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ABSTRACT

Context. Methanol is a common component of interstellar and circumstellar ice mantles and is often used as an evolution indicator
in star-forming regions. The observations of gas-phase methanol in the interiors of dense molecular clouds at temperatures as low as
10 K suggest that non-thermal ice desorption must be active. Ice photodesorption has been proposed to explain the abundances of
gas-phase molecules toward the coldest regions.

Aims. Laboratory experiments were performed to investigate the potential photodesorption of methanol toward the coldest regions.
Methods. Solid methanol was deposited at 8§ K and UV-irradiated at various temperatures starting from 8 K. The irradiation of the
ice was monitored by means of infrared spectroscopy and the molecules in the gas phase were detected using quadrupole mass
spectroscopy. Fully deuterated methanol was used for confirmation of the results.

Results. The photodesorption of methanol to the gas phase was not observed in the mass spectra at different irradiation temperatures.
We estimate an upper limit of 3 X 10~ molecules per incident photon. On the other hand, photon-induced desorption of the main
photoproducts was clearly observed.

Conclusions. The negligible photodesorption of methanol could be explained by the ability of UV-photons in the 114—180 nm
(10.87-6.88 eV) range to dissociate this molecule efficiently. Therefore, the presence of gas-phase methanol in the absence of thermal
desorption remains unexplained. On the other hand, we find CH, to desorb from irradiated methanol ice, which was not found to

desorb in the pure CH, ice irradiation experiments.
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1. Introduction

Methanol (CH30H) is abundant in ice mantles covering dust
grains with abundances relative to water of 0.2—7% in comets,
5-12% in quiescent dense clouds, 1-30% around low mass
protostars, and 5—30% around massive protostars (Mumma &
Charnley 2011; Boogert et al. 2015, and references therein). Gas-
phase reactions that produce CH3;OH are very slow compared
to grain surface chemistry for any physical conditions expected
within protostellar systems. These reactions predict abundances
that are too low (Geppert et al. 2006). Methanol is efficiently
formed by irradiation of interstellar ice analog mixtures (Hudson
& Moore 1999; Watanabe et al. 2007). Alternatively, a proposed
formation pathway on dust grains is through repeated hydro-
genation of CO:

CH,0OH

CO ? HCO ? H,CO ? m ? CH;0H €))]
(Tielens & Hagen 1982; Watanabe & Kouchi 2002; Pontopp-
idan et al. 2004; Tielens 2005; Fuchs et al. 2009; Wirstrom
et al. 2011; Suutarinen et al. 2014). Wirstrom et al. (2011) con-
cluded that the observed emission, which originates in extended
cold envelopes of young stellar objects (YSOs), is maintained
by non-thermal desorption from dust grains. This means that
non-thermal desorption processes like photodesorption, exother-
mic surface reactions, or cosmic-ray-induced heating need to
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be effective to explain the observed abundances of gas-phase
methanol in dense and cold regions (Willacy & Millar 1998;
Shen et al. 2004; Garrod et al. 2007; Oberg et al. 2009; Leurini
et al. 2010; Wirstrom et al. 2011; Suutarinen et al. 2014).

Leurini et al. (2010) has reported a high concentration of
gas-phase CH3;OH in the clumps of the Orion Bar compared
with the inter-clump region. These clumps are cold, 10-20 K,
and therefore thermal desorption is inhibited. They find that the
column density of gas-phase methanol and formaldehyde in the
clumps are of the same order of magnitude, while the column
density of methanol in the inter-clump region is lower than that
of formaldehyde. This could be the result of photodissociation
of CH3O0H in the unshielded inter-clump gas. Guzmén et al.
(2013) has derived CH3OH abundances relative to the total num-
ber of hydrogen atoms of ~1.2 x 107'% and ~2.3 x 1079 in the
Horsehead PDR and its associated dense core, respectively. The
H,CO abundances in both positions display similar values (~2 X
10719). They have observed that CH;OH is depleted onto grains
at the dense core. Therefore, CH3OH is present in an envelope
around the dense core position, while H,CO is found in both the
envelope and the dense core itself, in agreement with Leurini
et al. (2010). They conclude that the two species are formed
on the surface of dust grains and are subsequently photodes-
orbed into the gas-phase. Hence, photodesorption might be an
efficient mechanism for releasing complex molecules in low far-
ultraviolet (FUV) illuminated PDRs.
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UV-photon-induced desorption of icy dust mantles is one
of the non-thermal processes invoked in astrophysics to ex-
plain the molecular gas-phase abundances observed toward
cold dark clouds and protoplanetary disks (Draine & Salpeter
1979; Westley et al. 1995; Willacy & Langer 2000; Andersson
et al. 2005; Arasa et al. 2006; Oberg et al. 2007, 2009, 2010;
Andersson & van Dishoeck 2008; Mufioz Caro et al. 2010;
Fayolle et al. 2011, 2013; Bahr & Baragiola 2012; Bertin et al.
2012, 2013; Arasa et al. 2013, 2015; Yuan & Yates 2013, 2014,
Chen et al. 2014; Fillion et al. 2014; Martin-Doménech et al.
2015; van Hemert et al. 2015).

UV-photon-induced desorption can take place through dif-
ferent mechanisms after absorption of the UV photons by the
icy molecules. Absorption on the surface of the ice could lead
to the direct desorption of the excited molecule itself, as pro-
posed by van Hemert et al. (2015). Alternatively, UV absorp-
tion in the layers right below the surface of the ice and subse-
quent energy transfer from the excited molecule to neighboring
molecules on the surface, allowing them to break the intermolec-
ular bonds and leading to their desorption, has been reported as
an active photon-induced desorption mechanism (Oberg et al.
2007; Muiioz Caro et al. 2010; Fayolle et al. 2011, 2013; Bertin
et al. 2012, 2013; Fillion et al. 2014). This process was presented
as indirect desorption induced by electronic transitions (DIET)
in the literature, or “kick-out” desorption in van Hemert et al.
(2015).

If the absorption of the UV photons leads to dissocia-
tion of the ice molecules, additional desorption pathways may
play an important role, as suggested in theoretical works (e.g.,
Andersson & van Dishoeck 2008, and Andersson et al. 2011).
Hot atoms produced by photodissociation could transfer enough
momentum to neighboring molecules, leading to a kick-out des-
orption. Photofragments formed with enough kinetic energy on
the surface of the ice (due to the excess energy following pho-
todissociation) can desorb directly after their formation. In addi-
tion, recombination of radicals can lead to the immediate desorp-
tion of the newly formed photoproduct owing to the excess en-
ergy of the recombinating fragments and/or the exothermicity of
the recombination. Evidence of both processes have been found
experimentally in Fayolle et al. (2013), Fillion et al. (2014), and
Martin-Doménech et al. (2016). The key in these processes is
that once a fragment or a molecule is formed on the surface as
a consequence of the UV processing of the ice, it does not re-
quire energy from another photon to desorb. This can lead to
a constant photon-induced desorption rate with photon fluence,
as reported in Martin-Doménech et al. (2016), in contrast to the
increasing desorption rate found for the products desorbing as
a consequence of a previous UV absorption event in the sub-
surface region of the ice. These two processes are referred to
as photon-induced chemical desorption or photochemidesorp-
tion in Martin-Doménech et al. (2015) and Martin-Doménech
et al. (2016). Related processes were studied in Chakarov et al.
(2001), where photon-induced desorption of photoproducts de-
rived from UV-induced reactions were reported. If the photofrag-
ments or the photoproducts are formed in the subsurface, rather
than on the surface, they may still induce desorption of nearby
surface molecules via energy transfer.

Oberg et al. (2009) has studied the ultraviolet irradiation of
methanol. They have focused on quantifying the UV-induced
production rates of complex organic molecules like HCOOCH;
and CH3CH,OH. In addition, they have calculated a photodes-
orption yield of 2.1 + 1.0 x 1073 molecules per incident photon
based on their interpretation of the decrease of the IR band upon
irradiation and they have found a photodissociation cross section
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of 2.6+0.9 x 1078 cm?. They conclude that the methanol chem-
istry in ices is efficient enough to explain the observed abun-
dances of complex organics around protostars.

This paper is structured as follows. The experimental pro-
tocol is described in Sect. 2. The experimental results regard-
ing methanol ice photoprocessing are reported and discussed in
Sect. 3. Special attention is payed to the detection of molecules
desorbing from the ice, during irradiation or upon warm-up of
the ice sample. Section 4 describes the two types of photon-
induced desorption inferred from the experiments. The astro-
physical implications and conclusions are reported in Sect. 5.

2. Experimental protocol

Laboratory experiments of solid methanol photoprocessing were
conducted using the interstellar astrochemistry chamber (ISAC)
set-up. This set-up and the standard experimental protocol are
described in Muiioz Caro et al. (2010). ISAC mainly consists of
an ultra-high-vacuum (UHV) chamber, with pressure typically in
the range P = 3—4.0 x 10! mbar, where an ice layer made by
deposition of a gas species onto a cold finger at 8 K, achieved by
means of a closed-cycle helium cryostat, can be UV-irradiated.
The evolution of the solid sample was monitored with in situ
transmittance fourier transform infrared spectroscopy (FTIR)
and vacuum ultraviolet (VUV) spectroscopy. The chemical com-
ponents used for the experiments described in this paper are
CH30H (liquid), Panreac Quimica S.A. 99.9%, and CDsOD (lig-
uid), Cambridge Isotope Laboratories, Inc. (C.I.L.) 99.8%. The
deposited ice layer was photoprocessed with a microwave dis-
charged hydrogen flow lamp (MDHL) from Opthos Instruments
at a hydrogen pressure of 0.40 + 0.05 mbar. The Evenson cav-
ity of the lamp is refrigerated with air. The source has a UV-flux
of ~2 x 10'* photons cm=2 s~! at the sample position (Mufioz
Caro et al. 2010). Routine measurements of the VUV-emission
spectrum of the lamp were performed using a McPherson 0.2 m
focal length VUV-monochromator (model 234/302). Based on
our measurements, the mean energy of the MDHL was found to
be 8.6 eV. The energy distribution and main bands of the UV-
light produced by the MDHL are reported in Cruz-Diaz et al.
(2014a). The characterization of the MDHL spectrum is dis-
cussed in more detail by Chen et al. (2014).

The methanol ice samples were irradiated with cumulative
intervals that lead to total irradiation times of 5, 15, 30, 60, 120,
and 240 min. Between each irradiation dose we performed FTIR
spectroscopy to monitor the evolution of solid methanol and its
photoproducts. As mentioned above, samples were deposited at
8 K and then irradiated or heated to the irradiation temperature
of 30, 50, 70, 90, and 130 K. The deposited ice column den-
sity is shown in Table 1. The ice column densities of methanol,
methanol-Dy, and their photoproducts were calculated from their

infrared absorption using the formula N = % Lan 4 Tvdv, where

2 1, the opti-

N is the column density in molecules per cm

cal depth of the band, dv the wavenumber differential in cm™!,
and A the band strength in cm molecule™!. The adopted band
strengths were 1.8 x 107!7 for the 1026 cm™' band of CH3;0H
(d’Hendecourt & Allamandola 1986), 7.0 x 1078 for the equiv-
alent band of CD;0D (Cruz-Diaz et al. 2014b), 6.2 x 10~'® for
the 1304 cm™! band of CH, (Pearl et al. 1991), 7 x 1078 for the
994 cm™! band of CD4 (Kondo & Saeki 1973), and 1.1 x 10717
for the 2139 cm™! band of CO (Jiang et al. 1975). The MDHL
was always turned on to ensure a constant UV-flux and intensity.
Quadrupole mass spectrometry (QMS) was used to detect the
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Table 1. Methanol and deuterated methanol irradiation experiments per-
formed for this study.

CH;0OH Irrad. temp.  Thickness
sample No. K] [ML]
1 8 124
2 30 155
3 50 128
4 70 131
5 90 117
6 130 100
CD;OD
sample No.
7 8 155
8 30 162
9 50 168
10 70 158
11 90 160
12 130 132

Notes. One monolayer (ML) corresponds to 1 x 10" molecules cm™.

gas-phase molecules that desorbed thermally or photodesorbed
from the ice during UV-irradiation.

The integrated ion current measured by QMS corresponding
to a mass fragment m/z of the molecules of a given species des-
orbed during ice irradiation experiments is proportional to the
total number of molecules desorbed, and can be calculated as

otmol) Ir(z)  Fe(m) S(m/2)
o+ (CO) Iz(CO") Fr(28) S(28)°

where A(m/z) is the integrated area below the QMS signal of
a given mass fragment m/z during photon-induced desorption
in ampere-second (A s); N(mol) the total number of desorbed
molecules in column density units (em™2); kco a proportional-

ity constant (7.9 x 107 —A5__ for our QMS in the case of

CO molecules); o* (mol) tﬁne()liegﬁrfzation cross section for the first
ionization of the species of interest with the incident electron en-
ergy of the mass spectrometer; Ir(z) the ionization factor, i.e., the
fraction of ionized molecules with charge z; Fr(m) the fragmen-
tation factor, i.e., the fraction of molecules of the isotopolog of
interest leading to a fragment of mass m in the mass spectrome-
ter; and S (m/z) the sensitivity of the QMS to the mass fragment
(m/z); see Martin-Doménech et al. (2015) for a detailed descrip-
tion of our QMS calibration method.

A(m/z) = N(mol)-kco-

@)

3. Experimental results and discussion
3.1. CH30OH/CD3;0OD ice photoprocessing at 8 K

Figure 1 shows the mass spectra of methanol and fully deuter-
ated methanol acquired with our QMS during the deposition of
the samples. Methanol and methanol-D, were UV-irradiated first
at 8 K. The bands of the observed photoproducts (CH4/CD4, CO,
and CO,) are shown in Figs. 2 and 3. A broad band centered
at 1720 cm™! is visible as a result of the contribution of differ-
ent species. This band has been attributed to the X-CHO like
molecules, e.g., H,CO, HCOOH, CH3CHO, and HCOOCH3,
see Oberg et al. (2009). The same band has been observed for the
deuterated species but shifted to 1680 cm™'. During the temper-
ature programmed desorption (TPD), the presence of HCOOH
and CH3CHO was confirmed based on their desorptions near
140 K of the main mass fragment, m/z 46 and m/z 43, respec-
tively, but more dedicated experiments are needed to study the
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Fig. 1. Mass spectrum of methanol (black bars) and methanol-Dy (red
bars) obtained during deposition of the ice sample using our QMS at
8 K. The spectra are normalized relative to the main mass fragment
(m/z = 31 for methanol and m/z = 34 for methanol-Dy).
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Fig. 2. Irradiation of pure CH;OH ice at 8 K for different irradiation
times. The panels show the decrease in the CH;OH absorption and the
formation of the main photoproducts.

thermal desorption of methanol photoproducts similar to those
reported by Oberg et al. (2009). Several species desorbing from
the ice matrix during irradiation at 8 K were detected by QMS.
We only estimated the number of molecules released to the gas
for photon-induced desorbing species with the highest signal-to-
noise ratio (Hy/D,, CH4/CDy, and CO), see Fig. 4.

Methanol (m/z = 31, the main mass fragment) photon-
induced desorption was not observed (see top panel of Fig. 4).
The methanol signal in the QMS does not show any perturbation
when the MHDL is turned on or off. This is confirmed in the
methanol-D,4 experiment (m/z = 34, the main mass fragment)
(see bottom panel of Fig. 4).

The number of molecules desorbing from the ice sample
during irradiation was obtained using Eq. (2). We performed
irradiation experiments of pure CO ice to determine kco. Car-
bon monoxide was chosen because it cannot be directly disso-
ciated by the UV-photons of our lamp; only about 5% of the
UV-photons lead to rupture of the molecule via CO* + CO —
CO, + C (Gerakines et al. 1996; Gerakines & Moore 2001;
Loeffler et al. 2005; Oberg et al. 2007; Mufoz Caro et al. 2010;
Chen et al. 2014). Therefore, the QMS signal of CO increases
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Fig. 3. Irradiation of pure CD;OD ice at 8 K for the same irradiation
times shown in Fig. 2. The panels show the decrease in the CD;OD
absorption and the formation of the main photoproducts.
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Fig. 4. Photon-induced desorption of the different photoproducts dur-
ing UV-irradiation of methanol ice at 8 K. The different steps follow the
turn on and turn off of the UV-lamp. The evolution of the photoprod-
ucts during irradiation is discussed in Sect. 3.2. Top: irradiation of pure
CH;O0H ice. Bottom: irradiation of pure CD;0D ice. The H, and D, sig-
nals were divided by 5 and the CH, and CD; signals were multiplied by
4 for clarity when comparing all the photoproducts. Small bumps in the
curves are due to instabilities of the MDHL during irradiation, mainly
because of the oscillations of the H, flow.

as the result of an almost pure photodesorption process. Pho-
todesorption is the main factor that is responsible for both the
increase in the QMS signal of CO and the decrease in its IR ab-
sorption band. Then, the column density loss observed will be
proportional to the signal area in the QMS during the irradia-
tion, and therefore the proportionality constant for CO, kco, can
be estimated; see Martin-Doménech et al. (2015) for a detailed
description of the process.

To relate the number of CO molecules photodesorbing from
the ice sample with the number of molecules of any other pho-
todesorbing species some corrections were needed. We corrected
the calculation using the electron-impact ionization cross sec-
tions adapted from the National Institute of Standards and Tech-
nology (Kim et al. 2016) at 70 eV for hydrogen, methane,
and carbon monoxide: oy, = 1.021 A%, oy, = 3.524 A2, and
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Table 2. Photodissociated molecules, absorbed photons, and photodis-
sociation yield (in molecules per absorbed photon) at each irradiation
interval for methanol and fully deuterated methanol at 8 K (experi-
ments 1 and 7 in Table 1).

Irrad. Photodiss. Absorbed Photodiss.
time molecules photons yield
min. [x 10'® molec./cm?] [x 10'® phot./cm?] [molec./abs. phot.]
CH;0H
5 2.8 5.3 0.5
10 3.0 10.4 0.3
15 2.4 16.1 0.2
30 2.1 32.8 0.06
60 1.5 67.5 0.02
120 0.3 136.1 0.002
CD;0D
5 4.3 4.9 0.8
10 3.8 10.1 0.4
15 2.7 15.9 0.2
30 1.6 334 0.05
60 1.2 68.1 0.02
120 0.4 1354 0.003

oco = 2.516 A2. The electron-impact ionization cross section
of deuterium is similar to hydrogen, and so we used the same
value (1.021 Az); see Rapp & Englander-Golden (1965), tables
77 and 161 in Celiberto et al. (2001), and Yoon et al. (2010). We
used the same value for methane and fully deuterated methane
as an approximation since ocp, was not found in the literature.
The QMS filament has a different detection sensitivity for each
molecular mass. We calibrated for this effect using noble gases
(He, Ne, and Ar) and extrapolated these values to obtain a mass-
calibration curve for S (m/z) of Eq. (2) in the 4 to 40 amu range.

The QMS minimum detection signal is on the order of
3 + 2 x 10'® molecules cm™2. This estimate was done using the
CO signal in the QMS by applying the above procedure taking
into account the detection time between two consecutive mea-
surements, 5.89 s for our QMS. We divided the CO signal in the
QMS by a constant to match the m/z = 31 signal, the main frag-
ment of CH3OH in our QMS, in the same experiment. We found
that COsignal > 200 X CHSOHsignal-

Therefore, using the CO photodesorption yield measured in
the same experiment (0.008 molecules per incident photon in
Table 3), we calculated an upper limit for CH3;OH photodesorp-
tion of 3 X 107 molecules per incident photon (after the QMS
corrections mentioned in Sect. 2 were applied), i.e., about 2 or-
ders of magnitude lower than the Oberg et al. (2009) interpre-
tation. It should be emphasized that this value is an upper limit
for the photodesorption rate of methanol, which depends on the
sensitivity of the QMS used in the experiment.

Table 2 shows the photodissociated molecules calculated
from the IR data, the absorbed photons calculated using the
UV-absorption cross sections reported in Cruz-Diaz et al.
(2014a,b), and the photodissociation yield for each irradia-
tion interval. Using the equation for the photodissociation of
species,

N(1) = N(O)exp(=¢ - 1 - Taes) 3)

(where N is the column density in cm™2, ¢ the flux of
UV-photons in cm 257!, ¢ the irradiation time, and o-ges the pho-
todissociation cross section by UV-photons), the methanol col-
umn densities plotted in Fig. 5, and the UV-absorption cross
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Fig. 5. Methanol and methanol-D, ice normalized column density as a
function of fluence during experiments 1 and 7 at 8 K (black trace) and
experiments 6 and 12 at 130 K (red trace).

sections (4.4 x 10718 cm? for CH;0H and 4.6 x 10~'® cm? for
CD3OD to calculate the amount of photons absorbed by the
methanol ice), we found the methanol mean UV-dissociation
cross sections to be 2.7 + 0.7 x 10~'® cm? for the above value
of the incident photon flux, and 2.9 + 1.9 x 1077 cm? consider-
ing for this value only the absorbed photon flux. For methanol-
D4 we found the mean UV-dissociation cross sections to be
3.5+ 1.2 x 1078 cm? based on the incident photon flux, and
2.4 + 1.0 x 1077 cm? based on the absorbed photon flux.

3.2. CH30OH/CD3;0D ice photoprocessing at various
temperatures

The thermal desorption of pure CH3;OH ice occurs around 145 K
in our ISAC setup, see Martin-Doménech et al. (2014). We found
that the photodesorption of CH30H ice is negligible at 8 K. Pho-
todissociation should therefore be the main effect at low temper-
atures. Figure 5 shows the decrease in the CH3OH normalized
column density as a function of UV-fluence at 8 K and 130 K.
We observed that photodissociation of CH3OH ice is more effi-
cient at higher irradiation temperatures.

The purpose of increasing the irradiation temperature was
to study the role of temperature in the desorption. Desorption
of methanol was also not observed during the UV-irradiation at
temperatures higher than 8 K up to 130 K (see Fig. 6). We in-
creased the temperature at 130 K to observe whether a change in
the ice matrix structure (crystallization; see Galvez et al. 2009,
and references therein) could induce a difference in the pho-
todesorption process, but CH3;0OH photodesorption was not ob-
served at any temperature.

Using Eq. (2), we were able to give an estimate of the total
number of product molecules that desorbed from the methanol
and methanol-D,4 samples (see Table 3). Unlike the H, molecule,
which desorption rate increases with temperature, in the case
of CO and CH,4 photoproducts a maximum in the desorption is
reached near 50 K. This behavior could, therefore, be attributed
to the low sublimation temperatures of pure CO and CHy ices,
respectively, ~30 K and ~40 K, allowing diffusion of a fraction
of these volatiles in the methanol ice matrix; see Collings et al.
(2004) and Martin-Doménech et al. (2014).
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Fig. 6. QMS signals of CH30H ice (top) and CD;OD ice (bottom) dur-
ing the UV-irradiation, monitored with fragments of m/z 31 and 34,
respectively. The color code indicates the different irradiation temper-
atures. The curves have been offset for clarity, since their signals were
all at the same level except for the 130 K experiments. The gray areas
represent UV-irradiation, when the lamp is turned on.

3.2.1. Ho/D2 desorption

UV-irradiation of CH3OH/CD3;0D produces H,/D, as the main
photoproduct. Hydrogen and deuterium were identified using the
mass fragments m/z = 2 and m/z = 4, respectively. The ex-
periments using deuterated methanol serve to discard the back-
ground H, contamination present in the chamber. Because of
this H, contamination, reasonable values were only obtained
by monitoring D, desorption in the CD3;0D experiments. The
desorption of H; is high because most of the atomic hydrogen
produced by photolysis (most likely by the process CH;0H +
hy — CH,OH + H ~ 4.26 V) will diffuse through the ice and
recombine with another hydrogen atom, then after reaching the
surface it will desorb to the gas phase. The relative energies of H
and D bonds are explained by differences in the zero-point vibra-
tional energy. Raising the temperature tends to stabilize H over
D bonds in methanol (Scheiner & Cuma 1996).

Table 3 provides the total desorbed column density as a func-
tion of temperature for all the photoproducts of methanol ice.
The desorption of D, is constant between 30 and 130 K. In the
case of H,, background contamination hinders a proper estima-
tion of the desorption. Figure 7 shows the desorption curves mea-
sured by QMS during the irradiation of CH3;OH and CD;OD ice
for different UV-doses and temperatures. A strong dependence
on the irradiation temperature can be observed. The first 5 min
of irradiation show the highest hydrogen desorption at 90 and
130 K, while the desorption at 8 K presents the weakest sig-
nal. Obviously, the higher the temperature, the more easily the
hydrogen molecules will diffuse, leading to an increase in the
hydrogen QMS signal at the start of irradiation.

3.2.2. CH4/CD4 desorption

FTIR spectroscopy was used to measure the column density of
produced CH4/CD, during irradiation at different temperatures
(see Fig. 8). At 8 K, the CH4 column density reaches a maximum
after 30 min of irradiation that corresponds to about 8% of the
deposited methanol. However, methane desorption is observed
from the start of irradiation. This effect is better observed dur-
ing the irradiation of CD3;OD (see Fig. 4 bottom panel). After a
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Table 3. Desorbed products during the irradiation of methanol ice.

Irrad. Temp. H, CH,4 CO
[K] ot oot ot [t ] (5] [phoc ]
- 8 - - 6.1 +0.9 x10%  0.002 2.1 +0.6x10  0.008
o 30 - - 5.8+ 1.1 x10%  0.002 5.2+0.5x%x10 0.018
5 50 - - 41+13x10'% 0.014 15+03x107 0.056
70 - - 29+ 1.0x10% 0.010 6.6+0.6x10"° 0.022
90 - - 1.4+03 %10 0.005 3.1 +0.6x10"° 0.011
130 - - 7.1+04 %10 0.002 3.5+04x10° 0.0012
Irrad. Temp. D, CD, CO
K] (2ot et et
o 8 2.1 +0.7 x10'8 0.7 45+12x10% 0.002 24=+1.0x10" 0.009
C 30 4.5+0.4 x10" 1.6 43 +13xI10”% 0002 56+0.5x10' 0.019
6 50 6.0 0.6 x10'8 2.1 2.6+ 1.1x10" 0.009 9.5+0.7x10'° 0.033
70 5.8 +0.3 x10'8 2.0 1.3+04 %10  0.004 3.2+09x10'° 0011
90 5.1 +0.2x10' 1.8 9.9 +03x10” 0.003 9.2+03x10” 0.003
130 4.4 +03x10" 1.6 1.6 £ 0.4 x10'  0.005 4.5+1.0x10% 0.0016

Notes. Column [22k ] denotes the total number of desorbed molecules per square centimeter for the total irradiation time, 240 min. Column [m"l

denotes the average number of desorbed molecules per incident photon. ) These values suffer from background H, contamination in the chamber
Therefore, only the values for D, in the deuteraed-methanol irradiation experiment are reliable.
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Fig. 7. Desorption of H, (top) and D, (bottom) during the irradiation of
pure methanol ice at the different irradiation doses and temperatures in-
dicated. Small bumps in the curves are due to instabilities of the MDHL
during irradiation, mainly because of the oscillations of the H, flow.

fluence of 3.6 x 10'7 photon cm™2 (30 min. irradiation) the abun-
dance of H-bearing molecules like CH,4 and X-CHO starts to de-
crease (see Fig. 2). The decrease in the column density of CHy
can be attributed to photodissociation and to photon-induced
desorption. Table 3 gives the desorbed methane and methane-
D4 column density at 8 K. We measured a mean photon-induced
desorption yield of 0.002 molecules per incident photon. We cal-
culated the formation cross section o, of methane using the
equation

dN

dt =¢- N * O form» 4)

where N is the column density of the photoproduct (methane, in
cm™2), N, is the column density of methanol in cm~2, and ¢ is
the flux of UV-photons in photons cm~2 s~!. We found the mean
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Fig. 8. Column density of CH4/CDy as a function of UV-fluence during
the irradiation of CH;OH/CD;0D ice measured by IR spectroscopy.

formation cross sections of CH, to be 3.1 = 1 x 1072 cm? for
the incident photon flux and 3.5 + 0.7 x 107! cm? for the ab-
sorbed photon flux by methanol ice. For CD,4 the mean formation
cross sections are 3.0 + 1.5 x 1072! cm? for the incident photon
flux and 4.0 + 1.2 x 107" cm? for the absorbed photon flux by
methanol-D,. The methane production is temperature dependent
and it reaches a maximum between 15 and 30 min of irradia-
tion. In the case of methane-Dy, it seems to display the same
behavior, but due to the overlap with the methanol-D4 band, the
column density measurements become less accurate (see Fig. 3).

The desorption of CH4/CD4 during irradiation of
CH;OH/CD;OD ice is shown in Fig. 9. CHs and CD4 were
monitored using the mass fragments m/z = 16 and m/z = 20.
Contamination due to other species sharing the same mass frag-
ment such as atomic oxygen, m/z = 16, and deuterated water,
m/z = 20, was negligible. This was found by tracing the mass
fractions m/z = 32 (0;) and m/z = 18 (OD). The desorption
of CH4/CDy is temperature dependent; at 130 K the registered
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Fig. 9. Desorption of CHy (top) and CD, (bottom) during the irradiation
of pure CH;0H/CD;OD ice at the different irradiation doses and tem-
peratures indicated. Small bumps in the curves are due to instabilities of
the MDHL during irradiation, mainly because of the oscillations of the
H, flow.

QMS signal is much higher than at lower temperatures. This
behavior is contrary to the production of methane in Fig. 8.
Diffusion will increase with temperature, which reduces the
amount of methane retained inside the methanol ice matrix. At
8 K and 30 K, photon-induced desorption is responsible for the
small increase in the CHy signal. At 50 K methane reaches its
maximum desorption because thermal desorption is active (see
Table 3, CH4 and CD4 columns). Above the CH,4 sublimation
temperature, its QMS signal presents a broad bump that can be
appreciated from the begining to the end of the total irradiation
time, while UV-irradiation produces a step-like feature that is
clearly observed at 8 K (Fig. 4) and 30 K (Fig. 9).

The likely process leading to desorption of CHy starts with
the photodissociation of CH30H giving CH; + OH, a process
that requires 92.1 kcal mol~! (4.0 eV). Other dissociation routes
expected to occur have a lower probability because the ener-
gies required are higher: 96.1 kcal mol~! for CH,OH + H and
104.6 kcal mol~! for CH30 + H (Blanksby & Ellison 2003). The
fast exothermic reaction of this methyl radical with hydrogen on
the ice surface, the latter generated from photodissociation of
CH;0H into CH,OH/CH;30 + H, leads to methane formation:
CH; + H — CH,4 + 2.23 eV. This excess energy corresponds to
the enthalpy of the reaction using the standard enthalpies of for-
mation of methane (—0.69 eV) and the methyl radical (1.54 eV);
see Chase (1998). We note that this excess energy of 0.69 eV
is higher than the binding energy of methane molecules in a
methanol dominated ice matrix since this value will be no higher
than the binding energy of pure methanol ice of about 4355 K (or
0.38 eV); see, e.g., Martin-Doménech et al. (2014).

3.2.3. CO desorption

Figure 10 shows the column density of CO as a function of
UV-fluence for the irradiation of pure methanol and methanol-
Dy ice. It can be observed that both experiments behave simi-
larly. At 8 K, the CO column density reaches a maximum that
corresponds to about 44% of the deposited methanol for 4 h of
irradiation time. This means that almost half of the methanol
dissociates to produce CO by dehydrogenation in a sequence

that requires four photons (CH;OH ﬂ CH,OH K H,CO K

HCO W, CO); see Oberg et al. (2009). The desorption of carbon
monoxide is observable after a fluence of 6 x 10'® photons cm~2
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Fig. 10. Column density of CO as a function of UV-fluence during the
irradiation of CH;OH/CD;0D ice measured by IR spectroscopy.

12
10

OV~ OO @

12
10

lon Current [x107'! A]

e e e ©

QN s~ O @

150
QMS scanning Time [min]

100

o
(o))
(@]

200

Fig. 11. Desorption of CO during the irradiation of pure CH3;OH (top)
and CD;0D (bottom) ice at the different irradiation doses and tempera-
tures indicated. Small bumps in the curves are due to instabilities of the
MDHL during irradiation, mainly because of the oscillations of the H,
flow.

(5 min) at 8 K. Using Eq. (4), we found that the mean forma-
tion cross sections of CO in irradiated methanol was 3.0 + 2.0 X
102! cm? considering the incident photon flux, and 8.3 + 2.2 x
107" ¢cm? considering the absorbed photon flux by methanol.
For CO produced by CD3;OD irradiation the mean formation
cross sections are 3.1 + 1.1 x 107! cm? considering the incident
photon flux, and 7.7 + 2.0 x 107" cm? considering the absorbed
photon flux by methanol-Dy ice. The column density of carbon
monoxide present in the ice decreases drastically at 30 K; since
the thermal desorption of CO occurs near 28 K in our set-up, the
maximum is achieved at 2 h of irradiation with an abundance
that corresponds to about 14% of the deposited methanol. The
desorption of CO is shown in Fig. 11.

4. Two patterns in the photon-induced desorption
of photoproducts

The irradiation of ice at temperatures near or above the subli-
mation temperature of the photoproducts leads to the release of
ice molecules to the gas, mainly caused by thermal desorption,
while radiative processes may also contribute to this desorption
to some extent. Below, we discuss the desorption observed at
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Fig. 12. QMS signal representation of two photon-induced desorption
processes taking place in the UV-irradiation of an ice mantle. Red trace:
desorption of photoproducts previously formed in the ice bulk. Black
trace: desorption of photofragments or photoproducts from exothermic
recombination reactions immediately after their formation on the ice
surface.

the lowest temperatures, in particular at 8 K, corresponding to
the coldest regions in dark clouds where thermal desorption is
inhibited.

The pure methanol ice irradiation experiments led to the for-
mation of several species, which were observed by IR spec-
troscopy. Some products were found to desorb into the gas phase
during UV irradiation of the ice samples, leading to an increase
in the ion current of the corresponding m/z fragment. Two differ-
ent patterns in the behavior of the ion currents can be recognized
in Fig. 4, which are outlined in Fig. 12. These two different pat-
terns correspond to different photon-induced desorption mech-
anisms operating in the ice (see Martin Doménech et al. 2015,
2016).

Most of the photoproducts show an increase of their ion
currents with fluence. As stated in Martin Doménech et al.
(2015, 2016), this is tentatively associated with the desorption
of molecules previously formed and accumulated in the ice bulk
that became exposed to the surface after the ice monolayers
on top were removed upon continued irradiation. The subse-
quent absorption of a UV photon by a nearby molecule fol-
lowed by the energy transfer to the surface molecules could lead
to their photon-induced desorption. Therefore, this mechanism
for photon-induced desorption requires two or more photons: at
least one photon to form the product molecule in the ice bulk,
and another photon to break the intermolecular bonds leading to
its desorption once the molecule becomes eventually exposed to
the ice surface. This pattern of photon-induced desorption be-
comes observable when the product concentration stored in the
ice reaches a minimum value, as observed by QMS. A good ex-
ample is the desorption of the CO photoproduct in irradiated
methanol ice, see Fig. 4.

A substantially different pattern of desorption was observed
in Fig. 4 for CH4 and CDy. In this case, during the various in-
tervals of irradiation the ion current of the photoproducts led
to a step function: there is a sharp rise in the QMS signal at
the beginning of the irradiation and a sharp drop in the signal
when irradiation stops (step function). The value of the QMS
signal tends to remain constant during irradiation, meaning that
the desorption rate is also constant. Since this mechanism is not
an accumulative process, photon-induced desorption is probably
taking place immediately after the recombination of photofrag-
ments resulting from photodissociation of methanol molecules
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Table 4. Desorption yields for CD, and CO at 8 K during pure deuter-
ated methanol ice irradiation.

Irrad. time  CDy CO
min. [molec./phot.]
5 0.001 0
10 0.002  0.002
15 0.002  0.005
30 0.003  0.007
60 0.002  0.008
120 0.002  0.009

on the ice surface, as proposed in previous sections. This alterna-
tive desorption mechanism, along with the desorption of excited
photofragments right after their formation, is referred to as pho-
tochemidesorption in Martin-Doménech et al. (2015, 2016). In
this case, a photoproduct formed on the ice surface directly des-
orbs because the excess in kinetic energy overcomes the binding
energy of the ice. Since this occurs only when the molecule is
formed on the ice surface, the expected rate of desorption is low.
Therefore, it may be difficult to detect depending on the sensi-
bility of the QMS, vacuum conditions, etc.

The non-thermal desorption process may enable the release
to the gas phase in cold regions of certain molecules that are
not able to desorb via energy transfer from nearby photo-excited
molecules. This provides an alternative route to account for the
presence of methane in cold interstellar regions, provided that
this molecule is formed by irradiation of a different precursor
species in the ice, since irradiation of pure methane ice experi-
ments performed at 8 K did not lead to an observable photodes-
orption of this molecule.

Table 4 shows the main difference between these two photon-
induced desorption processes, which is also noticeable through
the photon-induced desorption rate of the different molecules, as
explained in Sect. 1. In this case, the CO desorption increases
with irradiation time while CH4 desorption remains stable.

5. Astrophysical implications and conclusions

CH;3;O0H ice probably forms in dense cloud cores; it is absent
from the cloud edges, but it is often abundant toward protostars.
Because of its formation deep in the cloud, methanol ice mantles
are shielded from the external UV-field during most of their life-
time (Charnley et al. 1992; Garrod et al. 2008). We found no ob-
servable photodesorption of CH;OH or CD3;0D. Using a QMS
for the detection of molecules in the gas phase, the estimated up-
per limit for the methanol photodesorption is 3 X 10~ molecule
per incident photon. This upper limit is about 2 orders of magni-
tude lower than the value provided by Oberg et al. (2009), based
on their interpretation of the decrease in the IR band upon irra-
diation. However, the two UV-dissociation cross section values
for CH3OH ice found in Oberg et al. (2009) and this work are
very similar: 2.6 (+0.9) x 107!® cm? and 2.7 (+0.7) x 10~'% cm?
based on the incident photon flux.

Our work using a combination of FTIR and QMS shows that
CH;OH ice has a negligible photodesorption since it was not de-
tected by the QMS, which has a higher sensitivity than the IR
technique used by Oberg et al. (2009) to estimate the methanol
photodesorption rate in an indirect way. We consider that the
value provided by Oberg et al. (2009) should be regarded as
an upper limit. Here we provide a more stringent value of this
upper limit for CH3OH photodesorption. Therefore, a different
non-thermal desorption process (or a combination of processes)
is required to explain the amount of methanol detected in the gas
phase toward dense interstellar clouds: this could be desorption
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due to the release of chemical heat following the recombination
of two thermalized radicals or cosmic-ray induced desorption
which could be simulated experimentally. Even for a total 44%
conversion of CH3OH to CO, a CH3OH photodesorption route
due to indirect desorption through CO excitation was not ob-
served; see Bertin et al. (2013) and Fillion et al. (2014) for a
detailed description of the process. The efficient photodissocia-
tion of CH3OH leads to the formation and desorption of various
products, but inhibits the photodesorption of CH3OH molecules.

Although direct photodesorption of CH;OH/CD3;0D was not
observed, the H,/D,, CO, and CH4/CD,4 photoproducts were
found to desorb by two different mechanisms, leading to differ-
ent patterns in the observed photon-induced desorption yields.
Since non-thermal desorption in dense clouds competes with ac-
cretion of molecules, photoproducts formed in the bulk of in-
terstellar ice mantles may never be exposed to the ice surface.
Therefore, the influence of the different mechanisms in the des-
orption yields could be limited to some extent. In any case,
U V-irradiation of ice mantles can therefore contribute to recre-
ating their gas phase abundances in cold inter- and circumstellar
regions because molecular hydrogen is the main photoproduct in
the case of methanol ice. Since the irradiation of pure CHy ice
did not lead to an observable photodesorption of this molecule,
the photochemidesorption of CH4 by CH3OH ice irradiation pro-
vides an alternative route to release methane to the gas in cold
regions.

Since submission of our manuscript in June 2015, a paper
has been published on methanol irradiation (see Bertin et al.
2016), although the two works are not directly comparable
since we used a continuum radiation source and they employed
monochromatic synchrotron light with very low doses.
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