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A B S T R A C T 

Water represents the main component of the icy mantles on dust grains, it is of extreme importance for the formation of new 

species and it represents the main component for life. Water is observed both in the gas-phase and frozen in the interstellar 
medium (ISM), where the solid-phase formation route has been pro v en essential to explain abundances in molecular clouds. So 

far, e xperiments hav e focused on v ery low temperatures (around 10 K). We present the experimental evidence of solid water 
formation on coronene, PAH-like surface, for a higher range of temperatures. Water is efficiently formed up to 85 K through 

the interaction of oxygen and hydrogen atomic beams with a carbonaceous grain analogue. The beams are aimed towards the 
surface connected to a cryostat exploring temperatures from 10 to 100 K. The results are obtained with a QMS and analysed 

through a temperature-programmed desorption technique. We observe an efficient water formation on coronene from 10 up to 

85 K mimicking the temperature conditions from the dense ISM to translucent regions, where the ice mantle onset is supposed to 

start. The results show the catalytic nature of coronene and the role of chemisorption processes. The formation of the icy mantles 
could be happening in less dense and warmer environments, helping explaining oxygen depletion in the ISM. The findings have 
several applications such as the disappearance of PAHs in translucent regions and the snowlines of protoplanetary discs. We 
stress on how JWST projects characterizing PAHs can be combined with H 2 O observations to study water formation at warm 

temperatures. 

Key words: astrochemistry – methods: laboratory: atomic – ISM: atoms – ISM: clouds – dust, extinction – ISM: molecules. 
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 I N T RO D U C T I O N  

.1 Experiments and theoretical studies on water formation 

outes 

he study of water formation in the interstellar medium (ISM) is very
mportant as the main molecule constituting icy mantles, storing, and
atalysing the formation of potential biologically rele v ant structures.
ater is observed as vapour in the gas-phase in cold regions with

emperatures below 50 K, such as molecular clouds (Caselli et al.
010 ), but also frozen, up to about 2 × 10 −4 in abundance, with
espect to H 2 , in colder objects. The frozen water is believed to
onsist mostly of icy mantles on dust grains (Boogert, Gerakines &
hittet 2015 ). In both the solid and gas phases, water is considered

o lock most of the elemental oxygen into the molecular form (van
ishoeck, Herbst & Neufeld 2013 ). Also, interstellar water has a
ery strong implication in planets’ habitability research. Apart from
ts important role as a major factor for life, it can give indications
n eventually detectable biospheres. Having more details about the
bundance of solid water, its freezing and melting temperatures
an help constraining the so-called habitability index (Silva et al.
017 ). Understanding the origins of water is also key in several other
 E-mail: francesco.grieco@ugent.be 
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d  
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Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
elds and there are still many questions regarding when and where
ces are formed in both planet-forming discs and stellar systems,
or e xample. The y are thought to possibly form through two main
rocesses: (i) in the dense ISM, ices could form in cold molecular
loud cores prior to star formation. Here, interstellar ices would be
ncorporated into all planet-forming discs. (ii) They could also be
roducts of reprocessing within the central star nebula. In this case,
e would have large water abundance variations for different stellar

ystems (Cleeves et al. 2014 ). The link between the formation and the
bservation of water on planetary systems remains of fundamental
mportance in astrochemistry. The study of its chemical and physical
volution can therefore give more info about the origin of water in
olar system bodies (Jensen et al. 2019 ). For example terrestrial
nd sub-Neptune planets should be forming water in the inner
egions of protoplanetary discs where water plays a crucial role.
esides eventually needing a water reservoir for their formation,

his rises the question about the birthplace of the available water,
f in situ or from the outer disc. Understanding the position of
he snowline as well as the role of dust/ices and temperatures are
nteresting points since the replenishment of both gas and dust from
he outer disc could be one of the main water reservoir contributors
Perotti et al. 2023 ). Finally, the icy mantle-covered dust grains in
he rotating discs around stars come from the accretion of gas on to
ust in molecular clouds, from where the planets will be afterwards
ormed (van Dishoeck 2004 ). Assessing how the ice mantles form,
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n which regions and under which physical conditions and range 
f temperatures could therefore be linked to many other aspects at 
igger scales. Ho we ver, independently from specific applications, 
tudying water formation requires an understanding of how water 
nteracts with a dust grain surface, how the latter contributes to its
ormation and which ranges of temperatures are involved in those 
rocesses. In the last decades, there have been different laboratory 
tudies and models trying to unveil the water formation routes on 
ust grains, focusing on three main possible chemical routes initiated 
ith different reaction (Tielens & Hagen 1982 ): (1) O + H reactions

Dulieu et al. 2010 ; Vidali, Jing & He 2013 ); 2) hydrogenation of
 2 (Ioppolo et al. 2008 ; Matar et al. 2008 , Oba et al. 2009 ); and (3)
ydrogenation of O 3 (Mokrane et al. 2009 ; Romanzin et al. 2011 ). 

All the models and experiments that have helped us understanding 
ater formation processes are often carried out in different condi- 

ions. This makes it challenging to directly apply and interpret those 
ndings for several ISM regions. Thus, there are still many open 
uestions that need to be answered in this field. Nevertheless, it is
ow clear that the formation of water molecules in the gas-phase 
s incapable of explaining the observed abundances in molecular 
louds, especially for the solid form (Parise, Ceccarelli & Maret 
005 , Ceccarelli et al. 2007 ). In general, water molecules are mainly
elieved to be synthesized by atomic reactions involving H and O 

toms on pre-existing silicate or carbonaceous grains at around 10 K. 
o we ver, OH + H 2 may probably be another important alternative,

s explained by the difference in deuteration efficiency for the D and
D routes (Kristensen et al. 2011 ; Oba et al. 2012 ). 
The first formation route (O + H reactions) has been studied 

ntensively by Cuppen & Herbst ( 2007 ) who found it to be the main
ne for O atoms on grains in cool diffuse clouds with no activation
arrier (in the gas-phase), where H and O atoms are the major gas-
hase species: O + H → OH (reaction 1); OH + H → H 2 O. 
From reaction 1, OH can also follow a different path, encountering 
olecular hydrogen already adsorbed on the grain, as shown below 

acti v ation energy of 5.16 kcal mol −1 in the gas-phase (McCormac
973 )): OH + H 2 → H 2 O + H. 
The second route relates to the hydrogenation of O 2 . Tielens &

agen ( 1982 ) proposed: O + O → O 2 ; 

 2 + H → HO 2 (no barrier); HO 2 + H → H 2 O 2 ; 
 2 O 2 + H → H 2 O + OH . 

hose are the main routes in cold molecular clouds where H 2 

olecules are the major gas-phase species. There are laboratory 
xperiments studying this second water formation network reporting 
he formation of water molecules under conditions mimicking cold 
nterstellar molecular clouds. By starting from reactions of cold H 

toms with solid O 2 molecules at 10 K, they found the following
eaction steps to be the most efficient: 

O 2 + 2H → H 2 O 2 ; H 2 O 2 + H → H 2 O + OH; (Miyauchi et al.
008 ; Kristensen et al. 2011 ). 
For the third route, since the chemical models by Tielens & Hagen

 1982 ), there have been many others confirming the hydrogenation 
f O 3 leading to water formation on grains. Parise ( 2004 ) proposed
 water formation scheme where O 3 molecules react with H or D
toms to form OH or OD, and subsequently the reaction H 2 + OH/OD
ould lead to H 2 O/HDO. This has been confirmed experimentally 
y Oba et al. ( 2012 ). The Monte Carlo simulations of Cuppen &
erbst ( 2007 ) emphasize the non-negligible contribution from the 
 + H 2 O 2 reaction (H 2 O 2 being a product of the H + O 2 pathway) and

he unusual high abundance of reactants such as OH and O 3 . 
It is also rele v ant to mention experiments on water formation via

H radicals. Oba et al. ( 2011 ) produced them in a H 2 O microwave-
ischarge plasma, where w ater w as formed at 40 and 50 K, but not
t 60 K, together with H 2 O 2 . The study shows the importance of OH
adicals as well as the possibility to investigate water formation 
t higher dust grain temperatures and the role of the surface.
astly, there have been several experimental studies reporting water 

ormation on dust grains or in astrophysically rele v ant conditions.
he reality is that, under dark cloud conditions, only the very first
onolayer grows on bare silicate or carbonaceous grains (Papoular 

005 ), most water molecules should be subsequently synthesized 
n a surface mainly composed of ices. Dulieu et al. ( 2010 ) ran an
nvestigation on how water formation continues on the icy surfaces 
f cosmic grains. At 10 K, deuterated water molecules were formed
ith a high efficiency (about 50 per cent) by exposing amorphous
ater ice substrate to O and D atoms. Furthermore, the details about

ll the possible different networks have been deeply investigated by 
ristensen et al. ( 2011 ). Later on, it has been also shown that, if water

orms in excess of energy, the newly formed molecules can undergo
hemical desorption mechanisms. This process is more efficient 
or harder surfaces (Dulieu et al. 2014 ). Until now, all the studies
ave only considered water formation through physisorption mecha- 
isms. Ho we v er, we hav e already demonstrated the importance of
hemisorption processes for H 2 formation on carbonaceous dust 
rains at temperatures up to 250 K (Grieco et al. 2023 ). Therefore we
 ant to k eep investigating the role of those surfaces for the formation
f small and important molecules in the ISM, such as H 2 O in this
aper. Reporting the main H 2 O formation pathways and the state-of-
he-art of several studies on dust grains gives us the right context to
ddress the main goal of this work: the experimental study of H 2 O
hrough its formation and interaction with a carbonaceous surface 
or a higher range of temperatures. An o v erview of different studies
f PAHs and ice interactions are given in the following section. 

.2 PAHs in ISM, O, and H atoms interactions and interstellar 
ces 

lready in the 1970s, broad midinfrared (mid-IR) emission features 
resent in almost all objects (bright H II regions, surfaces of dark
louds, and the general ISM) were attributed to polycyclic aromatic 
ydrocarbon (PAH), molecules of about 50 carbon atoms (Allaman- 
ola, Tielens & Barker 1989 ; Puget & Leger 1989 ). 
PAHs are ubiquitous [10 −7 n(H) −1 ] in the ISM. These species

lay an important role in the heating of neutral gas, in the ionization
alance in molecular clouds as well as in the phase structure of
he ISM and its ion-molecule chemistry. Since then, models have 
rovided much insight into the formation and evolution of interstellar 
 AHs. P AHs represent an important reservoir of interstellar elemental 
arbon (fc of about 3.5 × 10 −2 ) and they can be found in both
as and solid phases in the ISM (Salama 2008; Tielens 2008 ).
hey are supposed to either form in the envelopes around carbon
tars by a series of reactions building up large PAHs from small
arbon chains, or by top-down routes through fragmentation of large 
rains in the ISM (Chastenet et al. 2019 ). The main part of the
AH population is bigger than C 40 (Jochims, Baumg ̈artel & Leach
999 ) and PAHs smaller than this will be destroyed by ultraviolet
UV) irradiation in regions of high photon flux, coagulate in dense
e gions or the y can surviv e in ic y grain mantles in molecular
louds. Also, many new small cyclic N -bearing carbon molecules 
ave been detected in the molecular cloud TMC-1. McGuire et al.
 2021 ) analyse and discuss in situ gas-phase formation from smaller
rganic molecules, but they are not able to explain and match the
bserved abundances with neither top-down or bottom-up pathways. 
he formation of those molecules in molecular clouds and their 
MNRAS 527, 10604–10614 (2024) 
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urvi v al in those conditions in order to be observed could be an
ndication of the strong stabilization that small aromatic structures
an provide. This opens the doors to other possible formation routes
hat should be considered for those heteroatoms-bearing structures,
s e.g. chemisorption processes involving C and N atoms from the
as-phase landing on the surface and further form new functional
roups on the ring. 
In the present experimental study, the PAH used as interacting

urface is coronene, a molecule of 24 carbon atoms (C 24 H 12 ).
oronene is often used in the laboratory to model more interstellar-

ele v ant PAHs. In fact, it is often considered as an archetypal
nterstellar PAH. It is believed to represent a fa v oured structure
uring PAH growth and formation (Oomens et al. 2001 ). C 24 H 12 is
ndeed one of the largest PAHs that can be easily manipulated in the
aboratory and using this type of surfaces is a standard experimental
pproach. Coronene is also found to be relatively resistant to UV
hotodecomposition (Noble et al. 2017 ). During their lifetime in the
SM, PAHs can be both functionalized with chemical side groups, or
e substituted with heteroatoms (observations: Peeters et al. 2002 ;
alculations: Sadjadi, Zhang & Kwok 2015 ; experiments: Bernstein
t al. 1999 ; Bouwman et al. 2011 ; Guennoun, Aupetit & Mascetti
011 ; Gudipati & Yang 2012 ; Cook et al. 2015; Noble et al. 2020 ). 
In cold regions of the ISM, PAHs are expected to be frozen out on

ust grains. There are laboratory e xperiments inv estigating water–ice
nd PAH mixtures and they show that superhydrogenated PAHs are
roduced together with PAHs with alcohol and ketone functional
roups. These studies suggest that oxygen-bearing PAH species
ould be formed in the ISM on icy grains (Jaganathan et al. 2022 ). In
act, laboratory studies on the reactivity of PAHs and water molecules
ho w an ef ficient formation of oxygenated PAHs, higher than the
ctual abundance observed in denser regions. Destruction routes
f such species should therefore be efficient (Thrower et al. 2014 ;
oble et al. 2017 ). Specifically, in regions with higher extinction

 A V higher than 2) it is not clear whether PAHs exist and under what
orm. PAHs can condense on small grains or be incorporated in icy
antles. Indeed A V around two correspond to the onset of detection

f solid water ice in the ISM (Boogert, Gerakines & Whittet 2015 ).
n these edge zones, PAHs in water ice can become oxygenated or
e chemically transformed in the gas-phase. O atoms are responsible
or these changes. In particular they can be the main actors since they
an remain in the gas-phase or they are kept in the form of water.
ctually, O atoms can easily be inserted on the edges of small PAHs,

nd thus coronene, but they can also push the chemical destruction of
hese molecules into smaller ones, such as ketene, and enhance their
ntrance in the ISM (Dulieu et al. 2019 ). Finally, another important
oint is the role of dust grains as catalysts, and specifically PAHs, for
he formation and thus abundance of molecules in the cold ISM, such
s H 2 , H 2 O, H 2 CO, and CH 3 OH, that cannot be synthesized solely
y gas-phase reactions. One of the simplest water formation routes
ver proposed is the sequential hydrogenation of O atoms, producing
H and then water, as shown experimentally (Dulieu et al. 2010 ).
he interaction of the incoming species (H, OH, and CO) with PAHs
as been recently modelled. They can react with axial H atoms of
ydrogenated PAHs following the Eley–Rideal mechanism and H 2 O
s produced with no acti v ation barrier (Ferullo, Zubieta & Belelli
019 ). As introduced in the previous section, there are several water
ormation routes involving dust grains. The study of the role of
AHs on icy mantles, their reactivity with water, the interaction with
 and O atoms to eventually form water is therefore of fundamental

mportance in this field. In our laboratory, we studied the behaviour
f hydrogen and oxygen atoms sent on to coronene and the eventual
ormation of water on the surface at several temperatures up to 85 K.
NRAS 527, 10604–10614 (2024) 
his work has the aim of verifying if the main H 2 O routes, when a
ypical PAH-lik e surf ace is used, can compete with the incorporation
f O and H atoms into the grain and how the efficiencies vary with
he temperature. 

 L A B O R ATO RY  EXPERI MENTS  

he experiments were performed with the FORMOLISM (FORma-
ion of MOLecules in the InterStellar Medium) set-up. The apparatus
s meant to study the reactivity of atoms and molecules on surfaces
f astrophysical interest, under the conditions of temperatures and
ressures similar to those in the ISM. The practicalities of the
xperimental set-up are described here but more details are given
n previous works (Amiaud et al. 2007 ; Congiu et al. 2012 ). 

.1 Set-up 

ORMOLISM is composed of an ultrahigh vacuum (UHV) stainless
teel chamber with a pressure of a few 10 −11 mbar. The main
hamber hosts a sample holder that is located in the center and
t is thermally connected to a closed cycle Helium cryostat. The
emperature of the sample can be measured in the range of 10–
00 K by a calibrated platinum diode connected to the sample
older. This one is made of a 1 cm diameter copper block (18 mm
ong). In the current set-up, we study the interaction and reactivity
f oxygen and hydrogen atomic beams with a PAH-like surface,
oronene, mimicking interstellar carbonaceous dust grains. Few
ayers of coronene (C 24 H 12 ), contained in a movable crucible, are
eposited on the sample holder held at 280 K. The movable crucible
s placed at 3 cm in front of the sample holder and it works like an
 v en that heats up the solid powder. In our case, coronene (higher
han 99 per cent purity; Sigma–Aldrich) is deposited on the surface by
ringing the crucible up to 420 K to obtain a gentle sublimation. After
he deposition the crucible is retracted into its o wn v acuum chamber.
he obtained coronene film is a corrugated surface of disordered
olecular clusters that mimicks typical dust particles with surface

efects. 
Two beams containing oxygen and hydrogen are aimed at the

urface through a triple stage of differential pumping (three vacuum
hambers connected together by tight diaphragms of 3 mm diame-
ers). When the beams are sent to the surface, the o v erall pressure in
he main chamber only rises by 1 × 10 −11 hPa, and the partial pressure
irectly in the beam at the surface is estimated to be 2 × 10 −8 hPa.
olecular pressures injected in the gas lines are about 1.5 mbar for

he oxygen beam and 3 mbar for the hydrogen beam, and the atomic
orm of the beams is obtained by a microwave plasma discharge.
o we v er, after e xpansion in the source chambers, the pressure is

mmediately reduced to a few 10 −5 mbar and so the atoms finally
ostly interact only with the surface, after a free flight. The atoms are

t a temperature slightly abo v e the room temperature ( < 350 K), and
hey reach the surface at an angle of 40 ◦ for the hydrogen beam and
7 ◦ for oxygen, resulting in a reduced kinetic energy perpendicular
o the surface. 

For the detection, FORMOLISM is equipped with a quadrupole
ass spectrometer (QMS). It allows both the detection of species

esorbing from the sample during a temperature programmed des-
rption (TPD) and, when placed in front of the beam-line, the
haracterization and calibration of molecular beams, as well as the
 v aluation of the dissociation efficiency. 
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.2 Detection methods 

PDs represent the most common experiments to determine the 
nteraction energies and behaviour between chemical species and 
nvolved surfaces. These types of studies consist in selecting a system
ade up of a surface, coronene, on which a gas-phase species is

ent, oxygen and hydrogen in our case. The latter would land, stick,
eact with incoming or already present species and further desorb, 
epending on the conditions. The temperature at which the surface is
ept plays a crucial role. Every species (hydrogen, oxygen or newly 
ormed molecules like water), have indeed a certain propensity to 
nteract with the surface and to reside on it based on the surface
emperature and binding energies. Once a specific temperature is 
eached, a given species can desorb, while at very low temperatures 
 species has enough residence time to stay on the surface, eventually
iffuse and react with others forming new ones (in this work: 
ater, O 2 , and O 3 ). In our TPD experiments, coronene is cooled to

emperatures ranging from 11 to 100 K and is exposed to oxygen and
ydrogen beams. The interaction between the species and the surface 
an go from a simple, and lower in energy, physical adsorption to the
ormation of actual chemical bonds (chemisorption). Chemisorption 
s the only interaction mechanism that makes oxygen and hydrogen 
toms stay on the surface at temperature abo v e 40 K for a longer
esidence time, this enables further processes on the surface instead of 
udden desorption. The eventual newly formed species, mainly water 
nd O 3 in our study, will have a new binding energy with the surface
nd a new temperature of desorption. During our temperature- 
rogrammed desorption, coronene is heated o v er time with a linear
amp ( β = 12 K min −1 ) from an initial temperature (experiments
rom 11 to 100 K) to a higher one, 180 K, sufficient for the desorption
f all the species in our system. Water molecules are the last ones
o desorb at temperatures around 150 K. The signal of the desorbing
pecies is detected by the quadrupole QMS in counts per second 
hrough the mass to charge ratio (m/z). The temperature at which 
ach species desorbs, the shape and intensity of the peak, indicates the 
trength of the interaction (binding E), the type (order) of desorption 
nd the amount of species undergoing that process. 

Thus, TPDs are powerful tools to study the mechanisms of 
hemical reactions that occur on a specific surface and to infer
he nature of the interaction between the surface and the adsorbing 
pecies. 

The dissociation efficiency is instead measured by placing the 
MS in front of the oxygen and hydrogen beams. The two beams do
ot interact with the surface in this case and this is just a measure of
he amount of atoms that we are able to produce by dissociating the
xygen and hydrogen molecular beams. To e v aluate the dissociation 
fficiency, we measure the drop in signal of the molecular mass,
/z = 32 for O 2 and m/z = 2 for H 2 , and we observe a proportional

ncrease of the signal of the atomic one, m/z = 16 for O and m/z = 1
or H. The dissociation efficiency (per cent) for both the hydrogen 
nd oxygen beams is usually stable o v er a day and we measure a
ypical value of 60 per cent for both beams. 

.3 Experimental protocol 

his study focuses on exposing coronene to hydrogen and oxygen 
tomic beams in order to verify their respective and conjugated effect 
hen they are sent on to the surface. In particular, we investigate the
robability of the atoms being locked on the surface, how they physi-
r chemi-sorb and/or if they promptly react with each other forming 
ater molecules, or O 2 and H 2 . The protocol is therefore divided

nto two main parts: preparation of the surface, with the collection 
f a reference, followed by an interaction of the surface with atomic
xygen and hydrogen beams. First, the coronene surface is formed by
epositing it as described in Section 2.1 and afterwards cooled down
o reach 10 K. At this point, to quantify the structure of the surface, its
ole as catalyst and the eventual changes due to the atomic irradiation,
e use the molecular oxygen desorption peak as reference. This O 2 

eak (after deposition of about 1 monolayer on the surface at 11–
2 K) is taken everyday by detecting its desorption through the
MS with TPDs up to 50 K. The position (at a temperature of

bout 35 K) and shape of the O 2 desorption peak are well-studied
n the literature and eventual changes can thus be an indication of
urface alteration and evolution (Mohamed Ibrahim et al. 2022 ). This
eference O 2 desorption peak is the black curve visible in Fig. 1 and
t shows very little differences due to day-by-day changes on the
oronene surface that, even if deposited by carefully controlling all 
he parameters, carries an experimental error. Once we are sure to
ave deposited the coronene and to have the reference for the day,
e start with the second part of the protocol. Now, the following
hase represents the actual investigation of the paper. Coronene, 
ept at a fixed temperature, is exposed to hydrogen and oxygen
tomic beams for a certain time/dose. Right after the irradiation, 
he surface is cooled down to 10 K and at this point, we deposit
olecular oxygen again to compare its desorption peak to the daily

eference and to detect any changes to the surface due to the prior
tomic irradiation. Therefore, after depositing about one monolayer 
f molecular oxygen, we perform the very final and most important
PD up to 180 K to detect the desorption peaks of O 2 just sent on

he surface (green and magenta curves in Fig. 1 , desorption T around
5 K), O 3 (green and magenta curves in Fig. 1 , desorption T around
5 K), and water (blue and red curves in Fig. 1 , desorption T around
50 K). The surface is subsequently cooled down to a given surface
emperature, T s , and a new protocol cycle can start. 

At the beginning of the study, we have mainly focused on
etermining the effects for surface temperatures of 11 and 45 K,
ig. 1 . Afterwards we hav e e xamined different times/doses (see
ig. 2 ) for these same two temperatures in order to define the best
ne suitable for comparing different temperatures. Finally, we have 
 v aluated the amount of water formed through the O and H atomic
rradiation of coronene kept at fixed temperatures ranging from 10 
o 100 K for the chosen time/dose (30 min), Fig. 3 . The last but
ery important detail regards the two different approaches used 
ight after the irradiation, and before the O 2 deposition to check
he surface changes, for temperatures below and abo v e 35 K. Since
he molecular oxygen coming from the undissociated part of the 
eam sticks on the surface during the irradiation for temperatures 
elow 30 K, this one is remo v ed after the irradiation and before any
urther analysis by heating the surface up to 50 K. This allows us to
erify only the effect from the atomic beam and to have the same
onditions for experiments at all temperatures. Once the irradiation is 
nished and we have eventually removed the O 2 stuck on coronene
or temperatures below 35 K, the surface is cooled down to 10 K
o deposit 1ML of O 2 for the daily reference comparison and the
rotocol follows the general description given above. 
To sum up, all the experiments presented here consist in depositing

he coronene surface every day before any set of experiments 
typically 1–3 cycles of water formation, without substantial changes 
o the coronene), collecting a O 2 reference, atomically irradiating the 
urface and checking its changes through the molecular oxygen peak, 
astly recording the molecules formed though TPDs up to 180 K.

ith the QMS, the same molecule can be detected with different m/z
atios corresponding to the fragmentation of the parent molecules 
fter the electron impact (here at 30 eV). The main fragments under
MNRAS 527, 10604–10614 (2024) 
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M

Figure 1. (A) Black curve: O 2 reference peak; green curve: O 2 , of about 1ML deposition added after irradiation, and O 3 from 30 min { O + H } exposure at 
11 K; blue curve: H 2 O from 30 minutes { O + H } exposure at 11 K. (B) Black curve: O 2 reference peak; green curve: O 2 , of about 1ML deposition added 
after irradiation, and O 3 from 30 min { O + H } exposure at 11 K; blue curve: H 2 O from 30 min { O + H } exposure at 11 K; magenta curve: O 2 , of about 1ML 

deposition added after irradiation, and O 3 from 30 min { O + H } exposure at 45 K; red curve: H 2 O from 30 min { O + H } exposure at 45 K. 

Figure 2. Area of O 3 and H 2 O peaks after several irradiation times (0, 5, 
15, and 30 min) at 11 and 45 K. The error bars are obtained from the linear 
regression. 

s  

m  

o

3

A  

e  

c  

a  

(

Figure 3. Area of H 2 O after 30’ irradiation dose at 11, 25, 30, 35, 45, 85, and 
100 K normalized to 1ML H 2 O Area on coronene. The error bars represent 
the standard error from standard deviation. 
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tudy here are m/z = 2 (molecular mass of H 2 ), m/z = 18 (molecular
ass of H 2 O), m/z = 32 (molecular mass of O 2 and main fragment

f O 3 ), and m/z = 48 (molecular mass of O 3 ). 

 RESULTS  

ll the results shown in the following paragraph come from theTPD
xperimental method, as described in the protocol. The idea is to
heck both the changes produced on the surface when the atoms
re sent and, most importantly, the amount and type of molecules
namely O 2 , O 3 , and H 2 O) formed. 
NRAS 527, 10604–10614 (2024) 

i  
.1 Experiments at 11 K 

n Fig. 1 (A), we show the TPD peaks recorded by using the QMS for
he first part of this study. The surface is kept at 11 K and two types
f analyses are performed here. First, we collect the reference peak
f about 1 ml (monolayer) of O 2 [referred to as mass 32 (M32), see
lack curve] to have the position (desorption temperature/binding
) and the shape of O 2 interacting with coronene. Secondly, and
eparately, the surface is exposed simultaneously to hydrogen and
xygen atomic beams for 30 min, before detecting the desorbing
pecies with the TPD method. The main molecules under analysis
ere are molecular oxygen, O 3 , and water molecules. As shown
n Fig. 1 (A), O 2 is characterized by a desorption peak at around
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5 K (m/z = 32 reference peak, black curve). In Fig. 1 (A), we also
bserve the other two main products of the { O + H } exposure: ozone,
 3 , (from the m/z = 32 fragment signal, green curve) with a TPD
eak around 70 K and water molecules (m/z = 18, blue curve). H 2 O
s the one desorbing at the highest temperatures in our system, as
hown by its peak centered at 150 K. By checking the behaviour
f M18 (m/z = 18) during the TPDs, we observe a peak at higher
emperatures only for the experiments at 11 K. The water peak also
epresents the main fragment of the H 2 O 2 molecule and we do see a
ign of its desorption around 177 K only when O and H atoms are sent
n to the coronene at 11 K. This is in agreement with previous works
tudying water formation at very low temperatures (Ioppolo et al. 
008; Chaabouni et al. 2012 ). In fact, at temperatures around 10 K,
 2 represents a stable and largely available reactant whose chemistry 

lso leads to the formation of H 2 O 2 , as reported in the introduction.
he reactivity of O 2 towards the formation of H 2 O 2 becomes less

ele v ant at higher temperature due to its mobility on the surface,
y approaching its desorption temperature, and the appearance of a 
ore rele v ant O 3 chemistry with an o v erall water formation being

a v oured instead. 
In Fig. 1 , one can notice how the amount of molecular oxygen

esorbing from the 1 ml deposition realized after irradiation (green 
nd magenta curves) is consistently higher than the reference peak 
black curve). The most simple explanation relates to the actual 
igher quantity of O 2 deposited in the same 5 min, that are usually
sed as reference. Since this deposition is realized after the atomic 
rradiation, during which the plasma is turned on, the molecular 
ux tends to be higher when compared to the conditions prior to

he { O + H } e xposure. Ev en after waiting a certain time for all the
arameters and pressure to be back to the initial conditions, there is a
rend in all experiments that shows an average of about 30 per cent of

ore molecular oxygen coming from the surface with respect to the 
eference peak. The actual flux after atomic irradiation is therefore 
epositing more O 2 than expected. Since we are controlling, with the 
ime/dose and pressure we are using, the deposition of about 1 ml of
 2 only, even if we observe the desorption of a higher quantity, we
eep referring to these reference peaks as the desorption peak of the
eposition of about 1 ml of O 2 . This does not have an impact on the
nalyses and on the interpretation of the results. To this main factor,
ne has to add the possible change in sticking coefficient because 
he surface is now hosting the newly formed species, namely ozone 
nd water. In Fig. 1 (A), as expected at 11 K, the molecular part
f the oxygen beam is sticking on the surface during irradiation, 
llowing all the three mechanisms for water formation described in 
he introduction. The first formation route (O + H path) is the most
bvious, but also the presence of O 2 during the plasma exposure 
llo ws, gi ven a certain degree of dissociation, the formation of O 3 

nd its further hydrogenation, as well as the reaction of O 2 with
he incoming H atoms. Also, one would expect that at these low
emperatures the direct interaction of atomic oxygen and hydrogen 
ediated by coronene would result in a reaction that forms water 
ith a 100 per cent efficiency, while only a part of our system goes

n this direction. The explanation is due to the hydrogen being the
imiting reactant, allowing the rest of O to recombine as O 2 or to
orm O 3 . 

The black curve, reference O 2 peak, is mostly used to compare 
he effect of the { O + H } exposure on the coronene surface. The goal
s to check if there is evidence of a relevant position shift (different
esorption temperature and therefore different binding E) and shape 
f the molecular oxygen peak after the { O + H } irradiation (green
urve). No rele v ant v ariation from the reference of the O 2 peak is
bserved here. 
.2 Experiments at 45 K 

o far we have presented and introduced the topic by using the results
btained at widely studied low temperatures, 11 K in our case, where
he expected reaction pathways are very efficient. Fig. 1 (B) shows,
y following the same protocol of Fig. 1 (A), also the results when
he coronene surface is kept at 45 K during the { O + H } exposure.
he main point here is to check the surface temperature effect on

he quantity of O 3 , magenta curve, and H 2 O, red curve, formed.
t temperatures higher than 35 K, molecular oxygen does not 

ccumulate on the surface anymore, since it instantaneously desorbs 
pon sticking, limiting its contribution in forming O 3 and further 
 ater formation pathw ays during the atomic exposure. The O + H

eaction route is happening in both cases (at 11 and 45 K), with
n evident and obvious higher efficiency at 11 K. All those effects
esult in a noticeable higher quantity of water synthesized on the
rain during { O + H } irradiation at 11 K. The predictable and almost
egligible amount of O 3 at 45 K is not surprising, but the presence
f formed water represents here the no v elty of this study. Thus,
he fact that there is still a quantifiable amount of H 2 O formed at
5 K stimulated us in this study to search for higher temperatures at
hich the system { O + H } -coronene would still produce a reasonable

mount of water. 

.3 Temperature effect 

ig. 2 displays the effect of different { O + H } doses and the
omparison for temperatures below and abo v e the O 2 desorption
around 35 K). Every point on the graph represents the integrated
reas under each respective peak. The first thing to notice is a good
roportionality found for the area of the H 2 O peaks with increasing
oses of { O + H } at both 11 and 45 K. The most efficient water
ormation pathway, in terms of quantity reco v ered, is as e xpected
appening at 11 K, with twice the efficiency with respect to the
ame atomic irradiation method at 45 K. Again, at 11 K all the
ater formation routes are open. The other remarkable point is the
roportionality of O 3 formation at 11 K and the absence of variation
etected at 45 K, underlining the important role of the sticking
f O 2 molecules on coronene for its formation and their eventual
ydrogenation to form water. Last but not least, this plot allows
o choose the best dose to use to further compare the behaviour
t different temperatures. The 30 min time-dose is found to be a
easonable reference in order to maximize the amount of water 
eco v ered from the surface before having too many molecules
o v ering it and therefore reducing the effect from the coronene
urface itself. The maximum amount of water formed on coronene 
s in fact obtained for the 30 min deposition at 11 K, but it stays right
elow 1/2 ml, ensuring the exposure of the surface to the incoming
eams. To determine the area of 1 ml of water on coronene, we
ave deposited 30 ml of ice film on the coronene surface by using
 separate channel and a micro-capillary array doser, keeping the 
ressure of the main chamber al w ays below 10 −8 mbar, as reported in
revious work (Ferrero et al. 2022 ). The value has been confirmed by
omparing it to the area of about 1 ml of water deposited on coronene,
hich differs only 13 per cent. The 30 min dose is afterwards also
sed to compare the effect and the results from exposing the surface
ith the O and H beams together, up to 100 K, alone or in sequence

t T s = 25 K. 
Fig. 3 shows the integrated values of the water peaks detected

fter irradiating the surface with the { O + H } beams during 30 min at
emperatures up to 100 K. The reported values are normalized with
espect to the area of about 1 ML of water on coronene. A stable and
MNRAS 527, 10604–10614 (2024) 
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aximum situation is obtained for temperatures up to 25 K, while
he first decrease of the plot is observed between 30 and 35 K. After
5 K the amount of water formed with { O + H } irradiation already
eaches a lower value that extends up to 85 K, with a non-negligible
rea still at 100 K, even if the calculated error bar already falls in
he noise level. The molecular oxygen from the undissociated beam,
nd the newly formed one through recombination, can stick and
emain on the surface upon irradiation at temperatures lower than
5 K, as shown by the first dashed vertical line in Fig. 3 . During
he { O + H } exposure, the presence of O 2 therefore helps in forming
 3 and water, with the advantage of a longer residence time for the

toms at those temperatures. This results in an o v erall more efficient
 ater formation pathw ay when the coronene is kept at temperatures
p to 35 K: all the main three formation routes are possible. Between
5 and 70 K there is no O 2 staying on the surface anymore, but
he formed O 3 and the incoming oxygen and hydrogen atoms still
rovide an efficient water formation on coronene. After 70 K, second
ashed vertical line, O 3 desorbs and does not contribute anymore
o form water through its hydrogenation. This is when only the
 + H route is available and we observe the lowest water formation

fficiency. The bottom magenta line displayed in Fig. 3 represents
he integrated area of the water peak when only H atoms are sent
nto the surface, at 25 K. In this conditions the water could only
ome from the beam, as a pollutant, or from the chamber and it is
ot due to the { O + H } interaction. Its level is thus taken here as a
inimum noise le vel. Ho we ver, Fig. 3 confirms the important role

layed by coronene and the temperature dependence of the system
nder study in this paper, as well as the important role of the O 2 and
 3 molecules. The fact that water is formed at temperatures higher

han 40 K pro v es the chemisorption of O atoms on coronene, since
hey would otherwise never be present on the surface for further
eactions at those temperatures. The chemically adsorbed oxygen
toms therefore represent available reactants for the incoming O, O 2 ,
nd H to undergo all the possible reactions. 

.4 Catalytic role of coronene 

ur experimental results provide further evidence to the catalytic role
f coronene in these types of systems, already observed in previous
ork from our group for H 2 recombination (Grieco et al. 2023 ). As

lready discussed abo v e, coronene represents an efficient catalytic
urface for water formation up to 85 K when O and H atoms are sent
ogether. In the following section, we study the role of the surface
hen the atomic beams are sent separately or in sequence and we

ompare the different results in order to understand the mechanisms
nvolved. 

Fig. 4 reports the amount of O 2 , O 3 , and H 2 O reco v ered after each
rradiation. All of them were obtained by exposing the surface to the
ydrogen and oxygen beams together [ { O + H } ), separately ( { O }
nd { H } ) or in sequence ( { O } + { H } and { H } + { O } ), at 25 K. Since
he experiments displayed in Fig. 4 are carried out at a temperature
elow the desorption one of O 2 , the integrated area of the oxygen
eak shown here represents the actual molecules stuck on the surface,
oming from the undissociated part of the oxygen beam as well as
he ones eventually formed by atomic recombination, that have not
esulted in water formation. The most H 2 O is detected for the { O + H }
xposure (black histogram) since, as expected, when hydrogen and
xygen atoms are sent together towards coronene, they can promptly
eact and undergo all the possible pathways. In this case, hydrogen
epresents the limiting factor for a full water transformation, this is
hy we still observe a certain amount of O 2 and O 3 . One has also

o consider that a part of the newly formed water could have been
eturned to the gas-phase through chemical desorption. In fact, by
NRAS 527, 10604–10614 (2024) 
omparing the total oxygen reco v ered when only oxygen atoms are
ent to coronene ( { O } , blue histogram) with the black histogram
 { O + H } exposure), one can indeed conclude that more or less 1/3
f the o v erall oxygen is reco v ered when O and H atoms are sent
ogether and only 1/6 of it is observed in the form of water desorbing
rom the surface. 

The most O 2 is instead detected when coronene is exposed to only
xygen atoms ( { O } , blue histogram). In this case in fact, except for
he hydrogen that can be found on the surface or abstracted from it,
xygen atoms act alone in order to recombine (highest O 2 value in
ig. 4 ) or to form O 3 with the available molecular one. As expected,

his is when the smallest amount of water is formed. 
On the other hand, the experiment with only hydrogen atoms ( { H } ,
agenta histogram) irradiating the surface allows us to have an idea

f the role of the surface in water formation and to be sure that the
xygen beam is the only source of O atoms in our system. No O 2 

r O 3 are indeed reco v ered from the surface in these conditions,
hile there is a certain amount of water desorbing even after this

xperiment. It has to be considered that water could come from the
eams as a pollutant or was already be present as a low background
n the chamber. For this reason, the amount of water desorbed when
nly H atoms are sent on to the surface for 30 min at 25 K are taken in
his study as the noise level (see Fig. 3 ). Finally, we have investigated
he effect of exposing coronene to the hydrogen and oxygen beams
n sequence, therefore separately, and not together. In Fig. 4 , we
how the two possible cases: when the 30 min exposure of oxygen
toms happens before the hydrogen one ( { O } + { H } , red histogram)
nd the reverse situation ( { H } + { O } , green histogram). In the first
ase, red histogram, we observe the second highest amount of water
etected out of all the experiments, after { O + H } . A temperature
f 25 K ensure in fact a residence time long enough to stabilize an
nteraction oxygen–coronene that will make the atoms available on
he surface for the H atoms that are only going to be sent afterwards.
o we ver, since the amount of water is lower than the { O + H }
 xperiment, we observ e a larger amount of oxygen transformed into
 2 . The maximum amount of O 3 is instead detected for the reverse

xperiment: { H } + { O } , green histogram. Contrary to what happens
hen oxygen atoms are sent before the H ones, in this case 25 K

s a temperature already too high for the hydrogen atoms to reside
n the surface long enough for the afterwards incoming O. For this
xperiment, the amount of water observed can be explained similarly
o the { O } case. 

All the results shown in this paper are therefore of extreme impor-
ance for a better understanding of water formation on carbonaceous
ust grains at temperature up to 85 K, the role of a PAH-like surface
t different temperatures and the effect of the interaction of oxygen
nd hydrogen atoms with coronene. 

 ASTROPHYSI CAL  I MPLI CATI ONS  

he main results from this paper are (1) the formation of water on
AH-like carbonaceous surfaces for temperatures up to 85 K and
2) the catalytic role of coronene. To understand the astrophysical
mportance of these findings we have to focus on the ISM phases
here this could be rele v ant: the presence of PAHs, the physical

onditions, such as the grains temperature, and the availability of O
nd H atoms. 

.1 Water formation at high temperatures 

alking about the high-temperature formation of water on dust grains,
ne should zoom into the ISM regions right before the onset of the
ce mantle ( A V = 0–3). In these regions there are wide temperature
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Figure 4. O 2 (from the irradiation, M32), O 3 (M48), H 2 O peaks Area after { O + H } 30’ irradiation at 25 K normalized to Area of H 2 O reco v ered from the 30’ 
{ O + H } exposure. 
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anges, with values higher than the ones so far believed to be
mportant to form water on grains and for ice mantle formation 
Corby et al. 2018 ). The temperature drops going towards denser 
egions reaching conditions widely studied and accepted. At lower 
, around 10 K, the catalytic effect of the PAH surface no longer
lays an important role, since the grains start to be co v ered in layers
f ice. In these conditions new ice layers will form on top of the pre-
xisting ones and we only observe a thickening of the ice mantle.
he observed ice abundances are in fact generally in agreement 
ith considering water formed by atomic accretion from the gas- 
hase followed by grain surface chemistry. From observations, the 
ce mantle formation threshold is believed to be around A V = 1.6,
ear local cloud edges, and this is actually taken as the onset of rapid
ce mantle growth after a first monolayer has formed (Hollenbach 
t al. 2009 ). In fact, as stated in the introduction, in regions with A V 

igher than 2, therefore in the so-called transition zones, it is more
ifficult to assess whether PAHs exist, as small grains or incorporated 
n the already e xisting ic y mantles (Boogert, Gerakines & Whittet
015 ). The actual reasons behind the disappearence of typical PAHs 
eatures from detection represent the many question marks about this 
henomenon. JWST will for sure help in studying PAH abundances 
nd give more details about different environments. As said before, 
oronene is one of the most stable and least reactive PAH species
nd, from the results obtained in this study, there is not enough
vidence and experimental accuracy to exactly asses the eventual O 

r H lockup in the grain, while a prompt reaction to form H 2 O is
urely fa v oured instead. Water could start co v ering the surface at
igher temperatures than considered before. 
This process could have a rele v ant impact on the formation

f other molecules whose formation depends on icy grains and 
heir surface temperature. Many molecular reactions happening on 
ust grain icy mantles are indeed strongly temperature dependent, 
ven if the ice does not exactly participate as a reactant itself.
he most interesting ice-dependent species are complex organic 
olecules (COMs). They can form as by-products from the ices or

y combination of photo-processing with UV photons penetration. In 
d  
act, some COMs are thought to be formed in translucent conditions
here the built of ice mantles combines with an external UV field.

n particular, some studies have focused on how these reactions and
onditions could be rele v ant for new surface/ice reactions involving
H and CH 2 . Other two COMs involved in energetic ice formation
athways are formamide and acetaldehyde (Whittet 2010; Mart ́ın- 
om ́enech, Öberg & Rajappan 2020 ). The earlier set of ices on dust
rains discussed in this paper would involv e re gions where higher
emperatures and the presence of UV photons could have an effect
n the formation of those molecules. Many aspects discussed in this
ection are summarized in Fig. 5 , that is here used to give a better
dea of the regions in which the formation of water up to 85 K can be
ele v ant: T grains = 10–100 K, 0 < A V < 3 and a certain availability
f oxygen and hydrogen atoms. Given the efficiency by which O
toms are transformed into water as soon as H atoms appear, and
n the presence of catalytic surfaces such as PAHs, these regions
ould represent a perfect candidate for such reaction. For A V lower
han 1, where we actually have T grains around 85 K, the eventually
ormed water is immediately injected into the gas-phase, where it 
an undergo photodestruction ( K H 2 O* in Fig. 5 represents indeed the
atio between its formation and photodestruction). After the H/H 2 

ront, water molecules remaining on the surface could start co v ering
he grains by forming the very first sub-layers before the ice mantle
egime ( A V = 3). 

.2 Hydrogenation and functionalization of PAHs 

n UV dominated zones (diffuse to translucent clouds, up to bound-
ries of dark clouds), proof has been found of hydrogenated PAH (Le
age, Snow & Bierbaum 2003 , 2009 ) and it would be very useful to
lso assess the presence of functionalized PAH that would eventually 
ead to water formation. In interstellar regions with number > 10 4 

m 

−3 , the O + H route seems to be crucial, it is thus reasonable to con-
ider these reactions as rele v ant in environments where UV photons
nd atomic species dominate. In diffuse clouds and boundaries of the
ense ones, A V < 3, the O + H reaction route may be the only process
MNRAS 527, 10604–10614 (2024) 
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M

Figure 5. Summary schematic illustration of the main H 2 and H 2 O formation processes in PDRs including the results of this study. Updated version of the 
scheme taken from Wakelam et al. ( 2017 ). References 1: Fuente et al. ( 2019 ), Laas & Caselli ( 2019 ). 2: Grieco et al. ( 2023 ). 
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or the efficient formation of the first monolayer of water ice on bare
nterstellar grains. Specifically, in regions with low UV flux PAHs
re expected to be mainly neutral and possibly superhydrogenated
Allamandola, Tielens & Barker 1989 ; Le Page, Snow & Bierbaum
003 ). Even hydrogen already adsorbed or present on the surface
ould contribute in further hydrogenation of the newly formed OH.
auls & Hornekær ( 2008 ) and Jaganathan et al. ( 2022 ) report the
ossible oxygen-functionalization of PAHs where a subsequent H
ddition leads to the loss of the oxygen-functional groups via the
ormation of small oxygen-containing species such as water. There
s experimental evidence for the enhanced reactivity of oxygen-
unctionalized PAHs as compared to their pristine analogues. The
ast reaction with incoming H atoms could represent an explanation
or why oxygen-functionalized PAHs are more elusive in the ISM
as-phase (Dulieu et al. 2019 ). If the temperature of the system
s below the desorbing temperature of water molecules in fact, the
ewly formed OH may remain on the grain forming ices. 
PAHs are assumed to have an important role in providing a

atalytic surface for reactions in the ISM, but they can also play a role
n water formation and therefore ice formation extending the range
f temperatures than previously thought. If we take into account
he results of our work, for temperatures below 100 K this could
lready be happening. Regions characterized by A V < 3, presence of
tomic oxygen and hydrogen as well as neutral or superhydrogenated
AHs with temperatures higher than few tens of K, could therefore
e the perfect conditions for the results presented in this paper, as
ummarized in Fig. 5 . So far, the formation of water on a grain has
een mainly considered at temperatures around 10 K in cool or dense
louds, and there are studies about its formation at maximum 40 and
0 K. The results reported here extend the temperatures of interest and
NRAS 527, 10604–10614 (2024) 
ould gi ve ne w answers on why PAHs seem to disappear in transition
ones by considering higher temperatures for the formation of ice in
he ISM. Also, this study confirms and underlines the catalytic role
f PAHs for the formation of small molecules such as H 2 and H 2 O.
f water can be formed by hydrogen and oxygen addition on PAHs,
v entual water-PAH comple x es could also lead to CO 2 formation
riven by UV photons, as reported by the study of Potapov, J ̈ager &
enning ( 2019 ). 

.3 Evidence of grain growth 

nother question of this project has been the possible lock up of
xygen into the carbonaceous grain, contributing to its growth and
eing a possible explanation for O depletion. In our conditions,
y using coronene and at a giv en e xperimental accurac y, it is not
ossible to easily assess whether oxygen is locked up in the surface.
n order to verify the eventual inclusion of oxygen atoms in the
rain we checked the surface with O 2 peaks after the irradiation,
ee green and magenta curves in Fig. 1 , and compared them to a
eference taken before any modification. In order to study a possible
volution or morphological changes in the surface structure, we were
iming to see a certain change in the shape and/or position of the
eak, in addition to reco v ering M16 or M32 (respectively m/z = 16
or O and m/z = 32 O 2 ) together with the desorption of coronene
rom the sample holder (at around 300 K, m/z = 300). We have
ot observed a release of atomic or molecular oxygen upon surface
esorption. The O 2 peak method has been used also to check the
urface after irraditions up to 100 K, not only for 11 and 45 K
s shown in Fig. 1 . In all cases, we only observe a trend for the
eaks to shift towards slightly higher temperature when less water is
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ormed (higher temperature for the { O + H } exposure). In addition,
ur experiments are hampered by an uncertain input flux as suggested 
y the higher depositing flux for the O 2 peaks after irradiation (see
ection 3.1 ). Due to additional possible changes in the sticking 
oefficient and the complex surface chemistry involved, it is not 
rivial to assess whether oxygen is locked up in the grain. Given the
trong catalytic role of PAHs and the fact that we do not see any M16
r M32 desorbing with coronene, it is possible that oxygen has not
een locked up in our surface, therefore there is no direct sign of grain
rowth. Coronene-like structures could not be adequate surfaces, 
ut also the experimental study of the oxygen depletion problem 

nd grain growth seem to carry a very high complexity. Coronene 
orresponds in fact to a very small and stable structure that does not
asily accumulate atoms or molecules inside. In our case, we observe 
ow oxygen atoms suddenly react with the al w ays available H atoms
orming ices. There have been theoretical studies (Jones & Ysard 
019 ) about the role of atomic O interacting with a-CH mantles of
rains aiming to explain the disappearance of oxygen in the denser 
SM, or what they would define an ‘anomalous incorporation of 
xygen into dense ISM’. These doubts arise since the depletion of O,
0 per cent of the o v erall abundance (170–255 ppm) (Whittet 2010 ),
s faster than incorporation into dust. They suggest incorporation 
f O into a-CH mantles to form epoxides and carbonyls. The latter
unctional groups can further react with CO 2 and O to finally give
yclic organic carbonates. Organic carbonates would thus solve the 
roblem and explain the elemental abundances/depletions and ratios 
nvolv ed; the y should form in the translucent ISM before ice mantles
Jones & Ysard 2019 ). 

There are other rele v ant works trying to address the oxygen
epletion problem. Poteet, Whittet & Draine ( 2015 ) investigate if
n the diffuse to dense cloud transition zone there is a chance for
he missing, or not easily observable, oxygen to be locked up in big
-bearing grains opaque to IR radiation. Another option that they 

onsider is the possibility of thick H 2 O ice mantles being an important
eservoir of oxygen as well. Those two solutions could both lead to
n explanation for the missing oxygen, but only future observation 
an shed light on these hypotheses. Wang, Li & Jiang ( 2015 ) consider
nstead the possibility of having μm-sized H 2 O ice grains formed in
ense clouds, but still present in more diffuse environments before 
eing photo-sputtered. For both cases, the results of this paper could 
upport the hypothesis that forming water ice at warmer temperature 
ould either contribute to the formation of an eventual thicker ice 
antle or to the existence of μm-sized ice grains before very dense

nvironments. In Fig. 5 , apart from stressing on how the results of
his paper could be crucial to understand the catalytic formation of
ater on PAHs up to 85 K, we also point out that a possible inclusion
f oxygen atoms in the surface could happen only before the onset of
he ice mantle. Ho we ver, the formation of ices at higher temperatures
han previously thought can still be considered to contribute to the 
xplanation of O depletion. Also, in conditions where H atoms are so
bundant, their interaction with oxygen through a PAH surface would 
ost probably lead to water molecules formation rather than O atoms 

nclusion in the structure. Finally, we want also to acknowledge how 

he results provided in this paper could be used to help answering new
uestions in other fields. The formation of water on carbonaceous 
rains at temperature higher than so far demonstrated could help 
nderstanding why H 2 O would remain frozen in relatively warm 

nvironments. This could give new insights in the study of snowlines 
n protoplanetary discs (Tinacci et al. 2023 ). 

This study, even if it is not providing answers or supporting the
rganic carbonate route in the case of coronene and possible grain 
rowth, confirms the role of small and stable PAH-like structures 
s catalysts. It opens the door to further experiments that should 
ocus on surfaces that could more easily incorporate atoms into their
tructures and be more easily functionalized in order to assess grain
rowth and interstellar elemental depletions. 

 C O N C L U S I O N S  

n this paper, we provide experimental evidence of water molecules 
orming on a PAH-like surface by oxygen and hydrogen accretion 
rom the gas-phase at temperatures up to 85 K. This study represents
nother crucial experimental proof of carbonaceous surfaces being 
fficient catalysts. 

In a previous study from our group, we have reported new results
hat extend the H 2 formation temperatures up to 250 K, when
oronene is used as surface. We demonstrated the possibility of 
hemisorption as an explanation for the H atom recombination on 
oronene at high temperatures (Grieco et al. 2023 ). The same happens
n this set of experiments when O and H atoms are sent to the surface.
ll three mechanisms leading to water formation can happen in our

onditions, with different probabilities and efficiencies depending on 
he temperature at which the surface is kept. About 1/2 ml of water
s formed and detected for temperatures around 20 K with 30 min
 O + H } coronene exposure, and a non-negligible amount above the
oise level is still recovered at 85 K. Thus, also in this case, as for
 2 , coronene plays a very important catalytic role. 
Chemisorption is the phenomenon that would explain why O and 
 are still on the surface and react at temperatures abo v e 40 K.
emperatures at which atoms start to desorb are usually very low if
nly physical bonds are involved while here we observe the resilience
f the atoms staying on the surface at higher temperature to further
eact or recombine. This is a typical example of chemisorption where
he stabilization happens through actual chemical bonds that need 
igher energies/temperatures to be broken and result in the desorption 
f the species. This naturally has a direct effect on the residence time
nd it gives more chances to go through other processes while being
n the surface. In our system O atoms can chemisorb on the surface
orming O 2 and O 3 , as well as OH and finally H 2 O as soon as H
toms appear. 

In our conditions, we indeed observe how water formation is 
xtremely fa v oured, b ut we are not able to precisely asses an
ventual atomic lockup in the surface resulting in grain growth, 
unctionalization or morphological change by only using a reference 
 2 peak as a probe. 
Here, we also want to mention the importance for these results

o be taken into account for future and/or ongoing JWST projects
n characterizing PAHs to be eventually combined with H 2 O ob-
ervations in order to study their potential impact on its formation
t warm temperatures. There are already some first JWST results 
y the PHANGS (Physics at High Angular resolution in Nearby 
alaxieS) group studying the changes, o v er three nearby galaxies, of

he average PAH sizes as well as their ionization state. They report
egions with hotter PAHs and a more important heating/change in 
AH size correlation with higher molecular gas content (Chastenet 
t al. 2023 ). Future studies on PAH characterization by mapping
heir sizes, temperature, and ionization state in different regions 
ould help to further understand their role for physical–chemical 
rocesses happening on dust grains and eventually support the warm 

emperature formation of H 2 O on those catalytic surfaces. 
Considering the stability of coronene and the ability to stabilize 

pecies to further making them react, we can conclude on its
ncredible catalytic role and extend the range of temperatures for 
he formation of water. We stress that also the potential formation of
ther molecules on carbonaceous grain surfaces at high temperatures 
hould be considered in the future. 
MNRAS 527, 10604–10614 (2024) 
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