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1 INTRODUCTION

ABSTRACT

Selective depletion towards pre-stellar cores is still not understood. The exchange
between the solid and gas phases is central to this mystery. The aim of this paper is to show
that the thermal desorption of O, and CO from a submonolayer mixture is greatly affected by
the composition of the initial surface population. We have performed thermally programmed
desorption (TPD) experiments on various submonolayer mixtures of O, and CO. Pure O, and
CO exhibit almost the same desorption behaviour, but their desorption differs strongly when
mixed. Pure O, is slightly less volatile than CO, while in mixtures, O, desorbs earlier than
CO. We analyse our data using a desorption law linking competition for binding sites with
desorption, based on the assumption that the binding energy distribution of both molecules is
the same. We apply Fermi—Dirac statistics in order to calculate the adsorption site population
distribution, and derive the desorbing fluxes. Despite its simplicity, the model reproduces the
observed desorption profiles, indicating that competition for adsorption sites is the reason for
lower temperature O, desorption. CO molecules push-out or ‘dislodge’ O, molecules from the
most favourable binding sites, ultimately forcing their early desorption. It is crucial to consider
the surface coverage of dust grains in any description of desorption. Competition for access
to binding sites results in some important discrepancies between similar kinds of molecules,
such as CO and O,. This is an important phenomenon to be investigated in order to develop a
better understanding of the apparently selective depletion observed in dark molecular clouds.

Key words: astrochemistry —molecular data—molecular processes—methods: laboratory:
molecular —ISM: molecules.

present in excess (Bacmann et al. 2012). Yet others, among them
H,O, are detected in excited states, the reasons for which are not

Star formation occurs in the dense cores of very cold interstellar
clouds, where most volatile species disappear from the gas phase
early in the process (Bergin & Tafalla 2007). The molecules stick to
the surface of dust grains, forming icy mantles. Some species, such
as CO, exhibit heavy depletion, or ‘freeze-out’, in molecular cores
(Caselli et al. 1999; Bacmann et al. 2002; Pagani, Bourgoin & Lique
2012), while other dust tracers, like N,H', remain abundant in the
same regions (Pagani et al. 2007). Certain species which, according
to theoretical predictions, should be present in the gas phase, like
O,, are not detected, while others, such as CH;OCHj5, seem to be
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yet clear (Lis et al. 2013). Overall, the freeze-out process is far
from being understood. An indirect consequence of the freeze-out
mechanism is its possible role in the triggering of the final collapse
phase, required to form and ignite the new star, and thus a better
understanding of these mechanisms would also help to constrain
the age of pre-stellar cores (Honvault et al. 2011).

Although models predict that accretion should lead to all
molecules being frozen on to grains on the time-scale of core
formation, various desorption processes are also active in star
forming regions (Willacy & Millar 1998). In addition to thermal
desorption (e.g. Burke & Brown 2010), other mechanisms such
as photodesorption (e.g. Oberg, van Dishoeck & Linnartz 2009;
Bertin et al. 2013) or chemical desorption (Dulieu et al. 2013) re-
turn molecules to the gas phase despite the low temperature. The
current description of desorption does not, in itself, explain why,
for example, two molecules with identical masses, similar sticking
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coefficients, and comparable multilayer binding energies (Bisschop
et al. 2006), CO and N,, exhibit fundamentally different depletion
behaviour, with N, observed in the gas phase after depletion of
CO (Pagani et al. 2012). Nor does it explain the non-detection
of gas phase O,, except for three low abundance observations:
an upper limit (<5 x 1078/H,) towards the cloud core p Oph
A (Larsson et al. 2007), in emission (~4 x 10~°/H,) towards Orion
KL (Goldsmith et al. 2011), and, most recently, an upper limit
(<6 x 107°/H,) towards the deeply embedded low-mass Class 0
protostar NGC 1333-IRAS 4A (Yildiz et al. 2013). One expla-
nation is that grain surface chemistry plays an important role in
transforming adsorbed molecules, removing small molecules from
the adsorption—desorption cycle by the formation of more complex
species (e.g. Hama & Watanabe 2013). Another may be that the
fundamental processes of adsorption and desorption, governed by
the binding energies of molecules to the bare grain surface or the
icy mantle, have yet to be fully understood. In particular, the roles
of submonolayer coverages and molecular mixtures have not yet
been defined.

Acharyya et al. (2007) showed that, in the multilayer regime, O,
and CO molecular ices have similar binding energies. O, is slightly
less volatile than CO, with a binding energy of 912 £ 15 versus
858 £ 15 K for pure ices. A recent study by Collings et al. (2015)
found comparable values of 902 + 24 and 878 + 36 K, respec-
tively. In the multilayer regime, the mixing of these ices slightly
affects the desorption experiments but seems to have no important
consequences in an astrophysical context (Acharyya et al. 2007).
However, we have previously demonstrated (Noble et al. 2012) the
dependence of the binding energy of these species on the nature
of the underlying substrate and, more importantly, the coverage,
for desorption occurring in the submonolayer regime. For exam-
ple, on a non-porous amorphous solid water (np-ASW) surface,
the effective binding energy of a full monolayer (ML) of CO is
863 K (i.e. equivalent to the multilayer energy; e.g. Acharyya et al.
2007), while at a coverage of 0.1 ML, the effective binding energy is
1307 K, an increase of ~ 50 per cent (Noble et al. 2012). We showed
that the effect is even more marked for an amorphous silicate sub-
strate, where the CO monolayer binding energy is 867 K and the
effective binding energy at 0.1 ML is 1418 K. This coverage de-
pendence was confirmed by Collings et al. (2015), who determined
a desorption energy of 1191-1407 K for 0.06 ML of CO desorbing
from an amorphous silica substrate (compared to 878 K for the full
monolayer/multilayer).

No studies have yet been performed to investigate the effect of
ice mixtures on the desorption characteristics of the species in sub-
monolayer conditions, i.e. relevant to low coverages on interstellar
dust grains.

For the CO molecule, existing largely in the solid state in cloud
cores (Tielens et al. 1991; Whittet & Duley 1991; Chiar et al. 1995;
Pontoppidan et al. 2003), this huge observed variation in the binding
energy will have a dramatic effect on its desorption flux.

Using the standard Polanyi—Wigner equation, the desorption flux
can be calculated as follows:

Gou = AN"e BT (1)

where ¢, is the desorbing flux (ML s~!), A is the pre-exponential
factor, N is the number of adsorbed molecules on the surface (cm™2),
n is the order of the reaction, Ej, is the binding energy (eV), k, is the
Boltzmann constant (eV molecules~! K~!), and 7j is the tempera-
ture of the surface (K). The units of A depend on n: molecules' ™
Cm72+2n S*l .
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Multilayer desorption typically exhibits zeroth-order kinetics,
and the equation simplifies to
¢mu]t _ Ae—E{]‘“““/kag’ 2)

out

while (sub)monolayer desorption typically exhibits first-order ki-
netics, and can be described as

. _ psub :
oy = ANe /T 3)

We make the standard assumptions that one monolayer is com-
posed of 10'3 molecules cm™2, the density of sites on the surface of
compact ice, and that the pre-exponential factor, A, can be fixed at
A=10".

For any number of adsorbed molecules, N, we can calculate the
ratio of the desorbing fluxes in the multilayer regime (1 ML) and
the submonolayer regime (0.1 ML) by

mult
out  _ exp[(E;ub _ Elr)nult)/kaS]. (4)

sub
out

At 10 K, this ratio corresponds to a difference of 19 orders of mag-
nitude in the desorbing fluxes, demonstrating that we must confront
the question of coverage-dependent desorption in interstellar envi-
ronments. However, at 10 K, it is also true that both desorbing fluxes
are so low that thermal desorption cannot be considered as a real-
istic mechanism to replenish the gas phase. When the temperature
rises to 20 K, the ratio is still large (9 orders of magnitude) and the
desorption flux is now relevant to interstellar conditions.

In the laboratory, binding energies are derived from thermally
programmed desorption (TPD) spectra such as those shown in
Fig. 1, adapted from Noble et al. (2012). In this example, vari-
ous (known) doses of CO (upper panel) or O, (lower panel) are
deposited on np-ASW. The experimental TPD profiles (traced with
crosses), which measure the desorption process, exhibit a filling
behaviour, described in detail in Kimmel et al. (2001). To summa-
rize, at a low coverage (small dose), molecules occupy the most
energetically favourable adsorption sites and are tightly bound to
the surface, desorbing late in the TPD at high temperatures (in this
case, between ~40 and 50 K). As the surface coverage increases,
molecules are forced to populate progressively less tightly bound
sites, provoking earlier desorption. This progressive adsorption be-
haviour continues until the first surface layer is complete, at a cov-
erage of 1 ML. Thus, the leading edge of the spectra varies greatly
with the dose and carries information about the surface coverage.
When the leading edge no longer shifts towards lower temperatures,
this indicates that a full monolayer has been deposited. One notable
feature of the submonolayer filling behaviour is that, for a family
of TPD spectra of varying coverages, a common tail is observed
at high temperatures. It is this tail which is key to estimating the
binding energy distribution across the various surface binding sites.

At higher (i.e. multilayer) coverages, the O,—O, interaction be-
comes stronger than the surface—O, interaction, and the leading
edge of the TPD spectra begins to shift back to higher tempera-
tures, with the species exhibiting so-called zeroth-order desorption
behaviour. Simulated zeroth-order desorption kinetics for both CO
and O, are traced in black on Fig. 1, using the energies derived
by Acharyya et al. (2007). Similarly, first-order desorption spectra
are derived for each experimental surface coverage (traced in solid
coloured lines). This figure illustrates the risk of applying multilayer
desorption energies to the kinetics of submonolayer desorption (a
traditional approach in gas—grain models). The simulated TPD spec-
tra reproduce the desorption of the first few molecules at ~25 K
relatively well, but rapidly deviate from the experimental data at
higher temperature, particularly in the case of CO. The simulated
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Figure 1. Pure CO (top) and O, (bottom) desorption profiles of approxi-
mately 0.25 (red), 0.5 (yellow), 0.75 (green), and 1 (blue) ML of adsorbate
from non-porous amorphous water ice (data from Noble et al. 2012). Ex-
perimental data are represented with crosses. Black solid lines represent the
simulated zeroth-order multilayer desorption kinetics, and coloured solid
lines correspond to first-order desorption, simulated using a constant bind-
ing energy (Ep(CO) =912 K, Ep(07) = 858 K; Acharyya et al. 2007), as is
usual in astrophysical models.

spectra rely on describing a complex desorption phenomenon with
a single binding energy, while the (real) measured desorption has
a wide distribution of binding energies. It is important to develop
a simple mathematical description of this energy distribution that
can be integrated into astrochemical gas—grain models, and such a
method has been developed by Amiaud et al. (2015).

It is clear that the coverage of the adsorbed species can greatly in-
fluence the desorption although, of course, there are further physical
and chemical processes which are linked to gas phase abundance
variations. One important variable to consider is the grain surface
chemistry, dominated by diffusion of reactants. In many astrochem-
ical models treating grain surface chemistry, the diffusion energy
is assumed to be a constant fraction (between 0.3 and 0.7) of the
multilayer desorption energy. Therefore, changing the desorption
properties changes the diffusion properties, and thus the chemistry.
In our recent studies of H,O and CO, formation (Dulieu et al.
2010, 2013; Noble et al. 2011; Chaabouni et al. 2012; Minissale
et al. 2013; Minissale, Congiu & Dulieu 2014), we have clearly
demonstrated that CO and O, are important precursors to these two
ubiquitous components of interstellar ices. Now that the key chem-
ical role of these small molecules is understood, it is necessary to
revisit their thermal desorption characteristics in the submonolayer
regime and, importantly, in mixtures relevant to ice mantles on grain
surfaces.

The major aim of this article is to unveil the importance of mix-
tures of surface adsorbates to the desorption characteristics of each
molecular species. In Section 2, we will show that, unlike in the mul-
tilayer regime (Acharyya et al. 2007), the submonolayer desorption

MNRAS 454, 2636-2646 (2015)

Table 1. Values of the deposited dose of O, and CO on np-ASW. One set
is in the submonolayer regime (‘sub’), and second set corresponds to the
beginning of multilayer regime (the total coverage of both deposited species
is greater than 1 ML, ‘multi’).

Type Sub Sub Sub Sub Sub Sub Sub

(0)) 0.4 0.1 0.4 0.7 0.1 0.2 0.3
CO 0.5 0.7 0.4 0.1 0.3 0.2 0.1
Type Multi Multi Multi Multi Multi Multi -
(0)) 0.8 0.5 0.4 0.3 0.7 0.7 -
CO 1.0 0.6 0.7 0.8 0.6 1.0 -

behaviour of O, and CO mixtures is strikingly different to the des-
orption of each individual species. In submonolayer mixtures, O,
desorption occurs at lower temperatures due to the presence of CO,
whereas CO desorption remains effectively unchanged. In Section 4,
we will apply a surface segregation model, developed by Amiaud
et al. (2015), to experimental TPD spectra of mixtures of CO and
O,. The model is able to reproduce the desorption behaviour of
both adsorbates using a simple Fermi—Dirac statistical approach.
In order for our results to be more easily implemented into astro-
chemical models, we also derive effective desorption energies as a
function of initial O, and CO coverages for various mixtures. In
Section 5, we will discuss how these findings change our vision
of the adsorption—desorption process, and show that the range of
dust temperatures where segregation on the grain surface will play
a critical role is rather wide (15-25 K).

2 EXPERIMENTS

All experiments were performed using the FORMOLISM set-up
(e.g. Congiu et al. 2012). A non-porous, compact ASW ice sample
(~50ML) is grown by gas phase deposition on to a gold mirror held
at 110 K. We deposit molecules on the ASW sample held at 18 K
using one triply pumped molecular beam of, alternately, O, or CO
(at a flux of about 3 x 10'?> mol cm~2 s~!). After deposition of both
molecules (for varying times, see below), the sample temperature
is ramped linearly at 10 K min~!. Both molecular signals (m/z
32 and 28) are simultaneously monitored upon desorption by a
Quadripole mass spectrometer (QMS) positioned directly in front of
the surface. Thanks to the use of the molecular beam, there is almost
no parasitic desorption from other parts of the cooling system,
except a tiny, constant signal which is subtracted. The coverage of
each molecule is calibrated by searching for the multilayer feature
(see Noble et al. 2012). CO and O, are alternated in the beam
without any visible effect on the curves. Thus, although a small
pollution (<5 per cent) of one molecular species could be present
in the beam of the other species, it does not affect the results at
all, since (i) the real initial coverage is calculated precisely after
desorption, and (ii) both molecules are well separated by the QMS.
Table 1 details all the experiments performed, which fell into one
of two categories: the ‘sub’ experiments correspond to the situation
where the total coverage of adsorbed molecules is kept below the
monolayer, while the ‘multi” experiments fill the gap between our
‘sub’ experiments and the multilayer conditions already described
by Acharyya et al. (2007).

3 EXPERIMENTAL RESULTS

Fig. 2 shows TPD spectra of an intermediate ‘multi’ case with a total
deposition coverage lower than the previously studied multilayer
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Figure 2. TPD profiles of 1.0 ML of CO (red solid line) and 0.8 ML of
O> (red dashed line) desorbing from np-ASW ice. Calculated leading edges
(black) of CO and O, representing the multilayer regime, and desorption
tails (blue), representing the submonolayer regime of pure gas, are also
represented.

regime (Acharyya et al. 2007) but higher than the submonolayer
regime in our new ‘sub’ study. The total coverage is 1.8 ML (1.0 ML
CO plus 0.8 ML O,). At low temperatures, we see that both CO
and O, have reached the multilayer leading edge. Furthermore, we
see that CO desorbs first, with O, desorbing at higher temperature,
confirming the finding of Acharyya et al. (2007) that CO is more
volatile than O; in the case of multilayer mixtures. The match of
the leading edge is not perfect, however, because with a total of
1.8 ML, the substrate probably still affects the desorption. Also,
in the case of CO, the multilayer regime is known to appear more
clearly above a few multilayers, as can be seen in fig. 1 (upper
middle panel, inset) of Noble et al. (2012). At the highest desorption
temperatures, in the submonolayer regime, we can see two different
desorption behaviours. CO desorbs following its regular desorption
tail, indicating that it is not perturbed by the presence of O,, but O,
does not follow its normal desorption tail, desorbing earlier than in
the case of pure O.

In all other multilayer experiments detailed in Table 1, O, is
pushed towards its multilayer leading edge, desorbing before the
normal desorption tail of pure O,, whereas CO follows its regular
desorption tail (between ~37 and 50 K), confirming its filling be-
haviour. The O, profiles are restricted to the intermediate 25-35 K
temperature window, while CO is quenched in the 37-50 K region.

For the rest of this article, we will focus on the submonolayer
subset of experiments. Fig. 3 shows the desorption of various sub-
monolayer mixtures of O, (dashed lines) and CO (solid lines). Each
colour corresponds to one experiment, and in each experiment the
total surface coverage was kept below the monolayer. The first im-
portant point to note is that, when we consider the whole subset of
submonolayer desorption experiments, we observe an inversion in
the desorption order of O, and CO compared to the multilayer. In
the multilayer regime, CO desorbs first, whereas in the submono-
layer regime, O, desorbs first. We can also observe that, for CO, the
common tail above 40 K is present, almost unperturbed compared
to pure CO desorption experiments (Fig. 1). This means that CO
follows a filling behaviour desorption and seems to be unaffected
by the presence of O,. On the other hand, the tails of the O, spectra
are rather dispersed, and the various spectra no longer share the
common tail observed in Fig. 1, where no CO was perturbing the
O, desorption. The global trend is that the O, molecules seems to
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Figure 3. Submonolayer regime TPD profiles of various mixtures of CO

and O, deposited on a np-ASW substrate. Each colour corresponds to one

experiment. CO and O, spectra are plotted with solid and dashed lines,
respectively.
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Figure 4. Upper panel: 0.1 ML of CO desorbing from np-ASW, in mixtures
with 0.3 (blue), and 0.7 ML (red) of O,. Also shown is the desorption of
0.25 ML of pure CO (black). Lower panel: 0.1 ML of O, desorbing from
np-ASW, in mixtures with 0.3 (blue), and 0.7 ML (red) of CO. Also shown
is the desorption tail of the pure O, monolayer.

desorb earlier, and before the CO molecules. More specifically, it
appears that the more CO is co-adsorbed on the surface, the earlier
the O, molecules desorb from the surface.

The segregation of O, and CO in the submonolayer regime is
highlighted by the examples given in Fig. 4. In the upper panel of
Fig. 4, we see that 0.1 ML of CO follows its ‘pure’ desorption tail
when mixed with 0.3 and 0.7 ML of O,, almost unperturbed by
the relatively large amount of O, co-adsorbed on the surface. The
lower panel of Fig. 4, however, illustrates explicitly the behaviour
of about 0.1 ML of O, in different environments. The dashed green
line shows the normal desorption tail for pure O,, the blue line is O,
co-adsorbed with 0.3 ML of CO, and the red line is O, co-adsorbed
with 0.7 ML of CO. We can see a dramatic shift of the desorption

MNRAS 454, 2636-2646 (2015)
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towards colder temperatures with the addition of CO. Moreover, the
O, traces are clearly not following the ‘pure’ desorption tail.

O, molecules are clearly pushed to less favourable surface ad-
sorption sites by the presence of CO molecules, ultimately resulting
in the earlier desorption of O, during heating. It is important to note
that the molecules of the two species rearrange their positions on
the surface, but none are directly ejected into the gas phase during
the process. This ‘dislodging’ mechanism, where molecules of one
chemical species deplace another on the surface, has been already
encountered in the case of D, and H, mixtures (Dulieu et al. 2005),
and has been discussed in an astrophysical context by Kristensen
et al. (2011). A desorption model was developed in these studies,
capable of reproducing the distortion in the TPD spectra of mix-
tures. It was even applied to the desorption of ortho and para D,
from porous water (Amiaud et al. 2008), allowing the measurement
of a tiny (1.4 meV) difference in the binding energy of the two
states. In the present study, we will apply basically the same model
to the submonolayer data presented above.

4 DESORPTION MODELLING INCLUDING
SURFACE SEGREGATION MECHANISMS

Most models used to reproduce desorption of lab data only deal with
a single molecular species. Sometimes, models consider different
molecules to behave differently (e.g. Fayolle et al. 2011) or are
focused on phenomena such as the reconstruction of the water ice
network and trapping (e.g. Bossa et al. 2014).

For our experiments we need a model that includes both (i) a
binding energy distribution, but also (ii) a redistribution factor for
the two molecules, since they obviously behave differently. Here,
we assume that the substrate is unchanged during the desorption
and is comprised of adsorption sites equally attainable for all of
the molecules. Both molecular species are in direct competition to
populate the binding sites.

4.1 Binding energy distributions

We have previously described in detail the shape of the distribu-
tion of binding site energies, and it has been shown explicitly
(see fig. 4 of Noble et al. 2012) that the distribution depends on both
the type of surface and on the molecule desorbing from it. We can
directly apply binding energy distributions derived in this manner
to describe molecular desorption using an inverted Polanyi—Wigner
equation (Dohnalek et al. (2001), the ‘classical inversion method’).
There are, however, certain assumptions behind the model used to
determine these distributions, that make the distributions inappro-
priate for use in the current study. In particular, it is assumed that
the binding energy (E}) is only dependent on the coverage (6). In
the case where there are two kinds of molecules, the total cover-
age alone is not sufficient to describe the observed experimental
trends. We cannot simply add CO and O,, because CO and O, be-
have differently. Therefore, the binding energy distribution has to
be derived from a law allowing both adsorbates to simultaneously
populate their binding site distributions.

In our previous work on H, and its isotopes (Dulieu et al. 2005;
Amiaud et al. 2006), we used the Fermi—Dirac statistical repartition
law (see Section 4.2 for details) with great success. This approach
is different from all other TPD analyses because the binding energy
is not directly linked to the coverage. The molecules are distributed
across all the different binding sites, but have a different probability
of populating each site. Nevertheless, as for the filling behaviour de-
scription (described above), the most tightly bound sites will be the
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most occupied at the low heating rates we use. As such, the classical
inversion method used previously can be considered as an approxi-
mation of the distribution we would find when taking into account
the Fermi—Dirac distribution. More precisely, the classical inversion
method corresponds to the limit of the Fermi—Dirac distribution for
a temperature of 0 K. In the classical inversion method, we consider
that molecules do not spread over the distribution of sites, or, if
they do so, we calculate an effective binding energy which is only
dependent on the coverage, Ey(0). Using the Fermi—Dirac distri-
bution, we add a surface temperature dependence, Eyrp (75, 0), in
order to calculate an effective energy. The use of the redistribution
of molecules among the different binding sites is supported by the
fact that, close to the desorption limit, diffusion is much faster than
desorption. Usually, the diffusion, Egs, is assumed to be a fraction,
X, of the binding energy, Ey,. Using two classical Arrhenius desorp-
tion and diffusion laws, we find that the ratio between diffusion and
desorption rates is

r(Diffusion)

Ey, — Egigr
r(Desorption)

T ) =exp(l — X)Ep/kyTy. (5)

To give an idea of the order of magnitude, we choose as an ex-
ample E, = 1000 K, T = 30 K, Xpin = 0.2, and X, = 0.8. In this
case, the average number of diffusion hops before the desorption
of a molecule is between approximately 10° and 10'!. Even though
the diffusion is very limited, the number of diffusing events is cer-
tainly high before any desorbing event. Based on this observation,
assuming a thermal equilibrium, as in the Fermi—Dirac distribution,
sounds reasonable.

It is still necessary to determine the shapes which will be used
to define the distributions. For H, and its isotopes, we successfully
proposed that the binding energy distributions of each isotope have
exactly the same shape, shifted in energy by a small amount due
to the zero-point energy. For O, and CO, we cannot use the same
zero-point energy argument. In the case of two different molecules
the question becomes: are the most favourable adsorption sites the
same for CO and for O,? Here, we have indirect experimental
evidence of the fact that it is the surface geometry that imposes the
greatest variation in the binding energy. If CO and O, were not in
competition for the same adsorption sites, but rather each adsorbate
adsorbed preferentially to different geometric sites, there should be
no (or less) competition. Thus, even though it is a large assumption,
we adopt the same hypothesis for CO and O, as used previously
for H, and its isotopes: the binding energy distributions of CO and
O, are almost the same, except that there is a small, global shift
in energy. This means that for each individual adsorption site, the
binding energy of CO is slightly higher than that of O,. We ground
this hypothesis in the observation of the desorbing tails of CO
and O,, represented in blue in Fig. 2. They look roughly parallel,
indicating that there is a global shift in energy.

For both CO and O, the binding energy distribution curves look
very approximately like bells: a flat plateau on the maximum fol-
lowed by a decreasing tail (see fig. 4 of Noble et al. 2012). To
reproduce this shape, we tested first an asymmetric Gaussian dis-
tribution shape, finally choosing a symmetric Gaussian distribution
due to satisfactory results in the model. The binding sites are de-
scribed by a binding energy distribution, approximated here as a
Gaussian function. Hereafter, we will use the simpler E instead of
Ey, to represent the binding energy.

E,—E\’
g(E)=goxeXp—( AF ) (6)
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Table 2. Binding energy distribution of CO and O,.

Molecules E, (K/ky) AE (K/ky)
cO 1100 180
0, 1015 180

where g, is a normalizing coefficient ( fooo g(E)dE = 1), E, repre-
sents the mean desorption energy, and AE the energy spread. g(E)
represents the number of sites between E and E + dE. The condi-
tions of normalization correspond to a full occupation of binding
sites (i.e. coverage equivalent to 1 ML).

We already know that this function will not perfectly reproduce
all experimental features, since the real distribution shapes are not
exactly Gaussian, and particularly since the optimum shapes are
known to be different for each molecule. It is possible to find another,
more precise, mathematical description of the binding sites, as we
did previously (Noble et al. 2012), but here we only wanted to
describe the trend in the effect of co-adsorption, our aim being to
address the question of the competition for adsorption sites.

In summary, we propose that, due to the amorphous nature of the
surface and the disorder in its topology, the binding energy of one
adsorbate is not unique, but rather spread over a Gaussian distribu-
tion. The CO molecule is slightly more bound than O, (—180 K),
but the energy dispersion is the same. The values are reported in
Table 2. We assume that the topological disorder of the surface is the
primary factor responsible for the binding energy spread. Over these
two similar binding energy distributions, we must now distribute the
populations of each molecule.

4.2 Distribution of molecules among the adsorption sites

Here, we assume that the adsorbate is spread over the binding sites
following the Fermi-Dirac statistical equilibrium. For one adsor-
bate, this gives

E—n =
P(E)Zg(E){1+eXP( T >} , @)

where p(E) is the probability for the fraction of the distribution of
sites between E and E + dE to be populated. One can see that it
depends on the chemical potential, ., which in turn is linked to the
total number of adsorbates, N. It can be computed at each step of
the simulation by solving:

/ h p(E)YE = N. (8)
0

Now we simply write the desorption probability. We integrate
the desorption probability over the full binding energy distribution,
weighted by the probability of occupying the given sites, as follows:

o = A /w p(E)e /T dE. ©)
JO

Fig. 5 illustrates the binding energy distribution of CO (in blue),
which resembles a Gaussian curve centred around 1100 K. We also
include two distributions of 0.2 ML of molecules at 7= 10 (black)
and 7 = 35 K (red). We see that the molecules do not occupy
the same sites at different temperatures. For the low temperatures,
the distribution is almost entirely confined to the most bound sites,
approximately down to 1200 K, whereas, for the 35 K distribution
(which corresponds to the temperature where desorption starts to be
measurable in the laboratory), some molecules occupy less tightly
bound sites, down to 1000 K. This occupation, though transitional,
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Figure 5. Total binding energy distribution of CO (blue), with distributions
for 0.2 ML of CO at T = 10 (black) and T = 35 K (red). The red arrow
indicates the energy of maximum desorption at 7 = 35 K.

is very important, because when we determine the sites from which
the desorption originates, we observe that molecules mostly desorb
from these less bound sites. On Fig. 5, a red arrow indicates the
energy of the binding site from which the desorption contribution is
maximal. It is close to 1100 K for this case. It is important to note
that, even though the sites around 1100 K are not highly populated,
they are the main sources of desorption.

Obviously this description of the desorption is much harder to
simulate than the classical inversion method. The results provide
a better match to the pure molecule experiments, especially on the
leading edges of the spectra, but the extra cost seems unnecessary
since the classical inversion method already gives a very satisfactory
description of the desorption. However, using Fermi—Dirac statistics
has the great advantage of providing a distribution of the adsorbates
over the binding site distribution. It is therefore relatively easy to
implement in the case of a mixture of adsorbates. We can rewrite
equation (7) for CO, assuming that the number of sites available,
g(E), is reduced by the presence of the other adsorbate po, (E):

E—pco\)™
)

There is a similar equation for O, and there are two relationships
required to calculate the two chemical potentials wco and pop.
The coupled desorption of both adsorbates is calculated for each
adsorbate, using equation (9), at each step of the simulation. More
details about the model can be found in Kristensen et al. (2011)
and Amiaud et al. (2015). The aim of this article is not to detail the
specifics of the model, but rather to explain its utility in the case of
mixtures.

To summarize, the use of a Fermi—Dirac thermal equilibrium
relies on the hypothesis that the diffusion is sufficiently rapid to
change the distribution of adsorbates during heating. This redistri-
bution significantly influences the effective binding energy and it is
why the binding energy distribution is slightly different than the one
determined with the simpler classical inversion method, which is,
itself, already a far better description of the desorption process than
using a unique binding energy. The Fermi—Dirac analysis method
is physically and computationally sophisticated, with the following
intrinsic properties and advantages:

pco(E, T, jico, po,)

= (8co(E) — Poz(E)){l +exp <
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Figure 6. Four experimental and simulated TPD profiles of different mixtures of O, and CO deposited on np-ASW. Seven such experiments where the total

coverage is less than 0.8 ML have been fitted simultaneously.

(1) The desorption occurs primarily from less energetically bound
sites, despite the population of these sites being statistically low.

(ii) The use of the Fermi-Dirac statistical distribution on the
binding sites tends to broaden the desorption profiles, in particular
making the leading edge of the curves less steep, giving a better fit to
the experimental data. Conversely, the classical inversion method
provides a better fit to the desorbing tails and is less accurate in
mimicking the leading edges.

(iii) As there is a unique distribution law, it is easy to consider
different populations and to deal with their competition.

(iv) The assumption of a thermal equilibrium at experimental
time-scales guarantees that there is no artefact when the results are
transcribed to astrophysical time-scales.

4.3 Comparison between model and experiments

Fig. 6 shows four of the seven submonolayer CO:0, mixtures that
have been fitted simultaneously. The solid lines represent the model
whereas the crosses correspond to the experimental data. We have
only adjusted the two E, parameters (the median binding energy
of each adsorbate) and used a common adjusted AE to ensure the
minimum number of free parameters when testing the method. The
results of the fitting procedure are very good. All the CO curves (in
red) are nicely reproduced, and the O, desorption curves (in blue),
although not perfectly reproduced, are very predictive. The case
where the data are the least well fitted (bottom right panel) is where
there is little CO (0.14 ML) and a larger dose of O, (0.29 ML).
In the simulations, the desorption of O, happens a little late, there-
fore the binding energy distribution of O, is probably overestimated
for low coverages. This is due to the choice of the shape of the dis-
tribution of binding energies, which is fitted principally to the CO
distribution by the minimization procedure (a standard x> method).
It is clear that the CO curves are better fitted than the O,; this
is because the CO desorbs later and we know that the tail of the
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desorption dominates the binding energy distribution. The O, dis-
tribution could be fitted separately, in order to increase the quality
of the final fit, but we consider that it is not necessary to obtain the
perfect experimental fit. We prioritize the development of a model
based on simple assumptions, that will be easily applicable to grains
in astrophysical conditions, where the exact composition of the sur-
faces is not well known and so neither are the exact binding energy
distributions. The very good quality of the fit in Fig. 6 is the verifi-
cation of our hypothesis that the competition for adsorption sites is
the main physical source of the differentiated desorption of CO and
O,. Moreover, this behaviour can be modelled using Fermi-Dirac
statistics applied to the distributions of adsorbate binding energies.
The detail in the shape of the distribution does not play a very
important role and, therefore, even if the surface is changed, the
observed trend of the earlier desorption of O, should remain true.

4.4 Incorporation of the results into a traditional
gas—grain model

Although we are able to model the desorption characteristics of
submonolayer mixtures, none of the astrophysical codes currently
in use apply Fermi—Dirac statistics or a binding site distribution
when simulating the solid—gas exchange. Therefore, we also pro-
vide a set of effective binding energies that can be used to simulate
the surface segregation/competition of the adsorbates in specific,
astrophysically relevant situations. It is possible for us to calcu-
late the desorption flux for any initial population on the surface,
at any temperature, using equation (9). It is therefore possible to
compare this ¢, to the classical desorption rate of equation (1)
and to derive the effective binding energy, E} ., that would give the
same result. The results of these calculations for various submono-
layer mixtures of CO with 0.05 ML O, are shown in Table 3.

We have chosen to express the variation of the effective binding
energy as a function of CO coverage (and not of O, coverage) for
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Table 3. Effective binding energy of CO and O; as a function of CO
coverage. These values are calculated assuming a pre-exponential factor A
=10'2 57! and have an associated experimental uncertainty of ~ 5 per cent.

N(CO) 0 O0IML O03ML 08ML >IML
Ep i1(CO) - 1300 1180 970 863
Ep.oif(0)(0.05ML) 1290 1210 1120 920 912

two reasons. The first one has a physical basis: it is primarily the CO
coverage that physically dominates the effective binding energy, as
we have shown above. The second reason for this choice has an
astrophysical origin: CO abundances are significantly greater than
those of O, in the gas phase. The only O, detections in the gas phase
show maximum abundances of a few 107° with respect to ny, in a
unique, relatively hot region (Goldsmith et al. 2011), and a few 1078
in a colder region, whereas CO is usually observed at abundances
of around 10~*. It is therefore reasonable to assume that CO should
also be more abundant than O, in the solid phase.

It is probable that O, is formed chemically on the surface of dust
grains by the addition of 2 O atoms from the gas phase. The gas
phase density of O is mostly unknown, but is usually assumed in
models to be about equal to the CO abundance. Therefore, the rather
high solid state diffusion rate of O (Congiu et al. 2014) should lead
to the formation of O,, which will remain on the dust grain surface
as soon as some water ice coats the substrate (A, > 3; Whittet et al.
1988) to prevent any possible chemical desorption (Minissale &
Dulieu 2014). However, as soon as CO is present on the surface,
CO, formation by O addition becomes efficient (Minissale et al.
2013), in addition to other competitive mechanisms deriving from
H addition to O and O,, such as the formation of H,O (Dulieu
et al. 2010; Miyauchi et al. 2008). Therefore a scenario involving
accumulation of O, in the solid phase seems unrealistic. Conversely,
evidence of solid CO has been widely established (Whittet & Duley
1991; Tielens et al. 1991). This is the main reason why we provide
the variation of the binding energy only as a function of the CO
coverage in Table 3.

The value of 0.05 ML of O, was chosen as being representative
of a trace amount of the molecule present on the grain, while si-
multaneously corresponding to a reasonable experimental accuracy.
The binding energies calculated using the Fermi—Dirac distribution
approach are therefore not based on a blind extrapolation of exper-
imental data. With higher O, coverages, the binding energy values
will reduce a little, as is seen for CO (second row, Table 3). However,
higher coverages are unlikely in an astrophysical context.

The effect of submonolayer CO coverage on the binding energy
has already been demonstrated (Noble et al. 2012), and our cur-
rent values show a very satisfactory agreement with our previous
results: 1307 K for 0.1 ML (Noble et al. 2012), compared with
1300 K calculated here, a result which is well within the experi-
mental uncertainty of ~5 percent. With an increase in coverage,
the effective binding energy tends towards the multilayer value that
is unchanged from the previous study.

One completely new result revealed by the current study is that the
evolution of the binding energy of very low (~0.05 ML) coverages
of O, is highly dependent on the presence of CO adsorbed on the
surface. We can, in fact, quantify the dislodging effect that CO
exerts on O,. The effective binding energy of 0.05 ML of O, on a
grain is 1290 K. The addition of only 0.1 ML of CO reduces the O,
binding energy by 80 K (about 8 per cent), corresponding to about
a quarter of the total variation in the binding energy of O, (368 K).
This numerical proof of the dislodging of O, by CO illustrates the
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potential importance of this mechanism to the physicochemistry of
O, on grains.

5 ASTROPHYSICAL IMPLICATIONS

5.1 Astrophysical quantities

When considering the desorption process on an astrophysical scale,
the desorption flux must be compared to the accretion flux, which
can be written as

1
Oin = va,

where 7 is the density of the molecule, and v the average speed
in the gas phase. For a hypothetical ‘standard’ cloud, where the
grain temperature, T, and the gas temperature, 7,, are equili-
brated and equal to 10 K, with a density of particles of 10* cm™—3
and a CO density of 1 cm™3, the accretion flux is around
70 x 10> molcm™2 57!,

It is important to note that accretion is above all (but not only)
dependent on the density of molecules and, consequently, on the
density of the cloud. In the examples below, we will assume a CO
density of around 10~ relative to H, which is a standard value used
in models. The case of O, is more problematic, since many models
predict a much larger abundance of this molecule than that which
is observed. We will use 10~ (Goldsmith et al. 2011), the highest
value ever observed, keeping in mind that this observation was made
towards a hot region where physical conditions are far from the hy-
pothetical ‘standard’ cloud we are discussing. The value of around
1078 (Larsson et al. 2007) was observed in a region corresponding
much more to the conditions we are exploring, however, we have
decided use the highest value as an upper limit on gas phase O, and
thus make upper limit predictions for O, using our experimental
desorption data.

To determine whether depletion from the gas phase may occur,
one must first compare the incoming flux, ¢;,, to the outgoing flux,
dou- The area of the surface, linked to the size distribution of grains,
does not matter because the accretion surface is equivalent to the
desorption surface. However, this solid surface is very important
when calculating the freeze-out time-scale. Such a consideration
does not fall within the scope of the current article and we will not
detail this aspect here, instead making the assumption that the accre-
tion time on grains is always larger than the free-fall time. We can
consider that 7, = T, = T because, as we ignore all other desorp-
tion processes such as photodesorption, our study is only relevant to
dark clouds where gas and grain temperatures are equilibrated. As
previously mentioned, the density of the cloud is a key parameter for
accretion, but the most sensitive parameter remains the temperature
of the grains, since the desorption has an exponential dependence
on it. The variation in the desorption overcomes the small variation
in the accretion due to the change of the speed of molecules in the
gas phase.

It is important to highlight the fact that there are two ways to
achieve depletion in the gas phase: the first one consists of accumu-
lating CO (or O;) as multilayers, which only depends on the ratio
between CO adsorption and CO desorption; the second possibility
consists of accreting CO on the surface, from which it disappears
chemically, for example by O, H, or OH addition. In the second sce-
nario, the incoming flux, diffusion, and reactivity will play a role.
‘We do not include this scenario here, not because it is irrelevant,
but instead because diffusion and surface chemistry are outwith the
scope of our current experimental study. This subject will have to
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Figure 7. CO freeze-out border line. The x-axis is the CO density on a
log scale, while the y-axis is the gas and grain temperature in Kelvin. The
equilibrium between adsorption and desorption of molecules occurs along
the plotted lines, with the traditional depletion regime (more than 1 ML
can be absorbed, based on the multilayer desorption energy) at temperatures
below the thick black line. The thin black line represents 0.1 ML of adsorbed
molecules with a constant E. The thick red and blue lines represent the
situation where 0.1 ML of CO is adsorbed on bare grains and water coated
grains, respectively, with a distribution of binding energies.

be treated carefully with a complex simulation. In this work, we
discuss only the case of CO (and O,) adsorbed on dust grains, not
considering its fate after accretion. It is commonly agreed that ice
mantles are composed of (up to) several hundred layers and that,
depending on the medium, about 10-30 per cent of the total mantle
is CO (e.g. Whittet et al. 1988; Tielens et al. 1991; Pontoppidan
et al. 2003). In either depletion scenario — simple accumulation or
complex solid state chemistry — the initial accretion step is highly
relevant.

5.2 CO on grains

As we have shown experimentally, CO adsorption is very weakly
affected by the presence of O,, so we first address the question
of pure CO adsorption. Our goal is to investigate when and where
®in(n, Ty) = pou(N, E(N), T;), the condition which defines the equi-
librium solid—gas line. At temperatures above this equilibrium line,
desorption dominates, while below, accretion will dominate. How-
ever, as we will show, the equilibrium is highly dependent on the
surface coverage, and so can dynamically change with any changes
in the coverage. The surface density parameter, N, is very important
since it has a large effect on E, but it is a puzzling parameter be-
cause it correlates the outgoing flux to the incoming flux. Starting
with a bare surface, the outgoing flux is strictly null, but as soon
as one molecule lands, the desorption flux rises and the desorption
does not only rise linearly with N, as previously believed, but much
more efficiently thanks to the decrease of the binding energy. With
the increase of the coverage, the desorption flux rises very rapidly
and balances the accretion, and a steady state, the specific surface
density that equilibrates adsorption and desorption, appears.

In Fig. 7, the condition ¢i, = ¢ou, is plotted on a diagram of
temperature versus gas phase CO density. The thick black line rep-
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resents the thermal freeze-out equilibrium, because it is calculated
using the multilayer binding energy of CO at the maximum surface
coverage of 1 ML. If more CO accumulates in the solid phase, the
surface coverage does not increase (the bulk coverage does), and
consequently the binding energy of CO does not vary because it is
already at its minimum. Thus, the desorption rate cannot increase
any more (for a given temperature). Below this limit, the accretion
into the solid phase is not compensated for by an increase in des-
orption and, therefore, molecules will certainly accumulate in the
solid phase.

By assuming that the CO binding energy is equivalent to a sin-
gle value (the multilayer binding energy) we determine the limit
of depletion from the gas phase, i.e. the line below which deple-
tion certainly occurs (Fig. 7, thick black line). Calculated in this
way, the CO freeze-out line is independent of the nature of the
substrate, and lies in the 14-16 K range for typical CO densities
(1072-10?, corresponding to clouds with densities of 10>~10°). The
thin black line in Fig. 7 corresponds to 0.1 ML of adsorbed CO,
using the traditional, commonly used assumption that the binding
energy for each molecule is the same unique multilayer value. The
line is shifted by about 1 K in comparison with the 1 ML (and
more) coverage (thick black line). This corresponds to the fact that
the desorbing flux is reduced by the surface density, which is ten
times lower than the full coverage. To compensate for this partial
coverage, the surface temperature has to be slightly higher in order
to balance the accretion flux. We point out here that if the surface
coverage increases, the desorbing flux proportionally increases. On
the thin black line, depletion from the gas phase cannot occur, be-
cause if more molecules accrete, the desorbing flux increases, and
no accumulation can occur except if the temperature decreases to
compensate the coverage-dependent desorption. Between the thin
black line and the thick black line fall all of the coverages from
0.1-1 ML. Except in cases where there is a fast chemical trans-
formation of CO, gas phase depletion is not expected. We can see
that both black lines are very close in temperature, and that partial
accretion on the solid surface (thin line) and certain depletion from
the gas phase (thick line) are almost merged.

However, we know that this single energy approach is outdated,
and that a surface-density-dependent desorption energy must be
used. The blue and red lines correspond to the situation where
0.1 ML of adsorbate is present on the surface, taking into account
the variation of binding energies with the coverage; the blue line
corresponds to water-coated grains and the red line to bare silicate
surfaces. The temperature is more than 20 K for both and is about
2 K higher for bare grains than for icy grains. These lines correspond
to conditions where, if depletion from the gas phase is not possible
by simple adsorption, chemical activity on grains is certain, because
this line corresponds to the equilibrium 0.1 ML of adsorbate.

5.3 O, on grains in presence of CO

Fig. 8 illustrates how the surface coverage of adsorbates at the
equilibrium condition ¢, = ¢y varies with temperature for a cloud
of n = 10* cm~3, with an O, gas phase upper abundance of 10~°
and a standard CO abundance value of 10~*. We have plotted the
results for temperatures between 10 and 30 K, relevant for dark
molecular clouds. The dotted line denotes 17 K, the temperature
above which the surface coverage decreases from a full monolayer
coverage; this is also the regime in which our model’s assumptions
are valid, and where it provides new insights. For CO (red line), the
0.1 ML line is crossed at around 23 K, coherent with Fig. 7. We
notice that even at a relatively high temperature (30 K) the surface
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Figure 8. Surface coverage of CO and O; as function of temperature at
the surface of grains in a cloud of n(CO) = 1 and n(0;) = 102 em—3.
The blue line (O, coverage) corresponds to the surface density calculated
without competition with CO, and the black line includes the dislodging
mechanism. The dashed line represents a surface coverage of one molecule
for our standard grain, and is therefore considered as a lower limit. The
dotted line represents the thermal equilibrium.

coverage of CO is about 10~*, which represents 100 molecules
per grain, assuming a spherical grain of average radius 0.1 micron,
and therefore ~10° adsorption sites on its surface. If competition
for adsorption sites on the icy grain surface were not taken into
account, we would expect approximately the same behaviour in the
case of O, (blue line). However, when we include the segregation
mechanism presented above, the surface density of O, is reduced
by 2—4 orders of magnitude (black line). The total fraction of O,
molecules on the surface of dust grains never exceeds 10~* if CO is
co-adsorbed; this value is an upper limit which takes into account
the very optimistic gas phase density of O, used in our example.
The very low value of O, surface coverage found at this point
further validates the choice we made when compiling Table 3, i.e.
we provided effective binding energies for 0.05 ML O, co-adsorbed
with CO. Lower coverage values would lead to minor variations in
the energies, but at such low coverages these variations are very
sensitive to the exact shape of the binding energy distribution that
we used.

From the data presented in Figs 7 and 8, we can conclude that CO
and O, have different fates during the adsorption process on grains.
Below ~15 K, the accretion of both CO and O, can proceed without
any influence from the segregation mechanism, and thus there will
be no selectivity in the depletion. Below this temperature, depletion
from the gas phase is certain if other mechanisms cannot balance
the freeze-out. Assuming thermal equilibrium, we can conclude
that surface segregation and competition expel most of the O, from
the surface for temperatures above 17 K. CO, on the other hand,
is at least partly adsorbed on the surface of dust grains at typical
temperatures of less than 23.5 K for one tenth of a monolayer surface
coverages, and 30 K for a few CO molecules. These temperatures
are significantly higher than the depletion limit calculated when
assuming a multilayer binding energy. Thus, the segregation effect
imposes a selectivity in the potential for these two species to deplete.
The depletion of O, is limited for surface temperatures above 17 K
due to the presence of CO, which will be present on surfaces in
trace quantities at grain temperatures below 30 K. At the higher
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temperatures considered here (17-30 K) the role of the grains is very
important, but depletion from the gas phase may still be possible
if the accretion of the molecular species is followed by a chemical
transformation. However, at these temperatures, CO should force
O, back into the gas phase, and therefore, if O, is not chemically
consumed, surface segregation could be one of the mechanisms
responsible for the few observations of O, that have been made.

6 CONCLUSION AND PERSPECTIVES

Contrary to what happens in the multilayer regime, O, and CO
co-adsorbed on an amorphous surface show very different des-
orption behaviour when mixed than when adsorbed separately. CO
molecules dislodge O, molecules thanks to a slightly higher affinity
with the surface. Although the binding energy distribution, centred
at 1100 K, is only shifted by 85 K, this small difference is enough to
provoke a strong reduction of the binding energy of O in the pres-
ence of CO. It is possible to model this behaviour with a distribution
of the adsorbates in the different available binding sites defined us-
ing the Fermi—Dirac statistical repartition law. Based on this model,
we have proposed effective binding energy values for different CO
coverages, assuming a trace amount of O, co-adsorbed on dust
grains. The surface segregation mechanism should not change the
depletion mechanism for dust temperatures lower than 15 K. How-
ever, it appears that there is a wide range of temperatures (15-30 K)
where dust grains will be covered with a fraction of a layer of
CO and where solid-state chemistry will occur. O, present on the
grain, on the other hand, will be forced to thermally desorb in this
temperature range.

The presence of O, in the gas phase has only been observed
in three regions, under specific physical conditions (Larsson et al.
2007; Goldsmith et al. 2011; Yildiz et al. 2013). The dislodging
mechanism induced by surface segregation could play a role in its
return to the gas phase. In order to quantify this aspect, however,
it will be necessary to use a dedicated model including solid state
chemistry. In fact, desorption fluxes, needed to balance the accretion
flux, have to be compared to the accretion fluxes of others plausible
reactants, such as H and O. If the reactivity of O, on the grain is
faster than the forced desorption, then it cannot be the source of
observed O,.

More generally, the surface segregation mechanism is likely to
occur as soon as molecules with similar properties are present on
an amorphous surface. We have shown that this is true in the case
of O, and CO, but it is also probably the case for N,, which will be
the subject of our next study. It is probable that similar microscopic
behaviours will be found, but in order to be the most applicable
to astrophysics, i.e. for those species that selectively deplete from
the gas phase, it would be useful to include dynamical studies of
the effect. In real molecular clouds, the density and the temperature
are continually and simultaneously evolving, and it is possible that
the dislodging mechanism, although it seems to be relatively inef-
ficient in the steady state conditions used here, can make a large
difference to the gas and solid phase abundances of key species.
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