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ABSTRACT
Sticking of gas phase methanol on different cold surfaces – gold, 13CO, and Amorphous
Solid water ice (ASW) – was studied as a function of surface temperature (7 - 40 K).
In an ultrahigh-vacuum system, RAIRS and TPD methods were simultaneously used
to measure methanol sticking efficiency. Methanol band strengths obtained by RAIRS
vary greatly depending on the type of the surface. Nevertheless, both methods indicate
that the sticking of methanol on different surfaces varies with surface temperature. The
sticking efficiency decreases by 30% as the surface temperature goes from 7 to 16 K,
then gradually increases until the temperature is 40 K, reaching approximately the
initial value found at 7 K. The sticking of methanol differs slightly from one surface
to another. At low temperature it has the lowest values on gold, intermediate values
on water ice and the highest values are found on CO ice, although these differences
are smaller than those observed with temperature variation. There exists probably a
turning point during the structural organisation of methanol ice at 16 K, which makes
the capture of methanol from the gas phase less efficient. We wonder if this observation
could explain the surprising high abundance of gaseous methanol observed in dense
interstellar cores, where it should accrete on grains. In this regard, a 30% reduction
of the sticking is not sufficient in itself but transposed to astrophysical conditions
dominated by cold gas (∼ 15 K), it could reduce the sticking efficiency by two orders
of magnitude.

Key words: ISM: molecules – methods: laboratory: solid state – methods: laboratory:
molecular

1 INTRODUCTION

Methanol is the prototypical interstellar complex organic
molecule (Herbst & van Dishoeck 2009; Caselli & Cecca-
relli 2012), and is considered as a proxy for many oth-
ers molecules (Ceccarelli et al. 2017). It is often used as
an ideal tool for determining the physical conditions (Kris-
tensen et al. 2010). Moreover, It has been observed in many
different environments such as in dark clouds (Friberg et al.
1988), stellar cores in molecular clouds (Bisschop et al. 2007;
Punanova et al. 2018), proto-stellar envelopes,(Taquet et al.
2015), circumstellar regions (Charnley et al. 1995), proto-
planetary disks (Walsh et al. 2016, 2018), young stellar ob-
jects (Bottinelli et al. 2010; Penteado et al. 2015), comets
(Bockelee-Morvan et al. 1991), and extragalactic environ-
ments (Galametz et al. 2016). Often, in warm environments,
ice mantles can release methanol to the gas-phase by means
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of thermal desorption. But in the coldest and darkest places
such as pre-stellar cores, gas phase COMs are not expected
to be as abundant as observations suggest (Bacmann et al.
2012; Jiménez-Serra et al. 2016, 2018; Punanova et al. 2018).
The enigma of the presence of COMs in the gas phase at low
temperature in the dense phases of the interstellar medium
stems from the fact that that COMs and any other molecule
(except H2) should condense onto dust grains within a short
timescale (Bergin & Tafalla 2007).

There are different possibilities to explain the unex-
pected high abundances of COMs. One of them is that there
are different non-thermal mechanism at work desorbing the
adsorbed species. One possible mechanism is the chemical
desorption (Dulieu et al. 2013). Indeed, after a reaction on
a cold surface, the excess of energy can induce the return in
the gas phase of the products. Therefore, methanol can be
released in the gas phase during its formation on dust grains,
and this process can be specifically efficient in the case of CO
hydrogenation (Minissale et al. 2016a). Vasyunin & Herbst
(2013) have demonstrated that methanol gas-phase abun-
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dance in different astrophysical environments can be ex-
plained by the desorption of a few per cent of methanol
formed on the grain surfaces. Using revised experimental val-
ues of Minissale et al. (2016b),Vasyunin et al. (2017) success-
fully reproduced the abundance and the position of COMs
of the L1544 prestesellar core.

Another possibility of non-thermal desorption is the
sputtering by cosmic rays of solid methanol, as measured by
Dartois et al. (2019) which releases intact molecules into the
gas phase, contrarily to UV photons which easily photoly-
ses large molecules (e.g., Cruz-Diaz et al. 2016; Bertin et al.
2016), and therefore mostly returns fragments in the gas
phase. Similarly, electron irradiation of water ice (Gadallah
et al. 2017; Marchione & McCoustra 2017) releases simple
molecules such as H2, HD and D2 more efficiently than larger
ones. Latter authors have shown that H2 formation is more
significant for organic-based ices, such as methanol ice, than
in water ice. This might indicate that processes driven via
electronic excited states produced by dipole scattering of the
CR in solid methanol do not produce significant molecular
methanol.

In addition to the formation of small molecules (e.
g. formaldehyde, methane, carbon monoxide, carbon diox-
ide, and water), the VUV photo-processing of methanol ice
(Paardekooper et al. 2016) has also produced COMs such
as methyl formate, ethylene glycol, dimethyl ether. This
process reveals a reverse relationship between the rest of
methanol and other outcomes with increasing the VUV flu-
ence. Similar VUV photolysis with much longer irradiation
of methanol ice (Abou Mrad et al. 2016) has produced small
molecules and COMs with a variety of carbon chain, where
abundances of these COMs decrease with increasing their
carbon chain.

The other possibility to solve the enigma of the presence
of certain molecules in the gas phase in dark and cold media
is that there exist selective mechanisms to inhibit the accre-
tion of some molecules. Nguyen et al. (2018) have studied
the case of surface CO molecules that change the adsorption
properties of N2, but it cannot apply for larger molecules. A
difference of sticking probability for some specific molecules
or under specific conditions would also greatly affect the gas
phase composition and would explain how some molecules
can be maintained in the gas phase.

This is the starting point of the present study. However,
the sticking of molecules like H2O, CH4, N2 and CO has al-
ready been studied (Kimmel et al. 2001; Acharyya et al.
2007; Bisschop et al. 2006), and it has always been claimed
to be ”close to unity”, and as such rounded to one in models.
There is an exception in the case of H2 and D2 (Matar et al.
2010; Chaabouni et al. 2012) since it has been measured to
be as low as 25%. This is due to the fact that a molecule
has to lose some initial kinetic energy when impinging the
surface, and if the energy loss is not efficient enough, the
impactor just bounces back. Therefore, the sticking proba-
bility is dominated by the ability of the surface to evacuate
the excess energy of the impactor. In the case of H2 the mass
match is very poor and this is why the sticking coefficient
is rapidly decreasing with the temperature of the gas (the
impactor). But the sticking coefficient, extrapolated at 0 K
is not 100%. This is not obvious because one could consider
that the probability of capture of the impactor should be
unity since there is no energy to dissipate and/or since the

interaction time is infinite, and that the energetic balance
is favourable to adsorption. But this is only true if there
is no entrance barrier, in this case some kinetic energy of
the impactor is required to pass the saddle point. In other
terms, sometimes the substrate has to be slightly geometri-
cally reorganised and this requires some energy, which may
be provided by the kinetic energy of the impactor.

Sometimes, the molecules can react with the surface as
it is the case of methanol on a platinum surface (Diekhöner
et al. 1998). On platinum, also the probability of its decom-
position decreases as a function of both the surface tem-
perature (400-1000 K) and the incidence energy (<0.5 eV)
of methanol.However, metallic surfaces are of low interest
for astrophysics. To date, there is no complete study of the
sticking of methanol at cold temperatures. On the contrary
there are many studies about its desorption (Sandford & Al-
lamandola 1993; Collings et al. 2004; Wolff et al. 2007; Bahr
et al. 2008; Green et al. 2009; Smith et al. 2014; Doronin
et al. 2015; Luna et al. 2018). In these experiments we can
learn that the methanol ice structuring can be complex.

In this paper, we study the sticking of methanol on cold
surfaces as a function of surface temperature (Ts) in the
range 7 – 40 K. The surfaces are made of gold, 13CO, and
pours amorphous solid water (ASW). We measure the total
molecules adsorbed by using both temperature-programmed
desorption (TPD) and, in situ, using the Reflection Absorp-
tion Infrared Spectroscopy (RAIRS). The experimental set-
up will be described in Sec. 2, while the results will be shown
and discussed in detail in Sec. 3. The astrophysical implica-
tions and conclusions will be given in Sec. 4 and 5, respec-
tively.

2 EXPERIMENTAL SET-UP

2.1 Apparatus

To conduct our experiments, we used the new apparatus
called VENUS (VErs de NoUvelles Synthèses), an Ultra-
High Vacuum (UHV) system based in the LERMA labo-
ratory at the University of Cergy-Pontoise (Congiu et al.
2020). VENUS consists of three stainless steel chambers.
The first two (chambers 1 and 2) have a pressure of 10−8 and
10−9 mbar, respectively, and are used as differential pumping
stages for the beamlines. The third one is the main chamber
in which the pressure never exceed 2×10−10 mbar. Inside
the main chamber, a sample holder is mounted onto the
cold head of a closed-cycle He cryostat. The sample holder
is made of a circular copper mirror coated with gold. Its
temperature can be varied in the range 7 – 350 K and it is
computer-controlled by a variable resistive heater. The main
chamber is also equipped with a quadrupole mass spectrom-
eter (QMS) that can translate vertically and be placed at 5
mm in front of the sample holder. Simultaneously, the beam
of a Fourier Transform InfraRed Spectrometer (FTIRS) falls
on the sample surface with a grazing angle of 85◦. In addi-
tion to the background line used for direct water vapour
dosing inside the main chamber, the apparatus also includes
several independent beam lines (up to 5 beam lines) passing
through the expansion chambers 1 and 2, and finally to the
main chamber via five 2-mm diaphragms aligned with the
surface sample. One of beam lines was used for injecting an
effusive molecular beam of CH3OH.

MNRAS 000, 1–12 (2020)
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2.2 Experiments

Under the UHV conditions of VENUS, many experiments
were performed to form very thin layers of methanol on three
different cold surfaces (gold, 13CO, and porous ASW) at very
low surface temperatures (Ts). The gold surface consists
simply of the polycrystalline gold layer coating the sample
holder. 13CO and ASW ice substrates are obtained by depo-
sitions onto the gold surface previously to methanol dosing.
As for deposition techniques, both 13CO and methanol were
injected using two different beam lines, while water was in-
troduced in the main chamber using the background line.
Prior to each experimental run, both methanol and water
were purified by doing multiple freeze-pump-thaw cycles.

For all gas injections, whether via the beam lines or
the background line, the thickness of the deposited species
was calibrated relative to a given pressure and injection du-
ration. For this calibration, TPD techniques were used to
determine one monolayer (1 ML) using the method of mul-
tilayer peak appearance (Noble et al. 2012; Nguyen et al.
2018). The 13CO layer was deposited using a gas flow of 0.3
sccm (standard cubic centimeter per minute) giving a pres-
sure of 2 × 10−4 mbar within the beam line before entering
into chamber 1. Under these physical conditions, a 1-ML
layer of 13CO is formed every 6.5 minutes. To deposit an
ASW ice layer via the background line, a leak valve is used
to inject water vapour into the main chamber. 1 ML of ASW
ice is formed by injecting 10−8 mbar of water vapour per 2
minutes. The methanol is dosed via one of the beam lines
and 1 ML is formed every 8 minutes by using a pressure of
∼ 2 × 10−4 mbar of methanol gas in the injection chamber.
We first have grown films of methanol on the golden mirror
at 14 different values of Ts ranging from 7 to 40 K. Dur-
ing each experiment, FTIRS measurements were carried out
every two minutes while the TPD measurement was done
at the end of the deposition phase. These experiments were
repeated two more times to form a film of methanol on pre-
deposited samples of 13CO and ASW ices. The Ts values
were chosen taking into account a small variation (1 K) at
lower temperatures, that is Ts=7, 8, 9 K and then with
a larger variation (5 K) at higher values. When the 13CO
layer is deposited as an underlayer for methanol films, both
species are deposited at the same Ts. On the other hand, the
ASW ice substrate was deposited at 42 K, so as to ensure
that the morphology of the ice remained unchanged during
all the experiments carried out at all Ts values. Of course,
the ASW ice structure evolves during the TPD above 42 K,
but not during the deposition phase of methanol, which is
key for studying sticking properties.

The TPD mass spectra are primarily used to measure
the desorption of methanol molecules from the cold surfaces.
The peak integrated area (ATPD) as a function of the surface
temperature is used to measure the methanol sticking. All
TPD experiments were performed with a heating ramp of
β = 0.2 K s−1, and FTIRS spectra were baseline corrected.

3 RESULTS AND DISCUSSION

TPD experiments provided many mass spectra of methanol
(m/z=32) as QMS signals (cps) or desorption rate
(molecules cm−2 s−1). Of relevance to the sticking of

methanol, the results of TPD and RAIRS spectra were quan-
titatively analysed. In the following subsections, we show in
detail the sticking profiles derived from CH3OH desorption
under different temperature initial conditions and from dif-
ferent surfaces.

3.1 Methanol beam flux

For all experiments, methanol gas was injected at the same
pressure (∼ 2× 10−4 mbar) that was used for calibrating the
methanol layer thickness. Keeping this pressure in the in-
jection chamber, the beam flux (Φ) was measured with the
QMS facing the beam and placed in front of the surface.
QMS signals in counts per seconds (cps) were measured be-
fore and after each experiment and vary slowly from one
experiment to the next. We attribute the methanol flux in-
stability to fluctuations of ambient temperature of the room.

For all Ts, the values of Φ are shown in Fig. 1 as red
open circles on the gold surface (left panel), on the 13CO
substrate (central panel) and on the ASW substrate (right
panel). Also the integrated areas of CH3OH TPD peaks
(ATPD) are presented in this figure (black open squares).
TPD profiles will be described in the following subsection
according to thickness and Ts. The horizontal dashed-line
on Fig. 1 represents a reference of 700 cps corresponding to
the normalisation of Φ.

First, we note that the relative variations of Φ are much
smaller than the relative variations of ATPD. The measure-
ments are not directly comparable, since the TPDs measure
a signal area over the entire desorption time, while the flux
is a simple average per unit time. That being said, we no-
tice that the ATPDfollow approximately the fluctuations of
the Φ: low fluxes corresponding to low desorption areas, and
vice versa. There are, however, some data against this gen-
eral trend, for example on the gold surface (left panel) the
highest ATPD is at 40 K (around 4600 cps K), whereas for
a similar flux the point at 14 K is around 3500 cps K. More-
over, if we repeat the experiment at the same temperature,
but using a different flux, the ratio ATPD/Φ is remarkably
constant. Thus, if we consider that the ratio of the incom-
ing molecules (measured by the flux) and of the desorbing
molecules (measured by the TPD area) represents the stick-
ing coefficient S, we can calculate S(Ts) after normalising
the incoming flux Φ to the average value of 700 cps, and
ATPDto its highest value at Ts = 40 K. By doing so, we
assume a sticking coefficient of unity at 40 K. The variation
of S(Ts) will be analysed later.

Fig. 2 shows the ratio of the non-normalized ATPDover
S(Ts) as a function of Φ. As expected, it shows a linear
trend, and we would like to point out that the experimen-
tal deviation from this straight line (determined by repeated
experiments) is less than 2%. Moreover, this ratio runs lin-
early to zero indicating that our measurements of both Φ
and ATPDare exempt from noise, and that the normalisa-
tion of the flux allows us to extract the sticking coefficients
as a function of temperature, in a very larger extent than
our experimental uncertainty.

3.2 Methanol TPD profiles

QMS measurements have two essential properties for this
study: they are stable and have a very good detection sen-
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Figure 1. The beam flux (red circles) and integrated TPD area (ATPD) of methanol (black squares) on the right and left vertical axes,

respectively, versus the surface temperature Ts, on gold (left panel), 13CO (middle panel) and ASW ice (right panel).
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Figure 2. Ratio of ATPD to the sticking S(Ts), as a function of beam flux of methanol on the substrates of gold (left panel), 13CO

(middle panel), and ASW ice (right panel).

sitivity. The drawback of this method is that it cannot give
direct information on the solid phase, but only measures
what is being deposited (Φ) and what is desorbing (TPD).
Fig. 3 shows some TPD profiles of methanol at coverages
of 0.5, 0.75, 1, 2, and 3 ML on the gold substrate held at
Ts=10 K. They present a maximum of desorption around
135-138 K in agreement with published results, given our
temperature ramp, coverages and substrate. The curves for
1, 2 and 3 ML (magenta, red and green curves, respectively)
present a common leading edge characteristic of the multi-
layer regime. The inset of the figure shows ATPD(normalised
by the flux) as a function of coverage. It shows a proportional
increase of the desorption rate with the dose. The deviation
of the experimental points from the linear fit is very small
and indicates a constant sticking, independent from the cov-
erage.

At a specific thickness of 1 ML of methanol, TPD pro-
files were carried out at different deposition temperatures
(Ts between 7 and 40 K) on the three cold substrates. In
Fig. 4, we show some examples of these profiles (taken at
Ts= 7, 16, 40 K) from gold (top panel), 13CO (middle panel)
and ASW (bottom panel). The overview on the top and mid-

dle panels corresponding to gold and 13CO surfaces, respec-
tively, shows that methanol has a similar desorption peak at
(Td)max ∼ 137 K from both substrates. This peak position
is marked by the orange dotted line in Fig. 4. In addition
to this feature, another additional peak of methanol des-
orption appears having (Td)max ∼ 152 K on ASW surface
as marked by a dashed violet line. This second peak is the
signature of co-desorption of methanol and water. This was
expected since the morphology of water ice grown at 42 K
is porous, and some trapping and mixing between CH3OH
and H2O is very likely to occur during the linear heating of
the ices. Moreover, we can see that the balance between the
peak at (Td)max =137 K and the peak at 152 K changes
with deposition temperature. At the lowest deposition tem-
peratures there is less co-desorption of water and methanol,
that is less mixing, while at Ts=40 K we observe the largest
co-desorption effect. This indicates that the spreading of
methanol on water ice is different depending on the sur-
face temperature at the time of deposition. At the lowest
Ts, methanol molecules find adsorption sites on the outer
surface of the water film, while they can rearrange more at
higher temperatures and are in stronger interaction with the
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(at the normalised flux Φ=700 cps) from gold hold at Ts=10 K.

Inset: methanol ATPD normalised by the flux, as a function of
deposition thickness.

porous icy substrate. This is a known phenomenon that has
been described during the study of the variation in water
morphology with deposition temperature by B. Kay’s group
Kimmel et al. (2001).

From all three different surfaces, however, it is clear that
the desorption of 1 ML of methanol deposited at Ts=16 K
shows the lowest peak area, whilst in the experiments where
methanol is deposited at 7 and 40 K the desorption peaks
have the largest and similar areas. This leads us to conclude
that at 16 K it is very likely that fewer molecules have stuck,
since fewer molecules have eventually desorbed. Therefore,
the sticking of molecules would depend on the surface tem-
perature at the time of deposition, even if such temperature
is much lower than the sublimation temperature.

3.3 RAIRS measurements of methanol layers

Even if RAIRS has lower sensitivity than that of the QMS,
infrared spectra have provide the great additional advantage
of measuring the quantity of molecules adsorbed on the sur-
face. RAIRS spectra were acquired under UHV conditions
as mentioned in Sec. 2. Fig. 5 shows the RAIRS spectra ob-
tained during the growth of the methanol film on the gold
surface at Ts=10 K. They are characterized by the grow-
ing methanol featrures; the O-H stretching vibrational mode
around 3235 cm−1, the C-H asymmetric stretching plateau
around 2940 cm−1, the C-H symmetric stretching mode at
2830 cm−1, the broad C-H bending modes around 1460 cm−1

and the C-O stretching band at 1045±5 cm−1. The plateau
from 1080 to 1200 cm−1 is rather noisy, as can already be
seen in the reference spectra. The C-O stretching feature
was the band used to evaluate the thickness of the methanol
layer. We used the Lorentzian fitting method to calculate
its integrated area, AIR(1045±5 cm−1). A RAIR spectrum
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Figure 4. Some of methanol TPD mass spectra normalized to

depositions at Φ=700 cps, deposited at different values of Ts
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ice (bottom panel). The orange dotted line refers to methanol

peak desorption at approximately (Td)max =137 K and the vi-
olet dashed line refers to desorption at approximately (Td)max

=152 K appearing only on ASW surface.

was acquired every two minutes during the deposition. We
remind that 1 ML corresponds to 8 minutes of deposition
time under our experimental conditions. The top panel of
Fig. 6 shows the fitted AIR(1045±5 cm−1, of a continuous
deposition of methanol on gold surface held at 10 K. We have
calculated the slope (α) as a function of the layer thickness
as shown in Fig. 6 (bottom panel). The error bars are calcu-
lated as standard deviations of the linear fit. The first point
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has no uncertainty since a unique line connect two points,
and so give a unique slope. We see that α decreases with
the methanol thickness until nearly 1 ML, then it becomes
stable with increasing thickness. This reduction is probably
due only to the decrease in the error bar as α converges to-
wards its average value. Therefore, we conclude that with a
thickness of 1 ML we can obtain a good estimate of α, which
remains constant beyond this value of the coverage. As we
want to study the effect of the substrates, this is also the
appropriate thickness that should enhance the differences
between each of them.

We systematically measured the RAIRS spectra during
the deposition of ∼ 1 ML (8 minutes) of methanol and an-
alyzed the growth of the peak area at 1045 cm−1, for the
three types of surfaces and at various deposition tempera-
tures from Ts=7 to 40 K. Some of these spectra (at Ts=7,
10, 16, 20, 30 and 40 K) are shown in Fig. 7 on the sub-
strates of gold (top panel), 13CO (middle panel), and ASW
ice (bottom panel). The 13CO underlayer can be seen by its
absorption peak at 2094 cm−1, whereas the water substrate
spectral signature is not visible because we have reset the ref-
erence spectrum prior to injecting the methanol, due to the
necessary delay between water ice deposition and return to
the best UHV conditions. The calculation of the coefficients
α versus Ts for the different substrates makes it possible to
compare the different growth behaviour of methanol. The
trend profiles of α as a function of Tsare displayed in the
top panel of Fig. 8. We can see that their behaviours are
similar and vary with increasing Ts for the three surfaces.
These profiles decrease with increasing Ts until 16 K on all
substrates. Above this temperature, α gradually increases
again with Ts. Obviously, the α profiles show a parallel trend
for all surfaces, namely they decrease at lower temperatures
between 7 and 16 K then they invert the trend and increase
from 16 K to 40 K. An exception appears marginally on the
profile α on 13CO to Ts > 25 K (empty triangles, Fig. 8)
where a slight negative deviation is observed. This is proba-
bly due to the fact that above 25 K the 13CO sublayer begins
to desorb. Therefore, for temperatures between 25 and 40 K,
there is only a fraction of a monolayer of CO on the surface,
which is thus made up of a growing part of gold. In fact, we
can see that α values on 13CO tend towards those measured
on bare gold.

The three trends are parallel, and there is a maximum
absolute difference of a factor of two. We can then ask our-
selves if it is because there are twice as many molecules or
if it is because of the band strengths – which we know are
very sensitive to the molecular environment (Palumbo 2006;
Öberg et al. 2007; Fulvio et al. 2009; Palumbo et al. 2010)
– are twice as strong, especially on a water substrate. The
QMS measurements that will be discussed below suggest
that the number of molecules is identical, so we conclude
here that methanol band strengths differ by a factor of two
between a gold surface and an ASW ice. We may also ask if
our method of analysis (fit of the 1045 cm−1 band) is to be
questioned. Indeed it can be sensitive to the deformations
of the band, and not only to its change in intensity. We
point out here that a direct integration, given the weakness
of our signals, gave noisier results. But in any case, we used
the same method, and the only difference lies in the type of
substrate. This reminds us of how much the infrared band
strengths of the same molecule can vary from one system/

environment to another. Finally, we note here that unlike
many other infrared measurements done in similar studies,
we did not use thick ices, whose bulk averages environmental
effects.

In order to compare in detail the effect of the substrate,
we have normalized α profiles relative to the value at 40 K
(αmax). The bottom panel of Fig. 8 shows a remarkable dif-
ference as Ts decreases. At the lowest Ts, the 13CO layer
shows the highest sticking probability while the gold sur-
face shows the lowest one. However, the variation with the
temperature is more important than the effect of the sub-
strate. As a result of the trend profiles of α, the sticking
of methanol shows approximately a 30% reduction around
16 K compared to the values obtained at 7 and 40 K.

3.4 Sticking versus surface temperature

The RAIRS data clearly show that the α coefficients vary
with Ts. On the other hand, because the band strength may
vary according to the environment, and since the morphol-
ogy/topology of the methanol film is different according to
the deposition temperature, as we have seen previously by
examining the fraction of the co-desorption with water, we
do not know if it is a variation of the sticking or only a varia-
tion in the band strength. Unlike RAIRS spectra, QMS data
are not affected by variations of detection efficiency.

The profiles of ATPD are shown in the the top panel of
Fig. 9 as a function of Ts (7 – 40 K). They have been cor-
rected to take into account the variations of the methanol
flux. The areas of the TPD peaks of methanol show a varia-
tion with Ts. The behaviour of this variation is in agreement
with what is observed in the trend of α profiles derived from
RAIRS spectra. Moreover, the spread of the values for the
different substrate is low compared to the variation with Ts.

The bottom panel of Fig. 9 shows quantitatively the
sticking of methanol molecules as a function of Ts, assum-
ing that the sticking is one at 40 K on all substrates. Like
with RAIRS data, we also observe a reduction of methanol
molecules of around 30% at 16 K. Among all surfaces,
methanol sticking profiles have slight differences in the stick-
ing at lower surface temperatures: the lowest sticking is
found on gold and the highest one is found on the 13CO
surface. We now compare the two bottom panels of Fig. 8
and Fig. 9, and find that they are very similar. The trend
presented in Fig. 8 is consistent with that in Fig. 9, which
comes from the TPD. This perhaps can be seen as further
evidence that the trend is real. There are slight differences in
the temperature range 12 to 14 K. The initial decrease with
Ts appears to be slightly steeper with RAIRS data, maybe
indicating that the bands strengths may have slightly varied
there, but this is too close to our experimental uncertainties
to be conclusive.

The trend in methanol sticking profiles raises an open
question about the origin of the reduction in methanol stick-
ing around Ts=16 K. To explain this point simply, it seems
that there are two antagonistic mechanisms concerning the
methanol sticking. One mechanism increases the sticking ef-
ficiency with surface temperature and the other decreases it,
and their effect is reversed around 16 K.

The origin of these two mechanisms might lie in the
bonding of methanol on cold surfaces. Methanol is composed
of a methyl -CH3 group and an hydroxyl group -OH. The
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Figure 5. RAIRS spectra that show the growth of methanol IR bands with thickness up to 3 ML at a normalized flux Φ=700 cps and

Ts=10 K. All spectra were baseline corrected.

binding properties of the two groups are different, and when
approaching the surface the accommodating properties of
methanol may be different according to which of these dif-
ferent groups faces the substrate. However, this does not
explain why there is a dependence with the surface tem-
perature. The surface energy transfer (phonons) is supposed
to vary with the temperature, but again phonons are very
dependent on the type of the surface, and therefore the dif-
ference between the surfaces should be more pronounced if it
were mostly induced by energy transfer. Nonetheless, on that
point we can see that the CO film has the highest sticking co-
efficient, and the gold has the lowest one. This confirms that
the rigidity of the surface, or its mass match, is an impor-
tant point, and it probably explains why 13CO (m/z=29),
having the best mass match with CH3OH (m/z=32), turns
out to have the highest sticking coefficient.

The common point for the three experiments is the
building of the methanol film itself. From the TPD pro-
files of Fig. 3, we can see that there is only one desorption
peak, which means that there is no specific binding site for
methanol in a sub-monlayer regime on the surface, as can be
seen for example for lighter molecules on crystalline surfaces
(Ulbricht et al. 2002). This means that the major contribu-
tion of binding energy is the molecular film itself, in other
words, methanol prefers to cluster or make islands rather
than making a structure depending on the interaction with
the substrate. Considering the asymmetry of methanol, it
is clear that the positioning of one molecule with respect
to another (or a set of other molecules that constitute the
growing film) significantly changes its binding energy. In ad-
dition, to minimize its energy, a cluster of a few molecules
must rearrange itself. This rearrangement cannot be done
without a small excess of energy, that is an activation bar-

rier. It is therefore possible that around 16 K, the methanol
film no longer has enough degrees of freedom to reorganize
itself in the short time that corresponds to the approach
of a methanol molecule from the gas phase, and therefore
cannot propose to the new molecule a favourable adsorption
site. For this reason, a molecule arriving in a configuration
with only a low binding energy, would have a better chance
of bouncing back, at equal dissipation of its incident kinetic
energy. Another way to say is that at 16 K, the reconstruc-
tion of the methanol film is hindered and only low coordi-
nated adsorption sites are available. When the temperature
decreases below this critical point, these low coordinated ad-
sorption sites are anyway sufficient to be maintained on the
surface. So the possible mechanism that increases the stick-
ing efficiency with Ts is the restructuring of the methanol
film, and it counterbalances the usual mechanism making
lower temperatures more favorable to trapping due to the
longer interaction time and faster energy dissipation.

Nevertheless, whatever our explanations may be, this
variation in sticking with surface temperature remains a sur-
prise, and deserves to be studied in more detail. Even more
so, the relatively low surface effect adds to the mystery, but
it also may indicate that its origin is in the structuring of
the methanol film itself. The role of methanol asymmetry
could also be investigated in other complex molecules, such
as CH3C3 or CH3CN. Molecular dynamics calculations, and
perhaps even quantum calculations given the temperature
ranges, could also provide valuable insight into our experi-
mental measurements.
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4 ASTROPHYSICAL IMPLICATIONS

In our experiments, we find that at Ts∼ 16 K there is a de-
crease of the sticking coefficient by ∼ 30% and an effective
value of S(Ts)=0.7 . Let’s assume that this is due to an ac-
tivation barrier. Under our experimental condition the gas
is at room temperature (∼ 293 K), and if the probability to
overcome the barrier is p = exp(−Ea/kBTg) = 0.7, we find
that the equivalent activation barrier is Ea ' 124 K/kB. If
we consider the physical conditions of a dark cloud having
a gas and dust temperature of T=15 K, the sticking prob-
ability is exp(−Ea/kBT) ' 10−3. We can apply this to all
our measurements, using the CO-substrate values as a refer-
ence. The choice of CO instead of H2O is motivated by the
astrophysical context of accretion at later times. Anyhow,
since the sticking coefficients of the different substrates are
close, it would not change the main conclusion. These re-
sults are presented in Fig 10. The sticking is close to unity
at very low temperatures and at the highest temperature
(Ts>30 K). We can see that the sticking efficiency drops by
two orders of magnitude under conditions between 10 K and
20 K, which are typical temperatures of molecular clouds.
Moreover, the minimum in the sticking efficiency is shifted
to lower temperatures, especially when the calculations are
done using RAIRS data. This is due to the exponential re-

duction of the probability to stick with temperature, since
the kinetic energy may be an efficient way to overcome the
activation barrier.

Reasoning in terms of activation barrier is probably
an oversimplification. Indeed, this activation barrier varies
with surface temperature. Nevertheless, this approach shows
the potential impact of this variation in sticking, if directly
transposed to the conditions of the interstellar medium.
A reduction of 2-3 orders of magnitude in the sticking of
methanol would extend accretion times by as much, and thus
make it possible to understand why this molecule can be ob-
served in dark and cold environments, even if non-thermal
desorption mechanisms were not efficient. Simply, methanol
freeze-out may possibly be hindered.

Experimentally, it is very difficult to produce a cold
beam of methanol, as it would condense on the cold parts
of the apparatus well before entering the main chamber. Al-
ternatively, it may be possible to play with the angle of
deposition to reduce the perpendicular component of the ki-
netic energy, but unfortunately our set-up does not allow us
to change the angle of deposition and adopt this technique.
Therefore, the solution of the problem may come from the
theory and/or the simulations. Molecular dynamic is possi-
bly a good tool to explore this matter.

Molecular dynamics calculations (Bahr et al. 2008;
Kong et al. 2019) show that the adsorption of a methanol on
a layer of water occurs preferentially via the OH bond, leav-
ing the methyl group facing upwards. But it appears that
although the methanol-methanol interaction is weaker than
with a water film, it remains important, of the order of 25
kJ/mol per H bond. In a methanol film, molecules tend to
make several H bonds, and on graphite, methanol molecules
are able to make clusters even at a very low coverage rate
(10−6 ML) at temperatures of about 180 K. These infor-
mations may then allow us to understand why the different
surfaces do not seem to play a significantly different role. It
is likely that the formation of a methanol cluster, or at least
the interaction of one methanol with another methanol, and
the formation of H bounds, plays a very important role in
the formation of the film or surface clusters. It is question-
able whether the presence of upwardly facing methyl groups
does not prevent other molecules from sticking, or whether
it is the difficulty of orienting and making the right H bonds
that limits the capture rate around 15 K. As quoted by our
anonymous referee, ”assuming that the strongest potential
interaction with a methanol molecule and the methanol ice
surface would a single hydrogen bond interaction, the ab-
sence of any dangling OH on the methanol surface would
mean that scattering from the surface might be more likely
than adsorption unless partial accommodation of the incom-
ing molecule on the surface provides sufficient energy to re-
orientate surface methanol species to expose OH groups”.
This point has to be compared with accurate calculations to
see if it corresponds to the order of magnitude of the barrier
we have derived here.

Until now, we do not yet understand the underlying rea-
sons of the sticking variation as a function of surface tem-
perature, and those of a minor impact of the substrate type.
That is why it would not be wise to draw definitive conclu-
sions on its astrophysical implications. With this paper, we
simply wish to demonstrate that a more careful look, using
both an experimental and a theoretical approach, has to be

MNRAS 000, 1–12 (2020)



Sticking of Methanol as an astrophysical interest 9

4000 3500 3000 2100 1200 1000 800
0.000

0.001

0.002

0.003

0.004

0.005

0.006

4000 3500 3000 1400 1200 1000 800
0.000

0.001

0.002

0.003

40 K

30 K

20 K
16 K

10 K

C-O str. (1045 5 cm-1) 

A
bs
or
ba

nc
e

Wavenumber (cm-1)

7 K

C-O str. (1045 5 cm-1) 

A
bs
or
ba

nc
e

Wavenumber (cm-1)

13CO (2094 cm-1)

7 K
10 K
16 K
20 K
30 K
40 K

4000 3500 3000 1400 1200 1000 800
0.000

0.001

0.002

0.003

0.004 C-O str. (1045 5 cm-1) 

A
bs
or
ba

nc
e

Wavenumber (cm-1)

40 K
30 K
20 K
16 K
10 K

7 K
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taken at the problem of sticking of COMs at low tempera-
tures.

5 CONCLUSIONS

Our experimental study of methanol sticking as a function
of surface temperature (7 - 40 K) shows its variation with
surface temperature. On three different cold surfaces (gold,
13CO, and ASW ice), a similar variation in methanol stick-
ing can be observed. This variation has two antagonistic ten-
dencies: the sticking of methanol 1) decreases rapidly with
increasing the surface temperature from 7 to about 16 K,
2) increases slowly from 16 K to 40 K where it returns to a
value similar to that found at 7 K. Depending on the type
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of the surface, a slight difference in the degree of sticking is
observed at low temperatures. The gold surface has the low-
est sticking efficiency while the 13CO surface has the largest
one, in agreement with mass matching arguments. The re-
sults obtained from TPD and RAIRS are consistent similar
in their trend profiles as a function of surface temperature
on different cold surfaces. In fact, the reduction in methanol
sticking over a surface temperature of 16 K has been proven
but raises questions about its origin. This may be due to the
structuring properties of the methanol film, because of the
asymmetry of this molecule. If our results obtained for a im-
pinging gas at room temperature are abruptly extrapolated
under dark cloud conditions, we find that the sticking would
be reduced by two orders of magnitude. However, before ap-
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plying this conversion law in space, it would be wiser to
understand the physical origin of the variation in methanol
sticking at low temperatures.
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Agnihotri A. N., Domaracka A., Boduch P., 2019, A&A, 627,
A55
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