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A B S T R A C T 

Sulphur depletion in the interstellar medium (ISM) is a long-standing issue, as only 1 per cent of its cosmic abundance is 
detected in dense molecular clouds (MCs), while it does not appear to be depleted in other environments. In addition to gas 
phase species, MCs also contain interstellar dust grains, which are irregular, micron-sized, solid aggregates of carbonaceous 
materials, and/or silicates. Grains provide a surface where species can meet, accrete, and react. Although freeze-out of sulphur 
on to dust grains could explain its depletion, only OCS and, tentatively, SO 2 were observed on their surfaces. Therefore, it is our 
aim to investigate the interaction between sulphur-containing species and the exposed mineral core of the grains at a stage prior 
to when sulphur depletion is observed. Here, the grain core is represented by olivine nanoclusters, one of the most abundant 
minerals in the ISM, with composition Mg 4 Si 2 O 8 and Mg 3 FeSi 2 O 8 . We performed a series of quantum mechanical calculations 
to characterize the adsorption of nine S-bearing species, both neutral and charged, on to the nanoclusters. Our calculations reveal 
that the Fe–S interaction is preferred to Mg–S, causing sometimes the chemisorption of the adsorbate. These species are more 
strongly adsorbed on the bare dust grain silicate cores than on water ice mantles, and hence therefore likely sticking on the 
surface of grains forming part of the grain core. This demonstrates that the interaction of bare grains with sulphur species in 

cloud envelopes can determine the S-depletion observed in dense molecular clouds. 

Key words: astrochemistry – molecular processes – solid state: refractory – methods: numerical – ISM: molecules. 
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 I N T RO D U C T I O N  

n Earth, sulphur is one of the key elements that contributes to the
ngine of life. It is an essential component of our bodies, as it is
ound in amino acids such as cysteine and methionine, in coenzyme 
, in vitamin B1 and biotin, in antioxidants as glutathione, and in
any more molecules (V oet, V oet & Pratt 2008 ). Ho we ver, sulphur

layed an important role long before life appeared on Earth, and 
ts chemistry in the interstellar medium (ISM), the environment 
here stars and planets are formed, is nowadays a challenge for

he astronomical and the astrochemical community. Sulphur is the 
0th most abundant element in the Universe. Its cosmic abundance, 
S]/[H] = 1.8 ×10 −5 (Anders & Grevesse 1989 ), equal to an S/O
atio of 1/37, is used as a reference for measuring sulphur abundance
uring the several stages of the evolution of a planetary system. While
n diffuse clouds the majority of sulphur resides in the gas-phase as S 

+ 

Jenkins 2009 ), it is not clear which forms it assumes in translucent
nd dense clouds (also called molecular clouds, MCs; Woods et al. 
015 ; Laas & Caselli 2019 ). Hily-Blant et al. ( 2022 ) suggests that
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n chemically young cores, atomic sulphur is still the main carrier,
hich ho we v er could not be directly observ ed. Moreo v er, it would
radually deplete as the cloud evolves, as also inferred in Fuente et al.
 2023 ). The phenomenon of freeze-out that occurs in MCs could be
esponsible for the adsorption of gas-phase sulphur on to the surface
f icy grains (Caselli, Hasegawa & Herbst 1994 ), a case in which
he presence of H 2 S on their surface would be expected. Ho we ver,
nly the OCS and, tentatively, the SO 2 molecules were observed in
Cs and young stellar object (YSO) ices (Boogert, Gerakines & 

hittet 2015 ; Boogert et al. 2022 ; McClure et al. 2023 ), and only
pper limits have been estimated for H 2 S (Smith 1991 ; McClure et al.
023 ). More recent studies suggest that sulphur is mostly contained
n organic species (Laas & Caselli 2019 ) or in a refractory residue
omposed of species characterized by the S–S chemical bond (like 
 2 S n with 2 ≤ n ≤ 3, and chains of S n with 3 ≤ n ≤ 8), along with

omplex species such as hexathiepan (S 6 CH 2 ), which are products
f ice processing, as experiments indicate (Ferrante et al. 2008 ;
im ́enez-Escobar & Caro 2011 ; Cazaux et al. 2022 ). Nevertheless,
umerous sulphur-bearing species (S 2 , S 3 , and S 4 , CH 3 SH, C 2 H 6 SH,
ogether with the most common H 2 S, OCS, SO, S 2 , SO 2 , and CS 2 )
re detected in comets as 67P/Churyumov–Gerasimenko (Calmonte 
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Figure 1. Fo and olivine clusters used in this work as dust grains models. 
The labels in cluster C are useful to identify adsorption sites. 
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t al. 2016 ), whose composition seems to be inherited from the
restellar and protostellar evolutionary phases (Drozdovskaya et al.
019 ). Comets contain a record of the chemical composition of the
rimitive Solar Nebula at the place where they formed, 4.6 Gyr
go (Altwegg, Balsiger & Fuselier 2019 ). The same applies to a
articular type of meteorites, in which sulphur is found in the form of
inerals containing iron and nickel (Trigo-Rodr ́ıguez 2012 ). Among

he variety of existing meteorites, chondrites represent fairly well the
aterial that surrounded the young Sun and from which the planets

ormed. Ordinary chondrites contain S mostly in the form of troilite
eS (a variety of pyrrhotite, Fe (1 −x) S; Kallemeyn et al. 1989 ), while
arbonaceous chondrites contain also pentlandite (Fe,Ni) 9 S 8 , and
ome inorganic sulphates and aromatic organic compounds (Gao &
hiemens 1993 ; Yabuta et al. 2007 ; Trigo-Rodr ́ıguez 2012 ). On the
ther hand, enstatite chondrites are rich in sulphides like niningerite,
labandite, and other alkaline sulphides (Sears, Kallemeyn & Wasson
982 ). 
Thus, there seems to be a missing piece of the puzzle between

he gas-phase S-bearing species present in diffuse clouds and the
olid sulphides found in the remnants of the protoplanetary discs.
o understand the fate of sulphur, we aim to investigate what can
appen in diffuse clouds, when some simple sulphur species interact
ith bare dust grains, a system that already contains the atomic

ngredients necessary to form the sulphides observed in more evolved
nvironments. Depending on the C/O ratio of the asymptotic giant
ranch (AGB) stars where they are formed, dust grains are formed
y carbonaceous materials or silicates and represent 1 per cent of
he ISM mass (Potapov & McCoustra 2021 ). The main families
f interstellar silicates are pyroxenes and olivines with chemical
omposition Mg x Fe (1 −x) SiO 3 and Mg 2x Fe (2 − 2x) SiO 4 (with x = 0–1;
enning 2010 ). These nanometre to micrometre-sized non-spherical,
orous dust particles lock up nearly 30 per cent of oxygen and 100
er cent of silicon, magnesium, and iron available in the ISM (Van
ishoeck, Herbst & Neufeld 2013 ). Commonly, interstellar grain

ilicates are structurally amorphous, although Mg-rich crystalline
ilicates have also been observed around young stars (Molster &
emper 2005 ; Spoon et al. 2022 ). 
In this work, we modelled dust grains as olivine nanoclusters, as in

 recent work (Serra-Peralta, Dom ́ınguez-Dalmases & Rimola 2022 ).
n the latter, both cluster and periodic approaches were considered
o study the formation of water, and were previously adopted by
avarro-Ruiz et al. ( 2014 , 2016 ) to study the formation of H 2 . To
ur knowledge, the only study of S-bearing species interacting with
n olivine surface is a paper by some of us (Rimola, Trigo-Rodr ́ıguez
 Martins 2017 ) in which butan-1-sulphonic acid was adsorbed on

he (010) surface of forsterite (Fo; Mg 2 SiO 4 ) to seek the correlation
etween binding energies and measured abundances of a class of
oluble organic compounds found in carbonaceous meteorites. Here,
e decided to focus on the cluster approach, firstly developing a

eliable computational methodology to simulate olivine clusters,
sing here the adsorption of H 2 S as a test case. We then characterized
he adsorption on the Mg and Fe sites of olivine clusters of other
ulphur bearing species, both neutral and charged: S, S 

+ , CS, SH,
H 

+ , SO, SO 

+ , H 2 S, and H 2 S 

+ . For each species, we computed
he reaction energy, which can be recast as interaction energy, � E,
hich is a ne gativ e quantity for an exothermic reaction. Usually,

n the context of astrochemical numerical models, it is the binding
nergy BE (BE = −� E) the quantity that defines the strength of the
nteraction between the species and the surface. The BE, as defined
bo v e, is computed by using the electronic energies of the involved
pecies, assuming that the nuclei are immobile. Quantum mechanics
mposes that even at 0 K the nuclei undergo a vibrational motion,
NRAS 527, 10697–10704 (2024) 
hich contributes to the electronic energy through the zero point
nergy (ZPE). It is, therefore the BE(0) = BE − � ZPE, the key
arameter to be used in astrochemical models, determining whether
esorption phenomena can take place (Penteado, Walsh & Cuppen
017 ), and also go v erning the diffusion process, as diffusion barriers
re usually assumed to be a fraction of the BE(0) (e.g. Karssemeijer
 Cuppen 2014 ; Cuppen et al. 2017 ; Kouchi et al. 2020 ; Mat ́e, Bel ́en

t al. 2020 ). 
The work is organized as follows: in Section 2 , we describe the
ethodology used in the study, Section 3 contains the results, and in
ection 4 , we discuss our finding and their implications in the sulphur
epletion problem. Finally, Section 5 summarizes the conclusions. 

 M E T H O D S  

he olivine clusters presented in Serra-Peralta, Dom ́ınguez-
almases & Rimola ( 2022 ) and their Fo parent cluster developed
y Escatllar et al. ( 2019 ) were adopted to model the core of a dust
rain. Each model consists of a cluster of two silicate units with
omposition Mg (4 −x) Fe x Si 2 O 8 (with x = 0–1). Clusters A, B, and C
re characterized by the presence of a Fe atom at positions X, Y, and
, respectively (see Fig. 1 ). Please, note that W and Z positions
re equi v alent by symmetry. The free Fe 2 + electronic v alence
onfiguration is 4s 0 3d 6 , allowing the system to exist in three different
pin states: singlet, triplet, and quintet. As reported in the literature
Navarro-Ruiz et al. 2014 , 2016 ), the most stable configuration is
hat showing the maximum spin multiplicity, therefore the quintet,
ollowed by the triplet and the singlet states at higher energies. 

We first performed a benchmark study with the aim of finding
 suitable methodology to describe the adsorption of S-bearing
pecies on to olivine clusters. All the calculations were run with
he ORCA programme v.5.0.3 (Neese 2022 ). We optimized (using
efault settings) clusters A, B, and C in the quintet, triplet, and singlet
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Table 1. Relative energies ( � E in the text) of olivine clusters optimized with different DFT functionals and their DLPNO-CCSD(T) single energy point 
calculations. Cluster C is the most stable one and is taken as a reference to compute the � E of clusters A and B. 

Quintet r 2 SCAN-3c 
DLPNO// 

r 2 SCAN-3c ωB97M-V 

DLPNO// 
ωB97M-V BHLYP-D3(BJ) 

DLPNO// 
BHLYP-D3(BJ) B3LYP-D3(BJ) 

DLPNO// 
B3LYP-D3(BJ) 

Cluster A 31.5 28.3 32.6 29.1 34.4 27.1 34.0 32.6 
Cluster B 10.0 10.8 12.9 11.7 9.6 9.4 14.0 11.9 
Error (per cent) 9.3 – 11.1 – 14.1 – 17.5 –

Singlet r 2 SCAN-3c DLPNO// 
r 2 SCAN-3c 

ωB97M-V DLPNO// 
ωB97M-V 

BHLYP-D3(BJ) DLPNO// 
BHLYP-D3(BJ) 

B3LYP-D3(BJ) DLPNO// 
B3LYP-D3(BJ) 

Cluster A 18.1 10.5 13.3 11.5 7.1 10.8 14.2 12.1 
Cluster B 22.9 13.2 17.5 13.6 18.3 13.5 19.8 13.6 
Error (per cent) 72.9 – 21.9 – 35.2 – 31.5 –
Average error 
(per cent) 

41.1 – 16.5 – 24.7 – 24.5 –
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pin states with different density functional theory (DFT) methods, 
hat is: (i) the methodology adopted in Serra-Peralta, Dom ́ınguez- 
almases & Rimola ( 2022 ), namely the B3LYP-D3(BJ) method 

Becke 1988 , 1993b ; Lee, Yang & Parr 1988 ) combined with the 6–
11 ++ G(d,p) basis set (Hehre, Ditchfield & Pople 1972 ; Hariharan
 Pople 1973 ); (ii) the meta-generalized-gradient approximation 

meta-GGA) r 2 SCAN-3c method, which goes with its own tailored 
riple zeta quality basis set (Grimme et al. 2021 ), (iii) the range-
eparated hybrid meta-GGA ωB97M-V method (Mardirossian & 

ead-Gordon 2017 ), and (iv) the hybrid BHLYP-D3(BJ) method, 
hich features 50 per cent of exact exchange (Lee, Yang & Parr
988 ; Becke 1993a ). The last two methods were combined with the
ef2-TZVP basis set (Weigend & Ahlrichs 2005 ). The calculations 
ere performed with the spin-unrestricted formalism in case of open- 

hell systems (Pople, Gill & Handy 1995 ). The accuracy of these
FT methods was tested against the domain-based local pair natural 
rbital the coupled cluster theory with single-, double-, and per- 
urbativ e triple-e xcitations (DLPNO-CCSD(T)). We compared the 
nergy values obtained at DFT level against DLPNO-CCSD(T)/aug- 
c-pVTZ (Guo et al. 2018 ) single energy calculations on each DFT
ptimized geometry. The calculations were carried out with a tight- 
NO set-up and the default settings for the self consistent field (SCF).
The second part of the benchmark involved the characterization of 

he adsorption of H 2 S and H 2 O on the Fo grain nanoclusters, starting
rom four comple x es manually built to allow the two species to
nteract with sites X, W, Y, and with neighbouring oxygen atoms of
ite W (which as mentioned abo v e is equal to site Z). Adsorbing
 2 S with r 2 SCAN-3c and B3LYP-D3(BJ) results in some cases 

n its spontaneous dissociation. Thus, we used the nudged elastic 
and (NEB) algorithm to find the minimum energy path connecting 
he reactant (physisorbed complex) and the product (chemisorbed 
omplex). The algorithm generates a number of configurations of 
he atoms, referred to as images of the system (in our case we chose
ight images) that link the two minima with the aim of finding the
mage with the highest energy . Subsequently , the latter structure is
ptimized as a transition state following the eigenvector associated 
ith the eigenvalue of the Hessian matrix. 
Once we selected an appropriate level of theory, we initially char- 

cterized the binding sites of the four olivine clusters by adsorbing 
 2 S, H 2 O, CS, and CO. Because of symmetry, we identified three

dsorption sites (X, W, Y) for Fo cluster, cluster A and cluster B,
hile in cluster C the Fe substitution at position Z causes a loss of

ymmetry and the emergence of an additional binding site. We then 
haracterized the adsorption of the nine S-bearing species on cluster 
, which is the most stable structure and presents the largest number
f binding sites. Each species was described in its ground state: CS,
 2 S, and SH 

+ as singlets, S 

+ , SH, SO 

+ , and H 2 S 

+ as doublets, and
nally S and SO as triplets. Combining the spin states of the S-
earing species with the ground state of cluster C, i.e. the quintet, we
btained adsorption comple x es of CS, H 2 S, and SH 

+ in the quintet
tate, S 

+ , SH, SO 

+ , and H 2 S 

+ in the sextet state and S and SO in the
eptet state. For each complex, the full set of harmonic frequencies
as computed to establish each structure to be a true minimum on the
otential energy surface (PES). From them, the zero point vibrational 
nergy, ZPE, correction was computed to correct the binding energy, 
E, a quantity defined as the opposite of the interaction energy,
btained with the equation: 

E = −�E int = −E complex + E cluster + E adsorbate , (1) 

o be corrected for the ZPE as: 

E(0) = BE − �ZP E, (2) 

here � ZPE = ZPE complex – ZPE cluster – ZPE adsorbate . 

 RESULTS  

.1 Benchmark 

lusters A, B, and C were optimized to characterize their stability
rom both a structural and an electronic point of view. Data on the
uintet and the singlet states are reported in Table 1 , while those
oncerning the triplet state were excluded due to some convergence 
roblems that arose during the optimization of the structures. We 
id not aim to compare the energy difference between clusters 
f different spin states, as we know that DFT is not reliable for
reating systems in their excited states, but we compared the relative
nergies between different clusters with the same spin multiplicity 
 � E). Cluster C was the most stable of the group and it was taken
s a reference to calculate the � E of cluster A and B. Among
he four functionals tested in the benchmark, ωB97M-V showed 
he smallest error when compared to DLPNO-CCSD(T), with an 
verage error of 11.1 per cent for the quintet and of 21.9 per cent
or the singlet spin states. Although the percentage error appeared 
o be large, the absolute errors corresponded to a few kJ mol −1 ,
hich are al w ays < 4 kJ mol −1 for ωB97M-V, therefore, in the

imit of chemical accuracy. BHLYP-D3(BJ) performed similarly to 
B97M-V, followed by B3LYP-D3(BJ), while r 2 SCAN-3c, lacking 
f e xact e xchange, was the less suitable functional. Ho we ver, it is
orth pointing out the surprising performance of r 2 SCAN-3c in 
MNRAS 527, 10697–10704 (2024) 
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M

Table 2. Adsorption energies ( � E int in the text) of H 2 S and H 2 O on the Fo cluster optimized with different DFT functionals and their DLPNO-CCSD(T) 
single energy point calculations. Complex I and II differ for the orientation of the adsorbate with respect to the binding site (#). The asterisk ( ∗) indicates the 
cases in which spontaneous dissociation takes place. The percentage error is obtained as the average over those computed for each DFT method against the 
DLPNO//DFT energy value. The average error (in %) is done over the four complexes of both H 2 O and H 2 S together. 

Adsorption of H 2 S Metal centre r 2 SCAN-3c 
DLPNO// 

r 2 SCAN-3c ωB97M-V 

DLPNO// 
ωB97M-V B3LYP-D3(BJ) 

DLPNO// 
B3LYP-D3(BJ) 

Complex I 13 −79.5 −74.5 −74.1 −76.2 −84.4 −84.5 
Complex II 13 # −90.9 −92.1 −86.6 −92.3 −101.5 −101.2 
Complex III 10 −185.8 ∗ −176.0 ∗ −77.0 −80.0 −88.2 −89.3 
Complex IV 6 −183.0 ∗ −174.5 ∗ −70.3 −72.8 −194.7 ∗ −186.1 ∗
Adsorption of H 2 O Metal centre r 2 SCAN-3c DLPNO// 

r 2 SCAN-3c 
ωB97M-V DLPNO// 

ωB97M-V 

B3LYP-D3(BJ) DLPNO// 
B3LYP-D3(BJ) 

Complex I 13 −119.5 −124.5 −122.9 −125.4 −127.7 −135.4 
Complex II 13 # −119.4 −124.6 −124.3 −126.5 −126.5 −139.0 
Complex III 10 −168.1 −157.1 −167.0 −167.8 −178.1 −177.5 
Complex IV 6 −153.5 ∗ −161.3 ∗ −114.5 −115.3 −174.5 ∗ −172.4 ∗
Average error – 4.8 – 2.6 – 3.4 –
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he description of the quintet spin state, despite the presence of
npaired electrons, with an error of only 9.3 per cent. Nevertheless,
he representation of the singlet spin state was not satisfying, showing
n error of 72.9 per cent. In general, the energies of the clusters
n the singlet spin state were affected by larger errors than those
f the structures in the quintet ground state, confirming that DFT
oes not represent a suitable choice when describing excited states.
evertheless, the stability order documented in the literature was
ell-reproduced with every functional adopted in the benchmark. In

erms of the description of the band gap of the system, the outcome
argely depends on the percentage of exacts exchange included in
he definition of the functional. Indeed, for r 2 SCAN-3c, in which
 xact e xchange is not accounted for, the band gap was almost zero,
ometimes responsible for convergence problems, as in the case of
he triplet spin state. 

To expand our benchmark, we considered the adsorption of H 2 S
nd H 2 O on the Fo cluster. The two species were manually placed
n the Fo and the obtained complexes were optimized with ωB97M-
, B3LYP-D3, and r 2 SCAN-3c functionals. When comparing the

nteraction energies computed with the three different functionals
gainst their respective DLPNO-CCSD(T) single energy points,
B97M-V/def2-TZVP resulted again in the best-performing level
f theory (see Table 2 ). In this case, the percentage errors were much
ower than in the previous benchmark due to the larger adsorption
nergies involved compared to � E. Ho we ver, at least for ωB97M-V,
he absolute error remained below 4 kJ mol −1 . We also point out the
reat impro v ement in the performance of r 2 SCAN-3c, justified by
he absence of unpaired electrons in the system. 

When modelling the adsorption of H 2 S on Fo, we noticed an
nteresting phenomenon. A spontaneous dissociation of H 2 S was
bserved in complexes III and IV at r 2 SCAN-3c level of theory,
hile only complex IV caused the dissociation of the adsorbate at
3LYP-D3(BJ) level of theory, and no dissociation occurred with

he ωB97M-V functional. In these two comple x es (III and IV), H 2 S
nteracts with the Mg cation located in sites W and X, respectively.
he dissociated comple x es obtained with r 2 SCAN-3c are stable
nough, so that a subsequent optimization with ωB97M-V did not
hange their structure. The chemisorbed structures were more stable
han the physisorbed ones by about 100 kJ mol −1 . Thus, we computed
he energy barrier for the dissociation process at ωB97M-V (that in
hich spontaneous dissociation is not observed), obtaining a value
f 0.2 kJ mol −1 for complex III and 7.2 kJ mol −1 for complex
NRAS 527, 10697–10704 (2024) 
V. When considering the ZPE correction, the dissociation barriers
t 0 K became −3.4 and 3.9 kJ mol −1 for comple x es III and IV,
espectiv ely. The frequenc y associated with the imaginary mode of
he transition state is 231 i cm 

−1 for complex III and 192 i cm 

−1 for
omplex IV. In Fig. 2 , the reactant, the transition state structure,
nd the product are shown in the case of complex III, together with
 plot of the PES along the reaction coordinate. The dissociation
arriers are indeed very small, in one case even submerged below
ero, indicating that the cleavage of H 2 S into HS 

− and H 

+ is likely
o occur on to Fo cluster, once the molecule is adsorbed on the Mg
ites. When adsorbing H 2 O on Mg, we observed the spontaneous
issociation of the O–H bond in complex IV, in which the oxygen
tom interacts with the Mg cation of site X at both r 2 SCAN-3c and
3LYP-D3(BJ) levels of theory. We did not computed the PES of the
issociation at ωB97M-V level of theory, ho we ver, we assume that
 small barrier for the process is present, as for H 2 S. Thus, we can
onclude that the dissociation barrier depends on the methodology
nd that can either be submerged below zero or be a few kJ mol −1 .
he two benchmark studies indicate ωB97M-V/def2-TZVP to be the
est-performing methodology with an average error of 16.5 per cent
n the relative stability of olivine clusters and of 2.6 per cent on H 2 S
nd H 2 O adsorption energies, becoming this functional our choice
or the following calculations. 

.2 Cluster versus periodic approach 

he computational approach adopted in this work to study the
nteraction of S-bearing species with the silicate core of the grains
ay appear too simplistic due to the limited size of the cluster
odels. The exposure of the metal centres could be responsible

or their higher reactivity, which could influence the outcomes of the
alculations. Enlarging the cluster model to increase the coordination
f the metal centres is not practical due to the steep increase of
he computational cost of the calculations. Therefore, we adopted a
eriodic approach to model different extended Fo slab surfaces, with
he closest level of theory to that of the cluster. The periodic approach
epresents the opposite situation compared to the cluster, as the
etal center binding sites (albeit at the surfaces) possess the highest

oordination due to the extended nature of the slabs. The cluster-
ased adsorption comple x es described in Table 2 were optimized at
he DFT PBE method, combined with the def2-TZVP basis set. For
he periodic calculations, H 2 S was adsorbed on to the (001), (021),
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Figure 2. The dissociation of H 2 S on the Fo cluster (complex III) characterized at the ωB97M-V/def2-TZVP level of theory. It exhibits a small potential energy 
barrier and becomes barrierless when taking into account the ZPE corrections. 
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Table 3. BEs (in kJ mol −1 ) of H 2 S, H 2 O, CS, and CO adsorbed on Fo and 
olivine clusters. BE ranges result from the presence of different adsorption 
sites on the same cluster. 

Cluster Site H 2 S H 2 O CS CO 

Fo Mg 70–77 115–167 89–91 48–50 
A Fe 68 94 121 66 
A Mg 76–78 121–125 92–93 50–52 
B Fe 73 98 109 62 
B Mg 72–74 119–122 91–93 49–51 
C Fe 97 127 120 70 
C Mg 74–85 118–131 90–91 46–54 
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101), (110), (111), and (120) Fo surfaces, which were previously 
haracterized in Zamirri et al. ( 2017 ) and Bancone et al. ( 2023 ). The
eriodic adsorption comple x es were also optimized at PBE, and the
o atoms were described with the basis set proposed by Bruno et al.
 2014 ), while H 2 S with the same def2-TZVP basis set adopted for
he cluster calculations. We did not include dispersion interactions in 
he description of the system, as it was not possible to reproduce the
esired level of theory (D2 with customized dispersion coefficient for 
he Mg atom) in both the cluster and the periodic calculations due to
pecific implementation of the D2 coding in the ORCA programme. 
espite the missing dispersion term, the calculations show that H 2 S

till spontaneously dissociates on the Fo cluster, in complexes I, 
I, III, and IV. On the periodic systems, molecular physisorption 
s found on the most stable Fo surfaces, (120) and (001), while
n the less stable (101), (111), (021), and (110), H 2 S dissociative
hemisorption takes place. Therefore, we can thus conclude that H 2 S
hemisorption is not simply an artefact of the size of the cluster that
xposes low-coordinated metal centres. Depending on the surface 
nd on the specific adsorption site, it is possible to have spontaneous
issociation of H 2 S also on large and extended surfaces in which the
on coordination is more complete than in the cluster. We remark 
hat the level of theory chosen to characterize the system may be
esponsible for the presence or absence of a small barrier for the
issociation process. 

.3 Characterization of the nanocluster binding sites 

e characterized the binding sites of each nanocluster (Fo and the 
livines) by adsorbing H 2 S, CS, and their oxygen analogues. H 2 S
nd H 2 O are species with an electrone gativ e atom (S and O) that
referentially interacts with the positively charged metal center, and 
wo hydrogen atoms that can interact via H-bond with the oxygen 
toms of the silicate unit, when geometrically feasible. On the other 
and, CS and CO are species whose dipole shows a concentration of
lectronic charge on the carbon atom, and accordingly this atom is
he one interacting with the metal center. The bond length of CS in
he gas-phase is 1.523 Å, and when it is adsorbed on Mg it shortens
o 1.500 Å, due to the electron donation coming from the CS σ

rbitals with moderate antibonding character to Mg. When CS is 
dsorbed on Fe, the bond length becomes 1.509 Å, due to the π -
lectron back donation effect of Fe on the antibonding orbitals of
S. The same occurs with CO, in which the CO bond lengths in the
g- and Fe-adsorbed comple x es are 1.117 and 1.120 Å, respectively,

horter than that in the gas-phase molecule (1.123 Å). Remarkably, 
he largest CS bond shortening compared to CO, together with the 
ifferences in their dipole moments (0.1 and 1.9 Debye for CO and
S, respectively), causes the BE of CS to be almost doubled with
espect to CO. We previously observed the same phenomenon when 
haracterizing the interaction of CO and CS on water ice (Perrero
t al. 2022 ), where the larger dipole of CS caused an increase in BE
f 50 per cent with respect to the CO BE value. This further strikes
he difference in the chemical behaviour of CO and CS. 

Table 3 shows a summary of the results. We obtained a range of
alues for the adsorption on to Mg centres and one value for each
e. It appears that CS and CO prefer to interact with Fe rather than
g, while H 2 O clearly shows a larger affinity with Mg rather than
ith Fe. Ho we ver, the behaviour of H 2 S is not straightforward. The

nteraction with both metals seems to be comparable in clusters A
nd B, but cluster C represents an exception. In fact, there is a notable
ifference between the 74–85 kJ mol −1 BE values computed when 
 2 S interacts with Mg and the BE value of 97 kJ mol −1 computed

or the adsorption on to Fe. An o v erall look at the values, particularly
he BEs obtained for the Fe site at different positions (X, W, Y, and
) hints at a possible role of the coordination of the metal centre

n determining the binding strength. Indeed, sites W and Z (cluster
) are the most exposed and less coordinated, and they tend to give

he highest BE, while site X (cluster A) is the most coordinated
nd is usually the weakest one. In general, cluster C, in addition
o being the most stable structure and offering the largest number
f binding sites, is also co v ering the entire set of binding energies
btained with the entire set of nanoclusters. All of these reasons are
n fa v our of choosing this structure (cluster C) for the investigation
f the adsorption of the whole set of S-bearing species. 

.4 Adsorption of S-bearing species 

he set of the adsorbed species includes CS, H 2 S, H 2 S 

+ , HS, HS 

+ ,
, S 

+ , SO, and SO 

+ . These species have been selected for being
he most abundant sulphur carriers in diffuse clouds and the external
MNRAS 527, 10697–10704 (2024) 
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M

Figure 3. Intensity map showing the strength of each binding site from 

weaker (–) to stronger ( ++ ), depending on which species has been adsorbed. 
It is valid for all the species characterized in this work, with the exception 
of SO and SO 

+ , for which the Fe is the weakest binding site. In the case of 
H 2 S + and HS + , the cation dissociate when adsorbed onto Fe. 

Table 4. Calculated binding energies [BE and BE(0), in kJ mol −1 ] for all 
the considered S-bearing species on the cluster C. 

BE BE(0) 
Mg Fe Mg Fe 

CS 90–100 120 85–96 115 
H 2 S 74–85 97 67–78 89 
H 2 S + 354–364 538 345–355 520 
HS 70–80 203 65–76 194 
HS + 498–508 698 491–503 680 
S 64–87 175 63–85 171 
S + 470–481 534 471–483 534 
SO 80–96 69 77–92 66 
SO 

+ 586–616 499 579–607 491 
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Table 5. Binding energies [BE(0), in kJ mol −1 ] of five S-bearing species 
and water on amorphous ice (Ferrero et al. 2020 ; Perrero et al. 2022 ) and on 
olivine. 

Species BE(0) on amorphous ice BE(0) on olivine 

CS 8.3–30.6 84.4–114.6 
H 2 S 16.4–37.3 67.1–89.0 
HS 9.0–35.9 65.4–194.4 
S 13.1–23.3 63.0–171.2 
SO 7.8–32.0 66.3–91.8 
H 2 O 30.0–50.8 118.2–131.0 

Figure 4. Binding energies [BE(0), in kJ mol −1 ] ranges co v ered by CS,H 2 S, 
HS, S, SO, and H 2 O adsorbed on amorphous ice (Ferrero et al. 2020 ; Perrero 
et al. 2022 ) and on olivine. 
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ayers of photon-dominated regions (PDR) where the water ice has
ot been formed yet, either in the cloud envelopes or the dense PDRs
ormed in the vicinity of recently formed young massive stars (Fuente
t al. 2003 , 2023 ; Neufeld et al. 2015 ; Goicoechea et al. 2021 ). We
odelled four adsorption comple x es for each species, from which

ome common characteristics emerged: (i) we can draw a colour map
see Fig. 3 ) to highlight the strength of the adsorption sites which is
alid for all the species; (ii) the Fe–S interaction is stronger than the
g–S one (see Table 4 ). Although we may attribute part of the reason

o the coordination of the metal centre, it is not the only explanation
o such differences; (iii) SO and SO 

+ interact with the metal centre
hrough oxygen, which in this case is the most electrone gativ e atom.
his is responsible for the differences in the adsorption energies listed

n Table 4 ; (iv) the presence of a charge dramatically increases the
E, as we observed for the four ions included in this study, (H 2 S 

+ ,
S 

+ , S 

+ , and SO 

+ ). 
From the calculations, we found that H 2 S 

+ and HS 

+ are ph-
sisorbed on Mg, but chemisorbed on Fe, in which the proton
ransfers to one of the oxygen atoms belonging to the closest silicate
nit (similarly to what we observed for H 2 S on Fo), and the charge
s distributed on to the entire system. Moreo v er, when an open-shell
pecies adsorbs on Fe, part of its spin density transfers from the
ulphur atom to the metal, increasing the binding energy as in the
ase of S and HS. On the other hand, this effect is prevented for
NRAS 527, 10697–10704 (2024) 
O, whose two unpaired electrons remain localized on to the radical
pecies, due to the adsorption through the oxygen atom. The BEs
f both SO and SO 

+ can be explained by looking at the behaviour
f H 2 O, in which the interaction with the metal center takes place
hrough oxygen and for which the interaction Mg–O is fa v oured
 v er the Fe–O one. Finally, the inclusion of the � ZPE correction
n computing the BE(0) does not alter the trend derived from the
nalysis of the BEs. 

 DI SCUSSI ON  A N D  ASTROPHYSI CAL  

MPLI CATI ONS  

n a previous work by some of us (Perrero et al. 2022 ), the BEs of 17
-bearing species adsorbed on to crystalline and amorphous water

ce were computationally studied adopting a periodic approach and
FT//HF-3c levels of theory. The B3LYP-D3 functional was used to

ompute the energy of closed-shell systems (such as CS and H 2 S),
hile for open-shell species (such as HS, S, and SO) M06-2X was

dopted. These functionals were combined with an Ahlrichs triple
eta valence quality basis set, supplemented with a double set of
olarization functions (Sch ̈afer, Horn & Ahlrichs 1992 ). Although
he computational approach adopted in Perrero et al. ( 2022 ) differs
rom this work, it does not justify the large differences between the
E(0) values of the same set of species on the amorphous ice surface
nd the olivine nanoclusters (see Table 5 and Fig. 4 ). While in the first
ase the interactions are weak and controlled mainly by the dispersion
orces, BE(0)s computed in this work are large and determined mostly
y electrostatic interactions, to which occasionally electron transfer
henomena add up. 
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The consequences of such a strong interaction between sulphur and 
he mineral surface is that S-containing species have a high chance 
o freeze out on to the core of dust grains and not be able to desorb
nto the gas-phase even at the temperatures found in a diffuse cloud
around 100 K). In those environments, the presence of charged gas-
hase species should also fa v our the adsorption process as long as the
rains are ne gativ ely charged (Cazaux et al. 2022 ; Fuente et al. 2023 ).
ven if the grain particles are mostly neutrals or positively charged, 

he accretion of neutral sulphur species on the grain surfaces could 
nhance the number of sulphur atoms in refractories. On the other 
and, it should be considered that dust grains in dense clouds are not
ompletely co v ered by the ice mantle, therefore still exposing part
f their mineral surface into the gas (Potapov & McCoustra 2021 ).
s it clearly appears in Fig. 4 , H 2 O adsorption on olivine is more

nergetic than H 2 S, meaning that water is more likely (and probable)
han hydrogen sulphide to form a stable interaction with the mineral. 
o we ver, the modest interaction between sulphur-containing species 

nd water ice allows these molecules to diffuse on its surface and
ikely mo v e towards the portion of e xposed core of the grains.
herefore, whether considering the physical conditions of a diffuse 
r those of a dense cloud, S-bearing species would have a certain
hance either to directly stick on to the grain core or diffuse from
he mantle towards the exposed fraction of the core grain where they
ecome strongly chemisorbed. 
Another interesting issue is the tendency of certain species, namely 
 2 S, HS 

+ , and H 2 S 

+ , to chemisorb on to olivine nanoclusters,
lanting the seed for the formation of the Fe–S bond present in sul-
hide minerals such as troilite and pentlandite. In the work of Kama
t al. ( 2019 ), approximately 90 per cent of the sulphur is predicted
o be locked in the refractory residue of protoplanetary discs, the 
ain carriers being precisely sulphide minerals, followed by sulphur 

hains S n , through to the study of the photospheres of a sample of
oung stars. Ho we ver, chemical models (Druard & Wakelam 2012 )
nd laboratory experiments (Woods et al. 2015 ) predict a scarce 
bundance of sulphur chains in these environments, reason why 
ulphide minerals are considered the major reservoir of refractory 
ulphur in the protoplanetary disc. These two minerals are also found 
n cometary dust and meteoritic rocks (Kallemeyn et al. 1989 ; Trigo-
odr ́ıguez 2012 ). From a thermodynamic point of view, Fe–S is also
ore fa v oured than Mg–S, as the latter is only found in the less

ommon enstatite chondrites, that due to their formation in reducing 
onditions, are rich in alkaline sulphides like the Mg-containing 
iningerite and alabandite (Sears, Kallemeyn & Wasson 1982 ). 
In this work, we did not consider charged dust grains, even 

hough the model of Ib ́a ̃ nez-Mej ́ıa et al. ( 2019 ) predicted them to
e positively charged in a diffuse medium and ne gativ ely charged
n denser environments. If this was the case, the interaction between 
as-phase cations and positively charged grains in diffuse clouds 
ould clearly be hampered by electrostatic repulsion. Ho we ver, 
ur results concerning positively charged sulphur-bearing species 
dsorbed on neutral dust grain cores hold true for the case in which
eutral gas-phase species interact with charged dust grains. Although 
he atomistic details of the system should vary due to the presence of
 charge on the olivine nanocluster, the interaction energies should 
e of the same order of magnitude, since the presence of a charge in
he system would still be the main driving force of the interaction.
n the other hand, Fuente et al. ( 2023 ) argue that sulphur would

emain ionized in the gaseous medium until grains are expected to be
e gativ ely charged. If this was the case, the electrostatic interactions
ould be responsible for an increased sulphur depletion effect. 
According to what Hily-Blant et al. ( 2022 ) suggested, the fact that

ulphur depletion increases progressively as the core evolves could 
e in agreement with the fact that during the evolution, atomic S
reezes out on the surface of grains and, depending on which surface
t reaches, it can either become part of the mineral core or as Cazaux
t al. ( 2022 ) propose, it can fall on the ice mantle and be subjected
o photoprocessing, thus reacting and forming a refractory residue. 

Our calculations are also rele v ant to understand the sulphur chem-
stry in the dense PDRs formed on the molecular cloud/H II regions
nterfaces. It has been considered that in these dense warm regions
dust temperature ∼100 K), the chemistry is well explained with 
as-phase networks since freeze-out on grain surfaces is negligible. 
ur new calculations suggest that this may not be the case since the
inding energies of sulphur species is up to a factor of ∼10 in bare
rains. This means that gas–grain interactions need to be considered 
n these warm environments. 

Finally, the assumption that S-bearing species become part of 
he grain core, rather than interacting with the icy mantles, would
e in agreement with the fact that they are usually used as shock
racers (e.g. Sato, M. T. et al. 2022 ; Zhang et al. 2023 ). In shock
egions, which are caused by the impact of stellar outflows with
he quiescent surrounding gas, H 2 S can be sputtered off the grains
nd enter in the gas-phase, where it marks the zone that has been
ffected by such an impact (Woods et al. 2015 ). The harsh conditions
f the shock would therefore provide enough energy to break the
trong interaction between sulphur and the mineral surface, allowing 
ts transformation in H 2 S and successive ejection in the gas-phase
Holdship et al. 2017 ). 

 C O N C L U S I O N S  

n this work, we studied the interaction of nine S-bearing species,
S, H 2 S, H 2 S 

+ , HS, HS 

+ , S, S 

+ , SO, and SO 

+ , which include
oth neutral and charged, as well as closed-shell and open-shell 
ystems. We characterized their adsorption comple x es and computed 
he corresponding binding energies on olivine nanoclusters (Fo and 
he Fe-containing analogues) by means of quantum mechanical 
alculations, to simulate the interaction of a gas-phase species with 
he surface of a silicate bare dust grain in the diffuse interstellar

edium. Our main findings are that: (i) from a thermodynamic 
oint of view, the Fe–S interaction is more stable than Mg–S,
hile when the oxygen end is interacting with the metal centre
e notice the opposite trend; (ii) S-bearing species are adsorbed 
uch more strongly on the core of bare dust grains than on their

cy mantles (represented by pure amorphous water ice surfaces); 
iii) the metal centres of the olivine clusters can be responsible for
he dissociation of hydrogenated S-bearing species, especially if the 
atter are positively charged; and (iv) the dissociation of H 2 S on
o cluster presents a small barrier, that is likely to be o v ercome
hen considering the energy liberated by the adsorption process. 
he implications of such findings are that sulphur species have a
igh probability of sticking on to the surfaces of bare dust grains and
ecoming part of their core in the form of refractory materials, as
redicted by a number of experimental and observational studies, in 
ddition to chemical models. Indeed, more investigations are needed 
n order to finally unveil sulphur chemistry in the ISM. Ho we ver,
he trapping of sulphur into the grain cores in the early stages of
he evolution of a prestellar core could, in part, account for the S-
epletion in dense cores. 

C K N OW L E D G E M E N T S  

his project has received funding within the European Union’s 
orizon 2020 research and innovation programme from the European 
esearch Council (ERC) for the projects ‘Quantum Chemistry on 

nterstellar Grains’ (QUANTUMGRAIN), grant agreement number 
MNRAS 527, 10697–10704 (2024) 



10704 J. Perrero et al. 

M

8  

(  

M  

(  

f  

t  

p  

fi  

u
2  

a  

(  

(  

a  

(

D

T  

h

R

A
A
B  

B
B
B
B
B
B  

C
C
C  

C  

D  

D
E  

F  

F  

F  

F
G
G
G  

G  

H
H

H
H  

H  

I  

J
J
K  

K  

K
K  

L
L
M
B  

 

M
M
N  

N  

N
N
P
P  

P  

P
R
S
S
S  

S  

S
S
T  

V
V  

W
W  

Y  

Z  

Z  

T

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/4/10697/7480261 by guest on 03 January 2024
65657 and ‘The trail of sulphur: from molecular clouds to life’
SUL4LIFE), grant agreement number 101096293, and from the

arie Sklodowska-Curie for the project ‘Astro-Chemical Origins’
ACO), grant agreement number 811312. The Italian Space Agency
or co-funding the Life in Space Project (ASI N. 2019-3-U.O),
he Italian MUR (PRIN 2020, Astrochemistry beyond the second
eriod elements, Prot. 2020AFB3FX) are also acknowledged for
nancial support. JP acknowledges support from the Project CH4.0
nder the MUR programme ‘Dipartimenti di Eccellenza 2023–
027’ (CUP: D13C22003520001). The Spanish MICINN is also
cknowledged for funding the projects PID2021-126427NB-I00
AR), PID2019-106235GB-I00 (AF), and PID2020-116726RB-I00
LB-A). We also thankfully acknowledge the computer resources
nd assistance provided by the Barcelona Supercomputing Center
BSC) and CSUC. 

ATA  AVAILABILITY  

he data underlying this article are freely available in Zenodo at
ttps://zenodo.org/doi/10.5281/zenodo.8363882 . 

E FERENCES  

ltwegg K. , Balsiger H., Fuselier S. A., 2019, ARA&A , 57, 113 
nders E. , Grevesse N., 1989, Geochim. Cosmochim. Acta , 53, 197 
ancone N. , Pantaleone S., Ugliengo P., Rimola A., Corno M., 2023, Phys.

Chem. Chem. Phys., 25, 26797 
ecke A. D. , 1988, Phys. Rev. A , 38, 3098 
ecke A. D. , 1993a, J. Chem. Phys. , 98, 1372 
ecke A. D. , 1993b, J. Chem. Phys. , 98, 5648 
oogert A. A. , Gerakines P. A., Whittet D. C., 2015, ARA&A , 53, 541 
oogert A. , Brewer K., Brittain A., Emerson K., 2022, ApJ , 941, 32 
runo M. , Massaro F. R., Prencipe M., Demichelis R., De La Pierre M.,

Nestola F., 2014, J. Phys. Chem. C , 118, 2498 
almonte U. et al., 2016, MNRAS , 462, S253 
aselli P. , Hase ga wa T., Herbst E., 1994, ApJ , 421, 206 
azaux S. , Carrascosa H., Caro G. M., Caselli P., Fuente A., Navarro-Almaida

D., Rivi ́ere-Marichalar P., 2022, A&A , 657, A100 
uppen H. M. , Walsh C., Lamberts T., Semenov D., Garrod R. T., Penteado

E. M., Ioppolo S., 2017, Space Sci. Rev. , 212, 1 
rozdovskaya M. N. , van Dishoeck E. F., Rubin M., Jørgensen J. K., Altwegg

K., 2019, MNRAS , 490, 50 
ruard C. , Wakelam V., 2012, MNRAS , 426, 354 
scatllar A. M. , Lazaukas T., Woodley S. M., Bromley S. T., 2019, ACS Earth

Space Chem. , 3, 2390 
errante R. F. , Moore M. H., Spiliotis M. M., Hudson R. L., 2008, ApJ , 684,

1210 
errero S. , Zamirri L., Ceccarelli C., Witzel A., Rimola A., Ugliengo P., 2020,

ApJ , 904, 11 
uente A. , Rodrıguez-Franco A., Garcıa-Burillo S., Martın-Pintado J., Black

J. H., 2003, A&A , 406, 899 
uente A. et al., 2023, A&A , 670, A114 
ao X. , Thiemens M. H., 1993, Geochim. Cosmochim. Acta , 57, 3159 
oicoechea J. R. et al., 2021, A&A , 647, A10 
rimme S. , Hansen A., Ehlert S., Mewes J.-M., 2021, J. Chem. Phys. , 154,

064103 
uo Y. , Riplinger C., Becker U., Liakos D. G., Minenkov Y., Cavallo L.,

Neese F., 2018, J. Chem. Phys. , 148, 011101 
ariharan P. C. , Pople J. A., 1973, Theor. Chim. Acta , 28, 213 
ehre W. J. , Ditchfield R., Pople J. A., 1972, J. Chem. Phys. , 56, 2257 
NRAS 527, 10697–10704 (2024) 

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an 
( https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reus
enning T. , 2010, ARA&A , 48, 21 
ily-Blant P. , Pineau des F or ̂ ets G., F aure A., Lique F., 2022, A&A , 658,

A168 
oldship J. , Viti S., Jim ́enez-Serra I., Makrymallis A., Priestley F., 2017, AJ ,

154, 38 
b ́a ̃ nez-Mej ́ıa J. C. , Walch S., Ivlev A. V., Clarke S., Caselli P ., Joshi P . R.,

2019, MNRAS , 485, 1220 
enkins E. B. , 2009, ApJ , 700, 1299 
im ́enez-Escobar A. , Caro G. M., 2011, A&A , 536, A91 
allemeyn G. W. , Rubin A. E., Wang D., Wasson J. T., 1989, Geochim.

Cosmochim. Acta , 53, 2747 
ama M. , Shorttle O., Jermyn A. S., Folsom C., Furuya K., Bergin E., Walsh

C., Keller L., 2019, ApJ , 885, 114 
arssemeijer L. J. , Cuppen H. M., 2014, Astron. Astrophys. , 569, A107 
ouchi A. , Furuya K., Hama T., Chigai T., Kozasa T., Watanabe N., 2020,

ApJ , 891, L22 
aas J. C. , Caselli P., 2019, A&A , 624, A108 
ee C. , Yang W., Parr R. G., 1988, Phys. Rev. B , 37, 785 
ardirossian N. , Head-Gordon M., 2017, Mol. Phys. , 115, 2315 
el ́en Mat ́e , St ́ephanie Cazaux, Miguel Ángel Satorre, Germ ́an Molpeceres,
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