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;7 11 Abstract

40 12  The formation of methane (CH,), formaldehyde (H,CO), ethylene glycol (HOCH,CH,OH),
42 13  methoxymethanol (CH3;OCH,OH), dimethyl ether (CH30CHj;), and ethanol (CH3;CH,OH)
45 14  upon electron irradiation of condensed multilayer adsorbates of CH3;OH as model of
48 15 cosmic CH30OH ice has been monitored by the combined use of electron-stimulated and
50 16 thermal desorption experiments. The energy-dependent relative yields of all products
53 17  were measured between 2.5 eV and 20 eV and reaction mechanisms of product formation

2> 18 deduced. The energy dependences of the yields of HOCH,CH,OH, CH3;OCH,0OH,
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CH30CH3, and CH3CH,OH agree closely with their threshold at the lowest electronic
excitation energy of CH3;OH. Formation of these products is consequently ascribed to
reactions of radicals formed by dissociation of neutral electronically excited states and, at
higher energy, also by ionization and subsequent proton transfer to an adjacent CH;OH.
These electron-molecule interactions also can contribute to the non-resonant formation of
H,CO and CHy,, these latter products are also produced through resonances around 4 eV
reported previously from anion ESD experiments and around 13 eV seen earlier in the
energy-dependent yield of CO. The present results constitute the most complete data set
on the energy dependence of product formation during low-energy electron exposure of
condensed CH3;0OH so far. They provide a comprehensive picture of the reactions
triggered by electron impact with energies in the range between 2.5 eV and 20 eV as
representative of low-energy secondary electrons that are released from condensed

material, for instance, under the effect of cosmic radiation.

Introduction

Following carbon monoxide (CO) and water (H,O), methanol (CH3;OH) is among the most
common molecules found in interstellar ices.! There are numerous studies on chemical
reactions in pure CH3;OH ices induced by energetic processing. Specifically, energetic
processing has been investigated by low-energy electrons (< 20 eV),2% higher energy
electrons (5 keV),5'4 X-Ray radiation,'® UV radiation,'®-'® and ion irradiation.29-2* The

span of products that were identified encompasses, among others, methane (CHy,),
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formaldehyde (H,CO), ethylene glycol (HOCH,CH,OH), methoxymethanol
(CH30CH,0H), dimethyl ether (CH3;0CHj3), and ethanol (CH3CH,OH) which are depicted
in Chart 1. These molecules are typically considered to be produced either by
unimolecular decomposition of CH30OH or by radical recombination among the first
generation of dissociation products.”'".16 Further electron exposure leads to depletion of
these initially formed products yielding CO, carbon dioxide (CO,), acetaldehyde
(HC(O)CHj3), methyl formate (HC(O)OCHS;), glycolaldehyde (HC(O)CH,OH) (see also
Chart 1), and a number of minor products (not shown in Chart 1).2'" Considering the high
number of irradiation products, CH30H is discussed as an important feedstock for the

production of organic compounds in space.'3

First-generation products

O
OH .O.__OH
M Ho ™ HsC™ ™"
H H
formaldehyde ethylene glycol methoxymethanol
/O\ /\
CH, HaC™ 'CHs H;C™ "OH
methane dimethyl ether ethanol

Second-generation products

0}

C=0 0=C=0
H JLCH3
carbon monoxide  carbon dioxide acetaldehyde

o o
HJ\OCHG PN OH

methyl formate glycolaldehyde

Chart 1. Structural formulae of some typically observed first- and second-generation
products. First-generation products are thought to be produced directly by decay of
CH30H or by radical recombination among the first generation of dissociation products.

In contrast, the second generation of products is thought to be produced by further
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depletion of the initially formed products. All of these compounds have been reported to
form upon electron irradiation of CH3OH ice.2-'" Note that other products might also be

regarded as first- and second-generation products but are not included in this chart.

In a typical experiment, multilayer ices of CH3;OH are exposed to a radiation source and
changes in composition are monitored by suitable analytical tools. In many of the above
studies, infrared (IR) spectroscopy has been used as the only tool to identify stable
products and intermediates as well as to monitor reaction progress.®17.20-24 This has
enabled the identification of the formyl (HCO®) and hydroxymethyl (*CH,OH) radicals as
intermediates.'® The downside of IR spectroscopy is that definite band assignment as well
as quantification is difficult to impossible for organics with similar functional groups
because the corresponding bands often lie within a narrow range of wavenumbers and
bands tend to become broad in the condensed phase due to interactions of nearby
molecules. Further complicating is the fact that for some less stable compounds and
intermediates reference IR spectra do not exist. Some of the more recent studies thus
tried to circumvent these limitations in part by using mass spectrometry in combination
with desorption techniques. This approach allowed Harris et al. to identify the previously
unknown radiolysis product CH30CH,OH and to observe the desorption of CH3®* upon
irradiation.’® Much effort has been made to identify less abundant products and to improve
quantification by using more sophisticated techniques including thermal desorption
spectrometry (TDS) combined with single photon ionization reflectron time of flight mass
spectrometry (SPlI ReTOF-MS),".25 gas chromatography coupled to mass spectrometry

(GC-MS),'219 and laser ablation coupled to time of flight mass spectrometry.26 However,
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while the formation of the molecules depicted in Chart 1 is commonly accepted, the
mechanisms that drive their formation just start to emerge.37.10-12.14.16 There are already
a number of publications covering the temporal evolution of product yields and that of
some intermediates during irradiation’-%.15.16.26 35 well as upon annealing of the ice."626
However, little is still known about the initial dissociation events that underly product
formation. This is because typical experiments with broadband UV lamps or higher energy
radiation like keV electrons do not allow to distinguish between different dissociation
channels of CH30OH, although some attempts have been made to extract information from

the temporal evolution of product yields” and from isotopic labeling.!-12.14

Boyer et al.3 and Lepage et al.* addressed this issue by investigating the dependence of
product yields on electron energy. This enabled them to identify the primary electron-
molecule interactions which is essential to obtain a comprehensive picture of the
underlying reactions responsible for product formation. In particular, they used low-energy
electrons with £y = 0-20 eV. This energy range is typical of secondary electrons released
in vast numbers when ionizing radiation interacts with solid ices.?” The results of these
experiments are thus also of relevance for experiments with other kinds of radiation
sources. In addition, experiments with low-energy electrons enable one to promote or
supress the formation of specific reactive species by tuning the electron energy. By this,
the number of products can be reduced, which, in turn, facilitates their identification. More
specifically, electrons can induce the formation of reactive species by either of three

mechanisms: Formation of radical cations by electron-impact ionization (El), of transient

ACS Paragon Plus Environment



oNOYTULT D WN =

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

ACS Earth and Space Chemistry

negative ions (TNI) by electron attachment (EA) or of electronically excited molecules by

electron excitation (EE).?728

Above but near the ionization threshold, El typically produces intact molecular cations. At
electron energies that exceed the ionization threshold by at least the energy required to
dissociate a chemical bond, dissociative ionization (DI) can produce radical and cationic
fragments of the molecular ion.?® Molecular rearrangement combined with the formation
of new bonds, however, can lower this additional energy.?° The yield of ions produced by
El and DI typically increases with electron energy once the ionization threshold or a
characteristic appearance energy is reached.?’” In contrast, EA processes often occur
below the ionization threshold and are particularly dominant at near-thermal electron
energies. EA only occurs in well-defined, narrow energy ranges called resonances and is
often, but not necessarily, followed by dissociation of the TNI into an anion and one or
more neutral species. This process is called dissociative electron attachment (DEA).28
Following EE, a molecule can dissociate into neutral radicals which is called neutral
dissociation (ND). Similar to ElI and DI, ND shows a threshold-type increase of fragment
yields with increasing electron energy.?” The role of ND, however, often remains unclear
because it is difficult to monitor this electron-molecule interaction experimentally, as no

charged species are formed.30

Reactive species produced by these electron-molecule interactions can react with other

molecules and thus lead to formation of stable products. The initial electron-molecule
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interactions can then be distinguished by investigating the dependence of product yield
on electron energy. Although Lepage et al.* and Boyer et al.® performed such
experiments, only the energy dependences of CO, HOCH,CH,OH and CH3;OCH,OH have
been investigated so far. Therefore, we investigate here the formation of CH4, H,CO,
CH30CH3;, and CH3CH,OH and its dependence on the electron energy and revisit also
the formation of HOCH,CH,OH and CH3;OCH,OH already reported by Boyer et al.? In
particular, we focus on low-energy electrons (<20 eV) which encompasses the
characteristic regimes of all fundamental electron-molecule interactions, namely EA and
DEA, ND, as well as El and DI. These initiating processes are distinguished by observing

the energy dependence of product formation.

Experimental Section

The electron-induced chemistry in cryogenic films of CH3;OH (VWR, Normapur) was
studied by electron-stimulated desorption (ESD) and post-irradiation TDS. Experiments
were performed in an ultrahigh-vacuum (UHV) chamber evacuated by turbomolecular
pumps. The base pressure inside the UHV chamber was below the detection limit of the
ion gauge (AML) which is about 3x10-"" mbar as stated by the manufacturer. CH;OH was
degassed by several freeze—pump-thaw cycles before leaking it into the chamber.
Condensed films of CH30OH were prepared by introducing defined amounts of gas into the
vacuum chamber from a gas handling manifold allowing them to condense on a

polycrystalline Ta substrate held at a temperature of ~35 K by a closed-cycle helium
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cryostat. The amounts of CH3;OH introduced into the chamber were controlled by
monitoring the pressure drop in the gas handling manifold with an MKS Baratron type
622B capacitance manometer. Monolayer calibration for CH30H was performed using a
set of TDS experiments for various initial surface coverages as controlled by the pressure

drop.

In the range of low amounts of deposited material, a broad monolayer desorption peak of
CH30H is seen with maximum shifting from 143 K to 137 K. With further deposition of
CH30H, a second peak at 132 K assigned to formation of a bilayer appears and saturates
for pressure drops in the gas handling manifold around 5 mTorr. At this pressure drop, a
signal assigned to multilayer desorption emerges at 129 K (Figure S1Error! Reference
source not found.). Eventually, multilayer desorption dominates over bi- and monolayer
desorption and the leading edges of the multilayer desorption signals coincide (Figure S2)
which is characteristic of multilayer desorption. For thicker films, a fourth desorption peak
at 132 K emerges which can be assigned to a phase transition from amorphous to
crystalline CH3OH ice which occurs just before desorption. This phase transition was
observed for multilayer ices of CH3;OH beforehand by Bolina and et al.3' and is a well-
known effect in the case of amorphous solid water.3233 Note that this phase transition
requires heating of the film3! and that the as-deposited CH3OH in this study is in an
amorphous rather than crystalline state. Because there is no distinct monolayer peak,
accurate calibration of film thickness would require fitting of the monolayer, bilayer and

multilayer peaks to the overall signal. The concomitant phase transition, however, makes
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this task difficult. Comparing the amounts of CH3;OH with film thicknesses obtained by
depositing H,O and C,H,4 under similar conditions,343%> however, suggest an approximate
film thickness of 12 £ 4 monolayers for a pressure drop of 30 mTorr in the gas handling
manifold. Taking the density of crystalline CH;OH ice into account (1.01 + 0.03 g/cm?),36
12 monolayers should correspond to a thickness of about 4.5 nm (see Supporting
Information for calculation). This film thickness was used for all samples throughout the
present study. Note that the uncertainty of the absolute film thickness is not to be confused
with the reproducibility of the film thickness. Analysis of the as-deposited CH3;OH films by
TDS revealed that film thickness varies by only about 2 % throughout the experiments

based on the standard deviation of the integrated desorption signals.

Electron exposures were carried out with a commercial STAIB NEK-150-1 electron source
with an energy resolution of 0.5 eV. The instrument allows for beam shaping which
ensures that the whole sample is evenly irradiated at all energies. Neutral species that
desorbed during irradiation were monitored using a quadrupole mass spectrometer (QMS)
residual gas analyser (Stanford Research System RGA 200). The QMS has an ion source
operating with electrons of energy £,= 70 eV. During TDS, the sample is annealed from
35 K to 450 K by resistive heating with a constant heating rate of 1 K/s. In a typical TDS,
no more than four mass-to-charge ratios were monitored simultaneously in order to
maintain a sufficiently high signal-to-noise ratio. Subsequently, the sample temperature
was held at 450 K for another 2 min in order to desorb any remaining adsorbates. Analysis

of the data was performed with Python3” using the NumPy3® and SciPy3° packages. The
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uncertainties of the integral intensities were determined by repeating some of the
experiments and calculating the standard deviation where three or more repititions were
made. Because the experiments are relatively time consuming, three or more repititions

were only performed for a few representative data points.

Products were identified based on characteristic fragments in their mass spectra.*® The
identities of HOCH,CH,OH and CH3;CH,OH were further verified by comparing the
desorption temperatures of the signals in the irradiated sample with those of the actual
compounds. Because desorption temperatures can be very sensitive to the molecular
environment,*! we typically admix the pure substances to CH3;OH and perform TDS of the
resulting film.343% CH3CH,OH and HOCH,CH,OH, however, desorb at higher
temperatures than CH3;OH. The molecular environment is thus not well represented by a
pure CH3;OH matrix because other irradiation products might also influence the desorption
temperature. Therefore, we deviated from this standard procedure and condensed distinct
amounts of HOCH,CH,OH (Sigma Aldrich, 99.8%) and CH3;CH,OH (Merck, 299.8%) on
top of a CH3OH film after irradiation with 1000 uC/cm? at an electron energy of 20 eV. This

electron dose equates to roughly one electron per molecule in the film.

The relative molecular abundance of a specific product was determined by comparing the
areas under its ESD and TDS signals with that of CH3OH in a non-irradiated sample. This
comparison is based on the different cross sections for formation of the observed

fragments inside the ionizer of the mass spectrometer, which are also known as partial
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ionization cross sections. Fragments monitored during ESD and TDS have been chosen
on the basis of characteristic mass-to-charge ratios as deduced from the mass spectra of
the products (Figure S3). The fragment m/z = 16 was selected for CHy4, m/z= 30 for H,CO,
my/z = 31 for CH30H, m/z= 33 for HOCH,CH,OH, m/z= 61 for CH3;0CH>OH, m/z= 46 for
CH30CHs3, and m/z = 46 for CH3CH,OH. Note that the m/z = 31 signal of CH3;OH was only
used for quantification of the non-irradiated film and thus does not interfere with the
my/z = 31 fragments of other products. For a number of compounds, experimental values
for ionization cross sections have not been reported. Therefore, total ionization cross
sections were calculated by the Binary Encounter-Bethe (BEB) model.#243 The necessary
orbital properties were obtained by calculation with the GAMESS software package,*+4°
while the ionization energies of the target molecules were taken from the NIST Chemical
Webbook.6 This resulted in 4.35+0.05A2 for CH,, 3.98+0.05A2 for H,CO,
5.26 + 0.05 A2 for CH3;OH, 10.11+0.05A%? for HOCH,CH,OH, 9.6+0.3A? for
CH3;0CH,OH, 8.14 +0.05A2 for CH;OCHs, and 8.30 £ 0.05A2 for CH3;CH,OH.
Uncertainties are largely determined by the errors of experimental ionization energies.
The BEB cross section for CH;OCH,OH has a considerably larger uncertainty than for the
other compounds because the experimental ionization energy has not been reported
which would be required to obtain a more accurate result. This latter cross section was
thus estimated from similar-sized compounds. Partial ionization cross sections were then
obtained by multiplying the absolute ionization cross section with the relative intensity of

the respective ion, as deduced from the mass spectrum, divided by the sum of intensities
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over all ions. In order to account for possible differences in detection efficiencies and
quadrupole transmission factors, mass spectra of pure CH, (Messer, 299.995%), H,CO
(obtained by heating paraformaldehyde; Riedel-de Haén, =295.0%), CH3;OH,
HOCH,CH,0OH, and CH3;CH,OH have been recorded with the same mass spectrometer
used for TDS experiments, showing no significant deviations from published mass
spectra.®? In the case of CH30OCH3*° and CH;OCH,OH 47, we deduced the relative ion
intensities from published mass spectra because CH3;0CH3; and CH;0OCH,OH have not
been commercially available, and CH3;OCH,OH is a labile compound which makes it
difficult to handle.#” For the relative intensities of CH4, H,CO, CH;0H, HOCH,CH,OH, and
CH3CH,OH we estimate an uncertainty of 15 % due to pressure fluctuations upon
recording the mass spectra. Within these error margins, the intensity ratios for different
fragment signals in the TDS agree with those from the mass spectra. For CH;0CH3;, we
assume the uncertainty to be the same. We note, however, that the intensities of higher
mass-to-charge ratios are typically slightly lower than in the NIST spectra. We thus tend
to underestimate the abundance of dimethyl ether. In the case of CH;OCH,OH, it is more
difficult to estimate the uncertainty of the intensities because contributions of thermal
decomposition of CH30CH,0OH into CH3;0H and H,CO could not be ruled out in the mass
spectrum reported previously.*” Comparison of the TDS intensitites of the m/z= 61 and
my/z = 33 fragments of CH3;0CH,OH, however, suggests that the intensities in the mass

spectrum of CH3;OCH,OH have uncertainties of no more than 30 %.
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The uncertainties of the partial ionization cross sections were calculated from the
individual uncertainties of the relative intensities in the mass spectrum and that of the
ionization cross section by using standard error propagation. Following this procedure,
the partial ionization cross sections at 70 eV were calculated to be 2.0 + 0.3 A2 for the
m/z=16 parent ion of CH;, 1.3%0.2 Az for the m/z=30 parent ion of H,CO,
1.57 + 0.25 A2 for the m/z = 31 fragment of CH;OH, 1.3 + 0.2 A2 for the m/z = 33 fragment
of HOCH,CH,0OH, 1.9+ 0.6 Az for the m/z= 61 fragment of CH;0CH,0H, 2.1 + 0.3 Az for
the m/z= 46 parent ion of CH;OCHg3, and 0.47 + 0.07 A2 for the m/z= 46 parent ion of
CH3;CH,OH. Uncertainties of the relative molecular abundances were then calculated from
the uncertainties of the partial ionization cross sections and those of the integral intensities

using standard error propagation.

The Gibbs free Energy of the formation of H,CO from CH3;OH by elimination of H, was calculated
using a method modified from the G3MP2B3 calculations presented by Janoschek and Rossi.*®
Differing from their method, the geometry was optimized using the B3LYP functional with an
augmented correlation-consistent polarized Valence-only Triple-Zeta (aug-cc-pVTZ) basis set.*
The energy of the system was evaluated using size-consistent quadratic interactions with unlinked
triples (QCISD(T))*° with the same basis set. The extrapolation to the basis set limit was achieved
by two MP23! calculations, the first with the same basis set, and the second using aug-cc-pV
Quadruple-Zeta.*® The final energy was calculated as the QCISD(T) energy corrected for the
difference between the MP2 calculations, the zero-point energy and a term for higher level
correlation as described in full detail by Janoschek and Rossi*®. The Gibbs Free Energy was
calculated as G = H - TS, with the enthalpy H = energy + kT and the entropy S derived from
frequency analysis of the B3LYP geometry optimization at 35 K. All calculations were performed

using the ORCA 4.2.1°>>3quantum chemistry program package.
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Results and Discussion

Identification of Products

To identify products formed by electron-induced reactions, we irradiated multilayer films
of CH30H with electrons of £,= 20 eV and electron exposures of 1000 uC/cm?2. During
irradiation, mass spectra were recorded in the range from m/z= 10 to m/z= 50 which
allows identification of desorbing species. A sudden increase of the mass spectrometric
signals of several mass-to-charge ratios is observed with beginning electron irradiation
due to ESD (Figure 1). The ESD signals at m/z= 31 and 32 revealed the desorption of
CH30H. Some of the observed signals at lower mass-to-charge ratios (m/z= 15, 16, 28,
30), however, are significantly more intense than is expected from the mass spectrum of
CH30H (Figure S3) which suggests the formation of new products. This is further
corroborated by careful inspection of the ESD signals which reveals that the increase of
the m/z= 16 and 28 signals is delayed compared to the ESD signals of CH3;OH and must

thus stem from an irradiation product.
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Figure 1. Evolution of ESD mass spectrometric signals with increasing number of scans
during a 1000 uC/cm? electron irradiation of a multilayer CH3;OH film at £,=20 eV. The
two vertical lines mark the beginning (scannumber 10) and end of irradiation (scannumber
23) as was controlled by a negative bias on the sample. The colour code indicates the
baseline corrected mass spectrometric signal increasing from low intensity (grey) over mid
intensity (blue) to high intensity (red/yellow). The first and last seven scans are not

displayed in order to focus on the actual irradiation.

The intensity ratios obtained from the mass spectra in Figure 1 might not reflect the true
ratio of desorbing compounds because it takes about 20 s to record a single mass
spectrum and because ESD signal intensities evolve with time. Thus, we repeated the
irradiation but monitored only those mass-to-charge ratios (m/z= 14, 15, 16, 28, 29, 30,
31, and 32) that showed a significant signal in the ESD in order to achieve a reasonable
time resolution. The so obtained ESD signals (see Figure S4Error! Reference source not
found.) can be integrated over time which yields an averaged ESD mass spectrum

(Figure 2, hollow bars). We think that this averaged mass spectrum reflects the signal
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ratios more accurately than the single mass spectra from Figure 1. The uncertainty of the
so-obtained mass spectrum is mainly determined by the signal-to-noise ratio of the ESD

signals. We estimate this uncertainty to be 10 % with respect to the integrated ESD signal.

For deconvolution of the so-obtained spectrum, we used a protocol that was already used
in the Cometary Sampling and Composition (COSAC) experiment.5* We reduced the short
list of candidate molecules to CH;OH, H,CO, CO, and CH,4 because these products were
already reported in literature and we did not observe any signals higher than m/z= 32 in
ESD. The fit was performed in order of decreasing mass, starting from m/z = 32. With this
protocol, a good fit to the integrated ESD signals was obtained with exception of the
m/z= 14 and 15 signals (Figure 2). We propose, that intact CH3* radicals desorb from the
sample and thus contribute to these signals. The results of Harris et al.,'3 and Warneke
and Swiderek,%® who already observed desorption of intact CH3* radicals during electron
irradiation of CH3OH and acetone, respectively, can be regarded as proofs of principle

that underline our interpretation.
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24 310 Figure 2. Comparison of the mass spectrum obtained from the data recorded during ESD
26 311 at20 eV (hollow bars) and the spectrum reconstructed by fitting the mass spectra of CHy
27 312 (red bars), H,CO (orange bars), CH3OH (blue bars), and CO (green bars) to the ESD
29 313 mass spectrum. The ESD mass spectrum was obtained by the areas under the desorption
31 314 signals of m/z= 14, 15, 16, 28, 29, 30, 31, and 32 monitored during electron irradiation of
33 315 multilayer films of CH30H with 1000 uC/cm? at £,= 20 eV. The mass spectra of CH30H,
34 316 H,CO, CO, and CH,4 were recorded with the same mass spectrometer used for recording
36 317 the ESD mass spectrum. Error bars denote the uncertainty of the intergated ESD signals

38 318 which has been estimated to be 10 %.

40 319  Post-irradiation TDS was performed to monitor substances that were retained in the
43 320 irradiated film. After an electron exposure of 1000 pC/cm? at 20 eV, depletion of CH3OH
46 321 can be observed in the TDS along with the formation of a series of products. In line with
48 322 the ESD data, the formation of CO (Figure S5Error! Reference source not found.), H,CO
51 323  (Figure 3), and CH,4 (Figure 4) indicates electron-induced degradation of CH3;OH upon
>3 324 jrradiation. In addition, TDS revealed the formation of more complex molecules not seen

56 325 in ESD, namely, HOCH,CH,OH and CH3;OCH,OH (Figure 5 and Figure 6), as well as
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CH30CH3 and CH3CH,OH (Figure 7 and Figure 8). The identification of these products is
supported by the arguments summarized in the following paragraph. Further signals can
be assigned to methyl formate, and possibly glycolaldehyde (Figure S6). All of these
complex molecules are indicative of electron-induced synthesis because multiple
molecules and/or reactive species must be involved in their formation. In the present
study, we focus on the formation of H,CO, CH,;, HOCH,CH,OH, CH3;0CH,0OH, CH3;0CHj,
and CH3;CH,OH because these molecules are considered to be produced either by
unimolecular decomposition of CH3;OH or by reactions of the first generation of

dissociation products.

H,CO was identified by its characteristic mass-to-charge ratios m/z=29, and 30
(Figure S3). It shows a desorption signal at 88 K (Figure 3) which is in line with earlier

experiments.34

CH,4 was identified by its characteristic mass-to-charge ratios m/z= 15 and 16 (Figure S3)
and shows two desorption features at 50 K and 104 K (Figure 4). The first of these signals
coincides closely with the multilayer desorption temperature of CH; and is thus
characteristic of physisorbed CH4.#' The second desorption signal overlaps in part with
that of H,CO. The mass spectrum of H,CO, however, does not show any fragment with
m/z=15 and only a very weak signal at m/z= 16 (about 2.4% of the m/z= 30 signal
intensity, Figure S3Error! Reference source not found.). The integral intensity of the

m/z= 16 signal at 104 K in the irradiated sample, in contrast, is about three times higher
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than that of the m/z= 30 signal and can thus not stem from fragmentation of H,CO
(Figure 4). We thus assign this second signal to trapping of CH4 in the CH3;OH matrix
which either co-desorbs with H,CO or gets released when the CH3;OH molecules become
more mobile. This is in line with other studies where significant trapping of CH4 in CH3;0H

ice was reported.6.16.26

HOCH,CH,OH was identified by its characteristic mass-to-charge ratios at m/z= 31, 33,
and 62 (Figure S3) and desorbs between 186 K and 220 K depending on its amount
(Figure 5). The observed desorption temperature agrees well with those reported by
Boyer et al.3 and Harris et al.’3 which is 205 K and that of Boamah et al.2 which is 215 K.
Its identity was further verified by condensing different amounts of pure HOCH,CH,OH on
top of a CH3OH film preirradiated at 20 eV with 1000 uC/cm? and performing TDS on the
resulting film (Figure 6, left panel). In addition to the desorption signal present after
irradiation, the signal intensity increases linearly with the amount of HOCH,CH,OH
condensed on top of the irradiated sample which corroborates our assignment (Figure 6,

right panel).

CH3;0CH,0H was identified by its characteristic mass-to-charge ratios m/z= 33 and 61
(Figure S3Error! Reference source not found.) and desorbs between 156 K and 175 K
(Figure 5) depending on its amount. The observed desorption temperature is also in good
agreement with that found by Schneider et al.,'® Boyer et al.,? and Boamah et al.2 who

reported values between 155 K and 170 K.
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CH30CH3; and CH3;CH,OH were both identified by their characteristic mass-to-charge
ratios at m/z= 45 and 46 (Figure S3Error! Reference source not found.). The desorption
signal of CH30CHj3; peaks between 95 K and 110 K (Figure 7) and agrees well with the
desorption temperatures found by Boamah et al.?2 and Harris et al.’®> who reported values
between 95 K and 115 K. The desorption signal of CH3CH,OH peaks between 148 K and
162 K, which is in line with the desorption temperature of 165 K found by Boamah et al.2.
Note that the m/z = 45 fragments of CH3;0OCH,OH (Figure S3) and HOCH,CH,OH overlap
in part with that of CH3;CH,OH as can be seen from the position of the m/z= 61 fragment
of CH3;0CH,0OH and m/z= 62 fragment of HOCH,CH,OH in Figure 7. We thus used the
my/z = 46 fragment for quantification of CH3CH,OH. The identity of CH3CH,OH was further
verified by condensing different amounts of CH3;CH,OH on top of a CH3;OH film
preirradiated at 20 eV with 1000 yC/cm? and performing TDS of the resulting film. In
addition to the desorption signal at 152 K present after irradiation, the signal intensity
increases linearly with the amount of CH3CH,OH condensed on top of the preirradiated

film which corroborates our assignment (Figure 8).
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Figure 3. Thermal desorption spectra of a multilayer film of CH3;OH without electron

exposure (denoted O pC/cm?) and after electron irradiation with 1000 uC/cm? at
Ep=20eV. The peaks at 88 K in the m/z= 29 and 30 curves (red) are assigned to H,CO.

The signals at 130 K in the m/z= 29 and 30 curves are assigned to fragments of CH30H,

and the signal at 156 K in the m/z= 30 curve of the irradiated sample has been assigned

to a fragment of CH30CH,OH. Tick marks on the left and right axis indicate the vertical

offset of the individual curves. The magnification is the same for all curves.
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Figure 4. Thermal desorption spectra of a multilayer film of CH3;OH without electron
exposure (denoted O pC/cm?) and after electron irradiation with 1000 uC/cm? at
Ey=20eV. The peaks at 50 and 104 K in the m/z= 15 and 16 curves (red) are assigned
to CHy. The signals at 130 K in the m/z= 15 and 16 curves are assigned to fragments of
CH3OH. The peak area of the m/z= 16 signal at 104 K is about three times higher than
that of the m/z= 30 signal at 90 K (blue line, see also Figure 3). Comparing the ratio of
these peak areas with the relative intensities of the m/z= 16 and 30 fragments in the mass
spectrum of H,CO (Figure S3) suggest that the signal at 104 K in the m/z= 16 curve does
not stem from H,CO but solely from CH,4. Tick marks on the left and right axis indicate the

vertical offset of the individual curves. The magnification is the same for all curves.
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Figure 5. Thermal desorption spectra of a multilayer film of CH3;OH without electron
exposure (denoted O pC/cm?) and after electron irradiation with 1000 uC/cm? at
Ey=20 eV. The peaks at 130 K in the m/z= 31 and 33 curves of the irradiated and pristine
sample are assigned to the CH;0* fragment and the '3CH;OH*®* isotopologue of CH30H,
respectively. The peak at 156 K in the m/z=33 and 61 curves (red) is assigned to
CH30CH,0H, and the peak at 192 K in the m/z= 31, 33, and 62 curves (grey) to
HOCH,CH,OH (see also the mass spectra in Figure S3). Noticeably, these peaks are only
present in the irradiated sample which is indicative of electron-induced synthesis. Tick
marks on the left and right axis indicate the vertical offset of the individual curves. The

individual curves are magnified by the denoted factors.
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Figure 6. Thermal desorption spectra of a multilayer film of CH3;OH after electron
irradiation with 1000 uyC/cm? at £, = 20 eV (bottom spectrum in left panel). The peak at
130 K was assigned to the '*CH3;OH** isotopologue of CH3OH, the peak at 156 K to
CH30CH,0OH (MeMe, red), and the peak at 192 K to HOCH,CH,OH (EG, grey). The
assignment of the peak at 192 K in the m/z= 33 curve to HOCH,CH,OH was further
verified by admixing increasing amounts of HOCH,CH,OH to the irradiated sample (left
panel). This leads to a linear increase of peak area for the second signal at 192 K while
the peak area of the first signal at 156 K remains constant (right panel). Tick marks on the
left and right axis of the left panel indicate the vertical offset of the individual curves. The
magpnification is the same for all curves. The horizontal line in the right panel indicates an

integral intensity of zero.
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Figure 7. Thermal desorption spectra of a multilayer film of CH3;OH without electron
exposure (denoted O pC/cm?) and after electron irradiation with 1000 uC/cm? at
Ep=20¢eV. The peaks at 100 and 152 K in the m/z= 45 and 46 curves are assigned to
CH30CH3; (red) and CH3CH,OH (grey), respectively. Note, however, that desorption of
CH30OCH,0H (blue line) and HOCH,CH,OH (green line) contribute to the overall m/z= 45
signal as can be seen by the peak positions of the m/z=61 and m/z= 62 signals of
CH30OCH,OH and HOCH,CH,OH, respectively (see also Figure 5). Tick marks on the
vertical axis indicate the baseline level. Tick marks on the left and right axis indicate the

vertical offset of the individual curves. The magnification is the same for all curves.
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Figure 8. Thermal desorption spectra of a multilayer film of CH3;OH after electron
irradiation with 1000 uC/cm? at £, = 20 eV (bottom spectrum in left panel). The peaks at
100 K and 152 K in the m/z= 46 curves have been assigned to CH3;0CH; (DME) and
CH3CH,0OH, (EtOH) respectively. The assignment of the peak at 152 K to CH3;CH,OH was
further verified by condensing increasing amounts of CH3;CH,OH on top of the irradiated
sample (Left panel). This leads to an increase of the peak area for the signal at 152 K
(black) while the peak area of the first signal at 100 K (red) remains constant (right panel).
Tick marks on the left and right axis of the left panel indicate the vertical offset of the
individual curves. The magnification is the same for all curves. The horizontal line in the

right panel indicates an integral intensity of zero.

Dependence of Product Yield on Electron Exposure

The depletion of CH30OH as well as degradation of the products must be negligible in order
to compare product yields obtained for different electron energies. Within this regime of
initial rates, the product yield increases linearly with electron exposure and formation rates
are reflective of formation cross sections. To identify electron exposures that are within

the regime of initial rates, we performed irradiation experiments at electron energies of
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20 eV with increasing exposures for every product. As an illustrative example, the
dependence of the H,CO yield on electron exposure is shown in Figure 9. The exposure
dependence of the other products is shown in Figure S7-S9. Formation of H,CO was
monitored by adding the amounts of H,CO that desorbed during ESD and TDS. Studies
on the electron-induced decomposition of acetone into CH, and CO have shown that
integrated ESD and TDS signals for specific mass-to-charge ratios can be directly
compared.®® Note that CH30H contributes only as a minority species to the m/z= 30 ESD
signal (Figure 2) suggesting that the integrated m/z = 30 signal is roughly reflective of the
H,CO vyield that desorbs during electron exposure. On the basis of this analysis, the
product yield of H,CO increases linearly with electron exposure up to 500 uC/cm?. At
higher electron exposures, the yield of product retained in the film approaches saturation
as is deduced from the TDS because degradation of H,CO and/or depletion of CH3;0H

are no longer negligible while the yield of H,CO that desorbs during ESD still increases.
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Figure 9. Areas under the m/z= 30 desorption signals of H,CO obtained by ESD (stars)
and TDS (squares) after increasing electron irradiation of multilayer films of CH;OH at
Ep=20¢eV. The sum of ESD and TDS signal areas (filled circles) reflects the overall
amount of H,CO that has been formed. Tick marks on the vertical axis denote an integral

intensity of zero. Error bars represent the estimated error for the intergal intensity.

An earlier study on CH3;0H/C,H,4 mixtures has shown that DEA to CH;0H at 5.5 eV leads
to the formation of ethyl methyl ether.3* In addition, formation of HOCH,CH,OH and
CH30OCH,0H has been reported to occur by ND at electron energies as low as 6 eV.3 We
thus additionally studied the dependence of H,CO yield on electron exposures at an
electron energy of 5.5 eV in order to account for the possible formation of H,CO by DEA,
and at 8 eV in order to account for the possible formation of H,CO by ND. Furthermore,
the dependences of product yields on electron exposure for CH;, CH;CH,OH, CH;0CHj,
and CH3OCH,OH at 8 eV are shown in Figure S12-S15. No dataset is shown for
HOCH,CH,OH because of the poor signal-to-noise ratio at lower electron exposures. We

assume, however, that HOCH,CH,OH shows a similar behaviour as CH;OCH,OH,
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CH3CH,OH, and CH3;0CHj3. At these lower energies, considerably higher exposures are
required to obtain any observable signal in the TDS (Figure 10). In contrast to higher
energies, no ESD signals have been observed for electron energies below 9 eV. The
areas under the TDS signals are thus directly reflective of the overall amounts of products.
Both at 5.5 and 8 eV, the H,CO vyield increases linearly up to 9000 uC/cm? before it
approaches saturation. This is not surprising since cross sections for DEA, ND, and El
can vary by several orders of magnitudes.?® In consequence, two sets of irradiation
experiments with different electron exposures are necessary to study the energy

dependence above and below the ionization threshold of CH;OH.

O Ep=20eV

OO i@ Eo=5.5ev
o B FEy=8eV
o)
o)
CH3OH

H2CO (m/z = 30)

0 0Xo)
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; 58t ¢
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Electron exposure {uC/cm?)

Integral intensity (arb. units)

Figure 10. Areas under the m/z= 30 desorption signal of H,CO obtained by TDS after
increasing electron irradiation of multilayer films of CH3;OH at £,= 5.5 eV (filled circles)
and 8 eV (hollow squares). Error bars denote the estimated error for the integral intensity.
Product yields obtained at different electron exposures at 20 eV (hollow circles, see
Figure 9) are plotted for comparison. Tick marks on the vertical axis mark an integral

intensity of zero.
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In order to make sure that the approximation of initial rates is valid, we studied the
dependence of H,CO formation on electron energy with electron exposures of 500 uC/cm?
in the energy range from 2.5 to 20 eV and with 9000 uC/cm? in the energy range from 2.5
to 9.0 eV. The electron exposures to be used to study the energy dependences of product
formation for other products as derived from the electron exposure dependences are
compiled in Table 1.

Table 1. Electron exposures, m/z values, and integration region used to study the energy

dependences of product formation in the range of 2.5-9 eV and 2.5-20 eV.

Electron exposure used in Parameters used for analysis
energy dependence (uC/cm?)

Compound Electron Electron m/z Integration
energies energies region (K)
2.5-9eV 2.5-20eV

H.CO 9000 500 30 73-105

CH,4 9000 125 16 35-106

CH3;0CH; 32000 500 46 80-125

CH3;CH,OH 32000 500 46 135-200

CH3;OCH,0OH 32000 400 61 130-250

HOCH,CH,OH 32000 400 33 175-250
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Dependence of Product Yield on Electron Energy

The yields of CH4, H,CO, HOCH,CH,OH, CH3;0CH,OH, CH30CH3;, and CH3;CH,OH were
monitored at electron energies in the range from 2.5 to 20 eV to reveal the initial electron-
molecule interactions that are relevant for the formation of these products. The electron
exposure was chosen within the regime of initial rates as deduced from the dependences
of product yields on electron exposure (Table 1). At lower electron exposures, product
formation is observable with an onset at 9 eV in TDS and, in the cases of H,CO and CHy,
also in ESD (Figure 11). This energy roughly coincides with the ionization threshold of
CH3OH in the condensed phase which is located at 9.8 eV.%6 ESD has not been observed
for HOCH,CH,0OH, CH3;0CH,OH, CH30OCHj3;, or CH3CH,OH (Figure 11). This, however,
is not surprising as the efficiency of ESD decreases with molecular mass.5” Starting from
an onset at 9 eV, ESD of CH4 and H,CO increases steadily with electron energy which
reflects the increasing desorption probability. The majority of CH4 and H,CO, however, is
retained in the film as can be deduced from the ratio between the areas under the ESD
and TDS signals. The overall energy dependences derived by adding the TDS and ESD
signal areas (not shown) thus do not deviate qualitatively from those obtained by TDS

alone.
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Figure 11. Areas under the m/z= 16 signal of CH4, m/z= 30 signal of H,CO, m/z= 33
signal of HOCH,CH,OH (EG), m/z= 46 signal of CH3CH,OH (EtOH), m/z= 46 signal of
CH30OCH3 (DME), and m/z = 61 signal of CH;0CH,OH (MeMe) obtained by TDS (circles)
and ESD (stars) produced during the stated electron exposures of condensed CH3;OH.
Error bars were omitted for clarity. The solid lines serve as guide to the eye. Note that no
ESD was observed for HOCH,CH,OH, CH3;CH,OH, CH30CH;, and CH3;0OCH,OH. Tick
marks on the left and right axis indicate the vertical offset of the individual curves. The

curves are magnified by the denoted factors.

The energy dependences of H,CO, CH,4, CH3CH,OH, and CH3;OCH3; show resonances at
13 eV pointing to an initiating DEA process. In contrast, resonant behaviour is less obvious
for HOCH,CH,OH and CH30OCH,OH although minor contributions of this resonance to the

overall product yield could explain the plateau-like behavior for energies higher than
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13 eV. For electron energies higher than 13 eV, product yields do not decline to baseline
level indicating that ND or El also lead to product formation. The highest energy resonance
for the production of anions from CH3;OH has been observed at 10.5 eV in the gas
phase®-60 and at 11.0 eV in the condensed phase.? This, however, is considerably lower
than the resonance observed in the present study and can thus not be responsible for the
formation of products. A similar resonance at 14 eV, however, was observed by Lepage

et al.# for the production of CO from condensed CH3;0H.
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Figure 12. Areas under the m/z= 16 signal of CH,4, m/z= 30 signal of H,CO, m/z= 33
signal of HOCH,CH,OH (EG), m/z= 46 signal of CH3CH,OH (EtOH), m/z= 46 signal of
CH30OCH3 (DME), and m/z= 61 signal of CH;OCH,OH (MeMe) obtained from CH;OH

during the stated electron exposures and monitored by TDS. Error bars were omitted for
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clarity. The solid lines serve as guide to the eye. Tick marks on the left and right axis
indicate the vertical offset of the individual curves. The curves are magnified by the

denoted factors.

An additional set of experiments with higher electron exposures was performed to study
the formation of products below the ionization threshold (Figure 12). At these lower
electron energies, no ESD is observed for any product. Thus, the amounts of products
derived from TDS after irradiation directly reflect the overall amounts of these products.
Formation of HOCH,CH,OH, CH30CH,OH, CH;0OCH3, and CH3;CH,OH starts from an
onset at ~6 eV which is well below the ionization threshold of CH;0OH. The onset, however,
roughly coincides with the excitation threshold of CH30OH which is 6.7 eV in the condensed
phase.®! Starting from this threshold, product yields of HOCH,CH,OH, CH3;OCH,OH,
CH30CH3;, and CH3CH,OH increase steadily with increasing electron energies suggesting
that ND is responsible for the formation of these products. Noticeably, no resonances are
observed for the formation of these products here. This suggests that below the ionization
threshold, DEA does not play a role for the formation of these products. Our results thus
agree with those of Boyer et al. who did neither observe any resonances for the production

of HOCH,CH,OH and CH3;OCH,OH in this energy regime.3

In contrast, formation of H,CO and CH, is observable at energies as low as 2.5 eV which
is considerably below the excitation threshold of CH3OH and can thus not be triggerd by
ND. The product yield of H,CO increases steadily with electron energy which is typically

more characteristic of a non-resonant process. It is possible, however, that DEA is masked
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by the concomitant onset of ND at ~6 eV. In the case of CH,, a pronounced shoulder at
~5 eV is observed suggesting that DEA is involved in the formation of CH,4. The observed
shoulder does not agree well with known DEA resonances of CH3OH at 6.5 eV in the gas
phase and 6 eV in the condensed phase.33460 Alternatively, the formation of CH, at these
lower electron energies might be attributed to a resonance yielding O*- between 3 eV and
4 eV which has been observed in condensed phase ESD experiments by Kundu et al.6?
but has not been reported by Boyer et al.3 For electron energies higher than 7.5 eV, the
product yield of CH, increases again suggesting that either another resonance, or ND
contributes to the production of CH4. We note that the electron energy dependence of the
yields of HOCH,CH,OH and CH3OCH,OH has been reported before from TDS
experiments applying exposures of 1900 uC/cm2.3 Similar to the larger exposure
experiments of the present study, this work observed an onset between 6 eV and 7 eV
and a continuous increase towards higher energies. Product formation has thus been

ascribed to EE processes.

Product yields

Relative molecular abundances of the irradiation products have been obtained from the
ESD and TDS data. These can be estimated by comparing the integrated desorption
signals and correcting these for the different partial ionization cross sections of the
observed fragments. Hereinafter, we state all relative molecular abundances with respect

to the initial CH3;OH ice abundance.
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In order to test the accuracy of our procedure for deriving product yields, we used the data
shown in Figure 6 and Figure 8 where defined amounts of either HOCH,CH,OH or
CH3CH,OH, determined from the pressure drop in the gas handling manifold, were
condensed on top of a preirradiated CH3OH film. This leads to a linear increase of the
respective desorption signal with the amount of material deposited on top of the irradiated
sample. The amount that was initially present after irradiation is then represented by the
intercept of the regression line with the horizontal line that indicates an integral intensity
of zero in the left panels of Figure 6 and Figure 8. The uncertainty of the amounts has
been calculated from the uncertainty of the intercept which, in turn, has been deduced
from the covariance matrix of the linear regression. From those experiments, relative
molecular abundances of 1.4 +0.3% for HOCH,CH,OH, and 0.68 + 0.08 % for
CH3CH,OH were obtained. These values agree well with those obtained by comparing
the desorption peaks of HOCH,CH,OH and CH;CH,OH with that of CH30OH taking into
account the partial ionization cross sections of the observed fragments. The latter analysis
results in relative abundances of 1.0 + 0.3 % for HOCH,CH,OH, and 0.57 + 0.10 % for

CH3CH,OH. We thus consider our results as accurate within the error margins.

Integrated desorption signals for electron energies below the ionization threshold were
derived from irradiations with electron exposures of 9000 uC/cm? for CH, and H,CO, and
with electron exposures of 32000 uC/cm? for HOCH,CH,OH, CH;0CH,OH, CH3;OCH3,
and CH3;CH,OH. Note that product yields obtained with electron exposures of

32000 pC/cm? are still within the linear regime of initial rates (see Figure S12-S15). In
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order to compare product yields obtained after electron exposures of 32000 uC/cm? and
9000 uC/cm?, we scaled the product yields of HOCH,CH,OH, CH3;0CH,OH, CH;0CHj,
and CH3;CH,OH by a factor of 9/32. Our results reveal that below 6 eV, H,CO and CH,4
are the only products (Figure 12). At £,= 8 eV, relative molecular abundances of products
are 1.1+0.2% for CHy, 0.6 £0.1 % for H,CO, 0.030 + 0.007 % for HOCH,CH,OH,
0.04 + 0.01 % for CH3OCH,OH, 0.043+0.008 % for CH3;0CH3;, and 0.07 + 0.02 % for
CH3CH,OH (Figure 13, panel A). The value given for CH;OCH3; represents a lower limit,
as it is based on NIST spectra, rather than mass spectra recorded in our experimental
chamber, where we observe slightly lower intensities for higher mass fragments than in
NIST reference data. At £,= 20 eV, the amounts of products are compared for electron
exposures of 250 yC/cm? because this allows us to compare product yields directly
without scaling. Our results reveal that the amounts of products as a fraction of initial
CH3OH ice abundance are 1.35 + 0.20 % for CH,4, 0.55 + 0.15 % for H,CO, 0.40 + 0.13 %
for HOCH,CH,OH, 0.16 + 0.05 % for CH3;0CH,OH, 0.06 + 0.02 % for CH3OCHj3;, and
0.24 + 0.06 % for CH3CH,OH (Figure 13, panel B). Note that the value given for CH;0OCHj5
represent a lower limit due to the reasons mentioned above. From the reported data by
Lepage et al.4, it can be deduced that the relative molecular abundance of CO after
irradiation with 250 uC/cm? at 20 eV is about 0.65 % (see Supporting information for
calculation). The amount of CO should thus be similar to that of H,CO in the present study.
We note that the loss of CH3OH during irradiation with 250 yC/cm? at 20 eV amount to

roughly 3-5% according to our TDS data (not shown). Considering that the formation of
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each of the observed products apart from CH,4, H,CO, and CO requires two molecules of

CH30H, the product yields account reasonably for the loss of CH30H suggesting that at
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least the majority of the products have in fact been identified.

% No(CH30H)

Figure 13. Amounts of CH,, H,CO, HOCH,CH,OH (EG), CH;OCH,OH (MeMe),
CH3CH,OH (EtOH), and CH30CHj3; (Me2O) in % of the initial CH30H ice abundance. (A)
Data obtained from TDS after irradiation with 9000 yC/cm? (CH4; and H,CO) and
32000 pC/cm? (others) at E,=8 eV, respectively. Abundances of HOCH,CH,OH,
CH30CH,0H, CH3CH,0H, and CH30OCH; were scaled by a factor of 9/32 to correct for
the higher electron exposures. (B) Data obtained from ESD and TDS after irradiation with

250 uyC/cm? at 20 eV, respectively. Note that the values given for CH;OCHj; represent
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lower limits. Error bars denote the estimated uncertainty of amounts.
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Discussion of the Reaction Mechanism

Overview of Electron-Methanol Interactions

In order to unravel the reaction mechanisms leading to the observed products, it is
necessary to identify the reactive species produced by electron-molecule interactions and
to understand their subsequent chemistry. In the investigated CH3;OH ices, the initial
interaction of an electron with CH3;0H can yield CH;OH**, CH30OH*, and CH3OH*- after El,
EE, and EA, respectively.The ionization threshold in the gas phase is 10.84 eV and is
lowered to ~9.8 eV in the condensed phase because of polarization effects.46:56 In the gas
phase, fragmentation of CH3;OH by DI already sets in at electron energies of 10.6 + 0.5 eV
and thus almost coincides with the ionization threshold.®® Experiments with CH;OH
clusters, however, suggest that the CH3;OH** radical cation is in fact stabilized in the
condensed phase by neighbouring molecules which largely suppresses
fragmentation.6465 We thus propose that DI does not play a significant role in the
condensed molecular films studied herein. The thresholds for EE of CH;0OH are ~6.4 eV
in the gas phase and 6.7 eV in the condensed phase.6'.66 Following EE of CH3;OH, ND
might produce a variety of fragments by single-bond and/or multi-bond cleavages.
Unfortunately, experimental data on the fragmentation dynamics of CH3;OH by ND
following electron impact, i.e., the kind of formed fragments, their formation thresholds,
and formation cross sections are very sparse. Dech et al. reported a threshold of 13 eV
for the production of O('S) in crossed beam experiments.’” From thermodynamic

considerations, the authors concluded that O('S) is likely formed by decomposition of
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CH30H into CH3*, H*, and O('S). Furthermore, Donohue et al. reported the thresholds for
several excited fragments of CH3OH of which only the thresholds for the production of
HO(A2?) at 10.1 eV and that of CH(A2?) at 13.2 eV might be relevant in the present study as
other excited fragments are not formed below 20 eV.%® To our knowledge, thresholds have
not been reported for the production of ground state fragments which are especially
relevant for chemical reactions below the ionization threshold of CH;OH. However, as
optically allowed channels are typically dominant in electron-molecule interactions,
important informations on these unknown properties might also be inferred from studies
on photochemistry. Its is known that UV irradiation of condensed CH3;OH at 157 nm
(7.9 eV) leads to single bond cleavages yielding *CH,OH, CH3;0°®, H*, HO®, and CH3*®
radicals as well as to elimination of H, yielding HCOH and H,CO.8%-7" Unimolecular
photodissociation of CH3OH into CH, and O('D/3P), on the other hand, has not been
observed.®® As EE equally proceeds via electronically excited neutral states, we propose
that ND of CH3OH produces the same fragments as photodissociation. Finally, DEA to
CH30H is known to produce CH3O-, H-, and O*- (Table 3), as well as the corresponding
neutral species.3

Table 2. Anions and resonance energies observed for DEA to CH30OH in the gas and

condensed phase.

resonance energies (eV)

fragment gas Phase condensed phase

CH3Or 2.92
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1

2

] 6.50.b

5

6 8.0a.b 8.8°
7

8

g 10.52.b 11.5¢
10

> H- 6.52 d 6° (shoulder)
13

14 8.0 7.8°
15

16

e 10.52 d

18

19 °-

° o) 3—4e
21

22 7 (weak)P 8.0¢
23

o 10.52.b 11.0¢
26

27 682 References: @lbinescu et al.8%, PKiihn et al.%8 cBoyer et al.3, Curtis and Walker5?, eKundu et al.t2.

30 683 In addition, a resonance at 14 eV was observed in the yields for the electron-induced
33 684 formation of CO from condensed CH3;OH.* Lepage et al. attributed this resonance to EA
685 yielding CH3OH?®-, which quickly decays into electronically excited CH3;OH* (reaction 1)
38 686 leading to subsequent dissociation into smaller fragments of which only CO has been

41 687  monitored.*

4 688 CH;0H + e"(Eg)—>CH30H">CH3;0H* + e (E) (1)

48 689  Thus, no ionic fragments are produced which is the reason why this resonance has not

50 690 been observed in ESD3 and in crossed-beam experiments.58.72

54 691 Reactive species produced by the initial electron-molecule interactions described so far

>6 692  can then react with neighbouring CH3;OH molecules or migrate through the ice film until
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they encounter other reactive species. For instance, HO-, CH-, CH,” and CHj3 were
observed, in addition to the products seen in gas phase DEA, in ESD from condensed
CH3O0H.3 It was shown that these species are not produced directly by decay of the TNI
but by ion-molecule interactions of O°* and H- with CH3;OH.3 This underlines that a
comprehensive understanding of the possible ion-molecule, radical-molecule, and radical-
radical reactions is essential to unravel reaction mechanisms that underly the formation

of the stable products formed upon electron irradiation of condensed CH3;OH.

From EI of CH30H clusters, it is known that the CH3;OH** radical cation is a strong acid
that can transfer one of its protons to a neighbouring CH3;OH molecule yielding CH30H,*,

and a CH30* or *CH,OH radical (reactions 2 and 3).6465

CH30H®* +CH30H—CH30H;" +CH30° (2)

CH30H** +CH30H—CH3;0H," + *CH,0H (3)

In those cluster experiments, the CH3OH,* cation has been reported to undergo a
nucleophilic displacement reaction with a nearby CH3;OH molecule yielding CH;OCH3 and

H,O (see also “Reactions Leading to Molecular Synthesis”).6465

Considering next ion-molecule reactions induced by DEA, the ions H-, O*, and CH3;O~
can be involved. The reactivity of O* has been reviewed comprehensively by Lee and
Grabowski.”® The O°- radical anion is a fairly strong base but can also act as radical.
Reaction of O*- with CH30H yields HO- and CH3;O* as well as smaller amounts of HO- and

*CH,0H, and HO* and CH3;0- according to reactions 4-6.73
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0 +CH30H—>HO_ +CH30. (4)
0" +CH3;0H—HO™ + *CH,0H (5)
0" +CH30H—HO" +CH30" (6)

The ion-molecule reactions of H- with CH3OH, in contrast, mainly leads to a proton transfer

yielding H, and CH;0O-.74

H™ +CH30H—H, +CH30" (7)

H, is not kept in the film and will thus not participate in subsequent reactions. The HO-
anion is a strong base and can thus undergo proton transfer with CH3OH yielding CH3;0-

and H,0, respectively.

HO~ +CH30H—H,0 + CH30 ~ (8)

This reveals that ion-molecule reactions following El and DEA mainly lead to the formation
of smaller products and radicals. In particular, they fail to explain the observed formation
of more complex molecule with the exception of CH;OCHj;. This suggests that radical-
molecule and radical-radical reactions must be responsible for the formation of the more
complex molecules. Noticeably, the required radicals for those reactions are not only
produced by ND but also by EA, DEA and El either directly or as a consequence of the
ion-molecule reactions discussed above. Addition reactions of radicals that would form
larger products are limited to compounds that have multiple bonds such as C,H; or

CO.3475 Reactions between a radical and a saturated compound, on the contrary, typically
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lead to hydrogen abstraction.”® Therefore, it can be expected that radical-molecule
reactions between CH30OH and CH3*, HO®, CH30° or *CH,OH radicals yield CH,4, H,0,
and CH30H, respectively, as well as a new CH30°® or *CH,OH radical. Unsaturated co-
products of electron irradiation like H,CO and CO, however, might also participate in
subsequent radical-molecule reactions if their concentration is sufficiently high. Finally,
reactions between two radicals can lead to either disproportionation (reaction 9) or
recombination (reaction 10). In both cases, closed-shell molecules are produced which

are typically stable.

HR® +HR">R + H,R’ (9)

R’ +R*>R—FR (10)

As the number of possible radical-radical reactions increases drastically with the number
of radical species, the reaction network can become quite complex. However, the energy
dependences of HOCH,CH,OH, CH3;OCH,OH, CH3;0CH3;, and CH3CH,OH are highly
correlated suggesting that the same electron-molecule interactions are responsible for
their formation. We therefore start by discussing those reactions that lead to molecular
synthesis in the sense that larger products are formed from smaller parent compounds
(see “Reactions Leading to Molecular Synthesis”). In contrast, H,CO and CH,4 show rather
unique energy dependences. The formation of these two products is thus discussed
separately in the sections entitled “Reactions Leading to Formaldehyde” and “Reactions

Leading to Methane”.
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Reactions Leading to Molecular Synthesis

HOCH,CH,OH, CH3;0OCH,0OH, CH;OCHj;, and CH3;CH,OH must be formed from two
CH30H moieties since their molecular mass is higher than that of CH;OH. In CH3;0OH
clusters, CH30H,* cations are formed as a consequence of proton transfer from CH;OH**,
produced by EI of CH3;0H, to a neighbouring CH3;OH molecule. Subsequent reaction
between CH3OH,* and an intact CH30H molecule can yield protonated CH;OCH3 and
H,0.6485 Finally, another proton transfer from protonated CH3;OCHj; to a neighbouring
molecule yields neutral CH3;OCH3; and CH3OH,* (Scheme 1) which results in a chain
reaction as the latter can again enter the reaction sequence. Noticably, cluster

experiments have not revealed any other products than CH;OCH; and H,0.64.65

Our data show that CH3;0OCH; is formed in rather low quantities compared to
HOCH,CH,0OH, CH3;0CH,0OH, and CH3;CH,OH (Figure 13). We thus suppose that the
chain-reaction in Scheme 1 does not contribute significantly to the product yield of

CH30CHj3 in the present stuy.
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o+
CH,OH
CH3OH
CH;0"/ *CH,OH
+
- CH;0H,
HsC™ "CHjs CH30H
CH3OH H H,0
|4+
JoN
HyC™ "CHj

Scheme 1. Mechanism for electron-induced formation of CH3;OCH3; in CH3OH clusters.
Above the ionization threshold of CH3OH, a CH3;OH** radical cation is formed by EI, which
can transfer a proton to a nearby CH3OH molecule yielding CH3OH,* and either CH30° or
*CH,0H (blue). The CH3OH,* cation is subsequently attacked by the oxygen lone pair of
another CH30OH molecule leading to the formation of protonated CH3;OCH3; and H,O.
Finally, another proton transfer to a nearby CH3;OH molecule yields neutral CH;OCH3 (red)
and CH3;0H,*.6465 The latter can again enter the reaction sequence which results in a

chain reaction.

In contrast to the relatively small CH3OH clusters, however, reactions of radicals or ions
in the condensed phase are not limited to molecules in the vicinity as they can diffuse
through the solid ice and encounter product molecules or other reactive species at a
different site. Maity et al. observed that methyl formate and glycolaldehyde are formed
much more efficiently in CO/CH30H (1:1) ice mixtures than in pure CH3OH ice.’® This
suggests that co-products like CO might undergo radical-molecule reactions and thus
contribute to the overall product yields. Similarly, H,CO might be involved in the formation
of HOCH,CH,OH, CH3;0OCH,OH, CH3;CH,OH, and CH;OCH3;. We did, however, not

observe higher product yields upon electron-irradiation of H,CO/CH3;OH (1:100-3:100)
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mixtures compared to films of pure CH3;OH (not shown) indicating that reactions between

radicals and the co-product H,CO are negligible in the present study.

The most cited mechanism for the production of HOCH,CH,OH, CH3;OCH,OH,
CH3;CH,0OH, and CH30OCH; is ND of CH30OH into CH30°, *CH,OH, and CH3* radicals
followed by recombination among these species.?3716.18 HOCH,CH,OH is formed by
recombination of two *CH,OH radicals, CH;0OCH,OH is formed by recombination of
*CH,0OH and CH30°®, CH30CHj3 is formed by recombination of CH30® and CHj3® radicals,

and CH3CH,OH is formed by recombination of *CH,OH and CH3;*® radicals (Scheme 2).

ACS Paragon Plus Environment



oNOYTULT D WN =

792

793
794
795
796

797

798

799

800

801

802

ACS Earth and Space Chemistry

CH;OH + &
CHs; *CH,OH CH30"
2% 2X
2X
CHs
HC—CHs || HC T OH || o~ || cOcn, || Hee O OF 00
HaC

Scheme 2. Electron-molecule interactions lead to the formation of CHs*, *CH,OH, and
CH30° radicals which can recombine to yield HOCH,CH,OH, CH3;0CH,OH, CH30OCHg3,
and CH3CH,OH. The potential recombination products ethane (C,Hg) and dimethyl
peroxide (CH3;O0OCHj;) (red) have not been observed in the present study.

Statistical recombination among those radicals should also yield dimethyl peroxide
(CH300CH3) by recombination of two CH3;0® moieties and ethane (C,Hg) by
recombination of two CH3* moieties. To our knowledge, formation of CH;OOCH3 has been
reported in only one publication'* where experiments have been performed with a more

sensitive mass spectrometer as well as with much higher film thicknesses. In the present

study, we do not observe CH3;00CHj; as has been inferred by the absence of a second
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signal in the m/z= 62 curve of the TDS beside that of HOCH,CH,OH. We thus suppose
that the amount of CH;00OCH; formed in the present study is below the detection limit of

the QMS.

To our knowledge, C,Hg has not been found in any study.267.9.11.16.17 Studies by Oberg et
al. revealed that at lower temperatures, CH3* is more mobile than CH;0°® and *CH,OH
radicals. Therefore, they ascribed the absence of C,Hg to a higher abundance of *CH,OH
and CH30° radicals compared to CH3®* which makes reactions between CH3* and CH30°,
and CH3* and °*CH,OH more likely than recombination of two CH;* moieties.’® In
agreement with earlier publications, we did not find any evidence for the formation of C,Hg
in the present study either. Our data, however, indicate that CH3® radicals are present in
sufficient abundance so that CH3CH,OH is produced in higher yields than, for instance,
CH30CH,0H, which is formed by recombination of CH30® and *CH,OH. This implies that
rapid trapping of CH3* causes the higher abundance of CH30® and *CH,OH. Noticeably,
this effect includes not only recombination with other radicals but is most likely enhanced
by the reaction of CH3* with a nearby CH30OH molecule, which yields CH4 and either
CH30° or *CH,OH. The latter type of reaction lowers the effective concentration of CH3*®
radicals in the ice but increases that of CH3;0°® and *CH,OH (see also “Reactions Leading

to Methane”), in line with the interpretation by Oberg.6

We conclude that radical recombination is the dominant mechanism responsible for the

formation of HOCH,CH,OH, CH3;0CH,OH, CH3;0CHj3;, and CH3;CH,OH in the present
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study and that ion-molecule and radical-molecule reactions are negligible. Our data
suggest, however, that the required radicals are not only formed by ND but also by El or
EA with subsequent autodetachment. The energy dependences of product yields suggest
that below the ionization threshold of CH3OH, ND is the only electron-molecule interaction
that produces the radicals necessary for product formation. In analogy to
photofragmentation at a wavelength of 157 nm, we propose that ND following electron

impact yields CH3°*, CH30°* and *CH,OH radicals.5%-"

The presence of a second onset at ~9 eV, which coincides roughly with the ionization
threshold of CH3OH, suggests that El also plays a role at energies above the ionization
energy of CH3OH. We propose that this is due to the proton transfer from CH;OH®** to a
neighbouring CH3;OH molecule which produces CH3;0°® and *CH,OH radicals (reactions 2

and 3).

Furthermore, the energy dependences of CH3;CH,OH and CH3;OCHj; show a resonant
behaviour at 13-15 eV although not as pronounced as for the formation of H,CO. In
contrast, resonant behaviour is not as obvious in the energy dependences of
HOCH,CH,OH and CH30OCH,0H, but the plateau-like behaviour of product yields for
electron energies above 13 eV suggest that there might be minor contributions of EA to
the yields of these products as well. We thus propose that EA to CH3;0H followed by

autodetachment, as proposed as explanation for CO formation,* contributes to some
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extent the formation of CH;0CH3; and CH3CH,OH, and possibly also the formation of

HOCH,CH,OH and CH30OCH,0H.

Reactions Leading to Formaldehyde

At electron exposures of 500 uC/cm?, H,CO formation shows an onset at 9 eV and a
resonance at 13 eV (Figure 11). At £,= 13 eV, we further observed desorption of H,
during electron irradiation (Figure S16Error! Reference source not found.). Noticeably, the
on-resonance formation of H,CO occurs in the same range of energies as observed by
Lepage et al. for the production of CO in condensed CH3;OH that is thought to proceed via
reaction 1.4 We thus propose that the on-resonance formation of H,CO proceeds by EA
to CH30H followed by autodetachment and subsequent dissociation of CH3OH into H,CO

and H,.

Noticeably, product yields do not decline to baseline level for £,> 13 eV indicating that El
and/or ND also lead to formation of H,CO at these higher energies. Both El (reactions 2
and 3) as well as ND are known to produce *CH,OH and CH3O* radicals. It is conceivable
that these radicals split off a H®* atom in a unimolecular process to produce H,CO.
However, a previous study has shown that H,CO formation from CH3O® produced by an
electron-induced reaction of CH3;OH is considerably enhanced in the presence of C,H,4
which can act as hydrogen acceptor.3* This suggests that, if at all, only a minor fraction of
CH30° radicals is able to undergo spontaneous C-H cleavage to form H,CO. In addition,

H,CO might be produced by hydrogen transfer between either *CH,OH or CH3;0* and any
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other radical R*. We thus conclude that this disproportionation reaction is the more

plausible scenario for the formation of H,CO as observed here.

Disproportionation among radicals that would yield H,CO competes with recombination
that would yield the larger products as discussed in “Reactions Leading to Molecular
Synthesis”. However, the relative yield of H,CO as compared to the larger products is
considerably higher at 13 eV where the resonant channel is open than at 20 eV
(Figure 11). This suggests that the resonant pathway proposed by Lepage* in fact
predominantly leads to elimination of H, and not to radical formation. In reverse, it also
supports the conclusion drawn in “Reactions Leading to Molecular Synthesis” that ND and

to some extent El channels dominate the formation of the the larger products.

At higher electron exposures of 9000 uC/cm?, H,CO formation is observable down to
electron energies as low as 2.5 eV (Figure 12) which is considerably below the ionization
and excitation thresholds of the parent CH3;OH molecule.%6-%¢ This suggests that DEA
initiates the product formation at these low energies. CH30OH has known resonances at
29¢eV, 6.5eV, 8.0eV and 10.5 eV in the gas phase, while in condensed phase ESD
experiments, resonances have been observed at 3-4 eV, 6eV, 89eV, and 11eV
(Table 2). The lowest two resonances can contribute to the formation of H,CO in the low-

energy regime.

It is remarkable that larger products are not formed below 6 eV. This finding can be

rationalized by a more selective formation of CH3;0°® as the radical species that act as
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precursors to H,CO. In this scenario, only two radical reactions are possible, namely
recombination among CH3;0° radicals yielding CH3;OOCH; and disproportionation to

CH30H and H,CO as products.

The DEA resonance at 6.5 eV in the gas phase and at 6 eV in the condensed phase has
been reported to yield mainly H-. From gas phase experiments with isotopically labelled
CH3OH, it is further known that H- stems exclusively from the —OH group which yields
CH30°.5° In the condensed phase, negative ion ESD experiments have suggested that H-
stems from both the -OH and —CH3 moiety which would lead to both CH30* and *CH,OH
radicals.”” This interpretation, however, must be treated with caution as the reaction
between H- or D- with neighbouring CH3OH molecules can lead to isotopic exchange. This
might have occurred in the ESD experiment’” because CH3;OH molecules tend to form

hydrogen bonds to each other leading to clustering even at low coverage.

Similarly, the DEA resonance at 3—4 eV, yielding the O*- radical anion, could in principle
produce CH3;0°® and *CH,OH radicals by reaction of O* with a neighbouring CH3;OH
molecule (reaction 4 and 5). Experimental studies suggest, however, that the production
of CH30° is favoured over that of *CH,OH”3 which again explains the lack of larger

recombination products in this energy range as observed in the present study.

In principal, it is also conceivable that H,CO is formed by elimination of H, from CH3;OH
which would equally explain the absence of any recombination products below the

excitation threshold. From an energetic point of view, this reaction might in fact occur as,
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according to our calculations, the difference in Gibbs Free Energy of this process at 35 K
is AG = +0.20 eV and thus below the onset we observed in the energy dependence of
H,CO. Itis, however, not obvious how such a reaction can be initiated below the energetic
threshold for ND and El. In the field of photochemistry, dissociation of CH30H with photon
energies below the excitation threshold is known to occur upon multiphoton absorption.”®
Multiphoton absorption, however, yields mainly radical species and unimolecular
elimination of H, does not occur or is at least inefficient.”8 We thus do not believe that
multiple vibrational excitation of a CH30OH molecule by interaction with the impinging
electrons is a straightforward explanation for the observed formation of H,CO below the

excitation threshold.

The observed linear increase of H,CO yield is thus ascribed to overlapping contributions
of the DEA resonances at 3—4 eV and at 6 eV as well as of ND starting from an onset at

~6 eV.

Reactions Leading to Methane

The energy dependence of CH4 formation at electron exposures of 125 uC/cm? reveals
an onset at 9 eV which is similar to that of HOCH,CH,OH, CH;0OCH,OH, CH3;0CHs;, and
CH3CH,OH but also shows contributions of a resonant process around 13 eV (Figure 11).
As mentioned above, DI of CH3OH is largely surpressed in the condensed phase. It is
thus not obvious, how EIl can yield CH,4, because the C-O bond must be cleaved.

Therefore, we propose that EE, EA with subsequent autodetachment, or both are
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responsible for the production of CH,4 seen in the low-exposure regime as both produce
electronically excited CH30OH molecules. On the basis of kinetic fits, it has been proposed
that CH3OH decays in a unimolecular reaction into CH4 and O('D).” To our knowledge,
however, this fragmentation channel has not been reported upon electron irradiation in
any study. Furthermore, this dissociation channel has been reported to not occur upon
photofragmentation of CH30H.° Since kinetic fits do not allow to infer unambiguous
information on a reaction mechanism, we conclude that there is lack of clear evidence for

this mechanism in the present study.

In contrast, we have clear evidence for the formation of CH3;* radicals upon electron
irradiation at 20 eV as has been shown by the deconvolution of the ESD integral intensities
(see Figure 2). In addition, we have shown that CH3;CH,OH and CH3;OCHj; are formed as
co-products (Figure 7) which are associated with the production of CH3® radicals (Scheme
2). We thus propose that CH, is formed by a number of two-step reaction pathways where
the first step in each case is the dissociation of the electronically excited CH3;0OH into CH3*
and HO*® radicals (reaction 11) where the initial excitation can be either resonant at

energies around 13 eV or direct.

CH30H + e~ (Eq)—>CH30H* + e ~ (E)—>CH3 +HO" + e~ (E) (11)
CH3 +CH3;0H—CH,4 +CH30" (12)
CH3 +CH30H—CH, + *CH,0H (13)
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CH3 + H'—>CH,4 (14)

CH3 + RH">CH,4 +R (15)

The initially released CH3® radical can abstract a H®* atom from a nearby CH3;OH molecule
(reactions 12 and 13), recombine with a H®* atom (reaction 14), or undergo
disproportionation with any other radical RH*® which leads to the formation of CH,4 (reaction
15). Reactions 12—-15 can contribute to the effective lowering of the concentration of these
CHj3® radicals proposed in “Reactions Leading to Molecular Synthesis” as reason for the
absence of C,Hg formation. On the basis of our experimental data, we cannot clearly
deduce branching ratios between the different reaction channels. However, based on the
excess of CH30H present in the reaction mixture, we propose that, above the ionization
threshold, CH, is predominantly formed by reaction of CH3* with a nearby CH3;OH

(reactions 12 and 13).

The dependence of CH, yield on electron energy after electron exposures of 9000 pC/cm?
shows an onset for product formation at 2.5 eV and a pronounced shoulder between 4
and 7 eV suggesting an underlying resonant process. We propose that the on-resonance
formation of CH, around 4 eV proceeds via reaction 16 and is due to the DEA channel

yielding O*- reported previously to proceed around 3—4 eV .62

CH30H"">CH, + 0™ (16)

In fact, the fragmentation described by reaction 16 is the only DEA channel leading to O*-

that is thermodynamically accessible in this energy range3%5° with the predicted
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thermodynamic threshold of 2.4 eV coinciding well with the onset of CH, formation in the
present work. The additional onset for CH,4 formation at £, ~ 7.5 eV roughly coincides with
the excitation threshold of CH3OH. We thus propose that ND of CH30OH yields CH3* and
HO?* radicals, the first of which subsequently react with a nearby CH3;OH molecule to yield
CH,4 and either CH30°® or *CH,0OH (reactions 12 and 13). In addition, the onsets of the
higher energy O®- resonances (Table 2) might also contribute to the further increase of

CH, yield as they produce either intact CH4 or CH3* radicals.

Conclusion

The formation of CH,4, H,CO, HOCH,CH,OH, CH;0CH,OH, CH30CHj3;, and CH3CH,OH
in condensed multilayer adsorbates of CH3;OH upon electron irradiation has been
monitored by the combined use of electron-stimulated and thermal desorption
experiments. The energy dependences of the yields were simultaneously measured for
all products between 2.5 eV and 20 eV. From this, reaction mechanisms leading to each
product have been deduced. In particular, the close agreement between the energy
dependences of the yields of HOCH,CH,OH, CH3;0CH,OH, CH3;0CH3, and CH;CH,OH
together with the characteristic thresholds behaviour indicates that these products
predominantly result from recombination of CH3°*, CH3;0°® and *CH,OH radicals that are
formed by ND or, above the ionization threshold, by El and subsequent proton transfer to
an adjacent CH3;OH. Radical chemistry also contributes to the non-resonant formation of

CH, by reaction of a CH3*® radical with a nearby CH3;OH molecule.
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In contrast, the formation of H,CO and, to a smaller extent, also of CH,4 is resonantly
enhanced around 13 eV. This process conincides with the previously reported resonant
production of CO which was ascribed to EA and subsequent rapid autodetachment that
leaves CH3OH in a highly excited electronic state.# This neutral reactive intermediate state
most likely decays directly to H,CO by loss of H,. Most interestingly, another resonant
channel is clearly visible around 4 eV in the energy dependent yield of CH,4. This reaction
must be initiated by DEA to CH3OH which yields O*- as observed previously around 3-
4 eV by ESD.52 From thermodynamic arguments, O®- formation at such low energies can
only be realized together with CH,. The same resonance also accounts for the onset of
H,CO formation near 2.5 eV. The lack of larger products in this energy range is explained
by the formation of CH30°® as the only radical species upon reaction of O°®- with CH3;OH.
Upon encounter, two CH30O* radicals can then disproportiate to yield H,CO and recover

one molecule of CH;0H.

Our results constitute the most comprehensive study of the energy dependence of product
formation during electron exposure of condensed CH3;OH reported so far. Together with
previous studies on the electron-induced formation of CO* as well as HOCH,CH,OH and
CH30CH,0H? from condensed CH3;OH, our study provides a comprehensive picture of
the reactions triggered by electron impact with energies in the range between 2.5 eV and
20 eV as representative of low-energy secondary electrons released from condensed
material, for instance, under the effect of cosmic radiation. Our results reveal that not only

ND, but also DEA as well as El contribute to the overall product yield which might help to
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refine current astrochemical models. We note, however, that DEA to CH30OH might be
underestimated in the present as well as in previous studies as most of the larger
recombination products depend on the production rates of two different radical species.
Thus, selective dissociation channels yielding specific radicals might not be reflected in
the energy dependences of these recombination products. This hypothesis needs to be
investigated more comprehensively in future studies. This could be achieved, for example,
by mixing CH3OH with additives like CO that are capable of reacting with specific radicals

produced by DEA to CH3;OH.

In contrast to IR spectroscopy, ESD and TDS do not allow to track the temporal evolution
of products during irradiation or upon annealing. This drawback, however, is
counterbalanced by the high sensitivity of mass spectrometry and the possibility to identify
products by specific fragments which are often more characteristic than absorption bands.
Thus, both methods provide complementary information that can be used to obtain a more

comprehensive picture.

Associated Content

Supporting Information

Figure S1-S2, Thermal desorption spectra for various amount of deposited CH3;OH which
were used for monolayer calibration; Figure S3, Mass spectra used to identify
characteristic mass-to-charge ratios for the discussed products; Figure S4, ESD spectra

used for the integrated signals in Figure 2; Figure S5, ldentification of CO; Figure S6,
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Identification of methyl formate and glycolaldehyde; Figure S7-S11, dependence of the
formation of CH,4, CH3CH,OH, CH3;0CH3, HOCH,CH,OH, and CH;OCH,OH on electron
exposure at 20 eV; Figure S12-S15, dependence of the formation of CH,, CH3;CH,OH,
CH30CH3;, and CH30CH,0H on electron exposure at 8 eV; Figure S16, ESD of H, upon

electron exposure of CH3;0H at 13 eV.
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Scheme 2. Electron-molecule interactions lead to the formation of CH3®, *CH>OH, and CH30* radicals which
can recombine to yield HOCH,CH,0OH, CH30CH>0H, CH30CH3, and CH3CH>OH. The potential recombination

products ethane (CyHg) and dimethyl peroxide (CH300CH3) (red) have not been observed in the present
study.
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