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ABSTRACT

Complex organic molecules (COMs) have been identified in different environments in star-
forming regions. Laboratory studies show that COMs form in the solid state, on icy grains,
typically following a ‘non-energetic’ (atom-addition) or ‘energetic’ (UV-photon absorption)
trigger. So far, such studies have been largely performed for single processes. Here, we present
the first work that quantitatively investigates both the relative importance and the cumulative
effect of ‘(non-)energetic’ processing. We focus on astronomically relevant CO:CH;OH = 4:1
ice analogues exposed to doses relevant for the collapse stage of dense clouds. Hydrogenation
experiments result in the formation of methyl formate (MF; HC(O)OCH3), glycolaldehyde
(GA; HC(O)CH,OH) and ethylene glycol (EG; H,C(OH)CH,OH) at 14 K. The absolute
abundances and the abundance fractions are found to be dependent on the H-atom/CO:CH; OH-
molecule ratios and on the overall deposition rate. In the case that ices are exposed to UV
photons only, several different COMs are found. Typically, the abundance fractions are 0.2
for MF, 0.3 for GA and 0.5 for EG as opposed to the values found in pure hydrogenation
experiments without UV in which MF is largely absent: 0.0, 0.2-0.6 and 0.8-0.4, respectively.
In experiments where both are applied, overall COM abundances drop to about half of those
found in the pure UV irradiation experiments, but the composition fractions are very similar.
This implies COM ratios can be used as a diagnostic tool to derive the processing history of an
ice. Solid-state branching ratios derived here for GA and EG compare well with observations,
while the MF case cannot be explained by solid-state conditions investigated here.

Key words: astrochemistry — methods: laboratory: solid state —infrared: ISM —ISM: atoms —
ISM: molecules.

1 INTRODUCTION

Complex organic molecules (COMs) are regarded as the build-
ing blocks of species that are inherent to life. In space, COMs
have been unambiguously identified in very different environments
(Herbst & van Dishoeck 2009), such as toward the Galactic Cen-
tre in hot cores and giant molecular clouds (Hollis, Lovas & Jewell
2000; Martin-Pintado et al. 2001; Requena-Torres et al. 2006, 2008;
Belloche et al. 2013), toward low- and high-mass proto-stars (Blake
et al. 1987; Neill et al. 2014; Tercero et al. 2015; Jgrgensen et al.
2012, 2016; Caselli & Ceccarelli 2012; Coutens et al. 2015; Taquet
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et al. 2015; Rivilla et al. 2016), molecular outflows (Arce et al.
2008; Codella et al. 2015), photon-dominated regions (Guzméan
etal. 2013), as well as toward dark cloud cores and pre-stellar cores
(Marcelino et al. 2007; Bacmann et al. 2012; Oberg et al. 2010,
2011; Cernicharo et al. 2012; Vastel et al. 2014; Jiménez-Serra
et al. 2016). With eight and 10 atoms, the simplest sugar, glyco-
laldehyde (HC(O)CH,OH, hereafter GA), and the simplest sugar
alcohol, ethylene glycol (H,C(OH)CH,OH, hereafter EG), can be
considered amongst the largest organic molecules detected so far in
the interstellar medium (ISM). GA has been observed toward solar-
mass proto-stars (Jgrgensen et al. 2012, 2016; Coutens et al. 2015)
and in comets (Crovisier et al. 2004; Biver et al. 2014; Goesmann
et al. 2015; Le Roy et al. 2015) together with chemically related
species, such as EG or methyl formate (CH(O)OCHj;, hereafter
MEF), one of the corresponding isomers. It is generally accepted that
these species form in the solid state, on icy dust grains and are often

© 2017 The Authors
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found chemically linked to other O-bearing COMs in star-forming
regions (Rivilla et al. 2016). Recent work on the spatial distribution
of COMs in the L.1544 pre-stellar core (with 7 < 10 K) revealed that
O-bearing gas-phase COMs are more abundant toward a low-density
(A, ~ 7.5-8 mag) shell, where gas-phase methanol also peaks, than
toward the denser (A, > 30 mag) continuum peak (Jiménez-Serra
et al. 2016). At A, ~ 7-8 mag, CO molecules start freezing-out
onto the grains (Pontoppidan 2006; Boogert, Gerakines & Whit-
tet 2015). An enhancement of factors ~2—-10 in the abundance of
O-bearing COMs in the outer shell of L1544 can be explained by the
surface formation of COMs in a CO-rich ice environment followed
by non-thermal desorption. In the outer shell, visual extinctions are
indeed high enough for COMs to avoid photo-dissociation by the
external interstellar radiation field, but they are not high enough for
COMs to be completely accreted onto the ice grains (Jiménez-Serra
etal. 2016). In such environments, both ‘non-energetic’ (atom bom-
bardment) and ‘energetic’ (cosmic rays (CR) induced UV photons)
formation routes can result in the formation of COMs.

In dense clouds, CO is the second most abundant ice species
along with CO, on grain surfaces with a relative abundance ranging
from 20 to 45 per cent with respect to water ice (Boogert, Gerakines
& Whittet 2015). Most of the CO ice is formed through accretion
from the gas-phase during the so-called catastrophic CO freeze-out
stage, when it accretes onto layers of preformed water ice, resulting
in a CO-rich apolar ice coating (Tielens et al. 1991; Pontoppidan
2006; Gibb et al. 2004; C)berg et al. 2011; Mathews et al. 2013;
Boogert, Gerakines & Whittet 2015). At this stage, CO is the start-
ing point in hydrogenation schemes that result in H,CO and CH;OH
formation through successive (‘non-energetic’) H-atom addition re-
actions. This surface reaction scheme is generally considered as the
pathway to explain the observed gaseous CH3;OH abundances in
space (Geppert et al. 2005), a conclusion that is supported by the-
oretical and modelling studies (Tielens & Hagen 1982; Shalabiea
& Greenberg 1994; Cuppen et al. 2009; Vasyunin & Herbst 2012)
as well as compelling laboratory experiments (Hiraoka et al. 1994;
Watanabe & Kouchi 2002; Zhitnikov & Dmitriev 2002; Fuchs et al.
2009; Linnartz, Ioppolo & Fedoseev 2015). CH30H ice has been
detected with abundances ranging from 1 to 25 percent with re-
spect to water ice (Bottinelli et al. 2010; Boogert et al. 2015).
Indeed, spectroscopic studies of CO ice, comparing astronomical
spectra (Pontoppidan et al. 2003; Penteado et al. 2015) and labo-
ratory spectroscopic ice data (LDI'), confirm that CH;OH and CO
are intimately mixed in interstellar ices (Cuppen et al. 2011; Pen-
teado et al. 2015). In the follow-up studies (Fedoseev et al. 2015;
Butscher et al. 2015; Chuang et al. 2016), it was shown that these
‘non-energetic’ reactions also offer pathways toward COM forma-

tion at temperatures as low as 10 K along steps of the CO s H,CO

=z CH3OH reaction scheme, through recombination reactions of re-
active intermediates, e.g. HCO, CH, OH and CH3O0, that form both
in addition and abstraction reactions. This results in the unambigu-
ous formation of GA, EG and MF, fully in line with astrochemical
models that hint at COM formation early in the cosmochemical cy-
cle, namely in dark interstellar clouds (Charnley & Rodgers 2005;
Woods et al. 2012).

Laboratory studies involving ‘energetic’ processing of CH;OH
ice, e.g. UV photolysis (Gerakines, Schutte & Ehrenfreund 1996;
Oberg et al. 2009; Paardekooper, Bossa & Linnartz 2016a; Oberg
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2016), electron impact (Henderson & Gudipati 2015; Maity, Kaiser
& Jones 2015) and ion bombardment (Moore & Hudson 2005;
Modica & Palumbo 2010), show that it is also possible to form GA,
EG and MF as well as a several other COMs in CH;OH-rich inter-
stellar ice analogues. Upon irradiation, for example, the methanol
dissociates, and the reactive free radicals recombine, forming larger
species, such as acetaldehyde, ethanol and dimethyl ether, as well
as the three COMs that are investigated here.

Clearly, completely different triggers, involving similar reactive
intermediates, result in the formation of similar species, but not
necessarily with comparable (relative) abundances, and this knowl-
edge may be used as a tool to relate the role of specific chemical
processes to specific astronomical environments. In dark and dense
clouds, impacting H atoms are the dominating process and ther-
mal processing can be fully neglected. However, the internal UV
radiation field, which is due to cosmic-ray excitation of molecular
hydrogen, can influence the ice chemistry. In translucent clouds,
hot cores, and proto-planetary disks, the ‘energetic’ processing will
be much more relevant; thermal effects are at play for the higher
temperatures and particularly UV radiation fields are much more
intense than in dense cold quiescent regions. Moreover, further gas-
phase chemistry leads to the formation of COMs upon sublimation
of second-generation species from icy dust grains (Charnley et al.
1992; see also Herbst & van Dishoeck 2009 for a review). Recently,
Vasyunin & Herbst (2013), Balucani, Ceccarelli & Taquet (2015)
and Taquet, Wirstrom & Charnley (2016) proposed that MF and
other complex species may also be produced through low tempera-
ture gas-phase routes. However, the abundances derived from their
models do not always match the observational data. Finally, COMs
have also been identified mass spectrometrically in cometary ob-
jects (Goesmann et al. 2015;Le Roy et al. 2015) that consist of the
planetesimals built during the proto-planetary stage. The investiga-
tion of the chemical connection between interstellar and cometary
ices is an important future goal (Mumma & Charnley 2011) that has
become further within reach through all recent data for 67P and the
launch of JWST in 2018.

In this paper, we present for the first time laboratory studies
that allow to quantitatively compare COM formation through hy-
drogenation and UV-induced reactions as well as their cumulative
effect in interstellar ice analogues. The combined experiments are
relevant to conditions in dark interstellar clouds as described above
and have been applied in the past for other systems. Watanabe et al.
(2007) investigated the competition between hydrogenation and
photolysis in a pre-deposited H,O:CO ice mixture. Another more
recent study showed that, for the case of NO hydrogenation and UV
photolysis, hydroxylamine (NH,OH) is efficiently formed upon hy-
drogenation of NO molecules, but once UV photons are added, the
presence of NH,OH in the ice diminishes and the available nitrogen
gets locked in three chemically linked species: HNCO, OCN™ and
H,NCHO (Congiu et al. 2012; Fedoseev et al. 2016). This find-
ing has been taken as one of the arguments for the non-detection
of NH,OH in space despite a number of dedicated surveys and
to explain the observed correlation between HNCO and H,NCHO
abundances (Pulliam, McGuire & Remijan 2012; McGuire et al.
2015).

Here, we focus on three specific COMs: GA, EG and MF. As
stated, these three COMs are amongst the most commonly pro-
duced complex species in both ‘energetic’ and ‘non-energetic’ ice
processing. We compare the laboratory findings for the MF/EG,
MF/GA and GA/EG solid-state abundance ratios for different ex-
periments with those found for the gas-phase abundance ratios in
different astronomical environments. In this approach, we make two
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assumptions: first, we consider EG, GA and MF as representative
products in the COM formation schemes, realizing that we ne-
glect other (higher generation) COMs that form, but typically with
lower abundances; second, it is not a priori clear that solid-state and
gas-phase abundance ratios scale one to one. This depends on the
sublimation process that bridges the grain—gas gap and that may be
triggered by shocks, heat or chemical, reactive and photo-desorption
processes (Garrod, Weaver & Herbst 2008; Herbst & van Dishoeck
2009; Oberg et al. 2009; Fayolle et al. 2011; Minissale et al. 2016).
Moreover, the sublimated species could subsequently participate
in further chemical reactions in the gas phase. Whereas thermal
desorption is a smooth and fast process leaving the ice molecules
intact, photo-desorption tends to dissociate COMs upon excitation.
This will be discussed in the final section. First the experimental
procedure is described and subsequently the results are discussed.

2 EXPERIMENTAL PROCEDURE

2.1 Experimental set-up

All experiments are performed under ultra-high vacuum (UHV)
conditions, using SURFRESIDE2. Details of this set-up and mea-
surement procedures have been described by Ioppolo et al. (2013).
The experiments are performed in a main chamber with a base pres-
sure of ~107'% mbar. In its centre, a gold-coated copper substrate
is positioned so that it is connected to a closed-cycle helium cryo-
stat, reaching temperatures as low as 13 K and onto which ices are
grown. Resistive heating allows temperatures up to 330 K. In order
to perform hydrogenation and UV irradiation experiments simulta-
neously, the icy substrate can be exposed to H atoms formed in a
Hydrogen Atom Beam Source (HABS; Tschersich 2000), mounted
in a second UHV chamber, and UV photons generated by a Mi-
crowave Discharge Hydrogen flowing Lamp (MDHL) that is di-
rectly attached to the main chamber (see Fedoseev et al. 2016 for
more details). The UV light is guided through an MgF, window
and hits the substrate at normal incidence, covering the whole area
of the gold substrate (2.5 x 2.5 cm?). The optical axis of the lamp
intersects the surface at a 45° angle with the H-atom beam and at
a 22° angle with the two available molecular deposition lines. The
H-atom flux of the HABS and UV-photon flux as well as the spec-
trum of the MDHL have been well calibrated in a number of previ-
ous experiments (see loppolo et al. 2013; Ligterink et al. 2015). The
UV spectrum ranging between 114 and 220 nm consists of a main
peak at 121.6 nm (Ly-«, 33 per cent of the total flux) and a series of
other peaks between 155 and 165 nm (H, emission, 20 per cent of
the total flux) superposed on a broad continuum (47 per cent of the
total flux) with the total UV flux estimated to be 4.1 £ 0.5 x 10!?
photons cm™2s~!, with ~13 percent of relative uncertainty. The
laboratory UV spectrum resembles quite accurately the spectrum
produced by CRs interacting with H, in dense clouds. H-atom
fluxes applied here are 6 x 10'? and 1 x 10'? atoms cm™2 s~! in
high and low co-deposition rate experiments, respectively. In dense
clouds, icy dust grains experience both atom addition and UV ir-
radiation. This results in a 3:2 H-atom to UV-photon exposure; the
H-atom flux (~10* atoms cm™2 s™') is either comparable or higher
than that of the UV photons (CR-induced UV-photon flux 1-10 x
103 photons cm~2 s~!; see Prasad & Tarafdar 1983; Mennella et al.
2003; Shen et al. 2004). It should be noted that an absolute H-atom
flux is given. The effective H-atom flux can be significantly lower.
This is due to the difference in sticking probability between room
temperature H atoms as used in the laboratory and 10-20 K cold H
atoms as expected in dense clouds. Furthermore, the ~10 orders of

magnitude higher H-atom flux used in the laboratory results in a sig-
nificantly higher H-atom recombination rate, reducing the amount
of H atoms available for the reaction with CO.

2.2 Experimental methods

All performed experiments utilize a co-deposition technique, which
is the simultaneous deposition of ices with H atoms and/or UV pho-
tons. This overcomes the problem of a limited H-atom penetration
depth into the bulk of the ice compared to the larger UV-photon
penetration depth and, also, is more representative of the actual
processes taking place in the ISM, where atoms and molecules con-
tinuously adsorb onto grains. The chosen CO:CH3;OH = 4:1 ratio
is a representative value for ice ratios found in quiescent dense
clouds observations toward background stars and observations of
low-mass young stellar objects (YSOs) (see Boogert et al. 2015),
although it should be stressed that other mixing ratios have been ob-
served as well (Pontoppidan, van Dishoeck & Dartois 2004; Cuppen
et al. 2011). The CO:CH;OH ice mixtures are grown by simulta-
neous deposition of CO and CH3;OH on top of a pre-deposited
(10 Langmuir) argon (Ar) ice. The Ar layer further prevents di-
rect interactions between deposited molecules and photo-electrons
potentially produced by the interaction between the incident UV
photons and the gold substrate (gold work function >4.7 eV; see
Hopkins & Riviere 1964). CO (Linde 2.0) is used for ice deposition
and H, (Praxair 5.0) is used for the H-atom source and MDHL. Liq-
uid CH;OH (Sigma-Aldrich, 99.8 per cent) is purified through three
freeze—pump-thaw cycles before it is used as a mixture component.
The ice thickness is derived using a modified Beer’s law with a
calibrated absorbance strength that is measured by He—Ne laser
interference experiments during ice growth on SURFRESIDE2,
following a similar procedure as described by Paardekooper et al.
(2016b).

Ices are monitored in situ by Fourier Transform Reflection-
Absorption InfraRed Spectroscopy (FT-RAIRS) in the range from
700 to 4000 cm™', with 1 cm™! resolution. After completion of
a co-deposition experiment, a temperature-programmed desorption
experiment using a Quadrupole Mass Spectrometer (TPD QMS) is
performed. For each species, the desorption temperature and ion-
ized fragment pattern are unique and used to identify the resulting
COMs. In order to compare GA, EG and MF yields, the desorption
QMS signals are integrated, then normalized to the total column
density of the most abundant carbon-bearing species observed by
RAIRS at the end of the co-deposition (see Fedoseev et al. 2015;
Chuang et al. 2016). Then, the obtained values for GA, EG and MF
are calibrated using the available literature ionisation cross-section
values (Hudson et al. 2003, 2006; Bull & Harland 2008). The un-
certainty in the abundance determination is statistically derived by
averaging the result from a number of identical experiments. The
lack of HCO, CH30 and CH,OH observations at the end of the
hydrogenation experiments (Chuang et al. 2016) shows that the rad-
ical recombination during the heating process is negligible under
our experimental conditions. Table 1 lists the relevant experiments
performed for this work.

3 RESULTS AND DISCUSSION

Experiments 1-3 are performed to study and compare the isolated
effect of hydrogenation and UV photolysis and the combined effect
of both, respectively, on the formation of COMs in a co-deposited
CO:CH30H = 4:1 mixture at 14 K. All three experiments are in-
tentionally performed under the same experimental conditions and
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Figure 1. Absolute abundances (upper panel) and composition fractions
(lower panel) for MF, GA and EG as obtained in QMS TPD experiments
for pure hydrogenation (exps. 1 and 1.2), pure UV photolysis (exp. 2) and
simultaneous UV-photon irradiation and H-atom addition (exp. 3), all for
14 K CO:CH30H = 4:1 ice mixtures. Experiment 1.2 is performed under
the same experimental conditions and overall fluence as exp. 1, except its
timescale is six times longer. Values are calibrated using the corresponding
ionization cross-sections and are normalized for the total amount of carbon-
bearing molecules observed before performing the TPD experiment. White
bars show the standard errors estimated from independent experiments.

for well-chosen parameter settings in order to compare the different
formation/destruction mechanisms. Also control experiments are
performed, directly linked to exps. 1 (1.1-1.3) and 3 (3.1-3.3) or
for other settings (4.1-4.3). The details are summarized in Table 1.

The results are summarized in Fig. 1 that shows the absolute
abundances (upper panel) and composition fractions (lower panel)
for MF, GA and EG resulting from experiments 1-3. A comparison
of the absolute abundances for the three experiments reveals that
under the selected and identical experimental conditions (i) H-atom
addition induced surface reactions lead to the lowest values for the
three COMs. It should be noted that to select an astrophysical rele-
vant H-atom/UV-photon flux of ~1, a high H-atom flux is used for
this set of experiment. However, by performing an experiment that
has the same overall H-atom fluence of exps. 1 and 3 in the longer
timescale (i.e. lower flux and longer exposition time; exp. 1.2), the
COM yields resemble those of the pure UV-photolysis experiment
except for MF. A lower H-atom flux is closer to the conditions
in the ISM. These flux-dependent experiments are discussed in
Section 3.1.1; (ii) the highest amount of COMs comes from pure
UV photolysis of the ice; (iii) the combination of hydrogenation
and UV photons leads to lower amounts of COMs than in the case
of pure UV photolysis. These findings are briefly introduced and
discussed in more detail from Section 3.1 onward.

In exp. 1, smaller absolute amounts of GA and EG are detected
from TPD QMS data and the composition fraction of the three

MNRAS 467, 2552-2565 (2017)
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Figure 2. The left-hand panel shows part of TPD QMS spectra obtained after co-deposition of CO:CH30H = 4:1 ice mixtures with H-atom flux 6.0 x
10'2 atoms cm™2s~! at 14 K (exp. 1.3) for m/z = 31, 32, 33, 60, 62 amu. Peaks at T~ 120, 160 and 200 K correspond to MF, GA and EG. For the latter two
species, their fragmentation patterns upon 70 eV electron impact ionization are compared to the available literature values on the right-hand panels.

COMs is given as 0.0 for MF, 0.2 for GA and 0.8 for EG, re-
spectively. In this case, the formation of MF in detectable amounts
is only unambiguously confirmed when UV light is used. Indeed,
H-atom-induced abstraction from CH3;OH results in the preferen-
tial formation of CH,OH rather than CH3O radicals (Hidaka et al
2009; Chuang et al. 2016). The CH3O radical can be produced by
the hydrogenation of H,CO that, however, is not one of the ini-
tial components of the ice mixture and therefore mainly builds-up
upon hydrogenation of CO molecules. On the contrary, CH;O is
abundantly formed upon photolysis of CH;OH ice. The COM for-
mation yields obtained in exp. 2 are the highest of the three selected
experiments and are ~50 per cent higher than those found in exp.
3. This is not surprising because the impinging UV photons can
efficiently release their energy to both the surface and bulk of the
ice. As a consequence, many molecular bonds are broken and, in
timescales of picoseconds, the molecular fragments can recombine
giving rise to a rearrangement of the chemical structure that leads
to the formation of new and often more complex molecular species.
In exp. 3, an overabundance of H atoms can reduce COM forma-
tion rates through their recombination with the HCO, CH,OH and
CH;0 radicals produced by UV photons. This favours the produc-
tion of simpler species and rather uniformly reduces the formation
of more complex ones. As discussed later in the text, segregation
by H, molecules, i.e. the case in which free radicals produced by
photo-dissociation are spatially separated by abundantly present H,
molecules, also reduces COM yield rates. It should be noted that
although the cumulative effect of ‘energetic’ and ‘non-energetic’
processes frustrates COM formation, this should not be general-
ized. For instance, in Fedoseev et al. (2016), NH,OH is formed by
the hydrogenation of NO and simultaneously destroyed by UV pho-
tolysis to form HNCO, OCN~ and NH,CHO, when the initial NO
ice is mixed in CO/H,CO/CH;OH-rich environments. In the work
presented here, the composition fractions of COMs for exps. 2 and
3 are similar and amount to ~0.2 for MF, ~0.3 for GA and ~0.5 for
EG. This indicates that the larger amount of COMs still originates

from UV-induced reactions even for exp. 3 under our experimental
conditions. Below, a detailed discussion of the results from exps.
1-3 is presented, as well as from a series of selected control ex-
periments (exps. 1.1-4.3) performed to constrain the chemistry and
physics at play.

3.1 Hydrogenation of CO:CH;OH ice mixtures

A set of experiments (exps. 1 and 1.1-1.3) is performed to study
the hydrogenation of CO:CH;OH ice mixtures for different over-
all deposition rates and Hices ratio settings. Fig. 2 presents the
results of a typical experiment (exp. 1.3). Here QMS TPD spec-
tra are shown and obtained after hydrogenation of a CO:CH3;0OH
ice mixture at 14 K. Previous laboratory studies have shown that
upon CO ice hydrogenation not only H,CO and CH3;0H form
(Watanabe & Kouchi 2002; Fuchs et al. 2009), but also GA and
EG are produced (Fedoseev et al. 2015). The experiments presented
here are fully consistent with this finding. Two of the TPD peaks
desorbing at lower temperature are due to H,CO (~100 K) and
CH;O0H (~140 K). Two other peaks at higher temperatures can be
assigned to species with heavier masses. The first peak is located
around 160 K, and the second one around 200 K. Based on the
available desorption values reported by Oberg et al. (2009), and in
recent work by Fedoseev et al. (2015) and Maity, Kaiser & Jones
(2015), these two peaks are assigned to GA and EG, respectively.
In addition, their QMS spectra for 70 eV electron ionization energy
are largely consistent with the corresponding NIST database values
(see footnote?). Only traces of MF (a peak of 60 m/z centred around
120 K) can be observed in this experiment.

2NIST Mass Spec Data Center, S.E. Stein, director, “Mass Spectra” in
NIST Chemistry WebBook, NIST Standard Reference Database Number
69, Eds. P.J. Linstrom and W.G. Mallard, National Institute of Standards
and Technology, Gaithersburg MD, 20899, http://webbook.nist.gov.
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Figure 3. RAIR difference spectra (dash-dotted lines) are presented for the experiment of CO:CH30H = 4:1 ice mixtures with H-atom flux 6.0 x
10'2 atoms em~2s~! at 14 K (exp. 1.3) during TPD between 150 and 180 K (a) as well as between 180 and 210 K (b). These are compared to pure

GA and EG RAIR spectra (solid lines), respectively. The arrows indicate the IR absorption peaks of the corresponding COMs.

Furthermore, in Fig. 3, the comparison between the difference
spectra (dash dotted lines) obtained for chosen temperature ranges
during TPD and the spectra of pure GA and EG ice (solid lines)
provides additional evidence that both GA, sublimating between
150 and 180 K (a), and EG, sublimating between 180 and 210 K
(b), are formed. Two absorption peaks around 1036 and 3320 cm™!
are likely due to thermal co-desorption of trapped CH;OH with the
aforementioned COMs.

The presence of COMs in the ice upon H-atom addition can be
explained through two mechanisms that may take place simultane-
ously. The first one has been previously discussed by Woods et al.
(2012) and experimentally verified by Fedoseev et al. (2015). First,
the hydrogenation of CO leads to the formation of HCO intermediate
radicals. Their recombination, in turn, yields glyoxal (HC(O)CHO)
as a side product. The latter one is subsequently hydrogenated to
form GA and EG via

HCO + HCO — HC (0) CHO 2% HC (0) CH,OH
2 H,C (OH) CH,OH. )

The second mechanism has been described by Chuang et al.
(2016). H-atom additions and H-atom-induced abstractions in the
CO < H,CO <> CH;O0H reaction network result in the forma-
tion of HCO, CH;0 and CH,OH intermediate radicals. Subsequent
radical-radical recombination leads to the formation of GA and
further hydrogenation results in the formation of EG:

HCO + CH,OH — HC (0O) CH,OH A H,C (OH) CH,OH. 2)

The successive formation of HC(O)CH,OH by recombination
of HCO and CH,OH radicals was also reported by Butscher et al.
(2015). EG can also be formed by the recombination of two CH,OH
radicals. Although not found in the IR spectra due to its low pro-
duction yield and the limited detection sensitivity of RAIRS, MF
is formed through the radical-radical recombination of HCO and

CH;O0 radicals. Here, only traces of MF can be observed by means
of TPD QMS (e.g. exp. 1.3).

3.1.1 Overall deposition rate and H-atom/ice ratio dependences

In this paragraph, we focus on the influence of the overall H-atom
and CO:CH;3OH deposition rates as well as H-atom to CO:CH;OH
co-deposition ratios on the formation efficiency of MF, EG and GA.
In Fig. 4, zoom-in views of the TPD QMS spectra of CO:CH;OH
ice mixtures co-deposited with H atoms are shown for different
experimental conditions, i.e. for the same H-atom to CO:CH3;OH
co-deposition ratio, but for two different overall combined depo-
sition rates (exps. 1 versus 1.2); and for the same number of de-
posited CO:CH;OH molecules, but for two different H-atom fluxes
(exp. 1.2 versus. 1.3). The H-atom and CO:CH3;0H fluxes in exp.
1 amount to 6.0 x 10" atoms cm™2 s~'and 1.2 x 10" molecules
cm~2 57! during 60 minutes of co-deposition. In exp. 1.2, these
values are 1.0 x 10'?> atoms cm™2 s~! and 2.0 x 10'> molecules
cm~2 57! during 360 minutes of co-deposition, i.e. the same final
fluences of ~2.2 x 10'® atoms cm™2 and ~4.4 x 10'® molecules
cm~? are obtained. In exp. 1.3, the same flux of H atoms as in exp. 1
is applied (6.0 x 10'? atoms cm™2 s~!), while the CO:CH;OH flux
is kept the same as in exp. 1.2 (2.0 x 10'2 molecules cm~2 s~ ') for
the duration of 360 minutes, resulting in a six times higher fluence
of H atoms (~1.3 x 10'7 atoms cm™2) and an unchanged num-
ber of deposited CO:CH3;0H molecules (~4.4 x 10'® molecules
cm™2) in exps. 1 and 1.2-1.3. The blank experiment (exp. 1.1) is
shown for reference. The three left-hand panels in Fig. 4 show
the selected TPD QMS spectra and the relevant m/z signals for
our three COMs. For MF, the sublimation temperature is around
120 K, and mass scans for the two strongest m/z fragment signals,
i.e. CH;0™" (31m/z) and CH;OH™ (32m/z), as well as the precursor
signal HC(O)OCH;™ (60m/z) are presented. The desorbing peaks
around 160 K assigned to GA are found for three (isomer) mass sig-
nals, i.e. CH,OH" (31m/z), CH;0H* (32m/z) and HC(O)CH,OH*
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Figure 4. Left-hand panels: the TPD QMS spectra obtained after co-deposition of CO:CH3OH = 4:1 ice mixtures with H atoms (exps. 1, 1.2 and 1.3) and
blank experiment (exp. 1.1) at 14 K; m/z channels are shifted for clarity. The H-atom fluxes in exps. 1, 1.2 and 1.3 amount to 6.0 x 10'2, 1.0 x 10! and
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6.0 x 10'2 atoms cm—2s~!, while the total H-atom fluences are 2.2 x 10'0,2.2 x 10'® and 1.3 x 10'7 atoms cm~2, respectively. The total amount of deposited
CO and CH3OH molecules is kept constant in all four experiments. Only the relevant m/z numbers and selected desorbing temperatures are shown for MF, GA
and EG. Right-hand panels: relative comparison of the integrated intensities of MF (upper panel), GA (middle panel) and EG (lower panel) obtained by TPD
QMS and normalized for the total amount of CO, HyCO and CH3OH observed prior to the TPD experiment. Subsequently, each signal is normalized to its
maximum yield. The white bars indicate the standard errors derived statistically from an independent set of experiments.

(60m/z). For EG, the sublimating peak is around 200 K, and its
ionization fragments are CH,OH™ (31m/z), CH;0H,™ (33m/z) and
the molecular precursor signal H,C(OH)CH,OH™ (62m/7).

Besides the qualitative identification of the newly formed COMs
through their TPD QMS spectra, also quantitative information can
be retrieved by integrating their desorption profiles and normalizing
them for the total amount of CO, H,CO and CH;OH, i.e. those
species that carry the largest amount of carbon in the ice. The
results are shown on the right-hand panels of Fig. 4 and presented
as MF, GA and EG, each normalized to its maximum yield.

The blank experiment (CO + CH3;0H + H;, exp. 1.1) exhibits,
as one expects, no evidence for COM formation. In experiment 1,
GA and EG are produced but in much smaller amounts compared to
exps. 1.2 and 1.3. The formation follows the mechanisms mentioned
before, and the ineffective formation of MF in exps. 1, 1.2 and 1.3
is consistent with previous studies that link this observation to the
lack of the intermediate CH;O radicals in the ice bulk, when a
CO:CH;3;0H mixture is co-deposited with H atoms (Chuang et al.
2016). In experiment 1.2, the H-atom and CO:CH;OH fluxes are
both reduced by a factor of 6 compared to exp. 1, but the total
H-atom and CO:CH;3;0H fluence in exps. 1 and 1.2 remains the
same. It is found that in exp. 1.2 the amount of produced GA and
EG is 15 and 7 times higher than in exp. 1, respectively. This is an
important experimental finding as the higher production efficiency
comes with a lower overall deposition rate. Moreover, traces of MF
are found in exp. 1.2. Finally, exp. 1.3 has the same molecule flux
as exp. 1.2, but six times higher H-atom flux, i.e. identical to exp. 1.

Thus, exp. 1.3 results in the same number of exposed molecules as
in experiment 1 and 1.2 but is performed with six times higher total
H-atom fluence. The measured abundances of GA, EG and MF in
exp. 1.3 are now 8, 3 and 3 times higher, respectively, in comparison
to exp. 1.2 resulting in GA/EG ratios changing from 0.6 to 2.
Experiment 1.2, i.e. with a lower H-atom and CO:CH;3;OH de-
position rate than exp. 1, aims to better mimic the grain surface
reactions under dense cloud conditions. The decrease of overall
co-deposition flux and the corresponding increase in reaction time
reduce the number of barrierless H-H recombination events that
fully dominate the surface chemistry when high H-fluxes are ap-
plied at short laboratory time-scales. Here, the low accretion rates
of H atoms allow them to scan a larger part of an ice surface before
meeting another H atom (Fuchs et al. 2009). Thus, a lower H-atom
deposition rate enhances the possibility of H-atom addition and ab-
straction reactions, which, in turn, increases the amount of formed
intermediate radicals and COM formation efficiencies. The purpose
of exp. 1.3 is to further enhance the number of effective interactions
between H atoms and CO:CH3;OH molecules by increasing the
H-atom flux with a factor of six compared to exp. 1.2 but keep-
ing the CO:CH;OH deposition rate as used in exp. 1.2; this way
molecules and radicals will be exposed to multiple interactions with
H atoms before the limited H-atom penetration depth in the ice will
prevent species to be further (de)hydrogenated (Cuppen et al. 2009;
Fuchs et al. 2009). Again differences in the COM composition frac-
tions are observed, as a function of overall deposition rate (compar-
ison between exps. 1 and 1.2) and of H atom/ice ratio (comparison
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Figure 5. Left-hand panels: TPD QMS spectra obtained after co-deposition of CO:CH3OH ice mixtures in a ratio of 4:1 with UV photons (exp. 2), simultaneous
UV photons and H atoms (exp. 3), UV photons and H, molecules (exp. 3.2), as well as a blank experiment (exp. 3.1) at 14 K. The m/z channels are presented

with offsets for clarity. The UV-photon flux amounts to 4.0 x 10'2

photons cm~2s~! for exps. 2, 3 and 3.2. Only relevant m/z numbers and selected desorbing

temperatures are shown for MF, GA and EG. Right-hand panels: relative comparison of the integrated intensities of MF (upper panel), GA (middle panel) and
EG (lower panel) obtained by TPD QMS and normalized for the total amount of carbon-bearing molecules observed prior to TPD. Subsequently, each signal
is normalized to its maximum yield. White bars show the standard errors estimated statistically from a set of independent experiments.

between exps. 1.2 and 1.3). The ratio of GA/EG changes from 0.3
to 0.6 to 2 in exps. 1.1, 1.2 and 1.3, respectively. The possible expla-
nation for the enhanced GA/EG ratio is the fact that the formation
of GA requires two times less H-atom addition events than the for-
mation of EG (see reactions 1 and 2). These larger amounts of GA
with respect to EG follow the increase in the overall COM formation
yields. Only traces of MF can be detected in exps. 1.2 and 1.3. This
is explained by the lack of CH;O radicals that are mainly formed
through the hydrogenation of H,CO, a species formed in the ice
and not present in the initial sample (Chuang et al. 2016). To sum
up, three COMs can be formed upon hydrogenation of CO-rich ices
and the relative formation efficiencies depend not only on effective
H-atom/(CO:CH;OH) deposition ratio, but also on the overall ac-
cretion rate of the involved species. MF is not abundantly formed
in these experiments.

3.2 UV photolysis and combined UV and H-atom exposure of
CO:CH;0H ice mixtures

Experiment 2 is performed to study the effect of UV photolysis
of CO:CH30H ice mixtures on the formation of COMs in the ice.
Experiment 3 focusses on the effect of simultaneous hydrogenation
and UV irradiation of the same initial ice, while exps. 3.1-4.3 are
mainly performed to control that the undissociated H, molecules
present in the H-atom beam and those recombined on the surface
of the ice do not participate in the reaction network. Fig. 5 (three
left-hand panels) shows the TPD QMS spectra for exps. 2, 3 and 3.2
(i.e. simultaneous deposition of UV photons and H, molecules).

The results for the blank experiment (exp. 3.1) are also shown.
In particular, the left-hand panels of Fig. 5 show the relevant m/z
signals for MF (31, 32 and 60m/z), GA (31, 32 and 60m/z) and EG
(31, 33 and 62m/z) at 120, 160 and 200 K, respectively, that can
be interpreted as discussed in Section 3.1. In an identical way, the
COM abundances obtained by integrating TPD QMS spectra are
normalized for the final amount of the carbon-bearing CO, H,CO,
CH;OH and CH4 molecules (right-hand panels of Fig. 5), and MF,
GA and EG are each normalized to their maximum yield. The reason
for also including CH, here, in contrast to exps. 1 and 1.1-1.3, is
that only in the UV-photolysis experiments (exps. 2, 3 and 3.1-4.3),
methane formation (0.5-1x 10'> molecules cm~?) is expected and
confirmed by RAIR spectra obtained at the end of the co-deposition.
Note that the highest yields for the three COMs under investigation
here are found in the pure UV experiment (exp. 2), whereas in the
two other experiments (exps. 3 and 3.2) the simultaneous use of
UV irradiation and H-atom bombardment substantially reduces the
formation rate. In exp. 3.2, the COM yields with respect to those in
exp. 2 amount to ~0.7, which is slightly higher than 0.5-0.6 found
in exp. 3. As expected, the blank experiment (CO + CH;0H + H,
exp. 3.1) shows no evidence for COM formation.

Given the low gas-phase CH3;OH abundances during deposition
we can exclude that any UV-triggered gas-phase processes substan-
tially affect the solid-state reactions that are studied here. Oberg et al.
(2009) published the results of an experiment for a pre-deposited
CO:CH;0H = 1:1 ice mixture exposed to UV photons at 20 K, and
identified the formation of MF, EG, GA as well as other COMs. The
present set of experiments is different, as the irradiation takes place
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during the deposition, with a different CO:CH3;0H = 4:1 ratio, and
at lower temperature (14 K; e.g. exp. 2). The deposited molecules
are irradiated by the incoming UV photons with an energy up to
10.2 eV, which is enough to photo-dissociate CH;OH into radicals,
i.e. CH,OH, CH;0, CHj3, OH, etc., but not enough to directly photo-
dissociate CO molecules. The newly formed intermediate radicals
recombine directly to form COMs in the bulk of the ice, resulting
in the formation of MF, GA and EG via

HCO + CH;0 — HC (0) OCH; 3)
HCO + CH,0H — HC (0) CH,OH )
CH,OH + CH,0H — H,C (OH) CH,OH S)

or other COMs (éberg et al. 2009).

In dense clouds, the H-atom flux is larger than the UV-photon
flux. However, from a comparison between the published H,CO
formation rate values upon UV photolysis of CH3;OH ice and hy-
drogenation of CO ice (Gerakines et al. 1996; Fuchs et al. 2009;
Oberg et al. 2009), it becomes clear that the efficiency of producing
radicals by photo-dissociation is (much) larger than by hydrogena-
tion. Moreover, Oberg et al. (2009) discussed the possibility that the
presence of H atoms on the grain surface consumes ‘frozen-in’ rad-
icals, leading to the formation of smaller products before they can
grow larger species. In their pre-deposition experiment, this effect is
not very significant because the H-atom penetration depth is limited
to a few (top) monolayers and H atoms formed upon UV photolysis
will mostly leave the surface because of the higher temperature. In
the present work, we co-deposit ice constituents with H atoms and
H; molecules during UV-irradiation (exps. 3 and 3.2, respectively).
The recombination of H atoms and radicals produced upon photol-
ysis, therefore, will be more prominent, increasing the efficiency of
this chemical pathway. For instance, in exp. 3, the abundant H atoms
recombine with the photo-induced radicals instead of participating
in further hydrogenation of the parent ice mixtures. This results in
an enhancement of products, such as CH, and H,O, as confirmed
by RAIR spectra, through the reactions:

H+ OH — H,O0. 7

and that have been studied before, see e.g. Cuppen et al. (2010).

The results presented in Fig. 5 focus on the formation of MF,
GA and EG. These are also the main COM products upon pure
H-atom addition reactions, but their formation efficiency is influ-
enced as a result of the competition between COM formation (reac-
tions 3-5) and competing hydrogenation reactions (reactions 6-7).
In both exps. 3 and 3.2, molecular hydrogen is co-deposited with
CO:CH;30H during UV irradiation, in exp. 3.2 as a main constituent
and in exp. 3 mainly as a result of an incomplete dissociation pro-
cess, which amounts to ~70 per cent of the hydrogen molecules
deposited in exp. 3.2 (Tschersich, Fleischhauer & Schuler 2008).
In previous studies (Fuchs et al. 2009; Lamberts et al. 2013), it was
shown that the role of H, in surface chemical processes is rather
limited as the involved activation barriers with H, cannot be eas-
ily overcome for temperatures below 15 K. However, in exp. 3.2,
we find a clear COM reduction which is less than that found in
exp. 3. To understand the role of H, in the reaction network, Ar
is used instead of H, in co-deposition with UV photons impacting
on CO:CH3;OH in a series of control experiments (exps. 4.1-4.3,
details are discussed in the Appendix).

Finally, it is also important to consider the role of UV-induced
photo-desorption. A large number of laboratory studies have been
performed on the photo-desorption rates of CO and CH;OH ice
(Oberg et al. 2007, 2009; Fayolle et al. 2011; Mufioz-Caro et al.
2010; Chen et al. 2014; Bertin et al. 2016; Paardekooper et al.
2016a; Cruz-Diaz et al. 2016), and even though there exist some
discrepancies between the exact values, roughly within an or-
der of 10, this does not prevent the ability to assess the role of
photo-desorption in the present experiment. With photo-desorption
rates of the order of 1 x 1072 (1 x 10~%) for pure CO ice and
less than 1 x 10~ for pure CH30H ice, typically for ices with
temperatures around 15-20 K, an estimate can be made. Apply-
ing these rates to the total UV-photon fluence, which is 1.3 x
10'® photons cm™2, results in upper limits of photo-desorbed
molecules of ~0.1 (0.01) ML for CO and ~0.001 ML for CH;OH.
This effect will not influence our results, specifically as the photo-
desorption rates in mixed ices are expected to further decrease
(Bertin et al. 2016).

3.3 Summary of laboratory results

Fig. 6 compares the laboratory data taken in this work (left-hand
panels) with some selected literature data (right-hand panels) of (i)
hydrogenation of ice mixtures including CO/H,CO/CH30OH at 15 K
by Chuang et al. (2016), (ii) UV irradiation of pre-deposited CH; OH
and CH;OH:CO ice at 20 K by Oberg et al. (2009), studied by RAIR
and QMS techniques and (iii) UV exposure of pre-deposited pure
CH;OH ice at 20 K by Paardekooper et al. (2016a), studied by laser
desorption post-ionization mass spectrometry.

For the hydrogenation experiment of CO:CH;OH ice mixtures
presented here (exp. 1.2), the MF/EG, MF/GA and GA/EG at 14 K
values are 7x1073, 1x1072 and 0.6, respectively. These values
agree within a factor of 2 with those of similar experiments as re-
ported in Chuang et al. (2016) (i.e. MF/EG = 4x 103, MF/GA =
1x 1072 and GA/EG = 0.4). In the ice mixture experiments contain-
ing H,CO molecules (Chuang et al. 2016), i.e. CO:H,CO+H, and
H,CO:CH3;0H+H, the MF/EG and MF/GA values are enhanced
by a factor of ~30, while the GA/EG value remains the same.
This shows that, as previously discussed, the MF yields in the fi-
nal COM compositions are substantially increased if the initial ice
mixtures contain H,CO. For the hydrogenation experiments of pure
ice, i.e. CO+H and H,CO+H, the final COM compositions are GA
dominated over the other COMs, most likely because GA is the
first product of the glyoxal (HC(O)HCO) hydrogenation reaction
or of the HCO and CH,OH radical-radical recombination. A sim-
ilar GA/EG ratio is found in exp. 1.3, where H,CO is also clearly
detected.

The MF/EG, MF/GA and GA/EG 14 K values for pure UV pho-
tolysis (exp. 2) amount to 0.4, 0.7 and 0.5, respectively, in rea-
sonable agreement with the values reported in Paardekooper et al.
(2016a) (i.e. MF/EG = 0.4, MF/GA = 0.6 and GA/EG = 0.7 derived
from their fig. 11). The deviation from the Oberg et al. (2009) val-
ues of pure CH30H ice (CO:CH;3OH ice mixtures) is much larger,
namely, upper limit MF/EG = 0.1, MF/GA = 0.8 (2 for CO:CH;OH
ice mixtures) and upper limit GA/EG = 0.1. However, there exist
experimental differences that may explain these different values.
In Oberg et al. (2009) pre-deposition is used, but as the selected
ices are not very thick, this is not expected to be the determining
factor. Instead the much higher UV-photon fluence of 2.4 x 10'7
photons likely pushes photochemistry beyond the point studied in
our study and by Paardekooper et al. (2016a). So, this hints for a
clear UV fluence dependence as well. Also the spectral emission
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Figure 6. An overview of thg relative ratios of MF/EG (a), MF/GA (b) and GA/EG (c), derived from laboratory data reported in the literature: (1) this work,
(2) Chuang et al. (2016), (3) Oberg et al. (2009) and (4) Paardekooper et al. (2016a).

characteristics of the H, discharge lamp differ from one experimen-
tal set-up to another. For instance, a higher H, flow pressure is used
in our lamp settings resulting in a larger broadband H,-emission
contribution than just Ly-o (see Ligterink et al. 2015).

4 ASTROPHYSICAL IMPLICATIONS

It is widely accepted that COMs mainly form in the solid state.
This is in agreement with a long list of experiments including
those presented here that show how different (‘energetic’ and ‘non-
energetic’) triggers result in the formation of rather similar species.
However, as the underlying formation mechanisms differ, it is to be
expected that the final COM abundance ratios in the solid state will
vary. In the ISM, MF, EG and GA have only been directly observed
in the gas phase. The experiments presented here show clear differ-
ences in relative MF, EG and GA ratios for pure hydrogenation, pure
UV and combined hydrogenation and UV irradiation experiments.

This is an interesting result and a comparison of the relative ratios
of MF/GA, MF/EG and GA/EG offers —in principle — a further con-
straint to investigate the role of these processes during the chemical
evolution of COMs in the ISM. In order to investigate this option,
Fig. 7 compares the laboratory data with astronomical values as
derived from observations in different astronomical environments.

Observations used in Fig. 7 include several comets (i.e. Hale-
Bopp, Lemmon, Lovejoy and 67P/C6) and hot cores of low-
mass proto-stars (i.e. IRAS16293-2422B, NGC1333 IRAS2A and
NGC1333 IRAS4A) where ices are thermally desorbed. High-mass
proto-stars are here excluded because they are generally character-
ized by a more intense UV field and higher temperatures resulting
in further gas-phase chemistry. Comets form at large radii and are
thought to harbour the most pristine chemical composition of ear-
lier star-forming regions; in other words, they should preserve the
initial pre-stellar ice abundances. Therefore, it is not surprising to
find that the MF/EG and GA/EG ratios for the selected comets and
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Figure 7. An overview of the relative ratios of MF/EG (a), MF/GA (b) and GA/EG (c), derived from astronomical observations reported in the literature.
Observational data are taken from (1) Crovisier et al. (2004), (2) Biver et al. (2014), (3) Le Roy et al. (2015), (4) Goesmann et al. (2015), (5) Jorgensen et al.
(2016), (6) Taquet et al. (2015) and (7) Coutens et al. (2015). The values of GA/EG and MF/EG for comets are presented as upper limits. In the case of
MF/GA this is a lower limit. The shadow areas indicate the ranges of relative ratios taken from exps. 1, 1.2 and 1.3 (hydrogenation only) and exps. 2, 3 and

3.2 (including UV), respectively.

low-mass proto-stars are roughly within an order of magnitude with
respect to each other (Fig. 7).

A first comparison of these data to our laboratory results shows
that (i) observational MF/EG and MF/GA ratios are up to 3 orders
of magnitude higher than found in laboratory hydrogenation exper-
iments of CO:CH;0H mixtures and up to an order of magnitude
higher than experiments that include UV processing; (ii) the obser-
vational GA/EG ratio is found in good agreement (i.e. within an or-
der of magnitude) with our (‘energetic’/’non-energetic’) laboratory
data, although hydrogenation experiments seem to reproduce better
observations. As stated in previous sections, the lack of formed MF
in the hydrogenation experiments comes from the chosen initial
ice composition that does not include H,CO. Results from Chuang
et al. (2016) show that the MF/EG and MF/GA ratios obtained
from hydrogenation experiments of H,CO-containing ices are sim-

ilar to those from the experiments involving UV photolysis shown
here. Therefore, COM relative ratios are ice composition dependent
in laboratory hydrogenation experiments, more so than for UV-
photolysis studies because of the higher amount of radicals formed
in the latter process. Simple cold cloud astrochemical models can
then be used as a tool to better compare hydrogenation experiments
with observations. The astrochemical models described in Cuppen
et al. (2009) and Fedoseev et al. (2015) extend the CO hydrogena-
tion scheme as studied in laboratories to dense cloud timescales and
conditions. Fedoseev et al. (2015) in their model included the for-
mation of simple ice molecules as well as GA and EG, but not MF.
Their results on GA/H,CO and EG/CH;OH ratios were concluded
to be in good agreement with observations of a solar-type proto-star
(IRAS 16293-2422). This is a strong indication that GA and EG are
efficiently formed in the solid phase through ‘non-energetic’ surface
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reactions in CO-rich ices, while MF formation most likely involves
both ‘energetic’ and ‘non-energetic’ mechanisms in the solid phase
and may even require some additional gas-phase route (Taquet et al.
2015).

A closer look at Fig. 7 shows that ground-based observations,
i.e. C/1995 O1-(Hale-Bopp) in Crovisier et al. (2004), C/2012 F6
(Lemmon) and C/2013 R1 (Lovejoy) in Biver et al. (2014), yield
upper limit MF/EG ratios of 0.3—0.7 and an upper limit of GA/EG of
0.1-0.2 that are in good agreement as found in the UV-photon irra-
diation experiments by a factor of ~3 (exps. 2-3 and 3.2, MF/EG =
0.3-0.4 and GA/EG = 0.5-0.6). The MF/GA = 2 value for comet
Hale-Bopp is higher than the experimental UV irradiation results
(0.6-0.7), by a factor of ~3. Although speculative, such a dif-
ference may be due to a detection issue; Crovisier et al. (2004)
indicated that their upper GA limit may have been underestimated.
Another possible explanation is linked to the higher gas-phase re-
active nature of GA (Hollis et al. 2001). This would cause GA to
be further consumed, decreasing its overall abundance. However, in
situ detections, like with ROSINA (Le Roy et al. 2015) or COSAC
(Goesmann et al. 2015), measuring coma abundances and surface
dust compositions for comet 67P provide complementary data. The
resulting MF/EG = 5-9 value indicates that MF is more abundant
than EG, which is not consistent with other comet observations.
Given the different desorption temperatures of MF, EG and other
COMs, Le Roy et al. (2015) proposed that the detection of the coma
composition depends on the comet surface temperature. This value
varies with the comet’s orbit and therefore it is not a good refer-
ence; MF, for example, desorbs at lower temperatures than EG. In
the COSAC passive measurements, the GA/EG value is ~2 (with
an accuracy factor of ~2). A similar value is only found in our study
for the pure hydrogenation result in exp. 1.3 (GA/EG = 2). This
is consistent with the picture that comets preserve their pre-stellar
COM composition as formed upon hydrogenation reactions in the
solid phase. The unambiguous MF detection by COSAC still needs
to be confirmed. More recently, cometary ice models, including re-
actions proposed here, suggest that the abundance of GA is larger
than that of MF (Drozdovskaya et al. 2016). The MF/GA ratios in
the COM Torus model by Drozdovskaya et al. (2015) consider GA
formation routes via H-atom additions.

GA, MF and EG, were detected for the first time toward a solar-
mass proto-star by Jgrgensen et al. (2012) using ALMA. Observa-
tions toward IRAS 2A and 4A also report the presence of these three
COMs (Coutens et al. 2015; Taquet et al. 2015). The abundance of
MF in these low-mass proto-stars is found to be higher than GA
and EG, resulting in ratios of MF/GA and MF/EG larger than 1,
i.e. roughly one order of magnitude higher than the experimental
results presented here. The aforementioned GA gas-phase destruc-
tion rate and the MF enrichment through gas-phase chemistry upon
CH;3O0H sublimation could contribute to the observed enhanced
MF/GA ratio (Balucani et al. 2015; Taquet et al. 2016). Concern-
ing the GA/EG ratio in low-mass proto-stars, Coutens et al. (2015)
proposed a value of 0.2 for IRAS 2A, which is of the same order
of magnitude as found in exps. 2, 3 and 3.2 (0.5-0.6). The latest
updated IRAS 16923B observations (Jgrgensen et al. 2016) show
a GA/EG ratio of 0.3, consistent with our UV-photon experiments,
while still keeping a high abundance of MF.

As stated in Section 1, the comparisons discussed here have to be
considered with care. It should be stressed that an abundance ratio in
the gas phase does not necessarily reflect that from precursor species
in the solid state, especially in cold clouds where thermal desorp-
tion, a relatively smooth process, is not possible and other processes
are at play. Photo-desorption, for example, can induce substantial

fragmentation (Bertin et al. 2016). This will hold for most COMs;
however, the ratio of the species that are desorbed without disso-
ciation, in the end, may be representative again. Species may also
desorb upon local hot spot formation, due to reactive desorption,
i.e. using excess energy generated in a surface reaction, or upon the
interaction between the ice grain and a CR. This will clearly influ-
ence abundances of species that are formed in first or higher order
reaction steps. Moreover, we have focussed here on CO:CH;0H =
4:1 ices, neglecting H,CO in the initial mixtures. It has been shown
that formaldehyde-enriched ices are more effective in the forma-
tion of MF and that other astronomically relevant mixing ratios can
lead to different COM formation ratios. Nevertheless, our results
strongly support the hypothesis that interstellar solid MF, GA and
EG (as well as probably other O-rich COMs) are formed at the
same time in a CO ice during and after the catastrophic freeze-out
of CO molecules in star-forming regions through a combination of
‘energetic’ and ‘non-energetic’ mechanisms.

5 CONCLUSIONS

In this work, we present for the first time a quantitative study that
compares the influence of pure hydrogenation, pure UV irradiation
and both hydrogenation and UV irradiation of CO:CH;OH = 4:1
ice mixtures at experimental settings and exposure doses typical for
the timeframes associated with the CO freeze out stage during the
dense cloud collapse. We derive from the laboratory experiments a
number of physical chemical dependences:

- Upon hydrogenation of CO-rich ices, MF, GA and EG are
formed and their relative formation efficiencies depend on the ef-
fective H-atom/(CO:CH;OH) deposition ratio as well as the used
accretion rate of the involved species.

- Whereas GA and EG are formed quite efficiently, MF is pro-
duced in much lower abundances in experiments without UV,
mainly because the amounts of H,CO are low. As a consequence,
the formation of the CH;O radical is limited, whereas this has been
found to be a primary precursor in the formation of MF.

- Upon UV irradiation, MF, GA and EG are formed (as well
as several other COMs), but now MF is produced more efficiently
as in this energetic scheme additional reaction pathways become
accessible.

- In the combined H-atom and UV-photon exposure study, rad-
icals formed upon photolysis are further hydrogenated; this de-
creases the overall formation efficiency but does not qualitatively
affect the relative abundances.

- The formation ratios for MF:GA:EG for the three different types
of experiments and a number of selected settings are summarized
in Table 1 and Fig. 1. These roughly range from 0:0.2-0.4:0.8-0.6
for pure hydrogenation to 0.2:0.3:0.5 for pure UV photolysis and
combined hydrogenation and UV photolysis.

The astronomical take home message of these findings is that

- The different formation ratios for MF:GA:EG offer a diagnostic
potential to derive the formation origin of these species in the solid
state in different environments in space (Fig. 7).

- Specifically, the GA/EG ratio observed in comets and in solar-
mass proto-stars is consistent with the laboratory values derived for
CO-rich ices in the hydrogenation, UV photolysis and combined
experiments, and hints at pure solid-state formation pathways.

- Observed ratios involving MF (MF/GA and MF/EG) are not
well reproduced in the laboratory experiments; typically we see
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less MF formed in the solid state than observed astronomically in
the gas phase.

- Future experiments also adding H,CO in the CO:CH3;OH mix-
ture may result in MF/GA and MF/EG ratios that are closer to the
astronomically data currently available. If not, this may imply that
MF in the ISM may also be formed in other ways, e.g. by gas-phase
reactions.
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APPENDIX

The substitution of Ar by H, results in similar formation yields
for MF, EG and GA with relative abundances, 0.71, 0.74 and 0.66,
respectively, that are slightly higher (i.e. within their experimental
errors) than those in exp. 3.2 (right-hand panels in Fig. 5). Therefore,
the most likely explanation for a clear COM reduction in exps.

0 20 40 60 80
Ar(H,) % of exp. 4.1

Figure A1. Comparison of the integrated intensities of MF (upper panel),
GA (middle panel) and EG (lower panel) obtained by TPD QMS for different
Ar (Hy) flux in exps. 2, 3, 3.2 and 3.3 and for the controlled experiments of
CO + CH3O0H + Ar + UV (exps. 4.1-4.3). The integrated intensities are
normalized for the total amount of carbon-bearing molecules observed prior
to TPD and then each of them is normalized to their maximum yield.

3.2 and 4.1 is that the presence of H, (or Ar) causes physical
segregation of the reactants reducing the recombination probability
of HCO, CH,OH and CH;O radicals to form complex molecules.
Furthermore, the segregation effect seen when using Ar instead
of H, is confirmed by varying the Ar deposition rate, i.e. 100,
70 and 30percent of the Ar flux used in exp. 4.1, respectively
(see Fig. Al; exps. 4.1-4.3). As shown in Fig. A1, the higher Ar
flux gives less COM production efficiency. In exps. 4.2 and 3.3,
the chosen Ar and H, flux is the same as the flux of incomplete
dissociated H, in exp. 3. The difference in COM yields shown in
Fig. Al between exps. 3 and 4.2 as well as 3.3 is purely due to the
H-radical recombination forming simple species through reactions
(6-7). Although less likely, minor differences between exps. 3.2
and 4.1 can be due to H atoms produced by the photo-dissociation
of H,. However, in the gas phase, the direct photo-dissociation
of H, does not occur for photon energies below 11.27 eV. This
makes the photo-dissociation of H, an unlikely scenario under our
experimental conditions.
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