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ABSTRACT

Context. Detection of molecular oxygen and prediction of its abundance have long been a challenge for astronomers. The low abun-
dances observed in few interstellar sources are well above the predictions of current astrochemical models. During the Rosetta mis-
sion, an unexpectedly high abundance of O, was discovered in the comet 67P/Churyumov-Gerasimenko’s coma. A strong correlation
between O, and H,O productions is observed, whereas no such correlation is observed between O, and either of CO or N,.

Aims. We suggest that the O, molecule may be formed during the evaporation of water ice. We propose a possible reaction: the
dismutation of H,O, (2 H,0, — 2 H,0 + O,), a molecule which should be co-produced during the water ice mantle growth on dust
grains. We aim to test this hypothesis under realistic experimental conditions.

Methods. We performed two sets of experiments. They consist of producing a mixture of D,O and D,0, via the reaction of O, and
D on a surface held at 10 K. The first set is made on a silicate substrate, and explores the limit of thin films, in order to prevent any
complication due to trapping during the desorption. The second set is performed on a pre-deposited H,O ice substrate and mimics the
desorption of mixed ice.

Results. In thin films, O, is produced by the dismutation of H,O,, even at temperatures as low as 155 K. Mixed with water, H,O,
desorbs after the water ice sublimation and even more desorption of O, is observed.

Conclusions. H,0,, synthesised during the growth of interstellar ices (or by later processing), desorbs at the latest stage of the
water sublimation and undergoes the dismutation reaction. Therefore an O, release in the gas phase should occur at the end of the
evaporation of ice mantles. Temperature gradients along the geometry of clouds, or interior of comets, should blend the different
stages of the sublimation. Averaged along the whole process, a mean value of the O,/H,O ratio of a few percent in the gas phase

seems plausible.

Key words. astrochemistry — methods: laboratory: molecular — comets: general

1. Introduction

The recent in-situ measurements of the Rosetta Orbiter Spec-
trometer for Ion and Neutral Analysis (ROSINA) mass spec-
trometer onboard Rosetta have unveiled very large O,/H,O
ratios in the coma of comet 67P/Churyumov-Gerasimenko
(Bieler et al. 2015). Values fluctuate in time and range from 1%
to 10%, with an average at 3.8 + 0.8%. Rubin et al. (2015) deter-
mined a value of 3.7 + 1.7% for comet 1P/Halley, from a reanal-
ysis of measurements performed with the Neutral Mass Spec-
trometer onboard Giotto. Therefore O, seems to be a common
component outgassing from comets.

These results contrast with the very low level of O, previ-
ously measured in the interstellar medium (ISM; Larsson et al.
2007; Goldsmith etal. 2011; Liseau et al. 2012; Yildiz et al.
2013), and with the low upper limit observed in other galax-
ies (Kanekar & Meier 2015). The different media show an
O, abundance generally lower than that predicted by mod-
els, even if significant progress in modelling has been made
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(Hincelin et al. 2011; Melnick & Kaufman 2015). Abundances
of O, are also very low in planetary atmospheres (Hall et al.
1995; Johnson et al. 2006), although physical conditions and
processes at play are very different from those in comet nuclei.

For comets and in some of interstellar regions the link
of the O, molecule with water desorption is well established
(Goldsmith et al. 2011). However, N, and CO behave differ-
ently from O;. A strong correlation between O, and H,O num-
ber densities was observed in 67P’s coma, whereas CO and
N, show much less of a correlation with O, due to significant
production from poorly illuminated regions (Bieler et al. 2015;
Rubin et al. 2015). The binding energies of CO (volatile) and
H,0 are very different, and the absence of correlation between
these two molecules is an unsurprising consequence of the dif-
ferent sublimation rates.

However, from an experimental point of view, O, and
CO (or N;) present similar desorption properties, including
their trapping in pores of ice (Collings et al. 2004). Although
Noble et al. (2015) have shown that they compete during the des-
orption phase, CO and O, initially mixed in water should have
globally the same desorption behaviour, and therefore the same
correlation with water. This is, however, not what is observed.
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Fig. 1. H,O formation network in the solid phase. Red arrows: O ad-
dition. White arrows: H addition. Solid arrows: no (or not measur-
able) barrier to reaction. Dotted arrows: barrier to reaction. See also
Lamberts et al. (2014).

Despite some trapping capability of porous ices, the desorption
of most volatile species can happen prior to the ice desorption.
This can be observed in experiments in which a low heating
rate allowing an efficient diffusion of species into the ice is used
(Noble et al. 2012). Therefore O,, N,, and CO productions, led
by their thermal history, should be correlated if they were present
initially in the comets ice.

Oxygen and hydrogen are the most abundant reactive
elements, and their chemistry generates the most abundant
molecules in the Universe, both in the gas phase (H,), and in the
solid phase (H,O). These two molecules are thought to be cat-
alyzed by the surface of cold (10—100 K) dust grains composed
of silicates or carbonaceous materials. Recently, laboratory ex-
periments have demonstrated that water is easily formed from
O atoms (Dulieu et al. 2010; Jing et al. 2011), but also from O,
(Oba et al. 2009; Ioppolo et al. 2010; Chaabouni et al. 2012) or
even O3 molecules (Mokrane et al. 2009; Romanzin et al. 2011)
by addition of H atoms. The presence of O, O, and O3 at ob-
servable abundances on the surface of grains during ice growth
is unlikely because of their high reactivity. Due to hydrogenation
one expects an efficient transformation to H,O. Water can also
be produced by the reaction of H, and OH (Oba et al. 2012). The
network of solid-state reactions of water is displayed in Fig. 1.
Water is easily formed in many ways, and since it is the most sta-
ble (i.e. non reactive) species, it is the natural endpoint of the O
and H chemistry. However, we notice that especially when start-
ing from O, molecules, direct addition of two H atoms may lead
to the formation of hydrogen peroxide. The molecule H,O; is
even the most abundant to be formed in the case of pre-deposited
multilayers of O, followed by H exposure (Miyauchi et al. 2008;
Toppolo et al. 2008). Once formed, H,O, molecules can slowly
evolve towards water, but the H,O,+H reaction has an activa-
tion barrier, and must proceed via quantum tunneling (Oba et al.
2014). It is unlikely that we find O, mixed in the ice mantles be-
cause of its reactivity. In contrast, its main products H,O or H,O,
are very abundant in ice mantles and their ratio (H,O,/H,0) is
determined by the degree of hydrogenation, or more exactly by
the surface H/O ratio during their formation. H,O, can also be
formed from energetic post processing of H,O (Westley et al.
1995), although the ratio H,O/H, O is an equilibrium depending
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Fig. 2. TPD of 1 ML O, reacting with 6 ML of D atoms, on a silicate
substrate held at 10 K. Red squares: O, signal; blue circles: D,0O signal;
black triangles: D, 0O, signal. Inset: O,/D,0; ratio.

on the irradiation conditions (Loeffler et al. 2006). Observational
constraints put the upper limit of the H,O,/H,O ratio to be
around 10% (Smith et al. 2011) in ice mantles.

In this paper we investigate the possibility of the O, molecule
being produced during the desorption phase (i.e. the subli-
mation) of the water. This could happen because of either
the dismutation or disproportionation of H,O,. Disproportion-
ation/dismutation is a specific type of redox reaction in which
a species is simultaneously reduced and oxidised to form two
different products. In our context it is the following reaction:

2H,0, — 2H,0 + 0. 1

However, even though this reaction is well known at room tem-
perature, or even bio-catalysed, it has yet to be tested in condi-
tions relevant to astrophysical environments. Once the efficiency
of this reaction is shown, we will discuss if this process can
explain the large O,/H,O ratio observed in the coma of comet
67P/Churyumov-Gerasimenko.

2. Experiments

The experiments were performed using the FORMOLISM set-
up (Congiu et al. 2012). It is composed of a main UHV cham-
ber, in which a temperature-controlled (6—400 K) sample holder
is located. One atomic D beam and one O, beam are aimed
at the sample made of amorphous silicates for the first set of
experiments. This sample was obtained by thermal evaporation
of San Carlos olivine (Mg; gFe(,Si04) onto a gold-coated sub-
strate (I cm in diameter). The surface density of adsorption
sites is about the same as that found on compact ice samples
(Noble et al. 2012). Sample preparation and surface analysis are
described extensively in Djouadi et al. (2005).

For the second set of experiments, the substrate is covered
with an amorphous solid water ice (ASW) mantle with a thick-
ness of about 25 monolayers. One monolayer (ML) corresponds
to 10" mol/cm?. This ASW is compact because it has been
formed at 110 K, before being cooled to 10 K, the temperature
where both O, and D are deposited. We use a D beam in order to
distinguish the D,0O and D,0, formed by beam deposition from
constituents of the substrate made of H,O. Details of procedures
can be found in Chaabouni et al. (2012).
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Figure 2 shows the thermally programmed desorption (TPD)
of products made after exposure of 1 ML of O, with 6 ML of
D atoms, sent on the silicate substrate held at 10 K. This pro-
portion of reactants has been chosen to maximise the D,0, pro-
duction, which in this case leads to similar abundances of D,O
and D,0,. The TPD technique consists of increasing the tem-
perature of the substrate linearly, and monitoring the desorp-
tion profile of all products with a quadrupole mass spectrom-
eter located in front of the sample. The heating ramp is 10 K
per minute. The desorption of O, occurs in two steps. The first
one, at around 40 K, is the O, thermal desorption peak (un-
reacted O, molecules). The second step of O, desorption ap-
pears after the surface temperature has reached 175 K. This part
of the signal is not due to any contamination or cracking pat-
tern, but is the demonstration that O, is produced on the sur-
face at this temperature. The water formed (D,0O) is desorbing at
around 150 K, and but no codesorption of O, is observed. The
codesorption could have originated from the O, present at 10 K
and trapped by water, then freed during its desorption. The ab-
sence of codesorption demonstrates that the trapping mechanism
is inefficient for such thin ices (less than a layer of D,O+D,0;
formed). Furthermore there is a desorption tail of D,O at tem-
peratures higher than 150 K which is not present if the same
amount of D, 0O is simply deposited (and not formed). This signal
is also due to the transformation of a product of the O,+D reac-
tion, which occurs at high temperatures. D,0O, desorption starts
once all the water has desorbed, because of its higher binding
energy (Loeffler & Baragiola 2011) to the silicate substrate. The
D,0/D,0; ratio is close to unity in the 180-210 K region. The
inset in Fig. 2 shows that above 180 K O,/D,0; is rather constant
with a mean value of 0.4. This is close to half of the D,O/D,0,
ratio, taking into account the error bars.

We interpret the second desorption peaks of O, and D,0 in
the temperature region of the D, O, desorption as the signature of
the dismutation of water peroxide into water and molecular oxy-
gen. The stoichiometry (2 H,O for 1 O,) is also respected. The
dismutation of water peroxide is a well known process occurring
during the evaporation of H,O, under atmospheric conditions or
on metallic surfaces (Giguere & Secco 1954). Our experiment
shows that the dismutation can be efficient even at the temper-
ature of ice sublimation under vacuum. Moreover, we point out
that the dismutation rate is comparable with the desorption rate.
We note that the dismutation efficiency increases with the tem-
perature especially between 155 and 180 K, before being stable.
In these late conditions of desorption, the D,O, dismutation is
as probable as the desorption, in our sub-monolayers conditions.

The second set of experiments was performed on a pre-
deposited H,O compact ASW of 25 ML of thickness. Therefore,
we expect a H;O/D,0O; ratio of about 5% at the end of the expo-
sure of reactants. This is more representative of the water formed
in the ISM, although the results may become harder to interpret.
Thanks to the use of D, it is possible to disentangle between
the molecules originating from the substrate and the molecules
formed. Before the desorption phase, proton exchange is taking
place (Scott Smith et al. 1997). Therefore, D0, is mainly de-
tected as HDO,, and D, 0O is also detected as HDO. For sake of
simplicity, we give no further details of how we treat the proton
exchange in this article.

Figure 3 shows the desorption of mass 32 (O,). Here again,
there is an initial desorption at about 40 K (not represented),
but no codesorption between 130 and 150 K, and no volcano ef-
fect at the crystallization point at 145 K. This is due to the fact
that the substrate is compact and therefore the trapping mecha-
nism is very reduced. However, there is a sudden release of O,
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Fig. 3. TPD of 4 ML O, reacting with 6 ML of D atoms, on a silicate
substrate held at 10 K pre-covered with 25 ML of ASW. Top panel:
HDO (blue circles), O, (red squares), and HDO, (black triangles). HDO
and O, curves are offset for clarity. Bottom panel: HDO (blue circles)
and H,O (cyan circles) TPD signals. The HDO signal has been rescaled,
in order to make the dynamics apparent.

at 155 K, exactly when the water signal is starting to decrease.
For multilayer samples, the decrease of TPD signals is due to the
reduction of the surface density of adsorbates; in other words, it
happens when the desorbing ice is thinner than a single layer. So
the 155 K desorption of O, is due to O, locked (or formed) below
the H,O ice. The sudden release of O, at 155 K is not accompa-
nied by a D,0; signal, but is coincident with a high desorption
rate of D,O which corresponds to just over twice the O, rate.
Here again the origin of O, should be the dismutation reaction,
because any trapped O, should have desorbed earlier during the
crystallisation of the water. However, we have to explain why it
happens at the very end of the water sublimation, and not before.
This is probably due to the fact that the substrate may catalyze
the dismutation reaction, or due to the fact that the dismutation
reaction requires high concentration of H,O,, both of which hap-
pen only when most of the water has left the surface.

The late desorption signal (above 160 K) of H,O, O, and
D,0, is similar to that observed in a thin layer, except for the
H/D composition. Both HDO, O, and HDO, are codesorbing
with the same ratios as in the previous experiment. The absence
of D,0 signal at temperatures higher than 160 K, is due to the
prior proton exchange. A desorption tail of mass 19 (HDO) is
observed instead between 160 and 200 K very similarly to the
desorption of mass 20 (D,0O) obtained in experiments made di-
rectly on silicates (Fig. 2), because there is no proton scrambling
with the substrate in this case.

In the first set of experiments, the dismutation efficiency is
about 50%, whereas in the second experiment it is close to unity
at 155 K, the end of water sublimation.

3. Discussion

In astrophysical environments solid H,O and H,0O, are cor-
related. In Mars’ atmosphere, models including heteroge-
neous catalysis better reproduce the observed abundance ratios
(Encrenaz et al. 2015). In the ISM, because of their common for-
mation pathways on dust grains, H,O and H,0, are believed
to have a common chemical origin. In most of the current as-
trochemical models (Tielens & Hagen 1982; Taquet et al. 2012;
Du et al. 2012), a value of a few percent for the H,O,/H, O ratio
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is calculated. This is in line with the upper values of 9 + 4%
observed in interstellar ices by Smith et al. (2011).

Though less obvious, the link between O, and H,O, in ISM
has also been established by Parise et al. (2014). Both O, and
H,0, are overestimated in models and are very elusive to ob-
servers, except for the p Ophiuchus A core. In this region, dust
grains are warm enough to desorb water ice and thus keep a sig-
nificant fraction of elemental oxygen in the gas phase, with a
significant fraction as O, as stated by Goldsmith et al. (2011).
p Oph A is also the only region where positive detection of
H,0, has been done (Bergman et al. 2011). Coincidence or not,
the measured O,/H,O, ratios are identical in the ISM and in
the coma of 67P/Churyumov-Gerasimenko. The H,0,/O; ratio
is rather low in both cases, with a relative value of 6 x 10~*
(Bergman et al. 2011; Bieler et al. 2015).

Our second experiment clearly demonstrates that the des-
orption of a mixture of H,O,/H,O at a relative concentration
of about 5% is able to produce O, and its sudden release into
the gas phase at the end of the water desorption. A reasonable
initial concentration of H,O, of 7% would give the 3.5% of O,
detected in the comet. However, if the link between O,, H,O
and H,0O, seems established by our experiments and corrobo-
rates the role of the water desorption in the observation of O,
the ratio H,0,/0, of 6 x 10~ observed in astrophysical media
is clearly not matched in our experiments. To achieve such a ra-
tio, the dismutation reaction should be almost complete. In our
experiments, efficiency is about 50% for thin films, although the
reaction can almost be complete at the very end of water des-
orption. Loeffler & Baragiola (2011) have studied the isother-
mal desorption of H,O,/H,O mixtures and have demonstrated
that the phase separation is obtained at 151.6 K. As a conse-
quence, in our experiments the transportation of D,0O, (initially
on the top of the 25 layers of H,O) through the ASW film dur-
ing the desorption must take place. Moreover the dissociation of
the D,0,:H,0O complex should favour a sudden increase of the
D,0; concentration close to the sample surface and therefore
enhances the dismutation reaction. This is one of the possible
explanations for the O, and D,O burst at 155 K, the end of the
water desorption.

In our experiments, H,O, has two possible evolutions: either
it desorbs or it reacts. Obviously, the longer molecules stay on
the surface, the higher the temperature increase and therefore,
the higher their probability of reacting. In the experiments on
silicates, the H,O, desorption is not delayed due to the absence
of any H,O ice cap, and as a consequence the desorption route is
maximised and the reaction one minimised. In other words, thin
film condition reduces the dismutation reaction efficiency; our
experiments correspond to the lower limit of its efficiency (few
tens of percent).

Thicker ice layers need more time to sublimate and this
increases the interaction time of H,O, with itself. If the tem-
perature is increasing (like in our experiments) the desorption
temperature is also increased, and therefore the reaction can pro-
ceed at higher temperatures. We note that the free desorption
of HyO, begins at about 150 K in the first set of experiments,
but only at about 155 K in the second set of experiments. The
excess O, signal can be enhanced by this delayed desorption.
At higher temperatures (>180 K, inset of Fig. 2), the dismuta-
tion is favoured, even if the concentration of H,O, is low be-
cause of its previous partial desorption. Therefore any effect that
would increase the H,O, interaction time, or the H>O, subli-
mation temperature (such as a delay by a thick cap of ice) will
favour the dismutation reaction. Cometary ices are believed to
be of very large thickness. Brown et al. (2012) were able to per-
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form their experiments at 207 K by using a meter sized sam-
ple and mimicking water sublimation of comets. Even if the
detail is beyond the scope of this paper, we add that the total
efficiency of two competing mechanisms such as reaction and
desorption, both of which follow Arrhenius’s laws are very de-
pendent on the heating rate. A fast heating (as in our experi-
ments 10 K/min) favours desorption, whereas a very slow heat-
ing (ISM < K/century, 67P comet < 0.2 K/min) favours the
diffusion, and therefore enhances the reactivity.

Even if the hypothesis of a possible complete dismutation of
H,0; has still to be explicitly demonstrated by a more complete
set of experimental investigations, a transposition to more as-
trophysically relevant conditions, such as lower heating rate and
thicker ice layers would increase our measured high efficiency.

Furthermore our experiments clearly show that some reac-
tions can proceed during the water ice sublimation. Other reac-
tions could also be precursors of molecular oxygen. For exam-
ple, OH+OH has many possible chemical ends, like O,+H, or
H,0+0. The molecules O,H+OH probably react in O,+H,O.
Therefore, any trapped O,H, molecules in water ice, originating
from the non total hydrogenation during the water mantle
growth, or by later energetic processing (i.e. UV photons,
ions...), have a chance to react during the duration of the des-
orption of the water. The role of water bulk in reactions between
complex molecules is now commonly accepted (Fresneau et al.
2014), even if reactions usually take place before water des-
orption. As far as the composition of the ice components is a
pure dark cloud chemistry (with low UV and few energetic pro-
cesses), the slow building of the ice should keep the number
of such reactive (i.e. OH,) molecules relatively low. The ob-
served ice composition does not reveal large reservoir of such
candidate (<1% of H,0O). Therefore the contribution of these
other molecules to the production of O, should complement the
H,0O, dismutation but should contribute less.

Comets and asteroids undergo solar winds and light. High
energy particles change the chemical composition of the ice, and
therefore radicals can be implanted later in ice. But here again,
because the major compound of ice is water, the concentration
of radicals cannot reasonably be in excess of a few percent of
the ice composition. In their paper about ion implantation in wa-
ter ice, Gomis et al. (2004a,b) have observed hydrogen peroxyde
production. The H,O, formation rapidly reached the equilibrium
between formation and destruction at a value of about 1 to 6%
of the water matrix. Here we note that if water has been pro-
cessed by solar winds in its solid phase before its desorption in
the atmosphere of the comet, the H,O, abundance should be in
this 1-6% with respect to the H,O range. The dismutation of
H,0,; during ice desorption would also help to understand the
low abundance of H,O, measured in the comet atmosphere.

Our experiments follow very simply and chronologically a
linear temperature ramp. This is not similar to conditions of wa-
ter sublimation in astrophysical environments. On the surface
and in the depth of cometary nuclei, there are huge gradients
of temperature, and the desorption of water or other molecules
is spatially inhomogeneous and subject to diurnal variation
(e.g. Bockelée-Morvan et al. 2015; Lee et al. 2015; Le Roy et al.
2015; Migliorini et al. 2016). Topological and geological diver-
sity makes a comet a very rich but inhomogeneous medium. Fur-
thermore volatile materials can come from below a large cover
of dust, and have the possibility to freeze again on the external
surface during the comet’s night (De Sanctis et al. 2015).

In order to directly apply desorption experiments to comets,
we should sum up experiments at all stages of their thermal
regimes. Cold deep parts of the comets would correspond to
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Fig. 4. Simplified schematic view of the gradient of temperature due to
the inhomogeneous and time dependent solar illumination. Illustration
of the spatially differenced origin of the desorbing molecules.

desorption of high volatility molecules (CO, N,), higher tem-
perature regions would correspond to water desorption, with O,
release due to H,O, dismutation occurring at the end of water
desorption. Figure 4 illustrates this simple picture of the differ-
entiated origins of molecules desorbing from a comet. Thus, de-
pending on the extension of the water sublimation region, both
H,0 and O, should be correlated. However, because of their very
different temperature of desorption regime, and so because of
their different geographical origin, CO and N, should follow an-
other time dependency.

4. Conclusion

Both in ISM and in comets, the presence of the elusive
0O, molecule seems to be linked to H,O sublimation. During its
formation in prestellar cores, water ice can be incompletely hy-
drogenated and a fraction of water peroxide, as high as 7%, can
be incorporated in the ice mantle. After a long journey, water ice
can sublimate from a comet, or from some specific illuminated
cores such as p Oph A, and its water peroxide component may
self-react, being transformed into water and O,, provoking an
apparent coincidence of molecular oxygen and water vapor. Our
experiments show that the dismutation of H,O, before its des-
orption can be efficient even at very low temperature, although
more investigations should be done to demonstrate that it can
be complete, to match the observational high ratio of molecular
oxygen versus water peroxide.
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