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A B S T R A C T 

Understanding how the H 2 molecule is formed under the chemical conditions of the interstellar medium (ISM) is critical to the 
whole chemistry of it. Formation of H 2 in the ISM requires a third body acting as a reservoir of energy. Polycyclic aromatic 
hydrocarbons (PAHs) are excellent candidates to play that role. In this work, we simulated the collisions of hydrogen atoms with 

coronene to form H 2 via the Eley–Rideal mechanism. To do so, we used Born–Oppenheimer ( ab initio ) molecular dynamics 
simulations. Our results show that adsorption of H atoms and subsequent release of H 2 readily happen on coronene for H atoms 
with kinetic energy as large as 1 eV. Special attention is paid to dissipation and partition of the energy released in the reactions. 
The capacity of coronene to dissipate collision and reaction energies varies with the reaction site. Inner sites dissipate energy 

easier and faster than edge sites, thus evidencing an interplay between the potential energy surface around the reaction centre 
and its ability to cool the projectile. As for the recombination of H atoms and the subsequent formation of H 2 , it is observed that 
∼ 15 per cent of the energy is dissipated by the coronene molecule as vibrational energy and the remaining energy is carried 

by H 2 . The H 2 molecules desorb from coronene with an excited vibrational state ( υ ≥ 3), a large amount of translational kinetic 
energy ( ≥0.4 eV), and with a small acti v ation of the rotational degree of freedom. 

Key words: astrochemistry – molecular processes – ISM: molecules. 
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 I N T RO D U C T I O N  

olecular hydrogen is the most abundant molecule in the Universe 
Vidali 2013 ; Wakelam et al. 2017 ). Hence, H 2 plays a key role
n the physical and chemical properties of the interstellar medium 

ISM) as it acts as a cooling/heating agent, triggers the collapse of
olecular clouds which lead to star formation, and it is a precursor

n networks of chemical reactions in interstellar dust and molecular 
louds (Le Page, Snow & Bierbaum 2009 ; Barrales-Mart ́ınez, Cort ́es-
rriagada & Guti ́errez-Oli v a 2018 ). F or e xample, H 2 facilitates the

ormation of molecules and ions such as CO, H 2 O, HCN, HCO 

+ , and
 

+ 

3 (Boschman et al. 2015 ). The mechanisms by which H 2 could be
ormed in the conditions of the ISM are not completely understood. 

hat is clear is that abundance of H 2 in the ISM cannot be explained
s the direct association of two H atoms in gas phase (Mennella et al.
012 ; Vidali 2013 ; Wakelam et al. 2017 ). H 2 formation is a very
xothermic process and the ∼4.5 eV released in the reaction cannot 
e ef fecti vely dissipated by the particle density of the ISM. The
onsensus is that H 2 formation takes place mainly on dust grains,
hich act as reservoir that can absorb part of the energy released

n the association reaction (van de Hulst 1948 ; Gould & Salpeter
963 ; Lemaire et al. 2010 ; Pantaleone et al. 2021 ). There is evidence
hat, under conditions rele v ant to the ISM, H forms on surfaces of
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ilicates (Pirronello et al. 1997 ; Lemaire et al. 2010 ), amorphous
ater (Roser et al. 2003 ), graphite, carbonaceous material (Latimer, 

slam & Price 2008 ), and polycyclic aromatic hydrocarbons (PAHs; 
auschlicher 1998 ; Roser et al. 2003 ; Thrower et al. 2012 ). 
Interstellar dust grain surfaces hav e sev eral mechanisms for H 2 for-
ation. Two of primary importance are the Langmuir–Hinshelwood 

LH) and the Eley–Rideal (ER) mechanisms (Bauschlicher 1998 ; 
ennella et al. 2012 ). The LH mechanism involves atoms being

bsorbed on the surface from the gas phase, diffusing and then
eacting. Depending on how the energy released in the reaction is
ccommodated by the host grain, H 2 molecules might or might not
eave the surface. In contrast, the ER mechanism involves chemisorp- 
ion of an H atom on the surface and a second H atom impacting the
ross-section of the first to abstract it, forming H 2 by recombination.
he nascent H 2 molecule is likely to leave the surface with much
f the energy released in the reaction (Wakelam et al. 2017 ). Both
echanisms require hydrogen atoms to absorb on the surface of the

ust grain. As the grain temperature increases, physisorbed H atoms 
tart to e v aporate, and only chemisorbed H atoms remain on the dust
rain surface. Therefore, the LH mechanism becomes less efficient, 
nd H 2 formation relies on the ER mechanism. Physisorbed H atoms
esorb at grain temperatures between 10 and 20 K (Cazaux & Spaans
009 ). 
Although the formation of molecular hydrogen via dust grains in 

he ISM is widely accepted, there are still gaps in our knowledge,
articularly in high kinetic energy/temperature conditions and on 
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Figure 1. Labels of the different adsorption sites on coronene. The colours 
show the equivalent carbons in a particular ring. 
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Figure 2. Initial position of H atoms used for the molecular dynamics of the 
collision of H · and coronene. Each blue point on the surface represents an 
initial position of the H · projectile. The 49 points (blue) are distributed o v er 
the surface of the spherical cap of radius 5 Å and centred in the target atom 

(orange), which could be a carbon (for chemisorption) or adsorbed H (for H 2 

abstraction). 
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urfaces different than ice water (Vidali 2013 ; Wakelam et al. 2017 ).
ome researchers proposed that PAHs may play a key role in H 2 

ormation. PAHs are components of interstellar dust grains found in
arious environments throughout the ISM (Tielens 2008 ; Burke &
rown 2010 ). They are estimated to account for 2–30 per cent of

he carbon in the ISM (Tielens 2008 ) and amount up to half of
he total dust grain surface area available for chemical reactions
Weingartner & Draine 2001 ). Recently, researchers detected PAH
olecules in the TMC-1 molecular cloud, including 1- and 2-

yanonaphthalene (McCarthy & McGuire 2021 ; McGuire et al.
021 ) and indene (Cernicharo et al. 2021 ). Previous experimental
nd theoretical studies have established the potential of PAHs as
atalysts for H 2 formation (Thrower et al. 2012 ; Boschman et al.
015 ; F ole y et al. 2018 ; Barrales-Mart ́ınez & Guti ́errez-Oli v a 2019 ).
or instance, a prototypical PAH molecule, pyrene, has a barrierless
eaction channel for H 2 recombination in the singlet state (ground
tate), but a barrier in the triplet state (Barrales-Mart ́ınez et al. 2018 ).

We examine the dynamics of chemisorption of H atoms and the
ormation of H 2 on coronene, a prototype PAH, under conditions
ele v ant to the ISM and adopting the ER reaction mechanism.
ince these reactions release significant amounts of energy (Cort ́es-
rriagada et al. 2014 ; Wakelam et al. 2017 ) ( � E ≤ −0.6 eV), we are

nterested in understanding coronene’s ability to absorb the energy
enerated by both reactions under different impact parameters. We
lso aim to gain insight into the distribution of kinetic energy of the
ascent H 2 molecule, which other authors have referred to as the
ate of the energy released in the formation of H 2 (Lemaire et al.
010 ; Pantaleone et al. 2021 ). We employed Born–Oppenheimer
olecular dynamics (BOMD) of the impact of H · projectiles on

oronene (C 24 H 12 ). Previously, BOMD has been used to study the
issipation of the energy released in H 2 formation (Pantaleone et al.
021 ), and also coronene has been used in the past as a model of
 2 formation on cations of PAH (F ole y et al. 2018 ). The remainder
f this article is organized as follows. In Section 2 , we describe the
omputational and chemical model. The results of our simulations
nd their implications are presented and discussed in Section 3 . We
onclude in Section 4 . 

 C O M P U T  AT I O NA L  D E T  AILS  

e used a coronene molecule as a prototype of PAH in collision
ith H atoms. We assume that the coronene molecule is in the

quilibrium geometry of its electronic singlet ground state (see Fig.
 ). We used BOMD in the microcanonical ensemble, i.e. at constant
nergy and number of atoms. This ensemble fits best the conditions
f the ISM where the low concentration of particles hinders the
issipation of thermal energy on time-scales of the collision ( < 500
NRAS 524, 3741–3748 (2023) 
s). Similar set-ups have been used by Inostroza et al. ( 2019 ) and
thers (Inostroza-Pino et al. 2020 ; Chen et al. 2021 ; Inostroza-Pino
t al. 2021 ; Pantaleone et al. 2021 ) to simulate molecular collisions
n the ISM. 

Electronic states, energies, and forces on atoms were calculated
sing density-functional tight-binding method (SCC-DFTB or also
alled DFTB2), a parametrized quantum chemical method derived
rom density functional theory (DFT) based on a second-order expan-
ion of the DFT total energy around a reference density (Foulkes &
aydock 1989 ; Koskinen & M ̈akinen 2009 ; Elstner & Seifert 2014 ).

n particular, for the first step of ER mechanism (chemisorption), we
sed the spin-polarized DFTB2 with MIO Slater–Koster parameter
et (Elstner et al. 1998 ; K ̈ohler, Seifert & Frauenheim 2005 ). All
hese calculations were carried out using DFTB + package (Hourahine
t al. 2020 ). For the second step (abstraction), we used the uDFTB2
ith MIO set of parameters augmented with MIOmod parameters

or the H–H potential (Elstner et al. 1998 ). We chose MIOmod
–H parameters o v er the MIO because the former allows a better
escription of the atomization energy, bond length, and vibrational
requency of the H 2 molecule. All these calculations were done
ith GAUSSIAN 09 (Frisch et al. 2009 ). We tested the suitability of

he tight-binding parametrization by comparing the potential energy
f randomly selected trajectories with DFT calculation employing
BE functional (Perdew, Burke & Ernzerhof 1996 ) and the same
asis set, 6–31G(d), as the DFTB parametrizations (see Section 2
n Supporting Information). Finally, we used the Verlet-velocity
lgorithm to integrate the equations of motion. A assessment of the
onservation of energy indicates that a time-step of 0.2 fs guarantees
onservation within a 50 meV interval during the whole simulation. 

As coronene belongs to D 6 h point group, it has three non-equi v alent
arbons, which we labelled C 1 , C 2 , and C 3 in Fig. 1 . For each site, 49
rojectiles were launched from an spherical cap of radius 5 Å centred
n the target carbon (see Fig. 2 ). This distance prevents energy transfer
interactions) between the surface and the projectile at the beginning
f the molecular dynamics. The cap was discretized with the polar
ngle ranging from 0 ◦ to 40 ◦ with a step of 10 ◦, while the azimuthal
ngle ranges from 0 ◦ to 360 ◦ with 30 ◦ step. Three values of initial
inetic energy of the H projectile were used for each carbon site: (i)
 value slightly higher than the reaction barrier, (ii) 0.50, and (iii)
.00 eV. 
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Table 1. Acti v ation energy � E 

‡ , reaction energy � E 

◦, and impact energies 
K i of hydrogen projectiles for each site. All values in eV. 

Site C i ( i = 1 − 3) � E 

‡ � E 

◦ Energy of projectiles K (eV) 

1 0.060 −1.45 0.06, 0.5, 1.0 
2 0.220 −0.74 0.26, 0.5, 1.0 
3 0.196 −0.63 0.22, 0.5, 1.0 
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 RESULTS  A N D  DISCUSSION  

.1 Chemisorption of a single hydrogen atom 

n the ER mechanism, the initial step involves the chemisorption 
f the incoming hydrogen atom on any of the three available sites,
hich have different properties. The reactions are exothermic and 
ave reaction barriers (see Table 1 ). The smallest selected kinetic 
nergy of the projectiles is slightly higher than the reaction barrier 
o allow trajectories where the reaction occurs. The regime of 
edium (0.5 eV) and large (1.0 eV) kinetic energy is also explored.
e analysed the energetics of the dynamics in two steps. First,
e examined how likely it is for H · projectiles to stick to the
olecule. Second, we investigated how much energy the reactive 

ite retains, and how quickly this energy dissipates to the rest of the 
olecule. 
The hydrogen atom hitting the coronene with kinetic energy higher 

han the minimum reaction barrier does not al w ays result in H
hemisorption. This depends on the orientation of the projectile 
nd its kinetic energy. When the kinetic energy is only marginally 
reater than the barrier, collisions might not be reactive because 
he impact channel does not coincide with the minimum energy 
ath, which is perpendicular collision (polar angle = 0 ◦). This is
lear from Fig. 3 where the sticking coefficient (the fraction of
ncoming H that adsorb on coronene) is plotted as a function of
Figure 3. Sticking probability for ch

Figure 4. Moving average of kinetic energy of the reactive site for th
he projectile kinetic energy and polar angle. At the lowest projectile
inetic energy, the chance of H to adsorb greatly depends on the polar
ngle. This dependence, ho we ver, does not follow the dependence 
xpected in thermal equilibrium (i.e. ∝ cos 2 ( θ )). The general trend
s that sticking probability decreases as the projectile deviates from 

ormal impact and it is completely suppressed for slant impacts on
he innermost carbon ( C 3 ). As the projectile kinetic energy increases
o 0.5 and 1.0 eV, the sticking probability for non-normal impacts
arkedly increases. For instance, for a projectile with 1 eV of kinetic

nergy at least 70 per cent of impacts at low polar angle (40 ◦) result
n chemical adsorption of the H on the carbon atoms on the edge of
he molecule ( C 3 ). Low-angle impacts on inner carbon atoms again
re less likely to result in adsorption but the sticking probability
ncreases with the projectile energy. In this case, o v er 20 per cent
f collisions on C 3 are reactive when the H atoms carry 1.0 eV.
ticking probabilities show that the PAH efficiently accommodates 

he reaction and impact energies. The chemical adsorption of H 

epends more on how the topology of the potential energy surface
PES) around carbon hinders the approach of hydrogen to the surface.

To better understand how the PAH absorbs collision energy and 
nergy from the exothermic adsorption of hydrogen, we analysed the 
verage kinetic energy of the incoming hydrogen and the reaction 
entre that is impacted, which includes the target carbon and any
onded hydrogen. This sum is referred to as the kinetic energy of the
eaction centre, and we plotted its changes o v er time in Fig. 4 . At the
tart of the collision, this energy is equal to the projectile’s kinetic
nergy, as the PAH has none. The kinetic energy of the reaction
entre decreases quickly o v er time for all impact sites and energies,
emonstrating the molecule’s ability to absorb excess energy for 
hemisorption of the hydrogen. After 500 fs, the reaction centres 
n the molecule’s inner regions ( C 2 and C 3 ) have cooled to around
.2 eV, a third of the energy required to desorb the hydrogen (refer
o � E 

◦ in Table 1 ). This warranties that once H is chemisorbed on
 C atom, it remains bonded. The reaction centre at the molecule’s
MNRAS 524, 3741–3748 (2023) 

emisorption of H on coronene. 

e three non-equi v alent sites ( C 1 , C 2 , and C 3 ) of the coronene. 

/3741/7224009 by guest on 27 M
arch 2024
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Table 2. Reaction energy � E 

◦, impact energies of hydrogen projectiles K i , 
average energy to dissipate E D , and the ratio between the rotational energy 
of H 2 and its characteristic energy of rotation 〈 E r / k B � r 〉 . All energies values 
in eV. E D = 〈 � V 〉 + K i , where 〈 � V 〉 is the average change in potential 
energy. 

Site C i ( i = 1 − 3) � E 

◦ K i E D 〈 E r / k B � r 〉 
0.06 2.0 0.54 

1 −2.7 0.50 2.4 12.50 
1.00 3.0 17.77 

0.26 2.3 0.15 
2 −3.4 0.50 2.5 0.30 

1.00 3.0 0.50 

0.22 2.3 0.11 
3 −3.5 0.50 2.6 0.16 

1.00 3.0 0.18 
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dge ( C 1 ), ho we ver, does not cool as much as the inner centres and
aintains around 0.5 eV of kinetic energy after 500 fs. The reason

or this is that carbon atoms at the edge of the molecule have fewer
eighbour carbon atoms to couple vibrationally and dissipate energy
ith. Overall, there is an interplay between the topology of the PES

round a given site and its ability to cool the projectile: at the edge it
ticks easier at low polar angle, but is less efficient at accommodating
nergy. 

.2 H 2 formation via Eley–Rideal mechanism 

he next step in the ER mechanism is the abstraction of the
hemisorbed hydrogen atom by an incoming H atom, giving rise
o the hydrogen molecule and reco v ering the coronene molecule,
oronene-H + H · → coronene + H 2 . The abstraction happens
hrough a radical recombination. Both the incoming hydrogen atom
nd the monohydrogenated coronene are open shell, while the reac-
ion products are closed shell in their ground states. Thus, abstraction
an, in principle, proceed through two different reaction channels:
inglet and triplet electronic states. Ho we ver, the singlet mechanism
s more likely because it is barrierless (Rauls & Hornekær 2008 ;
asmussen, Henkelman & Hammer 2011 ) and quite exothermic
 −2.7 to −3.5 eV, see Table 2 ) while the triplet has an acti v ation
arrier ( ∼0.4 eV) (Barrales-Mart ́ınez et al. 2018 ). Hence, here we
nly focus on molecular dynamics on the singlet state. Although it
s computationally cheaper to use a closed-shell wave function for
he singlet, it results in an incorrect representation of the PES at
arge distances between hydrogens. Therefore, we will al w ays use a
avefunction with broken spin symmetry that allows us to reco v er

he correct dissociation limit of H 2 . 
NRAS 524, 3741–3748 (2023) 

igure 5. Mean translational kinetic energy of the H 2 molecules averaged over the
As in the previous case, the projectiles are initially 5 Å away
rom the target atom (in this case the chemisorbed hydrogen atom)
o prevent interactions between the surface and the projectile at the
eginning of the molecular dynamics. The same impact energies were
sed as in the previous step. Our findings indicate that the abstraction
f H 2 is a highly probable process. In sites 2 and 3, regardless of
he impact parameters, all projectiles achieve the abstraction of the
hemisorbed hydrogen atom and the formation of H 2 . In site 1,

92 per cent of the incoming projectiles successfully abstracted
he chemisorbed hydrogen atom, while the remaining ∼ 8 per cent
esulted in H projectiles with large polar angle ( θ ≥ 30 ◦) that spillo v er
o a neighbour carbon, leading to a doubly hydrogenated molecule.
his phenomenon was also observed in previous research (Rauls &
ornekær 2008 ), which showed that the process is barrierless and

ligns with our results. 
Since H 2 abstraction is an exothermic reaction, the coronene and

he nascent H 2 molecule must accommodate not only the kinetic
nergy of the incident H atom but also the energy released in the
eaction (see Table 2 ). Despite the coronene having enormous mass
ompared to H, it accommodates about ∼ 15 per cent of total excess
f energy (1–3 eV) as vibrational energy, which corroborates the
bility of coronene (PAHs in general) to act as a sink of energy for the
 2 formation in the ISM. In a recent computational study, Pantaleone

t al. ( 2021 ) found that w ater-ice surf aces absorb ∼ 50 per cent
f the energy released in the H 2 formation. In their simulation, H
toms carried no initial kinetic energy, which gave time for a longer
nteraction between H and surface and a more ef fecti ve dissipation
f energy. 
The remaining ∼ 85 per cent of the excess of energy is carried

y the nascent hydrogen molecule. After its release, the H 2 molecule
cquires a large translational kinetic energy, which on average
epresents between 20 and 60 per cent ( ∼0.4–1.25 eV) of the excess
f energy, E D . The translational energy of H 2 molecules depends
eakly on the polar angle of the orientation of incoming H ·
rojectile, as it can be seen in Fig. 5 . Although two slight trends are
bserved. H 2 molecules released from the edge carbon ( C 1 ) exhibit
n increase of the translational energy as the incoming projectile
eviates from normal impact. Contrary, molecules released from
nner carbons ( C 3 and C 3 ) carry less translational energy as the
mpact deviates from normal. 

.3 Rotational and vibrational states of the nascent H 2 

he vibrational state ( υ) of the released H 2 was approximated
y matching the vibrational energy (measured ∼30 fs after H 2 

ond breaking with coronene) to closest eigenvalue of a Morse
otential that fits H 2 dissociation PES (see Section 3 in Supporting
 azimuthal angle of the incoming H projectile for each site: C 1 , C 2 , and C 3 . 

4
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Figure 6. Vibrational population for the H 2 nascent on to the three sites. 
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nformation). Fig. 6 shows the fraction of molecules formed with 
 given υ that come from impacts at different polar angles. All 
 2 molecules desorb in vibrational excited states with υ as low 

s 3 and as large as 10. These degree of vibrational excitations
lign with other evidence. For instance, H 2 formed on graphite 
urfaces occupies vibrational levels around υ = 3–5 (Latimer et al. 
008 ; Casolo, Tantardini & Martinazzo 2013 ) and that formed on
 ater surf aces occupies higher levels ( υ = 1–8) (Roser et al. 2003 ;
abushita et al. 2008 ). Vibrational excitation depends on the impact 
nergy and orientation of H · projectiles. When H · impacts on the 
 chemisorbed on the outermost carbon ( C 1 ) at low angles (40 ◦),

he released H 2 occupies lower vibrational states ( υ ≥ 3) with a 
roader distribution of υ (3 ≤ υ ≤ 7). Ho we ver, for inner sites, the
ibrational populations of the newly formed H 2 molecules behave 
ifferently. When the projectile mo v es a way from normal collision,
he molecules tend to have a higher vibrational state (ranging in 
 ≤ υ ≤ 10). As the impact energy increases, the occupation of 
ibrational states broadens. Ho we ver, for the external site, there is
 significant dependence on the impact angle. Molecules desorbing 
rom the external carbon carry less vibrational energy than those 
etached from internal carbons. This marked difference in vibrational 
nergy is traced to the different topologies of the PES around these

ites. p
The rotational energy ( E r ) of the released H 2 was calculated from
he angular momentum at the turning points. Rotation is the degree
f freedom that accommodates the smallest part of the excess energy,
ot exceeding 10 per cent in all cases. This is a reasonable situation
ecause the H 2 molecule has a low moment of inertia, and hence
 large rotational constant/temperature ( � r = 85 . 3 K; McQuarrie
000 ). Our simulations show that in the low impact-energy regime,
eleased molecules are far from achieving the thermodynamic limit 
f the distribution of rotational states ( E r / k B � r < 1), see Fig. 7 .
he dependence of rotational energy on impact energy is strongly 
ependent on where the abstraction takes place. Even at collision 
nergies as high as 1 eV, the molecules released from the inner
arbons do not reach the thermodynamic limit of the rotational 
nergy distribution, ( E r / k B � r < 1). Instead, in the edge carbon all the
olecules are released with E r > > k B � r . Note that even in the latter

ase, the rotational cooling capacity of the reaction site is limited
nd saturates with increasing impact energy (compare C 1 K i = 0 . 5
V and K i = 1.0 eV). Yabushita et al. ( 2008 ) found that H 2 products
in thermal equilibrium) of the photolysis of amorphous water-ice H 

arry rotational energies in the range of 1 − 15 × 10 −20 J , which is
qui v alent to E r / k B � r < 15. This aligns with our result that rotational
nergy of H 2 saturates at about E r / k B � r = 15–20 (see upper right
anel in Fig. 7 ). 
MNRAS 524, 3741–3748 (2023) 
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Figure 7. Ratio between the rotational energy of the newly formed H 2 molecule and its characteristic energy of rotation ( k B � r ). 
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.4 Implications of vibrationally excited H 2 in the ISM 

ibrationally excited H 2 in space is primarily generated through
ifferent mechanisms and sources. Shock waves and far -ultra violet
uorescence are two main sources, as indicated by Beckwith et al.
 1978 ), Gatley et al. ( 1987 ), Sternberg ( 1989 ), Sheffer et al. ( 2009 ),
naci ́nski ( 2013 ), and Rachford, Snow & Ross ( 2014 ). Additionally,
-ray photons and cosmic rays (Gaches et al. 2022 ; P ado vani et al.
022 ) have been suggested as potential sources, along with H 2 

ormation itself (Wakelam et al. 2017 ). For example, Chang et al.
 2021 ) observed that over 90 per cent of the H 2 formed from the
V photodissociation of H 2 O exhibited vibrational excitation at
= 3. Similarly, Zhao et al. ( 2022 ) conducted a study on the

ragmentation dynamics of H 2 S + hν −→ S( 1 S) + H 2 (X 

1 � 

1 
g ) and

ound that H 2 molecules formed with a wide range of vibrational
tates, with a peak at υ = 5. Regarding reactions on surfaces,
ough et al. ( 1996 ) disco v ered that H 2 formed on graphite and other

arbonaceous surfaces can populate high vibrational states, such as
= 7. 
Based on our simulations, we have observed that nascent hydrogen
olecules desorbing from the edge sites of coronene, and likely from

ll PAHs, exhibit excited vibrational states similar to those found in
he experiments conducted by Gough et al. ( 1996 ) and Chang et al.
 2021 ). Interestingly, hydrogen molecules formed in internal sites of
AHs sho w e ven higher le vels of vibrational excitation compared
o those generated through photochemical reactions. On the other
and, the lifetime of vibrationally excited hydrogen molecules is
f the order of days (Draine 2000 ; Sheffer et al. 2009 ; Chang
t al. 2021 ), mainly due to their Einstein A-coefficients, which
NRAS 524, 3741–3748 (2023) 
ange from approximately 10 −7 to 10 −6 s −1 (Wolniewicz, Simbotin &
algarno 1998 ; Coppola et al. 2016 ). This implies that H 2 molecules

ormed on PAHs through the ER mechanism could serve as active
eagents in the ISM chemistry. Vibrationally excited H 2 molecules
an participate in chemical reactions that are otherwise challenging to
ccur in the ground state, as their internal vibrational energy enables
hem to o v ercome acti v ation barriers (Ag ́undez et al. 2010 ). This is
articularly rele v ant for the initial stages of heavy element chemistry,
nvolving the formation of hydrides through gas-phase reactions 

 + H 2 −→ XH + H , (1) 

here X could be carbon, oxygen, nitrogen, and sulfur atoms or their
ations (Stecher & Williams 1972 ; Zanchet et al. 2019 ; Goicoechea &
oncero 2022 ). 

 C O N C L U S I O N S  

e studied the energy dissipation in the H 2 formation process
ia the ER mechanism on to a coronene surface by means of
orn–Oppenheimer ( ab initio ) molecular dynamics. Our simulations

how that for the chemisorption of hydrogen (first step of the ER
echanism), the sticking probability depends on both the kinetic

nergy of the projectile and in its orientation (polar angle). The
eneral tendenc y observ ed is that the sticking probability decreases
s the projectile mo v es a way from the normal orientation. Moreo v er,
nternal sites ( C 2 and C 3 , see Fig. 1 ) exhibit a lower sticking
robability compared with the edge site ( C 1 ). In contrast, it is the
nternal sites that are capable of dissipating a greater amount of the
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xcess energy acquired due to chemisorption in a shorter time-scale 
ompared to the edge site. 

For the second step of the ER mechanism, the abstraction and 
ormation of H 2 , our simulations show that the reaction is a
ighly probable process under the studied conditions. All incoming 
rojectiles achieve abstraction at the inner sites and o v er 90 per cent
t the edge site. About ∼ 15 per cent of the energy is dissipated 
o the coronene molecule as vibrational energy. The remaining 
nergy is transferred to the nascent hydrogen molecule. H 2 detaches 
rom coronene with a large amount of translational kinetic energy 
 ≥ 0 . 4 eV ) and in a highly excited vibrational state ( υ ≥ 3). The
cti v ation of the rotational degrees of freedom is the mechanism that
east contributes to the partition of the excess energy linked to the
eaction ( ≤ 10 per cent ). 

We also discussed how the formation of molecular hydrogen on 
AHs through ER mechanism may represent a further source of 
ibrationally excited H 2 observed in the ISM and play the role of
cti v ated reagent on the ISM chemistry. 
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Figure S1. Moving average of the change in potential energy 
for the dynamics calculated at the PBE/6-31G(d) and DFTB/MIO 

theoretical levels at site C 1 . 
Figure S2. Moving average of the change in potential energy 
for the dynamics calculated at the PBE/6-31G(d) and DFTB/MIO 

theoretical levels at site C 2 . 
Figure S3. Moving average of the change in potential energy 
for the dynamics calculated at the PBE/6-31G(d) and DFTB/MIO 

theoretical levels at site C 3 . 

Figure S4. Morse potential and its eigenvalues for H 2 . 
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