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Using periodic DFT-D2 methods, atomistic simulations of interstellar
H adsorption and H2 formation on a (010) Fe-containing olivine
surface are presented. At variance with the (010) Mg2SiO4 surface
and key to these processes are the large Fe/H interaction energies,
suggesting that olivine surfaces are good reservoirs of H atoms for
subsequent recombination to form H2.

Understanding how H2 is formed in the interstellar medium
(ISM) is of fundamental relevance for several reasons.1 Among
the diﬀerent molecular species detected, H2 is the most abundant
molecule and is observed in every ISM environment. From an
astrophysical perspective, H2 is an eﬀective coolant of interstellar
clouds during their gravitational collapse, thus facilitating the star
formation, whereas from an astrochemical point of view, it plays a
crucial role in most reaction networks to form other molecules,
through neutral (H2) and ionized (H2+ and H3+) forms.
It is well established that the conversion of atomic H into
molecular H2 requires the presence of interstellar dust grains
(IDGs), sub-micron sized particles consisting of silicaceous and
carbonaceous materials.2 This is because the gas-phase radiative
association of two ground state H atoms (i.e., H + H - H2 + hn) has
a very low rate coeﬃcient (E10 29 cm3 s 1)3 due to spin forbidden
transitions from the dissociative (3S+u) to the ground electronic state
(1S+g). Several experimental reports4–14 and astrochemical modelling
studies2,15 have shown that IDGs allow efficient H recombination to
justify the large observed H2 abundances. An excellent review on
this subject was recently published by Vidali.16
Silicates, and in particular olivines and pyroxenes (Mg2xFe(2x 2)SiO4 and MgxFe(x 1)SiO3 (x = 0–1), respectively), are
important constituents of IDGs. Several theoretical studies have
addressed H adsorption and H2 formation on silicate surfaces,
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using either cluster or periodic approaches to mimic the IDG
surfaces, as well as using different DFT methods.17–22 Nevertheless,
practically all of them focused on Mg-pure silicates, with only one
addressing the H adsorption on Fe2SiO4.22 Fe2+ has a 3d6 electronic
configuration that may lead to the formation of different low-lying
electronic states and thus, it exhibits a more complex electronic
structure than Mg2+, leading to the inference of a more interesting
chemistry towards H adsorption and, accordingly, towards its
reactivity. In the following, we report the results of H adsorption
and subsequent recombination to form H2 on a Fe-containing
olivine model surface, treated by ab initio periodic calculations
performed using the CRYSTAL09 code,23 with the main goal of
assessing whether Fe2+ plays any significant and/or different role
than Mg-pure olivines.
Crystalline silicates in IDGs are Fe-poor in composition
(10–15% of the total metal content), whereas amorphous silicates
are richer in Fe (up to ratios of Fe/Mg E 1) but most of them either
belong to the silicate matrix or are in the form of admixtures of
metallic Fe.24,25 Accordingly, the amount of Fe placed at the IDG
surfaces is relatively small. In this work, we adopted a periodic
surface model of (010) Mg2SiO4 by replacing one surface Mg2+ by
Fe2+ per unit cell (see Fig. 1A), giving rise a surface with the formula
Mg1.875Fe0.125SiO4, hereafter referred to as Ol(010). The presence of
only one surface Fe2+ cation will avoid us working with complex
electronic configurations and, as Ol(010) has one Fe2+ and one Mg2+
at the outermost positions, it will help us to gain a better understanding of the role of Fe2+ and a proper comparison with Mg2+.
In a previous work,26 we have described that Fe2+ in its
quintet state placed at the outermost positions of the (010) slab
gives the most stable Fe-containing surfaces. Nonetheless, in
the present work, the adsorption of one H atom on Fe2+ leads to
change in the oxidation state, resulting in either a quartet or a
sextet spin configuration. Therefore, we performed a previous
calibration study comparing the energy diﬀerence between the
sextet and quartet states calculated with diﬀerent DFT methods
and at the CCSD(T) level on a cluster model consisting of the first
Fe coordination sphere (the ESI† shows the cluster model adopted).
This calibration study was performed using the Gaussian09 code.27
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Fig. 1 (A) Lateral and top views of the Fe-containing olivine surface model
used in this work. Details can be found in ref. 26. Unit cell is highlighted in
purple. (B) BHLYP-D2*//BHLYP-optimized geometries of the diﬀerent
complexes for the H adsorption on the Fe-containing surface at the sextet
state. Bond distances (in Å) and adsorption energies including zero-point
energy corrections (in kJ mol 1) are also included. (C) Scheme of the
electronic reorganization occurring in the 010-O1 and 010-Fe1 adducts.

At CCSD(T), the sextet state is more stable than the quartet state
by 71.3 kJ mol 1. GGA DFT methods and hybrid methods with
a low exact exchange percentage underestimate this energy
diﬀerence (between 0.4 and 55.5 kJ mol 1), whereas methods
with a large amount of exact exchange give much better agreement
(between 78.5 and 99.5 kJ mol 1). This is because the inclusion of
an exact exchange tends to stabilize high-spin states.28 The hybrid
BHLYP functional, implemented in CRYSTAL, performs reasonably
well (energy diﬀerence of 88.5 kJ mol 1), so that it was the method
of choice for all calculations. As we adopted B3LYP-D2* in previous
studies20,21 (namely, geometry optimization at the B3LYP level
combined with a reparametrized D2 correction term29,30 for
dispersion), we also repeated the calculations at this level for
the sake of comparison, which are included in the ESI.† It is
worth mentioning that the second ionization energies for Mg
and Fe calculated at BHLYP are in excellent agreement with
those calculated at CCSD(T) and with the experimental values,
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whereas B3LYP provides overestimated values (data reported
in the ESI†). To take dispersion into account at the BHLYP level,
the D2* values obtained at B3LYP-D2* were introduced to the
energies of the BHLYP-optimized geometries (hereafter referred
to as BHLYP-D2*//BHLYP energies). We optimized the structures
with a polarized double-z basis set and improved the energies
through single-point calculations with the polarized triple-z
basis set on the optimized geometries. See the ESI† for further
computational details and calibration calculations.
The adsorption of one H atom on Ol(010) gave four possible
adducts in the sextet state (shown in Fig. 1B) in which the H atom
interacts with (i) the Fe atom (010-Fe1), (ii) the uppermost Mg atom
(010-Mg1), (iii) the O atom closer to Fe (010-O1), and (iv) the
O atom closer to Mg (010-O2). 010-Mg1 is a physisorption state
as shown by the spin densities (+0.96/+3.90 on H/Fe) and the Mg–H
distance (2.433 Å). All the remaining adducts are chemisorbed
states as shown by (i) the spin density on H, which is almost null,
(ii) the typical O–H distances (B0.96 Å) in 010-O1 and 010-O2, and
(iii) the Fe–H distance of 1.625 Å in 010-Fe1. In 010-O2, the spin
density of H is transferred to the closest Mg2+ ion (spin density of
Mg varies from 0.0 to +0.95), thus the metal cation exhibiting a
partial reduction and the H atom acquiring a certain H+ character
(charge of +0.33|e|) in agreement with the SiOH stoichiometry.
Similar phenomena occur in 010-O1; i.e., upon H adsorption, the
spin density is transferred to the Fe2+ ion (spin density of Fe varies
from +3.90 to +4.93), which becomes partially reduced. Moreover,
the spin state of Fe implies five unpaired electrons in a 6D (4s13d6)
electronic configuration, which is the most stable electronic state of
a naked Fe+ ion. In 010-Fe1, the charge of the H atom is 0.26|e|,
implying a certain H character. In this adduct, Fe is partially
oxidized, and the metal spin density varies from +3.90 to +4.58,
which leads to an electronic configuration close to that of Fe3+
(3d5). Fig. 1C summarizes the electronic reorganization described
above by the 010-O1 and 010-Fe1 adducts. Fig. 1B shows the
calculated adsorption energies of these complexes, whose trend
is (from more to less stable) as follows: 010-Fe1 c 010-O1 4
010-O2 c 010-Mg1. In summary, the chemisorption of H at the
Fe site on Ol(010) leads to a strong Fe–H bond. This is at
variance with the H adsorption on the (010) Mg2SiO4 surface,20 in
which physisorption occurs on Mg atoms and weak chemisorption
on O atoms. Interestingly, H diffusion adopting the 010-Mg1 010-O2 - 010-O1 - 010-Fe1 path has been calculated providing
energy barriers of 30, 166 and 83 kJ mol 1, respectively
(see the ESI†). Since H adsorption on Fe is barrierless, the
jump from 010-Mg1 to 010-Fe1 is expected to occur through
H desorption–adsorption steps, similarly to what was found in
forsterite surfaces.20,21
To simulate the formation of H2 on Ol(010), we started by
adsorbing a second H atom on the singly-H adsorbed systems
described above. Eight adsorbed complexes resulted in both
the quintet and the heptet state, with the former state being the
most stable one (see the ESI† for structural and energetic data
of these systems). Moreover, since the quintet state is the one
that will lead to H2 formation, from now on we will present only
the results for this spin state. It should be noted that for all
systems involving the adsorption of two H atoms we adopted an
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open shell broken symmetry as a starting guess. According to our
previous experience,20,21 only three of them are suitable reactants
for the H2 formation as shown in Fig. 2A. The 010-Fe1–Mg1
structure is the least stable one, due to one physisorbed H atom
at the surface Mg, while the major contribution to the adsorption
energy is due to the strong Fe–H bond. The most stable complexes
(010-O2–Mg1 and 010-Fe1–O1) both show chemisorption with
respect to the two H ad-atoms, at either Mg or Fe ions and
at neighbouring O atoms. The most stable precursor species for
010-O2–Mg1 is the 010-O2 complex. In 010-O2, the unpaired
electron was fully on the Mg atom (see above), which upon second
H adsorption couples with the H atom to give the Mg–H bond
present in 010-O2–Mg1. The most stable precursor species of
010-Fe1–O1 is 010-Fe1. In this complex, the Fe ion is partially
oxidized (see above). When the second H atom adsorbs on the
Fe-neighbouring O atom, the transfer of electron charge reduces
the Fe ion to its initial oxidation state. Therefore, the high stability
of 010-O2–Mg1 and 010-Fe1–O1 systems is due to the formation of
both hydride (Mg–H or Fe–H) and Si–OH groups.
The recombination of the two H ad-atoms in 010-Fe1–Mg1
involves a radical–hydride reaction (Fig. 2A). The calculated
energetics indicate a very low energy barrier (3.4 kJ mol 1)
followed by a large drop of the reaction energy due to H2
formation ( 277 kJ mol 1). H recombination in both 010-O2–Mg1
and 010-Fe1–O1 is driven by a H+  H coupling, with generally
higher energy barriers (18.3 and 37.8 kJ mol 1, respectively)
compared to the radical–hydride coupling. This is due to the
SiO–H and Mg–H/Fe–H bond breaking. The higher energy
barrier in 010-Fe1–O1 than that in 010-O2–Mg1 is due to the
stronger Fe–H bond than the Mg–H one. These two complexes
are more stable than 010-Fe1–Mg1 so that the reaction energies
are less negative ( 80 and 62 kJ mol 1, respectively). Once
formed, H2 remains adsorbed on the Ol(010) surface at the Mg or
Fe ions (see structures of 010-Mg1–H2 and 010-Fe1–H2 in
Fig. 2A), with adsorption energies of 14.7 and 7.3 kJ mol 1,
respectively (see the ESI† for full details).
Kinetic chemical trends related to H2 formation cannot be
limited to the classical Eyring rate constant kTST, as low T and
the light H atom bring the quantum tunnel into play. Therefore, we calculated the tunnelling crossover temperatures (Tx)31
(i.e., the temperature below which tunnelling becomes dominant) and the rate constants using a semi-classical approach
(kSC-TST), in which tunnelling is accounted for by correcting the
kTST with the transmission coeﬃcient G(T), as suggested by
Fermann and Auerbach.31 With these values we built the
Arrhenius plots (shown in Fig. 2B), in which G(T) = 1.0 for T
above Tx (see the ESI† for further details). In principle, the G(T)
formula is stable at arbitrarily low temperatures. Nonetheless,
we considered T 4 150 K, because lower T values require more
accurate treatment for the tunnelling than the present one,
like those adopted to study H adsorption on carbonaceous
surfaces.32,33 The Arrhenius plots for H2 formation indicate
that the tunnel does not contribute (no slope change) to the
reaction involving the physisorbed H atom (i.e., 010-Fe1–Mg1 010-Fe1–H2). In contrast, reactions involving chemisorbed H atoms
(i.e., 010-O2–Mg1 - 010-Mg1–H2 and 010-Fe1–O1 - 010-Fe1–H2)
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Fig. 2 (A) BHLYP-D2*//BHLYP-energy profiles including zero-point
energy corrections (in kJ mol 1) for H2 formation from the most significant
doubly-H adsorption complexes. All the structures are calculated in the
quintet state, which are more stable than the heptet state (see the ESI†).
Adsorption energies (values in italics above the reactants) are referenced
with respect to the Ol(010) + 2H zero-energy asymptote, whereas values
of the energy profiles are referenced with respect to the corresponding
reactants. Bond distances are in Å. (B) Arrhenius plots of kSC-TST between
150 and 450 K for the H2 formation processes using data calculated at
BHLYP-D2*//BHLYP. Crossover temperatures (TX, in K) are also indicated.

do show a slope change revealing a crucial role of tunnelling for their
occurrence. When performing linear extrapolations of the lines of
the Arrhenius plots below Tx (i.e., where tunnelling is important),
the log10 kSC-TST values extrapolated at 50 K are 7.3 and 4.1 for the
010-O2–Mg1 and 010-Fe1–O1, respectively, to be compared with
the 12.7 and 34.8 values computed in the absence of tunnelling.
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In our previous work,20 we suggested that H2 formation on the
(010) Mg2SiO4 surface occurred when the H atoms physisorbed on
two diﬀerent Mg atoms recombine quickly through a radical–radical
coupling, without tunnelling contributions. Moreover, it was shown
that the tunnel was important to facilitate a proton–hydride coupling
between H atoms chemisorbed on Mg/O ions in close spatial
proximity. This effect is also operative on Ol(010) as shown by
the similar process occurring from the 010-O2–Mg1 complex.
Additionally, on Ol(010) there are two additional channels for H2
formation envisaging a Fe–H bond. One channel occurs through
a radical–hydride coupling between one H atom physisorbed
on Mg and the other H atom chemisorbed on Fe (i.e., from
010-Fe1–Mg1) with a very low barrier and without the contribution
of tunnelling. The other channel takes place through a proton–
hydride coupling between one H atom attached on O and the
other bound to the neighbouring Fe ion (i.e., from 010-Fe1–O1), in
which tunnelling is advocated for its occurrence. In both cases
reactions are calculated to be fast.
To sum up, the results of the present work indicate that Fe2+
cations do indeed play a role in the formation of the H2 molecule in
the ISM. H adsorption on Fe sites is much stronger than on Mg
ones, due to favourable spin coupling. On Fe, H is chemisorbed in
the form of hydride, whereas on Mg, H is mainly physisorbed,
keeping its radical character. This indicates that Fe-containing
olivines, due to the strong Fe–H bond, can capture H atoms for a
very long time on an astronomical scale, an aspect of paramount
importance considering the very low atomic densities of the ISM.
Moreover, the capability of the (010) Fe-containing olivine surfaces
to form H2 via H recombination is kinetically comparable to the
(010) Mg2SiO4 surface.
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A. Rimola, Mon. Not. R. Astron. Soc., 2015, 453, 914–924.
22 C. A. Downing, B. Ahmady, C. R. A. Catlow and N. H. de Leeuw,
Philos. Trans. R. Soc., A, 2013, 371, 20110592.
23 R. Dovesi, V. R. Saunders, C. Roetti, R. Orlando, C. M. ZicovichWilson, F. Pascale, B. Civalleri, K. Doll, N. M. Harrison, I. J. Bush,
P. D’Arco and M. Llunell, CRYSTAL09 User’s Manual, University of
Torino, Torino, 2009.
24 T. Henning, Annu. Rev. Astron. Astrophys., 2010, 48, 21–46.
25 F. Molster and C. Kemper, Space Sci. Rev., 2005, 119, 3–28.
26 J. Navarro-Ruiz, P. Ugliengo, A. Rimola and M. Sodupe, J. Phys.
Chem. A, 2014, 118, 5866–5875.
27 M. J. Frisch, et al., Gaussian 09, Wallingford CT, 2013.
28 M. Reiher, O. Salomon and B. Artur Hess, Theor. Chem. Acc., 2001,
107, 48–55.
29 S. Grimme, J. Comput. Chem., 2006, 27, 1787–1799.
30 B. Civalleri, C. M. Zicovich-Wilson, L. Valenzano and P. Ugliengo,
CrystEngComm, 2008, 10, 405–410.
31 J. T. Fermann and S. Auerbach, J. Chem. Phys., 2000, 112, 6787–6794.
32 T. P. M. Goumans, Mon. Not. R. Astron. Soc., 2011, 415, 3129–3134.
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