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Abstract The aim of the presented work is to analyze the impact of exyetally evaluated reactions
of hydrogen abstraction on surfaces of interstellar graimshe chemical evolution of methanol and its
precursors on grains and in the gas phase under conditicagold dark cloud and during the collapse
of a translucent cloud into a dark cloud. Analysis of simolatresults shows that those reactions are
highly efficient destruction channels for HCO and@D on grain surfaces, and significantly impact the
abundances of almost all molecules participating in thenédgion of CHOH. Next, in models with those
reactions, maximum abundances of methanol in gas and angrdaces decrease by more than 2—-3 orders
of magnitude in comparison to models without surface abstnareactions of hydrogen. Finally, we study
the impact of binding energies of GBH and CHO radicals on methanol chemistry.

Key words. Astrochemistry — ISM: molecules — molecular processes —tbal networks — chemical
modeling.

1 INTRODUCTION Recent laboratory experiments bdiinissale et al.
(2016 on atomic hydrogen exposure of carbon monoxide,
Diverse molecular composition is one of the mainfgmaldehyde and methanol thin films on cold surfaces
properties of interstellar objects: it can include bothieyealed an unexpected desorption phenomenon. The
simple and complex (more than six atoms) moleculegnalysis of experiments led the authors to the conclusion
(McGuire 201§. Complex organic molecules (COMS, that the sequence of CO hydrogenation on grain surface
molecules containing more than six atoms, includingmyst be explained. It was shown that it is necessary
C and H) are species of special interest, because they include additional k-abstraction reactions (reverse

are actively involved in prebiotic chemistry and aregactions) for HCO and #CO into the scheme of surface
associated with the origin of lifeHerbst & van Dishoeck  methanol formation

2009. Methanol (CHOH) is an important molecule

for the formation of more complex organic compound-

s according to a number of laboratory and theo- HCO +H— CO +H,, @)
retical studies @bergetal. 2009 Murgaetal. 2020

Rivilla et al. 2019Kochina et al. 2018 Itis assumed now

(see e.g.,Watanabe & Kouchi 2002Fuchs et al. 20Q9 HyCO + H— HCO + H,. (3)
Linnartz etal. 201p that methanol in the interstellar

medium (ISM) forms on the surface of dust particles  Given the fundamental importance of methanol for
by hydrogenation of a carbon monoxide (CO) moleculejnterstellar chemistry of COMs, we decided to study
and then desorbs into the gas phase via thermal antle impact of these reactions on chemical evolution
non-thermal processes. Conventional hydrogenation thainder different conditions of the ISM. This paper is
occurs on grain surfaces and leads from CO tesOH  organized as follows. Sectidhis dedicated to utilizing a

(Tielens et al. 199)lis as follows method for computing molecular abundances and utilizing
physical models. Sectiadhdescribes the modeling results.
co L Heco 2, H,CO LN CH,OH RN CH3OH. Discussion of obtained modeling results is presented in

(1) Sectiord.
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2 METHODS 3 RESULTS

2.1 Calculating Molecular Abundances The results of simulations are displayed in Figudes
3. Each plot represents time dependent abundances of

We apply the MONACO code describedVasyunin etal.  methanol and some chemically related species.
(2017 to calculate abundances of species. It utilizes

the rate equations method to numerically simulate thg 1 cold Cloud
chemical evolution of the ISM, and includes treatment of
chemistry in the gas phase and on grain surfaces under nokit Figure 1, the abundances of methanol and chemically
stationary conditions. This code calculates time-depende related species as a function of time in the gas phase and
fractional abundances of species with respect to the tot@n the grain surface for the model of the cold dark cloud
number of hydrogen nuclei for each species in a giverire presented.
time interval. In our study we run two types of models:  In Model Il, abundances of C4OH (both gaseous and
with and without reverse reactions for HCO and@G®  On grain surface), gaseous gBH, H,CO, HCO and CO
from Minissale et al(2016), where the reactiorj hasthe  on grain surfaces show significant changes in comparison
activation barrieZ = 202 K (Baulch et al. 2006 with Model I.

In all models, we use the kinetic database utilized in N Model I, the main methanol formation routes

Vasyunin et al(2017, with binding energie€,,(CH,OH)  are through the following reactions on the grain surface
= 5080 K and E4(CH;0) = 2540 K (see table 2 followed by the efficientreactive desorption (here andrafte

in Wakelam etal. 2007 We denote the model without in formulas and in figures, all species on grain surfaces are
reverse reactions as Model |, and the model with reversglarked with prefix ‘g’ while species without ‘g’-prefix are

reactions as Model 1. gaseous species)
H + gCH,0 — CH5OH, 4
2.2 Utilized Physical Models gH +gCH, 5 (4)
gH + gCH,OH — CH30H, (5)

In our analysis we utilized two physical models. The
first model is a 0D model with time-dependent physical . . .
P Phy than in reaction §). In Model Il, reactions 4) and 6)

conditions that mimic the transition from a translucent N .
become inefficient because of strong backward reactions
cloud to a dark cloud. The second model represents a . ) L
) . In the nets of CHO and CHOH formation. Dissociative
typical static dark molecular cloud.

inati f H h
The model of collapse was taken from recombination of gaseous,BOHOCH] becomes the

Vasyunin & Herbs{20133 and consists of two stages. At main route of gas phase methanol formation

the first “cold” stage, the collapse proceeds in a free-fall HyCOHOCH! + e~ — CH3OH + HCO. (6)
regime and starts at a gas density =3 x 103 cm~2 and

visual extinctionAy, = 2. The process continues until a Molecular ion HCOHOCH; in Model Il forms in
density ofL0” cm~3 is reached within 1yr of evolution. ~ reactions
During the cold stage, temperature linearly decreases from

20 to 10 K, and the gas temperature is assumed to be CH;' + CH,0, — H,COHOCH; (7)
equal to the dust temperature. At the second “warm-up” H3CO" + H,CO — H,COHOCH; . (8)

stage, temperature is growing from 10 to 200 K with a Analysis of chemical pathways shows that in both

square-law ove? x 10° yr, which corresponds to models models the major reactions for GBH and CHO
of the formation of intermediate-mass stars. Gas and du%rmation on the grain surface are

temperatures are equal. Density and visual extinction
remain constant. “High-metal” atomic initial composition gH + gH,CO — gCH,OH, (9)
corresponds to the values listed in column EA2 in table 1 gH + gH,CO - gCH,0 (10)
from Wakelam & Herbs{2008§.

The model of a cold dark cloud corresponds towith equal rates. It means that smaller binding energy of
the model described ivasyunin & Herbst(2013) and CHsO affects its abundance (it becomes higher) and helps
represents a typical cold dark molecular cloud:=  the CH;O molecule replace CHDH in reactions described
10 K, proton densityny; = 10° cm~3, visual extinction above. Atthe same time, in Model Il the rate of reactign (
Ay = 10™ and “low-metal” initial composition (see is high enough to quickly destroyJ€0O. This is also the
Wakelam & Herbst 2008 column EA1 in table 1). reason for high HCO abundance on the grain surfaces. One
Chemical evolution is simulated over a time span@fyr.  should note that the behaviors of HCO and CO maximum

where the rate of reactiod)is higher by a factor of three
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E, (CH;0) = 2540 K, E, (CH,0H) = 5080 K

without reverse reactions with reverse reactions
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Fig.1 Relative abundances of species versus time for the modelaafichdark cloud. These plots correspond to
calculations with% ;(CH, OH) = 5080 K andF ;(CH30) = 2540 K.Solid lines represent molecules in gas phadashed
lines — molecules on grain surfaces. The evolution time rangeis 1@ yr.

E, (CH;0) = 2540 K, E, (CH,0H) = 5080 K
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Fig.2 Relative abundances of species versus time for the “cottjesbf the collapse model. These plots correspond to
calculations with% ;(CH, OH) = 5080 K andF ;(CH30) = 2540 K.Solid lines represent molecules in gas phadashed
lines — molecules on grain surfaces. The evolution time rangeis 1@ yr.

abundances on grain surfaces (see Ejgare similar to In the Model Il efficiencies of reactionsl{) and (2
each other and this can be also explained by the high ratdecrease and accretion of @BH from gas becomes
of reaction B). important in chemical evolution of methanol on grain
Methanol on grain surfaces in both models is mainlysurfaces.
formed by reactions Gaseous CKOH in Model | can only be formed by
the reaction
gH + gCH,0OH — gCH,OH, (12)

gH +9gCH,0 — gCH;OH. (12) gH + gH,CO — CH,OH. (13)
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E, (CH;0) = 2540 K, E, (CH,0H) = 5080 K

without reverse reactions with reverse reactions
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Fig. 3 Relative abundances of species versus time for the “warhstage of the collapse model. These plots correspond
to calculations with® ;(CH,OH) = 5080 K and¥ ;(CH3O) = 2540 K.Solid linesrepresent molecules in gas phadashed
lines— molecules on grain surfaces. The evolution time rangeis5k4 0 yr.

Eq (CH;0) = 4400 K, E4 (CH0H) = 4400 K

without reverse reactions with reverse reactions
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Fig.4 Relative abundances of species versus time for the modelanfich dark cloud. These plots correspond to
calculations withE 4(CH,OH) = E;(CH30O) = 4400 K.olid lines represent molecules in gas phadashed lines —
molecules on grain surfaces. The evolution time rangeis 1@ yr.

The rate of this reaction in Model Il decreases by a factoexplained by decreasing, @0 abundance on the grain
of five and the main route of CHDH formation in gas is surface as was mentioned above.

gOH + gCH, — CH,OH. (14)
. ) . . 3.2 Collapsefrom the Translucent Cloud into the
Gaseous CEO in Model | is formed in reactions Dark Cloud
gH + gH,CO — CHs0, (15)
CH3OH + OH — CH30 + HyO. (16) 3.2.1 Cold stage

Reaction 16) becomes the most effective route for Abundances of molecules in the gas and on the grain
CHs0O formation and the rate of reactiohq) drops down surfaces for the first stage of the model of collapse are
to zero in Model Il. presented in Figur2. Molecules with significant changes

For CH,OH and CHO, and then for CKEOH, such in abundances are the same as in the model of a cold dark
changes in abundances and formation pathways can loéoud.
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Eq (CH;0) = 4400 K, E4 (CH0H) = 4400 K

without reverse reactions with reverse reactions
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Fig.5 Relative abundances of species versus time for the “coltjesbf the collapse model. These plots correspond
to calculations with%;(CH,OH) = E/;(CH30) = 4400 K.Solid lines represent molecules in gas phadashed lines —
molecules on grain surfaces. The evolution time range is- 10 yr.
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Fig.6 Relative abundances of species versus time for the “warhstage of the collapse model. These plots correspond
to calculations with%;(CH,OH) = E/;(CH30) = 4400 K.Solid lines represent molecules in gas phadashed lines —
molecules on grain surfaces. The evolution time range is5b110° yr.

In both types of models (Model | and Il), gaseousThen during the collapse, GI@ begins to form in the
methanol is formed in reactiond)(and 6) and released in  reaction described by reactioh(), and CHOH forms in
gas phase by thermal desorption from the grain surfaceseactions9) and (18).

The rate of reaction9) is higher by a factor of two than As was described for the case of a cold dark cloud,
in Model I. In Model I, the main pathways of G} and  the high rate of the reverse reactioB) (s responsible
CH,OH formation are reaction§)and (L0), butin Model  for decreasing HCO abundance on grain surfaces and it
I almost all CH;O molecules on grain surfaces are formedsffects other reactions with this molecule.

in the reaction

gO +gCH, — gCH;0 (17) 3.2.2 Warm-up stage
with temperatures of the medium at 18—-20 K. At the same, .
bundances of gaseous molecules and molecules on grains

temperatures, CtOH is formed in the reaction as a function of time for the second “warm” stage of the
gOH + gCH, — gCH,OH. (18) collapse are shown in FiguBe Molecules with significant
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changes in abundances are the same as in the case4ofDISCUSSION AND CONCLUSIONS

the cold stage of the collapse. The warm-up stage is )

characterized by the square-law growing with temperaturdn this study we analyzed the impact of added reverse
Below we discuss molecular formation chains which occuf €actions (reactions ofabstraction) for HCO and $€O

at times when molecules start to approach their maximurfi" the grain surfaces proposed Iynissale et al(2019
values. for methanol chemistry. Analysis shows that the new

reactions are highly efficient in the destruction of HCO

In both models (I and Il), formation of C{0 and  and H,CO and have a significant impact on abundances
CH,OH becomes the object of our interest. Formationof molecules in the networks of methanol formation. In the
pathways of CHO (both gaseous and on the grain models with reverse reactions, abundances of@H in
surfaces) are different from those described for the modelgas phase and on grain surfaces decrease by 2—3 orders of
of a cold dark cloud and cold stage of the collapsemagnitude.
Gaseous CkD in both models (I and II) is produced These results are in somewhat mixed agreement with
effectively in reactions {6) and (5), but reaction 15  observations. In our model with added reverse reactions,
is less effective than reactiorl). In Model I, CHsOH  fractional abundances of methanol are about't@or the
forms in reactions4) and ©) with equal efficiencies, butin - model of a cold dark cloud and 1¢° and 10°¢ for the first
Model Il CH;OH forms via the reactiorbj only. CH,OH  and second stages of collapse correspondingly. Observed
on the grain surfaces in Model | forms in reacti@), but  relative abundance of G}OH in the cold dark medium is
in Model Il there are no efficient routes for its formation. apout2 x 10~9 (Irvine et al. 1991 Agindez & Wakelam
2013 Jiménez-Serra, et al. 201&asyuninaetal. 2004

. e s -
both models is reactiorl() and the strongest reaction of and in hot coreslo — 10 (.Bottl.nelll etal 200_7

its destruction is reactiorl@). In Model Il, reaction {0) Herbgt&van Dishoeck 2009 This dlscr.epa.mcy rallses
becomes inefficient from chemical evolution of this duestions about the exact values of activation barriers of

Jeverse reactions for HCO and,8O on grain surfaces,

The main pathway of CED formation on grains in

molecule so CHO on the grain surfaces can be destructed ™", ) )
only in reaction {2), and there are no routes for its which will be 59""?0' '.n future researches.
formation. All changes in chemical evolution of gg8 Moreover, it is important to study GD/CH,OH

can be explained by the influence of the added revers%vomtion in the methanol formation chain. In the recent
reactions. In Model 11, one can see thas®D on grain research ofWakelam et al.(2017, binding energies for

surfaces is only destroyed in reactio),(and there are CH;OH and CHO are proposed to bef?EHQOH) =

no routes for effective CkDH or CH;O formation on Ea(CH;0) = 4400 K. Figurest, 5 and6 display results
grain surfaces in contrast with Model I. This strongly of calculations for the model of a cold dark ploud and for
affects formation of CHOH, because CkOH on the bqth stages of the collapse from translucent into dark_cloud
with E; values fromwWakelam et al(2017. Here we will
name these cases Model la for the model without reverse
reactions and new Evalues, and Model lla for the model
with reverse reactions and new, Fvalues. In the case
of Model la, the most volatile molecules are ¢Bl and
CH3OH. Such changes in GJOH abundances probably
can be explained by decreasing of the reacti)nmdte.

In both models, CHOH in gas and on grain surfaces  |n both stages of the collapse of the translucent cloud
is formed less effectively than G®. The main formation into a dark cloud, the only molecules for which abundances
pathway of gaseous GKDH is reaction {4) and less noticeably changed in both models (in comparison with
effective reaction 13). In Model I, reaction {3) is  Model | and Il) are CHOH (both gaseous and on grains)
inefficient in chemical evolution of gaseous @BH, and CHO in the gas phase. Analysis of its formation
so only reaction 14) takes part in the formation of pathways shows that changes in binding energies of
this molecule. Network analysis of GBH formation CH,OH and CHO only affect efficiencies of reactions
on grain surfaces shows that in Model | destruction ofwhich were already described above. Therefore, the exact
CH2OH on grain surfaces in reactiofi) proceeds more values of binding energies of G®H and CHO do not
effectively than its formation in reactiorB) In Model  affect the way of methanol formation.

II, reaction Q) disappears from chemical evolution, so

CH-2OH on grains can be destructed only in reactidf)( Acknowledgements The reported study was funded by
The most probable explanation is that §bH chemical RFBR according to the research project 18-32-00645. The
evolution is determined by faster destruction afGO. author thanks A. B. Ostrovskii and A. |. Vasyunin for

grain surfaces is a key reactant in reactiéj @nd thus
affects formation of gaseous GB through reaction1(5).
Moreover, the rate of KHCO destruction on grain surfaces
in Model Il is higher by a factor of two than its formation
and this directly affects CD formation in the reaction by
reaction (L0) on the grain surfaces.
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