Elongation of the O–H bond in the cisisomer directly leads to the formation of CO2 and H•. In contrast, formation of CO2 from transHOCO• progresses via an intermediate HCOO• radical which, however, is rather unstable and
quickly reacts further to CO2 and H• (Figure 29, top panel).162–164 Theoretical studies suggest
that decay of the HOCO⦁ radical is hindered by a reaction barrier which is about 1.47 eV for
the trans-isomer and 1.07 eV for the cis-isomer (Figure 29, top panel).164 However, the
transition states are energetically only 0.37 and 0.04 eV above the asymptote of the reactants
CO and HO⦁.
Similar to HOCO•, CH3OCO• has a cis- and trans-conformer. Decay of CH3OCO⦁ into CO2 and
CH3⦁ has a reaction barrier of 1.49 eV for the trans-isomer and only 0.63 eV for the cis-isomer
(see Figure 29, lower panel).161 For the cis-isomer, the exit barrier is below the asymptotic
level of the reactants CH3O• and CO by –0.04 eV. Thus, the rate determining step is the
entrance barrier which is about 0.25 eV in the gas phase (Figure 29, lower panel).
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Figure 29. (Top panel) Energetic profile of the reaction of HO• with CO yielding an
intermediate HOCO• radical which can further react to CO2 and H•. Data are given for the
hydrated (red) and non-hydrated (black) complex. Note that the hydrated complex is an
aggregate of HOCO• and H2O. Energetic data are taken from Zhang et al.164 and have been
calculated at the FCC/CBS level of theory with ZPE calculated on the M06-2X/ADVZ level of
theory. (Bottom panel) Energetic profile of the reaction of CH3O• with CO yielding an
intermediate CH3OCO• radical which can further react to CO2 and CH3•. Energetic data are
taken from McCunn et al.161 and have been calculated on the CCSD(T)/aug-cc-pV/(Q+d)Z
level of theory with ZPE calculated at the CCSD(T)/6-311G(2df,p) level of theory.
In order to unravel the factors that prevent the HOCO• radical from dissociation, a more
detailed analysis of the radical energies is required as HO• is not formed in its energetic
ground state but has a certain amount of excess energy. This amount can be estimated by the
electron energy E0, the bond dissociation energy D0 of the O–H bond in H2O which is 5.1 eV,
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and the relative masses of HO• and H2O.67,165§ At the experimentally observed threshold of
E0 = 7 eV for the formation of CO2 (Figure 28)(Publication I), the HO• radical already has a
minimum excess energy of 0.1 eV which is already sufficient to overcome the entrance barrier
of 0.03 eV (Figure 29, top panel). Note that this calculation assumes that the impinging
electron loses all of its kinetic energy. Thus, the calculated values represent an upper limit of
the excess energy. If the HO• radical is formed in a vibrationally excited state, the energy of
the HO• radical is even higher. For the first fundamental, the excess energy of HO• would be
about 0.50 eV based on the threshold for vibrational excitation of HO• which is 0.42 eV.166
This energy is already sufficient to overcome the dissociation barriers of cis- and trans-HOCO•
to form CO2 and H• which are 0.04 and 0.37 eV above the asymptotic level of HO• and CO,
respectively (Figure 29, top panel). However, even if the excess energy of HO• is not sufficient
to overcome the dissociation barriers in a classical way, HOCO• should be formed in a highly
excited vibrational state close to the dissociation barrier unless considerable amounts of
energy are dissipated by a third body. From such a state, hydrogen tunneling plays a
significant role for the decay of HOCO• as could be shown by Johnson and Continetti who
produced vibrationally excited HOCO• by photodetachment of HOCO–.167
The reaction barrier for addition of CH3O• to CO is about 0.25 eV and thus considerably lower
than for the observed hydrogen transfer from CH3O• to C2H4 discussed in Section 5.4. The
excess energy of CH3O• should thus be sufficient to react with CO to yield CH3OCO•. Once
the trans-CH3OCO• radical is formed, its excess energy is sufficient to undergo isomerization
to cis-CH3OCO• and subsequent dissociation of the O–CH3 bond. Thus, the fragmentation
dynamics of CH3OH following DEA at E0 = 5.5 eV are in agreement with the proposed
formation mechanism of CO2 via the CH3OCO• radical. In particular, energy dissipation by
the matrix does not significantly affect the decomposition of the CH3OCO• radical into CO2
and CH3•. In contrast, the energetic estimates described above for the reaction of CO with
fragments of H2O resulting from ND cannot explain why CO2 is not formed via the HOCO•
pathway. This suggests that the molecular environment plays a crucial role for the reactivity
of HOCO•. Studies applying molecular mechanics suggest that in water ice, HOCO• loses all
of its excess energy within a few picoseconds168 which makes it impossible for HOCO• to
overcome the barriers toward CO2 and H• in a classical sense. Thus, only tunneling could
contribute to the formation of CO2 and H•. In N2 and Ar matrices, however, no production of

§ The kinetic energy of the HO• fragment can be calculated to be E
kin = (1-17/18)×(E0–5.1 eV–Evib) where E0 is
the energy of the incident electron, and Evib is the vibrational energy of the HO• fragment which is 0.42 eV166 for
the fundamental mode. The total excess energy can then be calculated by Etot = Ekin + n × Evib where n is zero
for the vibrational ground state and unity for the first fundamental.
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CO2 was observed after vibrational excitation of the O–H stretching fundamental of cisHOCO• at 3400 cm-1 (0.42 eV), and of trans-HOCO• at 3600 cm-1 (0.45 eV).169 This suggests
that the tunneling probability from the first vibrationally excited state is not significant, in
agreement with the energy of this state which is considerably below the dissociation barrier
(Figure 29, top panel).
In a H2O matrix, the probability for decay of HOCO• might be even lower than in N2 and Ar
matrices as HOCO• can form strong hydrogen bonds to adjacent H2O molecules yielding
cyclic or linear complexes (Figure 30).163,164,170 In fact, when HOCO• forms a complex with a
H2O molecule, it is even more stable than the reaction products CO2 and H• by about 0.23 eV
(Figure 29, top panel).164 Thus, tunneling cannot occur from the ground vibrational state of
HOCO•. Note that suppression of quantum tunneling due to the formation of hydrogen bonds
between an organic molecule and H2O has been previously reported for the isomerization of
formic acid between its cis- and trans-form.171 Thus, such a scenario provides a reasonable
explanation why CO2 is not formed by dissociation of HOCO•. Instead, CO2 formation
progresses by ND of H2O into H2 and O(1D/3P) and subsequent addition of the latter to CO.
No calculations have been reported on the stabilization of CH3OCO• by other CH3OH radicals.
However, the stabilization should be much smaller than in the case of HOCO• as CH3OCO•
can only act as a hydrogen bond acceptor due to substitution of the –OH group by a –OCH3
group. Furthermore, CH3OH can only form a single hydrogen bond to CH3OCO•. Thus, decay
of CH3OCO• into CO2 and CH3• should be less affected by its molecular environment than
HOCO•.

Figure 30. Molecular structures of the cyclic cis-HOCO•–H2O complex (A), the cyclic transHOCO•–H2O complex (B), and the linear trans-HOCO•–H2O complex (C). Coordinates are
taken from Oyama et al.170 Dashed lines indicate hydrogen bonds.
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5.6 Addition Reactions
In an addition reaction, two reactant molecules formally combine to form a larger adduct
which contains all atoms of the reactant molecules. As such, the reaction is inherently atomefficient. An example is the reaction between C2H4 and NH3 which yields ethylamine
(C2H5NH2). In previous studies, the formation of ethylamine was only observed at electron
energies where ionization of either C2H4 or NH3 occurs.53 Based on this observation, a
mechanism was proposed which relies on the ionization of either C2H4 or NH3 as the initial
step which yields a radical cation (Scheme 1). Subsequently, this radical cation can react with
the neutral second reactant yielding a cationic adduct. This adduct, in turn, undergoes
hydrogen migration and finally yields ethylamine after neutralization by a thermalized
electron. In fact, this mechanism describes well the energy dependent formation of ethyl
methyl ether (CH3OC2H5) after irradiation of C2H4/CH3OH mixtures (Publication III).
However, the formation of recombination products such as ethylene glycol (HOC2H4OH),
methoxymethanol (CH3OCH2OH), and ethanol (C2H5OH) in CH3OH containing ices (see
Section 5.1) suggests that dissociation of CH3OH into smaller fragments dominates over the
production of an intact radical cation (Publication II–IV) which is not considered by the
mechanism in Scheme 1. Notably, the formation of adduct molecules by the reaction of a
radical with an unsaturated compound has already been proposed for the formation of ethanol
after electron-irradiation of C2H4/H2O mixtures at E0 < 6 eV (Scheme 2), and for the formation
of formamide (H2NCHO) from CO/NH3 mixtures after DEA to NH3 at 9 eV (Scheme 3). Thus,
an alternative mechanism is proposed for the formation of formic acid, methyl formate, and
ethyl methyl ether which is based on addition of a RO• radical (R = H, CH3) to CO or C2H4,
respectively. Any differences in the energy dependences of the adducts can then be reduced
to the available reaction channels that yield a RO• radical (R = H, CH3).
The energy dependences of methyl formate in CO/CH3OH mixtures (Publication IV) and
formic acid in CO/H2O mixtures (Publication I) revealed resonant product formation at
E0 = 10 eV (Figure 31). Assignment of this resonance to a specific DEA resonance is not
immediately obvious because CO, H2O, C2H4 and CH3OH do all evince DEA resonances at
around 10–11 eV in both gas phase (Figure 18)65,144 and condensed phase23,66,87,172–174
experiments. However, no resonances at E0 = 10 eV are observed for the formation of ethyl
methyl ether in C2H4/CH3OH mixtures (Figure 31, left panel) and for the formation of ethanol
in C2H4/H2O mixtures (see Figure 2 in Ref. 51), suggesting that the 10 eV resonance is due to
DEA to CO yielding C and O⦁–. Note that addition of CH3O• to CO and C2H4 have very similar
barriers of 0.26 eV and 0.29 eV, respectively.161,175 Therefore, a resonance should be visible in
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both the formation of ethyl methyl ether in C2H4/CH3OH mixtures and of methyl formate in
CO/CH3OH mixtures if CH3O• was formed by DEA to CH3OH, either directly or via O•– that
then reacts with another CH3OH to yield HO– and CH3O•. Furthermore, addition of HO• to
C2H4 and CO also have similar barriers of 0.037 eV175 and 0.03 eV (Figure 29, top panel),164
respectively. Therefore, a resonance should not only be visible for the formation of formic
acid in CO/H2O mixtures but also for the formation of ethanol in C2H4/H2O mixtures if HO•
was formed by DEA to H2O yielding O•– (Figure 18) which then reacts with a second H2O to
yield HO– and HO•. Thus, in contrast to the hydrogen transfer reaction between CH3O• and
CO (Section 5.4), it is unlikely that the missing DEA resonance in the C2H4/CH3OH
(Publication III) and C2H4/H2O mixtures51 is due to kinetic discrimination.

Figure 31. (Left panel) Energy dependences for the formation of methyl formate in
CO/CH3OH (1:1) mixtures and of ethyl methyl ether in C2H4/CH3OH (1:1) mixtures. A
resonance is only observed in the mixtures containing CO suggesting that the resonance is
due to DEA to CO. (Right panel) Energy dependences for the formation of methyl formate in
CO/CH3OH (1:1) mixtures and of formic acid in CO/H2O (1:1) mixtures. The resonance at
10 eV is observed in both mixtures, in agreement with the interpretation that the resonance
is due to DEA to CO. Data are scaled to facilitate comparison. The solid lines serve as a guide
to the eye. Data were taken from Publications I, III, and IV.
Thus, in the ice mixtures investigated in this work, DEA to CO clearly dominates over DEA
to H2O and CH3OH at 10 eV. This is in contrast to the gas phase where the cross sections for
the formation of O•– by DEA at 10 eV are 2×10–19 cm2 for CO176 and 5.76×10–19 cm2 for H2O,
respectively.67 No absolute cross sections have been reported for the production of H– and
O•– from DEA to CH3OH at 10 eV. However, Kühn et al.138 estimated the cross section for the
production of O•– to be in the order of 10–19 cm2. This signifies that the relative cross sections
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in the condensed phase can differ significantly from those in the gas phase, in agreement with
previous reports on Fe(CO)5 clusters177 and methyl iodide (CH3I).178
In addition to the 10 eV resonance, there are non-resonant contributions to the formation of
formic acid, methyl formate, and ethyl methyl ether which are due to ND and/or EI of H2O
and CH3OH. In the case of CH3OH containing ices, EI clearly dominates over ND as can be
seen by the onset for the formation of ethyl methyl ether at ~10 eV (Figure 31, left panel). This
value agrees nicely with the ionization threshold of CH3OH which is at 10.84 eV in the gas
phase,56 and at 9.8 eV in the condensed phase.71 In the case of methyl formate and formic acid,
the non-resonant contributions to product formation cannot be unambiguously identified to
be dominated by ND or EI as the onset of this second formation channel is masked by the
DEA resonance at 10 eV (Figure 31). However, both ND and EI of H2O and CH3OH can
produce RO• (R = H, CH3) radicals and thus contribute to some extent to the formation of
formic acid and methyl formate.
In the case of CO/CH3OH and C2H4/CH3OH, DEA to CH3OH at E0 = 5.5 eV produces CH3O•
and H– (Figure 18) which contributes to the production of methyl formate and ethyl methyl
ether, respectively (Figure 32). Note that DEA to C2H4 cannot be responsible for the observed
resonance as the known DEA resonances in the gas phase are at considerably higher energies
(Figure 18).118,119,121 Moreover, the competitive DEA channel yielding CH3O– and H•
(Figure 18) contributes to the production of methyl formate by hydrogenation of CO to CH3O•
(reaction 1).
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Figure 32. Energy dependences for the formation of methyl formate in CO/CH3OH (1:1), and
of ethyl methyl ether in C2H4/CH3OH (1:1). The resonance at 5.5 eV is observed in both cases
suggesting that the resonance is due to DEA to CH3OH. Data were taken from Publications
III and IV.
Based on the electron–molecule interactions described above, mechanisms have been
proposed for the formation of formic acid, methyl formate and ethyl methyl ether. In each
case, the key-step is the production of a HO• or CH3O• radical. DEA to CO at 10 eV yields C
and O⦁– (Figure 18), the latter of which can react with a nearby H2O or CH3OH molecule to
yield HO• or CH3O•, respectively (reactions 9 and 10).147
O• + H O → HO + HO•
O• + CH OH → HO + CH O•

(9)
(10)

After EI of H2O or CH3OH, the respective radical cation can transfer a proton to a nearby H2O
or CH3OH molecule to yield a HO• or a CH3O• radical, respectively, along with a protonated
H2O or CH3OH molecule (reactions 11 and 12).
H O• + H O → HO• + H O
CH OH• + CH OH → CH O• + CH OH

(11)
(12)

Furthermore, ND of H2O or CH3OH yields HO• or CH3O•, and a H• radical (reactions 13 and
14) once the electron energy is higher than the electronic excitation energy.
H O → HO• + H •

(13)

CH OH → CH O• + H •

(14)
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Finally, DEA to CH3OH yields CH3O• and H– (Figure 18). Note that in the CO/CH3OH mixture,
additional CH3O• radicals are also produced by hydrogenation of CO (reaction 1) following
DEA of CH3OH into CH3O–and H• (Figure 18) and by ND of CH3OH.
Subsequently, the HO• or CH3O• radical can attack CO to yield an intermediate HOCO• or
CH3OCO• radical which can subsequently abstract a H atom from a nearby H2O or CH3OH
molecule to yield formic acid or methyl formate, respectively (Scheme 4). Similarly, CH3O•
can attack C2H4 to yield an intermediate CH3OC2H4• radical which can abstract a H atom from
a nearby CH3OH molecule to yield ethyl methyl ether (Scheme 4). Note that at the end of the
reaction, the CH3O• radical, or more generally RO•, is recovered, potentially inducing a chain
reaction. Starting from the radicals, formation of the adducts can thus be described by the
same elementary steps over the entire range of electron energies. Consequently, any
differences in the energy dependences of the addition products can be reduced to the initial
formation of radicals.

Scheme 4. Reaction of H2O or CH3OH with CO yielding formic acid and methyl formate,
respectively, and reaction of CH3OH with C2H4 yielding ethyl methyl ether. The reactions
can be initiated by DEA to CO at E0 = 10 eV yielding C and O⦁–, or by ND, EI, or DEA to
CH3OH. Note that DEA to CO is not accessible in the C2H4/CH3OH mixture.
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6 Summary and Outlook
Electron-induced reactions play an important role in astrochemistry as numerous secondary
electrons are released when ionizing radiation such as cosmic rays penetrate the icy mantle
around interstellar dust grains. A comprehensive understanding of the mechanisms that
underlie electron-induced product formation is thus essential for a more complete picture of
astrochemical processes. In the present thesis, electron-induced reaction in CO/H2O,
CO/CH3OH, and C2H4/CH3OH mixed simple ices have been studied to complement previous
results on electron-induced reactions in CO/NH3,37 C2H4/H2O,51 and C2H4/NH3 mixtures.52,53
In particular, this work was concerned with the question how a mechanism is changed when
one reactant is replaced by another. Important insights were obtained by studying the
dependence of product formation on electron energy which enables one to identify the
relevant electron–molecule interactions that underlie product formation. In particular,
comparison of the energy dependences of different products enables one to distinguish among
several possible mechanisms.
The results obtained in this thesis reveal that the observed products can be formed by
recombination of radicals, hydrogenation of an unsaturated compound, oxidation of CO, and
addition reactions. Recombination of two radicals is a reaction type that is particularly
efficient in CH3OH containing ices. Its efficiency, however, depends on the occurrence of
competitive side reactions such as disproportionation of two radicals and radical-molecule
reactions. In the extreme case, such side reactions may even prevent the detection of
particular recombination products.
Hydrogenation occurs by either of three mechanisms: Transfer-hydrogenation after electron
attachment, addition of free hydrogen atoms, and hydrogen transfer from CH3O• to an
unsaturated compound. Transfer-hydrogenation after electron attachment was only observed
in the CO/H2O mixture and relies on a proton transfer from H2O to the CO•– radical anion. In
previous experiments,51 a similar reaction was observed after electron attachment to C2H4 in
a C2H4/H2O mixture. However, analogous reactions where not observed when H2O was
replaced by CH3OH which can be explained by the lower ability of CH3OH to stabilize the
radical anion. In addition, the acidity of CH3OH might be lower than that of H2O. However,
this needs to be further studied in the future due to a lack of reference data on the acidity of
CH3OH in a CH3OH matrix which could be studied by theoretical calculations. Furthermore,
it remains unclear how the lifetime of a CO•– or C2H4•– radical anion is affected by nearby
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H2O or CH3OH molecules. In future studies, this question could be addressed by HREELS as
the lifetime of a TNI affects the overtone intensities of a particular vibrational mode.179,180
Hydrogenation of CO and C2H4 by atomic hydrogen was observed in all three mixtures. It is
likely that reduction of C2H4 by free hydrogen atoms also occurs upon irradiation of the
C2H4/H2O mixtures,51 and possibly also upon irradiation of the C2H4/NH3 and CO/NH3
mixtures studied previously.37,52,53 As this reaction could shed light on the role of ND of H2O
and NH3, hydrogenation of CO and C2H4 in these mixtures should be studied in future
experiments. From the experiments of the present thesis, it is expected that at least in the case
of the C2H4/H2O mixture, ND of H2O should contribute significantly to the hydrogenation of
C2H4 which would yield C2H6 and C4H10. In addition, studies on formation of H2CO in the
CO/NH3 mixture could help to reveal whether the resonant formation of formamide at about
9 eV progresses via an HCO• or H2NCO• intermediate.
Finally, reduction of C2H4 occurs also by hydrogen transfer from a CH3O• radical to C2H4. An
analogous reaction, however, was not observed when C2H4 was replaced by CO which can be
explained by the higher reaction barrier in the case of CO. In future experiments, the role of
hydrogen tunneling for this reaction should be studied by using deuterated CH3OH
isotopologues.
Upon electron-irradiation of the CO/H2O and CO/CH3OH simple ices, CO is readily oxidized
to CO2. In the case of CO/CH3OH, CO2 is formed by reaction of CH3O• with CO to yield an
intermediate CH3OCO• radical which can further decay to CO2 and CH3•. An analogous
reaction is not observed in the case of CO/H2O because the intermediate HOCO• radical,
which is formed by reaction of HO• with CO, is considerably stabilized by the matrix. Instead,
CO2 formation in CO/H2O progresses mainly by ND of H2O into H2 and O(1D/3P) and
subsequent addition of O(1D/3P) to CO. In future experiments, it should be studied if the
analogous ND channel of CH3OH into CH4 and O(1D/3P) also contributes to the formation of
CO2 in CO/CH3OH mixtures.
In each simple ice mixture, formation of the addition products was observed which are formic
acid (HCOOH) in the case of CO/H2O, methyl formate (CH3OCHO) in the case of CO/CH3OH,
and ethyl methyl ether (CH3OC2H5) in the case of C2H4/CH3OH. In contrast to previous
studies,37,51–53 the results of the present thesis suggest that these addition reactions
predominantly progress by radical-molecule reactions. By studying the formation of side
products, it could also be shown that ND must contribute to product formation to some extent.

Summary and Outlook
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The different reaction classes identified in this work can serve as guideline to predict the
formation of particular products in future studies. In addition, this work provides a reference
for identifying the relevant electron–molecule interactions that underlie product formation
in simple ice mixtures.
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