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ABSTRACT

Context. Interstellar surface chemistry is a complex process that occurs in icy layers accumulated onto grains of different sizes.
Efficiency of surface processes often depends on the immediate environment of adsorbed molecules.

Aims. We investigate how gas-grain chemistry changes when surface molecule desorption is made explicitly dependent to the molec-
ular binding energy, which is modified, depending on the properties of the surface.

Methods. Molecular binding energy changes gradually for three different environments — bare grain, where polar, water-dominated
ices and non-polar, carbon monoxide-dominated ices. In addition to diffusion, evaporation and chemical desorption, photodesorption
was also made binding energy-dependent, in line with experimental results. These phenomena occur in a collapsing prestellar core
model that considers five grain sizes with ices arranged into four layers.

Results. Efficient chemical desorption from bare grains significantly delays ice accumulation. Easier surface diffusion of molecules
on non-polar ices promotes the production of carbon dioxide and other species.

Conclusions. The composition of interstellar ices is regulated by several binding-energy dependent desorption mechanisms. Their
actions overlap in time and space, which explains the ubiquitous proportions of major ice components (water and carbon oxides),
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observed to be similar in all directions.

1. Introduction

During the last decade, theoretical astrochemists have expanded
gas-grain models with additional phases of solid matter. These
include reactive icy molecules residing either in different layers
on interstellar grains or on grains of different sizes. In conjunc-
tion with dynamical evolution of dense cores and an improved
- understanding of microscopic phenomena, the new phases al-
low to paint a detailed picture about chemical processes in inter-
stellar and circumstellar ices. The microscopic phenomena most
notably include efficient chemical desorption and molecular des-
orption (binding) energy that varies depending on its surround-

= ing environment. The above ingredients have never been com-
" bined in a single model, which means that current astrochemical
models may be missing key processes that regulate ice formation
and distribution between solid phases.
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Multigrain models consider simultaneous surface chemistry
on grains with an assortment of sizes. Acharyyaetal. (2011)
found that the smallest grains, having the largest overall sur-
face, accumulate most of the ice (by default, here we consider
the MRN grain size distribution of Mathis et al. 1977, used in
most studies). Ice accumulation onto small grains is amplified by
increase of surface area with grain growth, which is most pro-
nounced for the small grains. Pauly & Garrod (2016); Ge et al.
(2016); Igbal & Wakelam (2018), and Chen et al. (2018) con-
sidered basic aspects for multigrain models, such as the effect
of different numbers of grain size bins, the applicability of the
rate-equation method, effects of differential grain temperature,
and ice accumulation. A number of papers have focused on the
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efficiency of cosmic-ray induced desorption for grains of differ-
ent sizes (Zhao et al. 2018; Sipild et al. 2020; Kalvans & Kalnin
2022). Some of these indicate that ices cannot efficiently ac-
cumulate on the smallest grains (Silsbee et al. 2021; Rawlings
2022). Some of the multigrain models have been applied in fur-
ther astrochemical studies (Pauly & Garrod 2018; Gavino et al.
2021).

Compared to multigrain models, multilayer models have
undergone significant evolution. They consider at least
two layers of the icy mantle that cover grain surfaces
(Hasegawa & Herbst 1993b), both of which may be chemically
active (Kalvans & Shmeld 2010). Current models resolve sepa-
rate monolayers (MLs; Taquet et al. 2012) or up to six chemi-
cally active ice layers (Furuya et al. 2017) with limited-diffusion
approaches for binary bulk-ice reactions (Chang & Herbst
2014). The mere existence of subsurface ice that is isolated from
most of the desorption mechanisms acting on the exposed sur-
face molecules is a significant development. While the chem-
ical activity of the bulk-ice layers and their susceptibility to
dissociating radiation is a matter of question, active bulk ice
allows for different molecule synthesis paths, for example, in
CO and H,O-dominated environments (Chang & Herbst 2016).
Moreover, multilayer models allow to regulate evaporation from
ices in protostellar envelopes, either via layer-by-layer removal
(Taquet et al. 2014) or by allowing hyper-volatiles to diffuse out
of the mantle first (Garrod 2013a, with hyper-volatiles here we
understand icy species with desorption energies Ep below about
1300 K, such as Hz, Nz, 02, CO, CH4)
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Astrophysical importance for variable molecular desorption
energy Ep for icy surfaces with polar (H,O) and non-polar
(CO) composition was noted early by Tielens & Hagen (1982);
Sandford & Allamandola (1988); Leger (1983) and Bergin et al.
(1995). The latter included this effect in an astrochemical model,
albeit not in a self-consistent manner (Bergin & Langer 1997).
Compared to non-polar ices, a surface covered with H,O al-
lows binding via dipole-dipole and dipole-induced dipole in-
teractions, as well as the strong hydrogen bonds. Besides des-
orption, such bonding also affects mobility of surface species,
and thus, their reactivity. Further exploration of the idea of vari-
able Ep has been limited (He et al. 2016; Garrod et al. 2022).
An aspect of the variable-Ep approach is different Ep on bare
grains and ice-covered surfaces. The binding energies to materi-
als similar to interstellar grains are known for a limited number
of species (e.g. Vidali et al. 1991). Dual (bare grain and ice) Ep
have been used in by Chang et al. (2007); Taquet et al. (2014)
and Hocuk & Cazaux (2015). Unlike multilayer and multigrain
models, variable-Ep effects are much less understood with no
dedicated studies.

The aim of this study is to combine the above phenomena
within a single model that produces reasonable results, namely,
ice composition and deduce if variable Ep has astrochemically
significant effects. The necessary tasks include

— developing an integrated multigrain-multilayer array system
for chemical species, grain, and ice parameters;

— adapting or creating descriptions the microscopic processes,
notably, variable Ep for such a model; the descriptions
should allow simple inclusion in other astrochemical codes;

— investigating the significance of variable Ep in modelling re-
sults;

— exploring effects that arise from phenomena that have not yet
been combined together in astrochemical models.

Reproducing the proportions of major species observed
in interstellar ices has been possible with simpler codes
(Ruffle & Herbst 2001; Garrod & Pauly 2011), which may have
deterred the advancement, or need, for more complex models.
The latter two tasks involve limited parameter space analysis and
will allow to understand the basic gas-grain physico-chemical in-
terplay in dense cloud cores with the multigrain-multilayer code.
This is essential before further exploration of ice chemistry can
be made with the new code.

2. Methodology

The model was developed on the basis of the modified rate-
equation code with multilayer ice chemistry ALCHEMIC-VENTA
from of Kalvans (2021), which is the default reference. Some
multigrain aspects have been tested in Kalvans & Silsbee (2022).
The chemical model is set in a gas parcel in a low-mass con-
tracting prestellar dark molecular core. Below, we describe the
complete model with all functionalities enabled, referenced to as
Model full in the Results section 3.

2.1. Chemical model

Table 1 lists the initial chemical abundances, used at the start
of the simulation. The cosmic-ray ionization rate { was calcu-
lated following Padovani et al. (2009), with model “High” spec-
tra from Ivlev et al. (2015) and depends on hydrogen column
density Ny. The { value obtained this way is rather high for the
10717...107'° values typically applied in astrochemistry, hence
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Table 1. Initial chemical abundances relative to total hydrogen.

Species X/H
H, 0.50
He 0.090
c* 1.4x107*

N 7.5%107°
o) 3.2x 1074
F 6.7%x107°

Na*  2.0x107°
Mg*  7.0x 107
Sit 8.0x 107

P* 3.0x107°
St 8.0x 1078
Cl 4.0x%x107°
Fe* 3.0x107°

we divide it by 4 with the justification that our typical low-
mass cloud core is located far from the Galactic centre and is
shielded by a parent giant molecular complex. In other words,
it can be said that spatially one steradian of the core is ex-
posed to full interstellar cosmic-ray intensity. The intensity of
cosmic-ray induced photons depends on ¢ and was calculated
with Equation (2) of Kalvans & Kalnin (2019). The cloud is
irradiated by normal interstellar radiation intensity with Gy of
1.7 x 108 s~'em™2, attenuated the cloud’s matter with Ny /Ay, =
2.2x 10*" cm™ (Zuo et al. 2021). Gas temperature T, Was cal-
culated according to Equation (2) of Kalvans (2021). Because
this equation works only when interstellar extinction Ay is be-
low or similar to 40 mag, 7,5 Was coupled to dust temperature
at higher extinctions.

Neutral molecules adsorb on to grain surfaces, forming an
ice layer. The sticking coefficient was taken to be unity for heavy
species and calculated according to Thi et al. (2010) for the light
species H and H,. The size of a “cubic average” molecule was
assumed to be 0.32 nm. When ice thickness b exceeds 1 ML, ex-
cess icy molecules are moved to bulk-ice and are sequentially
ordered in three subsurface ice layers. All layers are chemi-
cally active. Icy species can be destroyed via photodissocia-
tion by interstellar and cosmic-ray induced UV photons at a
rate that is equal to 0.3 times their gas-phase photodissocia-
tion rate (Kalvans 2018; Terwisscha van Scheltinga et al. 2022).
The surface diffusion energy Eg g was taken to be 0.50Ep.
Reactions with activation barriers proceed either by hopping
across the barrier or via quantum tunneling, which is possible
for H and H, (Hasegawa & Herbst 1993a). Chemical reaction
rate coefficients were adjusted for reaction-diffusion competi-
tion (Garrod & Pauly 2011). Bulk-ice molecules react with other
molecules in the same layer with an approach that assumes that
they are frozen in place with a bulk-ice binding (absorption) en-
ergy equal to 3Ep (Kalvans 2015). Similar methods for bulk-
ice chemistry have recently gained traction (Shingledecker et al.
2019; Jin & Garrod 2020).

The model considers several desorption mechanisms, with
the simplest being evaporation, which is most important for H,.
Pantaleone et al. (2021) have presented credible evidence that
the reaction heat of the common H+H reaction on grains may
induce desorption of an adjacent hyper-volatile icy molecule.
This indirect reactive desorption mechanism was included in our
model with the help of Equation (16) of Kalvans (2015) and
an efficiency parameter of € = 0.001 desorbed molecules per
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Table 2. Additions to the reaction network.

Gas-phase reactions k(10K)?,cm’s™T  Ref.?
CH + CH30H — CH3CHO + H 2.5E-10 1,2
C + H,CO —» CO + CH, 6.2E-10 3
CH; + HCO — CH53CHO 5.0E-11 3
Surface reactions Es K Ref.
CO + H— HCO 2500 4¢
H,CO + H— HCO + H, 415 5
CH;O +H-—> HzCO + H2 0 5
CH20H +H-—> H2CO + H2 0 5
@ Rate coefficient at 10K. ® 1 — NIST

(http://kinetics.nist.gov/kinetics/index.jsp), 2 — Johnson et al.
(2000), 3 — Vasyuninetal. (2017), 4 — Garrod & Herbst
(2006, OSU reactions network), 5 — Minissale et al. (2016b).
(©) Reaction not added, only changed its Ej.

H+H reaction act (Duley & Williams 1993; Willacy et al. 1994,
see also Takahashi & Williams 2000).

For desorption via cosmic-ray induced whole-grain heat-
ing (Hasegawa & Herbst 1993a), a law that assumes simi-
lar heating frequencies for grains of different sizes was used
by Kalvans & Silsbee (2022). Here we improve this law into
an based on the exhaustive new data from Kalvans & Kalnin
(2022). Namely, the cosmic-ray induced heating frequency fcrp
is now proportional to the inverse square root of grain radius a,
in addition to its dependence to Ny,

1.93 x 10711 4/0.05/a

Al4r

Jern(54K) = , ey

where a is expressed in um. The cooling time for the grains
was taken to be similar to characteristic sublimation time of CO
(Hasegawa & Herbst 1993a), which is 0.002 s for a temperature
of 54 K in our model. Like ¢, fcrp was also divided by 4z. Pho-
todesorption and desorption of chemical reaction products are
described separately in Sections 2.6 and 2.7.

The chemistry in ice layers is explicitly considered, which
means that the model calculates molecular abundances for each
ice layer on each grain type. The actual reaction network in-
cludes multiple similar lists of surface molecular processes for
each grain type and ice layer.

2.2. Reactions network

We employ UDfA Ratel2 chemical network (McElroy et al.
2013) for the gas phase and a reduced OSU database for surface
reactions (Garrod et al. 2008). Following Vasyunin et al. (2017),
we added gas-phase COM reactions to balance the alcohol-
aldehyde chemistry (Table 2). The variable-Ep approach re-
sults in generally lower molecular binding energies and more
rapid diffusion of surface species, which may overproduce CO
hydrogenation products. To address this, higher, original OSU
database activation energy barrier E4 of 2500K was returned
for the CO + H surface reaction. Additionally, three “unproduc-
tive”, Hp-producing hydrogenation reactions of intermediate CO
hydrogenation products were added, all with branching proba-
bilities of 0.5, as suggested by Minissale et al. (2016b). The lat-
ter reactions supplement similar additions to ALCHEMIC-VENTA in
Tables 4 and 6 of Kalvans (2015). Table 2 summarizes these
changes to the network.

To reduce the overall number of species and reactions, phos-
phorus compounds with two or more C atoms were removed.

Table 3. Dust grain radius ¢ and number density relative to H atoms..

a pum ng/ny

0.037 5.46E-12
0.058 1.73E-12
0.092 5.46E-13
0.146 1.73E-13
0.232  5.46E-14

These species are irrelevant to the overall chemistry, because of
the low abundance of P, and their low abundance, even relative
to simpler P species. Network reduction ensured a smooth op-
eration of the code and reduced computing time at a little cost
to the scientific output, since we do not study the chemistry of
phosphorus.

2.3. Grain physics

We divide the MRN grain size distribution in five bins with log-
arithmic spacing. It is a compromise, which allows to model
multigrain surface chemistry in significant detail, while not
making the model overly complex. The number of grain size
bins has a limited effect on modelling results (Igbal & Wakelam
2018), while five bins have been used also by other authors
(Acharyya et al. 2011; Pauly & Garrod 2016; Sipilid et al. 2020).
Table 3 shows the assumed grain sizes and abundances.

Moreover, here we assume grains that have already under-
gone processing in a star-forming region, i.e., the grains have
a carbonaceous coating, not unlike interplanetary dust particles
(Flynn 2020). While such a choice may be physically justified,
in our model it has the benefit of bare surface being signifi-
cantly different from water-dominated ices. This means that the
effects of an E)p that differs for bare and ice-covered grains can
be more pronounced (Section 2.5). A second consequence of the
processed-grain assumption is that the smallest grains must have
have been depleted by sticking to larger grains (Silsbee et al.
2020); thus we adopt the sizes and relative abundances of grains
from Sipild et al. (2020). Importantly, exclusion of the small
grains reduces the average temperature and reactivity of surface
species, which results, for example, in lower abundances of CO,
ice (see also Igbal & Wakelam 2018). Therefore, grain size dis-
tribution is another aspect that regulates the calculated compo-
sition of ices, in addition to the existence of active or passive
bulk ice, the Egig/Ep ratio, reaction activation barriers, and se-
lective desorption mechanisms. A benefit for our model is that
the exclusion of the small grains allows adequate operation for
the modified rate-equation procedure of the ALCHEMIC code
(Semenov et al. 2010).

For calculating the cosmic-ray-induced whole-grain heating
rate (see above), Kalvans & Kalnin (2022) considered refrac-
tory grains consisting of 40 % amorphous carbon and 60 % sil-
icates by mass. The resulting grain density was 2.6 gcm™>. The
grain mass obtained with this density constitutes 0.4 % of the gas
mass, in contrast to 0.5 % for distributions that include smaller
grains, such as Acharyya et al. (2011). We did not consider loss
of grain mass; instead the small grains are stuck on to the large
grains, in effect, increasing their abundance. To account for the
mass gap, the Sipild et al. (2020) grain abundances were mul-
tiplied by a factor of 1.25. An additional 0.8 % of cloud mass
are in the elements heavier than He (“metals”) that constitute
icy mantles in freeze-out conditions (Table 1). Grains grow as
the icy mantles accumulate and increase thickness. The temper-
ature of the dust grains 7; was calculated with the method given
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by Hocuk et al. (2017, for a = 0.1 um grains), and attributed
to different grain sizes following Pauly & Garrod (2016), i.e.,
Ty o all®,

2.4. Variable desorption energy

Over the years, Ep measurements and calculations have been
done for various species relevant to interstellar ices. Our task
here is to devise a relation that describes how Ep changes for
a molecule embedded in an environment rich in polar species
(Ep po1), such as H,O, relative to the same molecule in non-polar
ices, such as CO (Eppp). Thus, we are interested in measure-
ments that directly correlate molecular Ep in polar an non-polar
environments. Such measurements are possible only for volatile
molecules, which evaporate first. Probably the most relevant
molecule is CO itself, which is sufficiently abundant to make
non-polar parts of interstellar ices (Sandford & Allamandola
1988; Tielens et al. 1991). While it is clear that the actual Ep
includes a range of values, depending on the properties of in-
dividual adsorption sites and the orientation of the molecule
(He et al. 2018; Grassi et al. 2020), here we employ single-value
Ep, which is a standard practice in astrochemistry.

Desorption energy for CO in watery ices has been con-
sidered to be 1150K (Collings et al. 2004; Noble et al. 2012;
Penteado et al. 2017) or 1300 K (Wakelam et al. 2017; Das et al.
2018). In a pure-ice CO matrix, Epnpco of CO has been
measured to be 954K by Shinoda (1969), while more re-
cent measurements give values of 855, 858, 866, and 899 K
(Oberg etal. 2005; Acharyyaetal. 2007; Fayolle et al. 2016;
Martin-Doménech et al. 2014, respectively). Another molecule
for which data are available that help evaluating the ratio
Epnp/Eppor = np/pol is molecular nitrogen. In a H,O ma-
trix, EppoiN, has been determined to be in the range of 810-
1400 K (Wakelam et al. 2017; Das et al. 2018; Penteado et al.
2017). For non-polar environments, Ep npN,, measurements have
been made for N, matrices, obtaining values of 779 and 790K
(Fayolle et al. 2016; Oberg et al. 2005, respectively). These val-
ues yield a wide-ranged np/pol ratio of 0.56...0.98.

The procedure in our model for calculating Ep for species
in ices is as follows. The original, or default Ep values are
Eppor from the OSU surface network, replaced by those of
Wakelam et al. (2017), where possible. An exception was made
for the volatile CO, N», and CH4 molecules, whose Ep o were
adopted from Penteado et al. (2017). The values of Ep o cor-
respond to a matrix (surface) consisting of pure water with
Eppoi,0 = 5600K. First, the model obtains the weighed av-
erage E p.pol Tor the whole ice phase in consideration (one of four
layers on one of five types of grains), taking into account all icy
species in that phase. Then we calculate np/pol with

ED,pol + (Xdes - 1)ED,pol,HgO

XdesED,pol,HZO

np/pol = , 2
and the final desorption energy for species A, used for calculat-
ing desorption and surface diffusion rates is Ep a

3

This approach adjusts species’ Ep in accordance with the en-
vironment it resides in and depends only on a single external
parameter Xg4.s = 4.00. This value corresponds to np/pol = 0.8.
For example, Ep co decreases from 1150K in a H,O matrix en-
vironment to 922 K in a pure CO matrix. In modelled multilayer
ices, where Equation (3) operates, the extreme values are never
reached and the np/pol lies in between 0.8 and 1. Equation (3)

Epa = Eppoia X [np/pol].
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Table 4. Derivation of the H-bond rule: selected molecular £, on car-
bonaceous and icy surfaces.”

Molecule  Eppoi, K Eppaes K Ref.?  Difference

pol-bare, K
H 650 658 1 -8
H, 440 542 1 -102
O 1400 1500 2 -100
OH 3500 1360 1 2140
H,0 5640 2000 1 3640
O, 1000 1440 1 -440
O,H 4300 2160 1 2140
H,O, 4950 2240 1,3 2710
(6[0) 1300 1100 4 200
CH;OH 3100 1100 4 2000

@ The values given in were not used in the model. They
illustrate the reasoning for estimating the pol-bare values
provided in Table 5. ® 1 — Cuppen & Herbst (2007), 2 —
Minissale et al. (2016a), 3 — Cazaux et al. (2010), 4 —
Hocuk & Cazaux (2015).

Table 5. The H-bond rule: assumed Ep poi — Ep pare fOr surface species in
the model, or the additional binding energy introduced by H-bonds of
molecules on ices, compared to molecules on bare carbonaceous grains.

Molecules or functional groups  Ep pol = Ep pare, K

HF; NHs; H,O and H,O, 3000
HCI; -OH 2000
-NH; HCN and related 1500
other 0

was not applied in cases when a molecule’s Ep po1,4 Was already
lower than the average Ep o in the ice layer. To avoid discon-
tinuities in modelled abundances, variable £ was applied pro-
portionally to ice thickness, from 0 MLs with no effect, when
icy molecules barely interact, to full effect at 2 MLs and above,
when most icy molecules primarily interact with neighbouring
adsorbed species, instead of the refractory grain surface.

Summarizing, Equations (2) and (3) present a simple ap-
proach for calculating Ep for a molecule in ice with changing
composition and, thus, changing average desorption energy of
species in this icy phase. In practice, np/pol is determined by a
few species that dominate a given ice phase at a given time step.
Most often these are H,O, CO, CO,, N,, and CH;OH.

Variable ice Ep, calculated from the abundance of H,, has
been employed also by Garrod et al. (2022). They do not appar-
ently base their approach on experimental or theoretical data.
Within our model, H, is among the species considered in E D,pol
and the abundance of surface Hj itself is regulated with the help
of encounter desorption (Hincelin et al. 2015).

2.5. Desorption energy on bare grains

As stated in Section 2.3, our bare grains have a carbonaceous
coating. A few other studies have struggled to obtain an as-
sortment of Epy,e for molecules on carbon because only lim-
ited experimental data are available. Cuppen & Herbst (2007)
developed such a list for water chemistry, which has been up-
dated by Cazaux et al. (2010). Similar lists have been compiled
by Hocuk & Cazaux (2015) and Minissale et al. (2016a); how-
ever the latter studies less rigidly stick to carbon and have in-
cluded Ep values from experiments with silicate or other mate-
rials, instead of using estimates for carbon. Some recent experi-
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mental data have been published using highly oriented pyrolytic
graphite (HOPG), which also show lower bare surface Ep for
isolated H-bond forming molecules (Minissale & Dulieu 2014;
Doronin et al. 2015; Chaabouni et al. 2018).

The above-mentioned authors employed small reaction net-
works, which means that our task here is to derive a simple ap-
proach with which the differences in Ep o on ices and Ep pare
on carbonaceous grains can be attributed to a variety of species.
Table 4 summarizes such data from studies that have Ep p, and
Eppare based on similar considerations. A striking feature, ap-
parent in the compiled data, is the low Eppa values for species
that are able to form hydrogen bonds. Another issue is variation
of desorption energies for volatile species from H to O,. No clear
pattern can be seen in the latter case.

Table 4 allows us to derive the general approach on devis-
ing Ep pare — subtracting hydrogen bond energy from Ep p. It
also gives an indication on the values that need to be subtracted,
which are about >2000 K for molecules containing O-H bonds
and ~3000K for molecules containing two O-H bonds. Natu-
rally, these are lower than often used hydrogen bond energy of
about 2800K because, in absence of H-bonds, other types of
molecule-surface bonding are formed instead.

For consistency, we extrapolate the lack of hydrogen bonds
on bare grains, or “the H-bond rule” for other molecules contain-
ing electronegative atoms associated with H capable of hydrogen
bonding, such as nitrogen or halogens. Such a need is underlined
by the study of Kakkenpara Suresh et al. (2023), who emphasize
the importance of H-bonds for ammonia in circumstellar ices.
The qualitative task is now to choose the types of H-bonds that
can make a difference in the grain-ice interface. The quantitative
task is to evaluate the differences Ep po1 — Ep pare (Or pol-bare for
short) for the chosen types of H-bonds.

One has to keep in mind that the carbonaceous grain sur-
face likely is quite irregular, seeded with heteroatoms with un-
divided electron pairs and even an occasional H atom attached
to electronegative atoms, such as C in sp hybridization. In other
words, the carbonaceous surface itself sports some components
for weak hydrogen bond formation. From this aspect we infer
that only ice molecules that can serve as both electron and pro-
ton donors and are able to form the strongest H-bonds can make
a difference in the transition from bare surface to icy mantles.

The energy of the OH--- O bond in water has been studied
most extensively (e.g. Tomoda & Kimura 1983; Ahirwar et al.
2022) with dimer dissociation energies usually in the range of
2300 to 3300 K (Walrafen 2004; Kikuta et al. 2008; Spanu et al.
2008; Sterpone et al. 2008). Such results allow to estimate the
effective binding energy difference caused by H-bonding pol-
bare with an accuracy of about 500 to 1000 K. Some organic
molecules, such as alcohols and carboxylic acids are also ca-
pable of forming hydrogen bonds via the oxygen atom. Their
dissociation energy is in the same range (Andersen et al. 2015).
Taking into account the data from Table 4, it seems reasonable
to assume pol — bare = 2000K for OH- - - O bonds. It is encour-
aging that a 2000 K H-bond energy value also is close to the Ep
difference for CH,OH and CH30O as obtained by Garrod et al.
(2008) via completely different considerations.

Cuppen & Herbst (2007) and Cazaux et al. (2010) Ep com-
pilations indicate that the ability of a molecule to form dou-
ble H-bonds for H,O and H,O, does not translate into an pol-
bare twice as high. Here we take this factor to be 1.5, i.e. pol-
bare=3000K for water and hydrogen peroxide.

In the case of ammonia, NH---N hydrogen bonds are
only about half as strong, however, OH---N bond energy is
similar or even higher than that of OH:.-O, with dissocia-

tion energies of about 3800K (Yeo & Ford 1994; Kikuta et al.
2008; Ahirwar et al. 2021). Their strength decreases if functional
groups are attached to the nitrogen atom (Boryskina et al. 2007;
Vallet & Masella 2015). The case of ammonia is further compli-
cated by its protonation in water, not explicitly considered here.
As a first approximation, we assume that pol-bare=3000K for
ammonia and 1500K for other compounds containing the N-H
bond.

For hydrogen halogenides HF and HCI, dissociation energies
for H-bonds with water have been deduced to be about 4300 K
and 2700 K by Alkorta & Legon (2023). For hydrogen cyanide,
the same authors provide an average value of 2400 K. In line of
the above considerations, we assumed pol-bare 3000; 2000, and
1500 K for HF, HCI, and HCN, respectively. The latter value was
attributed also to the related HNC, HNO and a few other similar
molecules.

The pol-bare values assumed above are only educated
guesses. However, they provide a systemic approach for bare
grain Ep, which leaves room for improvements with new data.
Table 5 summarizes the hydrogen bond rule applied in this study.
The values provided in the table are exact only for completely
bare grains, and their effect is reduced proportionally to ice cov-
erage on grains, until the H-bond rule disappears completely,
when formal ice thickness reaches 2 MLs, and mobility or evap-
oration can no longer be affected by molecular interactions with
the surface of the refractory grains. This means, for example, that
a 1 ML coverage, the pol-bare values are only half of their val-
ues given in Table 5. Therefore, during the accumulation of the
first two ice MLs on a grain with a given size, the H-bond rule
for bare grains is gradually replaced by the variable Ep, approach
designed for icy environments in Section 2.4.

Two MLs as the final threshold for conversion from bare
grain effects to the variable Ep in ices was chosen because at
1 ML, all molecules are still affected by their attachment to the
bare grain surface, and the effects of the latter cannot be dis-
carded yet. Moreover, the higher 2 ML threshold allows to ac-
count for some clustering of molecules on bare grain surface (as
indicated by the model of Garrod 2013b), where diffusion, reac-
tions and desorption on patches of bare surface are still possible,
even when nominal ice thickness exceeds 1 ML.

2.6. Photodesorption

Photodesorption yield Ypq, molecules per UV photon, has been
now measured in a number of experiments. Molecular dynamics
simulations reveal that it involves photon absorption at different
ice layer depths, direct desorption, photodissociation, trapping
or recombination of its products with possible desorption, and
“kicking out” neighbours by excited molecules (Andersson et al.
2006; Arasaetal. 2015; van Hemert et al. 2015). The result-
ing desorption of intact molecules or their fragments depends
on surface type (volatile or non-volatile ices, or bare grain,
Bertin et al. 2012; Potapov et al. 2019), composition of icy mix-
tures (Bertin et al. 2016; Carrascosa et al. 2019), possibility for
codesorption (Bertin et al. 2013), as well as spectrum of the
incident radiation (Fayolle et al. 2011). Experiments show that
Y, depends on ice temperature (Mufioz Caro et al. 2010, 2016),
deposition angle (Gonzalez Diaz et al. 2019), and ice thickness
(Oberg et al. 2009b; Sie et al. 2022). Possible presence of atmo-
spheric gases has to be addressed, while a number of experi-
ments irradiate their astrophysical ice analogues by photons with
energies below 10-11eV. This can be a deficiency because im-
portant absorption bands may lie at higher energies (Chen et al.
2014; Martin-Doménech et al. 2015; Paardekooper et al. 2016).
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Fig. 1. Ep-dependent photodesorption yield of icy molecules. The
line follows Equation 4, while dots indicate experimental data with
references in parentheses: 1 — Bertin et al. (2013), 2 — Fayolle et al.
(2011), 3 — Fayolle et al. (2013), 4 — Mufioz Caro et al. (2016), 5 —
Dupuy et al. (2017a), 6 — Dupuy et al. (2017b), 7 — Fillion et al. (2014),
8 — Féraud et al. (2019), 9 — Basalgete et al. (2021), 10 — Bertin et al.
(2016), 11 — Fillion et al. (2022).

The missing wavelengths may induce more efficient desorption
as in the case of Nj, or increase the proportion of dissociative
desorption, thus reducing the effective Ypq for intact molecules
at full A range.

Several issues also become important, when experimentally
obtained Y,q are applied in astrochemical models. First, two
types of UV radiation are present — interstellar and cosmic-ray
induced photons. Some studies differentiate between the two
(Fayolle et al. 2011); the difference is usually within a factor of
2. Second, dissociated fragments may recombine or react with
other surface species and undergo chemical desorption (Sec-
tion 2.7), enhancing the effective yield. This effect is more pro-
nounced for complex molecules that are more easily dissociated.

Considering the above, we compiled set of reliable Y,q data,
shown in Figure 1. We used Y}q values for the interstellar radi-
ation field, whenever possible because interstellar photons de-
termine the formation epoch for ices. Moreover, we opted for
sources that consider the full 7-13.6eV range of photons in
molecular clouds. Only values for desorption of intact molecules
were used because any dissociation fragments have a consider-
able probability of chemical desorption. Based on the experi-
ence from Kalvans (2015), temperature and spectral influence
were considered to be of minor importance and were ignored.
Photodesorption from subsurface layers was addressed by allow-
ing photodesorption for molecule depth from up to 4 ice MLs
(Andersson & van Dishoeck 2008).

Carbon monoxide CO photodesorption is, perhaps, the most
studied and we had the luxury for obtaining and using an av-
erage desorption yield Ypq =~ 1072 value from several experi-
mental reports. A number of papers have also studied photodes-
orption of water H,O (e.g., Oberg et al. 2009a; Cruz-Diaz et al.
2018; Bulak et al. 2023), and carbon dioxide CO,, while only
Fillion et al. (2014, 2022) considered desorption by photons
above 11eV. Ammonia NH; was not included because no ice
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Table 6. Chemical desorption efficiency as calculated in the model for
watery ices and bare grains, compared to experimental results.

Jep model fep experiment
Reaction ice bare | ice bare Ref.“
N+N—- N, 044 0.88 | 0.5 07 1
O+0 -0, 036 0.72 | ... 079 2
O+H - OH 020 0.60 | 025 05 1
OH + H — H,O 0.11 050 | 0.3 05 1
0, +H - O,H 0.00 0.05 | ... 01 3
CO+H — HCO 0.06 0.13 ] ... 0.1 4
HCO+H — CO +H, 0.18 0.36 04 4
H,CO+H —- HCO+H, | 0.00 0.00 | ... 0.1 1
S+H — HS 0.17 <0.6 5
HS + H —» H,S 0.10 <0.6 5

@ 1 — Minissale et al. (2016a), 2 — Minissale & Dulieu (2014),
3 — Dulieu et al. (2013), 4 — Minissale et al. (2016b), 5 —
Oba et al. (2018).

desorption data were found for photons with energies exceeding
10.9eV (Martin-Doménech et al. 2018). Molecular oxygen O,
largely desorbs via dissociation, and its yield for intact molecules
is uncertain (Fayolle et al. 2013). Importantly, usable data are
available for some complex organic molecules (COMs). Their
intact molecule Y,q is low and chemical desorption of dissociated
fragments is the main ejection pathway (Cruz-Diaz et al. 2016;
Bulak et al. 2020).

An empirical relation that connects the selected measure-
ments is

7076E51 906
Ypg = ———.,
n
where 7 is unity for simple molecules with number of atoms
Ny <Sandn = 10Na=42 for complex molecules with N, of 5 or
more atoms. This equation is illustrated with Figure 1. An excep-
tion, where Equation 4 was not applied, was created for diatomic
monoelemental molecules H,, N, and O, which have low yields
from pure ices and more efficiently are removed via codesorption
(Fayolle et al. 2013). A fixed value Y,g = 0.0055 was applied for
these molecules (Bertin et al. 2013). We note that because the
molecular Ep varies, photodesorption yields typically are lower
by about a factor of 0.8 for hyper-volatile molecules and higher
for less-volatile ices. In the important and extreme case of water
on bare grains (ED,HZO,bare = 2600K), its Ypd,HzO,bare = 0.002.
Such an significantly elevated yield is nonetheless in agreement
with experimental data that indicate total (intact and dissocia-
tive) Y,d,1,0,bare Of up to 0.5 (Potapov et al. 2019).

“)

2.7. Chemical desorption

Highly-efficient chemical desorption of exothermic surface re-
action products has been explored experimentally during the
last decade (Chaabouni et al. 2012, see also Cazaux et al. 2010).
Desorption probability of this process can be up to 90 % (for the
OH + H reaction on a silicate surface) and has been quantified
and parameterized in further experiments and theoretical works
(Dulieu et al. 2013; Minissale & Dulieu 2014; Minissale et al.
2016a; Fredonetal. 2017; Obaetal. 2018; Pantaleone et al.
2020; Molpeceres et al. 2023). This mechanism is especially im-
portant for H,O, which forms via two-step hydrogenation on
grain surfaces. Thanks to hydrogenation-dehydrogenation cy-
cles, chemical desorption is relevant also for CO (Minissale et al.
2016b).
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Fig. 2. Density, extinction, temperature, and grain size evolution in the
model. For the latter two graphs, thicker curves are for larger grains.

Because chemical desorption is especially effective for
water-forming reactions on bare grains, it significantly affects
the onset of ice layer formation. This aspect cannot be ignored
in chemical modelling focusing on interstellar ices. Thus, we re-
place the reactive desorption of Garrod et al. (2006), previously
applied in the Arcuemic-VENTA model, with the chemical des-
orption method by Minissale et al. (2016a). The variable Ep ap-
proach naturally produces different chemical desorption results
for different types of surfaces — bare grains, polar ices and non-
polar. To account for the less-effective desorption from ices ob-
served in experiments, the chemical desorption efficiency (frac-
tion of desorbed molecules) fcp was modified by a factor of 0.5
for reactions on grains with ice thickness exceeding 1 ML. Ta-
ble 6 compares experimental fcp values to those used in our
model. The application of chemical desorption in concert with
our variable-Ep approach is what allows for a realistic and and
chemically effective representation of this mechanism, as illus-
trated by the data in Table 6.

2.8. Collapsing prestellar core macrophysical model

We considered a single point located at the centre of a spherical
interstellar molecular core. The cloud model is relatively simple
and follows the approach of previous studies. It consists of two
main parts. First, the central density ng of the core is calculated
according to a free-fall collapse scenario (Brown et al. 1988).
Hydrodynamical simulations (e.g., Pavlyuchenkov & Zhilkin
2013; Pavlyuchenkov et al. 2015) indicate that actual core col-
lapse can be a few times longer than the free-fall time; thus we
delayed the contraction rate by a factor of 0.5. The initial con-
ditions were ny = 2000cm™> and Ny = 1.1 x 10%' cm™2, corre-
sponding to initial interstellar extinction Ay = 0.5. Second, for
each integration step, the spherical (1D) density distribution in
the core was obtained with Equation (1) of Kalvans (2021). This
time, core mass was maintained at 2 M. Core collapse lasts for
another 1.55 Myr until a final density of 1 x 107 cm™ is reached.
At this point, freeze-out is effectively over and ice composition
does not change any more. Figure 2 shows the evolution of phys-
ical conditions at the centre of the core.

In the first Results subsection 3.1 we explore variable E, ef-
fects in a pseudo time-dependent Model const of a stable, dark
molecular core, i.e., with the collapsing core feature switched
off. For chemical relaxation, both models were preceded by a

T 0.3 grain radius
T,
10 ¥
N g 0.2
9 =
T TTY—— <
I F—— + 0.1
8 T 3
—_—
7oAy 0
0.0 0.5 1.0 0.0 0.5 1.0

t, Myr t, Myr

Fig. 3. Grain size and temperature in the pseudo time-dependent cold
core Model const. Thicker curves are for larger grains, and a is re-
fractory grain radius (constant), while ice mantle thickness b varies with
time.

1 Myr long diffuse cloud period, with hydrogen numerical den-
sity ny = 2000 cm ™3 and interstellar extinction Ay = 0.5 mag.

3. Results

Section 2 includes a number of assumptions about desorption
energy on interstellar grain surfaces. These assumptions may be
closer or farther from reality; however, it is clear that molecule
diffusion, evaporation, photodesorption, chemical desorption,
and desorption by the H+H surface reaction all depend on Ep
to some extent. In turn, Ep is subject to change in different sur-
roundings. Our aim is to clarify if this latter dependence is as-
trochemically significant and deduce its overall character. To do
this, we primarily explore results with a model with a complete
set of simulated processes, as described in Section 2 (Model
full). For illustrating the significance of one or more pro-
cesses, limited functionality models were used. Table 7 shows
that four functionalities of Model full were switched off or
reduced to rudimentary values: the cloud’s macrophysical evo-
lution, the variable-Ep approach, chemical desorption and pho-
todesorption. For context with other models considering multi-
grain or bulk-ice chemistry, our Table 7 can be compared with
Tables 1 and 3 of Pauly & Garrod (2016) and Tables 1 and 7 of
Garrod et al. (2022).

We start the description of results with a pseudo-time de-
pendent dense core Models const and const_noEd (Sec-
tion 3.1), continue by describing the results of Model full and
comparing them to Model noEd, where the Ep variability is dis-
abled (Section 3.2) and conclude by discussing the importance
of photo- and chemical desorption (Section 3.3).

3.1. Cold core model

As an initial test case, we present the basic chemical results for
a dense, cold, dark core with constant “classical” physical con-
ditions of ny = 2 x 10*cm™ and Ay = 10mag. This Model
const was run for an integration time ¢t = 1.0 Myr. During the
first few hundred kyr, grain growth occurs up to an ice thick-
ness of 78 MLs on the smallest grains and 66 MLs on the largest
grains. Figure 3 shows the change in grain sizes along with the
accompanying changes in their temperatures. Gas temperature
is constant at Tg,s = 8.9 K, while the cosmic-ray ionization rate
¢ =32x10""7 (Section 2.1).
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Table 7. Model functionalities and their basic ice chemistry results.

Functionality Final ice abundance n/ny,
Model prestellar  variable t of first
core Ep Jed Ypa H,O (6[0) CO, CH;0OH NH; ice ML, kyr

const + f(Ep) f(Ep) | 1.44E-4 3.17E-5 5.32E-5 1.89E-5 1.88E-5 46
const_noEd f(Ep) f(Ep) | 1.43E-4 3.10E-5 5.37E-5 1.85E-5 2.00E-5 5.2
full + + f(Ep) f(Ep) | 1.28E-4 8.08E-5 4.37E-5 1.26E-5 3.41E-6 1233
nokEd + f(Ep) f(Ep) | 1.34E-4 9.13E-5 3.04E-5 1.45E-5 3.57E-6 1176
noPD + + f(Ep) 0.001 | 1.24E-4 7.52E-5 4.89E-5 1.29E-5 3.40E-6 1192
noCD + + 0.03  f(Ep) | 1.03E-4 7.54E-5 4.56E-5 147E-5 7.64E-6 1034

——— CH4 ———NH3

——H20 ——— CH30H

——Co2 —— H202

0.4

0.2

Fig. 4. Calculated gas-phase chemical abundances in the cold core model. Panel (a): relative abundances of major gas-phase species. Panel (b):
gas-phase abundances for important molecules that mostly originate from grain surfaces. In both panels, solid lines are for Model const with
variable Ep and dotted lines are for Model const_noEd with an unchanging Ep,.

Figure 4 shows that the abundances of major gaseous species
differ little between Models const and const_noEd with and
without the variable-E approach, respectively. The easier des-
orption facilitated by variable E, is visible in slightly higher gas-
phase abundances. The changes are most pronounced to species
that are formed via multiple steps on grain surfaces, such as
methanol CH30H and hydrogen peroxide H,O,. Nevertheless,
the two simulations produce gas abundances that agree within a
factor of 2 for most species and time periods.

Figure 5 shows calculated abundances, relative to water ice,
for major icy species for cold core simulations with and with-
out variable Ep. In Model const, 90 % freeze-out is reached
at 0.45 Myr, which is later probably by 0.1 Myr or more, com-
pared to comparable multigrain models (Pauly & Garrod 2016;
Sipild et al. 2020). Differences in freeze-out are primarily caused
by the consideration or non-consideration of bulk ice, which iso-
lates majority of icy species from most desorption mechanisms,
and by the efficient chemical desorption, which acts as delay-
ing function. 99 % freeze-out is reached at 0.74 Myr. For Model
const_Ed without differing Ep on bare grains and non-polar
ices, the 90 % freeze-out is earlier only by about 0.02 Myr.

A characteristic feature is the low abundance of CO, ice
for most of the time. The ice ratio CO,:H,O= 20...30 % is of-
ten observed to be similar to that of CO:H,O (McClure et al.
2023) but here reaches only 8 % at 90 % freeze-out and 16 %
at 99 % freeze-out conditions. However, ice CO,:H,O contin-
ues growing to 23 % at 1 Myr thanks to CO, photoproduction
via bulk-ice reactions at the expense of H,O and CO. The cold
core model, with its high initial ny and Ay, is more of a testbed
calculation, not able to closely represent real-life scenarios, and
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underproduction of CO, is a typical feature in such models (see
Ruffle & Herbst 2001; Bredehoft 2020). The similarity between
the abundances of major icy species in Models const and
const_noEd indicates that chemistry under rapid freeze-out
conditions is regulated mostly by the abundantly adsorbing sur-
face reactants and little affected by Ep variability.

For a review of similar results, albeit without chemical des-
orption, we refer the reader to Pauly & Garrod (2016), who also
employed a model that considers bulk ice, and include a break-
down of ice composition on five grain sizes in their discussion
of modelling results. Because we considered larger grains with
accordingly lower temperatures, their 5G_T8 models are most
relevant. The main difference between our model and that of
Pauly & Garrod (2016) is that we consider chemical processing
of bulk ice, which slowly increases the abundance of CO, ice at
the expense of CO and H,O. Moreover, our model overproduces
methanol CH30H ice, while their model tends to overproduce
methane CHy ice, which apparently can be caused by differences
in the reaction networks.

3.2. General results

As a context for the discussion that follows, in Figure 6 we show
the general chemical results — abundances of major species —
for the prestellar core model. With regard to evolution of ices,
three periods can be discerned. First is the translucent cloud,
dominated by gaseous atomic species and CO, while ice thick-
ness remains below 1 ML. This period lasts for ~1.2 Myr, un-
til ny exceeds 10*cm™ and Ay 1.8 mag. Second is the ice
formation period, when core contraction becomes increasingly

=~
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Fig. 5. Calculated chemical abundances icy species in the cold core model. Panel (a): abundances, relative to those of HyO ice of major icy
molecules. The black curve is the average ice thickness b on grains, expressed in MLs. Panel (b): selected other abundant ice molecules. For
convenience, this time b is divided by 100. In both panels, solid lines are for Model const with variable E; and dotted lines are for Model

const_noEd without the variable-E, approach.
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Fig. 6. Overall chemical results for the prestellar core Model full with variable Ej, and other features enabled. Panel (a): abundance of primary
gaseous species relative to that of Hy. Panel (b): species that are abundant in ices, solid lines are for gas-phase, while dashed lines for solid phase
abundances, relative to H,. Panel (c): percentage, relative to H,O ice, for major icy molecules. The black curve is the average ice thickness b on

grains.

rapid and up to 99 % of metals accrete on to grains at t=1.5 Myr,
ny =3 x 10°cm™ and Ay = 14 mag. Third, during the remain-
ing 25 kyr density increases thirtyfold (with a presumed further
collapse towards the first core) with little change in the compo-
sition of ices. This period is of limited interest for this study. We
continue by describing the translucent and ice formation periods
in more detail.

3.2.1. The sub-ML regime in translucent cloud

Adsorbed molecules with average ice thickness below 1 ML
likely are present in diffuse and translucent molecular envelopes
and thus form a part of sightlines towards prestellar cores. In
Model full, this is the period when the H-bond Ep, rule of bare
grains is in effect (Section 2.5). The lack of hydrogen bonding
for surface species does not lower their Ep and Egg to signif-
icantly promote evaporation or diffusion across the grains (Ta-

ble 5). However, it is sufficient to elevate chemical desorption
and photodesorption yields (Sections 2.6 and 2.7).

Surface chemistry in the translucent cloud is regulated by an
interplay between accretion, photodesorption and chemical des-
orption. Accreted molecules can be desorbed directly by pho-
todesorption or dissociated into fragments. Chemical radicals
created on the surface or accreted from the gas react and the
product molecules can be desorbed via chemical desorption.
Two groups of surface-origin species can be discerned, whose
gas abundance is regulated by desorption. First, species like
H,0, NH3, CH4, CO,, CH3OH reach high gas-phase abundances
relative to Hy (n/ny,) in excess of 1079, thanks to photodesorp-
tion and rather high surface abundances of > 10~%. Second, a va-
riety of species have highly efficient chemical desorption, which,
in combination with surface photodissociation, reach gas-phase
n/ny, > 10712, These include, for example, hydrogen peroxide
H,0,, which is subject to a strong H-bond rule (Table 5) and
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Fig. 7. Variable E; induced changes in the translucent cloud. Comparison between Models full (solid lines) and noEd (dotted lines) for
selected species including those with gas-phase abundances most affected by Ep changes via the H-bond rule: inorganic in panel (a), carbon
chains in panel (b) and other organic in panel (c). Panel (d) shows the growth of ice mantles on the grains, with thinner lines indicating smaller
grains. The changes are caused by lack of strong H-bonding on bare grains in Model full.

whose abundance changes by about an order of magnitude be-
tween Models full and noEd.

In absolute numbers, most of COMs have gas-phase n/ny,
below 10713 during the translucent period. However, for
methanol and a few related compounds, such as CH30, abun-
dances exceed 1072 and thus the effect of the lack of H bonds
on bare-grains could be observed. Figure 7 illustrates the above
discussion and shows also formaldehyde H,CO, which also has
effective chemical desorption. Its Ep is unaffected by the H-bond
rule, which means that it has similar translucent cloud abun-
dances for Models full and noEd. The abundance of CH;0H
and CH3O is higher by a factor of ~ 5 in Model full relative
to Model noEd; for HyO, and O,H this factor is 6...10. These
factors become lower as time goes by because with the accumu-
lation of ice, the importance of the non-existence of H-bonds on
bare grains decreases.

Lack of H bonds on bare grains has a significant effect on
overall ice abundances in the sub-ML regime. The release of
more H,O, CO, and NHj to the gas phase in the Model full re-
sults in lower by a factor of 2...3 overall adsorbed species’ abun-
dances in the variable Ep model. Overall, the lack of H-bonds
on bare grains delay the formation of the first ice monolayer by
40 kyr for the smallest and 67 kyr for the largest grains. This de-
lay has an inverse effect on H,O and CO,, for which the gas-
phase abundances are lower by a factor of 2 because there are
less of these molecules on the surface, available for photodes-
orption. In turn and to a similar extent, a lower gas-phase H,O
abundance positively affects the abundance of carbon chains be-
cause H,O interferes with carbon-chain gas-phase production by
reducing the abundance of their building blocks, such as CH, as
illustrated with panel (b) of Figure 7. The increase of carbon
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chain abundance by about a factor of two may not be high but
its significance lies in that virtually all unsaturated chains are
affected by it.

3.2.2. Ice formation epoch

The ice formation period is when most of ice mass is being ac-
creted onto grains and the ice acquires its initial composition. If
the ice is not destroyed (e.g., by falling into the protostar), this
composition can be further modified by heating or photoprocess-
ing. Ice formation is characterised by initial formation of a 1 ML
thick H,O-CO, layer at the end of the translucent cloud period.
It is followed by further accumulation of H,O and CO,. When
T, drops below 12K and CO becomes immobile, CO, surface
synthesis stalls (Pauly & Garrod 2016) and CO ice accumulates
more rapidly, eventually overtaking CO, but not H,O.

In Model full, a lower (typically by about 10 %, i.e.,
np/pol=0.9) varying Ep has two counteracting effects on the
abundance of major icy species, compared to Model noEd with
unchanging Ep. First, a lower diffusion energy for surface CO
allows it to remain mobile for longer in Model full and thus
produce more CO, in reactions with O and OH. This effect be-
comes visible when 7, drops below 14 K. Second, lower Ep co
allows for a more efficient desorption of CO, retaining it longer
in the gas-phase, which means that it accretes later at lower 7,
and produces less CO,. The balance of these two effects de-
pends on the evolution of the modelled cloud and and the choice
of model parameters, such as efficiency of various desorption
mechanisms, grain size distribution, 7; of grains of different
sizes, and, in our model, also the variable Ep approach. Table 7
shows that Model full has a CO, ice abundance higher by a



Juris Kalvans et al.: A multigrain-multilayer astrochemical model with variable desorption energy for surface species

1E-4 IE-4
CH30H _ ..
1E-5 1E-5 P
_ 1E-6 1E-6 P
T (g7 1E-7 27
= =
= 1E-8 1E-8
1E9 1E9 :
1E-10 1E-10 4 — '
L1 12 13 14 15
t. Mvyr
1E-4 1E-4
1E-5 1E-5
_ 1E6 IE-6
as)
1 1E-7 1E-7
= 1E-8 1E-8
1E-9 1E-9
1E-10 4 — — 1E-10 4
11 12 13 14 15
t, Myr

Fig. 8. Variable-E, induced changes during the ice formation epoch: calculated n/ny, for species ending up with high ice abundance. Solid and
dashed lines are for Model full gas-phase and solid species, respectively. Dotted and dash-dotted lines are for gas and solids in Model noEd,

respectively.

factor of 1.4 than Model noEd, i.e., CO, production at lower
grain temperatures has been more significant.

The overall effect of the addition of varying Ep in the model
during the freeze-out stage is higher gas-phase abundances for
most species, typically elevated by a factor of 1.5...2 (abundance
ratio Model full/noEd). This occurs thanks to the more effi-
cient chemical and photodesorption. Figure 8 demonstrates sev-
eral general variable-E, effects that affect major icy species.

First, the period between 1.19 and 1.26 Myr differs most be-
cause the first ice MLs have formed in Model noEd but not on
the grains of Model full. The synthesis of H,O, NH3, CO,
and CH3O0H depends on intermediate radical species with hy-
drogen bonds (OH, NH, NH,, CH,OH). The non-existence of
strong H-bonds on bare surface and the resulting efficient chem-
ical desorption (Table 6) is what delays the accumulation of the
ice layer in Model full.

Second, the lower overall Ep in ices continues to heighten
Jep and Y4 for the remainder of cloud evolution, ensuring higher
gas-phase abundances for CO, CO,, N, and CH4in Model full
. A Ep cp, lowered by about 100 K means that desorption by the
H+H surface reaction heat works on methane in Model full
but not in Model noEd.

The third effect is chemistry in bulk-ices, which is the pri-
mary place of synthesis for hydrogen peroxide H,O, and also
contributes to the formation of CO,. Bulk-ice synthesis becomes
possible only when >1 MLs of ice have formed. It switches on
rapidly and has an immediate effect on H,O, abundances in ice.
H,O, appears also in the gas because our model allows pho-
todesorption of bulk ice equal to up to 3 MLs, in addition to 1
surface ML (see Section 2.6).

8E-5 1 3.0E-5
2.5E-5
6E-5
2.0E-5
)
T 4E-5 1.5E-5
=
=
1.0E-5
2E-5
5.0E-6
0E+0 -+ 0.0E+0
12 13 14 15 12 14
t, Myr t, Myr

Fig. 9. Evolution of relative abundances for major icy species on grain
populations with different sizes.

3.2.3. Distribution of ices

During the =50 kyr after the ice formation epoch, residual gas
molecules continue to be depleted onto grains. No equilibrium
is established because gas density continues to increase rapidly.
The final ice composition significantly differs between separate
grain size populations. Figure 9 shows that all grains achieve a
similar ice thickness in the range of 70...75 MLs. Notably, at
the end of the simulation with variable Ep, the smallest grains
carry 59 % of all CO, and 40 % of CO ice, while other icy
species are more evenly distributed between all grain size bins.
These results can be explained primarily by the higher temper-
ature of the small grains, which makes CO, surface synthesis
faster and possible for a longer time in cloud evolution. Be-
cause a single CO, molecule is formed instead of two molecules
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Fig. 10. Distribution of major icy species in different grain size bins,
indicated by their size (nm) at final time # = 1.55Myr. The four ice
layers are numbered: layer (1) is the surface, while layer (4) is adjacent
to the refractory grain core. Species within a single layer are intermixed,
they are shown separately here for illustrating their proportions within
the layer. Although thickness is similar for all bulk-ice layers for a given
grain size, the species in the outer layers are more abundant because the
grain has grown. This effect is more pronounced for the smallest grains.
Most of the “other” molecules are NH; and also CHy.

of H,O and CO, ice layer on small-grains is not the thickest
(72MLs at t+ = 1.55Myr). Concentration of CO; on smaller
grains occurs also in other multigrain models (Pauly & Garrod
2016; Igbal & Wakelam 2018).

Figure 10 illustrates the proportions of icy species in the
grain size bins at simulation end time 7=1.55Myr. The small-
est 0.037um carry the highest amount of ice — 37 % of all
molecules, compared to only 9 % on the largest 0.232 ym grains.
Unlike other simulations, especially two-phase models without
bulk-ice layers, such as Igbal & Wakelam (2018) or Sipilé et al.
(2020), cosmic-ray induced desorption has no major effects on
the distribution of ices between grains of different sizes.

3.3. Effects of Ep-dependent chemical- and photodesorption

Photodesorption and chemical desorption (Sections 2.6 and 2.7)
are two mechanisms whose yields quantitatively depend on Ep
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and are calculated separately for each surface molecule in each
of the five grain size bins in the program. Thus, fcp and Yjq
change along with Ep, whose variation is described in Sections
2.4 and 2.5. In other words, chemical desorption and photodes-
orption are instruments that help communicate the variations in
Ep to the gas-ice balance. The efficiency of these mechanisms is
anchored in experimental data and often is about an order higher
than the safe assumptions applied in astrochemical models dur-
ing preceding decades.

For comparison with the Model ful1l, we ran a simulations
with the following changes:

— Model noPD, where the Ep-dependent photodesorption
yield was replaced with a single constant value Ypq = 0.001
for all species;

— Model noCD, where the Ep-dependent chemical desorption
efficiency was replaced with constant 3 % of all surface reac-
tion products going to the gas phase (fcp = 0.03; a sim-
plified version of the reactive desorption by Garrod et al.
2006). This fcp is significantly higher than that used by
Garrod et al. (2022).

The above means that in Models noPD and noCD, photo- or
chemical desorption are not disabled, only significantly reduced
for simple icy molecules. The fixed fcp and Y,,q values are close
to previously commonly used desorption parameters. For com-
plex molecules with high Ep and high number of atoms, these
fixed desorption efficiencies are actually higher, when compared
to the the fully Ep-dependent Model full. This is why Model
noCD shows a peak gas-phase methanol abundance of 1.5x 1078
relative to Hp, which is four times higher than that of Model
full (Figure 11).

In Model noPD, the first ice ML is formed at 1.19 Myr on
the smallest grains and 1.23Myr on the largest grains, com-
pared to 1.23...1.24 Myr for Model full. Such a moderately
earlier ice layer formation is associated with build-up of solid
CO; and H;O ices, which have translucent stage abundances
higher by factors of 3 and 2 relative to Model full, respec-
tively, thanks to their lower Yq on bare grains. Because CO;
formation occurs mostly on the smallest grains thanks to their
higher T,, the first ice layer on the small grains in Model
noPD forms 40 kyr earlier than in Model full. For other grain
size bins this difference is 16kyr. Thanks to this advantage,
the smallest grains grow the thickest ice, 77 MLs, compared
to 65..70 MLs for other grain size bins in Model noPD. Once
the first layer has formed, ice mass in Model full catches up
with Model noPD within 0.2 Myr because accretion dominates
over desorption in the dense core. Table 7 shows that the ef-
fect of our Ep-dependent photodesorption approach is moderate,
with H,O0:CO:CO,:CH3;OH:NH3 final ice abundance ratio being
100:60:39:10:3 in Model noPD and 100:63:34:10:3 in Model
full.

Figure 11 shows that changes introduced by chemical des-
orption are more pronounced than those of photodesorption. The
first ice ML in Model noCD forms already at + = 1.03 Myr
and on the largest, not smallest grains, which is the case in
other models. Such a reverse trend can be explained by more
efficient hydrogenation of surface O on the lower-temperature
large grains along with the fact that H,O synthesis rate is not
diminished by an efficient chemical desorption in Model noCD.
The abundance of atomic H on grains is in the vicinity of 1072
for all grain size bins in most models. Consequently, the small
0.037 um grains achieve their first ice ML only at 1.08 Myr and
grow the thinnest ice layer of 66 MLs, while for other grain size
bins the end thickness is similar at 72...75 MLs.
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Fig. 11. Ice growth and chemical desorption. Comparison of abundances between Model full gas (solid lines) and icy (dashed lines) species
with those of Model noCD (dotted and dash-dotted lines for gas and ices, respectively). In the ice thickness plot, thicker lines are for larger grains,

according to Table 3.

The rapid ice accumulation in Model noCD means that
the first ice ML forms already at Ay = 1.1 mag. In Model
full this happens only at Ay = 1.8mag. Observable water
ice first appears at 3.2mag extinction along the line-of-sight
(Whittet et al. 2001). Our model is too simple to discern, which
of the two mechanisms — the high-efficiency chemical desorption
(Minissale et al. 2016a) or the low-efficiency reactive desorption
(Garrod et al. 2006) — is more consistent with observations be-
cause it depends on a number of factors, such as cloud history,
its density, irradiation intensity and geometry, and lifetime of the
translucent and dark core stages (see Hocuk et al. 2016).

The earlier ice accumulation in Model noCD starts at 7 in
the range of 12...16 K (a degree higher than in Model ful1l) and
at about 1.5 times higher interstellar irradiation. Both of these
aspects promote surface oxidation of CO, resulting in higher ini-
tial CO, ice abundances. At later and colder stages, rapid surface
synthesis of H,O wins the competition for surface O and OH be-
cause of the inefficiency of the chemical desorption of OH and
H,O in hydrogenation reactions in Model noCD.

Oxygen chemistry in Model noCD is notably changed by the
appearance of surface O,. The early accumulation of O atoms
on relatively warm grains in combination with inefficient hy-
drogenation allows them to combine with the newly formed O,
mostly remaining on the surface (see also Pauly & Garrod 2016).
Oxygen ice takes up 3.4 % of all oxygen budget, an order of mag-
nitude higher than in Model ful 1. Abundant O,, together with a
60 % higher abundance of H,O,, reduces the abundance of water
ice by one fifth, which consequently increases the ratios of car-
bon oxide ices relative to HO. The absolute abundances of CO
and CO; have changed only within 7 % relative to Model full.

The H,O:CO:CO,:CH30H:NHj5:0, final ice abundance ra-
tio in Model noCD is 100:73:44:10:7:5. This ratio and Fig-
ure 11 reveals another important result — the lack of effective
chemical desorption allows the formation of ammonia ice with
H,O:NHj ratios closer to the ~10 % value indicated by observa-
tions (Boogert et al. 2011). Thus, our results predict that chem-
ical desorption efficiency of nitrogen hydrogenation products

NH, NH; and NHj3 should be about an order of magnitude lower
than indicated by the method of Minissale et al. (2016a).

Chemical desorption also has a significant effect in
the pseudo-time dependent model const, where, when the
Minissale et al. (2016a) chemical desorption is replaced with
Jfep = 3 %, the first full ice ML forms already at # = 2 kyr, while
90 % freeze-out is reached about 0.1 Myr earlier.

As far as we know, this is the first published study of a multi-
grain astrochemical model considering efficient chemical des-
orption based on the work of Minissale et al. (2016a). While
there are few other similar “firsts”, combining multiple grain
size bins with chemical desorption is important. In multigrain
models, grain surface area is higher by about a factor of two,
allowing for an earlier accretion of ices. This means accretion
at higher gas temperatures of around 20 K, with higher thermal
velocities, which makes accretion even more rapid. Small grains
increase their surface area with each adsorbed ice ML, leading to
a possibility of runaway freeze-out in multigrain models. When
chemical desorption is added, it delays the formation of the first
ice ML on the bare grain, where it is most effective. Further ice
growth continues to be hampered because tens of per cent of
hydrogenation reaction products going to the gas phase. There-
fore, for multigrain models considering bulk-ice (which means
that a major part of ice is isolated from desorption) and efficient
chemical desorption, a completely different gas-grain dynamics
occurs, which produces results that can be superficially similar
to those of much simpler models.

4. Conclusions

The inclusion of chemical desorption (Minissale et al. 2016a) in
the multigrain-multilayer gas-surface chemical model turned out
to be of major importance. In effect, chemical desorption de-
creases the rate of icy molecule synthesis, delaying the forma-
tion of the ice layer by almost 0.2 Myr, as demonstrated by the
comparison of Models full and noCD in Section 3.3. This as-
pect is not readily apparent in pseudo-time dependent models,
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such as Vasyunin et al. (2017) and Rawlings & Williams (2021)
and has been largely missed so far.

Variable Ep has its most visible effect on the abundances of
major icy species by increasing the amount of CO, at the ex-
pense of CO and H,O. The final calculated relative ice abun-
dances H,O:CO:CO, were 100:63:34, in agreement with heavily
shielded dense cores (Whittet et al. 2011; Boogert et al. 2013).
The removal of Ep-dependence for one or two molecular-level
processes does not disrupt calculated ice composition. The lat-
ter finding indicates that the “mysterious” mechanism that regu-
lates the balance between water and carbon oxide ices, sought by
authors such as Nejad & Williams (1992); Bergin et al. (1995);
Roberts et al. (2007); Kalvans (2015) is effective and Ep-
dependent chemical desorption, photodesorption and desorption
by H+H surface reactions, all together. If one of these mecha-
nisms is ineffective in a given cloud core, others can partially
offset it, retaining the characteristic H,O > [CO = CO,] ice
abundance sequence. The latter aspect explains the ubiquity
of the H,0:CO:CO, ice ratio observations (Gibb et al. 2004,
Whittet et al. 2007). Our model is unable to explain a sepa-
rate problem — the relatively low depletion of CO in interstel-
lar clouds (Leger 1983; Leger et al. 1985; Whittet et al. 2010).
Other mechanisms that can contribute to the balance between
water and carbon oxides are photodesorption by infrared photons
(Williams et al. 1992; Dzegilenko & Herbst 1995; Santos et al.
2023) and cosmic-ray induced desorption (Section 2.1), which
was considered but does not have a great effect. An important
role is played by grain size distribution, with smaller grains be-
ing warmer and more efficient at producing CO; ice.

The abundance of solid CH3OH, in combination with des-
orption facilitated by lower Ep in our model, is sufficient
to explain its observed gas-phase abundance in dark cores
(Bacmann et al. 2012; Cernicharo et al. 2012). This is not true
for most other COMs, probably due to a limited reaction net-
work. Regarding NHj3, underproduction of ammonia in Model
full might be explained by an over-effective chemical desorp-
tion of hydrogen nitrides in our model. A lower fcp for these
molecules is also supported by Sipild et al. (2019). The chem-
istry of COMs and nitrogen both merit detailed investigation
with this model.

Summarizing, the model combines ten features, which are
gradual steps in theoretical (surface) astrochemistry: several
grain size bins (1), bulk ice (2) that is chemically active (3)
and consists of several separate layers (4), experiment-based es-
timates for chemical (5) and photodesorption (6), updated es-
timates for cosmic-ray induced desorption (7) and desorption
by surface H atom combination reaction heat (8), a general ap-
proach for adjusting Ep on bare grains (9) and a method for es-
timating Ep in non-polar icy environment (10). While any one
of these features may not contribute much and its method can
be improved, all together they bring new understanding on how
interstellar grain surface chemistry operates, as indicated by pre-
vious studies that have investigated many of these features sep-
arately (Section 1). Features (6), (9) and (10) are described in a
novel way in this study. The above-mentioned delay in ice for-
mation occurs because of combining features (5) and (9), assum-
ing carbonaceous grain surface. We plan to apply this model in
further and more specific studies of problems in astrochemistry.
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