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ABSTRACT

Context. Methanol in the interstellar medium mainly forms upon sequential hydrogenation of solid CO. With typical abundances of
up to 15% (with respect to water) it is an important constituent of interstellar ices where it is considered as a precursor in the formation
of large and complex organic molecules (COMs), e.g. upon vacuum UV (VUV) photo-processing or exposure to cosmic rays.

Aims. This study aims at detecting novel complex organic molecules formed during the VUV photo-processing of methanol ice in
the laboratory using a technique more sensitive than regular surface diagnostic tools. In addition, the formation kinetics of the main
photo-products of methanol are unravelled for an astronomically relevant temperature (20 K) and radiation dose.

Methods. The VUV photo-processing of CH3;0H ice is studied by applying laser desorption post-ionisation time-of-flight mass
spectrometry (LDPI TOF-MS), and analysed by combining molecule-specific fragmentation and desorption features.

Results. The mass spectra correspond to fragment ions originating from a number of previously recorded molecules and from new
COMs, such as the series (CO),H;, with x = 3 and y < 3x — 1, to which prebiotic glycerin belongs. The formation of these large
COMs has not been reported in earlier photolysis studies and suggests that such complex species may form in the solid state under

interstellar conditions.

Key words. astrobiology — astrochemistry — molecular processes — methods: laboratory: solid state — ISM: molecules —

ultraviolet: ISM

1. Introduction

In the interstellar medium, methanol (CH3;OH) is considered
to be an important solid state precursor species in the forma-
tion of complex organic molecules (COMs; van Dishoeck 2014).
Methanol is mainly formed through sequential hydrogenation of
CO ice on top of cold dust grains, a process well studied in the
laboratory (Watanabe & Kouchi 2002; Fuchs et al. 2009; Chuang
et al. 2016). This is fully consistent with astronomical obser-
vations, indicating that solid CH3OH is abundant and predomi-
nately mixed with CO inside the ice mantle (Cuppen et al. 2011;
Boogert et al. 2015).

Upon (non)energetic processing, such interstellar ices be-
come chemically active. Typically, atom-addition reactions or
recombination reactions of fragments formed upon vacuum UV
(VUYV) irradiation, cosmic ion bombardment, or electron-impact
result in the formation of new species. These processes have
been simulated in different laboratories (Gerakines et al. 1996;
Baratta et al. 2002; Bennett & Kaiser 2007; C)berg et al. 2009;
Hama & Watanabe 2013; Islam et al. 2014; Boamah et al.
2014; Maity et al. 2014, 2015; Linnartz et al. 2015; Chuang
et al. 2016; Mrad et al. 2016). These studies apply infrared (IR)
spectroscopy (transmission or reflection) and temperature pro-
grammed desorption (TPD) combined with either quadrupole
mass spectrometry (QMS), single photon ionisation time-of-
flight mass spectrometry (SPI TOF-MS), or gas chromatography
coupled to mass spectrometry (GC-MS). Several recent studies
have shown how new products form upon processing of CH;0OH

Article published by EDP Sciences

rich ices. In Baratta et al. (2002), Bennett & Kaiser (2007),
Islam et al. (2014), Boamah et al. (2014), Maity et al. (2014,
2015), Henderson & Gudipati (2015) the role of electron or ion
bombardment has been studied and in Gerakines et al. (1996),
Hudson & Moore (2000), Baratta et al. (2002), Moore & Hudson
(2005), Oberg et al. (2009), Islam et al. (2014), Henderson &
Gudipati (2015), Mrad et al. (2016) VUV photolysis has been
characterised. An overview of species detected in recent labo-
ratory studies focusing on methanol ice processing is shown in
the first four columns of Table 1. It is clear that all these solid
state processes offer pathways towards molecular complexity in
space. The techniques used for these identifications are powerful,
sophisticated, and reliable. They have provided detailed insights
into the processes at play, but every detection scheme comes with
limitations, especially when low temperatures are involved. In
situ IR spectroscopy, for example, holds the risk of overlapping
bands or non-detections because of IR inactive modes. Ice de-
struction is inherent to TPD, which in parallel — like GC-MS —
may induce thermally induced reactions. Recently, complemen-
tary detection schemes have become available that attempt to
obtain new information from different perspectives on processed
interstellar ice analogues (Paardekooper et al. 2014; Henderson
& Gudipati 2015; Bossa et al. 2015).

In the present study, we apply laser desorption post-
ionisation time-of-flight mass spectrometry (LDPI TOF-MS) to
gain additional insights into the photo-products of VUV pro-
cessed CH30H ice. This technique has distinct advantages
over the traditional techniques: (i) Compared to infrared
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Table 1. Overview of recent studies focusing on energetically processing methanol ice using a variety of detection techniques.

Obergetal.!  Boamah et al.? Maity et al.? Henderson & Gudipati* This work
(2009) (2014) (2015) (2015)
Energetic processing: vVuv 20 eV electrons 2 keV electrons 2 keV electrons, VUV vuv
Detection technique(s): TPD/QMS TPD/QMS TPD/SPI TOF-MS 2S-LAIMS? LDPI TOF-MS
Molecule and IR and IR
Carbon monoxide (CO) Y Y Y? Y
Methane (CHy) Y Y Y Y
Ethane (C,Hg) Y? ?
Carbon dioxide (CO,) Y Y Y? Y
Formaldehyde (H,CO) Y Y Y Y Y
Dimethyl ether (CH;0CH3;) Y Y Y Y
Acetaldehyde (CH;CHO) Y Y Y Y? Y
Methyl formate (HCOOCH;) Y? Y Y Y? Y
Ethanol (CH;CH,0OH) Y Y Y Y
Water (H,O) Y Y
Ketene (H,CCO) Y
Formic acid (HCOOH) Y? Y?
Acetic acid (CH3;COOH) Y? Y? Y
Glycolaldehyde (HOCH,CHO) Y? Y? Y Y
Methoxymethanol (CH;OCH,OH) Y Y Y?
Ethylene glycol (CH,OH), Y Y Y Y
Glycolic acid (HOCH,COOH) Y?
Glycerin (HOCH,CHOHCH,OH) Y? Y Y

Notes. (¥ Oberg et al. (2009). @ Boamah et al. (2014). ® Maity et al. (2014).  Henderson & Gudipati (2015). ¥ In this study, 2 keV electrons
are also used as energetic processing yielding a high degree of complexity, such as ethenone, glycolaldehyde, methyl acetate, ethyl acetate, and
CH;CO, as well as other species that are only tentatively identified. ® 2S-LAIMS: two-step laser ablation and ionisation mass spectrometry.

spectroscopy, this technique has an improved sensitivity (sev-
eral orders of magnitude) and for a number of applications, the
method is also more molecule selective. In addition, since ioni-
sation is realised through energetic electrons, a quantitative anal-
ysis becomes possible since electron-impact cross sections of
different species are known from literature; (ii) Compared to reg-
ular TPD methods the total composition of the ice at any given
temperature can be tracked; and (iii) Any thermally induced re-
actions during TPD can be largely excluded. However, the inter-
pretation of the LDPI TOF-MS data, is not straightforward and
this is discussed below.

This paper is organised as follows. Section 2 presents a brief
description of the experimental set-up and provides a detailed
description of the data analysis performed. Section 3 presents
the qualitative and quantitative interpretation of the experimen-
tal results. In Sect. 4, the results are compared to conclusions
from other studies available in the literature. In Sect. 5, the as-
trophysical implications are discussed and the main findings are
summarised. In the Appendix the difference spectra are shown
for all the species identified in this study.

2. Experiments and analysis
2.1. Experiments

The experiments were carried out in our ultrahigh vacuum
(UHV) set-up, MATRI?’CES (Mass Analytical Tool to study
Reactions in Interstellar ICES), previously described in de-
tail by Paardekooper et al. (2014). MATRI’CES consists of
two UHV chambers, the main chamber for ice preparation and
ice processing and a time-of-flight chamber. The base pres-
sure of these chambers is in the 107'® mbar range. In the
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main chamber a gold-coated copper substrate is in thermal con-
tact with a closed-cycle helium cryostat, enabling substrate-
temperatures down to 20 K. An accurate temperature control is
achieved using a thermocouple and heating element, combined
with a LakeShore-temperature regulator (model 331). Ices are
grown on the substrate by leaking in gas-phase species through
an all-metal needle valve attached to a capillary. Residual
gasses trapped in liquid samples such as methanol, CH;OH
(Sigma Aldrich, 99.8%), and 13-methanol '*CH;0H (Sigma
Aldrich, 99%) are removed by several freeze-pump-thaw cy-
cles. The deposition rate of methanol was determined in advance
by HeNe laser interference measurements (Baratta & Palumbo
1998), using a refractive index of n = 1.33 (Weast 1972). The
substrate is stationary during deposition of the ice. Typical depo-
sition times are 5 min and the ice growth is stopped when an ice
thickness of ~13.5 nm is reached; this corresponds to ~40 mono-
layers (1 ML = 10" molecules cm™?).

MATRI?CES deploys LDPI TOF-MS as a detection scheme
to study new molecules formed in the VUV photo-processed ice.
Desorption of the ice sample is induced using the unfocused,
skimmed beam (~1 mm) of the third harmonic of a Nd:YAG
laser (355 nm with a pulse length of 4-5 ns). An attenuator
is used to reduce the energy of the laser pulses. Typical laser
pulse energies are of the order of 30 mJ cm™2. The desorbed
species are subsequently ionised by an electron gun, with a mean
energy of either 35 or 70 eV. Since this energy exceeds the
ionisation potential of molecules, this predominately results in
dissociative ionisation. The generated ions are extracted by ion
optics, situated in close proximity to the substrate. Subsequently,
ions enter a field-free flight tube, which allows the ions to drift
and to separate based on their mass-to-charge ratios (m/z), after
which they are detected by a micro-channel plate (MCP). In the
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Fig. 1. Spectral energy distribution of the VUV lamp (116-170 nm)
described in the text (Ligterink et al. 2015).

current configuration the mass resolution (M/AM) is about 400
(Paardekooper et al. 2014). Multiple desorption events for each
ice sample are possible, since the cryostat is situated on top
of two UHV translators, i.e. different surface areas are probed
for subsequent desorption events. Typically 220 ablation events
are measured along a column of 20 mm and this is repeated
for nine columns. This guarantees that only the VUV photopro-
cessed ice region is studied (in principle it is possible to monitor
a larger surface area). The columns are separated by 1.25 mm,
i.e. there is no overlap of laser ablated ice surfaces between dif-
ferent columns. However, along one column subsequent ablation
spots do overlap. This could cause problems as the beam is un-
focused and the same ice spot is hit by overlapping laser pulses.
However, no substantial changes were found for lower laser rep-
etition rates and identical translation speed, i.e. for conditions
where the spatial overlap decreases. Therefore, the data acquisi-
tion is operated for 220 spots, and this high number allows the
S/N to increase. Throughout the article, we will use “mass spec-
tra” when referring to LDPI TOF-MS data.

Vacuum UV photo-processing is performed using a flowing
H, microwave discharge lamp. Typical settings are 0.85 mbar
and 80 W of applied microwave power. The lamp is attached to
a MgF, UHV window directly facing the substrate; the distance
between the window and the substrate is 14 cm. In a number of
recent studies the spectral emission distribution of this lamp has
been characterised in detail (Chen et al. 2014; Es-sebbar et al.
2015; Ligterink et al. 2015). The spectral energy distribution
is shown in Fig. 1. The flux at sample location is (3 = 1) X
10" photons cm™ s~!; the spectral energy distribution peaks
at Lyman-a (~121 nm) and around 160 nm. The VUV irradi-
ation can be stopped at different times, i.e. for different total
fluences, after which a mass spectrum can be recorded. This
method can also characterise the photolysis kinetics of the pre-
cursor methanol and reaction products. Typical irradiation times
amount to a few hours, i.e. much shorter than in other photoly-
sis experiments (Bernstein et al. 2002; Muifloz Caro et al. 2002;
Mrad et al. 2016).

2.2. Analysis

The acquired mass spectra are first discussed in a qualitative way,
as a quantitative interpretation is complicated by the fragmen-
tation upon electron-impact ionisation. We follow a three-step
approach. First, MATRI?CES is used to record the reference
fragmentation patterns of the majority of the species expected

to form upon VUV photolysis of methanol ice. These mea-
surements are performed for two electron-impact energies, 35
and 70 eV. This is described in Sect. 2.2.1. The second step,
described in Sect. 2.2.2, is to obtain mass spectra of irradiated
methanol ice at elevated temperatures. Since different molecules
sublime at different temperatures, we can link the relative de-
crease in intensity for the mass peaks with temperature to spe-
cific molecules. This step determines which species should be
considered for the inclusion in the quantitative fit of the mass
spectra, recorded for 20 K. By combining all the information in
the final step, the low-temperature photolysis data of methanol
can be interpreted to obtain the abundances and kinetics of indi-
vidual species; the fitting procedure is described in Sect. 2.2.3.

2.2.1. Reference experiments

The NIST database! provides a guideline for the fragmentation
of species at 70 eV electron-impact energy. For a more precise
analysis it is necessary to derive set-up specific dissociative ion-
isation patterns (Schwarz-Selinger et al. 2001). Therefore, we
measured the fragmentation pattern of most of the species that
we expect to form during the VUV irradiation of CH3OH ice
in MATRI?CES. The candidate species (Table 2) were selected
based on studies of processed CH30H ice available in the lit-
erature (Oberg et al. 2009; Boamah et al. 2014; Maity et al.
2015). Using two different ionisation energies (35 and 70 eV)
provides additional information. Owing to experimental limita-
tions, the reference fragmentation patterns of species with neg-
ligible vapour pressure could not be recorded. The maximum
number of fragment ions is produced at 70 eV since the de
Broglie wavelength of the electrons is similar to the intramolec-
ular bond length. A lower electron energy (35 eV) was also used
since the fragmentation patterns differ from 70 eV while main-
taining a relative high ion yield. Attempts to record mass spec-
tra for electron energies near the ionisation potential (10-15 eV)
were not successful because for these low energies both the elec-
tron densities and corresponding cross sections rapidly drop.

2.2.2. Experiments at elevated temperature

Additional information is obtained by taking into account that
different ice constituents desorb at different temperatures. For
this, we recorded a mass spectrum (70 eV) after irradiating
methanol ice (20 K) for 64 min. Subsequently, the VUV irra-
diated ice was slowly (2.5 K min~!) heated to 50 K, and was left
to settle for 15 min. At this elevated temperature, CO and CHy4
thermally desorb, but molecules trapped inside the methanol ma-
trix do not. Changes in the resulting mass spectrum summarised
in the mass difference graphs reflect the loss of evaporated ice
constituents (see the Appendix). The decline of the dominant
peaks of the reference fragmentation patterns confirms the pres-
ence of this molecule in the methanol irradiated ice. In this way,
more species can be positively identified by using selected sets
of temperatures that include the thermal desorption values of a
large number of species (see Table 2). Here temperature ranges
of 20-50, 50-100, 100-125, 125-150, 150-175, and 175-210 K
are probed separately.

2.2.3. Fitting

Mass spectra are measured for different VUV fluences. A base-
line correction is performed by fitting a baseline through an array

! http://webbook.nist.gov/chemistry/

A67, page 3 of 17


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201527937&pdf_id=1
http://webbook.nist.gov/chemistry/

A&A 592, A67 (2016)

Table 2. Properties and sample purities of potential photoproducts of VU V-irradiated methanol ice.

Molecule Chemical formula Sample purity T ges

Carbon monoxide CO 99.997% (Praxair) 28 K
Methane CH,4 99.999% (Praxair) 30K
Ethane C,Hg 99% (Fluka) 60 K
Carbon dioxide CO, 99.996% (Praxair) 85K
Formaldehyde H,CO 95% (Sigma Aldrich)' 95K
Dimethyl ether CH;0CH; >99.9% (Fluka) 95K
Acetaldehyde CH;CHO >99.5% (Sigma Aldrich) 105 K
Methyl formate HCOOCH; 99% (Sigma Aldrich) 120K
Methanol CH;0H 99.8% (Sigma Aldrich) 130K
Formic acid HCOOH >95% (Sigma Aldrich) 130K
Ethanol CH;CH,0OH >99.8% (Sigma Aldrich) 145 K
Water H,O milliQ-grade 155K
Acetic acid CH;COOH >99.8% (Sigma Aldrich) 155K
Glycolaldehyde HOCH,CHO Dimer (Sigma Aldrich)? 166 K
Ethylene glycol (CH,0OH), 99.8% (Sigma Aldrich) 198 K
Glycolic acid HOCH,COOH 99% (Sigma Aldrich)? 235K
Glycerin HOCH,CHOHCH,OH >99.5% (Sigma Aldrich)? 235K

Notes. (V' Gas phase monomer obtained by heating paraformaldehyde to 50 °C under vacuum. ® Gas phase monomer obtained by heating
glycolaldehyde dimer to 80 °C under vacuum (Hudson et al. 2005). ® Glycolic acid and glycerin have a low vapour pressure at room temperature;
owing to experimental constraints it was not possible to obtain their reference mass spectra.

of points where no mass signal is recorded. Subsequent integra-
tion of the individual peaks yields the total intensity of every
single mass. Each of these mass spectra can be regarded as a lin-
ear combination of fragment ions from # individual compounds
present in the ablated material,

n

MSz‘,E = Zai X O X MSi,Es
i=1

ey

where MS, i is the mass spectrum acquired after a specific irra-
diation time ¢, i.e. specific VUV fluence, and electron energy E;
a; corresponds to the fitted mole fraction of a constituent i;
and o g and MS; g are the corresponding electron-impact cross
section and the reference mass spectrum, respectively. The fit-
ting procedure is performed with Matlab 7.9.0 (R2009b) using
the Nelder-Mead optimisation algorithm (Lagarias et al. 1998).

This method has recently been applied to interpret the VUV
photo-processing of methane (CHy4; Paardekooper et al. 2014;
Bossa et al. 2015). The method is here extended to fit Eq. (1) to
the mass spectra recorded for two different electron energies, E.
As the two different electron energies result in different fragmen-
tation patterns, this adds extra constraints to the fit. Candidate
species for the fitting library are selected based on their pres-
ence in experiments performed at elevated temperatures (see
Sect. 2.2.2).

This procedure comes with the shortcoming that possibly not
all formed constituents are actually included in the fit, but we ex-
plicitly assume that these missing species are not formed in high
abundances and consequently we expect that the overall accu-
racy of the fit is not strongly affected.

3. Experimental results

This section is divided into two parts. Section 3.1 describes
a qualitative interpretation of the obtained mass spectra.
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Fig. 2. Reference mass spectra of ~13.5 nm-thick CH;OH ice deposited
at 20 K, using 35 eV (red) and 70 eV (blue) electrons as an ionisation
source.

Section 3.2 continues with a quantitative interpretation based on
the approach described in Sect. 2.2.

3.1. Qualitative analysis
3.1.1. Unprocessed CH3OH ice

The mass spectra of unprocessed CH3OH ice upon 35 and 70 eV
electron impact ionisation are shown in Fig. 2. Clear differences
are visible in the number of ions detected and the relative in-
tensities for the different fragmentation channels. Comparing
the 70 eV mass spectrum to the NIST database, the observed
fragmentation pattern is in agreement within 15%. Such a small
mismatch is expected for different experimental set-ups, as the
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Fig. 3. Mass spectra of ~13.5 nm-thick methanol ice deposited at 20 K, using 70 eV electrons as an ionisation source at different VUV fluences.
The VUV fluence is plotted on a log scale; for clarity the reference spectrum is presented at the origin.

exact values depend on the geometry of the ion source, the tem-
perature of the filament, and the distribution in electron energies
(Schwarz-Selinger et al. 2001). Moreover, protonated methanol-
clusters are observed, for example at m/z = 65, 97, and 129 in
Fig. 2. These originate from the clustering reaction,

(CH,0OH)?,, — (CH;0H),H" + CH;O0. 2)

n+l

Focsa & Destombes (2001) showed that cluster formation in
laser-induced desorption experiments of concentrated and po-
lar molecules can take place; for pure methanol ice this has
also been reported by Henderson & Gudipati (2015), and it
is straightforward to identify the cluster mass since the main
component of the ice is known. This changes when the ice is
VUV processed and the resulting ice constituents are not fully
known. The figure shows that it is important to take the presence
of cluster ions into account when interpreting the mass signals.

3.1.2. VUV processed CH3OH ice

In Fig. 3, mass spectra are shown for CH3;OH ice for differ-
ent VUV fluences. As soon as the irradiation starts, the num-
ber of peaks at higher masses increases, which indicates that
COMs are formed in the ice. At m/z = 63 and 95, mass peaks
two m/z units below the mass value of protonated methanol
dimer and trimer, a clear increase in intensity is observed. These
have been assigned earlier to methanol oxidation products, clus-
tering with methanol (Henderson & Gudipati 2015). To discrim-
inate between cluster peaks and photo-products, we performed

> 8 T T T T T T T T rrvT
o e Integration (CH,OH),H" | |
0C> Linear fit of data m/z < 47 \
o 64 (CH,OH) H" 1
> ‘ |
o Clusters ¢
S 4- . i
2 (CH,OH)H'

% |
< [ ]

(] U < 1
©

2]

2 0- .
2

o

|
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m/z

Fig. 4. Intensity ratio of low to high laser pulse energy. A 2c-error bar
is shown.

two experiments with different laser pulse energies, as this re-
sults in different densities in the desorption plume (Paardekooper
et al. 2014), and also influences the intensity of the cluster peaks.
All m/z containing ion counts in the spectra are integrated, and
the fraction of both high and low laser pulse energy mass sig-
nals is presented in Fig. 4. At low m/z values (<47), with the
exception of m/z = 33 (CH3OH)H*, no cluster signals are
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Fig. 5. Mass spectrum of ~13.5 nm-thick methanol ice deposited
at 20 K, photo-processed for 128 min corresponding with a fluence of
(2.3 £ 0.8) x 10'7 photons cm™ using 70 eV electrons as an ionisation
source.

present. The signals in that region originate from photoproducts
present in the ice. Therefore, by linearly extrapolating the reli-
able low-mass products (<47), it is possible to discriminate be-
tween mass peaks originating from clusters and from products.
Based on this approach, we attribute the origin of the following
masses predominantly to clusters: m/z = 33, 63, 65, 75, 79, 93,
95, and 97. We can directly assign 33, 65, and 97 to the pro-
tonated methanol clusters, (CH3;OH),H*. From previous work
(Henderson & Gudipati 2015), m/z values at 59, 61, 73, 77, 89
and 91 are also expected to contain at least small cluster con-
tributions. For our experimental conditions, however, we do not
find strong experimental evidence of clustering at these m/z val-
ues. The remaining peaks are direct evidence of the formation of
new species, including larger COMs, which is the topic of this
study.

In Fig. 5, a mass spectrum is shown where the methanol ice
has been processed with VUV photons for 128 min leading to a
fluence of (2.3 + 0.8) x 10!7 photons cm™2. Mass signals from
cluster ions are indicated and it is clear that new mass peaks are
detected in the range of m/z = 85...91. These peaks likely orig-
inate from (CO)XH:;, with x = 3 and y < 3x — 1. This result
proves that the parent molecules leading to these fragment ions
contain at least a total of six carbon or oxygen atoms. This find-
ing is important as to date no low temperature (20 K) in situ
studies have reported COMs in this size range upon relatively
short VUV photolysis of pure methanol ice. Previous results, in-
cluding the findings in the recent study by Mrad et al. (2016),
were realised after irradiation of an ice mixture for days, using
gas chromatography to identify the chemical components of the
resulting residue (Muifioz Caro et al. 2002; Bernstein et al. 2002;
Briggs et al. 1992). The present study shows in situ and in real
time that large complex species are indeed formed. Other stud-
ies on the processing of methanol ice with electrons (Boamah
et al. 2014; Maity et al. 2015; Kaiser et al. 2015), using QMS
or SPI TOF-MS combined with TPD, find larger species as well,
but as in the case of the GC-MS studies special care is needed to
exclude that new species are thermally formed during the warm-
up phase.
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Fig. 6. Mass spectrum of ~13.5 nm-thick methanol ice (CH;OH and
13CH;0H) deposited at 20 K, using 70 eV electrons as an ionisation
source, irradiated for 64 min and corresponding fluence: (1.2 + 0.4) X
10" photons cm™2. The inset depicts the correlation of the peak inten-
sities between the two experiments, i.e. '>CH, vs. *CH,,.

3.1.3. VUV processed CH3zOH and '*CH3;OH ice

Figure 6 presents the mass spectra of VUV photo-processed
CH;O0H and '3CH;30H ices. The '>C — '3C isotopic shifts are
a guide in determining the number of carbon atoms reflected by
particular peaks. This supports, for example, the assignment of
the cluster m/z = 65 to (CH3;0H),H* since this mass shifts to
m/z = 67. The mass peak at m/z = 75 shifts to m/z =78, indicat-
ing that the corresponding fragment ion consists of three carbon
and two oxygen atoms.

The peak intensities shown in Fig. 6 are integrated, and
are correlated with respect to the isotopic shift, C,0,H, and
C,0,H;, with n = 1.2 and m = 0...n. For example, one data
point is the integrated area of '>CH* with respect to *CH*; an-
other is >C,H,O* with respect to '3C,H,0*. The correspond-
ing correlation diagram is shown in the inset of Fig. 6, and con-
firms a good correlation between carbon content and the chosen
assignment.

3.2. Quantitative analysis

A quantitative interpretation of the data presented in the previous
paragraphs is not straightforward. Different photo-products frag-
ment into similar masses upon electron impact ionisation, which
complicates the analysis. However, as explained in Sect. 2.2.3,
it is possible to incorporate another molecule-specific parameter
as a diagnostic tool, namely the desorption temperature. In the
paragraphs below, the photo-products are assigned using this ex-
tra information, and the mass spectra are interpreted in terms of
the set-up specific reference fragmentation patterns. This allows
a fitting library to be created for both the 35 and 70 eV electron-
impact ionisation experiments. The resulting data are used as in-
put to interpret the mass spectra of the photo-processed methanol
ice at 20 K and to determine which new species are formed.

3.2.1. Assignment of photolysis products

In order to confirm the presence of different photoproducts, we
have conducted experiments in which we first VUV irradiate


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201527937&pdf_id=5
http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201527937&pdf_id=6

D. M. Paardekooper et al.: LDPI TOF-MS of VUV processed CH;OH ice

-0.20
0.15 ~
S
>
0.10 5
C
I 2
I c
L0.05 =
) 20 7om)
A AN 20 (7o) —
- o 700 (Ton -
725 o) S

l724
780 M00) B

T eSOy &
V]
775 Pgits) A~

Lo

200 7pi2/5)

40 50

m/z

60 70

270 (#4ity)

80 90
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10" photons cm~2 (estimated). The high-fluence experiment follows a different experimental procedure: simultaneous deposition (~240 ML) and

photolysis (4 h).

CH;OH ice at 20 K for 64 min, corresponding to a fluence of
(1.2 + 0.4) x 10" photons cm™~2. Subsequently, before and after
increasing the substrate temperature, mass spectra are recorded
using 70 eV electrons as an ionisation source. The strategy is to
visualise the thermally induced decrease in the dominant peaks
in the reference fragmentation pattern and to link this to a spe-
cific reaction product, based on the temperature range where
a decrease is observed. In addition to the decrease caused by
desorption, other changes in the ice can also affect the peak in-
tensities, such as local rearrangement and phase changes of the
ice structure. The desorption temperature of different species is
listed in Table 2. The desorption profiles are typically wide and
can therefore cause overlap between temperature gaps.

To strengthen the assignment of species with desorption tem-
peratures higher than methanol (~130 K) we conducted an ex-
periment following a different procedure. After reaching a sub-
strate temperature of 20 K, we deposited methanol with a slow
deposition rate (~1 ML/min) for a duration of 4 h, while simul-
taneously exposing the sample to VUV photons. In our experi-
mental conditions this approach yields a higher energy deposit
per molecule and a thicker layer of processed ice (~240 ML).
In turn, a larger abundance of COMs is obtained. Subsequently,
the temperature was ramped up to 150, 175, 200, and 210 K.
Mass spectra were recorded for all temperatures. Figure 7 pro-
vides an overview of both low- and high-fluence experiments.
Up to 150 K, the spectra show the previously mentioned proto-
nated methanol clusters. Above this temperature, these signals
nearly vanish.

In order to characterise new photoproducts, we compare
the difference in absolute intensity of individual mass peaks

to reference mass spectra between 20 and 50 K (A), 50 and
100 K (B), 100 and 125 K (C), 125 and 150 K (D), 150
and 175 K (E), and 175 and 210 K (F). All figures with the re-
sulting mass difference spectra are summarised in the Appendix.
Here only one figure is shown as an illustrating example (Fig. 8),
covering 150 to 175 K (i.e. range E).

Figure 8 compares the reference fragmentation patterns of
water, glycolaldehyde, and acetic acid with the absolute differ-
ence between the mass spectra obtained at 150 and 175 K. These
species are selected based on their desorption temperature in this
temperature range (see also Table 2). It is clear that H,O desorbs
from the substrate; therefore, we confirm that H,O is formed dur-
ing the irradiation of CH30OH-ice. The majority of the intensity
differences is in agreement with the fragmentation patterns of
glycolaldehyde and acetic acid, although differences are found
form/z = 29, 31, 44, 45, and 46. These may be due to remaining
ethanol still present at 150 K (Oberg et al. 2009). In the sec-
tions below, the different temperature regimes with correspond-
ing desorbing molecules are discussed separately.

A (20-50 K): identification of CO and CHy

The difference in peak intensity between the spectra acquired
at 20 and 50 K is compared with the reference fragmentation pat-
terns of CO and CHy (Fig. A.1). After this temperature increase,
a minor intensity decrease is observed in the mass range 12
to 16, indicating that part of the CH4 formed in the ice has des-
orbed. We do not observe a clear decrease at m/z = 28, al-
though it is expected that CO forms during photo-processing.
Methane and carbon monoxide have been detected previously
in photolysis studies using IR spectroscopy (Gerakines et al.
1996; Oberg et al. 2009). The limited decrease in intensity

A67, page 7 of 17


http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201527937&pdf_id=7

A&A 592, A67 (2016)

0.012 vy, I 0.004
B WVater
I Glycolaldehyde E i
1 Acetic acid ﬂ: |
....... , i i
L hsoklizsk i i - 0.003
i i "
—~ 0.008 i I %)
> i 1o : Q
i . =
= . . D
o) i o
S . - Fo0%e &
2 i L @
z FHIN. -
T 0.004 i L =
C o i I o —
IS 3 B } L 0.001 <
n i ~
1R
il . -
151 } | } |
N [N -
| boh h I.:! I !
il b Al on g Wi 1. 0.000

/1
L A L L L

12 14 16 18 24 26 28 30
m/z

T
32

//
L AL L

T
42 44 46 56 58 60 62

m/z

Fig. 8. Ion mass fragmentation signals (black, red, and blue filled boxes) and integrated mass difference signal (open boxes) for 7' = 150 and 175 K
are shown for the m/z peaks that correspond to ion fragment masses of water, glycolaldehyde, and acetic acid for 70 eV electron impact. The derived

uncertainty level is indicated for each difference signal.

observed in our experiment is due to the large fraction of the
species trapped in the methanol matrix; this has previously been
observed with reflection-absorption IR spectroscopy (RAIRS)
studies. At higher temperatures (100 K, as depicted in Fig. A.2)
m/z = 28 clearly decreases. Some other m/z values show a minor
decrease; it is expected that this is caused by local rearrangement
in the ice structure.

B (50-100 K): identification of H,CO, CH;OCHj3, and CO;

Figure A.2 presents the difference in integrated intensity be-
tween mass spectra obtained at 50 and 100 K compared with
reference fragmentation patterns of formaldehyde, dimethyl
ether, and carbon dioxide. A decrease in the main fragmentation
peaks of formaldehyde is observed. We also observe a decrease
at m/z = 44, 45, and 46 indicating that CH3;OCHj3 has started
desorbing from the ice. The decrease at m/z = 44 is consistent
with the presence of carbon dioxide. Moreover, signal decreases
at m/z = 26, 27, 42, and 43 are observed; m/z = 26 and 27
possibly originate from the fragmentation of ethane (C,Hg), but
an unambiguous assignment is not possible since the fragmen-
tation pattern does not fully match. The decreased intensity at
m/z = 42 and 43 is unexpected and not fully understood. The
molecules H,CO and CO, have been observed in several pho-
tolysis studies (Gerakines et al. 1996; Oberg et al. 2009) and
CH;30CHj3; has been detected by Oberg et al. (2009).

C (100-125 K): identification of HCOOCH3 and CH;CHO

Figure A.3 presents the changes in mass spectra during the
temperature increase from 100 to 125 K compared to the
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reference fragmentation patterns of HCOOCHj3;, CH3CHO, and
CH;OCHs3;. An intensity decrease at m/z = 44, 45, 46, and 58
up to 63 is observed. Part of this decrease is explained by the
desorption of methyl formate for m/z = 59, 60, and 61, in
agreement with the reported desorption temperature. We ten-
tatively assign the decrease at m/z = 44 to the desorption of
acetaldehyde (CH3CHO), although it is clear that only a minor
amount of this species is formed, in agreement with Oberg et al.
(2009). It should be noted that during this temperature increase,
a phase change to crystalline CH3OH occurs (Bolina et al. 2005;
Isokoski et al. 2014). Owing to this local rearrangement of the
ice structure, trapped species can be released to the gas phase
(Maity et al. 2015). The local density of different species in the
plume changes, and this affects the intensities at m/z = 61 and 63
(not depicted). The decrease at m/z in the 44-46 range is at-
tributed to remaining dimethyl ether, which is expected to be still
present in the ice. The desorption profiles are typically wide and
therefore can contribute in two different temperature regimes,
determined by the boundary values chosen here.

D (125-150 K): identification of CH;OH, CH3;CH,OH and
HCOOH

After the temperature increase from 125 to 150 K, most of the
methanol desorbs. As the ice is mainly made up of methanol,
the remaining volatiles trapped in the matrix will desorb as
well. The difference in intensity is depicted in Fig. A.4 and is
compared to the reference fragmentation patterns of methanol,
ethanol, and formic acid. We observe a clear decrease for
m/z = 45 and 46, the prominent peaks in the high-mass range
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of the fragmentation pattern of ethanol (CH3CH,OH). As ex-
pected, a decrease in intensity is observed for masses associated
with methanol and the methanol clusters (see Fig. 7). A signal
decrease at m/z = 47 is tentatively assigned as being due to a
small desorbing portion of protonated formic acid. In the low-
mass region, m/z = 12 to 18, a clear decrease is observed. Co-
desorption of H,O with the methanol matrix explains this.

E (150-175 K): identification of H;O, HOCH,CHO,
CH3;COOH, and CH;OCH,0H

In Fig. 8, the fragmentation patterns of water, glycolaldehyde,
and acetic acid are compared to the changes in the mass spectra
after the temperature increase from 150 to 175 K. The formation
of water upon energetic processing of methanol has been ob-
served before (Henderson & Gudipati 2015). Contributions from
background deposition can be largely excluded, which has been
confirmed by a background experiment. We assign the signal de-
crease at m/z = 42 and 56, 58, and 60 to the desorption of glyco-
laldehyde (HOCH,CHO), and the decrease at m/z = 61, 60, 43,
and 45 to the desorption of acetic acid (CH;COOH). Reference
spectra of acetic acid show the appearance at m/z = 61 assigned
to protonated acetic acid (CH;COOH)H™*. This mass peak has
also been observed in VUV photoionisation studies of acetic acid
clusters (Guan et al. 2012). An additional intensity decrease is
observed at m/z = 45 and 46, which can be explained by the
desorption of the remaining ethanol.

Efforts have been made to confirm the formation of
methoxymethanol (CH3;OCH,OH), which is expected to ther-
mally desorb around 170 K. In previous studies (Boamah et al.
2014; Maity et al. 2015) a preliminary detection was claimed,
following rather restricted literature information on the fragmen-
tation pattern (Johnson & Stanley 1991). The published mass
spectrum shows intense peaks at m/z = 29, 30, 31, 33, 45,
and 61, but has a low signal at the molecular ion mass, m/z = 62.
In the 150—-175 K temperature window, we do find a decrease in
the dominant peaks consistent with methoxymethanol, indicat-
ing that it may be formed. However, we are cautious about this
identification, since the published mass spectrum shows only a
minor molecular ion peak and it is not possible to measure the
full reference fragmentation pattern.

F  (175-210 K): identification of
HOCH,CHOHCH,0H

During the temperature increase from 175 to 210 K, the amount
of detected ions further decreases. The intensity decrease in the
prominent m/z values is compared to the fragmentation pattern
of ethylene glycol and acetic acid in Fig. A.5. The decrease at
m/z = 62 indicates that ethylene glycol ((CH,OH),) has des-
orbed. Based on the desorption temperatures of the molecules
that we take explicitly into account, no decline for other species
is expected. However, we do observe an intensity decrease
for other masses, indicating that it is likely that more species
are present. The observed decrease is in agreement with the
fragmentation pattern of acetic acid, which thermally desorbs
around 155 K (outside this range).

Since the substrate temperature is 210 K, all ethylene gly-
col has desorbed from the sample. This is confirmed by the
absence of m/z = 62 in the mass spectrum at this tempera-
ture. As visible in Fig. 9, the mass spectrum obtained at 210 K
still contains clear peaks at m/z = 43, 45, and 61, and traces
at 42, 44 and 73, 74, 75. Owing to their high desorption tem-
perature, COMs such as glycerin, glycolic acid, and glyceralde-
hyde could be the photo-products responsible for this observa-
tion. As previously mentioned, it is not possible with the current
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Fig. 9. Mass spectrum of ~13.5 nm-thick methanol ice deposited and
VUV irradiated at 20 K for 64 min. The sample is heated to 210 K
before acquiring the mass spectrum; 70 eV electrons are used as an
ionisation source. The experimental results are compared to the NIST
fragmentation pattern of glyceraldehyde (HOCH,CHOHCHO), glyc-
erin (HOCH,CHOHCH,OH), and glycolic acid (HOCH,COOH), for
clarity plotted on logarithmic scale.

set-up to measure the fragmentation pattern of species with a
negligible vapour pressure, such as glycerin and glycolic acid.
Therefore, the interpretation of this mass spectrum has to be
guided by the fragmentation standards that are available from the
NIST database. Although the relative intensities differ, the frag-
mentation pattern matches the fragmentation pattern of glycerin
(HOCH,CHOHCH;OH). The mass spectrum obtained at 210 K
is compared with the fragmentation pattern of glycerin and gly-
colic acid in Fig. 9. We are unable to determine whether glycolic
acid is present since the fragmentation pattern of glycolic acid
strongly overlaps with the fragmentation pattern of glycerin, and
both species have similar desorption temperatures.

It is important to note that ions at the same m/z values dis-
cussed here for very high temperatures are also observed at 20 K
after 64 min of VUV irradiation, indicating that these species
are also formed at low temperature. This shows that COMs with
as many as six carbon/oxygen atoms (i.e. glycerin) form upon
VUV photolysis of solid methanol for temperatures typical in
dark interstellar clouds.

G: non-detection of H,CCO and HOCH;COOH

We have tried to confirm the formation of ketene and/or glycolic
acid. Ketene will thermally desorb at 123 K (Maity et al. 2014),
but no unambiguous signals have been recorded. In the case
of glycolic acid, the NIST database shows a relatively intense
m/z = 45 value; unfortunately, this overlaps with the main
fragments of glycerin, which desorbs at a similar temperature.
Therefore, at this stage no unambiguous identifications can be
made.
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Fig. 10. Fit of the different species contributing to the mass spectra obtained after 64 min VUV photolysis of CH;OH at 20 K. The thin bars at
different masses represent the integrated area of all individual mass peaks. The mass spectra are fitted simultaneously for two different electron-
impact ionisation energies (35 eV, A+B and 70 eV, C+D). The fragmentation patterns of all individual species have been measured in reference

experiments; see Table 3 for electron-impact ionisation cross sections.

Table 3. Electron-impact cross sections of species considered in the
fitting routine.

Molecule Chemical formula o079,y 035.v Ref.
Carbon monoxide CO 2.44 1.43 a
Methane CH, 3524 2.692 b
Carbon dioxide CO, 3.15 1.41 a
Formaldehyde H,CO 4 32 c
Dimethyl ether CH;OCHj; 8 4.2 d
Methyl formate HCOOCH; 6.9 4.6 e
Methanol CH;0H 4.44 2.98 f
Ethanol CH;CH,OH 7.31 4.94 f
Water H,O 2275 1.515 g
Formic acid HCOOH 4.6 343 c
Acetic acid CH;COOH 7.73 5.09 c
Glycolaldehyde HOCH,CHO 7.3 5.11 h
Ethylene glycol (CH,0H), 6.17 4.15 c

References. a: Hudson et al. (2004); b: Kim et al. (1997); ¢: Bhutadia
et al. (2012); d: Sugohara et al. (2013); e: Hudson et al. (2006); f:
Hudson et al. (2003); g: Kim & Rudd (1994); h: Bull & Harland (2008).

3.2.2. Fitting library

By fitting low-temperature data it is possible to obtain kinetic
growth curves for individual species, which can aid in under-
standing the photo-chemistry at play. The selection of candidates
for the fitting library is based on the experiments performed at
elevated temperatures and is listed in Table 3. Since most of
these molecules lead to identical fragment ions, this fitting pro-
cedure is delicate and the output has to be interpreted with care.
It should be noted that not all possible reaction products are
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included in the fit; it is likely that minor abundances of larger
species are missed. Our approach is the following. We start with
a selection of the fitting library, based on the species detected in
RAIRS studies with a high abundance: >1% (Oberg et al. 2009).
Depending on the discrepancy between the fit and the data, ad-
ditional species are selected to obtain a complete fit to all peaks.

Most species contain fragment ions below m/z = 33,
while the larger fragment ions are strongly species depen-
dent. By applying different weighting ratios to these m/z re-
gions in the optimisation routine, it is guaranteed that the in-
formation provided by higher masses is taken into account
appropriately. We increase the weighting of m/z = 43, 58
(glycolaldehyde), and 62 (ethylene glycol). Despite the rather
large uncertainties, we have noticed in the fitting procedure
anti-correlations between glycolaldehyde/methanol and between
dimethyl ether/ethanol. The final fitting library is presented in
Table 3 and does not contain acetaldehyde since the amounts de-
tected are negligible. Methoxymethanol has also been excluded.
The mass spectrum is first fitted using the library without glyco-
laldehyde. In a subsequent fit using a library containing glyco-
laldehyde, the methanol abundance is allowed to vary between
90% and 100%, while no further constraints are applied. Using
this approach, the anti-correlation is prevented. Since dimethyl
ether and ethanol have been detected using RAIRS (Oberg et al.
2009), their typical formation ratio is known.

3.2.3. Fit

Figure 10 shows the final fit of the mass spectrum of methanol
after 64 min of VUV photolysis at 20 K, simultaneously fitted for
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two electron energies (35 and 70 eV) using Eq. (1). Mass spec-
tra (A, B) were obtained using 35 eV electrons as an ionisation
source, while mass spectra (C, D) were obtained using 70 eV
electrons. The influence of changing the electron energy is
clearly noticeable; 70 eV yields more severe fragmentation. The
thin bars at different masses represent the integrated area of all
individual mass peaks. Both spectra have been normalised to
the mass peak with highest intensity. The different colours show
the reference fragmentation pattern of different species and their
contribution to the fit.

The final fit obtained is good, although isolated discrepancies
exist. The m/z = 61 signal can only have a minor contribution
from a cluster ion, so we expect that this discrepancy mainly
originates from a photoproduct. One potential candidate is glyc-
erin; the fragmentation pattern (Fig. 9) has a strong fragment ion
atm/z = 61.

3.2.4. Kinetics

Figure 11 presents the kinetic growth curve of new species
that formed during the VUV photo-processing. The vertical
scales are different for the four graphs shown here. As ex-
pected, methanol is consumed and leads to the formation of other
species. Small species such as formaldehyde, methane, carbon
monoxide, carbon dioxide, and water are formed. The amount
of water detected is surprisingly high. We performed a reference
experiment (no VUV processing) for 4 h and we find that the
amount of water deposition from background gas is negligible.
The formation of COMs such as methyl formate, ethylene
glycol, dimethyl ether, and ethanol is shown in Fig. 11C. As

mentioned in Sect. 3.2.2, there is an anti-correlation when fitting
contributions from dimethyl ether and ethanol. This is clearly
visible in the graph, where also their combined intensity is
depicted. Since these species are distinguishable with infrared
spectroscopy (Oberg et al. 2009), the exact formation ratio can
be estimated. In Fig. 11D, the growth of glycolaldehyde, acetic
acid, and formic acid is shown. Glycolaldehyde is detected, but
the error bars are large owing to an increased uncertainty in the
fit. Acetic acid and formic acid are better constrained and are
clearly formed during the irradiation.

After the fitting procedure we would expect that at zero flu-
ence the signal for all species except methanol should be zero.
However, we note that the value relative to glycolaldehyde is
different from zero before the photolysis starts. In fact, both
methanol and glycolaldehyde have similar fragmentation pat-
terns. In both cases the three most intense peaks are in m/z val-
ues of 29, 31, and 32. In the fitting routine we find that in some
cases the glycolaldehyde fits part of the methanol mass data. It
should be noted that IR spectroscopy suffers from the overlap of
vibrational modes for these species and, consequently, it is hard
to monitor the kinetics. This validates the efforts of employing
different experimental techniques on the same systems.

4. Discussion
4.1. Comparison with previous experiments

As stated in the introduction, the VUV processing of methanol
ice has been studied using a variety of detection schemes over the
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last decades. IR spectroscopy (transmission and RAIRS) have
been used in combination with TPD/QMS. This has led to se-
cure detections of small species, such as formaldehyde, carbon
monoxide, carbon dioxide, and methane (Gerakines et al. 1996;
Baratta et al. 2002; Bennett & Kaiser 2007; Islam et al. 2014).
This is in line with the results presented in this paper.

Recent publications (Oberg et al. 2009; Boamah et al. 2014;
Maity et al. 2014; Henderson & Gudipati 2015; Mrad et al. 2016)
on processing methanol ice using energetic electrons or photons
have focused on detecting COMs. Sensitive detection schemes,
such as TPD/SPI TOF-MS or two-step laser ablation and ionisa-
tion mass spectrometry, as well as TPD/QMS or GC-MS in con-
junction with RAIRS have been applied. The detections reported
in these studies are listed in Table 1. We did not include the long
list of COMs detected in the GC-MS study by Mrad et al. (2016)
as here the irradiation time of the methanol ice (3 days) is so
much longer than in the present study that a direct comparison is
not really possible. Nevertheless, many of their findings are fully
in line with the data listed in the last column, which summarises
the identifications in the present work. It is clear that COM for-
mation starts with fluences comparable to those expected in the
interstellar medium and the high sensitivity of MATRI>CES al-
lows them to be detected at an early stage in their solid state for-
mation path. Many previous detections have now been confirmed
with the guarantee that these form at low temperatures, and
several tentative new detections have been reported as well. A
straightforward comparison with results obtained by Oberg et al.
(2009) is possible (Table 1, Col. 1). In that study RAIRS and
TPD/QMS are used to study the photo-processing of methanol
ice. There is a good overall qualitative agreement with the re-
sults presented here, but clearly some quantitative differences
exist. In the case of small species such as CO, CO,, and CHy,
we obtain different relative abundances because LDPI TOF-MS
is less suitable for the quantification of these small species at
low temperature than IR spectroscopy. On the contrary, LDPI
TOF-MS allows the disentangling of the quantities of COMs
that form at low temperature, providing greater insights into the
photo-chemistry at play than IR spectroscopy.

The study of Boamah et al. (2014) uses low-energy elec-
trons for processing (Table 1, Col. 2). A large number of
COMs are detected, in agreement with the results presented in
this paper. There is a qualitative difference for small species
(CHy4, CO) owing to limitations in substrate temperature in that
study.

Maity et al. (2014, 2015) has combined TPD with SPI TOF-
MS (Table 1, Col. 3). This has lead to an extended list of COMs.
Compared with the present study, some species, such as water,
formic acid, and acetic acid, are likely to have formed during
the ice processing. If present, these species will not have been
detected, since their ionisation potential is higher than the photon
energy used for ionisation.

Recently, Henderson & Gudipati (2015) have used two-step
laser ablation and ionisation mass spectrometry on VUV and
electron (2 keV) processed ices with the aim at detecting newly
formed species. Comparing their results with those found here
(Table 1, Col. 4), clear differences are found; the VUV experi-
ments result in a higher level of molecular complexity, for which
there may be different reasons. It is possible that the ice in the
experiment of Henderson & Gudipati (2015) is too thick to be
completely processed by the VUV photons. Another explana-
tion is that the actual VUV flux reported in their study pro-
vides an upper limit as 10" photons cm™2 s~! is on the high
side (Ligterink et al. 2015). It is also possible that the use of a
UV laser as ionisation source — compared with electron impact
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that we use here — comes with a different efficiency. In particular
the UV laser is expected to be more efficient in the ionisation of
aromatic molecules than aliphatic ones.

It should be noted that even though the final products found
in many of the studies listed here are comparable, the underlying
processes are quite different. Photons with specific energies are
expected to favour specific bond cleavage dissociation, whereas
impacting electrons will be less selective. On the other hand, the
impact of a single high-energy electron can lead to a large num-
ber of secondary electrons, initiating a cascade of bond cleav-
ages, forming radicals in the ice, which in turn can lead to the
formation of new COMs.

4.2. CH30OH photo-dissocation branching ratio

The formation of COMs depends on the abundance of radicals
in the ice and their ability to meet and react. The fitted mass
spectra contain information on the abundance of different photo-
products. This provides information about the radicals that have
successfully found a reaction partner (see chemical network pro-
posed by Oberg et al. 2009). Assuming that only one bond is
broken the following radicals can be formed in the ice upon
methanol photo-dissociation (Laas et al. 2011):

CH;0H+hy — CH,OH+H A3)
— CH; + OH )
— OCH; + H. ©)

Since ethanol and dimethyl ether are strongly correlated in the
fitting routine, as discussed in Sect. 3.2.3, it is unreliable to di-
rectly use their abundance. Instead, we assume their formation
ratio is the same as in the RAIRS study (4 + 2) (Oberg et al.
2009). Without a complete model, it is difficult to accurately de-
termine the photo-dissociation branching ratio of CH;OH. By
tracing the abundance of different photoproducts, an estimate of
the photo-dissociation branching ratio can be obtained. Based
on the chemical network proposed by Oberg et al. (2009), the
radicals of interest — hydroxymethyl, methyl, and methoxy — are
traced. To form ethylene glycol, two hydroxymethyl radicals are
necessary. To form glycolaldehyde, a formyl radical and a hy-
droxymethyl radical have to react. If we take into account the
formation of ethylene glycol, glycolaldehyde, ethanol, methyl
formate, and dimethyl ether, we obtain a branching ratio of 5:1
between CH,OH and OCHj3. The importance of the CH3;+OH
branching is constrained by COMs that involve a methyl radical
in their formation process. We opt for this approach rather than
tracking OH-dependent species, since part of the observed water
(an important sink for the OH radical) can be a contaminant.
The methyl radical is involved in reactions towards methane,
ethanol, and dimethyl ether. The hydroxymethyl and methoxy
radical can both absorb another photon, which can lead to the
formation of formaldehyde. As a first-order approximation, we
assume that the formaldehyde is mainly formed through these
two routes and that the formation efficiency for both radicals
is the same. Since the CH,OH and OCH; abundance is 5:1,
this indicates that 85% of the formaldehyde is formed from hy-
droxymethyl radicals and 15% from methoxy radicals. The fi-
nal deduced branching ratio of methanol photodissociation into
CH,OH:CH3+0OH:OCHj3; amounts to 10:3:2.

So far in the analysis, the difference in mobility of radicals
OCH3, CH3, and CH,OH at 20 K has been neglected. Although
diffusion of these radicals through a methanol matrix is difficult
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to assess, typically the order of the binding energy of the in-
volved species is CH; < OCH3; < CH,OH (Garrod et al. 2008;
Oberg et al. 2009). This suggests that the CH,OH+H branch
may be underestimated and is even more dominant. The dom-
inant branching channel found in this study is in agreement with
Oberg et al. (2009). A more prominent CH; + OH branch is ob-
served in this study, however.

4.3. Glycerin formation mechanism

The reaction between two hydroxymethyl radicals will lead to
the formation of ethylene glycol. A subsequent absorption of a
VUYV photon can result in a dehydrogenation forming for exam-
ple the HOCHCH,OH radical. If this radical reacts with another
hydroxymethyl radical, this leads to the formation of glycerin
(Kaiser et al. 2015). It is likely that for other reactions start-
ing from solid ethylene glycol, more species with a complexity
comparable to glycerin may form. This depends on local radical
abundances and the exact position of the dehydrogenation event
in ethylene glycol. One of the interesting species that can form
through the recombination of HOCHCH,OH and HCO radi-
cals is glyceraldehyde, a sugar of astrobiological importance.
As stated above (Fig. 9), the mass spectrum contains peaks that
would be consistent with the formation of this molecule, but
given the lower intensity and overlapping features with other
species this claim is preliminary. In the study by Mrad et al.
(2016) where the long irradiation times result in a large variety
of COMs, no proof for glycerin has been found.

5. Astrophysical implications and conclusions

Complex organic molecules have been detected in different en-
vironments in the interstellar medium, ranging from cold and
hot cores to hot corinos and prestellar cores (Bacmann et al.
2012; Jgrgensen et al. 2012; Coutens et al. 2015). With the
Atacama Large Millimeter/submillimeter Array (ALMA) and
Stratospheric Observatory for Infrared Astronomy (SOFIA) pro-
ducing data and other facilities that will be online in the near
future, it is expected that the number of identified COMs will
steadily increase. The exact formation route of these molecules
is still under debate, but it is generally accepted that COMs form
on icy dust grains following thermal processing, irradiation by
VUV light or X-rays, or bombardment by atoms, electrons, and
cosmic rays.

One possible starting point is solid methanol formed by the
hydrogenation of CO. Methanol is easily fragmented and recom-
bination of the resulting radicals allows the formation of larger
species. Indeed, methanol has been observed in the interstellar
medium, both in the solid state and in the gas phase, and attempts
have been made to link these abundances to those of COMs
(Oberg et al. 2014). In the present study the VUV induced photo-
chemistry of pure methanol ice has been studied in the laboratory
with the goal of understanding which new molecules form and
which processes are involved.

— Mass spectra obtained at different temperatures combined
with in situ measured reference fragmentation patterns lead
to unambiguous detection of the following species upon
VUYV photolysis of pure CH3;OH ice at 20 K:

Carbon monoxide (CO), methane (CH4), formaldehyde
(H,CO), carbon dioxide (CO;), methyl formate
(HCOOCHj3;), acetaldehyde (CH3CHO), dimethyl ether
(CH30CHj3), ethanol (CH3CH,OH), water (H,O), acetic
acid (CH3COOH), ethylene glycol ((CH,OH),), formic acid

(HCOOR) (tentative), and glycolaldehyde (HOCH,CHO).
This is largely in line with Oberg et al. (2009); however, the
present method extends the quantification of species that are
indistinguishable using IR spectroscopy.

— Mass spectra obtained at high temperature (210 K) hint at
the presence of glycerin (HOCH,CHOHCH,OH). This is
the first possible experimental observation of glycerin in
VUV processed methanol ice and suggests that molecular
complexity in space may be beyond current astronomical
detections.

— A qualitative analysis of the mass spectra obtained at low
temperature indicates the detection of fragment ions origi-
nating from e.g. (CO)xH;, with x =3 and y < 3x— 1. This is
the first detection of such species at low temperature. Large
COMs such as (CO),CH;, with x = 3 and y < 3x — 1, can be
formed in the ice layers of interstellar dust grains.

— The study here also provides insight into the methanol
branching ratios, at least for the applied experimental con-
ditions. Based on our findings we estimate that the pho-
todissociation branching ratio for methanol ice amounts to
CH,OH:CH3+OH:OCHj; = 10:3:2.

The experiments performed can be compared with correspond-
ing processes in the interstellar medium by calculating the inte-
grated energy deposited per methanol molecule. In dark clouds,
the amount of energy deposited per water molecule has been es-
timated by Shen et al. (2004). It ranges from ~1-100 eV per wa-
ter molecule after 107 yr, depending on the assumed cosmic ray
spectrum. Adapting recent measurements of solid state cross sec-
tion values from Cruz-Diaz et al. (2014) for methanol 071216 nm ~
8.7 x 107!8 cm?, we calculate that the energy deposited per
methanol molecule in a dark cloud is in the range 2.5-500 eV
after 107 yr.

Using a similar approach, we can calculate the same quan-
tity for experiments performed in the laboratory using Eqgs. (6)
and (7):

A=1-eN (6)
A-F-Ey-t
Eus = T @)

where A is the fraction of absorbed photons, o, the average
cross section in cm?2, N the column density of absorbers in cm™2
determined using the thickness calibration, F the flux in photons
cm™2 57!, E,, the average energy per photon in eV photon~',
and ¢ the time in seconds. Based on the emission profile of
the lamp (Fig. 1), we can calculate the average photon en-
ergy E, as 9 eV per photon. In addition, combining the emis-
sion profile with the reported methanol cross section (Cruz-
Diaz et al. 2014) at multiple wavelengths (121.6, 157.8, and
160.8 nm), we estimate the average cross section (o7,y,) of the
methanol molecules to be (3.7 + 0.4) x 10~'8 ¢cm?2. These val-
ues are inserted into Eq. (7), which calculates the energy de-
posited per methanol molecule after 64 min of VUV irradia-
tion and is in the range 2.3—4.6 eV per methanol molecule.
Compared to the energy deposit per methanol molecule in dark
clouds (2.5-500 eV), the energy deposit in the laboratory ex-
periments is at the low limit (Shen et al. 2004; Cruz-Diaz et al.
2014).

For higher fluences it is likely that the accessible complexity
will increase further. This links the findings in the present work
to the original studies in which long time irradiation of interstel-
lar ice was performed by Bernstein et al. (2002), Mufioz Caro
et al. (2002) and Mrad et al. (2016), illustrating the high sensi-
tivity of LDPI TOF-MS as a technique to study COM formation
in ice.
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Appendix A: Additional figures
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Fig. A.1. Ion mass fragmentation signals (black and red filled boxes) and integrated mass difference signal (open boxes) for 7 = 20 and 50 K
are shown for the m/z peaks that correspond to ion fragment masses of carbon monoxide and methane for 70 eV electron impact. The derived
uncertainty level is indicated for each difference signal.
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Fig. A.2. Ion mass fragmentation signals (black, red, and cyan filled boxes) and integrated mass difference signal (open boxes) for T = 50
and 100 K are shown for the m/z peaks that correspond to ion fragment masses of dimethyl ether, carbon dioxide, and formaldehyde for 70 eV
electron impact. The derived uncertainty level is indicated for each difference signal.
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Fig. A.3. Ion mass fragmentation signals (black, red, and magenta filled boxes) and integrated mass difference signal (open boxes) for 7 = 100
and 125 K are shown for the m/z peaks that correspond to ion fragment masses of methyl formate, dimethyl ether, and acetaldehyde for 70 eV
electron impact. The derived uncertainty level is indicated for each difference signal.
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Fig. A.4. Ton mass fragmentation signals (black, red, and cyan filled boxes) and integrated mass difference signal (open boxes) for T = 125
and 150 K are shown for the m/z peaks that correspond to ion fragment masses of ethanol, methanol, and formic acid for 70 eV electron impact.
The derived uncertainty level is indicated for each difference signal.
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