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H2 Formation on Interstellar Dust
Grains: The Viewpoints of Theory,
Experiments, Models and Observations

Stephanie Cazaux

Abstract Molecular hydrogen (H2) is the most abundant molecule in the Universe.
Its formation involves catalytic reactions occurring on the surface of interstellar dust
grains, but also involving polycyclic aromatic hydrocarbons (PAHs). Experiments
and theoretical calculations have been performed to determine the processes govern-
ing the formation of H2 on dust and involving PAHs. These studies were recently
brought in a review paper (Wakelam et al. 2017), from which this contribution is
based.

Keywords Molecular hydrogen · ISM · Molecules

1 Observing H2 in the Universe

Molecular hydrogen is themost abundant molecule in the Universe. In diffusemolec-
ular clouds, it is the first molecule to form (Snow and McCall 2006) while in Photo-
Dissociation Regions (PDRs; see A.G.G.M. Tielens in this volume), which are pre-
dominantly neutral regions bathed in far-ultraviolet light, H2 can be dissociated by
ultraviolet radiation, and therefore an efficient route for molecular formation must
be present (Jura 1974) to compensate this loss. Furthermore, H2, either in its neutral
or ionized form, controls the chemistry in the interstellar medium (ISM). In dense
cloudswhereUVpenetration is greatly reduced, most of the hydrogen is inmolecular
form, and most of the H2 in the Universe resides in these dense clouds. It has been
recognized for a long time that under ISM conditions H2 cannot be formed efficiently
enough in the gas phase to explain its abundance and that interstellar dust grains act
as catalysts for the formation of H2 (Hollenbach and Salpeter 1971; Jura 1974). It is
now well established that H2 formation occurs via catalytic reactions on surfaces of
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interstellar dust grains. The observationally determined H2 formation rate coefficient
in the diffuse ISM, R(H2) = 3 − 4 × 10−17 cm3 s−1 (Gry et al. 2002), appears to
be rather invariant. Nevertheless, considerably higher H2 formation rates have been
derived at high gas temperatures in PDRs (Habart et al. 2005).

2 Processes for H2 Formation on Dust Grains

The various processes involved in the formation of H2 can be decomposed in several
key physical processes summarized in Fig. 1. Atoms and molecules stick on the
surface either in physisorbed (van der Waals) or chemisorbed (covalent bond) sites,
and can diffuse through thermal hopping (solid lines) or quantum tunneling (dashed
red lines). The formation of H2 can then occur either via the Langmuir-Hinshelwood
(LH) mechanism, in which atoms from the gas phase first become accommodated
on the surface and then, via diffusion, can encounter each other and react, or via
Eley-Rideal (ER) reaction, in which an incoming atom interacts directly with an
atom on the surface. To quantify the different adsorption energies of H and H2 as
well as the formation rate of H2 via the ER or LH mechanism on different types

Fig. 1 Different processes
involved in the formation of
H2 on dust grains. HA is the
hot atom mechanism: an
atom coming from the gas
phase has additional energy
which increases the diffusion
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of surfaces, experiments and ab-initio calculations have been performed in the last
decades (see references in Wakelam et al. 2017). Several types of surfaces have been
studied such as crystalline or amorphous silicates, carbonaceous surfaces, graphite
and crystalline and amorphous ices. For each of these surfaces, the sticking of H
atoms, binding energies of H in physisorbed and chemisorbed sites, the diffusion
barriers from sites to sites but also barriers to enter chemisorbed sites have been
discussed (Wakelam et al. 2017). For water ice note that chemisorption sites are not
present, so the atoms are limited to physisorbed sites.

3 Processes for H2 formation involving PAHs

The photodissociation of PAHs upon UV irradiation can lead to the formation of
H2. The contribution of this process is discussed by A.G.G.M. Tielens in this vol-
ume. Here, we focus on H2 formation via abstraction of H atoms from PAHs. An
incident H atom encounters a H from the PAH and generates H2. Such process is
not energetically favorable on unfunctionalized PAH molecules, due to high C-H
binding energies of 4.8 eV. However, for super hydrogenated PAHs, such reactions
are possible and hydrogen addition and abstraction have been demonstrated both
experimentally and theoretically (Cazaux et al. 2016; Mennella et al. 2012; Rauls
and Hornekaer 2008; Thrower et al. 2012). Addition barriers for PAHs vary, depend-
ing on charge state and degree of superhydrogenation (Cazaux et al. 2016; Rauls
and Hornekaer 2008). On coronene cations (prototypical PAHs), the first H addition
takes place on the periphery of the molecule on an “edge” carbon. This addition has
a very small barrier of ∼10 meV. The addition of a second H atom is associated with
a barrier of 30 meV (Cazaux et al. 2016). Subsequent H addition reactions have bar-
riers which alternate in magnitude depending whether the PAH is a radical or a close
shell system. This makes coronene cations with an odd number of extra H atoms
predominant. Some of the barriers, associated with the breaking of the aromaticity
of the cations, are as high as 0.1 eV and lead to the predominance of coronene cations
with a magic number of H atoms attached (+5,+11 and +17 extra hydrogens). On
neutral coronene, the addition of the first H atom is associated with a barrier of 60
meV and takes place on an edge carbon (Rauls and Hornekaer 2008). Subsequent H
addition reactions have lower barriers or are even barrierless (Rauls and Hornekaer
2008). However, hydrogenated coronene with an even number of extra hydrogens
are more abundant than others, and especially some show stable configurations and
magic numbers (+2,+10,+14,+18 and +24 extra hydrogens; Jensen et al. 2019).
Experiments on both cationic and neutral PAHs show that H atom beams with ener-
gies ranging from 300–2000K can lead to complete superhydrogenation (one excess
H atom per C atom; Skov et al. 2014). H2 formation with PAHs involves barrierless
reactions. However, the cross sections for abstraction are lower than for H addition
and have been determined viaH-D exchange for the neutral coronene (Mennella et al.
2012; Thrower et al. 2012) and coronene cations (Foley et al. 2018). These studies,
both concerning neutral and cationic PAHs, show that H2 can form in an efficient
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manner on super-hydrogenated PAHs (i.e., PAHHs). However, it has been shown
that hydrogenated PAHs lose in an efficient way their extra H with the interactions
with photons, which makes the presence of hydrogenated PAHs in space challenging
(Boschman et al. 2015; Montillaud et al. 2013; LePage et al. 2009). Recently, it has
been shown that H atoms attached to PAHs can diffuse from one carbon atom to
another one, a processed called scrambling, which depends on the barrier for dif-
fusion and the binding energy of the H atom in the sites (Castellanos et al. 2018;
Wiersma et al. 2020). Such process could increase the stability of hydrogenated PAHs
in space and the H2 formation rate involving PAHHs.

4 H2 Formation in Space

4.1 Diffuse Clouds

The main mechanisms which are thought to dominate the formation of H2 in diffuse,
translucent and molecular clouds are presented in Fig. 2. For diffuse cloud with low
radiation field, dust temperatures are ranging between 15 and 20K, and physisorbed
H atoms can still remain attached to dust grains allowing H2 to form efficiently
via the LH mechanism through the reaction of 2 physisorbed H atoms. This for-
mation process is very efficient for dust temperatures lower than 20K (Cazaux and
Tielens 2004; Cuppen and Herbst 2005) and depends on the binding energies of
the physisorbed H atoms. For diffuse cloud environments with high radiation field
( nH
G0

≥ 3 × 10−2 cm−3, where G0 is the radiation field in Draine’s unit LePage et al.
2009), H2 could form involving PAHs or dust grains through the ER mechanism
involving chemisorbed H atoms (Boschman et al. 2015) or by photolysis of hydro-
genated amorphous carbons (Alata et al. 2014). In translucent clouds, the temperature
of dust grains becomes lower than in diffuse clouds (15–18 K) and ices start to form
for extinctions larger than AV ∼3 mag. Since H atoms can only physisorb on ices
(no chemisorption possible), H2 formation on icy dust can only involve physisorbed
H atoms, and therefore H2 in translucent clouds forms predominantly via the LH
mechanism. However, the morphology and porosity of ices set the binding energies
of physisorbedH atoms, which determines the efficiency of H2 formation on icy dust.
H2 formation in translucent clouds is therefore very sensitive to the characteristics
of the ices present in such environments.

4.2 Photo-dissociation Regions

In PDRs (see A.G. G.M. Tielens in this volume), strong UV fields and gas density
variations are observed. Dust in these regions evolves from the edge of the PDR to
its center, but also varies from one PDR to another (Rapacioli et al. 2005; Berné et al.
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Fig. 2 Sketch of themainH2 formation processes from the diffuse to the dense interstellar medium.
From Wakelam et al. (2017) (Color figure online)

2007; Pilleri et al. 2012; Arab et al. 2012; Köhler et al. 2014; Pilleri et al. 2015).
The fraction of carbon locked in dust grains is tied up in the carriers of the aromatic
infrared bands (AIBs). The most intense AIBs are observed at 3.3, 6.2, 7.7, 8.6, 11.3,
and 12.7 µm and are generally attributed to stochastically heated PAHs. The ratio of
the 3.4 and3.3µmband intensity (I 3.4/I 3.3) decreases in thePDR from themoreUV-
shielded layers to themore exposed layers. Such decrease indicates the destruction of
very small grains and formation of PAHs due to photons (Pilleri et al. 2015). Deeper
inside the PDRs, the UV field decreases. In this case, small grains must coagulate
onto the surface of big grains (Köhler et al. 2011; Arab et al. 2012). Therefore, the
H2 formation rate in PDRs predicted by models strongly depends on the grain model
which is used. In different PDRs, the H2 formation rate has been measured and is
reported as a function of dust temperature in Fig. 3 as red symbols (Habart et al. 2005).
The point at lower temperature illustrates a diffuse cloud (Gry et al. 2002) and shows
a high H2 formation rate which can be explained by the involvement of physisorbed
H atoms. For higher dust temperatures, the H2 formation rate declines. For models
considering grain size distributions (Weingartner and Draine 2001), H2 can form on
PAHs (Fig. 3, red line), on amorphous carbon grains (Fig. 3, blue line) or on silicates
(Fig. 3, green line). The decrease in H2 formation with increasing dust temperature is
due to the fact that H2 formation involves chemisorbed H atoms at high temperatures
and that this reaction is associated with a barrier. While PAHs could explain the H2
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Fig. 3 H2 formation rate in
different PDRs as function of
dust temperature. Red
symbols show the
observations for the different
PDRs processes. The lines
show the contribution from
PAHs (red line), amorphous
carbon (blue line) and
silicates (green line). The red
cross shows that this route is
not feasible because of the
fragility of PAHHs to
radiation. While the green
arrows show the increase of
H2 formation on silicates due
to new findings in laboratory
(He et al. 2011; Mennella
et al. 2019). Adapted from
Cazaux et al. (2005) (Color
figure online)

formation rate observed in these PDRs, it has been shown that hydrogenated PAHs
are not stable in such environment and therefore that the channel involving such
PAHHs cannot proceed (shown in Fig. 3, red cross; Boschman et al. 2015; Andrews
et al. 2016). Several mechanisms have been proposed. At low temperatures, H2 can
form on dust grains involving chemisorbed H through the ER mechanism (Cazaux
and Tielens 2004; Le Bourlot et al. 2012). Alternatively, H2 can form on PAHs via the
photodesorption of H2 from PAHs for moderately/highly excited PDRs (Boschman
et al. 2015). In this case a PAH absorbs a photon and ejects a H atom or a H2 molecule
and the competition between these two de-excitationmechanisms depends on the size
of the PAHs (Castellanos et al. 2018). A third possible formation route is via LR on
small grainswith fluctuating temperatures for low/intermediate excitation (Bron et al.
2014). In PDRs the abstraction involving hydroxyl groups of silicate grains has been
proposed as a barrier-less reaction to form H2 (Mennella et al. 2019) and the binding
energy of H atoms on silicates has been shown to be larger than previously derived
(He et al. 2011). These two findings do increase the formation of H2 on silicates
substantially (illustrated by the green arrows showing that an high H2 formation rate
will extend to larger temperatures, and that the rate for large temperatures will be
higher than previously assumed).

For models considering the coagulation of small grains on large grains, which
are specifically developed to reproduce the optical and thermal properties of a-C:H
grains in the ISM(Jones andHabart 2015), photon-processing of grainwhich involves
chemisorbed H atoms could be a main contributor to the H2 formation. As shown
experimentally (Alata et al. 2014), UV photon-irradiation of a-C:H leads to very
efficient production of H2 molecules. Such UV-induced formation pathway has been
investigated theoretically (Jones andHabart 2015) adopting the dust composition and
size distribution from the dust model presented in Jones et al. (2013). In this work
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it is shown that such a process would be sustainable as long as the radiation field is
intense enough to photo-dissociate C-H bonds but not intense enough to break the
C–C bonds.

5 Conclusions

H2 forms on dust grains or involves PAHs in a wide variety of astrophysical environ-
ments. This suggests that H2 formation involves both physisorbed H atoms at low
temperatures and chemisorbed H atoms at high temperatures, so that the efficiency
remains high. Such processes depend on the results of laboratory studies and how
individual processes are understood and quantified (sticking, diffusion, desorption,
energy partition, etc.). Evaluating the contribution of the different dust populations
has been done to a certain extent for silicate surfaces, but more work is needed to
better constrain both silicates and carbonaceous materials. New routes to H2 forma-
tion, via UV irradiation of hydrogenated carbons, or via other energetic routes, have
to be investigated in greater detail.
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