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ABSTRACT

Context. Methanol is the most complex molecule that is securely identified in interstellar ices. It is a key chemical species for under-
standing chemical complexity in astrophysical environments. Important aspects of the methanol ice photochemistry are still unclear,
such as the branching ratios and photodissociation cross sections at different temperatures and irradiation fluxes.

Aims. This work aims at a quantitative agreement between laboratory experiments and astrochemical modelling of the CH;0H ice
UV photolysis. Ultimately, this work allows us to better understand which processes govern the methanol ice photochemistry present
in laboratory experiments.

Methods. We used the code ProDiMo to simulate the radiation fields, pressures, and pumping efficiencies characteristic of laboratory
measurements. The simulations started with simple chemistry consisting only of methanol ice and helium to mimic the residual gas in
the experimental chamber. A surface chemical network enlarged by photodissociation reactions was used to study the chemical reac-
tions within the ice. Additionally, different surface chemistry parameters such as surface competition, tunnelling, thermal diffusion,
and reactive desorption were adopted to check those that reproduce the experimental results.

Results. The chemical models with the code ProDiMo that include surface chemistry parameters can reproduce the methanol ice
destruction via UV photodissociation at temperatures of 20, 30, 50, and 70 K as observed in the experiments. We also note that the
results are sensitive to different branching ratios after photolysis and to the mechanisms of reactive desorption. In the simulations of a
molecular cloud at 20 K, we observed an increase in the methanol gas abundance of one order of magnitude, with a similar decrease
in the solid-phase abundance.

Conclusions. Comprehensive astrochemical models provide new insights into laboratory experiments as the quantitative understand-
ing of the processes that govern the reactions within the ice. Ultimately, these insights can help us to better interpret astronomical
observations.

Key words. astrochemistry — ISM: molecules — solid state: volatile

1. Introduction

Methanol (CH3OH) ice has been securely detected in the inter-
stellar medium (ISM) towards different lines of sight (e.g.
Schutte et al. 1991; Chiar et al. 2000; Pontoppidan et al. 2004;
Boogert et al. 2011; Perotti et al. 2020, 2021; Chu et al. 2020;
Goto et al. 2021; Kim et al. 2022). We highlight the recent
detection made with James Webb Space Telescope (JWST)
observations towards the class O protostar IRAS 15398-3359
(program 2151, PI: Y.-L. Yang; Yang et al. 2022) and in the dens-
est regions of the molecular clouds Chameleon I (McClure et al.
2023) as part of the Early Release Science (ERS) Ice Age pro-
gram (PIs: M. Mcclure, A. Boogert, and H. Linnartz). This sim-
ple alcohol is mostly formed via successive CO hydrogenation
(Watanabe & Kouchi 2002; Fuchs et al. 2009) through so-called
dark ice chemistry (Ioppolo et al. 2021), a term that is used to
characterize molecular synthesis without the influence of

ionizing radiation. Additionally, other surface reactions at low
temperature have been proposed in the literature. Qasim et al.
(2018) found experimentally that CH3OH is formed via a
sequential surface reaction chain at low temperature, that is,
CHsy + OH — CH; + H,O and CH; + OH — CH3;0H.
More recently, Santos et al. (2022) confirmed via experi-
ments that CH;0OH also forms in the ice via CH;0 + H,CO
— CH;OH + HCO at temperatures similar to the interior
of molecular clouds. Additionally, methanol ice is formed
by energetic processing of simple molecules in the ice man-
tle, such as H,O, CO and CO, (e.g. Jiménez-Escobar et al.
2016). Despite its low abundance towards low-mass star-forming
regions (5—12% with respect to H,O ice; Oberg et al. 2011),
methanol is crucial for understanding the chemical complex-
ity in stellar nurseries because it is the precursor of large
and complex organic molecules (COMs; Oberg et al. 2009a;
Oberg 2016). In the Solar System, methanol has also been

A70, page 1 of 38

Open Access article, published by EDP Sciences, under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
This article is published in open access under the Subscribe to Open model. Subscribe to A&A to support open access publication.


https://www.aanda.org
https://doi.org/10.1051/0004-6361/202142570
https://orcid.org/0000-0001-6144-4113
https://orcid.org/0000-0002-1363-2301
https://orcid.org/0000-0001-9133-8047
https://orcid.org/0000-0003-1159-3721
https://orcid.org/0000-0002-8545-6175
mailto:rocha@strw.leidenuniv.nl
https://www.edpsciences.org/en/
https://creativecommons.org/licenses/by/4.0
https://www.aanda.org/subscribe-to-open-faqs
mailto:subscribers@edpsciences.org

A&A 673, A70 (2023)

detected in comets (e.g. 67P/Churyumov-Gerasimenko; Le Roy
et al. 2015) and Kuiper belt objects (e.g. Grundy et al. 2020).
In the former, mono- and di-deuterated methanol detection in a
cometary coma has also been reported by Drozdovskaya et al.
(2021). In the latter case, spectral analysis of Arrokoth suggests
a water-poor surface and a high abundance of methanol (Grundy
et al. 2020).

In order to provide qualitative information on how frozen
methanol promotes the synthesis of COMs, systematic labo-
ratory experiments simulating the effects of UV radiation on
the CH30H ice were performed by Oberg et al. (2009a). From
that study, the formation of several COMs such as CH3;CH,OH,
CH;0CH3;, HCOOCHj3, and HOCH,CHO was observed. As
suggested by the authors, this is the result of CH3;0OH photol-
ysis and radical recombination after diffusion. Nevertheless, a
few aspects remained unclear, such as the reaction channel that
dominates at different temperatures and fluences (flux integrated
over time), as well as the branching ratios (BRs), that is, the frac-
tion of the radicals formed after UV photolysis. Additionally, the
photodissociation cross sections derived from this experimen-
tal study are underestimated because of the immediate methanol
ice re-formation. Complementary chemical kinetic modelling is
therefore necessary to completely quantify the photochemistry
of methanol ices, as pointed out by the authors.

Combining careful modelling of ices under laboratory con-
ditions aided by experiments might provide a comprehensive
understanding of the processes that govern reactions within the
ices. With this goal, Shingledecker et al. (2019) studied the
proton-irradiation of O, and H,O ices using astrochemistry-type
models implemented with the code MONACO (Vasyunin et al.
2017), which uses a multiphase Monte Carlo approach to calcu-
late chemical abundances in the context of gas-grain interaction.
The models demonstrated that cosmic-ray-driven chemical reac-
tions can reproduce the abundances of O,, Oz, and H;0O,
observed in the experiments if the radicals produced by proton-
irradiation react quickly and locally in the ice. Similarly, the
formation of Sg and other sulfur-bearing species was addressed
with the same method by Shingledecker et al. (2020), who again
showed that these kinetic studies of chemical reactions in the ices
agree with the abundances of sulfur-bearing species measured
towards comet 67P/C-G by the ROSINA instrument (Rosetta
Orbiter Spectrometer for Ion and Neutral Analysis; Balsiger
et al. 2007) on ESA’s Rosetta mission (Calmonte et al. 2016). In
a lower-energy regime, Mullikin et al. (2021) successfully simu-
lated the ozone (O3) formation due to UV irradiation of O, ice
using a Monte Carlo-based model. In their simulations, chemical
processes such as photoionization, photoexcitation, and the for-
mation of electronically excited species were considered in the
models. Despite the good agreement between experiments and
simulations, the caveats in these approaches are the uncertain-
ties in the chemical networks, the reaction rates, and the BRs for
surface chemistry processes included in the models. Further the-
oretical works exploring these uncertainties and using a reduced
network have been carried out by Pilling et al. (2022), Carvalho
et al. (2022), and Pilling et al. (2023), aiming at the determina-
tion of effective rate constants of reactions in the solid phase.

Inside dense molecular clouds, energetic cosmic rays excite
the gas-phase H,, which results in Lyman and Werner emis-
sion lines (Prasad & Tarafdar 1983). These are the secondary
UV photons. The typical flux in dense starless cores ranges
from 103 to 10*cm™2s~! (e.g. Shen et al. 2004). Although it
represents a mild flux, over the timescale of molecular clouds
(<10 Myr; e.g. Clark et al. 2012), this results in fluence of around
10" cm™2. This is comparable with the fluence adopted by
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Oberg et al. (2009a) to photolyse the methanol ice and to form
a variety of COMs. Additionally, other laboratory experiments
with UV as an irradiation source have reported the formation
of prebiotic molecules, such as ribose (Meinert et al. 2016) and
deoxyribose (Nuevo et al. 2018). In spite of the importance of
chemical processes within ices triggered by UV radiation, little
is known about these processes. In addition, the JWST is ded-
icating many hours to observe ices, which makes it crucial to
improve our understanding of the mechanisms involved in ice
photolysis. To shed light on this problem, and to shrink the gap
between laboratory and chemical models, we introduce in this
paper systematic modelling of methanol ice photochemistry trig-
gered by UV radiation using the code ProDiMo (Woitke et al.
2009; Kamp et al. 2010; Thi et al. 2011), which is currently
equipped with surface chemistry (Thi et al. 2020a,b). In par-
ticular, we have modelled the methanol ice destruction under
laboratory conditions shown in Oberg et al. (2009a). When the
best results are found, they are used to simulate the chemical
evolution in a molecular cloud environment. The differences
and similarities in the models with or without methanol ice
photochemistry are discussed.

This paper is outlined as follows. Section 2 introduces the
chemical model used to reproduce the methanol UV photolysis.
In Sect. 3, the set-up of the models considering different surface
chemistry parameters is presented and the best model is selected.
The results of this study are shown in Sect. 4, and Sect. 5 is
focused on the discussion and astrophysical implications.

2. Chemical model

Our two-phase chemical model was constructed with the code
ProDiMo, which originally is a thermochemical radiative trans-
fer code for modelling the physics and chemistry of protoplan-
etary disks and molecular clouds. In particular, we have used
the surface chemistry module, recently developed by Thi et al.
(2020a,b). We changed the setup of these models to simulate the
radiation fields, pressures, composition, and thickness of ice lay-
ers as they are prepared in laboratory experiments. Regarding the
surface chemistry processes, the models include photolysis (pho-
todissociation) with different BRs, thermal and non-thermal des-
orption, and diffusion mechanisms via tunnelling and thermal
hopping. Further details about these parameters and processes
are given in the next subsections.

2.1. UV flux

The experiment performed by Oberg et al. (2009a) used UV
irradiation to destroy the methanol ice in their experiments. In
ProDiMo, the chemical models adopt a UV flux as a function
of the values in the ISM. The standard UV radiation field in the
ISM in units of erg cm™ is formally defined by Draine (1978)
and Draine & Bertoldi (1996),

31.016/@ -49.9134;3 + 19.897

™ = 6.84 x 1071 =
3

, ey

where A is the wavelength, u?rame is the spectral photon energy

(“L—T’J,l), c is the speed of light, J, is the mean intensity, and A3 =
A/100 nm. The standard Far-UV (FUV) flux of the ISM is found
by integrating Eq. (1) between 91.2 nm and 205 nm,

Fraine = 1f205 " pubrine g
raine —
hdoramm  * 2)

=1.9921 x 10® [em™2s7],
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Fig. 1. Comparison between the UV flux distribution of the interstellar
radiation field (y) from Draine (1978) and from the lamps used in the
laboratory for ice photochemistry.

where £ is Planck’s constant. The integration interval spans over
crucial physical processes such as (i) the photoexcitation and
photodissociation of many molecules including H,, (ii) pho-
toionization of heavy elements, and (iii) the ejection of electrons
from dust grains. The FUV radiation strength (y) of local regions
in the ISM is frequently normalized by the radiation field from
Draine, and it is given by

(oo

_ .2 nm

x == , 3
Draine

where F, is the local FUV flux. By definition, the strength of the
standard FUV flux in the ISM is yism = 1.

In laboratory experiments, the UV radiation is produced by
H; or D, microwave discharge lamps. The spectrum usually cov-
ers 110—180 nm and is characterized by a strong Ly « peak at
121 nm and fluorescence emission around 160 nm. As found by
Ligterink et al. (2015), the Ly « peak intensity can be increased
and the fluorescence decreased if helium (He) is added with H,
or D,, respectively.

Figure 1 compares the UV spectra in the laboratory and
ISM. The typical laboratory UV flux integrated from 110 nm
to 200 nm is around 102713 ¢cm=2 57!, that is, four or five orders
of magnitude higher than the typical ISM value (see Eq. (2)).
Because of this difference, it is postulated in the literature that a
high flux in the laboratory in a short period of time produces the
same chemistry as in the ISM, which has a low flux over a longer
period. This can be translated into the term ‘fluence’, which
means the flux integrated over time. As a test case, Oberg et al.
(2009a) compared two experiments with different fluxes (factor
of four difference), but with the same fluences. As the authors
observed, the IR spectra are identical within the experimental
uncertainties. In this paper, we used y = 5 x 10* to simulate the
UV flux of 1.1 x 10"> cm™2 57! used by Oberg et al. (2009a).

2.2. Pump simulator

In laboratory experiments with astrophysical ices, high or ultra-
high vacuum conditions are required to avoid (i) atmospheric
contamination and (ii) re-condensation of the photoproducts that
are released to the gas phase, and to control the evolution of

the ice composition. The typical vacuum inside the experimen-
tal chamber is around 107! mbar, which is usually achieved by
combining diffusion and turbo-molecular pumps.

In our model, the gas pressure is calculated by the following
equation:

Py = nioks T @)

where ny is the total gas density, kg is the Boltzmann constant,
and T, is the gas temperature. To simulate the same laboratory
conditions, an initial pressure of 107! mbar due to the residual
gas (e.g. He) is assumed.

During the simulations, the gas pressure increases because of
the chemical species that migrate from the ice to the gas phase.
To maintain constant pressure, a correction factor f of around
0.01 is often applied to Eq. (4).

2.3. Surface chemistry

Simulating the chemical reactions within the ices under labora-
tory conditions with astrochemical-type models is challenging
and inevitably introduces caveats. For example, the grain sur-
face chemistry in ProDiMo assumes that ices mantles are formed
on a dust grain, whereas in the laboratory, ices are condensed
on a plain substrate (e.g. Csl, ZnSe, and KBr), which leads to
differences in the binding energies in the interface between sub-
strate and molecule and grain and molecule. However, this effect
is minimized for thick ice layers, where the chemical species
are mostly bound by van der Waals forces. In the models, the
majority of the ice chemistry occurs in the statically well-mixed
mantle, where all adsorptions and desorptions are on physisorp-
tion sites (see Sect. 2.3.3). There is no distinction between ice
surface and bulk. However, the ice chemistry itself in ProDiMo is
considered multi-phase because of the chemistry that can occur
in the ice mantle (phase 1), interface mantle and core (phase 2),
or in the core itself (phase 3), where only chemisorption sites
are considered.

In this subsection, we describe the details of the chemical
network adopted in our models, as well as the surface chem-
istry parameters we have adopted to simulate the methanol ice
photolysis. These parameters include photodissociation, radical
migration, and thermal and non-thermal desorption mecha-
nisms. The different models with or without these processes are
described in Sect. 2.4.

2.3.1. Network and branching ratios

Both gas- and solid-phase reactions are included in the net-
work of chemical reactions considered in this paper to model
the methanol ice photodissociation. If not explicitly discussed,
the chemical reaction pathways and their rates are taken from
the KIDA database, kida.uva.2014. Appendix B lists the gas
and ice chemical species used in this work. Appendix C con-
tains the list of newly added surface photolysis, and Appendix D
shows the bimolecular surface reactions and binding energies
used in this paper, cross-checked against Wakelam et al. (2017).
We highlight that we assumed the binding energy as a single
value, and not as a distribution as discussed by Shimonishi et al.
(2018), Grassi et al. (2020), Bovolenta et al. (2022), Villadsen
et al. (2022), and Minissale et al. (2022). In addition to the
methanol formation and destruction pathways included in these
lists, we added the methanol ice photodissociation routes (see
Table 1).

Currently, there is no consensus about the methanol ice BRs.
The standard BRs used in astrochemical models were proposed
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Table 1. Branching ratios of methanol ice photodissociation.

Reactions Branching ratios (%)
GA08 @ OB09® LA11-M© LAII-MX©@ LA11I-HM© PA16 Y WWI18-1@ WW18-2®
CH;0H#+hvy — CH;# + OH# 60 15 90 5 5 20 5 12
— OCH;# + H# 20 14 5 90 5 13 39 36
— CH,OH# + H# 20 71 5 5 90 67 53 49
— H,CO# + Hy# —/— —/—- —/— —/—- —/— —/— 2 2

Notes. The hashtag indicates chemical species in the solid phase. ’Garrod et al. (2008), ®Oberg et al. (2009a), “Laas et al. (2011) — methyl BR,
@Laas et al. (2011) — methoxy BR, “'Laas et al. (2011) — hydroxymethyl BR, ’Paardekooper et al. (2016), @ Weaver et al. (2018) — assuming

CH; = 5%, ™Weaver et al. (2018) — assuming CH; = 12%.

by Garrod et al. (2008) and assume a destruction channel favour-
ing the methyl channel (CH3) for the gas phase and solid phase.
Although the overall rate coefficient for methanol photodisso-
ciation used in the Garrod et al. (2008) models was derived
from gas-phase experimental work, the BRs are not constrained
by laboratory work. A measurement of this in the ice phase
was carried out by Oberg et al. (2009a) using infrared (IR) and
mass spectrometry analysis. In contrast to the previous BRs pro-
posed by Garrod et al. (2008), the experiments demonstrated that
solid-phase methanol is mainly destroyed via the hydroxymethyl
(CH,OH) channel.

By using rate-equation-based chemical models, Laas et al.
(2011) addressed the impact of the BRs in the production of com-
plex molecules observed towards Sgr B2(N). In addition to the
standard BRs proposed previously, another two values were also
adopted to test extreme cases in which CHs, CH,OH, or OCHj3
is the dominant channel of destruction. It was observed that for
some COMs, CH; or OCHj; agrees better with the gas-phase
observations. Conversely, the CH, OH channel matches less well,
which is in contrast to the experimental results found by Oberg
et al. (2009a).

More sensitive measurements in the ice phase were made
by Paardekooper et al. (2016) using time-of-flight mass spec-
trometry analysis. Initially, the authors traced the abundance
of the photoproducts CH,OH, CH3, and OCHj3 to follow the
chemical network proposed by Oberg et al. (2009a). Next, the
abundance of new molecules formed by the recombination of
the photoproducts was investigated. Only OH-dependent species
were excluded from this tracking because of water formation dur-
ing the experiments, which is an important sink for the hydroxyl
(OH) radical. The BR deduced from this analysis indicates that
the CH,OH branch is the dominant photodestruction route of
methanol ice. While this result qualitatively agrees with the BRs
found by Oberg et al. (2009a), the experiments showed 35%
more icy methanol destruction via the CHj3 channel and ~5%
less destruction via the CH,OH channel.

A different technique was used by Weaver et al. (2018) to
estimate the methanol photolysis BRs in the gas phase. In a vac-
uum chamber, methanol was photodissociated by a VUV laser
in the throat of a supersonic expansion. After this, the products
were analysed with millimeter and submillimeter spectroscopy
to derive abundances in the gas phase. This study showed the
same photoproducts as were observed in the experiments by
Oberg et al. (2009a) and Paardekooper et al. (2016), with the
addition of formaldehyde (H,CO), which was not observed in
the experiments in the solid phase as a direct photoproduct
of the methanol ice. However, this agrees with Hagege et al.
(1968), who identified H,CO as one of the photoproducts of
gaseous methanol.
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Finally, an experiment performed by Yocum et al. (2021)
suggested that the OCHj3 radical is the dominant branch of the
methanol ice photolysis. The study was carried out by com-
bining solid-phase analysis using standard IR spectroscopy and
submillimeter/far-IR spectroscopy when the ice was warmed up
to 300 K. However, no quantification of the BRs was estimated.

The percentage values of these different BRs of methanol ice
photodissociation are summarized in Table 1. They are explored
in this paper along with other parameters detailed in this section
to find the best solution that matches the experimental data.

2.3.2. Photodissociation

The absorption of UV photons by a molecule in the ice changes
its energy state to an excited level, which might lead to molecular
fragmentation. However, the dissociation probability decreases
as the number of atoms in the molecule increases because of
the high number of vibrational modes (Bixon & Jortner 1968;
Tramer & Voltz 1979; Leger et al. 1989; van Dishoeck & Visser
2011). When a photon is absorbed by a large molecule, the inter-
nal vibrational energy is rapidly redistributed, and the molecule
ends up at a highly excited vibrational level. Subsequently, the
molecule relaxes by emission of IR photons or fluorescence
before arriving at the electronic ground state. The probabil-
ity that the molecule finds a path to dissociation is rather low.
For example, experiments performed by Jochims et al. (1994)
showed that the photostability of polycyclic aromatic hydro-
carbons is significantly reduced when the number of atoms is
lower than 30-40. For small and intermediate-sized molecules
containing fewer than ten atoms (including CH3;O0H), Ashfold
et al. (2010) concluded from theoretical work that their disso-
ciative excited states are comparable to those of H,O and NH3,
regardless of the level of structural complexity.

In laboratory conditions, the FUV flux is not dependent on
the visual extinction (Ay), and the photodissociation rate is equal
to the photorate « calculated in Appendix A, that is,

Rphd

&)

=0- Flamp [S_l]’

where o is the average photodissociation cross section (unit
cm~2) measured in the laboratory adopting an H, (or D;) lamp
as the UV source with flux Flayp. The flux lamp can be scaled to
the strength of the FUV field from Draine by Flamp = X FDraine-

Equation (5) becomes thd[s"] =0 -1.9921 x 108 when y = 1.

2.3.3. Chemisorption, physisorption, and diffusion

Two potential energy regimes keep chemical species stuck on the
catalytic surface: chemisorption (¢), and physisorption (p). In the
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former case, short-range forces associated with the overlap of the
wave functions promote strong bonds between the grain surface
and the first ice layers above. In the latter case, large distance
forces take place, and the attraction due to the van der Waals
force promotes weak binding at upper ice layers. It is worth not-
ing that the binding energies in the two cases are vastly different
as well. In computational modelling, the physisorption sites only
become available after the chemisorption sites are filled.

In this model, atoms and molecules can diffuse by chang-
ing states (physisorption or chemisorption), and they can migrate
from physisorption to chemisorption sites and vice versa. The
probability of overcoming an adsorption activation barrier for
chemisorption is described by the tunnelling-corrected Arrhe-
nius formula, called Bell’s formula (Bell 1980; Bell & Le Roy
1982), namely, Qge)1, which is given by

Opal (a,-, E.m;. Tg) _ Bexp(-a) — aexp( ﬁ)’ ©)
-«

where a; is the width of the rectangular activation barrier of

height E;, m; is the mass of the atoms or molecule, and T,

is the gas temperature, assumed here to be equal to the dust

temperature (7). The parameters « and 8 are defined as

E;
a=— 7
kT, ™
and
Ana:
p === \2mi, @®)
Finally, the diffusion rate is given by
it VI Opells if popore—e: AE;; =0
i :
! VY Opell €Xp (%) /nbsite» ifpleoe/p: AE;; #0
©)

where v* is the vibrational frequency of the species in the sur-
face potential well of ice species i, T is the surface temperature,
nbyie is the number of adsorption sites per ice monolayer equal
to 47Ngyra®, and AE; r 1s the energy difference between the sites
i and f. Ny is the surface density of adsorption sites, that is,
1.5 x 10" cm™2, also known as the Langmuir number, and a” is
the grain radius squared.

As the chemical species are migrating over the catalytic sur-
face, they can react via the Langmuir-Hinshelwood mechanism,
following the rate

R?iﬁ + Rc;itf
kij = kij| ——— |,
ng

10)

where «;; is the reaction probability of occurring after the species
i and j have diffused, and it is formally defined a:

Ogell
Kii = - —, 11
7 QOpen + wif + it an
in which wgijﬁ = Rgijﬁ'/vo,,; ;- The frequency v is defined by the

equation of a rectangular barrier given by

2IvsurfEi,j
Voij = \| "2
™m,j

(12)

where E; is the height of the barrier, and Ny is the surface site
density, which is equal to 1.5x10'3 sites cm™2. In the cases of bar-
rierless reactions and diffusion-limited conditions, that is, when
only thermal hopping or diffusion tunnelling dominate, k;; — 1.
The energy barrier for H to migrate from one physisorbed site is
not negligible, but ranges from 256 K (Kuwahata et al. 2015)
to 341 K (Congiu et al. 2014), which allows H to recombine
locally when radicals are abundant because of barrieless reac-
tions (k;; = 1) or after diffusion because the diffusion energy is
around 30-50% of the desorption energy (e.g. Ruffle & Herbst
2000; Garrod et al. 2008; Thi et al. 2020a). The number of reac-
tions per second (rate) is directly proportional to the number of
species of the reactants that are available (n;, n;),

dn(ij)
dr

= k,‘ M- (13)

On the other hand, if there is a surface competition between
the two diffusion mechanisms, «;; # 1. For instance, in a sur-
face competition scenario of Hy, «;; ~ 1/3. Surface competition
occurs when the surface reaction process competes with dif-
fusion and desorption, as defined by Herbst & Millar (2008),
Garrod & Pauly (2011), and Cuppen et al. (2017).

The gas-phase atom or radical recombination with an
adsorbed species from the grain surface ( Eley—Rideal reactions
) are not considered in this paper. Additionally, the sticking
coefficient of all molecules in the gas phase was deliberately
set to zero to certify that molecules desorbing from the ice
do not adsorb again. In this approach, is reasonable to ignore
these processes to reach better agreement with the experimental
conditions.

2.3.4. Desorption

The desorption mechanism is characterized by the release into
the gas phase of a chemical species from the catalytic surface
when its internal energy is greater than the binding energy with
the sticking surface. In this model, three desorption pathways
are considered.

Thermal desorption. The thermal desorption rates of chem-
ical species in physisorption or chemisorption regimes are given
by

—Edes . . .
v?scexp< T ) for the physisorption regime and
. —Edes . . .
v OBen €Xp (m) for the chemisorption regime,

(14)

R;les,th —

where —E?es is the desorption energy, defined as the sum of
the binding energy and the activation energy, that is, E?"‘S =
EP + E®***', In the physisorption regime, E¥*S = EP, whereas the
chemisorption bonds require activation energy E?es’a“ to be bro-
ken. The number of active surface places in the ice per volume
subject to the thermal desorption is given by
Nact = 47T<a2>nsturfNLaya (15)
where (a?) is the squared mean grain size value, nq is the dust
grain numerical density, Ng,¢ is the surface density of adsorp-
tion sites in one monolayer of ice, also known as the Langmuir
number, and Np,y is the number of surface layers considered
as active. In the literature, the values attributed to Ny, are 2

A70, page 5 of 38



A&A 673, A70 (2023)

(Aikawa et al. 1996), 4 (Vasyunin & Herbst 2013), and 6 (Oberg
et al. 2009a). In this paper, we assume Np,y = 6 to be consistent
with the experiments performed by Oberg et al. (2009a).

Photodesorption. The internal energy of a chemical species
on the grain surface can be increased by the absorption of a UV
photon, and the photodesorption of species i is given by

des,ph 7, Nd
Ri =m{a”)—Y; X Fpraines
act

(16)

where Y; is the photodesorption yield, and y is the Draine field
parameter. Generally, Y; depends on the ionizing source and the
composition and thickness of the ice (e.g. Brown et al. 1984;
Westley et al. 1995; Oberg et al. 2009b; Fayolle et al. 2011;
Dartois et al. 2018). For pure CH30H ice, Oberg et al. (2009a)
found ¥; = 1073, whereas Bertin et al. (2016) found ¥; = 107>.
Both values were tested in this paper.

Reactive desorption. Due to the exothermicity of some sur-
face reactions, the bond between the chemical species and the
surface is broken, thus resulting in non-thermal desorption, as
experimentally confirmed by Dulieu et al. (2013). This mecha-
nism was introduced into astrochemical models by Garrod et al.
(2007), and the desorption probability (P) is quantified by the
Rice—Ramsperger—Kessel (RRK) theory (e.g., Holbrook et al.
1996) and is defined as

Eb s—1
Ereac } ’

P= [1 - (17)

where Ey is the binding energy of the product molecule, Eyc
is the energy released in the formation, and s is the num-
ber of vibrational modes of the molecule/surface-bound system.
When P is known, the fraction of reactive desorbed products is
calculated by

eP

fo= 1. (18)
where e is an empirical parameter that relates the frequencies
of molecule-surface bonds and of the energy transferred to the
grain surface. The classical value adopted in the literature is 1%
(e.g. Aikawa et al. 2008; Vasyunin & Herbst 2013; Shingledecker
et al. 2020) because it provides better agreement with chemical
abundances derived from astronomical observations. It is worth
mentioning that molecular dynamic calculations indicate that a
value higher than 1% is unlikely (Kroes & Andersson 2005), and
a lower percentage cannot be rejected (Kristensen et al. 2010).

Another formalism has been proposed by Minissale et al.
(2016), in which the fraction of reactive desorption depends
on the substrate and the mass of the product. In this case, the
fraction is given by

E
M= eXP(—ﬁ), (19)

where N is the number of degrees of freedom of the product
species, and € = [(M — m)/(M + m))? is the energy kept by the
product of mass m on a surface of mass M.

2.4. Model set-up

To replicate the CH3;0H ice photodissociation as measured by
Oberg et al. (2009a), seven models considering different surface
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Table 2. Surface chemistry parameters used in the set-up of seven
models.

Model Surface Diff./react. Thermal Reactive
competition  tunnelling diffusion desorption
#1 V] o o GO07
#2 (V] o o M16
#3 ® (V) (V) GO07
#4 ® (V) (V) M16
#5 (V] ® (V) GO07
#6 (V] ® (V) M16
#7 ® ® o GO07

Notes. The present and absent mechanisms in each model are given
by the green check markers and red crosses, respectively. "G07: reac-
tive desorption expression from Garrod et al. (2007) was adopted. M 16:
reactive desorption expression from Minissale et al. (2016) was used.

chemistry parameters described in Sect. 2.3 were adopted. Addi-
tionally, because the silicate core is not simulated in this work,
the surface reactions were limited to the physisorption regime.
A summary of each model is shown in Table 2. Thermal diffu-
sion was considered in all models. Models 1 and 2 represent the
scenarios with surface competition and diffusion/reaction tun-
nelling while adopting the approaches from Garrod et al. (2007)
and Minissale et al. (2016), respectively. In models 3 and 4, the
surface competition was switched off, but diffusion/reaction tun-
nelling to overcome the activation energy barrier in the two-body
reaction was kept. This allowed us to assess the impact of surface
competition in models 1 and 2. Similarly, in models 5-6, we
enabled surface competition and switched off tunnelling for dif-
fusion and reaction. In this way, the effect of diffusion/reaction
tunnelling in models 1 and 2 were evaluated. Finally, model 7
represents a scenario in which only thermal diffusion and reac-
tion desorption according to the approach of Garrod et al. (2007)
were considered.

Each model listed in Table 2 was performed assuming tem-
peratures of 20, 30, 50, and 70 K to mimic the experiments
carried out by Oberg et al. (2009a). The experimental pho-
todissociation cross sections of methanol ice calculated at these
four temperatures are 2.6 + 0.9 x 1078 cm™ at 20 K, 2.4 +
08x 107 cm2at30K,33+1.1x107® cm™2 at 50 K, and
3.9+ 1.3 x 10718 cm™2 at 70 K. However, because of the effi-
cient methanol ice re-formation, these values are underestimated
(Oberg et al. 2009a). Roncero et al. (2018) also found a sim-
ilar trend in the cross section of methanol reaction in the gas
phase with OH. They observed that the reactive cross section
had a minimum value when the temperature was increased, and
then increased again. In their case, they interpreted this trend as
the formation of a CH3;OH-OH complex that only disappears via
tunnelling towards the products.

To confirm that the oppq that provides the best agreement
with the experiments, the interval between the lower and upper
bounds of photodissociation cross sections calculated by Oberg
et al. (2009a) were used to create a grid of unshielded photorates
(@) for different BRs listed in Table 1. Specifically, the lower
and upper bound intervals of ophg are evenly spaced, and sub-
sequently, the rates associated with each BRs (Table 1) were
used in the simulations. A summary of the physical parame-
ters adopted in the model set-up is given in Table 3. It also
includes the size of the dust grain (a) that acts as the substrate
in the experiments and the dust-to-gas ratio (d) that was used in
the simulations.
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Fig. 2. Grid of methanol ice photodissociation in models 1 and 2 at 20 K (left panel) and at 30 K (right panel). The models assume different
photodissociation cross sections and BRs (see Table 1). These models assume surface competition, diffusion, reaction tunnelling, and thermal
diffusion. In addition, models 1 and 2 adopt the reactive desorption formalism from Garrod et al. (2007) and Minissale et al. (2016), respectively.

Table 3. Physical parameters used in the chemical simulation of CH;OH

ice photolysis

Parameter Symbol Values Units
Gas density (He) n 108 cm™3
Temperature Taust=Tgs 20,30,50,70 K
Pressure P, 10710 mbar
Thickness d 20 ML
Extinction Ay 0 mag
Strength of ISM UV~ x 5.4 % 10*

Grain radius a 0.1 wm
Dust-to-gas mass ratio & 5.55

3. Results

3.1. Grid of photodissociation curves

A grid of 1,120 photodissociation curves was simulated in order
to find a good match with the experimental data. A series of
photodissociation curves simulated with ProDiMo by adopting
different BRs in models 1 and 2 at 20 K is shown in the left
panels of Fig. 2, and the right panels shows the results when sim-
ulations were performed with temperature equal to 30 K. These
curves show that the variation in the BRs and in the surface
chemistry parameters leads to different results that may or may
not fit the experimental data.

Despite the intrinsic differences among the models, we
note that the reactive desorption from Minissale et al. (2016)
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Fig. 3. Accuracy of the CH3;0H ice photodissociation fit for models
1-7. Higher bars indicate the best models. When no bars are shown, the
MLE values are lower than the y-axis threshold. The hatched and solid
bars indicate the models assuming the reactive desorption mechanism
by Minissale et al. (2016) and Garrod et al. (2007), respectively.

promotes more destruction of the CH30H ice than the mecha-
nism from Garrod et al. (2007) at all four temperatures. Nev-
ertheless, it is the only scenario in which the fits match the
experiments at 30 K. The top right panel in Fig. 2 shows that
the methanol ice photodissociation is rather underestimated at
30 K when the reactive desorption from Garrod et al. (2007) is
adopted. On the other hand, the bottom right panels in Fig. 2
show that the models match the experimental data when reac-
tive desorption from Minissale et al. (2016) is considered. We
observed the repetition of this trend for the four temperatures
addressed in this paper. An analysis of the chemical reactions
that led to these results is reported in Sect. 4.1.

Appendix E shows the gallery of fits for models 3—7 at 20 K
and 30 K and for models 1-7 at 50 K and 70 K, which are omit-
ted in this subsection. To decide which case fits the experiments
from all simulations best, we used the approach described in
Sect. 3.2.

3.2. BR selection

As most of the models can fit the experimental data in some
scenarios, the best fit was selected based on two criteria: first,
the maximum likelihood estimator (MLE), calculated by

1 ymod _ y[ab 2
MLE = Inp (y/*ly"™) = ) Z l(é—) + 1n(27r6i2)},

(20)

where yi,, and ymoq are the normalized methanol ice column den-
sities from the laboratory and the model, respectively, and §; is
the absolute error of the measurements. The second criteria is
that o7 > o, as discussed by Oberg et al. (2009a).

Figure 3 shows the MLE values in a bar diagram for mod-
els 1-7 at four temperatures and different BRs. The higher

values of MLE indicate the best model. The absent bars refer
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to models for which the best fit is obtained with 0'}';‘}1‘;“61 < O'L‘ﬂ’d,
which does not satisfy the second criterion. In all scenarios, the
BR from Paardekooper et al. (2016) provides the best agree-
ment with the experimental data. This suggests that methanol
ice is mostly destroyed by the hydroxymethyl branch (CH,OH#
+ H#), not by the methyl and methoxy pathways. Concerning
the reactive desorption mechanism, models adopting the reactive
desorption formalism from Garrod et al. (2007) provide better
fits at T = 20, 50, and 70 K, whereas at T = 30 K, the formal-
ism from Minissale et al. (2016) agrees better with the data. As
shown in the bottom left panel in Fig. 2 and Figs. E.6, E.8, and
E.10 (Appendix E), none of the fits adopting reactive desorption
from Garrod et al. (2007) can match the experimental data at
30 K.

Of the models adopting the BR from Paardekooper et al.
(2016), model 1 always provides the best fit at 20 K, 50 K,
and 70 K, whereas at 30 K, model 2 results in better agree-
ment with the experiments. These two models both account for
surface competition and diffusion/reaction tunnelling for migra-
tion and reaction on the grain surface. However, at 20 K, the
difference among the MLE values in models 1, 3, 5, and 7
is smaller than 5%, thus suggesting that surface competition
and diffusion/reaction tunnelling are not critical at this temper-
ature. The same trend is observed at 30 K, where the difference
between models 2, 4, and 6 is still smaller than 5%. Conversely,
at 50 K, only model 1 provides a good match with the experi-
ments, whereas at 70 K, model 1 is better than model 3 in 30%.
This indicates that surface competition and diffusion/reaction
tunnelling are essential for models at high temperatures.

Although the photodissociation curves adopting the
Paardekooper BRs lead to better fits at the four temperatures, a
few other cases also result in high fitness scores. For example, at
30 K, some models adopting the BRs from Weaver et al. (2018)
can also fit the experiments well. At 50 K and 70 K, models
considering other BRs also provide a relatively good match
with the experiments. However, removing this degeneracy
is not straightforward, and we decided to adopt the models
providing the highest MLE value for the subsequent analysis in
this paper.

3.3. Photodissociation rates

The methanol ice photodissociation rates were calculated using
Eq. (5), which relates the integrated UV radiation field with the
average photodissociation cross section. Based on the results
shown in Fig. 3, the photodissociation cross sections based
on the models are ook = 3.0 X 1078 ecm™2, T30k = 2.5 %
10718 cm’z, Oos50k = 3.8 X 10718 cm’z, and oo = 44 X
1078 cm™2. Although these values are about 10—15% higher
than the experimental o, they indicate reasonable agreement,
and the small o,g at 30 K is also obtained with the simula-
tions. Table 4 shows the photorates of CH3;OH ice with the
Paardekooper et al. (2016) BR and at four temperatures. Again, at
30 K, the photorate of the path CH;OH# + hy — CH3# + OH# is
one order of magnitude lower than the cases at 20, 50, and 70K.

As pointed out by Oberg et al. (2009a), a likely reason for
the 10—15% higher photodissociation cross section in the sim-
ulations is that methanol can still be re-formed locally because
of the so-called cage effect (Franck & Rabinowitsch 1934). It
states that the diffusion of the radicals formed during photolysis
is inhibited because of the surrounding molecules. Consequently,
fast recombination of the radicals occurs at the site of the pho-
todissociation. In the case of pure CH3;0H, CO and H,O ices,
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Table 4. Methanol ice photodissociation pathways and unshielded photorates (@ = Rf.’hd) taken from the best models.

Reaction BR (%) axk (s7") @k (57 asok 57 apk (57
CH;0H#+hvy — CHs# + OH# 20 1.2x1071°  10x10°"  15x10719 1.7x10710
- OCH;# + H# 13 78x 1071 6.6x10711 9.8x 107! 1.1x107!0
— CH,OH# + H# 67 40%x10710 34%x1071 51x10710 59x10710
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Fig. 4. Natural logarithm of the normalized CH;OH ice column density as a function of the UV fluence at 20, 30, 50, and 70 K in panels a—d,
respectively. The symbols show the laboratory data from Oberg et al. (2009a), and the lines indicate the models that match the experiments best.

Laffon et al. (2010) showed that back reactions limit the destruc-
tion effect.

3.4. Methanol ice destruction

Figure 4 shows the methanol ice destruction simulated with the
code ProDiMo compared with the laboratory measurements at
four temperatures during the first half-hour of the experiment.
The photodissociation rates used in the simulations are shown
in Table 4. In this figure, the dashed grey lines are the fits per-
formed by Oberg et al. (2009a) to calculate the O phd assuming an
exponential decrease in initial ice column density, given by

N(@) = N(0)exp (~porpna) @)

where N(¢) and N(0) are the ice column densities at flu-
ence ¢ (fluxXxtime) and at the beginning of the experiment,
respectively.

Equation (21) provides a good match with the experiments
at 20, 50, and 70 K for fluences below 1 x 10'7 photons cm™2.
However, at fluences higher than 2 x 10'7 photons cm™2, this
exponential function overestimates the ice destruction, which
might indicate methanol ice re-formation. A combination of
exponential and linear analytical functions was used by Oberg
et al. (2009a) to fit the ice destruction. They are associated
with bulk photolysis and photodesorption, respectively. In con-
trast, the ice loss at 30 K is fully fitted by Eq. (21), which
poses the question whether the methanol photodissociation at
this temperature follows the same process at other temperatures.
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In order to compare the ProDiMo results with the experi-
ments, the normalized ice column density was calculated by the
following equation:

N©)  n(0) d0)’

where n(¢) and n(0) are the respective numeric densities of
methanol ice at fluence ¢ and at the beginning of the experi-
ment. The same for the ice thickness d(¢) and d(0) is given by
Eq. (15).

The models simulated with ProDiMo can reproduce the
experimental measurements at the entire fluence range and four
temperatures, as shown in Fig. 4. In all cases, model M1 resulted
in better fits at 20 K, 50 K, and 70 K, whereas model M2 fits the
data at 30 K. Models M1 and M2 include surface competition,
diffusion/reaction tunnelling, and thermal diffusion, which indi-
cates that these surface chemistry processes may occur within
the ice during the photolysis. The difference between them is the
reactive desorption formalism, as shown in Table 2. Addition-
ally, these models assume BRs from Paardekooper et al. (2016).
Figure 4 also shows that the simulations and the trend of the
normalized column density values at all four temperatures agree
well, which was not possible by using Eq. (21). This highlights
that methanol ice is indeed re-formed more efficiently at 20,
50, and 70 K for fluences above 1x10'7 photons cm™2. On the
other hand, an additional methanol destruction route occurs in
the experiment at 30 K. Below, we comment on the reason that
models M2—-M?7 do not fit the data.

(22)

20K. At this temperature, the models assuming reactive
desorption via the Minissale et al. (2016) formalism, that is,
M2, M4, and M6, always intensify the photodestruction of the
methanol ice and cannot fit the experimental data. In this case,
we comment on models M3, MS, and M7, which adopt the
same reactive desorption efficiency as model M1. When sur-
face competition is switched off (M3), the MLE is only 2%
lower than in model M1, which indicates that diffusion may still
occur in the ice. The lower agreement in model M5, in which
no tunnelling is considered, shows that at low temperatures, this
effect is strong. Finally, model M7, which does not account for
surface competition and tunnelling, agrees least well with the
experiments.

30K. Different from the cases at 20, 50, and 70 K, the data
at 30 K are only fitted by models M2, M4, and M6, where M2
produces the best fit. The surface competition is switched off in
model M4, and methanol ice is slightly less strongly destroyed
than in model M2. We found the same result in model M6, in
which no diffusion and reaction tunnelling occur.

50K. Similarly to the cases of 20 K, models M2, M4, and
M6 enhance the photodestruction of methanol ice. On the other
hand, models M3, M5, and M7 cannot induce enough photolysis
in the ice. Model M3 does not consider surface competition, and
methanol ice is more efficiently re-formed than expected from
the experiments. The effect of tunnelling diffusion and reac-
tion halts in model MS5. We note that even though methanol ice
is more thoroughly destroyed than in model M3, the photodis-
sociation cross section to fit the data is higher than the upper
limit estimated by Oberg et al. (2009a), which does not satisfy
the goodness criteria we defined in Sect. 3.2. Finally, model
M?7 also shows that methanol is more efficiently re-formed
than expected.

70K. Again, models M2, M4, and M6 promote efficient
photodestruction of the methanol ice beyond what is expected
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at 70 K. When surface competition is disabled in model M3,
methanol ice is efficiently re-formed and cannot fit the exper-
iments. When tunnelling is switched off in model MS5, the
methanol ice is more thoroughly destructed. A similar result is
found with model M7.

3.5. Growth curves of the photoproducts

The photolysis of ices leads to the formation of several daughter
species as evidenced by in situ analysis of laboratory exper-
iments (see the review by Oberg 2016). The growth curves
of some chemical species calculated with ProDiMo are com-
pared with the experimental measurements in Fig. 5 at four
temperatures. The growing curves of products formed just after
irradiation (first generation) are different from products that
formed after radical migration and reaction (second or more
generations). In addition, the formation curve of molecules that
formed from dissociation of first- or second-generation pho-
toproducts is different again. Temperature is another physical
parameter that can modify the growth curve because of the dif-
fusion of the chemical species that are synthesized during the
ice photolysis.

Figures 5a—d show the cases of CH,OH ice. This first-
generation radical formed efficiently by the methanol ice pho-
tolysis. The experimental data indicate that the hydroxymethyl
ice abundance with respect to the initial methanol column den-
sity is about 1% at 20, 30, 50 K, and 70 K. A good match is
seen with the ProDiMo models at 20 and 30 K, whereas a dif-
ference of about one order of magnitude is observed at 50 and
70 K. As shown in reaction R1, hydroxymethyl is also formed
via two-body reactions, and the mismatch between measurement
and modelling can be associated with inaccuracies in the rates
involved in this reaction at high temperatures.

Figures 5e-h show the cases of CO ice. The experimental
abundance with respect to the initial methanol column density
is about 1% at 20, 30, and 50 K, but it is not detected at 70 K.
Because the desorption temperature of pure CO ice was calcu-
lated at about 20-25 K (Collings et al. 2004; Acharyya et al.
2007), its presence at 30 and 50 K is likely due to molecular
migration into the porous ice matrix and thus is desorbed at
a higher temperature. The models were not able to reproduce
the experiments at any temperature. However, the difference
between the simulated growing curve and the experiment at 20 K
is smaller than in the cases at 30 and 50 K. The higher difference
at 30 and 50 K ( 3 and 7 order of magnitude, respectively ) can be
explained by the lack of physical modelling with ProDiMo of the
ice structure. On the other hand, the small difference at 20 K is
likely due to inaccuracies in the reaction rates in the network, as
in the case of hydroxymethyl. For example, during the methanol
ice photodissociation, the CO ice is formed from the destruction
of second-generation molecules,

CH;OH# + hy — CH;O# + H# RD
CH;0# + hy —» H,CO# + H# R2)
H,CO# + hy — CO# + Hy#. R3)

The CO; ice formation is shown in Figs. 5i-1. It is mostly
formed via OH# + CO# — CO,# + H#, and O# + HCO# —
CO,# + H# at 20 and 30 K. At 50 and 70 K, reaction OH# + CO#
— CO,# + H# is the main formation pathway of carbon diox-
ide. These reactions depend on the CO and HCO ice formation
(reactions 1-3) and the OH photoproduct. A relatively good fit is
observed at 30 and 50 K. At 20 K, the abundance from the model
is one order of magnitude lower than the experiments, whereas
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Fig. 5. Formation curves of selected daughter species (CH,OH, CO, CO,, CH,, HCO, and H,CO) due to CH3;0H photolysis over fluence with
respect to the initial methanol ice column density at four temperatures. The symbols are the experimental measurements, and the solid lines are the
results of ProDiMo simulations of the best photodissociation models (see Fig. 4).
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at 70 K, the abundance of CO; ice is seven orders of magnitude
lower. Methane is also formed late because it depends on the
photodissociation of two molecules, as already described. In the
models shown in Figs. 5Sm—p, only the CH4 formation at 20 K is
well reproduced. At 30, 50, and 70 K, the methane abundance
is more than three orders of magnitude lower than measured
in the experiments. Its formation indicates efficient diffusion of
the radicals to the ice matrix porous, where they can react to
form methane.

The formation pathways of HCO ice shown in Figs. 5q—t
change with the temperature. At 20 and 30 K, they are formed
via two-body reactions of H# + CO# — HCO#. There are dif-
ferent activation energies in the literature for this reaction. For
this reason, we checked the differences assuming AE =520 K
(Fuchs et al. 2009), 1106 K (Rimola et al. 2014), and 2000 K
(Awad et al. 2005). We note that the HCO# abundances in model
M1 with a lower activation energy are srelatively close to the
experimental results at 20 K, but the increase in the abundance
is not significant at 30 K. Additionally, higher activation energies
increase the mismatch. At 50 and 70 K, the reaction H,CO# +
OH# — HCO# + H,O# dominates any other reaction. A good
match with the experiments is found only at 50 K. Since the reac-
tion H# + CO# is irrelevant, the growth curves are the same,
regardless of the adopted activation energy. H,CO formation is
shown in Figs. S5u—x. In the models presented in this paper, it
is formed via photolysis of the methoxy radical, CH30# + hv
— H,CO# + H#. The photodissociation rate of this reaction is
assumed to be 1 x 107 s~ and might overestimate the methoxy
photodissociation.

The mismatch between the model and experiments indicates
not only that further laboratory studies are necessary to accu-
rately reproduce surface reactions, but also that improvements of
the models are needed. For example, chemical models includ-
ing a more realistic energy redistribution when absorbing UV
photons could provide useful insights into this framework. In the
models shown in this paper, some differences are rather notable.
At 20 K, the chemical abundances of some molecules and rad-
icals in the models are lower measured from the experiments
by one order of magnitude, except for the cases of CH,OH,
HCO, and CHy4. At 30 K, except in the cases of CH,OH and
CO,, the abundances can be 2—5 orders of magnitude lower
than measured by Oberg et al. (2009a). At 50 K, the abundances
of CO, CHy, and H,CO are underestimated by two to several
orders of magnitude. At 70 K, the models do not reproduce the
measurements in any case.

4. Discussion

4.1. Chemical pathways at different fluences
and temperatures

The most efficient chemical pathways to form and destroy
methanol ice can be addressed by analysing the curvature in the
molecule formation plots 20, 50, and 70 K (see Fig. 4) and the
absence of this trend at 30 K. In this regard, the chemical reac-
tions at fluences of 0.5, 1.5, and 2.4 x 10'7 photons cm™2 were
analysed.

For the four temperatures and selected fluences, methanol
ice photodissociates following the pathways and branch ratios
shown in Table 4. This indicates that bulk ice photolysis domi-
nates other destruction processes either at the beginning of the
experiment or after half an hour of constant irradiation in the
case of thin ices (20 monolayers). We noted that the photodes-
orption mechanism is not significant at this range of fluence,
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regardless of whether the yield is ¥ = 107 or ¥ = 107, At
50 K and 70 K, methanol ice is further destroyed via a two-body
surface reaction (Esplugues et al. 2016),
CH;OH# + OH# — CH,OH# + H,O#, (R4)
where the activation barrier of this reaction is equal to 1000 K
and makes reaction R4 inefficient at low temperatures. This reac-
tion leads to the formation of H,O ice, which is one of the
products observed from the experiments (Oberg et al. 2009a).
At 20 K and 30 K, water ice is formed via the two-body reaction
between H# + OH# and CH4# + OH# — CHs# + H,O#. CHy#
readily forms via two-body reaction in the ice (CHs# + H# —
CHy#). These pathways might explain the H,O ice formation in
the experiments with methanol ice.

The models with ProDiMo show that a fraction of methanol
ice is immediately re-formed after photodissociation in each of
the selected fluences. The three re-formation reaction pathways
are

H# + CH,OH# —> CH;OH# (R5)
H# + CH;0#% —s CH;OH# (R6)
OH# + CH;# —> CH;0H#. (R7)

The recombination rates of reactions R5—R7 as a function
of temperature are shown in the top panel of Fig. 6. The rate
is defined as the product of the rate coefficient by the parti-
cle density of the reactants (see Eq. (13)). The bottom panel of
Fig. 6 shows the number density of radicals that are available
for recombination. At all four temperatures, methanol ice recom-
bines faster via reaction R5 than via reactions R6 and R7 due to
the large amount of CH,OH#. The trend observed in reaction RS
agrees with the number densities of CH,OH# formed after pho-
tolysis. Additionally, less H# is available for recombination due
to hydrogen desorption, as indicated by the grey symbols in the
right y-axis in the top panel of Fig. 6. The lower recombination
rate at 30 K is caused by the small methanol ice photolysis cross
section, and, consequently, the photorates at this temperature. As
a result, fewer photoproducts are available for recombination in
the ice. The rate decreasing trend as a function of temperature
is also observed for reaction R6 (H# + CH;O#). The lower rates
are associated with the lower BRs for this reaction (13%; see
Table 4). The BRs also explain the lower rate values for reac-
tion R7 (OH# + CHs#), but a different behaviour is observed
for the recombination reaction trend. At 20 K, the low methanol
ice re-formation via this reaction is due to the efficient reaction
between H# and CH3# to form CH,#. At 30 and 50 K, methane
is less abundant in our models, which increases the number of
CH3; and OH in the ice for re-formation of CH;OH#. Despite the
low number density of CHs#, OH# is high enough to increase
the recombination rate at 50 K. At 70 K, the CH3# desorbs
from the ice, which significantly decreases the methanol ice
re-formation via reaction R7. Additionally, at this temperature,
CH;OH# and OH# react.

Despite the decreasing recombination rate with increasing
temperature for reactions RS and R6, Fig. 6 indicates that a frac-
tion of H remains in the ice to recombine mostly with CH,OH#
to re-form CH;OH# at all four temperatures. The methane ice
formation in the experiments shown in Sect. 3.5 also indicates
that H is present in the ice, and reacts with other species at all
four temperatures (e.g. CHy# and HCO#).

The effect of the fluence in the recombination reactions
R5-R7 is shown in Fig. 7. The re-formation reaction rates vary
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Fig. 6. Methanol ice recombination rate as a function of temperature
occurring at a selected fluence (top). At all temperatures, reaction RS
(violet circles) occurs faster than reactions R6 (orange squares) and R7
(green diamonds). Hydrogen thermal desorption is indicated by the grey
stars and dotted lines. Bottom: logarithm number density of the radicals
(X) formed after CH;OH ice photolysis.

little over the selected fluences. On the other hand, a signifi-
cant variation is noted with the temperature. At 20 K, reactions
R5 and R7 increase little with the fluence, whereas reaction
R6 remains almost constant. At 30 K, all recombination rates
decrease with the fluence, which consequently intensifies the
methanol ice destruction. At 50 K, frozen methanol is mostly
re-formed via reaction R5 over the fluences, whereas the rates
of reactions R6 and R7 are constant and decrease, respectively.
Finally, at 70 K, the rates of reactions R5 and R6 are constant
during the experiments, and virtually null for reaction R7.

Reactions R4—R7 are crucial for understanding the methanol
ice destruction via photolysis, but they cannot explain the trend
in the destruction curve in the experiment at 30 K for fluences
above 1.5x10'7 photons cm™2. To further investigate this trend
at 30 K and determine why the methanol ice recombination rate
decreases over fluence (Fig. 7), we analysed other chemical reac-
tions involving the photoproducts. This analysis showed that only
at 30 K are the photoproducts further desorbed from the ice to
the gas phase via reactive desorption by a factor of two compared
to the experiments at 20 K, 50 K, and 70 K. The reaction scheme
at 30 K is given by

H# + CH,OH# — CH;0H (R8)
H# + CH;0# — CH;0H (R9)
CH;# + OH# —> CH;0H, (R10)

where the reactive desorption formalism from Minissale et al.
(2016) was assumed in this case. Conversely, at 20 K, 50 K,
and 70 K, methanol ice recombination via two-body reactions
(R5-R7) dominates the reactive desorption by a factor of three,
where reactive desorption from Garrod et al. (2007) was adopted.
At 30 K, other species also leave the ice via reactive desorption
at a lower rate than for reactions R8—R10 and reduce the number
of reactants that can re-form methanol in the ice, which are

H# + CH3# —> CHy4 (R11)
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Fig. 7. Methanol ice recombination rate as a function of temperature
and fluence. Blue pentagons, purple stars, the gold diamond, and the
red cross indicate the rates at temperatures of 20, 30, 50 and 70 K,
respectively. Panels a, b, and ¢ show the recombination reactions R5—
R7, respectively.

H# + HCO# — H,CO
H# + H,CO# — CH30.

(R12)
(R13)

Nevertheless, it is unclear why reactive desorption from
Minissale et al. (2016) is only required at 30 K. An inaccu-
rate determination of the methanol column densities at this
temperature might explain the lack of the curved profile at
longer fluences. However, the right panels of Fig. 2 and
Figs. E.6-E.10 show that only models adopting reactive des-
orption from Minissale et al. (2016) can fit the experimental
data at 30 K, where no curvature in the destruction profile
is observed.

Figure 8 shows the total methanol ice destruction and for-
mation rates, and it complements Figs. 6 and 7. At 20, 50, and
70 K, the trends are anti-correlated, whereas at 30 K, both rates
decrease with the fluence. This indicates that except at 30 K, the
chemical reactions in the methanol ice start converging towards
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Fig. 8. Total formation and destruction rates of CH;OH ice at selected
fluences. Except at 30 K, the formation rate (blue line/symbols)
increases with fluence while the destruction rate (red line/symbols)
decreases. The lack of this trend at 30 K is attributed to the efficient
reactive desorption at all fluences (see text).

the chemical equilibrium in the first half-hour of the experiment.
The efficient reactive desorption observed at 30 K prevents the
same trend before fluence of 2.5 x 10'7 photons cm ™.

4.2. Astrophysical implications

Based on the findings obtained in the previous sections, we
assessed the impact of the methanol ice photolysis in the
chemical abundances of a molecular cloud subjected to UV
radiation field with different strengths. This is worth analysing
because in most published astrochemical models, the photolysis
of methanol ice is not included.

With ProDiMo, the molecular cloud model is benchmarked
against ALCHEMIC and NAUTILUS (Semenov et al. 2010),
and it performs OD time-dependent chemical simulations where
Ay = 10 mag and Tgus = Tgqs are adopted. We used the same
temperatures in laboratory experiments. The chemical varia-
tions were checked for different physical environments, namely,
numerical densities of n = 10*cm™ and n = 10°cm™, cos-
mic ray ionization rates of £ = 107'®s™" and £ = 1077 57!, and
a UV radiation strength from y = 1, which represents inner
regions of molecular clouds to y = 103, which illustrates the
high UV field in photon-dominated regions. For completeness,
all physical parameters used for the molecular cloud simulations,
including the dust grain size (a) and the dust-to-gas mass stan-
dard ratio (), are given in Table 5. The elemental abundances
assumed in these models are shown in Table 6, and the chemical
elements, gas-phase species, and additional photolysis reactions
are shown in Appendices B and C.1, respectively.

Figure 9 shows the gas-phase methanol abundance
with (solid lines) and without (dashed lines) CH3OH ice
photodissociation in the chemical simulations of a molecular
cloud irradiated by external sources. The abundance observed in
the Orion Bar is only for comparison purposes since the molec-
ular cloud model adopted in this paper does not include the
physics involved in photo-dominated regions (PDRs). However,
the models adopting a temperature of 20 K produce abundances
compatible with that astrophysical environment. Qualitatively,
the models with and without methanol ice photolysis produce
similar abundances for n = 10*cm™ and, £ = 10757 or
¢ = 107" 57! (panels a and b, respectively). On the other hand,
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Table 5. Physical parameters used in the chemical simulation of the
molecular cloud.

Parameter Symbol Values Units
Gas density n 104, 10° cm™3
Temperature Taust=Tgs 20,30,50,70 K
Extinction Ay 10 mag
Strength of ISM UV X 1

CR H; ionisation rate ~ {cr 10717, 10716 s~
Grain radius r 0.1 wm

Dust-to-gas mass ratio ¢ 0.01

Table 6. Elements and abundances adopted in the molecular cloud
models.

Elements Initial species Abundances
H H* 12.00
He He 10.98
C (o 8.14
N N 7.90
O O 8.48
Ne Ne 7.95
Na Na* 3.36
Mg Mg* 4.03
Ar Ar 6.08
Fe Fe* 3.24
S St 5.27
Si Sit 4.24

Notes. The abundances are calculated as 12 + log €, where € is the mass
fraction of each element.
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Fig. 9. Abundances of gas-phase methanol at different physical condi-
tions and 7 = 20 K. The solid and dashed lines show the abundances in
the models with and without methanol ice photolysis, respectively. The
line colours indicate the strength of the UV radiation field. The grey
shaded area indicates methanol abundance in the Orion Bar PDR region
(Cuadrado et al. 2017) only for comparison purposes with an astrophys-
ical environment.

when the same H, ionization rates are adopted for n = 10° cm™3,
great differences are observed (panels ¢ and d).

The quantitative differences of the models with and with-
out methanol ice photolysis are given in Fig. 10 for the gas
phase. Panels a and b show that the chemical differences are
lower than a factor of five in regions where n = 10*cm™3 and,
¢ = 10719717 5=1 On the other hand, in denser regions where
n = 10°cm™3 (panels ¢ and d), models including methanol ice
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Fig. 10. Methanol gas-phase abundance difference in logarithmic scale
between the models with and without CH3OH ice photolysis at different
physical conditions and 7 = 20 K. The line colours indicate the strength
of the UV radiation field.

photolysis result in up to one order of magnitude more gas-phase
methanol after 1 x 10° yr. However, the strength of the UV radia-
tion field strength of y = 10* is required to enhance the methanol
gas-phase abundance if the ionization field is = 107'%s™!. Con-
versely, assuming a lower H, ionization rate ({ = 10775, a
weaker UV radiation field (y < 10) is needed to produce such
an increment in the gas-phase methanol abundance. The main
mechanism that releases methanol into the gas phase in these
models is the reactive desorption following reactions R5 and R6
and photodesorption.

This analysis was repeated for temperatures of 30 K, 50 K,
and 70 K, where reactive desorption from Minissale et al.
(2016) was adopted at 30 K for reasons of consistency with the
results in Sect. 3. However, only in the case assuming 7' =30 K,
n=100cm>3, ¢ = 107'%s7!, and y = 10%, is a difference of
one order of magnitude in the gas-phase methanol abundance
observed for the models including methanol ice photolysis. Over-
all, this simple analysis indicates that higher densities at 20
and 30 K are needed to observe the effect of the methanol
ice photodissociation, whereas at 50 and 70 K, no difference
occurs when methanol ice photolysis is taken into account (see
Appendix F). A trivial explanation is that at low temperatures,
the recombination of dissociated CH;OH is more efficient than
at higher temperatures because of the number of available rad-
icals. Consequently, the high number of recombination causes
more methanol to be desorbed to the gas phase via reactive
desorption. Conversely, in the molecular cloud model at high
temperature, reactive desorption does not play a role because of
the low number of available radicals for recombination and the
lower recombination rates.

5. Conclusions

The ProDiMo code was used to model the methanol ice pho-
tolysis by UV radiation under laboratory conditions. The exper-
iments performed by Oberg et al. (2009a) were used to set up
the models introduced in this paper. Different surface chemistry
mechanisms and branch ratios were used to run a grid of mod-
els and quantify the dependence of the temperature in the ice
photolysis. The main results of this work are listed below:

1. The photodissociation cross sections oppg of the methanol
ice derived in this paper agree reasonably well with the
experiments. The difference of 10-15% between modelling
and the laboratory can be associated with multiple causes,
including the cage effect, that is, that the radical diffusion is

inhibited by the environment, which leads to a fast CH;OH
ice re-formation. Based on the opyg that provides the maxi-
mum likelihood between experiment and models, we calcu-
lated the temperature-dependent photorates for methanol ice
photolysis;

2. Surface chemistry mechanisms such as diffusion/reaction
tunnelling, surface competition, and thermal diffusion are
required to reproduce the methanol ice photodissociation
observed in the experiments. In addition, the models includ-
ing reactive desorption from Minissale et al. (2016) fit the
experiment at 30 K well, whereas the cases at 20, 50, and
70 K are better fitted when reactive desorption from Garrod
et al. (2007) is considered. The reason for this difference is
not clear from the analysis introduced in this paper;

3. The methanol ice BRs calculated by Paardekooper et al.
(2016) provide the best agreement with the experimental data
when compared with the results adopting other BR estimates
from the literature. This indicates that the methanol ice is
mostly destroyed by the hydroxymethyl (CH,OH) channel
and not by the methyl branch, as is often assumed in the
chemical modelling of the ISM;

4. The abundance of the chemical species formed from the
methanol ice photolysis is well replicated in the cases of
CH,OH at 20 K and 30 K, CO; at 50 K, and CH4 at 20 K. A
small difference between experiment and model is obtained
for the formation of HCO in the ice when a low activa-
tion energy (520 K) for the reaction H# + CO# — HCO#
is adopted. The model fails to reproduce the other cases
addressed in this paper, especially at 70 K. Although this
indicates that more accurate surface chemistry approaches
are needed, it is also a warning about the accuracy of
physicochemical parameters in the reaction network, such
as binding energy, radical diffusion rates, and photolysis of
other chemical species;

5. In typical conditions of molecular clouds (high density, low
temperature, and standard strength of UV radiation field),
CH;OH ice photolysis leads to an enhancement of the gas-
phase CH3OH abundance by up to one order of magnitude
via chemical desorption.

This study shows that the computational modelling of chemi-

cal reactions in the ice under laboratory conditions can be used

to shrink the gap between experiments and models to interpret
astronomical observations. In particular, the analysis of the cur-
rent observations with the JWST improves our knowledge of the
composition and chemical environment of interstellar ice man-
tles. Therefore, a quantitative understanding of the processes that

govern ice chemistry is crucial. Moreover, this work provides a

template for future studies simulating the UV radiation of ice

samples.
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Appendix A: Photorate «

The photodissociation rate is formally defined by

A
kphd = f O'AF,]d/l, (Al)

A

where o, is the photodissociation cross section, and F, is the flux in units of cm~2s72,

In a region shielded by dust, the photodissociation rate is given as

kpna = axexp (—yAy), (A.2)

where « is the photorate of the unshielded region, y is the FUV strength in the Draine field, y is the dust attenuation factor, and Ay
the visual extinction due to dust.
In a region without dust extinction, Ay = 0, and from Equations A.l and A.2, we have

Ay
a)(zf o FadaA. (A.3)

A

In a context simulating the laboratory conditions, the flux can be given as a function of the flux lamp, namely, F, = F iamp . To
scale this flux with the radiation field from Draine (Draine 1978), we consider the following equation:

205 nm _lamp
91.2 nm F/l da

y= 22w 2 70 (A.4)
F Draine

in which the integral boundaries cover the Lyman-a emission at 121 nm. In the denominator, the integrated flux from Draine is equal
to 1.9921 x 103 cm™2s~! (see Equation 2).
Isolating the photorate term in Equation A.3, we have that

f/‘lflz F;ampO'i;hdd/l
=" ° 19921 x10%s7L. (A.5)

A2 lamp
S Fida

The ratio of the two intregrals in Equation A.5 is equal to the average photodissociation cross section (o) and can be rewritten as
@=0-19921 x 108 s71. (A.6)

Appendix B: Chemical elements in the network

The chemical elements, gas- and solid-phase chemical species adopted used in this study are shown in Table B.1.

Table B.1. Gas and solid species in the network.

chemical elements H, He, C, N, O, Ne, Na, Mg, Si, S, Ar, Fe 12
pseudo elements * 1
Gas species

H) H, H", H", Hy, H}, H], H* 7
(He) He, He*, HeH* 3
(C-H) C,C",C™", CH, CH", CHy, CHj CH;, CHJ, CHy4, CHy, CHZ 12
(C-O) Gy, G5, CoH, GH, CoH,, CoHJ, CoHs, CoHY, CoHy, CoHp, CoHs, CoHE, CoHg, 15

C,H}, C,H?

6’ 7

(C-N) CN, CN*, HCN, HCN*, HNC, H,CN, HCNH* 7
(C-0) CO, CO*, HCO, HCO*, H,CO, H,CO*, CH;0, H;CO™* 12

CH30H;
(N-H) N, N*, N**, NH, NH*, NH,, NHJ, NH3, NH], NH} 10
(N-N) N,, N7, HNJ 3
(N-0) NO, NO*, NO,, NOJ, HNO, HNO*, H,NO* 7
(O-H) 0, 0", O**, OH, OH*, H,0, H,0*, H;0* 8
(0-0) 0,, 03, O;H, O,H", H,0, 5
(S-H) S, S*, S™*, HS, HS*, H,S, H,S*, H3S* 8
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Table B.1. Continued.

(S-0) SO, SO*, SO,, SO3, HSO; 5
(S-C) CS, CS*, HCS, HCS™, H,CS, H,CS*, H3CS* 7
(S-N) NS, NS*, HNS* 3
(C-C-O) Cs, Ci, G3H, G3H', C3H,, C3HS, C3H3 7
(C-C-N) C,N, C,N*, HC,;N, HC,N*, CH,CN, CH3CN, CH;CNH" 7
(C-C-O) C,0, C,0", HC,0* 3
(O-C-N) OCN, OCN* 2
(0-0-0) O3 1
(0-C-0) CO,, CO;, HCO;, HCOOH, HCOOH;, HOCO 6
(O-C-S) OCS, OCS*, HOCS* 3
(C-C-C-0) Cy, C;, C4HY 3
(C-C-C-N) C;3N, HC;3N, HC3N*, C3H,N 4
(Si-H) Si, Si*, Si**, SiH, SiH*, SiH,, SiHJ, SiH3;, SiH} 12
(Si-0) SiO, SiO*, SiOH* 3
(Si-) SiC, SiC*, SiN, SiN*, SiS, SiS*, HCSi*, HNSi*, HSiS* 9
(Na) Na, Na*, Na*™* 3
(Mg) Mg, Mg*, Mg** 3
(Fe) Fe, Fe*, Fet* 3
(Ne) Ne, Net, Ne*tt 3
(Ar) Ar, Art, Artt 3

Ice species

(H) H#, H,# 2
(C-H) C#, CH#, CH,#, CH3#, CHy# 5
(C-O) Cy#t, CoH#, CoHL#, CoHs#, CoHy#, CoHs#, CoHe#t 7
(C-N) CN#, HCN#, HNC#, H,CN# 4
(C-C-O) Cs#, CoH#, CsHy# 3
(C-C-C-O) Cytt 1
water O#, 02#, 03#, OH#, H20#, OQH#, HQOz# 7
methanol CO#, HCO#, H,CO#, CH;0#, CH,OH#, CH;OH# 6
(0-C-0) CO,#, HCOOH# 2
(C-C-0) C,0# 1
(O-C-N) OCN# 1
(N-H) N#, NH#, NH,#, NH3#, No# 5
(N-0) NO#, NO,#, HNO# 3
(C-C-N) C,N#, HC,N#, CH,CN#, CH;CN# 4
(C-C-C-N) C;3N#, HC;N#, C3H,N# 3
(S-H, S-O, S-N)  S#, HS#, H,S#, SO#, SO,#, NS# 6
S-0) CS#, HCS#, H,CS#, OCS# 4
(Si-) Si#, SiH#, SiH,#, SiH3#, SiHy#, SiC#, SiN#, SiO#, SiS# 9
HOCO# 1
metals Fe#, Mg#, Na# 3
special species *H#, *H,O#, |H,O#, PAH, PAH, PAH', PAH?*, PAH>", PAH#, HPAH, HPAH*, 12
HPAH#
complexes H,OH,#, H,OC#, H,OCO# 3
species total 276

Appendix C: Ice photodissociation rates

The photodissociation rates of the molecules in ices adopted in this work are shown in Table C.1.

Table C.1. Ice photodissociation rates (@) and the dust attenuation factor (y) for other photodissociation reactions used in Equation A.2.

Reaction a y

CH,OH# + hvr — CH# + OH# 7.0x10°0 230
CH;O# + hvr — H,CO# + H# 1L.0x107°  1.50
H,CO# + hy — CO# + Ho# 7.0x 10710 1.70
CO# + hv — CO# + Of 1.4%x10™°  2.50
CO# + hv - C# + Of 2.0x1071° 2.50
CH.# + hy — CH# + Hp#+H# 22x107'° 2.20
CH;# + hy — CH# + H# 2.5%x10710 1,90
CHs# + hy — CHy# + H# 2.5x1071%  1.90
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Reaction a 0%

CH,# + hv —» CH# + H# 8.6x10°10 120
CH# + hy —> C# + H# 1.0x107°  1.50
H,0,# + hy — OH# + OH# 8.3x 10719 1.80
H,O# + hvy — OH# + H# 59%1071°  1.70
O,H# + hy — O + H# 8.0x 10710 1.80
OH# + hy - O# + H# 3.9x10710 220
CN# + hy —> C# + N# 1.1x10™°  3.10
H,S# + hy — HS# + S# 1.5x107°  1.90
H,S# + hy — S# + Ho# 1.5x 10710 1.90
HS# + hy — H# + S# 9.7%x1071°  1.40
SO# + hy — S# + Ot 3.7x107°  2.00
SO,# + hy — SO# + Of 1.9x10™°  1.90
SiO# + hy — Si# + Ot 1.0x 10710 230
HCO# + hv —» CO# + H# 1L.Ix1071%  0.80
NO# + hy — N# + Of 43%x1071° 1.70
C,H# + hy o Gt + H# 51x10719  1.90
No# + hyr —> N# + N# 23%x10710 380
HCN# + hv — CN# + H# 13x107° 210
CoHo# + hv —» GCH# + H# 73%x10710  1.80
O# + hy - O# + Ot 6.9%x1071° 1.80
Os# + hy - Ot + Ot 19x10719 1.85
CS# + hv —> C# + S# 9.8x1071% 2.40
H,S# + hyr — CS# + Ho# 1.9x 10710 1.70
OCS# + hy — S# + CO# 3.7x10710 210
NS# + hy — N# + S# 2.0x107'°  2.00
C;N# + hy - CN# + Cy#t 5.0%x107'°  1.80
HC:N# + hy — CN# + C,H# 5.6x107° 220
C,N# + hy — N# + Gt 5.0%x1071°  1.70
C,N# + hv —» CN# + N# 1.9x 10710 1.70
CH,CN# + hr — CN# + CH# 1.6x107°  1.90
CH:CN# + hyr — CN# + CHi# 25%x107°  2.60
NO,# + hy — O# + NO# 14x107° 210
HNO# + hv — NO# + H# 1.7x 10710 0.50
NH,# + hy — NH# + H# 92x1071% 210
NH,# + hy — NH# + H# 7.5%1071%  2.00
NH# + hyr —> N# + H# 5.0x10710 230
C, 0t + hy — Gt + Ot 5.0%x1071°  1.70
C,0t + hy — O + C# 5.0%x1071°  1.70
Cu# + hy - Ci#t + C# 42%x107°  1.90
Cu# + hv - GC;H# + H# 42%x107°  1.90
Cs;Ho# + hy - GCs# + Cy# 1.4x107° 1.90
C;H# + hy — Ci#t + H# 1L.I1x10°  1.80
Cs# + hy o Gt + C# 5.0x107° 210
HCN# + hy —> CN# + Ho#t 1.5x107° 210
H,CN# + hy — HCN# + H# 55%x107'°  2.00
Cott + hy —> C# + C# 24x10710 2,60
C,Hs# + hr - GCH#¥ + H# 1.9%x 10~ 1.70
CoH,# + hy - GCHy# + Hy#t 3.0x107° 210
C,Hs# + hy - GCHi# + H#t 1.0x10° 1.70
CoHe# + hyr — GCyHs# + H# 21x107% 294
Ho# + hy — H# + H# 57x1071 418
SiH,# + hy — SiH# + H# 5.0x1071"  1.70
SiH# + hy — SiH# + Hy# 3.0x10719 170
SiH# + hy — SiH# + H# 3.0x1071° 170
SiH,# + hyr — SiH# + H#+H# 16x107'° 220
SiH# + hy — SiH# + H# 48x1071% 220
SiH# + hy — SiH;# + H# 1.6x 10710 220
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Appendix D: Bimolecular surface reactions rates and binding energies

The bimolecular surface reaction rates used in this paper are shown in Table D.1, and the binding energies are shown in Table D.2.

Table D.1. List of bimolecular surface reactions used in this paper and their respective energies barrier (AE). See Equation 9.

Reaction AE (K)  Note/Reference
Methanol-related reactions

CH;OH# + OH# —  CH,OH# + H,O# 1000 Esplugues et al. (2016)
H# + CH,OH# — CH;O0H# 0 Hasegawa & Herbst (1993)
H# + CH;0# —  CH;O0H# 0 Esplugues et al. (2016)
OH# + CHs# —  CH;O0H# 0 KIDA
H# + CH,OH# — CH;0H 0 Hasegawa & Herbst (1993)
H# + CH30# — CH30H 0 Esplugues et al. (2016)
OH# + CHs# —  CH3;0H 0 KIDA

Other reactions
H# + H# —  Hy# 0 Hasegawa & Herbst (1993)
H# + C# —  CH# 0 Hasegawa & Herbst (1993)
H# + O# —  OH# 0 Hasegawa & Herbst (1993)
H# + CH# —  CHy# 0 Hasegawa & Herbst (1993)
H# + OH# —  HyO# 0 Hasegawa & Herbst (1993), Ioppolo et al. (2008)
H# + C# —  C,H# 0 Hasegawa & Herbst (1993)
H# + C,H# -  GH, 0 Hasegawa & Herbst (1993)
H# +  Oy# —  O,H# 1200 Hasegawa & Herbst (1993)
H# + CO# —  HCO# 520 Fuchs et al. (2009)
H# + CO# —  HCO# 1106 Rimola et al. (2014)
H# + CO# —  HCO# 2000 Awad et al. (2005)
H# + CO# —  HOC# 1106 Rimola et al. (2014)
H# + CHy# —  CHi# 0 Hasegawa & Herbst (1993)
H# + CO# —  CO# + OH# 10000 Esplugues et al. (2016)
H# + O H# —  HyO# 0 Chaabouni et al. (2012)
H# + O,H# —  OH# + OH# 0 Esplugues et al. (2016)
H# + Os# -  Ox# + OH# 480 Esplugues et al. (2016)
H# + Ci# —  C;H# 0 Hasegawa & Herbst (1993)
H# + HOC# —  CHOH# 0 Hasegawa & Herbst (1993)
H# + HCO# —  H,CO# 0 Hasegawa & Herbst (1993)
H# + HCO# —  H,CO 0 Hasegawa & Herbst (1993)
H# + HCO# —  CO# + Hy# 0 Minissale et al. (2016)
H# +  Hy,O,# -  H,O# + OH# 1000 Esplugues et al. (2016)
H# +  H,O# —  Hy# + OH# 1900 Lamberts et al. (2016)
H# + CHz# —  CHu# 0 Hasegawa & Herbst (1993)
H# + CHs# — CHyg 0 Hasegawa & Herbst (1993)
H# + CsH# —  GC3Hy# 0 Hasegawa & Herbst (1993)
H# +  Cy# —  C4H# 0 Hasegawa & Herbst (1993)
H# + CHy# —  CyHs# 1200 Hasegawa & Herbst (1993)
H# + CHOH# —  CH,OH# 0 Hasegawa & Herbst (1993)
H# + CHOH# —  CH,0OH 0 Hasegawa & Herbst (1993)
H# + H,CO# —  CH,OH# 5660 Skouteris et al. (2018)
H# + H,CO# — CH,0OH 5660 Skouteris et al. (2018)
H# + H,CO# —  CH;0# 1890 Skouteris et al. (2018)
H# + H,CO# — CH;0 1890 Skouteris et al. (2018)
H# + H,CO# —  HCO# + Ho#t 3030 Skouteris et al. (2018)
H# + HOCO# —  HCOOH# 0 KIDA
H# + HOCO# —  HCOOH 0 KIDA
H# + Cy4H# -  C4H# 0 Hasegawa & Herbst (1993)
H# + Cs# —  CsH# 0 Hasegawa & Herbst (1993)
H# + Cs# — GCsH 0 Hasegawa & Herbst (1993)
H# + CyHs# —  CyHu# 0 Hasegawa & Herbst (1993)
H# + CyH3# -  GCHy 0 Hasegawa & Herbst (1993)
H# + C3H# —  GCsHz# 1210 Hasegawa & Herbst (1993)
H# + GCiHy# —  GC3Hji 1210 Hasegawa & Herbst (1993)
H# + CH;0# —  H,CO# + Hy# 850 Li et al. (2004)
H# +  CoHu# —  C,Hs# 1570 Hasegawa & Herbst (1993)
H# + CoHu# —  CyHjs 1570 Hasegawa & Herbst (1993)
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Table D.1. Continued.

Reaction AE (K) Note/Reference

H# + C3Hiz# — C3Hu# 0 Hasegawa & Herbst (1993)
H# + C4Hy# - C4Hs# 1200 Hasegawa & Herbst (1993)
H# + CsH# — CsHy# 0 Hasegawa & Herbst (1993)
H# + Ceott - CoH# 0 Hasegawa & Herbst (1993)
H# + C,Hs# - CoHg# 0 Hasegawa & Herbst (1993)
H# + C4Hs# — C4Hy# 0 Hasegawa & Herbst (1993)
H# + CsHo# - CsHx# 1210 Hasegawa & Herbst (1993)
H# + CoH# - CcHo# 0 Hasegawa & Herbst (1993)
H# + CT# - C,;H# 0 Hasegawa & Herbst (1993)
H# + CsHix# — CsHy# 0 Hasegawa & Herbst (1993)
H# + CoHo# - CoHs# 1210 Hasegawa & Herbst (1993)
H# + C,H# — C;H# 0 Hasegawa & Herbst (1993)
H# + CsHi# — CsHy# 0 Hasegawa & Herbst (1993)
H# + CoHo# - CoHs# 1210 Hasegawa & Herbst (1993)
H# + C,Ho# - CTH# 1210 Hasegawa & Herbst (1993)
H# + Cgt#t - CgH# 0 Hasegawa & Herbst (1993)
H# + CoHs# - CoHy# 0 Hasegawa & Herbst (1993)
H# + C,Ho# - C;Hx# 1210 Hasegawa & Herbst (1993)
H# + CgH# - CgHo# 0 Hasegawa & Herbst (1993)
H# + Co# - CoH# 0 Hasegawa & Herbst (1993)
H# + C,Hs# — C;Hy# 0 Hasegawa & Herbst (1993)
H# + CgHo# - CgHs# 1210 Hasegawa & Herbst (1993)
H# + CoH# - CoH,# 0 Hasegawa & Herbst (1993)
H# + CgHs# - CgHytt 0 Hasegawa & Herbst (1993)
H# + CoHo# - CoHs# 1210 Hasegawa & Herbst (1993)
H# + CoHs# - CoHy# 1210 Hasegawa & Herbst (1993)
H# + H,C,O,# - H3;C,0,# 0 Paardekooper et al. (2016)
H# + H;C,0,# - H4C,0# 0 Paardekooper et al. (2016)
H# + H,C,0,# - H5C,0,# 0 Paardekooper et al. (2016)
H# + H5C,0,# - H¢C,0,# 0 Paardekooper et al. (2016)
H# + H4C,0# - H5C,0,# 0 Paardekooper et al. (2016)
H# + H5C,0,# - HgC,O0,# 0 Paardekooper et al. (2016)
C# + C# — Cyo#t 161 Hasegawa & Herbst (1993)
C# + C# - C, 161 Hasegawa & Herbst (1993)
C# + O# - CO# 0 Hasegawa & Herbst (1993)
C# + O# — CO 0 Hasegawa & Herbst (1993)
C# + Co#t - Cs# 0 Hasegawa & Herbst (1993)
C# + Co#t - C; 0 Hasegawa & Herbst (1993)
C# + OH# — HOC# 0 Hasegawa & Herbst (1993)
C# + OH# - HOC 0 Hasegawa & Herbst (1993)
C# + O # - CO# + O# 0 Hasegawa & Herbst (1993)
C# + CH,# - CHo# 0 Hasegawa & Herbst (1993)
C# + C,H# - C;H# 0 Hasegawa & Herbst (1993)
C# + CH;# - CoH3# 0 Hasegawa & Herbst (1993)
C# + Cs# - Cy# 0 Hasegawa & Herbst (1993)
C# + Ci#t - Cy 0 Hasegawa & Herbst (1993)
C# + C;H# - C4H# 0 Hasegawa & Herbst (1993)
C# + Cy# — Cs# 0 Hasegawa & Herbst (1993)
C# + Cs# - Cett 0 Hasegawa & Herbst (1993)
C# + C,H;# - CH,C,H# 1210 KIDA

C# + C,Hs# - CH,C,H 1210 KIDA

C# + Cett - Co# 0 Hasegawa & Herbst (1993)
C# + Co# - Cg# 0 Hasegawa & Herbst (1993)
C# + Cgit - Cott 0 Hasegawa & Herbst (1993)
O# + O# - O, # 0 Hasegawa & Herbst (1993)
O# + O# - O, 0 Hasegawa & Herbst (1993)
Ot + Ho# - OH# + H# 2040 Lamberts et al. (2014)

O# + CH# - HCO# 0 Hasegawa & Herbst (1993)
O# + CH# - HCO 0 Hasegawa & Herbst (1993)
Ot + CH# - CO# + H# 0 Hasegawa & Herbst (1993)
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Table D.1. Continued.

Reaction AE (K) Note/Reference

O# + OH# —  O,H# 0 Hasegawa & Herbst (1993)
O# + OH# — OH 0 Hasegawa & Herbst (1993)
O# + OH# -  Ox# + H# 0 Hasegawa & Herbst (1993)
O# + CO# -  CO# 650 Raut & Baragiola (2011)
O# + CO# -  CO, 650 Goumans et al. (2008)

O# + O# -  Os# 0 Hasegawa & Herbst (1993)
O# + Ot - O3 0 Hasegawa & Herbst (1993)
O# + O,H# - O# + OH# 0 Hasegawa & Herbst (1993)
O# + CHy# —  H,CO# 0 Hasegawa & Herbst (1993)
O# + CHy# — H,CO 0 Hasegawa & Herbst (1993)
O# + GCs# —  C30# 0 Hasegawa & Herbst (1993)
O# + HCO# —  CO# + H# 0 Hasegawa & Herbst (1993); Esplugues et al. (2016)
Ot + HOCO# — CO# + OH# 0 KIDA

O# + H,CO# — CO# + Hy# 335 Minissale et al. (2015)

O# + CH;0# — CHs# + Oy# 240 Hasegawa & Herbst (1993)
CH# + CH# - CHy# 0 Hasegawa & Herbst (1993)
CH# + OH# — CHOH# 0 Hasegawa & Herbst (1993)
CH# + GCo# — C;H# 0 Hasegawa & Herbst (1993)
CH# + CHs# —  CHu# 0 Hasegawa & Herbst (1993)
CH# + GCs# — C4H# 0 Hasegawa & Herbst (1993)
CH# +  Cy# — CsH# 0 Hasegawa & Herbst (1993)
CH# + Cs# — CcH# 0 Hasegawa & Herbst (1993)
CH# + Cgt#t — CyH# 0 Hasegawa & Herbst (1993)
CH# + CT# — CgH# 0 Hasegawa & Herbst (1993)
CH# + C8# —  CoH# 0 Hasegawa & Herbst (1993)
C,H# + CH# -  GCHy# 0 Hasegawa & Herbst (1993)
C,H# + CH# - GC;H, 0 Hasegawa & Herbst (1993)
CH;# + CHs# —  C,Hg# 0 KIDA

Hy# + OH# —  H,O# + H# 2100 Oba et al. (2012)

Ho# + CH# — CHz# 116 NIST

H,# + CH# — CHj; 116 NIST

Ho# + H,CO# — CH;O0H# 35119 NIST

Ho# + CoHs# —  CyHu# + H# 2646 Fahr & Laufer (1995), Lara et al. (2014)
H,# + C,H# -  CHy# + H# 1443 Opansky & Leone (1996), Lara et al. (2014)
Hy# + Co#t — C,H# + H# 1469 Lara et al. (2014)

Ho# + C4H# -  C4Ho# + H# 998 Lavvas et al. (2008), Lara et al. (2014)
OH# + OH# - H,O# 0 Esplugues et al. (2016)
OH# + OH# - H;O, 0 Esplugues et al. (2016)
OH# + CHy# — CH,OH# 0 Hasegawa & Herbst (1993)
OH# + CHu# — CHs# + HyO# 1160 Qasim et al. (2018)

OH# + CO# —  HOCO# 150 Ruaud et al. (2015)

OH# + CO# — HOCO 150 Ruaud et al. (2015)

OH# + CO# —  CO#t + H# 150 Ruaud et al. (2015)
H,CO# + OH# —  HCO# + H,O# 0 KIDA

H,CO# + OH# — HCO + HyO# 0 KIDA

CH;0H# + OH# — CH,0H + H,O# 1000 Esplugues et al. (2016)
H,# + H,O# —  H,OH,# 0 Guess

H,OCO# + OH# —  H,O# + CO#, + H# 150 Guess

H,OCO# + O# —  H,O# + CO# 650 Guess

H,OCO# + H# —  H,O# + HCO# 0 Guess

H,OCO# + CH# — CH,OH# + CO# 0 Guess

H,OCO# + CH# — H,CO# + CO# + H# 0 Guess

H,OCO# + C# —  CH,O# + CO# 0 Guess

H,OCO# + OH# —  H,O# + HOCO# 0 Guess

H,OCO# + CHy# —  H,O# + H,CO#+C# O Guess

CO# + H,O# —  H,OCO# 0 Guess

C# + H,O# —  H,OC# 0 Guess

CH,OH# + O# — HCOOH# + H# 0 Guess

HCO# + OH# —  HCOOH# 0 Guess

HCO# + OH# — HCOOH 0 Guess

HOCO# + H# —  HCOOH# 0 Guess

HOCO# + H# — HCOOH 0 Guess
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Species E, (K) Reference

H 600 Cazaux & Tielens (2002)
H, 430 Garrod & Herbst (2006)
He 100 Tielens & Hagen (1982)
C 10000  Wakelam et al. (2017)
CH 925 Garrod & Herbst (2006)
CH, 1050 Garrod & Herbst (2006)
CH; 1175 Garrod & Herbst (2006)
CH,4 1090 Herrero et al. (2010)

(0] 1600 Wakelam et al. (2017)
OH 4600 Minissale et al. (2016)
H,O 4800 Brown & Bolina (2007)
C, 1600 Garrod & Herbst (2006)
CH 2137 Garrod & Herbst (2006)
C,H, 2587 Collings et al. (2004)
C,H; 3037 Garrod & Herbst (2006)
C,Hy 3487 Garrod & Herbst (2006)
CO 1300 Minissale et al. (2016)
C,H; 3937 Garrod & Herbst (2006)
HCO 1600 Garrod & Herbst (2006)
HOC 3650 Garrod & Herbst (2006)
C,Hq 2300  Oberg et al. (2009a)
CHOH 4634 Garrod & Herbst (2006)
H,CO 4500 Wakelam et al. (2017)
HOCH 1910 Hasegawa & Herbst (1993)
CH,OH 4400 Wakelam et al. (2017)
CH;0 4400 Wakelam et al. (2017)
CH;0H 5000 Wakelam et al. (2017)
(0)) 1000 Garrod & Herbst (2006)
O,H 3650 Garrod & Herbst (2006)
H,0, 5700 Garrod & Herbst (2006)
C; 2400 Garrod & Herbst (2006)
C;H 2937 Garrod & Herbst (2006)
C;H, 3387 Garrod & Herbst (2006)
H,CCC 2110 Hasegawa & Herbst (1993)
C;H; 3837 Garrod & Herbst (2006)
C,0 1950 Garrod & Herbst (2006)
CsHy 4287 Garrod & Herbst (2006)
CH;CCH 2470 Hasegawa & Herbst (1993)
C;Hs 4737 Garrod & Herbst (2006)
HC,0 2400 Garrod & Herbst (2006)
C;3Hg 5187 Garrod & Herbst (2006)
CH,CO 2200 Garrod & Herbst (2006)
CsH7 5637 Garrod & Herbst (2006)
C3HS 6087 Garrod & Herbst (2006)
CH;CHO 3800 Oberg et al. (2009a)
CO, 2990 Edridge (2010)
C,HsOH 5200  Oberg et al. (2009a)
CH;0CH; 3300 Oberg et al. (2009a)
HCOOH 5000 Oberg et al. (2009a)

Cy 3200 Garrod & Herbst (2006)
O3 1800 Garrod & Herbst (2006)
C4H 3737 Garrod & Herbst (2006)
CsH, 4187 Garrod & Herbst (2006)
C4H;3 4637 Garrod & Herbst (2006)
C;0 2750 Garrod & Herbst (2006)
C4Hy 5087 Garrod & Herbst (2006)
C4Hs 5537 Garrod & Herbst (2006)
HC;0 3200 Garrod & Herbst (2006)
C4Hg 5987 Garrod & Herbst (2006)
H,C;0 3650 Garrod & Herbst (2006)
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Table D.2. Continued.

Species E, (K) Reference

CH;0CH; 3300 Oberg et al. (2009a)

Cs 4000 Garrod & Herbst (2006)
HCOOCH; 4000 Oberg et al. (2009a)
CsH 4537 Garrod & Herbst (2006)
CsH, 4987 Garrod & Herbst (2006)
CsHj3 5437 Garrod & Herbst (2006)
CH;C4H 5887 Garrod & Herbst (2006)
Ce 4800 Garrod & Herbst (2006)
CgH 5337 Garrod & Herbst (2006)
C¢H, 5787 Garrod & Herbst (2006)
C¢Hj 6237 Garrod & Herbst (2006)
Ce¢Hy 6687 Garrod & Herbst (2006)
C¢Hg 7587 Garrod & Herbst (2006)
C, 5600 Garrod & Herbst (2006)
C/H 6137 Garrod & Herbst (2006)
C;H, 6587 Garrod & Herbst (2006)
C7H; 7037 Garrod & Herbst (2006)
C;H4 7487 Garrod & Herbst (2006)
CH;CqH 7487 Garrod & Herbst (2006)
Cs 6400 Garrod & Herbst (2006)
CgH 6937 Garrod & Herbst (2006)
CgH, 7387 Garrod & Herbst (2006)
CgHj; 7837 Garrod & Herbst (2006)
CgHy 8287 Garrod & Herbst (2006)
Cy 7200 Garrod & Herbst (2006)
CoH 7737 Garrod & Herbst (2006)
CoH, 8187 Garrod & Herbst (2006)
CoHj; 8637 Garrod & Herbst (2006)
CyoHy 9087 Garrod & Herbst (2006)
Cio 8000 Garrod & Herbst (2006)

Appendix E: Gallery of fits at 20 K, 30 K, 50 K, and 70 K

The grid of photodissociation models at four temperatures and adopting different surface chemistry parameters is shown in this
appendix. Figures E.1-E.5 show the fits at 20 K for models 3—7. Figures E.6-E.10 show the fits at 30 K for models 3—7. In these fits,
only the models adopting reactive desorption from Minissale et al. (2016) fit the experimental data well. Figures E.11-E.17 show the
fits at 50 K for models 1-7. Figures E.18-E.24 show the fits at 70 K for models 1-7.
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Fig. E.1. Grid of methanol ice photodissociation models at 20 K assuming different photodissociation cross sections and BRs. The model 3 in
Table 2 is adopted in these plots.
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Fig. E.5. Same as Figure E.1, but adopting model 7.
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Fig. E.9. Same as Figure E.6, but adopting model 6.
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Fig. E.11. Grid of methanol ice photodissociation models at 50 K assuming different photodissociation cross sections and BRs. Model 1 in Table 2
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Fig. E.14. Same as Figure E.11, but adopting model 4.
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Fig. E.16. Same as Figure E.11, but adopting model 6.
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Fig. E.17. Same as Figure E.11, but adopting model 7.
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Fig. E.18. Grid of methanol ice photodissociation models at 70 K assuming different photodissociation cross sections and BRs. Model 1 in Table 2
is adopted in these plots.
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Fig. E.19. Same as Figure E.18, but adopting model 2.
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Fig. E.20. Same as Figure E.11, but adopting model 3.
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Fig. E.21. Same as Figure E.11, but adopting model 4.
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Fig. E.22. Same as Figure E.11, but adopting model 5.
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Fig. E.23. Same as Figure E.11, but adopting model 6.

A70, page 35 of 38



A&A 673, A70 (2023)

Photodissociation cross-section (gpng) X 10718 ¢m?

3.0 3.5 4.0 4.5 5.0
0.0 GA08 - a) 0OB09 b) LA11-M 8]
——0.2
B
2-04 A A A
S A, S
%’ _0.6 \ s)‘\A \s\\\ h\7\\A
g \ SN A\ s
—0.8[ A Laboratory data: T=70k 4 \ <04
-~ Fit: Oberg et al. (2009) . \ .
LA11-MX ) Py PA16 i)
B
z
=
=
g S
- A
A\é
1 2
s
=3 Model 7
s
z 70K
=)
o

Fluence [x 107 photons cm~2]

Fig. E.24. Same as Figure E.11, but adopting model 7.
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Appendix F: CH;OH gas-phase abundances at 30 K, 50 K, and 70 K in the molecular cloud model

The methanol gas-phase abundances in the molecular cloud model at three temperatures and adopting different numerical densities
and H; ionization rates are shown in Figures F.1-F.3. In these cases, the difference between models including or excluding methanol
ice photolysis is negligible. Additionally, the abundances mostly deviate from the observations toward the Orion Bar.
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Fig. F.1. Abundances of gas-phase methanol at different physical conditions and 7" = 30 K. The solid and dashed lines show the abundances in the
models with and without methanol ice photolysis, respectively. The line colours indicate the strength of the UV radiation field. The grey shaded area
indicates the methanol abundance in the Orion Bar PDR (Cuadrado et al. 2017) only for comparison purposes with an astrophysical environment.
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Fig. F.2. Same as Figure F.1, but for 7 = 50 K.
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Fig. F.3. Same as Figure F.1, but for 7 = 70 K.
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