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“We know accurately only when we know little; with knowledge doubt increases.”
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Abstract
The evolution of an interstellar cloud into a planetary system is inextricably linked

to the growth of chemical complexity. In the interstellar medium (ISM), chemical reac-
tions occur either in the gas phase or on the surface of dust grains, which are refractory
nanoparticles made of siliceous or carbonaceous material. In the coldest regions of space,
these dust grains are coated with water-dominated ice mantles, and they play a crucial
role in the growth of molecular complexity. This thesis aims to advance our comprehen-
sion of the physico-chemical processes that are regulated by dust grains through the use
of computational chemistry techniques.

Particular emphasis is placed on the adsorption processes that influence the chemical
composition of the gas phase, especially with respect to S-bearing species, whose main
reservoirs during the early stages of planetary formation remain unidentified. Further-
more, a combined experimental and theoretical determination of the binding energies,
which govern the adsorption and desorption processes, reveals the significance of em-
ploying both approaches to enhance the interpretation of experimental outcomes and to
overcome their respective limitations.

Furthermore, the thesis investigates the role of chemical reactions on the surface of
dust grains in the growth of chemical complexity in the ISM. The formation mechanisms
of complex organic molecules, defined as species containing six or more atoms, includ-
ing at least one carbon atom, are characterised. In particular, this research investigates
the formation mechanisms of acetaldehyde, ethanol and urea, with a focus on reactions
involving both closed-shell and radical species. The findings reveal that dust grains play
a variety of roles in these processes, including supplying and concentrating reactants on
their surface, acting as catalysts and, eventually, as third bodies that dissipate the energy
released during exothermic reactions. This research provides new insights into the critical
role of dust grains in the chemical evolution that precedes planetary system formation.
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Preface

This thesis collects the results of a Ph.D. in computational chemistry undertaken at the Au-
tonomous University of Barcelona (UAB), under the supervision of Prof. Albert Rimola,
in cotutelle with the University of Turin (UniTo), under the supervision of Prof. Piero
Ugliengo. During these four years I also had the opportunity to visit the LERMA labora-
tory of CY Cergy Paris University for one month, where I performed some experiments
in an interstellar chamber. The subject of this thesis is astrochemistry, an intricate as well
as fascinating topic. In particular, the research has been focused on the processes happen-
ing at the surface of dust grains, refractory nanoparticles found throughout the Universe,
eventually covered in water ice.

This project has received funding from the European Research Council (ERC) under
the European Union’s Horizon 2020 research and innovation programme (grant agree-
ment No. 865657) for the project “Quantum Chemistry on Interstellar Grains” (QUAN-
TUMGRAIN).

Objectives of the thesis

The formation of Solar-type planetary systems from a primordial cloud involves five ba-
sic steps: prestellar, protostellar, protoplanetary disk, planetesimal, and planet formation
phases. Observations show that the physical and chemical complexity grow together dur-
ing the evolution of an interstellar cloud, where molecules react with each other, forming
more complex species. The role of interstellar dust grains in the growth of chemical com-
plexity is highly debated. There is enough consensus that dust grain surfaces provide the
sites for heterogeneous catalysis leading to the formation of pivotal molecules (e.g., H2,
H2O, and CH3OH), but their role in the formation of more complex species, among which
some with a strong prebiotic potential (e.g., CH3CHO and HCONH2), is a disputed argu-
ment in astrochemistry. Astronomical observations, astrochemical modelling and labora-
tory experiments are usually employed to provide physico-chemical data, but each tech-
nique suffers from some technical limitations. This is why theoretical quantum chemistry
simulations can offer its contribution.

Three main fields can be investigated by computational chemistry:

i) development of realistic structural dust grain models;

ii) characterisation of the reaction mechanisms leading to the formation of molecules,
from simple prestellar species to more complex organic protostellar molecules and
biomolecules detected in comets and meteorites; evaluation of the role played by
dust grains in such reactions;

iii) simulation of the adsorption and desorption processes, which determines the com-
position of the solid and the gaseous phase of the interstellar medium.

This thesis aimed at shedding some light onto each of the points listed above, focusing
on the following topics:

i) characterisation of olivine nanoclusters representing the core of dust grains and con-
struction of a periodic dirty ice model containing H2O and CO, mimicking the icy
mantles that are coating dust grains in the cold regions of the Universe;
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ii) characterisation of the grain-surface reaction pathways of complex organic molecules
(acetaldehyde, CH3CHO, urea, NH2CONH2, and ethanol, CH3CH2OH) on the icy
mantle of dust grains, and definition of the role of the surface in each process;

iii) simulation of the adsorption of sulphur bearing species on the mantle (water) and
on the core (olivine) of dust grains, and characterisation of the adsorption and des-
orption processes of ethanol (CH3CH2OH) and ethylamine (CH3CH2NH2) on pure
water ice surfaces.

Structure of the thesis

This work is organized as a compendium of the research articles published during the four
years of predoctoral work. Each article (or couple of articles, when suitable) is preceded
by a short introductory chapter summarising the motivations and the main results of the
research, followed by a perspective of the future investigations. The thesis is organised as
follows.

Part I The first part contains an extended introduction on astrochemistry (Chapter 1) and
a chapter dedicated to the methodologies adopted in this work (Chapter 2).

Part II The second part is dedicated to the investigation of adsorption processes, which
comprise: the study of the interaction between 23 S-bearing species with periodic
models of crystalline and amorphous water ice (Chapter 3), the characterisation of
the adsorption of 9 neutral and charged S-bearing species on olivine nanoparticles,
representing the core of dust grains (Chapter 4), and the combined theoretical and
experimental study of the binding energy of ethanol and ethylamine on water ice
mantles (Chapter 5).

Part III The third part concerns reactivity, with the characterisation of urea and ethanol for-
mation on small water ice clusters (Chapter 6) and of acetaldehyde formation on a
periodic dirty ice surface model (Chapter 7).

Part IV Finally, the last part is dedicated to the main conclusions of this work (Chapter 8).
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Chapter 1

Introduction

Abstract

The chemical processes occurring in the interstellar medium (ISM) present significant
challenges to the astronomical and astrochemical communities. Here, the origin of the
Universe and the fundamental steps in the formation of planetary systems are reviewed,
followed by the characterisation of the ISM. Special attention is given to the chemistry
at work in the coldest regions, the cradles of stellar birth. Dust grains, one of the two
components of interstellar matter, are particularly relevant for the build-up of chemical
complexity, which is closely linked to the evolution of the stellar system. The physical and
chemical processes taking place at the surface of dust grains enrich the chemical network
of the ISM, providing alternative and complementary pathways to gas-phase reactions.
The two main topics of the thesis are then presented: i) the sulphur depletion problem,
and ii) the formation of interstellar complex organic molecules. Finally, it is elucidated
the role of quantum chemistry, on which the QUANTUMGRAIN project is based, in the
interdisciplinary field of astrochemistry, emphasising the tight relationship between ob-
servations, modelling, and experiments, that underpin any progress in the field.

1.1 The Universe and the periodic table

It would be difficult to print a Ph.D. thesis on paper without chemical elements. There
would be no paper, no ink, nor anything worth writing about. The existence of chemical
elements is strictly related to the origin of the Universe, as summarised in the following
paragraph.

1.1.1 The Big Bang and the nucleosynthesis of the elements

The ‘Big Bang’ theory seems to be the most plausible explanation for the origin of the
Universe (Weinberg, 1993). In 1949, F. Hoyle, a supporter of the steady state Universe,
invented this expression to mock the theory proposed by A. Friedmann, G. Lemaitre and
G. Gamow, who at the time lacked experimental evidence to support their argument. The
1948 paper by R.A. Alpher, H. Bethe and G. Gamow, entitled ‘The Origin of Chemical Ele-
ments’ actually provided support for the Big Bang model, in addition to the 1929 discovery
by E. Hubble that distant galaxies are redshifted in proportion to their distance from us.
Further research on the subject led R.A. Alpher and R. Herman to predict the presence of
an isotropic cosmic microwave background radiation (CMBR) as a residue of the initial
Big Bang. However, their prediction was ignored until 1964, when P.J.E. Peebles and R.H.
Dicke predicted the presence of the CMBR, measured by A. Penzias and R.W. Wilson.

The Big Bang theory postulates that the Universe we inhabit can be traced back in time
to a singularity, with the most significant milestones summarised in Table 1.1. The Big
Bang consisted in the expansion of this singularity and marked the beginning of space
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Time Temperature Events
10−43s 1032 K Gravity is now distinct from the three other forces: strong,

weak nuclear and electromagnetic.
10−35s 1027 K Inflation of the Universe. The strong force separates.
10−12s 1015 K Weak and electromagnetic forces separate. Neutrons and pro-

tons are formed by photon-photon collisions.
10−2s 1011 K Electrons and positrons are formed through collisions of pho-

tons.
1 s 1010 K The Universe becomes transparent to neutrinos.

180 s 109 K Nucleosynthesis: hydrogen, deuterium, helium, and some
lithium.

105 s 3000 K Light element atoms form, and the Universe is now transparent
to radiation: CMBR is emitted.

109 yr 20 K Galaxies form.
Present 2.725 K Scientists investigating the origin of the Universe.

Table 1.1: The history of the Universe according to the Big Bang theory. Adapted from Table 1.1 of
Shaw, 2007.

and time. In a brief period of time, the Universe underwent a rapid expansion, during
which its dimensions grew exponentially. This was followed by a rapid decrease in tem-
perature and density, which fundamentally determined the composition and the shape of
the current Universe (Weinberg, 1993).

The first three minutes were pivotal in the differentiation of the four fundamental
forces and in the formation of the elemental reservoir of which all existing objects are
composed. The first particles to be formed were neutrons and protons, following the sep-
aration of weak and electromagnetic forces. Subsequently, when the temperature reduced
by four orders of magnitude, electrons and positrons were also formed. Finally, at a tem-
perature of 109 K, the aforementioned ingredients were able to mix to produce atomic
nuclei, namely hydrogen (H), deuterium (D), helium (He) and a small amount of lithium
(Li). For the further 106 s these light atoms continued to form, marking a period in which
matter was created by Big Bang nucleosynthesis. As the temperature decreased to 3000
K, the Universe became transparent to radiation, allowing the CMBR to be emitted. The
first stars appeared after about 400 Myr, and the first galaxies after 1 Gyr. The Universe is
currently believed to be almost 14 Gyr old, calculated by inverting the Hubble constant.
The age of the Earth is established by radioisotope dating at 4.55 Gyr (Shaw, 2007).

In the present era, the chemical elements that were generated in the Big Bang represent
98% of ordinary matter in mass, with the remaining 2% accounting for heavier elements.
The latter have been synthesised as a result of the nuclear reactions occurring in the cores
of the stars and some additional reactions occurring upon their death. Furthermore, it has
been observed that the chemical composition of distant galaxies tends to be more scarce
in heavy elements. This implies that the percentage of heavy elements increases with time
(Kwok, 2013). Stellar nucleosynthesis is the only source of heavier nuclei and hence the
large majority of the periodic table. The thermonuclear reactions responsible for the vari-
ety of chemical elements were elucidated by F. Hoyle, W. Fowler, and M. and G. Burbidge
(Burbidge et al., 1957). During the same period, also A.G.W. Cameron was investigating
the nucleosynthesis of elements in stars, and in 1957 both groups published their findings
(Cameron, 1957). The star interior acts as a nuclear furnace at tens of millions of degrees.
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As the star ages, its interior temperature increases, allowing heavier elements to be synthe-
sised. Nuclear reactions also provide the star with energy, as the mass defect of the nuclei
formed in its interior is converted into energy through the equation E = mc2. This energy
counterbalances the gravitational force that would otherwise cause the star to collapse.

The first generation of stars was formed from a cloud of hydrogen, helium, and lithium.
The initial stage of nuclear fusion consists of converting hydrogen nuclei into helium nu-
clei, in a process known as the proton-proton cycle. Once all the hydrogen has been con-
verted to helium, the core of the star contracts, causing the internal temperature to rise,
and triggering the triple-alpha process. The conversion of helium nuclei into carbon nuclei
dictates the end of the life of low-mass stars. In these bodies, the core never reignites, and
the outer layers are expelled to such an extent that gravity is insufficient to maintain the in-
tegrity of the star. The remnants of the star consist of a white dwarf, which will eventually
cool down and become a black dwarf, composed of carbon and oxygen, and surrounded
by a ‘planetary’ nebula formed from the expelled material.

In contrast, massive stars are capable of producing heavier elements through the al-
pha capture process. The formation of 16O, 20Ne, 24Mg, 28Si, and 32S occurs in sequence
once 12C is available, concomitantly with the production of less stable nuclei, such as 13C,
13N, 14N, and 15O, resulting from the carbon-nitrogen-oxygen cycle. A stratified structure,
centred at the core of the star, is built up through successive burning layers of lighter ele-
ments. The nuclear fusion process is exothermic up to the production of 56Fe nuclei, after
which thermonuclear reactions become endothermic. The lack of energy produced by nu-
clear reactions causes the core to collapse, and the increase in density results in protons
and electrons reacting, forming neutrons and neutrinos. The neutrons halt the collapse
of the core, however, the collision of the outer layers of material against the neutron core
causes such an energetic rebound that the subsequent shock waves rip apart the star and
spread its mass over large distances, resulting in a supernova event. This violent explosion
propagates through space, perturbing the interstellar clouds and possibly triggering their
collapse and the subsequent birth of new stars.

The death of massive stars is accompanied by the formation of elements heavier than
iron, through two principal processes. The s-process is a slow neutron capture occurring
during the collapse of the core of the star. In contrast, the r-process is a rapid neutron cap-
ture that takes place during the supernova event and is responsible for the formation of
the majority of the heavier nuclei.

The wealth of elements constituting the periodic table in Figure 1.1 is the result of the
processing of the elemental budget made available by the Big Bang. Lighter elements
remain the most abundant fraction and constitute also the pivotal molecules of life, while
heavier nuclei become progressively more rare and, occasionally, unstable. Considering
the elemental composition and the age of planet Earth, it is plausible that the Sun belongs
to a second generation of stars formed subsequent to the Big Bang, from a cloud of material
enriched in heavier elements by previous supernova events.

1.1.2 Planetary systems formation

Once formed and ejected from the stars, the chemical elements proceeded to combine with
one another, thereby yielding a variety of chemical species. The increase in the chemical
complexity of stellar environments is strictly intertwined with the stages that characterise
the formation of a planetary system (Ehrenfreund et al., 2000; Kwok, 2016). Molecules
formed during the initial stages of planetary formation are thought to be inherited by



6 Chapter 1. Introduction

Figure 1.1: The periodic table of the elements has been colour-coded to indicate the probable ori-
gins of the elements. Adapted from https://svs.gsfc.nasa.gov/13873.

the small bodies constituted from the remnants of the planet growth process. The evo-
lution of a primordial interstellar cloud (constituted of dust grains and gas-phase atoms
and molecules), which ultimately yields a Solar-like planetary system, is supposed to go
through five major phases, sketched in Figure 1.2 (Caselli et al., 2012).

1. Pre-stellar cores. Diffuse clouds characterised by T = 50–100 K and density ρ = 10–
102 cm−3 start contracting. The matter gradually accumulates towards the centre
of the nebula, resulting in a dense cloud with T = 5–10 K and ρ = 103–104 cm−3.
Gas-phase atoms and molecules freeze-out onto the cold surfaces of the sub-micron
dust grains, forming icy mantles coating the cores of the grains. In the densest pre-
stellar cores, more than 99% of all the species heavier than He reside in thick icy
mantles (Caselli et al., 2022). Due to the high abundance of H atoms, hydrogenation
reactions dominate the prestellar grain surface chemistry, forming molecules such as
water (H2O, Dishoeck et al., 2013), formaldehyde (H2CO), methanol (CH3OH, Hama
et al., 2013) and other hydrogenated species.

2. Protostellar envelopes. The collapse of the cloud proceeds, with gravitational en-
ergy being converted into radiation, and gives rise to a ‘hot core’ with T = 100–300
K. As the temperature increases, the molecules frozen in grain mantles acquire mo-
bility and eventually sublimate, returning to the gas phase. During this phase, many
common organic compounds are formed. The central protostar continues to accrete
mass from the surrounding cloud core. To preserve the angular momentum some
of the accreting material spreads out into a disk. Concomitantly with the collapse,
a fraction of the matter is violently ejected outward, forming collimated jets and
molecular outflows. When the ejected material encounters the quiescent gas of the
envelope and of the molecular cloud, it creates shocks, where the grain mantles and
refractory grains are (partially) sputtered and vaporised. Some observations suggest
that the process of planet formation might already start in this phase (Harsono et al.,
2018).

https://svs.gsfc.nasa.gov/13873
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Figure 1.2: Stages of planetary system formation. The figure focuses on the first three stages, while
the final two stages are presented in a unified manner. Credit: Bill Saxton/NSF/AUI/NRAO.

3. Protoplanetary disks. From the original envelope, only a protoplanetary disk re-
mains. In regions close to the central object, new complex molecules are synthesised
by reactions between the species formed in the previous phase. In the cold regions
of the disk, where the vast majority of matter resides, the less volatile molecules
freeze-out again onto the dust grain, where they are believed to engage in reactions
similarly to those taking place in the dense molecular clouds. The transition zone
of a species from the gas phase to the solid phase is identified by the snow-line and
determines the future planet composition, influencing the formation of gaseous and
rocky planets (Öberg et al., 2021).

4. Planetesimals formation. Sub-micron dust grains coagulate into larger rocks, termed
planetesimals, which constitute the building blocks of the future planets, comets and
asteroids. A fraction of the icy mantles are likely preserved during the collision of
dust grains (Mumma et al., 2011). However, they can undergo alteration processes,
such as hydrothermal alteration, leading to an additional increase in molecular com-
plexity (Trigo-Rodríguez et al., 2019).

5. Planets formation. Collisions of planetesimals and pebbles accretion results in the
formation of planets and moons. The prevailing hypotheses regarding the forma-
tion of planetary bodies suggest that accreting pebbles would result in a faster planet
growth, compared with collisions between larger bodies (Johansen et al., 2017). The
leftover material, constituted by comets and asteroids, eventually falls on the prim-
itive planets, providing a constant input of external material that could have a bio-
logical potential for the development of life. A notable example is glycine, which has
been identified in 81P/Wild (Sandford et al., 2006; Elsila et al., 2009) and 67P/C-G
(Altwegg et al., 2016) comets. Indeed, comets are composed of silicates, ices and a
refractory organic fraction (Mumma et al., 2011; Calmonte et al., 2016; Altwegg et al.,
2022), which could be of prebiotic interest and have implications in the exogenous
delivery theories.
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1.1.3 The interstellar medium

The interstellar medium (ISM) is defined as the matter and radiation that exist in the space
between the star systems in a galaxy. The existence of the ISM was initially inferred on
the basis of the observations of a few dark patches in the Milky Way, which resulted from
starlight being blocked by intervening interstellar dust absorption. The ISM is the conse-
quence of the mixing of ejected material from different generations of stars (during distinct
phases of their evolution), as well as shaping and processing of such material by radiative
and mechanical events. In the Milky Way, the star-formation rate is 5 M⊙ (solar masses)
per year, and the supernova rate is 0.03 events per year. Therefore, every 109 years, all
interstellar matter is processed in the interior of the stars (Krugel, 2007).

The interaction between radiation and matter in the ISM is fundamental to understand
its physical conditions. The heating and cooling mechanisms are based on the absorption
and emission of light. For example, ultraviolet (UV) light ionises H and He in the sur-
roundings of hot stars, and the ejection of electrons heats the interstellar gas. In diffuse
and dense clouds, dust grain temperatures can increase due to starlight absorption and
can decrease due to self-radiation in the middle and far infrared (IR). Cosmic rays and UV
photons interacting with atoms and molecules trigger radiochemistry and photochemistry,
respectively. Ultimately, absorption and emission of specific wavelengths are crucial for
astronomers to be able to detect species in the ISM (Kwok, 2007).

The ISM can be classified into different phases, depending on the state of gaseous hy-
drogen. A schematic view of the various phases is shown in Figure 1.3.

• Ionic state (H II). H+ is mainly found in two environments. The coronal gas is low
density gas shock-heated by blastwaves racing outward from supernova explosions,
able to ionise the gas until forming ions such as O5+. It cools down on Myr time
scales and it is often referred to as ‘hot ionised medium’ (HIM). Alternatively, H
II gas corresponds to gaseous hydrogen that is photo-ionised by UV photons from
hot stars. It can also be found in planetary nebulae created by the rapid mass loss
happening at the late stage of Sun-like stars evolution.

• Atomic state (H I). Depending on the temperature and the pressure of the environ-
ment, it can be classified under warm H I regions, that consists mainly in atomic gas
heated to T = 103.7 K, with densities around nH = 0.6 cm−3, and also called ‘warm
neutral medium’ (WNM). Atomic hydrogen is also found in cold H I regions, that
are mainly atomic gas at T ∼ 100 K and densities around nH = 30 cm−3, constituting
1% of the volume of the ISM. These regions are also called ‘cold neutral medium’
(CNM).

• Molecular state (H2). As the density of the environment increases, atomic hydrogen
coexists with molecular hydrogen, from which the name ‘molecular clouds’ (MCs)
was derived. Diffuse MCs are similar to CNM regions, but dense enough to allow
the formation of H2 in the cloud interior. Dense MCs are gravitationally bound
clouds with a density greater than 103 cm−3 and a visual extinction AV > 3 mag. As
the cloud evolves, H2 becomes more abundant than H.

Additionally, there are environments in which ionic, atomic, and molecular hydrogen
coexist. Their relative abundances depend on the physical characteristics of each specific
region.

• Photon dominated regions (PDRs). They constitute the interface between ionised
and molecular gas. In these regions, UV and far-UV photons are responsible for



1.1. The Universe and the periodic table 9

Figure 1.3: Schematic representation of ISM phases. Adapted from (Sun et al., 2019). GMC indi-
cates a giant molecular cloud.

the photodissociation of molecules, causing the matter to be atomic and partially
ionised.

• Shock regions. They are environments characterised by a sudden change in the
physical conditions of the gas, tipically caused by high-velocity impacts, such as
collisions between clouds. Stellar winds, shock waves generated by supernovae ex-
plosions, and jets through which newborn stars balance the angular momentum ac-
quired by the collapse of a dense cloud, are also responsible for shocks. In these
environments, ice mantles are sputtered and grain cores are shattered, making SiO
a unique tracer of these regions. The velocity of the gas in the shock determines
whether the hydrogen is molecular, atomic or ionised.

The application of spectroscopy to astronomy represented the beginning of astrophysics.
Optical astronomy was the first technique used to investigate the ISM. In fact, the first
lines to be detected in emission were originating by electronic transitions of highly ex-
cited atoms and ions in high temperature environments (e.g., Harrington et al., 1981). The
Copernicus satellite and the Voyager mission provide two examples of spectroscopic ob-
servations in the far UV (Rogerson et al., 1973; Kohlhase et al., 1977).

Successively, the analysis of absorption features, measured against a stellar background,
corresponding to transitions between different electronic states allowed the detection of
the first molecules. This phenomenon concerns the UV/vis and the IR regions of the elec-
tromagnetic spectrum (e.g., Bakker et al., 1996). The first molecules to be detected were
CH, CN and CH+ (Swings et al., 1937; McKellar, 1940; Douglas et al., 1942).

Finally, the development of radioastronomy in the 1950s brought to the discovery of
the wide presence of atomic hydrogen in our galaxy and in the Universe thanks to its 21
cm hyperfine transition (Altschuler et al., 1986). In general, the detection of neutral heavy
atoms in low temperature environments is more difficult because the low-lying energy
states that are likely to become excited have small energy separations and their transitions
lay in the far-IR or sub-millimeter part of the spectrum (which are not affected by dust
extinction).

However, in the following years, an increasing number of molecules started to be de-
tected owing to their rotational transitions, measured in absorption against the stellar
background. Further enhancements in the field were made when the placement of tele-
scopes in Earth-orbiting spacecraft became possible, overcoming the limit of the Earth
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opaque atmosphere. The number of documented species is on the rise, in line with the
ongoing advancements in technology and the increasing resolution of the instruments.

More than 300 gas-phase species have been detected in the ISM1, including a number
of exotic species that are unlikely to survive for long in the physical conditions of the Earth
(Müller et al., 2005; McGuire, 2022). Furthermore, the presence of organic molecules has
prompted several questions about the degree of chemical complexity that can be reached
in an interstellar environment and how this is linked with the origin of life.

1.1.4 The Origin, the chemical composition and the role of dust grains

Gas-phase ions, atoms, and molecules contributes to 99% of the mass of interstellar clouds,
while the remaining 1% is constituted by dust grains (Williams et al., 2002). As an exam-
ple, in the Milky Way, the mass of gaseous material is 5 × 109 M⊙, whereas dust mass
is 3 × 107 M⊙ (Krugel, 2007). Noted for the first time in 1784 by William Herschel as a
region of apparently lacking of stars, the presence of interstellar dust has been confirmed
by multiple lines of evidence.

First, the phenomenon of interstellar reddening, whereby stars appear redder than ex-
pected based on their spectral type (thus, on their temperature), suggests the existence of a
material capable of absorbing specific radiation wavelengths. In a second instance, the ob-
servation that starlight is usually a few percent linearly polarised led to the conclusion that
non-spherical and aligned grains are present in the diffuse interstellar medium, probably
as a consequence of an interstellar magnetic field. Moreover, the gas-phase depletion of
heavy elements, such as iron, silicon, calcium, and titanium, suggests that these elements
may reside in a different state of matter. The correlation of the gas-phase abundances with
the condensation temperature of different atoms provides insight into which elements are
most likely to form part of the solid phase and which reside preferentially in the gas phase.
Indeed, it has been estimated that two-thirds of carbon and the majority of silicon and iron
are in the solid form (Kwok, 2007). Additionally, 1% of the silicon budget is estimated to
be trapped in nanosilicates, irregular sub-nanometer particles likely to be responsible for
the Anomalous Microvawe Emission (a foreground feature which extends over the 10–60
GHz range and peaks at 20–30 GHz) observed in many astrophysical environments in-
cluding the diffuse ISM and galactic clouds, and spatially correlated with regions of dust
IR emission (see Macià Escatllar et al., 2019; Macià Escatllar et al., 2020, and references
therein).

Thanks to the development of infrared spectroscopic techniques, it became possible
to detect the continuous emission from interstellar dust grains, as described by Planck’s
black body radiation formula. The temperature of these grains was inferred from the peak
radiation wavelength using Wien’s law, which states that the wavelength at which the
maximum radiation flux occurs is characteristic of the temperature of the black body. The
temperature of dust is determined by the ratio between its emission and absorption effi-
ciency. The size of the grains influences the type of starlight they interact with, resulting
in smaller grains being warmer than larger ones. Typical dust sizes range from tenths of
nanometer to tenths of micrometer, and grains up to ∼ 1 µm have been observed previ-
ous to the protostellar phase. Dust emission, consequent to starlight absorption, is the
primary mechanism for grains to cool down, and accordingly is the most efficient cooling
mechanism in giant clouds, where collisions between gas-phase and solid-phase matter
are ineffective due to the extremely low densities. Because the radiative processes involv-
ing gas and dust differ, their temperatures are usually decoupled, with the only exception

1https://cdms.astro.uni-koeln.de/classic/molecules

https://cdms.astro.uni-koeln.de/classic/molecules
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being dark clouds (Krugel, 2007).

Dust formation and growth are poorly understood. Dust grains are likely formed by
stochastic growth processes, either by particle-particle addition or by cluster addition,
leading to irregularly shaped grains. The formation of an icy mantle due to the freeze-
out of the gas-phase material in MCs could also be considered as grain growth, although
this part of the process is successive to the formation of the grain core and is governed by
condensation and sublimation cycles dependent on the temperature of the environment.

The origin of grain cores is debated, with predominant theories suggesting that their
formation occurs within environments associated with dying stars (Zhukovska et al., 2014).
Dust grains are believed to nucleate from gas-phase species under high-temperature con-
ditions. This process occurs primarily in asymptotic giant branch (AGB) stars, where con-
vective motes bring up C and O from the interior of the star, through H and He layers,
and in type II supernovae, that eject up to 10 M⊙ of material, of which 3 M⊙ are heavy
elements. Another hypothesis is that the formation of silicates could occur within cold
and dense MCs due to the freeze-out of Si atoms or SiO molecules (Krasnokutski et al.,
2014; Ferrara et al., 2016; Ginolfi et al., 2017). However, it is unclear to what extent these
processes contribute to the formation of dust grains. Although some sources claim that
AGB stars produce up to three times more dust than supernova explosions, others suggest
that the latter are the main contributors to dust production (Krugel, 2007; Ceccarelli et al.,
2018).

Unlike its formation, dust destruction is better understood. The processes that occur
are evaporation caused by radiative heating, sputtering due to energetic particles (ions) in
the gas phase, and chemical sputtering resulting from exothermic reactions. Furthermore,
collisions between grains can lead to the evaporation of the mantle and the shattering
of the core, while photodesorption occurs when the atoms of the grain are ejected as a
consequence of photon absorption. These destruction processes occur primarily due to
passages through supernovae shocks, where more than 50% of the iron and silicon cosmic
abundances can be found in the gas phase, compared to the usual 1% found in other envi-
ronments.

The core of interstellar dust grains consists mainly of silicates and carbonaceous mate-
rials. Their composition depends on the carbon-to-oxygen ratio in the region where they
formed. In environments characterised by C/O < 1, carbon is trapped in CO, and grains
are primarily formed by silicates, such as olivines and pyroxenes. Their general formu-
las are Mg2xFe2−2xSiO4 and MgxFe1−xSiO3 (with x = 0−1), respectively. In regions with
C/O > 1, the major dust constituents would be graphite, polycyclic aromatic hydrocar-
bons (PAHs), non-hydrogenated and hydrogenated amorphous carbon, silicon carbides,
or mixtures of hydrocarbon-based disordered structures (Tielens, 2008; Molpeceres et al.,
2017). In these environments, oxygen is mostly found in metallic oxides such as MgO,
FeO, Fe3O4, and Al2O3.

Although the precise nature of carbonaceous materials has yet to be determined, sili-
cates have been clearly observed and identified as a major component of interstellar dust
(Henning, 2010; Boogert et al., 2015; McClure et al., 2023). The broad IR bands at 9.7 µm
(≃ 1000 cm−1) and 18 µm (≃ 550 cm−1), corresponding to the Si-O stretching and O-Si-
O bending modes, are indicative of the amorphous nature of silicates, characterised by
a distribution of bond lengths and angles. Their band profiles are altered in accordance
with a number of factors, including the nature of the background, the optical thickness
of the foreground, the temperature of the environment, and the degree of crystallinity of
the grains. For instance, forsterite (Mg2SiO4) and enstatite (MgSiO3) have been observed
in their crystalline forms. Warm environments or cosmic ray irradiation provide enough
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Figure 1.4: Near- and mid-IR spectrum of pristine cloud ices against the background stars NIR38
(solid navy line) and J110621 (solid light gray line), with associated continuum fits (dotted lines).
The light gray bars and dark gray filled circles at the bottom of the spectrum indicates the regions
used to fit the continuum star emission in the near- and mid-IR, respectively. Image from McClure
et al., 2023.

energy for the reorganization and crystallization of the amorphous material.

In the coldest regions of the ISM, where clouds are shielded from UV radiation and
molecular species are allowed to form, dust grains are coated in thick icy mantles resulting
from the freeze-out of gas-phase species on the surface of grain cores and in situ chemical
reactions. Ice mantles have been characterised by IR spectroscopy (Boogert et al., 2015;
McClure et al., 2023; Rocha et al., 2024), with water emerging as the dominant component
through the O-H stretching 3 µm (≃3300 cm−1) band. Furthermore, small amounts of
other volatile species such as CO, CO2, CH4, NH3, anions, and complex organic molecules
(COMs, described in Section 1.2.2) are also present, as illustrated in Figures 1.4 and 1.5. For
this reason, interstellar ice mantles are usually referred to as ‘dirty ices’. The prevalence of
hydrogenated species is attributed to hydrogenation reactions, which constitute the ma-
jority of the reactive processes occurring on the surface of grains, owing to the abundance
of atomic hydrogen.

In Figure 1.6, the physico-chemical processes occurring on the icy mantles of dust
grains are depicted. Adsorption, desorption, and diffusion of species on the surface of
the grain are influenced not only by thermal effects, such as cooling and heating of the
cloud, but can also be induced by the impact of cosmic rays and UV photons. Addition-
ally, exothermic reactions can lead to the chemical desorption of the products formed.

The importance of dust grains stems from the fact that ice mantles are believed to facili-
tate the reactions occurring at their surfaces (Watanabe et al., 2008; Hama et al., 2013). They
serve four primary functions: (i) pre-concentrators of chemical species, which are particu-
larly significant in rarefied MCs, where the rate of collision between gas-phase species is
extremely low, (ii) reactant suppliers, as species belonging to the ice mantle can participate
in chemical reactions (Rimola et al., 2018), (iii) chemical catalysts, which offer alternative
reaction pathways with low activation energies, thus surmountable under interstellar con-
ditions (Potapov et al., 2021), and (iv) third bodies, by absorbing the large energy excess
released by exothermic reactions, without undermining the stability of the newly formed
products (Pantaleone et al., 2020; Pantaleone et al., 2021).



1.2. The main topics of the thesis 13

Figure 1.5: Fitted IR spectrum of IRAS 2A. Several ice mixtures were used in the fits, and the main
chemical species names are shown close to the bands. This spectrum represents the first evidence
for the presence of COMs and anions in interstellar ices. Image adapted from Rocha et al., 2024.

Grains can also be positively or negatively charged, which influences their reactivity.
The absorption of UV photons causes the excitation of electrons that diffuse through the
grain and eventually leave the surface. Additionally, grains can capture free electrons from
the gas phase. In WNM, grains of all sizes are positively charged, while in CNM both pos-
itively and negatively charged dust grains coexist. In contrast, dust grains present in MCs
are thought to be negatively charged or neutral (Ibáñez-Mejía et al., 2019). Photoemission,
primarily caused by the interaction with the UV field, plays a pivotal role in determining
the grains charge. In regions where there is no photoemission, grains are expected to be
negatively charged, as electrons move faster than cations, making their impact more prob-
able. Conversely, where photoemission is at work, the grains are positively charged and
capable of bearing several charges (Krugel, 2007).

1.2 The main topics of the thesis

At first glance, the chemistry of the ISM may seem simpler than terrestrial chemistry, due
to the limited factors influencing it: low temperatures, low pressures, absence of a liq-
uid phase, and energy inputs coming mainly from radiation or environmental warming.
However, understanding the processes that occur in such a distant environment poses
several challenges, and its chemical complexity suggests the presence of much more intri-
cate processes. Among the many questions arising from this field, this thesis focuses on
two specific topics: i) the sulphur depletion problem and ii) the formation of interstellar
complex organic molecules in the coldest regions of the ISM.

1.2.1 The sulphur depletion problem

Sulphur is the tenth most abundant element in the Sun photosphere (Asplund et al., 2009),
with a cosmic abundance of [S]/[H] = 1.73 × 10−5 (Lodders, 2003) and of [S+]/[H] = 1.66
× 10−5 for its ionized form (Esteban et al., 2004). Sulphur holds significant importance for
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Figure 1.6: Typical energetic processes to which a dust grain is exposed in the ISM. Image from
Fraser et al., 2002.

2 atoms 3 atoms 4 atoms 5 atoms 6 atoms 9 atoms
NS C2S C3S HC3S+ CH3SH CH3CH2SH
SO HCS+ HNCS H2C2S C5S

SO+ H2S H2CS C4S H2C3S
CS OCS HSCN HCOSH HC3HS
SiS SO2 HCCS+ HCSCN HC4S

SH+ HS2 HCCS HC3S NCHCCS
SH HCS HCNS

NS+ HSC HOCS+

NaS NCS HNSO
MgS HSO NC3S

Table 1.2: S-bearing species detected at present day (September 25th, 2024).

terrestrial life and possibly played a crucial role in its emergence (e.g., Shalayel et al., 2020).
It is an essential component of our bodies, as it is found in cysteine and methionine amino
acids, in coenzyme A, in vitamin B1 and biotin, in antioxidants as glutathione, and in other
molecules. Nevertheless, sulphur played an important role long before life appeared on
Earth, and its chemistry in the ISM is currently a challenge for the astronomical and the
astrochemical community. Presently, 43 S-bearing species have been detected in the ISM,
as listed in Table 1.2.

In diffuse clouds, the sulphur abundance is consistent with the cosmic value and mostly
resides in its ionised form S+. In dense molecular clouds, it is more than a factor 100 less
abundant, in accordance with the freeze-out of this element on dust grains, which should
become part of the icy mantles coating the grains (e.g., Phuong et al., 2018; Vastel et al.,
2018; van ’t Hoff et al., 2020). However, the depletion persists also in warm objects, such
as hot cores and hot corinos, where the dust icy mantles sublimate, but the abundances of
all detected gaseous S-bearing species only reaches ∼ 1−10% of the initial budget (Codella
et al., 2021). Thus, it seems that sulphur progressively depletes as the cloud evolves (Hily-
Blant et al., 2022). Even in shock regions, where icy mantles are sputtered and grain cores
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Figure 1.7: Summary of the sulphur to hydrogen abundance ratios measured in different phases of
a planetary system formation.

are shattered, sulphur bearing species, such as C2S, H2CS, OCS, SO, and SO2, only account
for 10% of the elemental budget (Holdship et al., 2019).

However, in successive phases of the formation of a planetary system, S depletion in
protoplanetary disks and later stages can be explained by the presence of refractory min-
erals, such as troilite (FeS) and other sulphides, in dust grains (Keller et al., 2002; Kama et
al., 2019), that later become part of cometary dust and meteoritic rocks (Trigo-Rodríguez,
2012). Moreover, numerous sulphur-bearing species (S2, S3 and S4, CH3SH, C2H6SH, to-
gether with the most common H2S, OCS, SO, S2, SO2, and CS2) are detected in comets,
such as 67P/Churyumov-Gerasimenko (Calmonte et al., 2016), whose composition seems
to be inherited from the prestellar and protostellar evolutionary phases (Drozdovskaya et
al., 2019; Altwegg et al., 2020). In 67P/C-G, H2S is the most abundant S-bearing species (∼
57%) followed by atomic sulphur (∼ 27%), and very recent observations found NH4SH, a
semi-refractory species, to be the most abundant salt (Altwegg et al., 2022). Other comets,
such as 46P/Wirtanen, show a similar behavior, even though there is a relatively large
variability on the abundance of H2S with respect to other S-bearing species (Biver et al.,
2021). Clearly, there is a missing piece of the puzzle regarding under which form is stored
sulphur in the first stages of stellar evolution.

In dense clouds, H2S was expected to be the main sulphur sink of dust grains (Garrod
et al., 2007; Jiménez-Escobar et al., 2011), but astronomical observations, including those
by JWST, have failed to detect frozen H2S at a level at least 10 times lower than the pre-
dicted one (Boogert et al., 2015; McClure et al., 2023). The only species detected in the icy
mantles are OCS and SO2 (McClure et al., 2023; Rocha et al., 2024). However, their low
abundance cannot account for the totality of sulphur (Sturm et al., 2023). Computational
studies suggest that H2S is likely to desorb from dust grains mantles because its binding
energy is not large enough to keep the species bound to the ice once it has been formed
by hydrogenation of atomic S, even in the hypothesis that 90% of its formation energy is
dissipated by the water ice mantle (Bariosco et al., 2024). If this was the case, gas-phase
chemistry could be a major contributor in sulphur astrochemistry (Mifsud et al., 2021).

Accordingly, the most important S-carriers are still unknown. At present day, there are
few hypothesis regarding which species may act as sulphur reservoirs. The candidates are
organo-sulphur compounds (Laas et al., 2019), polysulphanes (H2Sn, with n ≥ 2, Druard
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et al., 2012), sulphur allotropes (Sn, with 2 ≤ n ≤ 8, Wakelam et al., 2004), and salts such
as NH4SH. These are refractory species that, once trapped on the mantles or in the core of
the grains, rarely desorb and are therefore hardly detectable (Woods et al., 2015). Another
hypothesis is that sulphur is contained in semi-refractory or volatile species that are unde-
tectable when they are in the gas-phase.

The formation of organo-sulphur molecules was observed for the first time in an ex-
perimental work where a 2:1:1 mixture of H2O:CH3OH:NH3 ice was bombarded with S7+

ions, although showing a possible source of compounds relative to more evolved envi-
ronments, like icy moons, Kuiper belt objects, comets and their building blocks (Ruf et
al., 2019). A recent review of the laboratory experiments performed on the chemistry of
sulphur in the condensed phase highlighted that the formation of SO2, SO3, hydrates of
H2SO4 and related species is the consequence of photolysis, proton-irradiation and radi-
olysis of mixed ices (Mifsud et al., 2021). Moreover, Boogert et al. (2022) argued that SO2,
instead of CS, is likely to be the precursor of solid OCS. In contrast, CS chemistry is thought
to proceed in a similar fashion to that of CO, yielding H2CS and CH3SH after subsequent
hydrogenation steps (Lamberts, 2018).

Ultimately, sulphur is known to exist in distinct molecular allotropes, forming chains
and rings of up to 20 atoms, as it easily tends to react with itself even in a diluted medium.
Several experiments have documented the production of Sn species, together with H2Sn
(with n ≥ 2), consequent to the photoprocessing of H2S-containing ices (e.g., Ferrante et
al., 2008; Jiménez-Escobar et al., 2011; Jiménez-Escobar et al., 2014; Cazaux et al., 2022).
When including ad hoc reaction pathways, astrochemical models also predict their forma-
tion (Laas et al., 2019). In particular, if cosmic-ray-driven radiation chemistry and fast non-
diffusive reactions for bulk radicals are considered, pure sulphur allotropes are among the
main products (Shingledecker et al., 2020). Although extensive spectroscopic characteri-
sation of the most common gaseous and crystalline sulphur allotropes exists (Eckert et al.,
2003), so far the only species characterised by a S S bond has been gaseous S2H. This
radical was detected in the Horsehead nebula, a moderately UV-irradiated environment
(Fuente et al., 2017).

The interplay between astronomical observations, chemical modelling, laboratory ex-
periments, and theoretical simulations is vital to add more pieces to the sulphur depletion
puzzle and finally understand the sulphur chemistry in star-formation environments. This
thesis explores the interaction of several S-bearing species with the core of dust grains, rep-
resented by the olivine family, and with the icy mantles coating their cores in more evolved
clouds. Furthermore, the spectroscopic features of sulphur allotropes adsorbed onto icy
mantles are characterised.

1.2.2 Interstellar complex organic molecules

Interstellar Complex Organic Molecules (COMs or iCOMs), defined as molecules with six
or more atoms that contain at least one carbon atom (Herbst et al., 2009; Herbst, 2017;
Ceccarelli et al., 2017), have been observed in a variety of interstellar environments, such
as star formation regions (e.g., Rubin et al., 1971; McGuire et al., 2018), the circumstellar
envelopes of AGB stars (e.g., Cernicharo et al., 2000), shocked regions (e.g., Arce et al.,
2008; Codella et al., 2020), and external galaxies (e.g., Muller et al., 2011). They constitute
around 40% of the molecules detected in the ISM.

COMs tend to be terrestrial-like in nature, whereas another class of molecules, known
as ‘carbon chains’, is quite exotic (Herbst et al., 2022). Carbon chains are linear and unsat-
urated molecules consisting mainly of carbon atoms, including anions and cations, as well
as radicals, such as CnH (n = 2−8) and the cyanopolyynes HC2nCN (n = 1−5). Polycarbon
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Figure 1.8: Sketch of gas-grain and grain-surface COMs formation paradigms.

sulphides are another class of carbon chains including neutral and charged HxCnS species
(x = 0−2 and n = 1−5), whose number of detections has been increasing in recent years
(McGuire, 2022). This thesis is focused on the terrestrial-like class of COMs, since there
is evidence that a fraction of these species, that formed in the ISM, were inherited by the
small objects of the Solar System (Caselli et al., 2012; Ligterink et al., 2018; Drozdovskaya
et al., 2019). After thermal and hydrothermal alterations, COMs can be converted into
more complex organic molecules (Yabuta et al., 2007; Callahan et al., 2011; Rotelli et al.,
2016), therefore potentially paving the way to the emergence of life on Earth.

The presence of COMs in warm environments was surprising, but plausible due to
the temperature of these environments. However, their detection in cold regions such as
prestellar cores, where the low temperatures (T ≤ 10K) and the absence of any heating
source or outflow exclude any efficient warm gas-phase or warm dust chemistry, implies
that non-thermal desorption processes are at work (Bacmann et al., 2012).

The reaction pathways that lead to COMs are still a matter of debate, as both gas-phase
and grain-surface chemistry are invoked to play a crucial role in their synthesis (Ceccarelli
et al., 2023). Several paradigms for the formation of COMs have been proposed in the lit-
erature, the most popular being schemes based on (i) gas-phase reactions (e.g., Charnley et
al., 1992; Charnley et al., 1997; Balucani et al., 2015; Taquet et al., 2016; Skouteris et al., 2018;
Vazart et al., 2020) and (ii) networks of radical-radical couplings occurring on the surface
of grains (e.g., Garrod et al., 2006; Garrod et al., 2008). Both paradigms share a common
initial step that consists in the formation of hydrogenated species on the surface of grains
that either sublimate in a warmer environment ((i), in favour of the gas-phase scheme) or
from which radicals that react directly on the icy mantle can be obtained ((ii), in favour
of the grain-surface chemistry). The latter scheme requires temperatures of around 30 K
to ensure that the radicals present in the lukewarm ice mantle have sufficient mobility to
recombine and form COMs (see Figure 1.8). Other paradigms include a mechanism based
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on the condensation of atomic C (Ruaud et al., 2015; Krasnokutski et al., 2020), the in-
sertion of excited O-atoms (Bergner et al., 2017; Bergner et al., 2019), and the formation
of HCO radicals on ice surfaces as the parent precursors of other COMs (Fedoseev et al.,
2017; Simons et al., 2020). Furthermore, nondiffusive three-body processes, which involve
the formation of radicals in close proximity to another reactant through reaction or pho-
todissociation, represent a promising mechanism due to their significantly faster kinetics
than those observed for normal diffusion of reactants (Jin et al., 2020). Indeed, the pho-
tolysis of CH3OH (in argon matrix) demonstrated the formation of several COMs, up to
methoxymethanol (CH3OCH2OH, Gutiérrez-Quintanilla et al., 2021).

Although the formation routes of COMs are a matter of debate, their destruction path-
ways are more constrained. The main agents responsible for the destruction of COMs
are H+

3 and atomic C (Agúndez et al., 2023). The reaction with H+
3 produces a proto-

nated form of COMs, which, after electronic dissociative recombination, results in a small
percentage of the original COM being reformed. An illustrative example is the reaction
between ethanol and H+

3 , which forms C2H5OH+
2 and produces less than 7% of ethanol

(Hamberg et al., 2010). The destruction caused by atomic C is another efficient mechanism,
as this reaction is usually barrierless (Shannon et al., 2014; Hickson et al., 2021). Other rel-
evant destruction pathways include reactions with C+, H+, S+, and He+ (Agúndez et al.,
2023).

In this thesis, the formation of ethanol (CH3CH2OH), acetaldehyde (CH3CHO), and
urea (NH2CONH2) were investigated. Additionally, the binding energies of ethanol and
ethylamine (CH3CH2NH2) were determined both computationally and experimentally.
Ethanol and acetaldehyde have been observed in several environments. On the contrary,
urea and ethylamine have been detected only in a few sources and urea was found in the
Murchison meteorite. Investigating the grain-surface formation pathways of these species
has a twofold purpose: firstly, to ascertain whether the formation of a species is feasi-
ble through grain-surface reactions; and secondly, to provide insights into its abundance,
which may justify its ubiquitous presence or absence in the ISM. Finally, the determina-
tion of the binding energies is related to the thermal desorption mechanisms responsible
for the sublimation in the gas phase of species formed on the surface of grains. Indeed, the
non-detection of a species in the gas phase could be due to spectroscopic issues such as
noise or line saturation, to its segregation in the condensed phase, or to its actual absence.

1.3 The role of computational chemistry in astrochemistry

Astrochemistry is an interdisciplinary subject that progresses thanks to the joint effort of
scientists from different fields (Fortenberry et al., 2022).

Astronomers conduct observations via ground- and space-based telescopes, in order to
gather information about the physics and chemistry of each environment that comprises
the Universe. Experimental chemists reproduce at their best the conditions of the ISM with
special chambers that recreate the temperature range of the ISM, but struggle to achieve
the proper density. This is due to the limitations of vacuum pumps, which can reach den-
sities around 107 particles cm−3, whereas diffuse clouds have a density of 102 particles
cm−3. Although radiation fluxes and timescales cannot be directly compared with those
of the Universe, laboratory experiments are still useful to obtain the chemical properties of
its molecules. Consequently, astrophysical chemists build and run their models using the
data obtained from the experiments, simulating the evolution of stellar systems and their
relative chemistry, with the aim of reproducing what is observed by astronomers. In this
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strict collaboration, computational chemistry has something to offer to each field.

Computational simulations produce spectroscopic data of unstable chemical species
that cannot be handled and analysed in a laboratory, providing the astronomers with the
information required to identify such species in the ISM. A theoretical approach is suit-
able for investigating the atomistic details or the reactions performed in laboratory exper-
iments, offering an interpretation of the most elusive details. Furthermore, they can pro-
vide the parameters required by astrochemical models, in case they cannot be measured
experimentally due to technical limitations. It is important to note that computational
chemistry, like all scientific disciplines, is subjected to certain limitations. These include:
i) the morphology and size of the systems are sometimes unknown or the models are too
small to accurately represent the reality; ii) the short timescales of the simulations are not
representative of the vast timescales of the Universe; iii) the choice of a suitable methodol-
ogy to characterise a system, which would benefit from an experimental reference, is not
straightforward.

However, there are some unquestionable major advantages: i) the simulation of iso-
lated systems, effectively being at zero Kelvin and zero pressure, is particularly suitable
for the cold, low densities of the ISM more than any other analytical techniques, and no
other method can provide such detailed insights, staying within a chemical accuracy of
1 kcal mol−1; ii) any kind of system, included highly unstable ones, can be modelled,
provided to find a methodology appropriate for its description; iii) quantum chemistry
adopts a bottom-up approach, computing the properties of the examined molecules. In
contrast, experiments investigate which are the molecules responsible for the observed
phenomenon, adopting therefore a top-down perspective (Fortenberry, 2024).

In summary, each branch of this discipline is strictly codependent on the others, as it
provides and requires given data for and from the other fields.

1.3.1 Astrochemical models

The chemical evolution of pre-stellar cores is simulated through astrochemical models.
Their objective is to reproduce the chemical evolution of gas and dust mixtures during
the formation of stars and planetary systems. Initially, models accounted for gas-phase
reactions (e.g., Herbst et al., 1973), to which grain-surface chemistry was subsequently
implemented (Hasegawa et al., 1993). Finally, three-phase models, which distinguish be-
tween the bulk of the ice mantles, the surface of the ices, and the gas-phase processes,
became the standard choice (Vasyunin et al., 2013; Garrod, 2013).

Astrochemical models compute the abundances of species by solving time-dependent
equations that account for the formation and destruction rates of each species. These pro-
cesses include gas-phase and grain-surface reactions, radiochemistry, photochemistry, etc.

Alternatively, stochastic approaches, such as micro and Monte Carlo methods, are em-
ployed for the modelling of smaller but more accurate reaction networks, which are par-
ticularly suited to the description of surface processes and in cases of extremely low abun-
dances (Green et al., 2001; Cuppen et al., 2013).

Both models rely on a number of parameters, such as reaction rate coefficients, collision
rates, binding energies, desorption efficiencies, photochemical data, and so forth, which
are not always available. These data can be obtained from laboratory experiments or com-
putational calculations, although quite often they are extrapolated from similar processes
using chemical intuition (Linnartz et al., 2015; Cuppen et al., 2017). The quantity of data
stored in databases is growing exponentially (Müller et al., 2005; Wakelam et al., 2015),
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yet a significant proportion of the necessary information remains unavailable. Computa-
tional chemistry represents a valuable resource for filling this gap, particularly for those
processes that are challenging to replicate in terrestrial laboratories.

Thermal desorption rates rely on the binding energy (BE, e.g., Penteado et al., 2017):

kdes ∝ exp
(
− BE

kBT

)
(1.1)

The rate of diffusion of an adsorbate on the surface of dust grains is also dependent on
the BE. Given the paucity of data on diffusion barriers, they are typically assumed to be a
fraction of the BE values.

kdi f f ∝ exp
( f · BE

kBT

)
(1.2)

In the literature, it is usually found that f = 0.3−0.8 (Ruffle et al., 2000; Mispelaer et al.,
2013; Cuppen et al., 2017; Maté et al., 2020; Kouchi et al., 2020). The diffusion process of
only a few species has been accurately characterised from a theoretical and an experimen-
tal point of view. Species such as CO and CO2 are properly described with a theoretical f
= 0.3−0.4 (Karssemeijer et al., 2014), while experiments have determined f = 0.55 for the N
and O atoms (Minissale et al., 2016) and f = 0.3−0.6 for O2, N2, CH4, and Ar in ASW (He
et al., 2018), where the lower values are associated with sub-monolayer surface coverages.

Conversely, the branching ratios and reaction rates depend on the reaction barriers and
the presence of competitive processes that impede the reaction of interest. A successful
grain-surface reaction occurring through the Langmuir-Hinshelwood (LH) mechanism,
depends on the probability that the adsorbed reactants meet and react. This is in contrast
with the Eley-Rideal (ER) mechanism, in which species from the gas-phase directly react
with surface molecules, avoiding diffusion, provided reactions do not possess an activa-
tion energy. Therefore, the efficiency of a LH reaction (εLH) should consider the diffusion
and desorption rates (kdi f f and kdes) of the reactants i and j, and the rate constant related
to the activation energy (kaeb) of their reaction. Theoretically, each rate constant can be de-
rived using the Eyring’s transition state theory equation, upon calculation of the reaction
energy barrier (more details in Section 2.5.3).

εLH =
kLH

kLH + kdi f f ,i + kdi f f ,j + kdes,i + kdes,j
(1.3)

Consequently, it is necessary to provide each species with specific parameters in or-
der to describe its physico-chemical behaviour in the ISM. It is clear that astrochemical
models consider a wider range of processes than those listed here (such as chemical des-
orption, radiochemistry, photochemistry), each of which requiring a specific set of param-
eters. Nevertheless, the goal of this thesis was to determine binding energies, in particular
of S-bearing molecules, and reaction barriers relative to the formation of a few COMs on
the surface of dust grains.

1.3.2 The importance of the binding energies

Binding energies delineate the strength of the interaction between a volatile species and a
surface. In the previous paragraph, it has been demonstrated that BEs play a pivotal role
in governing the freeze-out of gas-phase species onto dust grain surfaces, in addition to
their diffusion and desorption. Furthermore, the mobility of a species on the surface of a
grain can significantly influence its reactivity, notably in mechanisms such as LH, where



1.3. The role of computational chemistry in astrochemistry 21

previously adsorbed species migrate on the surface in order to meet and react. Conse-
quently, BEs serve as crucial parameters in shaping the ISM chemistry and its resulting
composition, particularly in low-temperature environments (Penteado et al., 2017; Heyl
et al., 2022).

The determination of BEs poses a considerable challenge. Experimentally, desorption
energies (Edes) are often obtained through temperature programmed desorption (TPD)
experiments. Volatile species are deposited on a surface allowing them to adsorb, then
throughout the heating process, the species progressively sublimate and desorb at a tem-
perature that depends on their nature and on the BE with each site offered by the surface.
The result is a TPD spectrum where the abundance of each atomic mass unit is monitored
against its thermal desorption temperature. However, despite its utility, this technique
exhibits some limitations, the most critical of which is the dependency of Edes on the sub-
strate morphology, composition, and coverage (e.g., Noble et al., 2012; Chaabouni et al.,
2018). Furthermore, Edes, which is derived from experimental desorption rates via the
Polanyi-Wigner equation, align closely with the computed BEs only under specific condi-
tions, that is, the absence of other activated processes, such as ice restructuring. The latter
is usually assumed to be negligible (He et al., 2016), however, this process is favoured by
the energy provided to the system during the experiment. A notable example is the crys-
tallisation of amorphous water during desorption. Only a limited set of stable closed-shell
species has been considered in these experiments, due to the impracticality of handling
reactive species and radicals, which have a short life span (e.g., Collings et al., 2004; No-
ble et al., 2012; Dulieu et al., 2013; Fayolle et al., 2016; He et al., 2016; Smith et al., 2016).
In addition, constant thermal energy is provided to the molecules, which is used to dif-
fuse and move toward stronger binding sites, where the system is more stable, rendering
the TPD more sensitive to the highest values of adsorption energies, and thus providing
higher limits to the realistic BE values. Finally, co-desorption of adsorbed species together
with the substrate causes the determination of the desorption energy of the species under
investigation unfeasible (Minissale et al., 2022).

A complementary approach to TPD is the adoption of state-of-the-art computational
chemistry. By allowing control over surface morphology and composition, as well as ad-
sorbate coverage, ab initio calculations can bridge data gaps in astrochemical models, par-
ticularly when referred to unstable species. However, the main limitation of this approach
is the trade-off between the system size and the accuracy of the calculation. Consequently,
high theory levels are often only applicable to small systems due to the availability of com-
putational resources. Several theoretical studies have reported the BEs of important astro-
chemical species such as H, H2, N, O, HF, CO, and CO2 on icy surfaces modelled through
both periodic and cluster approach, using crystalline (CI) and amorphous (ASW) systems
(e.g., Al-Halabi et al., 2007; Karssemeijer et al., 2014; Zamirri et al., 2017; Shimonishi et al.,
2018; Bovolenta et al., 2020; Ferrero et al., 2020; Duflot et al., 2021).

Focusing on the ASW ice, recent advances have been made in the development of
their models and the computations of BEs. For instance, while some studies propose peri-
odic slab models with specific surface features (Ferrero et al., 2020), others employ cluster
models with sophisticated computational methods, e.g., ONIOM QMHigh/QMLow, to
achieve high accuracy in BEs determination (Duflot et al., 2021). The use of multiple small
clusters was also proposed in order to reproduce the structural variability of a large real-
istic ice mantle (Shimonishi et al., 2018) and this approach was further developed with the
creation of tools such as the Binding Energy Evaluation Platform (BEEP) facilitating auto-
mated BE determination for molecules adsorbed on randomly amorphised ASW clusters
(Bovolenta et al., 2022).
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An alternative approach to obtain a broad spectrum of BEs suitable to define a statis-
tical distribution involves an unbiased search towards all the binding sites offered by the
icy mantle model developed with the ACO-FROST scheme (Germain et al., 2022; Tinacci et
al., 2022). The code allows to grow icy clusters by random step-by-step addition of water
molecules up to the desired size. Attempts to obtain an extended BE catalogue for small
molecules on water ice have been limited to density functional theory (DFT) simulations
on small water clusters (from one to six molecules), which often lack statistical significance
and fail to consider the cooperative effects established by the H-bonding network within
the ice structure, particularly important when working with soft matter (Wakelam et al.,
2017; Das et al., 2018). It should be noted that the size of the crystal and the choice of the
functional are crucial to surely assess an accurate BE value.

Despite these advancements, many astrochemical models still resort to simplistic ap-
proaches like the linear addition method, particularly for newly detected species that lack
experimental or theoretical characterisation (Garrod et al., 2006; Shingledecker et al., 2020;
Cazaux et al., 2022). With this method, the BE of a molecule is determined by splitting its
components into atoms and molecular fragments whose BEs are known and subsequently
adding them together (Allen et al., 1977). Although this method is relatively inexpensive,
it does not account for the electronic effects specific to the species and for the type of sur-
face onto which the species are adsorbed.

Considerable efforts have been made in recent years to enhance our understanding of
binding energies. However, three key areas still necessitate thorough investigation: (i) the
composition and morphology of ice models; (ii) the development of a reliable method-
ology for conducting extensive statistical studies, applicable even to exotic species with
charges, unpaired electrons, or uncommon structures; (iii) and the incorporation of BEs
distributions into astrochemical models.

Exploring the construction of ‘dirty’ ice models, incorporating species commonly de-
tected in ice mantles such as CO, CH4, NH3, CO2, and (to a lesser extent) CH3OH, and
characterizing BEs on the multiple sites offered by such models, constitutes an intriguing
avenue. It is known that BEs depend not only on the volatiles but also on the grain sur-
face composition. From an experimental standpoint, deriving specific binding energies
for molecules in mixed ices is generally challenging due to concurrent diffusion, segrega-
tion, and crystallization processes (Martín-Doménech et al., 2014). However, algorithms
like ACO-FROST could prove suitable, as they allow for the addition of various molecules
alongside water during the built-up of the ice clusters (Germain et al., 2022).

Addressing methodological challenges remains a hurdle, particularly in finding a uni-
fied level of theory suitable for treating a multitude of systems exhibiting diverse electronic
density behaviors. ONIOM (such as QM/MM and QMHigh/QMLow) methodologies
are promising candidates, enabling the treatment of specific areas of a system with high-
level theory methods, e.g., post-Hartree-Fock (Duflot et al., 2021). Achieving uniformity
in theoretical descriptions would facilitate better comparisons of BEs obtained for differ-
ent species and ice surfaces. Alternatively, machine learning (ML) has become one of the
most prominent scientific tools of the 21st century. While supervised learning algorithms
show promise in predicting BEs, they are limited by their reliance on training data and
may struggle with novel species (Villadsen et al., 2022). ML interatomic potentials offer a
low-cost alternative to ab initio calculations for investigating molecular reactivity, adsorp-
tion, and diffusion on dust grains (Mazo-Sevillano et al., 2021; Molpeceres et al., 2021;
Zaverkin et al., 2022). Yet, the construction of a ML potential requires accurate data from
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DFT or post-Hartree-Fock calculations, slightly limiting the power of such methodology,
especially when considering exotic astrochemical species.

The last aspect involves the integration of BEs into astrochemical models, where sin-
gle binding energy frameworks are typically adopted. Despite the potential benefits of
incorporating BE distributions, their inclusion has been explored in only a few cases due
to its computational costs, necessitating additional efforts to simplify their numerical im-
plementations (Grassi et al., 2020).

1.4 The QUANTUMGRAIN project

The ERC awarded project ‘Quantum Chemistry on Interstellar Grains’ (QUANTUMGRAIN,
Grant agreement number 865657) has the aim to investigate in details the chemistry hap-
pening on the surface of interstellar dust grains, providing structures, energetics and dy-
namics of the phenomena and processes occurring on them.

To achieve this objective, the project has been organised in three work-packages: i)
the construction of structural models of silicaceous grain cores and icy mantles to charac-
terise their morphological, energetic and spectroscopic features, ii) the simulation of grain-
surface reactions (formation of simple molecules, COMs, and biomolecules) to disentangle
the most favourable mechanisms, and iii) the assessment of the role of dust grain cores and
mantles in each reaction (e.g., catalyst, concentrator, third body) to know whether and why
their presence is fundamental for the development of chemical complexity in the ISM.

Previous (Joan Enrique-Romero, Stefano Ferrero, Jesús Luque-Urrutia, and Eloy Peña-
Asensio) and current (Niccolò Bancone, Vittorio Bariosco, Alicja Bulik, Andreha Gelli,
Leana Jubert, Harjasnoor Kakkar, Eric Mates-Torres, Berta Martínez-Bachs, Gerard Par-
eras, and myself) members of the team are lead by the principal investigator, Prof. Albert
Rimola. The present thesis is fully involved in this project, by tackling the adsorption
and the surface reactivity occurring on the icy mantles of dust grains in the ISM. Com-
plete information about the project can be found at cordis.europa.eu and on our website
www.quantumgrain.eu.
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Chapter 2

Methodology

Abstract

This chapter provides an overview of the theoretical framework on which quantum chem-
istry is based. Starting with the Schrödinger equation, the development of quantum me-
chanical methods from Hartree-Fock to post-Hartree-Fock, Density Functional Theory,
and semiempirical approaches is traced. The characteristics and classification of the ba-
sis sets used to describe atoms in quantum mechanical methods are discussed. In addi-
tion, the chapter introduces molecular mechanics as an alternative approach to quantum
chemistry. The concept of potential energy surface, a hyperspace that relates the energy
of a chemical system to its atomistic structure, is explored. Then, the chapter looks at
the computational modelling of solid state systems, introducing the two main approaches
and providing guidelines for the simulation of surface models and surface chemistry. Fi-
nally, the structure of interstellar chambers and the theory onto which the experimental
determination of binding energies is based are presented.

2.1 The birth of computational chemistry

‘Computers do not solve problems, people do.’1 Computers simply generate numbers.
The real strength of computational chemistry is the ability to generate data from which
a scientist may gain insights, thereby rationalizing the behaviour of a chemical system.
In the field of astrochemistry, computational chemistry provides essential reference data
for both astronomical observations and modelling. Molecules can be seen as collections of
charged particles (positive nuclei and negative electrons), whose interaction is determined
by the rules of quantum mechanics. Given a molecule, several properties can be calcu-
lated, e.g., the nuclei geometrical arrangements, energies, spectroscopic response (like IR
emission and NMR coupling constants), etc. All these features are needed to advance the
knowledge of how chemistry works in the field of astrochemistry. This chapter is primar-
ily based on the Jensen (2017) and Lewars (2016) textbooks.

2.1.1 The Schrödinger equation

A molecule can be considered as a group of electrons surrounding a set of positively
charged nuclei, hold together by Coulombic attraction. This interaction potential is one
of the ingredients needed to describe the system, the other being an equation defining
how the system evolves in time. In classical mechanics, such requirement would be satis-
fied by the second law of Newton, F = ma. However, matter at the nanoscale level should
be described by quantum mechanics (QM). A chemical system is therefore defined by the
non-relativistic time-dependent Schrödinger equation (Schrödinger, 1926).

1Jensen, F. (1999). Introduction to computational chemistry, 1st Edition. John Wiley & Sons, Ltd.
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ih̄
∂

∂t
ψ(R, r, t) = Ĥψ(R, r, t) (2.1)

where i =
√
−1 is the imaginary unit and h̄ is the reduced Planck constant. ψ(R, r, t) is

the wave function, an object that completely describes the state of the system, and depends
on the time (t), on the coordinates of the nuclei (R), and on those of the electrons (r). Ĥ is
the Hamiltonian operator, representing the total energy of the system, given by the sum of
kinetic (T̂ ) and potential (V̂) energy operators.

Ĥ = T̂ + V̂ = ∑
i

p̂2
i

2mi
+ V̂ (2.2)

In equation 2.2, mi is the mass of the particle i and p̂i is the quantum mechanical mo-
mentum operator.

p̂i = −ih̄∇i = −ih̄
( ∂

∂xi
+

∂

∂yi
+

∂

∂zi

)
(2.3)

If the Hamiltonian Ĥ is time-independent, the wave function can be rewritten as a
product of two factors, the first depending on the coordinates of the electrons and the
nuclei, and the second describing the time evolution as a phase factor.

ψ(R, r, t) = ψ(R, r)e−iEt/h̄ (2.4)

By doing so, equation 2.1 becomes the time-independent Schrödinger equation:

Ĥψn(R, r) = Enψn(R, r) (2.5)

The solution of equation 2.5 returns a number of eigenvectors ψn(R, r) associated with
En eigenvalues, which represent the stationary states of the system, i.e., the states in which
the gradient on the forces acting on all the nuclei of the system is zero and that are invariant
with time.

2.1.2 The Born-Oppenheimer approximation

The Schrödinger equation can be solved analytically only for one-electron systems, re-
gardless of their number of nuclei, such as the hydrogen atom, He+, H+

2 , etc. In general,
to treat systems that contain M nuclei and N electrons, the Born-Oppenheimer (BO) ap-
proximation is required (Born et al., 1927). This approximation assumes that heavy nuclei
and light electrons have distinct velocities due to their different masses (the proton is 1840
times heavier than the electron); hence, the electrons relax instantaneously for each con-
figuration adopted by the nuclei and their motion can be treated separately. Thanks to this
approximation, the Hamiltonian can be written in terms of kinetic and potential energy of
electrons and nuclei and, in atomic units (h̄ = me = |e| = 4πε0 = 1), it takes the form:

Ĥ = T̂N + T̂e + V̂NN + V̂ee + V̂Ne =

− 1
2

M

∑
A

∇2
A

MA
− 1

2
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i +
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2
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ZAZB

|RAB|
+

1
2

N

∑
i,j

1
|rij|

−
M

∑
A

N

∑
i

ZA

|RA − ri|
(2.6)

where T̂N and T̂e are the kinetic energy terms for the nuclei and the electrons, re-
spectively, and V̂NN , V̂ee, and V̂Ne are the electron-electron, nucleus-nucleus and nucleus-
electron potential energy terms. Therefore, the Schrödinger equation can be separated in
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two parts: one describing the electronic wave function for a fixed nuclear geometry; the
other concerning the nuclear wave function, where the electronic energy plays the role
of potential energy. Under this assumption, the electronic hamiltonian (in which T̂N is
neglected) can be defined as:

Ĥel = T̂e + V̂NN + V̂ee + V̂Ne (2.7)

where V̂NN is constant because of the fixed nuclei positions. The prior approximation
causes the spatial wave function ψ(R, r) to be factorized in the product of a nuclear and an
electronic term, which depends on the nuclei position.

ψ(R, r) = ψnucl(R)ψel(r; R) (2.8)

Equation 2.5 can thus be rewritten considering only the electronic part.

Ĥelψel(r; R) = Eel(R)ψel(r; R) (2.9)

From its solution, we obtain the potential energy surface constituted by the collection
of each electronic energy of the system Eel(R), a term that depends on the spatial configu-
ration of the nuclei. The BO approximation usually yields a good performance, however,
it fails when two or more solutions of equation 2.9 are close in energy. An example is the
homolitic cleavage of LiF bond in the gas phase, which at short distances is instead better
described by an ionic (Li+F–) wave function. However, for the majority of the systems, the
BO approximation introduces only very small errors and it can be applied without altering
the outcome of the calculation.

2.1.3 The variational principle

Considering that the exact wave function of the system is unknown, the variational prin-
ciple is needed to solve equation 2.9. Given a normalized wave function ψtrial , which
depends on one or more parameters, the variational principle states that the expectation
value of the energy Etrial , is an upper bound to the ground state energy E0, and the best
trial function is obtained by minimizing the energy as a function of those parameters. For
a normalized wave function, for which ⟨ψtrial |ψtrial⟩=1, this can be expressed through the
Dirac notation (Dirac, 1939).

Etrial = ⟨ψtrial |Ĥel |ψtrial⟩ (2.10)

The energy is a functional of the wave function, whose minimisation is required to
obtain E0.

E0 = min
ψ→N

E[ψ] = min
ψ→N

⟨ψtrial |Ĥel |ψtrial⟩ (2.11)

The notation ψ → N indicates that the search is conducted over N-electron wave func-
tions ψtrial , which must be normalized and antisymmetric. The antisymmetry condition
dictates that the wave function changes sign upon the exchange of any two electrons, re-
sulting in the Pauli exclusion principle.

2.2 Wave Function-based Methods

The Schrödinger equation can be solved only for systems with no interacting electrons.
For atoms with many electrons, the Vee term becomes very challenging to handle. This
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difficulty arises from the mutual interaction of each electron with all other electrons in the
system. Consequently, this introduces a non-linearity and a many-body problem, as the
energy depends on the relative and instantaneous positions of all electrons. To properly
account for electron-electron interactions, it is essential to consider electron correlation,
which refers to the adjustments in the motion of each electron due to the presence of the
others.

Unfortunately, a rigorous solution to this problem remains unknown. To overcome
such limitation, many good approximations were developed, giving rise to several meth-
ods and theories, defining the electronic structure methods. Among them, the most em-
ployed are those based on the wave function and the Density Functional Theory (DFT).
Hartree-Fock (HF) and post-Hartree-Fock (post-HF) belong to the wave function-based
methods, since their theoretical framework is based on building the wave function that
better suits the system. Such approximated (numerical) ways to solve equation 2.9 are re-
ferred to as ab initio, since no reference to experimental data is made to solve the equation.

In HF, post-HF and DFT theories, relativistic effects, which are normally negligible
for the first three periods of the periodic table (Z < 36, although they start to become
relevant for heavier nuclei), are neglected. To compensate for their absence, spin terms are
introduced as ad hoc quantum effects in equation 2.9.

Each electron has a spin quantum number of 1⁄2, which in presence of an external mag-
netic field can assume two states: α for parallel and β for anti-parallel orientation with
respect to the magnetic field. Due to this characteristic, electrons are fermionic particles
and their wave function must be antisymmetric with respect to the exchange of two parti-
cles. An antisymmetric wave function takes the form of a Slater determinant (ΦSD), where
the columns represent the N one-electron wave functions (orbitals), the rows represent the
N electron coordinates, and 1⁄√N! is the normalisation factor (Slater, 1930).

ΦSD =
1√
N!

∣∣∣∣∣∣∣∣
ϕ1(1) ϕ2(1) . . . ϕN(1)
ϕ1(2) ϕ2(2) . . . ϕN(2)

. . . . . . . . . . . .
ϕ1(N) ϕ2(N) . . . ϕN(N)

∣∣∣∣∣∣∣∣ (2.12)

2.2.1 The Hartree-Fock method

The first approximation that allows to solve the electronic Schrödinger equation was for-
mulated by D. Hartree and V. Fock (Hartree, 1928a; Hartree, 1928b; Hartree, 1928c; Hartree,
1929; Fock, 1930). An antisymmetric trial wave function ψtrial can be built from a Slater de-
terminant as that in expression 2.12. Each one-electron wave function is a molecular orbital
(MO, also called spin orbital, denoted ϕ(x)) given by the product of a spatial function χ(r)
and a spin function σ(s), which can assume the value α or β, and is usually orthonormal,
⟨ϕi|ϕj⟩ = δij.

ϕ(x) = χ(r)σ(s) (2.13)

The spatial functions χ(r) are usually expanded as a linear combination of atomic or-
bitals (LCAO), which are atomic functions centred on the nuclei ( f (r − rA)) and constitute
the X functions of the ‘basis set’, one of the key ingredients of a calculation.

χj(r) =
X

∑
i=1

cij fi(r − rA) (2.14)

The Hartree-Fock approximation treats electrons as independent particles, considering
the ground state many-electron wave function as a single Slater determinant built with
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MOs functions. The HF energy (EHF) is given by the expectation value of the electronic
hamiltonian acting on the Slater determinant.

EHF = ⟨ΨSD|Ĥel |ΦSD⟩ (2.15)

The minimisation of the energy functional yields N pseudo-eigenvalue equations result-
ing from the Fock operator acting on each spin orbital (Szabo et al., 1996).

F̂(i) |ϕµ(i)⟩ =
[

ĥi +
N

∑
ν=1

(
Ĵν(i)− K̂ν(i)

)]
|ϕµ(i)⟩ = ϵµ |ϕµ(i)⟩ (2.16)

where ĥi is the mono-electronic Hamiltonian, Ĵν(i) is the Coulomb operator and K̂ν(i)
is the exchange operator arising from the antisymmetry of the wave function.

In a calculation, the spin orbitals arise from the expansion of the basis set. This process
transforms the HF theory into a linear problem, which can be expressed by the Roothaan-
Hall equations and can be represented in matrix formulation as:

FC = SCE (2.17)

Here, F is the Fock matrix containing the elements Fij = ⟨ϕi| F̂ |ϕj⟩, C is the matrix of the
coefficients of the LCAO expansion of the basis set, S is the overlap matrix given by the ele-
ments Sij = ⟨ϕi|ϕj⟩ and E is a diagonal matrix collecting the eigenvalues, Eii = ϵi (Roothaan,
1951; Hall et al., 1951). Exploiting the LCAO approach causes the highly non-linear prob-
lem of equation 2.11 to become linear and solvable with a constrained minimisation over
the MOs, in which the orbitals are required to be orthonormal. The aim is to find the most
suitable combination of MOs that minimizes the energy of the system. This procedure is
called self-consistent field (SCF) and consists of three main steps: (i) building an initial
guess of the wave function based on the chosen basis set, thus selecting the coefficients cij;
(ii) computing the expectation value of the energy; (iii) minimizing the energy functional
providing that the energy is stationary with respect to a change in the coefficients cij.

δE[ψ] =
∂E[ψ]

∂cij
= 0 with i, j = 1, ..., N (2.18)

At every SCF step, the cij coefficients are updated and the process is repeated in an
iterative way, until the energy variation between two successive steps falls below a given
threshold. In a few words, the HF method transforms a N body problem into N single-
particle problems, where every electron is subjected to the interaction with the mean-field
generated by the other electrons of the system. For this reason, the HF approach is usu-
ally referred to as mean-field approximation. Nonetheless, the HF theory has an impor-
tant limitation: the bi-electronic operator K̂ν, which accounts for Pauli exclusion principle,
only considers the Fermi correlation, that is the correlation between electrons with the
same spin state (αα and ββ). Consequently, the case involving opposite spin states (αβ)
is only considered in an average way, thereby losing the instantaneous electron-electron
(Coulomb) correlation.

2.2.2 The basis set

One of the approximations introduced by ab initio methodologies is the use of basis sets.
In principle, expanding the wave function in a set of known functions (the basis set) is
not an approximation, provided that the set is complete. This implies using an infinite
number of functions, which is not feasible in a real calculation. Knowing that ab initio
methods scale formally as at least M4, where M is the number of functions, it is of primary
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importance to choose a basis set as small as possible without compromising the accuracy
of the calculation.

Atomic orbitals are typically represented by mathematical functions that fall into two
main categories. A Slater-type orbital (STO) is an exponential function describing the cusp
condition near the nucleus and the decay at large distances, taking the form:

fζ,n,m,l(r, θ, ϕ) = NYl,m(θ, ϕ)rn−1e−ζr (2.19)

However, it is not convenient to adopt this type of functions, since they require the
calculation of three- and four-centres two-electron integrals that cannot be performed an-
alytically. In contrast, Gaussian functions are more suitable to compute analytically bi-
electronic integrals. The Gaussian-type orbitals (GTOs) are defined as:

fζ,n,m,l(r, θ, ϕ) = NYl,m(θ, ϕ)r2n−2−le−ζr2
(2.20)

The disadvantage of GTOs lies in their inability to properly describe the form of the
function at the nucleus, where there should be a cusp, and to faithfully reproduce the
long-range behaviour, due to their exceedingly rapid decay when moving away from the
nucleus (Boys et al., 1950). This issue can be addressed by using linear combinations of
GTOs with different ζ, thereby adjusting their width. Although this approach implies
a larger number of calculations, it remains computationally more efficient compared to
using STOs. In summary, using a combination of GTOs is more convenient than adopting
a single STO to describe a specific orbital, especially when dealing with large systems
that require the computation of numerous integrals. A large variety of basis sets exists
nowadays, each suitable for specific classes of chemical systems.

Classification of basis set functions

Several characteristics have to be considered in the construction and in the choice of a
basis set. The simplest and smallest basis sets, such as STO-nG (Hehre et al., 1969) and
MINI-1 (Tatewaki et al., 1980), contain the minimal number of functions needed to describe
the electronic configuration of the atom. Essentially, they consist of a function for each
occupied orbital.

The first improvement resides in enlarging the number of functions adopted to de-
scribe each orbital, resulting in NZ quality basis sets, where each orbital is defined by N =
D, T, Q, 5, etc. contracted Gaussian functions (CGTOs). The latter can be defined as linear
combinations of primitive Gaussian functions (PGTOs) sharing the same exponents, but
different weights. This method simplifies the basis set optimisation procedure, addressing
the disproportionate effort previously devoted to optimising basis functions for core elec-
trons. While core electrons make up over 50% of the total functions and play a crucial role
in energy definition, they are chemically unimportant compared to the valence region. The
most common contraction method involves incorporating all PGTOs into the linear com-
bination of each CGTO and determining suitable coefficients for this combination. This
method is referred to as ‘general contraction’.

To save computational time, split-valence NZV basis sets (with N = D, T, Q, 5, etc.)
were proposed. Here, orbitals of the valence shell are described by two or more contracted
Gaussian functions, while inner shells are represented by a single function, in that their are
energetically, but not chemically, important (Ditchfield et al., 1971).

Polarisation functions are higher angular momentum functions added to describe the
deformation of the electron density, for example when bond formation occurs (Frisch et
al., 1984). The first set of polarisation functions plays a crucial role in describing charge
polarisation effects when single determinant wave functions are used. Their inclusion into
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the basis set becomes essential when methods incorporate the description of electron cor-
relation effects. Higher angular momentum functions are needed to account for angular
correlation, while radial correlation is better described by increasing the ζ quality of the
basis set.

Finally, diffuse functions are small exponent (broad) Gaussian functions particularly
useful when describing properties that depend on the wave function tail, as for example
the polarisability or the presence of loosely bound electrons. Thus, they are indicated to
describe excited states and anions.

Contracted basis sets

One of the most remarkable scientific groups in basis sets development was lead by J.A.
Pople. Many basis sets families where developed in his group, starting from STO-nG,
which are Slater type orbitals consisting of n PGTOs (Hehre et al., 1969). This is a small ba-
sis set where the exponents of the PGTOs are determined by fitting them against an STO,
instead of using the classical variational optimisation procedure. The most common is the
STO-3G basis set.

k-nlmG basis sets are probably the most widespread family and are split valence basis
sets (e.g., Hehre et al., 1972; Krishnan et al., 1980). k indicates the number of PGTOs used
for the core orbitals, while n, l, and m are the numbers of PGTOs used in the contraction of
valence orbitals, beside suggesting whether the basis set is split valence (nl) or triple split
valence (nlm). An example of such notation is given by the 6-31G and 6-311G basis sets,
respectively. Polarisation and diffuse functions can be added to these basis set, so that 6-
311++G(d,p) represents a triple split valence basis sets with two sets of diffuse functions, a
d-type polarisation function on heavy atoms (all except H) and a p-type polarisation func-
tion on hydrogen (Frisch et al., 1984).

Dunning-Huzinaga basis sets results from the application of several contraction schemes
that allowed varying the exponents of the PGTOs (Huzinaga, 1965; Dunning, 1971). De-
spite resulting in the definition of basis sets composed by a large number of basis functions,
their accuracy was not satisfying.

Karlsruhe-Type Basis Sets have been developed in the group of R. Ahlrichs and are con-
tracted basis sets that span from the DZ, TZ, and QZ, to the corresponding split valence
SVP, TZV, and QZV. The latter group has been updated, resulting in the ‘def2’ family of
basis sets (Weigend et al., 2005) that has been applied several times in this thesis. They are
computationally quite efficient and available for a large fraction of atoms in the periodic
table, up to radon. Furthermore, two slightly different sets of polarization functions are
available for some atoms, depending on whether the basis set is combined with HF/DFT
or with electron correlation methods. The ‘def2’ basis sets family is also available in a
minimally augmented version, which consists of an extension in which a minimal set of
diffuse functions is added to a subset of chemical elements. Diffuse functions are not quite
as important for def2 basis sets as would be for the Pople basis sets, but they improve the
quality of the results obtained on barrier heights and electron affinities (Zheng et al., 2011).

Atomic natural orbitals (ANOs) are derived using a general contraction scheme ap-
plied to a large number of PGTOs in order to obtain a small number of CGTOs. Natural
orbitals, which are used to guide the contraction of PGTOs into CGTOs, derive from a
correlated calculation on free atoms, typically run at CISD level (described later), and tend
to provide a more compact and accurate description of the electron distribution. (Almlöf
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et al., 1990; Almlöf et al., 1991). The natural orbitals are obtained from the diagonalisa-
tion of the density matrix and the corresponding eigenvalues define the orbital occupation
number, that is allowed to vary from 0 (empty orbital) to 2 (full orbital). The advantage of
ANOs is that their contraction generates balanced basis sets, where the number of func-
tions of a certain type decrease when their angular momentum increases.

Correlation consistent (cc) basis sets have been developed with the twofold aim of
enabling the conduction of calculations with improving basis set quality and of allow-
ing for the extrapolation of desired quantities to the limit of an infinite basis set, known
as the complete basis set (CBS) approximation. These basis sets overcome the limitation
of ANOs basis sets, that is the large number of PGTOs required to converge to the CBS
limit. Despite the smaller number of PGTOs, they yield results comparable to those of
ANOs. Furthermore, they recover the correlation energy of valence electrons (Dunning,
1989). Several different sizes of correlation consistent basis sets are available in terms of
final number of contracted functions (X). Moreover, they can be augmented by addition
of diffuse functions for non-hydrogen atoms, resulting in the aug-cc-pVXZ family of basis
sets. The main advantage of ANOs and cc basis sets is the ability to generate a sequence of
basis sets that converges toward the CBS limit. Correlation consistent basis sets have been
at the centre of the development of procedures to extrapolate a given property to the CBS
limit, such as R12 and F12 methodologies.

Finally, tailored basis sets optimised specifically to be used in conjunction with a spe-
cific HF- or DFT-based method exist, e.g., HF-3c (Sure et al., 2013), B97-3c (Brandenburg et
al., 2018), and r2SCAN-3c (Grimme et al., 2021). The principal objective of these method-
ologies is to reduce the cost of the calculation without compromising the accuracy of the
results. Furthermore, they address the primary issue associated with the use of a limited
number of functions in the basis set, namely the basis set superposition error (BSSE).

Basis Set Superposition Error

The BSSE arises from using a finite basis set of localized functions to describe a chemical
system. It becomes particularly evident when computing the interaction energy of an A+B
complex made by the fragments A and B (Paizs et al., 1998). The variational theorem
ensures that the total energy of any system will be lowered if a larger number of basis
set functions is chosen to describe its electron density. When calculating the interaction
energy (∆E) of the A+B complex, expected to be negative in case of a favourable interaction
between A and B, the number of basis set functions used is inevitably different from the
one of A and B alone.

∆E = EA+B − EA − EB (2.21)

Therefore, an artificial lowering of the energy of the A+B complex is expected due to
the larger set of basis functions with respect to the separate constituents A and B.

∆E = ∆EC − EBSSE (2.22)

where EBSSE represents the artificial lowering in energy and ∆EC is defined as the BSSE-
corrected interaction energy. The latter term can be obtained through the counterpoise
method proposed by Boys et al. (1970). The total energies of the A+B complex and of the
separate A and B fragments are calculated with the same number of basis functions of the
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complex A+B. This can be achieved by adding ghost functions to the basis sets of A and B.

∆EC = EA+B − EA(B) − E(A)B (2.23)

From these equations, the energy terms contributing to the EBSSE can be worked out.

EBSSE = δA + δB = EA − EA(B) + EB − E(A)B (2.24)

Both δA and δB are positive according to the variational theorem. Thus, the EBSSE is a
positive quantity and ∆EC > ∆E. However, it should be noted that EBSSE may be slightly
overestimated, as the added ghost functions are not populated, at variance with what
happens for the complex A+B. Computing EA(B) and E(A)B requires the use of a large
number of basis set functions, which increases the cost of the calculation.

An alternative strategy to correct for the BSSE consists in the geometrical counterpoise
(gCP, Kruse et al., 2012), which depends only on the coordinates of the atoms in the struc-
ture, and thus it can be applied to larger structures with thousands of atoms. The gCP
consists of an atomic correction (parametrised against the counterpoise correction of Boys-
Bernardi), in which each atom is characterised by four parameters specific to a particular
combination of method and basis set. This correction scheme addresses both inter- and
intra-molecular BSSE and provides BSSE-corrected gradients, thus acting not only on the
energies but also on the geometries. The gCP scheme has been adopted in the develop-
ment of the ‘3c’ methods, such as HF-3c (Sure et al., 2013), PBEh-3c (Grimme et al., 2015),
and r2SCAN-3c (Grimme et al., 2021), developed in the last decade with the goal of pro-
viding high-quality results in a reduced computational time.

Alternatives to localized basis sets

When dealing with heavier atoms, particularly those from the fourth period onwards, the
number of core electrons notably increases. Consequently, a significant fraction of the basis
functions must be allocated to describe the core electrons, leaving only a limited number
of functions available for the description of valence electrons. Furthermore, as one moves
to the lower half of the periodic table, relativistic effects become increasingly important
in the description of atoms and traditional basis sets become inadequate for accurately
capturing these effects. The introduction of effective core potentials (ECPs, or pseudopo-
tentials) offers a solution to both challenges. The ECPs, often tabulated, replace the core
electrons, allowing for the explicit treatment of valence electrons only. This guarantees to
partly accounting for relativistic effects without resorting to fully relativistic calculations,
but also significantly reduces the number of integrals to be computed, thereby enhancing
computational efficiency (Cundari et al., 1996).

When performing periodic calculations, it is possible to describe atoms using both
atom-centred GTOs and plane waves (PWs). While GTOs require adaptation to Gaussian-
type Bloch functions in order to adhere to the periodicity of the chemical system, PWs are
combinations of sine and cosine functions that naturally and uniformly fill the space of a
given cell. The number of PWs to be used depends on the size of the cell rather than on
the number of the atoms it contains, intrinsically leading to 3D-periodic calculations, even
for systems with lower periodicity such as surfaces, polymers, and molecules. These sys-
tems are usually treated by defining a 3D cell in which a sufficiently large spacing is left
between the non-periodic directions of the model, to mitigate the inevitable interactions
between the replicas of the unit cell. One of the primary advantages of PWs is that they
constitute a universal basis set, since they do not depend on atoms types and positions.
The total number of plane waves, which is determined by an energy cutoff, is the only
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parameter that determines how accurately the system is described. Additionally, PWs
are BSSE-free because they fill in the whole space of the unit cell avoiding the biasing of
localized functions.

Nevertheless, incorporating the exact HF exchange into a calculation with PWs can be
computationally expensive, making calculations with hybrid DFT functionals extremely
demanding. Furthermore, PWs do not adequately describe highly localized core electrons,
although this issue can be mitigated by using pseudopotentials to represent core electrons
and treat only valence electrons with PWs (Kresse et al., 1996; Bylaska, 2017).

2.2.3 Post-Hartree-Fock methods

Due to the mean-field approximation, the HF approach lacks a fraction of the exact energy
(Eexact). This quantity, defined as correlation energy (Ecorr) arises from the instantaneous
correlation of electron motion (Shavitt, 1977) and translates to:

Eexact = Ecorr + EHF (2.25)

Usually, the correlation energy is a small fraction of the exact energy (around 2%) but
represents a determining quantity when it comes to describing the cleavage and the for-
mation of chemical bonds, as well as intra- and inter-molecular interactions.

Electronic correlation is usually classified as radial/angular or static/dynamic correla-
tion. These definitions are linked, but they address different aspects of electronic correla-
tion. Radial correlation concerns a situation in which one electron is close to the nucleus
and the other is far, while angular correlation refers to a situation in which two electrons
are in opposite sides of the nucleus. In contrast, considering that each electron is inter-
acting with the mean-field generated by other electrons, rather than individually interact-
ing with every other electron introduces dynamic correlation. Finally, static correlation is
caused by a single Slater determinant being insufficient to describe degenerate electronic
configurations, for which multiple determinants would be more appropriate.

In order to account for the electronic correlation, a number of approaches have been de-
veloped under the designation of post-HF methods, since they are designed to go beyond
the capabilities of the mean-field approximation. The most common are the many body
perturbation theory (MBPT), the configuration interaction (CI) method and the coupled
cluster (CC) method.

Many Body Perturbation Theory

In the MBPT methods, the correlation energy is recovered by treating the electronic cor-
relation as a perturbation of the system. Therefore, the unperturbed hamiltonian Ĥ0 is
summed to a perturbation Ĥ′

, whose strength is regulated by a parameter, λ.

Ĥ = Ĥ0 + λĤ′
(2.26)

The energy and the wave function corrections are expanded as a Taylor series of pow-
ers of λ, where the zeroth-order represents the unperturbed system, namely the HF Hamil-
tonian. From the second order, virtual orbitals are needed to compute the energy terms
and cause the computational cost of the calculation to increase by a significative amount
with respect to HF. When the unperturbed Hamiltonian is chosen to be a sum over Fock
operators, it leads to Møller-Plesset (MP) perturbation theory (Møller et al., 1934). De-
pending on how many orders are included in the expansion, MP2, MP3, etc. methods
arise. Nevertheless, their main drawback is that they are not based on the variational
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principle, therefore they could return energy values that are lower than Eexact due to a
slow convergence of the expansion.

Configuration Interaction

The CI method is based on the variational principle and its trial wave function is defined
as a linear combination of several Slater determinants, each one weighted by an expansion
coefficient ai, determined by requiring the corresponding energy to be a minimum (Sherrill
et al., 1999).

ΨCI = a0ΦHF + ∑
i=1

aiΦi (2.27)

The added determinants are defined as ‘excited’, because they are generated by assum-
ing that one or more electrons are occupying virtual orbitals in reason of their excitation.
The determinants are classified as singly (S), doubly (D), etc. excited, depending on how
many electrons are promoted to higher energy orbitals in the added determinants. The
exact wave function can be obtained by including all the determinants that can be created
in equation 2.27, leading to the full CI wave function. However, the computational cost of
such a calculation becomes unfeasible as soon as few electrons are present in the system,
dictating the need for truncated methods (e.g., CISD, CISDT) that take into account only
a fraction of the possible excited Slater determinants. Nevertheless, truncated CI methods
are not size extensive.

Coupled Cluster

The CC methods add all types of corrections (S, D, T, etc.) to the HF wave function at
a given order (2, 3, 4, etc.). In this case, the excited Slater determinants derive from the
application of the cluster operator T̂ to the HF wave function (Bartlett et al., 2007).

ΨCC = eT̂ ΦHF (2.28)

The cluster operator is expanded in T̂ = ∑N
i=1 T̂i where each T̂i moves i electrons in

higher energy orbitals. If all cluster operators are considered, the coupled cluster treatment
becomes equivalent to a full CI. However, the exponential operator can be expanded in a
Taylor series, enabling truncation to a desired order and rendering the calculation feasible.
The most common truncation is the CCSD(T), where single and double excitations are
computed with CC theory and triple excitations are treated as a perturbation to the system.
A major advantage of truncated CC methods is their size extensivity.

2.2.4 Extrapolation to the CBS limit

The wave functions of CI, CC, and MP theory are based on the expansion of the N-electron
wave function in terms of Slater determinants. Such expansions, usually with very slow
convergence, are unable to satisfy the electronic cusp condition, rendering extremely dif-
ficult (basically impossible, except with very large one-electron basis sets) to accurately
describe the Coulomb holes in the wave function. As a result, the convergence of the CI,
CC, and MP2 energies toward their respective basis set limit is extremely slow.

Furthermore, GTO basis set quality also deeply affects the accuracy of the final energy
of the system. To overcome such limitations, correlation consistent basis sets have been
developed, enabling calculations to be conducted with improving basis set quality and al-
lowing for the extrapolation of desired quantities to the limit of an infinite basis set, known
as the CBS approximation. However, this procedure demands significant computational
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resources, and calculations using QZ or 5Z quality basis sets are often prohibitively ex-
pensive. To address this challenge, several techniques have been developed in order to
extrapolate results to the CBS limit (Dunning, 1989).

In the following, the three CBS extrapolation methodologies applied in this work are
outlined: i) extrapolation of the desired energy based on fitting the energies computed
with basis sets of increasing ζ quality; ii) application of an empirical equation based on
DZ and TZ quality results; iii) calculations at the CCSD(T)-F12 level of theory.

Extrapolation with correlation consistent basis sets

Given the dependency of CCSD(T) results on the size of the basis set, Dunning correlation
consistent aug-cc-pVXZ basis sets (where X = 2, 3, 4, 5, ... corresponds to ζ = D, T, Q, 5, ...)
are employed to compute the desired property. Thus, the obtained data are plotted against
a = 1/X3 and the CBS limit is obtained for a = 0, corresponding to X = ∞.

This method has been applied to improve the accuracy of DFT level results in an addi-
tive ONIOM2 scheme (described in Section 2.6.4) for the computation of binding energies
(Perrero et al., 2022a).

Okoshi empirical equation

A similar way to extrapolate a specific property at the CBS limit is to apply the OAN(C) ex-
trapolation scheme (Okoshi et al., 2015). This empirical approach is based on CCSD(T)/aug-
cc-pVXZ (with X = D,T) data, which makes it more competitive than the previous extrap-
olation scheme (where at least QZ quality data were required).

EOAN(C)
CBS =

33E(T)− s3E(D)

33 − s3 (2.29)

In this equation, the scaling factor s depends on the chosen combination of method
(MP2, CCSD, or CCSD(T)) and basis set (cc-pVXZ or aug-cc-pVXZ), while E(D) and E(T)
are the energies computed with the DZ and TZ quality basis sets, respectively. The accu-
racy of this model is comparable to those obtained with the original CBS model of Hel-
gaker, Klopper, Koch, and Noga (HKKN), which was based on calculations performed
with higher ζ quality basis sets, and failed to yield accurate results when including DZ
quality data (Helgaker et al., 1997).

In this thesis, the OAN(C) equation has been integrated in an ONIOM2 scheme to im-
prove the accuracy of DFT reaction energies (Perrero et al., 2023a). The comparison of
the two outlined methodologies (extrapolation and OAN(C) scheme) revealed a compa-
rable performance, at least for the chemical systems treated in this study. However, the
advantage of the OAN(C) empirical equation lies in the requirement of only DZ and TZ
quality data to determine the CBS energy. In contrast, the fitting procedure for extrapo-
lation, which involves plotting the desired property against 1/X3, requires the inclusion
of QZ quality data and benefits from the inclusion of the extremely expensive 5Z quality
data. Therefore, it is more convenient to apply the procedure proposed by Okoshi et al.
(2015), especially when dealing with extended model systems.

R12 and F12 methodologies

The adoption of explicitly correlated wave functions represents a significant advancement
beyond the conventional approach of expanding the wave function as a linear combina-
tion of one-electron Slater determinants. The main objective is to overcome the difficulties
in representing the wave function in those regions where the inter-electronic distance rij
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approaches zero. This technique allows for the computation of electronic correlation en-
ergies of molecular ground and excited states close to the limit of a CBS at high levels of
theory, as exemplified by the CC theory (Hättig et al., 2012). The seeds of the present-day
R12 and F12 methodologies, developed at this scope, can be traced back to the develop-
ment of the HF theory.

In 1929, an explicitly correlated wave function was used for the first time to compute
the energy of the He atom, including the dependency on the distance between the two
electrons r12 in the wave function (Hylleraas, 1929). A few years later, Hartree and Ing-
man argued that a better description of the Coulomb correlation hole could be obtained
if the wave function depends on both r12 and r2

12 (Hartree et al., 1933). The proposal of
Hylleraas (1929) is at the foundation of R12 methods (Kutzelnigg, 1985), while the work of
Hartree et al. (1933) contributed to the development of F12 methods (Werner et al., 2007).
A key step in the growth of application of these methods has been the introduction of a
complementary auxiliary basis set (CABS), which is used in the factorisation of the many-
electron integrals that results from the use of explicitly correlated wave functions. This
enabled the use of medium-sized standard basis sets for R12 and F12 methods without
compromising the quality of the results (Valeev, 2004; Klopper et al., 2002).

In order to perform CCSD(T)-F12 calculations on both closed-shell and open-shell large
systems, its linear scaling variant named domain-based local pair natural orbital (DLPNO)
method is needed (Guo et al., 2018; Kumar et al., 2020). This approximation reduces the
cost of electronic structure calculations by taking advantage of the locality of electronic
interactions within a molecular system. The DLPNO scheme partitions the molecular sys-
tem into smaller and non-overlapping domains and approximates the electronic structure
of each domain using local pair natural orbitals (PNO). The PNOs are optimised to repro-
duce the electronic structure of the full system, while minimizing the size of the variables
required for an accurate description, therefore reducing the cost of the calculation (Meyer,
1973; Ahlrichs et al., 1975). In this way, CBS limit quality energies are directly obtained
without the need of further extrapolation schemes.

In this thesis, CCSD(T)-F12 and DLPNO-CCSD(T)-F12 have been employed as refer-
ence methodologies in the characterisation of processes occurring on water and olivine
clusters (Perrero et al., 2023b; Perrero et al., 2024b), improving the accuracy guaranteed by
the well known ‘gold standard’ CCSD(T)/aug-cc-pVTZ level of theory.

2.3 Density Functional Theory

In the theories explored so far, the wave function has been the pivotal element for deriving
all the properties of the system under investigation. However, these methods often entail
considerable computational demands due to the complexity of the wave function, which
relies on 3N spatial variables + N spin variables, where N represents the number of elec-
trons within the system. In pursuit of mitigating the computational costs, a distinct class
of methods was developed.

2.3.1 Formalism

The following approach diverges significantly from wave function-based methods, and it
relies on the electron density ρ(r) as the primary quantity for deriving the properties of
the system (Koch et al., 2015).

ρ(r) = N
∫

. . .
∫

|ψ(x1, . . . , xN)|2ds1dx2 . . . dxN (2.30)
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The electron density, consisting of the square of the wave function integrated over N-
1 electron coordinates, simply depends on three coordinates, irrespective of the number
of electrons. Furthermore, ρ(r) represents the probability density of locating any of the N
electrons within the volume element dr1, given the positions and the spins of the remaining
N-1 electrons. Notably, ρ(r) is a positive definite function, encapsulating three pivotal
characteristics:

1. when integrated over the entire volume, ρ(r) gives the number of electrons in the
system;

2. ρ(r) has a cusp in correspondence of every nucleus present in the system;

3. the height of the cusp defines the nuclear charge.

The foundations of the density functional theory (DFT) were established by E. Fermi
and P. Dirac three decades before the actual development of modern DFT theory. The
1927 Thomas-Fermi model was an early attempt to describe the distribution of electrons
in an atom using statistical methods rather than solving the Schrödinger equation for each
electron. This model approximated the many-electron problem by considering a statisti-
cal distribution of electrons (Fermi, 1927). A significant advancement in addressing the
many-electron problem, arising from the electron-electron interaction term, came from the
idea that the electron exchange energy for a uniform electron gas could be estimated as a
function of the electron density (Dirac, 1930). These statements contributed to shifting the
focus from the wave function to the electron density, which became a fundamental vari-
able for describing the system and simplified the description of the interactions occurring
in many-electron systems.

Modern DFT was formulated for the first time in 1964 by P. Hohemberg and W. Kohn
and was based on two fundamental theorems, called Hohemberg-Kohn (HK) theorems
(Hohenberg et al., 1964). The first HK theorem states that: ‘The external potential Vext is a
unique functional of ρ(r) and, given that Vext specifies a Hamiltonian, it follows that the ground
state wave function is a unique functional of ρ(r).’

In the DFT formalism, the electron-nucleus attraction term VNe of equation 2.6 is de-
fined as external potential Vext. This classification stems from the fact that it represents
an interaction that does not originate directly from the electron density. Consequently, in
accordance with the first theorem, it becomes evident that the energy of the system can be
expressed as a functional of the electron density, denoted E[ρ]. The second HK theorem
establishes a variational principle in the context of DFT and states that: ‘Given an external
potential, the ground state energy E0 can be found by minimizing the functional E[ρ] with possible
trial densities that satisfy the boundary conditions and that the electron density that minimizes the
functional is the ground state electron density ρ0(r)’.

As a direct consequence of these theorems, it follows naturally that every energetic
term within the Hamiltonian can be expressed as a functional of the electron density.

E0 = min
ρ→N,Vext

E[ρ] (2.31)

where E[ρ] = Vext[ρ] + Te[ρ] + Vee[ρ]. The sum Te[ρ] + Vee[ρ] constitutes FHK[ρ], which
is the universal Hohemberg-Kohn functional, whereas the Vext[ρ] term depends on the
system under study and can be written as:

Vext[ρ] =
∫

ρ(r)Vext(r)dr (2.32)
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In principle, knowing the explicit expression for every term of the energy functional
would solve exactly the electronic Schrödinger equation 2.9. However, the exact form
of FHK[ρ] is unknown, and the elusive part can be isolated from the rest of the terms. The
Vee[ρ] can be split in a classical electrostatic term J[ρ] and a non-classical term Encl [ρ], which
contains all the unknown operators.

Vee[ρ] = J[ρ] + Encl [ρ] =
∫

ρ(r1)ρ(r2)

|r12|
dr1dr2 + Encl [ρ] (2.33)

Ultimately, the energy functional can be rewritten as:

E[ρ] =
∫

ρ(r)Vext(r)dr +
∫

ρ(r1)ρ(r2)

|r12|
dr1dr2 + Encl [ρ] + Te[ρ] (2.34)

A substantial advance in the resolution of the hitherto unresolved issue of the un-
known functional was achieved in 1965 with the work of W. Kohn and L.J. Sham, which
provided the foundation for the implementation of DFT (Kohn et al., 1965).

The Kohn-Sham (KS) formalism is based on a non-interacting reference system of elec-
trons similarly to the HF method. In this framework, a single Slater determinant is con-
structed using the Kohn-Sham MOs, denoted ϕKS, which closely resembles the conven-
tional MOs, but possesses the additional characteristic of being subjected to an external
potential (Vext). This potential is built such that the ground state electron density matches
that of the interacting system. This assumption is of particular significance as it allows for
the explicit expression of the quantum kinetic energy functional (Te[ρ]) as the sum of the
exact kinetic energy of the non-interacting reference system (TS[ρ]) plus an unknown term
(∆Te[ρ]). The latter quantity accounts for the difference between the kinetic energy of the
real interacting system and that of the non-interacting one.

Te[ρ] = TS[ρ] + ∆Te[ρ] = −1
2

N

∑
i=1

∫
ϕKS

i (r)∇2ϕKS
i (r)dr + ∆Te[ρ] (2.35)

A further step consisted in grouping the terms ∆Te[ρ] and Encl [ρ] as the exchange cor-
relation (XC) functional EXC[ρ]. However, the mathematical expression of this functional
remains unknown. Consequently, the development of DFT methods is devoted to identi-
fying the most suitable form of this functional, through various approximations. In prin-
ciple, as for the HF method, the Kohn-Sham MOs can be introduced in equation 2.31 and
the minimisation of the functional yields the KS equations, which are pseudo-eigenvalue
equations containing the KS operator, f̂ KS.

f̂ KSϕKS
i = ϵiϕ

KS
i (2.36)

When the LCAO approximation is introduced, this problem can be transformed into a
linear one, in the same manner as for the HF theory.

fC = SCE (2.37)

Where f = fij = ⟨ϕKS
i | f̂ KS |ϕKS

j ⟩ are the KS matrix elements. The HF and DFT meth-
ods have similar SCF procedures and, as a result, comparable computational costs. How-
ever, the primary distinction between them resides in their underlying principles. The HF
theory employs the exact Hamiltonian operator and approximates the wave function. In
contrast, the DFT is an exact reformulation of the quantum mechanics based on the elec-
tronic density, in which the approximation arises from the mathematical form of the XC
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functional. It follows that it is much more straightforward to improve the description of
the wave function than to rectify the inaccuracies of the Hamiltonian.

In light of these considerations, may DFT be defined as an ab initio theory? If one
considers the theoretical background, the answer is affirmative. Nevertheless, some ap-
proximations of the XC functional include parameters that have been estimated by fitting
against experimental data. It can thus be concluded that not all DFT functionals are truly
ab initio.

2.3.2 Classification of DFT functionals

The approximations of the XC functional developed over the years have led to the cre-
ation of numerous distinct functionals. For the sake of simplicity, all the functionals are
categorized into different families based on the approximations underlying their forms.
J. Perdew introduced such a classification, defining the ‘Jacob’s ladder’ of DFT methods
(Perdew et al., 2001; Perdew et al., 2005). This metaphorical progression, ranging from
the ‘Hell’ of the Hartree-Fock (HF) theory to the ‘Heaven’ of the exact solution of the
Schrödinger equation, encompasses five distinct rungs, each gathering DFT functionals
according to their level of approximation. As one ascends the ladder, both the accuracy
and computational cost of the functionals tend to increase.

• I rung. Local Density Approximation (LDA). This approximation originates from
the Thomas-Fermi model. It is based on the assumption that electrons behave like
a homogeneous electron gas and therefore the electron density is a slowly varying
function. LDA functionals can be employed to treat metal systems, but they are not
suitable to describe other chemical systems.

• II and III rung. Generalized Gradient Approximation (GGA) and meta-GGA. These
two families of functionals account for the non-homogeneity of the electron density,
introducing a dependency of the energy from the gradient of the density ∇ρ (GGA)
or ∇2ρ (meta-GGA). For this reason, these methods are also called semi-local func-
tionals. They yield good geometries and acceptable frequencies for the majority of
the systems.

• IV rung. Hybrid Methods (hyper-GGA). These functionals incorporate a portion
of exact exchange (computed via HF or derivatives), depending on their mathe-
matical formulation. Global hybrids maintain a constant amount of exact exchange
across all positions r; local hybrids incorporate a position dependent exact exchange;
range-separated hybrids separate the electron-electron repulsion operator 1/r12 in a
short-range and a long-range term, to which distinct exact exchange contributions
are assigned. These functionals are probably the best compromise between cost and
accuracy for small- to medium-sized systems.

• V rung. Double-Hybrid Methods (DH). In addition to the exact exchange, a treat-
ment of non-local orbital correlation energy at MP2 level of theory is also included.
Double-hybrids functionals are fully non-local due to the contributions from HF the-
ory. Their performance is very close to that of couple cluster theory, but at a feasible
computational cost. Recently, the development of a DLPNO-MP2 scheme has signif-
icantly enhanced their computational efficiency, enabling their use with both small
and medium-sized systems (Neugebauer et al., 2023).

The main limitation of DFT methods is that although a progression of functionals go-
ing from LDA, to GGA and hyper-GGA provides successively lower errors for a specific
reference dataset, this trend may not transfer universally to other properties or systems.
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Consequently, the reliability of the results can only be determined by comparison with
experimental data or high quality wave function-based results.

In order to facilitate the selection of the most appropriate methodology for a given
chemical system, reviews such as those by Mardirossian et al. (2017) and Bursch et al.
(2022) offer valuable guidance to the readers.

2.3.3 Challenging cases for DFT

DFT methods are widely adopted because of their outstanding cost/accuracy ratio. They
provide high quality geometries and vibrational frequencies, good dipole moments, ther-
mochemistry and reaction barriers, and they introduce electron correlation effects (im-
proving the description of intermolecular interactions such as the hydrogen bond) at a
cheaper cost than wave function-based methods. However, DFT methods show some dif-
ficulties in describing properly phenomena such as charge transfer processes, open-shell
systems, and weak interactions.

The strength of charge transfer interactions is usually overestimated by DFT methods.
Conversely, HF underestimates this type of interaction, reason why the inclusion of a frac-
tion of exact exchange in the functional mitigates the problem, although it does not solve
it. A more detailed discussion is dedicated to weak interactions and open-shell systems,
which are largely present in this work.

Open-shell systems and the broken (spin) symmetry approach

Radicals, also defined as open-shell systems, are chemical species with one or more un-
paired electrons, each with an electronic spin quantum number S = 1/2. The electronic spin
multiplicity is defined as 2S + 1 and systems with a multiplicity equal to 1, 2, 3, etc., are
defined as singlet, doublet, triplet, etc., respectively. Tipically, open-shell systems have a
multi-reference character which is not well represented by the single determinant DFT ap-
proach, which additionally suffers from an incomplete cancellation of the self-interaction
term.

Consequently, radicals are treated with an unrestricted formalism, that consists in us-
ing different molecular orbitals for the α and β electrons, in contrast to what is done in the
restricted open-shell formalism (Pople et al., 1954). This approach is still based on a single
determinant. Furthermore, the wave function resulting from the unrestricted formalism
is not an eigenvector of the total spin operator Ŝ2, because it does not describe pure elec-
tronic spin states. Such characteristics introduce spin contamination of the ground state
by higher (excited) electronic spin states. The eigenvalue < Ŝ2 > is used as a quality indica-
tor of the unrestricted approach, in that when a little deviation from the theoretical value
is observed, the formalism appears suitable to describe open-shell systems. In contrast,
a large deviation indicates that single-reference methods are not appropriate to treat the
radicals.

A particular case of open-shell systems in which a specific approach has been devel-
oped to perform calculations are diradicals. As the name suggests, diradicals are species
in which there are two unpaired electrons occupying different spin orbitals. Depending on
their spin, αα or αβ, their multiplicity can be triplet or open-shell singlet, respectively. An
example of the latter are systems in which two doublets closely interact. Furthermore, the
unpaired electrons often occupy two spin-orbitals close in energy, therefore a single Slater
determinant is not suitable to treat them. Multi-reference methods like MRCI and MCSCF
would be the proper choice to describe these systems and recover the static correlation;
however, they are often not computationally feasible.
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A cost effective strategy, based on a single Slater determinant, offers a solution to such
limitation. The broken (spin) symmetry (BS) approach is based on mixing up localized
spin orbitals, resulting from the linear combination of the single occupied molecular or-
bitals, in order to recover a CI-like behaviour from a single determinant wave function
(Noodleman, 1981; Neese, 2004; Neese, 2009). The resulting guess wave function pos-
sesses the correct shape but an incorrect spin distribution, which is equal to zero due to
the sum of a positive and a negative region, instead of being zero in every point of the
space.

The expression of the BS wave function includes contributions from the triplet spin
state alongside ionic and neutral components originating from the closed-shell singlet so-
lution. The relative weights of the ionic and triplet components are determined by apply-
ing the variational principle to the guess wave function, while the contribution of the neu-
tral component remains fixed, constituting the major difference from a CI-like approach.
The use of the broken symmetry approach enables the precise characterisation of open-
shell singlet states under the DFT and HF frameworks, thus allowing the modelling of
these complex systems at a reasonable computational cost.

Description of dispersion interactions

Dispersion interactions are non-covalent interactions which are usually weaker than elec-
trostatic and hydrogen bond interactions. However, since they are very common in chem-
ical systems and their strength grows with the system size, they play a crucial role in
the structure, the stability, and the properties of the materials (Stöhr et al., 2019). These
interactions have a quantum mechanical origin, residing in the interaction between in-
duced multipole moments on different atoms. The probability of an atom forming or
inducing a multipole moment depends on its polarisability. Unfortunately, DFT lacks a
proper description of such interactions, because dispersion forces are accounted for by the
long-range electronic correlation energy of a system, which is usually included in post-HF
methods. Different strategies have been developed over the years in order to recover their
description, among which the most popular ones are presented.

Atom pair-wise additive schemes. Common approaches use atom pair-wise additive
schemes, such as the dispersion correction models proposed by Grimme (from D to D4,
Grimme, 2004; Grimme, 2006; Grimme et al., 2010; Grimme et al., 2011; Caldeweyher et al.,
2019). They are a posteriori corrections consisting of a semi-empirical term (Edisp) added to
the DFT energy.

E = EDFT + Edisp (2.38)

Here, Edisp is composed of a two-body and a three-body interaction terms.

Edisp = −∑
AB

∑
n=6,8

sn
CAB

n
Rn fdamp(RAB) + ∑

ABC
EABC fdamp(RABC) (2.39)

In equation 2.39, CAB
n is an averaged isotropic dispersion coefficient of order n for the

atom pair AB, which depends on atomic polarisabilities, sn is a functional dependent scal-
ing factor, and fdamp is a damping function used to determine where to apply dispersion
corrections in order to avoid near singularity errors at short internuclear distances RAB.
The three-body term EABC (in equation 2.40) includes the so called triple-dipole or Axilord-
Teller-Muto (ATM) term, where θa, θb, and θc are the internal angles of the triangle formed
by RAB, RBC, and RCA, respectively, and CABC

9 is the triple-dipole constant, approximated
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as CABC
9 ≃ −

√
CAB

6 CAC
6 CBC

6 . Finally, RABC is the geometrical average of the distances be-
tween the three atoms A, B, and C.

EABC =
CABC

9 (3 cos θa cos θb cos θc + 1)
(RABRBCRCA)3 (2.40)

In the latest D4 dispersion scheme, a dependency upon atomic partial charges calcu-
lated on the fly has been introduced in order to scale the polarisabilities for the effect of
the atomic environment (Caldeweyher et al., 2019). Thanks to such implementation, Edisp
comes practically at no cost and for this reason, this kind of dispersion is widely employed
in QM calculations. However, atom pair-wise additive schemes suffer from the limitation
of not being self-consistent, and thus are unable to correct the MOs or any computed prop-
erty besides the energies.

van der Waals Density Functional methods. An alternative approach to include the
description of dispersion interactions is through the van der Waals Density Functional
(vdW-DF) method, which employs the same electron density to incorporate dispersion ef-
fects (Lee et al., 2010). The Vydrov-Van Voohris (VV) correlation functional (Vydrov et al.,
2009; Vydrov et al., 2012) appears to be one of the most promising candidates for a gen-
eral and accurate electronic structure method. This kind of approach adds a non-local,
electron density-dependent functional term EVV10

C [ρ] to the DFT exchange and correlation
functionals selected to treat the system.

EXC[ρ] = EX[ρ] + EC[ρ] + EVV10
C [ρ] (2.41)

Here, the dispersion correlation functional is calculated self-consistently, at a higher
cost than atom pair-wise approaches, and has to be preferred when dealing with metallic
systems or chemical processes in which the basic electronic structure changes significantly
(e.g., oxidations and ionisations).

Many body dispersion correction. Finally, the many body dispersion (MBD) correc-
tion builds upon the Tkatchenko-Scheffler dispersion correction energy (Tkatchenko et
al., 2009), by approximating the dynamic response of a system by that of a dipole-coupled
quantum harmonic oscillator, each of which representing a fragment of the system under
study (Tkatchenko et al., 2012). This approach offers a more rigorous and less empiri-
cal treatment of dispersion effects, albeit at a higher computational cost compared to the
methods previously outlined. Nevertheless, the MBD correction has not been applied in
the present work.

2.4 Molecular Mechanics and QM/MM approaches

A much faster strategy for computing the energy and the geometry of a chemical system,
with a substantially reduced computational cost, is through molecular mechanics (MM)
methods. Unlike traditional methods that solve the Schrödinger equation, MM methods
simplify molecules as assemblies of atoms held together by bonds (Dinur et al., 1991).

In MM, each atom is represented as an ‘atom type’, analogous to the concept of ‘func-
tional group’ used in organic chemistry, which identifies structurally similar portions of
different molecules. Basis sets are thereby replaced by atom types, which are defined by
the atomic number and the type of chemical bond they participate in. Consequently, the
total energy of the system is computed as a sum of terms, each describing the energy re-
quired to distort a molecule in a specific manner.
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EMM = Estr + Ebend + Etors + Evdw + Eel + Ecross (2.42)

The first three terms describe covalent interactions: Estr is the energy function for
stretching a bond between two atoms, Ebend represents the energy required for bending
two adjacent bonds, and Etors is the energy needed for rotating around a bond. The non
covalent interaction terms include the van der Waals Evdw and the electrostatic interactions
Eel , while Ecross accounts for the coupling between the first three terms. The expression is
a parametric function of the coordinates of the nuclei. Thus, different sets of parameters
define distinct force fields (FFs), that are parameterized against datasets obtained from ex-
periments or high-level ab initio theory calculations.

FFs can be tailored to describe specific classes of molecules, e.g., GAFF for organic
compounds (Wang et al., 2004) and AMBER for biomolecular systems (Salomon-Ferrer
et al., 2013), or designed for universal use, such as UFF (Rappe et al., 1992). In the last
years, a new universal force field, representing a great improvement over UFF, was devel-
oped. The performance of GFN-FF stands out for the modelling and design of materials,
organometallic, and biochemical systems (Spicher et al., 2020). Additionally, its applica-
tion was also extended to periodic systems (Gale et al., 2021).

The primary advantage of these methods is their capability to simulate systems with
thousands of atoms using modest computational resources. They are particularly useful
for predicting geometries and relative energies of structures, as well as for studying struc-
tural changes such as interconversion barriers between different conformers.

However, these methods are not suitable for simulating reactivity, as they do not ex-
plicitly consider electrons. To address this limitation, techniques have been developed
to model transition states, such as ad hoc modifications of the force field to represent the
transition state as a minimum energy structure (Eksterowicz et al., 1993) or based on the
intersection of reactant and product potential energy surfaces (Jensen, 1994). More re-
cently, several reactive force fields (ReaxFF) have been developed to address the reactivity
of various chemical systems and processes, such as combustion and solvation. The first
ReaxFF to be developed was specific for hydrocarbons reactions (van Duin et al., 2001).

Nevertheless, FFs have an intrinsic limitation in treating processes dominated by ex-
tensive electrons rearrangement. A gentle solution to overcome this problem without
overlooking on the advantages offered by FFs is to adopt an hybrid QM/MM approach, in
which the system is divided in two regions, one accurately described at a QM theory level
and the other treated at an MM theory level, resulting in the total energy of the system
being a combination of both parts. Field et al. (1990) were the first proposing a combined
QM and MM potential for the study of reactions in the condensed phase. Successively,
Maseras et al. (1995) developed the IMOMM scheme, an integrated ‘ab initio + molecular
mechanics’ geometry optimisation scheme, that led to the development of the ONIOM
approach, whose acronym stands for ‘Our own N-layered Integrated molecular Orbital
and Molecular mechanics’. This scheme enables the definition of multiple layers in the
chemical system, each treated at a different level of theory (Svensson et al., 1996).

2.5 The potential energy surface

Solving equation 2.9 yields the potential energy surface (PES), a hyperspace of 3N dimen-
sions, where N represents the number of degrees of freedom within the system (see Figure
2.1). The PES establishes a relation between the energy of the system and its corresponding
geometry, given by the atomic coordinates. Within this surface, stationary points, namely,
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Figure 2.1: Example of a potential energy surface (PES) for a hypothetical system, defined by two
coordinates, R1 and R2. The minima of the PES represent stable states of the system, such as re-
actants or products. The latter are connected by paths (in red) along which reactions occur. The
maximum along such a path is referred to as a transition state structure. Figure from Keith et al.
(2021).

points that are invariant with time, are special positions where the first derivative of the
energy with respect to the atomic coordinates equals zero. Such points can be identified
by performing geometry optimisation calculations, choosing one of the many algorithms
available nowadays, grouped in three main categories.

2.5.1 Characterisation of stationary points

The steepest descent (SD) method is the simplest approach for optimising the geometry of
a chemical system. The energy of the system is lowered by performing a step in the oppo-
site direction to that of the largest gradient, d = −g. This method consistently decreases the
energy function value and ensures progression toward a minimum. However, each step
is taken perpendicularly to the previous one, causing the algorithm to oscillate around the
minimum without actually reaching it. SD is typically used in initial optimisation stages
or when other algorithms fail to converge to a minimum.

The conjugate gradient (CG) method represents an enhancement of the SD. Unlike SD,
CG takes steps on the potential energy surface (PES) in the direction determined by a
combination of the current negative gradient and all the previous search directions. Con-
sequently, the first optimisation step is an SD step. CG methods are generally more robust
than SD and require slightly more memory. Both SD and CG methods are limited to locat-
ing minima on the PES.

In contrast, Newton-Raphson (NR) methods adopt a different approach to handle the
PES, enabling them to locate both the minima and the saddle points. NR methods are
based on a second order Taylor expansion around a specific point x0.

E(x) = E(x0) + gt(x − x0) +
1
2
(x − x0)

tH(x0)(x − x0) (2.43)

Where g is the gradient and H is the Hessian matrix. Requiring the gradient to be zero in
equation 2.43, the step to be performed on the PES can be calculated as:
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(x − x0) = −H−1g (2.44)

In proximity of a minimum, all the eigenvalues of the Hessian matrix are positive by
definition, and the step is taken in the direction opposite to the gradient. However, if one
eigenvalue is negative, the step will be taken in the direction of the gradient. This poten-
tially increases the energy and leads the system to a first-order saddle point, where all the
Hessian eigenvalues are positive, except for the first. Overall, Newton-Raphson conver-
gence occurs toward the nearest stationary point, whether it is a minimum or a first-order
saddle point. Therefore, providing an accurate initial geometry guess is crucial for effec-
tive convergence.

NR methods offer numerous advantages but also come with some drawbacks. Issues
may arise in flat regions of the PES where the Hessian eigenvalues are close to zero. In such
cases, the step size tends toward infinity due to the inversion of the Hessian matrix. To
address this problem, a step control procedure is employed, limiting the step to the trust
radius, which is the region where the Taylor expansion remains valid. This limitation is
achieved through a shift parameter, denoted as λ, which can also be utilized to determine
whether the algorithm should seek a minimum or a first-order saddle point. These modi-
fied methods are commonly referred to as level-shifted Newton-Raphson algorithms.

The second problem within NR methods is that they require the calculation of the en-
tire Hessian matrix at every step, which poses a significant computational burden. How-
ever, an initial guess can be made by assuming the Hessian matrix to be a unit matrix in
the first step, and updating it at each subsequent step using the information gathered from
the calculation of the gradients. An example of such an updating scheme is the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) algorithm, which is also available in a low-memory ver-
sion known as L-BFGS. In this variant, only the last n gradients are considered to update
the Hessian matrix. When these updating schemes are used, the methods are referred to
as pseudo-Newton-Raphson or variable metric. Although they may require more steps
to converge to a stationary point, the computational speed-up gained from not having to
calculate the entire Hessian matrix compensates for this drawback.

The final issue pertains to the diagonalisation of the Hessian matrix, which is even
more computationally demanding than the calculation of the matrix itself. In large sys-
tems, many off-diagonal elements are nearly zero, resulting in the Hessian matrix being a
sparse matrix. Newton-Raphson (NR) methods can exploit this characteristic by neglecting
off-diagonal blocks. For instance, a 300x300 matrix can be reduced to a hundred 3x3 ma-
trices, significantly reducing the cost of inversion. These methods are known as truncated
Newton-Raphson methods.

The methods outlined above are effective in locating stationary points on the PES, that
are typically local minima located in the surroundings of the initial geometry. However,
as the number of variables increases, the proliferation of local minima poses a challenge,
making the task of finding a global minimum a combinatorial explosion problem. To
address this issue, various conformational sampling techniques are employed, including
Monte Carlo methods, molecular dynamics, and meta-dynamics. Often, these calculations
require the use of MM or semi-empirical methods due to their computational burden.

Meta-dynamics emerged as a promising tool for exploring the PES. By adding a history-
dependent bias potential to the original potential energy landscape of the system, meta-
dynamics counteract free energy barriers, allowing the system to escape local minima and
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explore new regions of the PES, thereby identifying additional stationary points. One no-
table advancement in this field is the developement of the Conformer-Rotamer Ensemble
Sampling Tool (CREST), a meta-dynamics-driven search algorithm (Pracht et al., 2020).
CREST facilitates the exploration of the molecular conformational space and supports
tasks such as structure prediction, ligand-binding studies, and reaction pathway explo-
ration in computational chemistry.

When a stationary point is identified on the PES, its internal energy is given by the
electronic energy computed through a geometry optimisation, to which the zero-point en-
ergy (ZPE) is added. The latter term acknowledges the residual vibrational kinetic energy
retained by atoms and molecules even at absolute zero temperature, treated with the har-
monic oscillator approximation. The mass-weighted Hessian matrix is diagonalized to
determine its eigenvalues, which correspond to harmonic vibrational frequencies, and its
eigenvectors, representing vibrational modes.

In a system consisting of M nuclei, there are a total of 3M degrees of freedom. Among
these, three coordinates describe the translation of the molecule, and three (two for a linear
molecule) account for the rotation along the x, y, and z axes. Consequently, 3M − 6(5) co-
ordinates remain to describe the internal motion of the nuclei, resulting in their vibrational
modes. The ZPE is given by the sum of the energies of each fundamental vibrational mode
of the chemical system, according to the equation:

ZPE =
1
2

h
(
∑3M−6(5)

i νi

)
(2.45)

where νi is the fundamental vibrational frequency at which the system oscillates.

2.5.2 Characterisation of transition states

First-order saddle points generally correspond to transient structures between two min-
ima. In the context of chemical reactivity, the two minima represent the reactant and the
product, while the saddle point is defined as the transition state (TS). There is no univer-
sal method guaranteed to locate a TS (e.g., Henkelman et al., 2002). Rather, two main
strategies are commonly employed.

The first strategy consists in the distinguished reaction coordinate (DRC) procedure,
which involves performing a scan calculation along the internal coordinate that governs
the reaction. The highest energy structure obtained from the DRC pseudo-PES is succes-
sively optimised to localize the actual TS structure (Rothman et al., 1980). This strategy is
effective for investigating simple reaction profiles and conformational barriers, especially
when the internal coordinate along which the scan is performed can be manually defined.
The DRC method was largely used for transition-state structure searching in periodic cal-
culations when alternative techniques were not providing satisfying results. However, not
every system was well behaved when undergoing such calculations (Williams et al., 1982).

However, the characterisation of complex reaction steps requires alternative strategies.
These include: i) methods that propagate the geometry of a unique structure by using the
information regarding the wave function and its derivatives at the specific point that it
occupies on the PES. This approach does not require prior knowledge of reactants and
products and is suitable for an unbiased exploration of the PES. However, these meth-
ods are often computationally expensive (e.g., Henkelman et al., 2001); ii) algorithms that
search for the minimum energy path (MEP) connecting a reactant and a product. Several
methods based on the interpolation between reactant and product geometries exist. Their
objective is not to find the exact TS, but rather to locate a region around it. The TS structure
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can be successively identified with a dedicated optimisation (Jónsson et al., 1998).

In this work, the Nudged Elastic Band (NEB) method, which pertains to the second
group, was employed. The NEB algorithm searches for the MEP connecting given reac-
tant and product minima on the PES, with the aim of locating the highest energy region, in
which a first-order saddle point may be present. Initially, a path is generated, represented
by a discrete set of configurations of the atoms, known as images of the system. The num-
ber of images is specified by the user and must be sufficiently large to ensure an adequate
resolution of the path (Jónsson et al., 1998). Rigorous convergence to a first-order saddle
point can be obtained with the climbing image NEB (CI-NEB), where the highest energy
image is pushed uphill in energy along the tangent to the path while relaxing downhill in
orthogonal directions (Henkelman et al., 2000).

An effective strategy for the identification of first-order saddle points consists in the
NEB-TS, which performs a CI-NEB calculation with a loose tolerance on the optimisa-
tion thresholds, and successively conducts a TS optimisation adopting the highest energy
image as initial guess structure (Ásgeirsson et al., 2021). This combined approach is partic-
ularly suitable for complex reactions where it would be impractical to manually define the
reaction coordinate and where 2D relaxed surface scans are required to obtain an accurate
initial guess structure for the TS.

Once a TS has been located, it is essential to verify whether it is a true first-order sad-
dle point, connecting the desired minima. To this purpose, the mass-weighted second
derivatives of the energy with respect to the degrees of freedom of the system have to be
computed, obtaining the vibrational modes of the system under exam. The transition state
is characterized by one imaginary mode, which represents the motion of atoms involved
in the chemical process. Although this calculation confirms that the structure is a TS, it
does not guarantee that it is precisely the one sought after. This uncertainty is solved by
the Intrinsic Reaction Coordinate (IRC). It is a particular form of MEP located in the mass-
weighted coordinates space, able to connect a TS to the respective reactants and products
(Ishida et al., 1977). The IRC path is defined by a differential equation.

dx(s)
ds

= − g
|g| = t (2.46)

Where x(s) are the mass-weighted coordinates, s is the path length and t is the tangent
to the reaction path, defined by the normalized gradient. Determining the IRC requires
solving equation 2.46 starting from a geometry slightly displaced from that of the TS along
the normal coordinate for the imaginary vibrational mode. Once it has been identified the
reaction coordinate, which is the eigenvector corresponding to the imaginary mode of the
TS, two geometry optimisations are performed, one increasing and the other decreasing
the reaction coordinate. These two calculations return the geometries of the reactant and
the product connected by the TS under investigation.

2.5.3 Rate constant calculation

The rate constant of a reaction is a macroscopic property that can be extracted from a mi-
croscopic system such as those simulated with computational chemistry. The link between
the microscopic and the macroscopic worlds is represented by partition functions, which
form the foundation of statistical mechanics. The partition function for a single species
is denoted q and is defined as a sum over all possible ε i energy states that a system can
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assume.
q = ∑

i
eεi/kBT (2.47)

For a system composed of N molecules, the partition function becomes Q = qN . Once
the partition function of a system is known, thermodynamic functions such as the internal
energy U, the enthalpy H, and the entropy S can be defined. A function of particular
interest is the Gibbs energy, G:

G = H − TS = kBTV
(∂lnQ

∂V

)
T
− kBTlnQ (2.48)

where kB is the Boltzmann constant and V is the volume. The Gibbs energy enters in the
Eyring equation, which is used to compute the rate constant of a unimolecular chemical
reaction.

k(T) = κ
kBT

h
e
−∆G‡

RT (2.49)

In this equation, κ is the transmission coefficient (which is equal to 1 when tunnelling
effects are not operative), T is the temperature, h is the Planck constant, ∆G‡ is the Gibbs
energy barrier between the TS and the reactant (computed at a given temperature) and R
is the gas constant. This equation is valid only for unimolecular reactions and assumes
that all the molecules crossing the barrier proceed directly to the product, without the
possibility of returning to the reactant.

This equation is derived from the transition state theory (TST), which postulates that
a reaction progresses from one energy minimum to another by passing through a saddle
point on the PES, corresponding to the TS (Eyring, 1935). The TST assumes an equilibrium
energy distribution among the possible quantum states of the system along the reaction
coordinate. This means that the probability of finding a system in a given quantum state
is determined by the Boltzmann distribution.

Once the unimolecular rate constant is obtained, the half-life time of the reactant can
be computed with the equation t1/2(T) = ln(2)/k(T). The t1/2 is the time required for the
reactant to be half-consumed and provides insights on the timescales of the reaction. In
astrochemistry, this is crucial for determining the feasibility of a process during the dis-
tinct evolutionary phases of the formation of a planetary system.

A microcanonical TST formulated in terms of total energy is known as the RRKM the-
ory, named after Rice, Ramsperger, Kassel and Marcus (Rice et al., 1927; Kassel, 1928;
Marcus, 1952). It has been developed for unimolecular reactions, holding onto the same
premises as the Eyring’s TST, assuming additionally that the energy within a molecule is
distributed among its various vibrational and rotational modes according to the principles
of statistical mechanics. The reaction rate is determined by the probability that a species
with a given amount of energy will overcome the activation barrier and form a product,
so that an energy dependent reaction rate, k(E), is obtained.

k(E) =
NTS(E − E0)

hρ(E)
(2.50)

The rate constant is derived from the density of states of the reactant ρ(E) and the tran-
sition state NTS(E − E0), where E0 represents the energy barrier. The latter term can be
expressed as an integral of the density of states over the translational energy of the reac-
tion coordinate. It is also possible to include tunnelling effects by introducing the energy
dependent transmission probability in the formulation of k(E). Finally, the conversion of
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the energy-dependent rate constant k(E) into a temperature-dependent rate constant k(T)
involves a convolution, that is the integration of k(E) over the energy, weighted by the
Boltzmann distribution P(E).

k(T) =
∫ ∞

E0

k(E)× P(E)dE (2.51)

where P(E) = g(E) exp(−E/kBT)/Q(T), with g(E) being the degeneracy of each en-
ergy level and Q(T) the partition function.

2.6 Solid state systems modelling

Solid systems exist in either amorphous or crystalline forms. Both can be modelled using
either a cluster or a periodic approach (Rimola et al., 2021), although it is often more conve-
nient to use the cluster approach to model amorphous systems and the periodic approach
to simulate crystalline structures.

2.6.1 Cluster approach

A straightforward method for modelling a crystal structure is to extract a small portion
from its periodic structure, thereby ensuring that the resulting cluster retains the proper-
ties of the entire crystal. The properties of the system should converge toward those of the
crystal as the size of the cluster increases. Another approach involves building the cluster
through the addition of single molecules, which is more suitable for modelling amorphous
materials or molecular crystals (e.g., Sauer et al., 1994; Germain et al., 2022).

An undeniable advantage of the cluster approach is its compatibility with any molec-
ular code, which enables the performance of calculations at high theoretical levels. How-
ever, this approach has also a few drawbacks, including the limited size of the models, the
high surface-to-volume ratio, and the undesired edge effects, which can lead to excessively
flexible systems. One partial solution is to increase the cluster size at the expenses of the
computational cost. Alternatively, the coordinates of the atoms located at the edges can
be fixed during geometry optimisations in order to reproduce the crystal rigidity. Further-
more, the ONIOM approach is particularly suitable for treating large clusters at different
theory levels, allowing for the description of a specific region at a high computational
level, such as post-HF methods that require a significant amount of computing power
(Svensson et al., 1996).

In this work, the molecular codes ORCA 5.0.3 (Neese, 2022) and GAUSSIAN16 (Frisch
et al., 2016) were adopted to simulate adsorption and reactivity on water (Perrero et al.,
2022b; Perrero et al., 2024b) and olivine clusters (Perrero et al., 2023b). The two codes offer
the flexibility to perform calculations ranging from MM to DFT and post-HF. The major
difference between the two codes lies in their scalability. Gaussian is distributed under a
payment fee license and scales well over a few dozen CPUs but does not support multi-
node configurations, whereas ORCA, as an open source software, supports multi-node
configurations, scaling effectively over several dozen CPUs.

The cluster models adopted in this thesis include two clusters of 18 and 33 water
molecules (see top panel of Figure 2.2), which simulate the amorphous solid water (ASW)
ice coating interstellar grains. The 18-H2O cluster represents a compact, flat water ice
surface, while the 33-H2O cluster features a cavity structure of approximately 6 Å in diam-
eter. Additionally, a set of olivine clusters of composition Mg(4−x)FexSi2O8 (with x = 0−1)
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Figure 2.2: Cluster models adopted in this thesis. The top panel showcases the 18 and 33 water
molecules clusters, respectively, W18 and W33. The bottom panel displays the four olivine clusters
in which Fe is either absent (cluster O) or present (clusters A, B and C).

is considered, with the Fe atom occupying different positions, when present (see bottom
panel of Figure 2.2).

2.6.2 Periodic approach

The previous approach cannot account for the long-range order, nor the periodicity inher-
ent to a crystalline structure, often resulting in an inadequate description of the macro-
scopic properties of a crystal. In contrast, the periodic approach requires a relatively small
number of atoms to do so, by exploiting the repetition of the unit cell in each periodic
direction, due to the application of the Born-von Karman periodic boundary conditions
(PBCs). Moreover, the presence of symmetry within the system can be exploited by the
programs, dramatically reducing the calculation requirements in terms of both time and
memory. The asymmetric unit is the smallest portion of a crystal structure to which sym-
metry operations can be applied to generate the complete unit cell.

It is evident that the periodic approach is particularly advantageous when dealing with
symmetric structures. However, even amorphous-like systems can be modelled using a
periodic model, provided that the unit cell is sufficiently large to ensure local disorder
(Buch et al., 2008). Since structural atomistic details cannot be obtained directly from the
experiments, a common method to generate an amorphous material involves performing
a melt and quench process onto a crystalline bulk using molecular dynamics simulations
at high temperatures to induce local disorder in the unit cell (Suter et al., 2006).

A periodic system is fully defined when the type and positions of the nuclei within
the unit cell are specified, along with the lattice vectors that define the periodicity (Bravais
lattices). The three-dimensional unit cell is defined by the direct lattice vector T as:

T = n1a1 + n2a2 + n3a3 (2.52)
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where ni are integers and the ai vectors are known as the lattice parameters. From this
definition, it is possible to build a vector G in the reciprocal space, also defined as k-space,
where the bi vectors define the reciprocal cell unit parameters.

G = m1b1 + m2b2 + m3b3 (2.53)

For all the couples of direct (T) and reciprocal (G) vectors, exp(iG · T) = 1. Further-
more, every couple of k-points p and q, for which p = q + G, returns the same value of
the exponential function, therefore p and q are equivalent. Consenquently, the k-points
needed to describe the entire lattice are those, among all the infinite equivalent points, lo-
cated closer to the origin of the reciprocal lattice. The region delimited by such k-points
is defined as the first Brillouin zone (BZ), whose volume is inversely proportional to the
volume of the direct lattice cell.

The application of PBCs to a system is reflected also on its wave function and on the
Hamiltonian. The latter, as well as the potential V(r), is periodic over the translation of the
primitive unit cells and can also be expressed as a Fourier series:

V(r) = V(r + T) = ∑
G

CG expiG·r (2.54)

where CG represents the expansion coefficient. From the periodicity of the potential, it
follows that G · T = 2πn, with n being an integer, from which the orthogonality rule arises:
ai· bj = 2πδij.

The Bloch theorem defines the form of the eigenvectors of the Schrödinger equation
subjected to a periodic potential and states that: ’Any physically acceptable solution of the
Schrödinger equation in a periodic potential takes the form of a traveling plane wave modulated
on the microscopic scale by an appropriate function with the lattice periodicity’ (Bloch, 1929). A
Bloch function takes the form:

Φk(r) = eik·ru(r) (2.55)

where a plane wave eik·r is multiplied by a function that contains the periodicity of the
lattice, u(r). Bloch functions can be compared to atomic orbitals and they can be employed
in linear combinations to give a crystalline orbital, i.e., the equivalent of a molecular orbital
but for periodic systems (Zicovich-Wilson et al., 1998a; Zicovich-Wilson et al., 1998b).

Ψk
n(r) = ∑

µ

ck
µnΦk

µ(r) (2.56)

where Φk
µ(r) represents the Bloch functions and ck

µn their coefficients. Indeed, follow-
ing the procedure described for the Roothaan-Hall equations, ck

µn are determined varia-
tionally after self-consistently solving the matrix equation:

f kCk = SkCkEk (2.57)

where f k is the Fock matrix, Ek contains the eigenvalues εk
n, Sk is the overlap matrix, and

Ck is the coefficients matrix. This calculation is restricted to the unit cell and its solutions
are dependent on k.

Therefore, the k-point sampling is a crucial step to obtain convergence in solid-state
calculations and must be calibrated accordingly with the characteristics of the system un-
der study. From the PBCs, it follows that there are as many k-points as the number of cells
considered, so that in the limit of an infinite crystal, the number of k-points tends to in-
finity. For each k-point, there is one solution to the Schrodinger equation, so that the total
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energy of an infinite crystal is obtained by integrating over all k-points in the reciprocal
space.

Since the energy associated with each k-point usually changes in a gradual way, with-
out discontinuities, for the majority of the systems (except metals), a sum over a discrete
set of k-points until the desired property reaches convergence is often sufficient to obtain
the total energy of the system. The most used methodology for k-points sampling was de-
veloped by Monkhorst and Pack (Monkhorst et al., 1976). In this method, the k-points grid
used for evaluating integrals is constructed within the first BZ. Depending on the symme-
try of a periodic system, k-points in special positions emerge, representing regions of high
symmetry in the reciprocal space (Dal Corso, 1996). Among those, the most widely known
is the Γ-point, at the origin of the reciprocal lattice. The number of k-points required for
sampling is typically small for large direct lattice primitive cells, resulting in a very small
first BZ in the reciprocal space.

In this thesis, periodic calculations were performed with CRYSTAL17 code, capable of
simulating systems ranging from zero to three periodic dimensions, i.e., molecules, poly-
mers, surfaces and bulks. Unlike common periodic codes employing plane waves, CRYS-
TAL describes atoms through GTOs. This enables the creation of true one-dimensional and
two-dimentional models, to which PBCs are applied only along the periodic directions, re-
sulting in a finite thickness along the non-periodic directions (Dovesi et al., 2018).

2.6.3 Surface modelling

The most common method to model a surface through the periodic approach is the ‘slab
model’. It consists of cutting the bulk structure in order to extract a layer of finite thick-
ness exposing two (top and bottom) surfaces. Conventionally, each surface is indicated by
three integers, known as Miller indices (hkl), which identify the family of crystallographic
planes to which the surface belongs. Cutting the crystal along a plane usually causes a
number of chemical bonds to be cut at the surface. Depending on the chemical nature
of the material (ionic, metallic, molecular, or covalent) different strategies can be adopted
to cope with the unfilled valencies resulting by the slab being cut, requiring to add extra
atoms in order to obtain electroneutral and stoichiometric surfaces.

As a rule of thumb, the most stable surfaces are those defined by the lowest Miller in-
dices, thus characterized by the highest atomic density. The stability of a surface is quan-
tified by its surface energy, ES (in J m−2), which is the energy required to cut the slab out
of the bulk.

ES =
Eslab − N · Ebulk

2A
(2.58)

where Eslab is the energy of the surface, Ebulk is the energy of the bulk, N = zslab/zbulk
with z being the number of molecules contained in the unit cells of the surface and the
bulk, respectively, and A is the area of the surface. The factor 2 accounts for the existence
of two equivalent surfaces at the top and bottom of the slab. The most stable surfaces are
those with the lowest ES, a value that converges to a constant value when increasing the
thickness of the slab. Therefore, it is essential to balance the accuracy of the converged ES,
which improves as the slab thickness increases, and the computational cost of the calcula-
tion, which rises when enlarging the model.

Additionally, the cohesive energy, EC (in kJ mol−1), of a surface describes the energy
required to break the physical interactions holding the molecules together and is given by
the equation:
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Figure 2.3: Periodic models adopted in this thesis. The top panel shows the crystalline (010) slab
and the amorphous-like surfaces adopted in the binding energy calculation investigations. In the
middle panel, the amorphous-like (001), (010), and (100) surfaces, developed for the study of ac-
etaldehyde formation, are depicted. Finally, the most stable slabs of crystalline ethylamine (100)
and ethanol (010), modelled to explore the relation between experiments and calculations, are rep-
resented in the bottom panel.

EC =
Eslab

z
− Emol (2.59)

where Emol is the energy of the isolated molecule in the gas phase. This information
is somehow complementary to the surface energy, in that both describe the stability of a
slab. Indeed, the most stable surface of a crystal is characterised by the lowest ES, and the
highest EC.

The periodic surfaces adopted in this thesis are collected in Figure 2.3. The crystalline
and amorphous water surface models used to compute the binding energies of S-bearing
species and COMs (Perrero et al., 2022a; Perrero et al., 2024a; Perrero et al., 2024c) were
characterised in previous works. The crystalline model consists of a 2 × 1 supercell (010)
slab model cut from the bulk of a proton ordered crystalline ice (Casassa et al., 1997),
whose unit cell is characterised by cell parameters |a| = 9.065 Å and |b| = 7.153 Å and
consists of twelve atomic layers. The amorphous ice is represented by an amorphous-like
periodic structure with cell parameters |a| = 20.355 Å, |b| = 10.028 Å, and |γ| = 103.0°, con-
taining 60 disordered water molecules per unit cell. Such model was obtained by joining
three amorphous water clusters and applying PBC to the structure in two directions to
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yield a periodic surface (Ferrero et al., 2020).
The H2O:CO dirty ice model was obtained from the bulk model of the pure H2O crys-

talline P-ice described above, in which one every four water molecules was replaced by
CO. Three surfaces were cut along the (001), (010), and (100) planes, then fully relaxed,
causing a heavy reorganisation in their internal structure. While the external layers of each
surface are characterised by the presence of faintly interacting CO molecules, the inner CO
species broke the symmetric structure of the initial bulk structure, creating clathrate-like
cages in which one or more CO molecules are surrounded by a H-bonded network of H2O
molecules (Perrero et al., 2023a).

Finally, a variety of surfaces were modelled from the crystalline bulk structures of
ethanol and ethylamine, originally determined by X-ray diffraction. Through the calcu-
lation of ES and EC, the unit cell structures and the order of stability of the most frequently
occurring surfaces of ethanol and ethylamine were determined (Perrero et al., 2024c). The
most stable surface obtained from each bulk structure is represented in Figure 2.3.

2.6.4 Binding energy calculations

Many physical and chemical phenomena occur at the interface between a solid material
and the environment, thus, at its surface. As mentioned in the Introduction, one of the
fundamental processes taking place at the surface is the adsorption of chemical species.

The BE is defined as the opposite of the interaction energy ∆E = Ecomplex − Eadsorbate −
Esur f ace corrected for the BSSE, arising due to the use of a finite basis set of localized GTOs
to describe the system (see Section 2.2.2 for a detailed explanation).

BE = −(∆E − BSSE) (2.60)

The interaction energy is given by a sum of terms that provide additional insights into
the adsorption process, according to the equation:

∆E = ∆E∗ + δES + δEµ + EL (2.61)

where ∆E is given by the sum of the deformation-free interaction energy (∆E∗), the
deformation energy of the slab (δES) and of the adsorbate (δEµ), and the lateral interaction
(EL). The latter term measures the interaction between adsorbed species in different repli-
cas of the cell, allowing the estimation of the effect of surface coverage. As an example,
when simulating single adsorption processes, the EL value should be minimised, often
requiring the enlargement of the unit cell to achieve EL ≈ 0.

It is useful to define the adsorption enthalpy, −∆Hads, also found as BE(0):

BE(0) = BE − ∆ZPE (2.62)

It consists of the BE corrected for the ∆ZPE = ZPEcomplex − ZPEice − ZPEspecies. Due
to its definition, ∆ZPE is a positive quantity, thus the BE(0) is always lower than the BE.
Conventionally, the BE(0) is used to compare computational simulations with experimen-
tal results. In the framework of astrochemistry, especially in the ISM, where the tempera-
ture and the pressure are close to zero, the enthalpy of a chemical system, H = U − PV, is
approximated with its internal energy U = E + ZPE. The internal energy is given by the
addition of the ZPE to the electronic energy E, analogous to the definition of the BE(0).

ONIOM2 scheme

As mentioned in Section 2.4, the ONIOM approach grants the definition of multiple layers
in a chemical system, each treated at a different level of theory (Svensson et al., 1996). It is
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particulary useful when dealing with large models in which the chemical phenomenon of
interest occurs only in a small portion. This approach can also be used when a refinement
of a certain property at a higher level of theory is required. An example is given by the
evaluation of the accuracy of the BEs computed on the (010) surface of water ice. In this
case, a periodic system has been treated with a software that does not support calculations
at CCSD(T) level of theory.

The ONIOM2 additive scheme implies dividing the system in two parts (model and
real), which are described by two different levels of theory (high and low). The model system
(the fragment of interest) is described by both the high and the low level of theory. The real
system (that is, the whole system) is described by the low level of theory (Dapprich et
al., 1999). In our case, the high level of theory is defined by CBS extrapolated CCSD(T)
energies, while the low level corresponds to DFT energies.

Such scheme allows extracting a fragment from the periodic system and treating it as a
molecular system, onto which post-HF calculations can be performed. In the computation
of BEs, the model system carved out of the real adsorption complex is constituted by the
adsorbate and the two closest water molecules of the (010) crystalline surface. The final en-
ergy of the system results from adding a correction term, given by the difference between
the high and low level energies of the model system, to the energy of the real system.

E(ONIOM2) = E(DFT; real) + E(CCSD(T)/CBS; model)− E(DFT; model) (2.63)

This approach has also been applied to correct reaction barriers in the formation of the
acetyl radical on dirty H2O:CO ice surfaces. In that case, the model system corresponds to
the CH3 + COice fragment, whereas the real system is the whole periodic structure.

2.7 Experimental determination of binding energies

The experimental determination of the binding energies of astrochemically relevant species
is conducted in a special apparatus (represented in Figure 2.4), aimed at reproducing the
conditions of the ISM. There, the species are deposited onto a substrate, and their desorp-
tion is monitored via temperature programmed desorption (TPD). Interstellar chambers,
such as ISAC, FORMOLISM, and VENUS, consist of an ultra-high vacuum stainless steel
chamber, where experiments are conducted on a gold-coated copper sample holder. The
latter is attached to the cold head of a closed-cycle He cryostat, that allows to vary its
temperature via a computer-controlled resistive heater. The chamber is equipped with an
infrared spectrometer that allows monitoring the species present on the sample holder in
situ and a quadrupole mass spectrometer (QMS) placed in front to monitor the species
leaving the surface (Amiaud et al., 2006; Muñoz Caro et al., 2010; Congiu et al., 2020).

The first phase of the experiment consists in the deposition of the species of interest,
eventually followed by specific treatments provided for in the experiment. Later, during
the TPD analysis, the temperature of the substrate increases, resulting in the progressive
sublimation and desorption of the various chemical species present on the surface. This
process is dependent on a number of factors, including the binding energy of the species
with the surface, the surface coverage, and the heating ramp adopted in the experiment.
Sublimating species are identified through the use of a QMS, which employs electrons pro-
duced by a heated filament to induce the fragmentation of molecules into several ions. The
TPD spectrum consists of the abundance of each atomic mass unit against its desorption
temperature.
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Figure 2.4: Schematic representation of an interstellar chamber. The main chamber, where ex-
periments are performed, consists of a cryostat on which is mounted the sample holder. There,
incoming species from the beam inlet are deposited and analysed through IR spectroscopy and
mass spectrometry.

The thermal desorption of a species bound to a substrate can be approximately de-
scribed by the Polanyi-Wigner equation (Kolasinski, 2012):

k(T) = −dN
dt

= νnθne−
Edes
RT (2.64)

where the desorption rate k(T) depends on the number density of molecules adsorbed
on the surface θ (molecules cm−2), the desorption energy of a molecule on the surface
Edes (J mol−1), and the temperature of the surface T(K). In equation 2.64, νn is the pre-
exponential factor (molecules1−n s−1), R is the ideal gas constant (J mol−1 K−1), and n is the
order of the desorption process. For a zeroth order desorption, corresponding to a multi-
layer coverage, Edes is independent from θ. However, for a first order desorption, account-
ing for a submonolayer coverage, both ν and Edes are in principle coverage-dependent.

Therefore, the desorption parameters that have to be determined are n, ν and Edes.
The latter can be obtained from the Redhead equation, which is a simplified approach
derived from the Polanyi-Wigner equation valid only under the assumption of a first-order
desorption profile and a constant heating rate (Redhead, 1962; King, 1975):

Edes = Tpeak ·
(

ln
(ν · Tpeak

β

)
− 3.64

)
(2.65)

This equation takes the peak of the desorption trace (Tpeak, K) in combination with the
heating rate (β, K s−1) and a pre-exponential factor (ν, s−1) to determine Edes in K energy
unit. Occasionally, in astrochemical models, the pre-exponential factor ν is calculated with
the harmonic oscillator reaction (Hasegawa et al., 1992):

ν =

√
2Ns Edes

π2mX
(2.66)

where Ns is the number of sites per surface area and mX is the mass of species X. For typical
values of Edes in case of physisorption, this formula leads to prefactor values of about 1012
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to 1013 s−1. This approach works to evaluate the pre-exponential factor of atoms or small
molecules such as Ar or N2 (Minissale et al., 2022). However, larger molecules may exhibit
prefactor values several orders of magnitude higher than what is predicted by the previous
formula (e.g., Doronin et al., 2015). This discrepancy originates from the fact that equation
2.66 neglects the rotational partition function of the desorbing molecules. Indeed, the pre-
exponential factor reflects the entropic effect associated with the desorption kinetics. A
more accurate estimation implies adopting the formalism established by Tait et al. (2005),
based on an equation derived from the TST:

νTST =
kBTpeak

h
· q‡

tr,2D · q‡
rot,3D =

kB T
h

A
Λ2

√
π

σ h3 (8π2 kB Tpeak)
3/2

√
Ix Iy Iz (2.67)

In this equation, kB is the Boltzmann constant, h is the Planck constant, and A is the
surface area per adsorbed molecule, i.e., the inverse of the number of surface sites per unit
area, fixed at 10−19 m2. The thermal wavelength of a molecule (Λ, defined in equation
2.68) depends on its atomic mass (mmol), and on the temperature of the maximum of the
desorption Tpeak.

Λ =
h√

2πmmolkBTpeak

(2.68)

The symmetry factor σ is the number of different but indistinguishable rotational con-
figurations of the species. The principal moments of inertia Ix, Iy, and Iz, of the molecules
are collected in databases, such as the CCCBDB2; alternatively, they can be easily com-
puted. In the factor kBT/h, the temperature T is taken to be equal to Tpeak, approximat-
ing the temperature dependence of νTST with a constant value calculated at Tpeak. The
TST method can provide a reliable estimate of the pre-exponential factor; however, it may
overestimate its value due to the assumption that adsorbates are immobile, whereas the
possibility of migration represents a degree of freedom for the adsorbed species. Equation
2.68 also neglects quantum effects and is not suitable for the description of the behaviour
of large species, containing more than twenty atoms.

Nevertheless, a more rigorous approach for the determination of Edes involves fitting
the TPD profile obtained in the experiment with equation 2.64, provided the prefactor ν
has been determined. This procedure can be adopted only in the case that the Tpeak of the
adsorbate is lower than that of the surface.

Conversely, the co-desorption of the surface molecules and the adsorbates precludes
the possibility of distinguishing the two processes and calculating the Edes of the adsor-
bates, since the desorption energy of the surface is the parameter that determines whether
the adsorbate resides in the condensed or in the gas phase (Minissale et al., 2022). In the
case of a water ice surface, this phenomenon occurs with species whose interaction energy
with water molecules is larger than the binding energy of water with itself (for a classifi-
cation of desorption behaviours, see Collings et al., 2004; Burke et al., 2015). In such cir-
cumstances, a computational approach is particularly useful to provide the missing data,
since simulations allow to determine the desorption energy of the adsorbate while leaving
the water surface unaltered during the desorption process.

2NIST Computational Chemistry Comparison and Benchmark Database, NIST Standard Reference
Database Number 101 Release 22, May 2022, Editor: Russell D. Johnson III. http://cccbdb.nist.gov/

http://cccbdb.nist.gov/
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Chapter 3

Binding Energies of S-bearing species
on H2O ice mantles

Introduction

The study of sulphur chemistry, with the aim of shedding light on the puzzling S-depletion
problem, has been a recurring theme throughout my predoctoral research. As detailed in
Section 1.2.1, the environments where sulphur depletion is more pronounced are dense
molecular clouds (Fuente et al., 2023). These clouds are characterized by the presence
of carbonaceous and silicaceous dust grains coated by icy mantles, constituted mainly of
water (McClure et al., 2023). For this reason, it is important to understand the adsorp-
tion behaviour of S-bearing species onto water ice mantles, represented by crystalline and
amorphous water ice models.

In ‘Binding energies of interstellar relevant S-bearing species on water ice mantles: a quantum
mechanical investigation’ (Perrero et al., 2022, ApJ, 938, 158), the BEs of 17 S-bearing species
were computed, selecting small molecules that either have been detected in the ISM or are
likely candidates. The list includes closed-shell (CS, C3S, CH3SH, H2CS, H2S, H2S2, OCS,
SO2) and open-shell species (HS, HS2, and NS with a doublet ground state; C2S, C4S, S, S2,
and SO with a triplet ground state). Notably, approximately half of these species exhibit an
open-shell configuration, a characteristic attributed to the rarefied conditions of the ISM,
which allows the survival of reactive and unstable species.

Furthermore, in ‘Binding energies and vibrational spectral features of Sn species on amor-
phous water-ice mantles: a quantum mechanical study’ (Perrero et al., 2024, ApJ, 971, 36), the
BEs and the vibrational spectral features of sulphur allotropes from S2 to S8 were charac-
terised. This class of species has garnered a lot of interest in recent years, largely due to
their potential role as S-reservoir candidates.

Results

The S-bearing species characterised in these works can be classified depending on the type
of interaction they establish with the ice model.

• H-bond donors and H-bond acceptors: CH3SH, H2CS, H2S, H2S2, HCS, HS, and HS2.

• Only H-bond acceptors: OCS, SO2, NS, and SO.

• Molecules with a carbene-like terminal carbon atom (thus, resembling the Lewis
structure of a carbene): CS, C2S, C3S, and C4S.
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Figure 3.1: Side view of the crystalline (010) water P-ice slab model (left panel) and of the amor-
phous water ice surface model (right panel). The numbers identify the adsorption sites: those in
blue represent dangling hydrogen atoms (dH), while those in red represent dangling oxygen atoms
(dO).

• Species interacting mainly through dispersive interactions: S, S2, S3, S4, S5, S6, S7,
and S8.

The calculations were conducted using CRYSTAL17 (Dovesi et al., 2018) employing
three DFT functionals: the hybrid B3LYP-D3(BJ) for closed-shell species; the hybrid meta-
GGA M06-2X for open-shell species; and the hybrid BHLYP-D3(BJ) for Sn (n = 2−8) species.
These functionals were combined with an Ahlrichs triple zeta valence quality basis set
supplemented with a double set of polarisation functions (Ahlrichs-VTZ*, Schäfer et al.,
1992). Two periodic water ice models were adopted to mimic the ice mantle (see Figure
3.1): a 2 × 1 supercell (010) slab model cut from the bulk of a proton-ordered crystalline
ice (CI, Casassa et al., 1997), and an amorphous water ice surface (ASW), built by joining
three amorphous water clusters and applying PBCs to the structure (Ferrero et al., 2020).

The CI model offers two binding sites, constituted by the dangling H and the dangling
O exposed by the (010) surface. In contrast, the ASW model presents numerous binding
sites, eight of which were selected based on their H-bonding capability (dH1–dH6 as H-
bond donors and dO7–dO8 as H-bond acceptors). The initial geometries were manually
constructed, adhering to the principle of electrostatic complementarity between the ad-
sorbate and the ice model. For the large and nonpolar species ranging from S3 to S8, the
investigation was limited to two surface binding sites, representing the cavity region (be-
tween dH4 and dH6 sites) and the flat portion of the model (between dH3 and dO7 sites).
This limitation was due to their interactions, primarily governed by London dispersion
forces, which depend on the contact between the adsorbate and the surface. In contrast,
electronic effects, such as electrostatic, polarisation and quantum exchange-repulsion in-
teractions, played a minor role.

The analysis of the collected data highlights the critical importance of accurately de-
scribing London dispersion interactions to characterise the behaviour of S-bearing species,
especially when the number of S atoms increases (as in the Sn species sequence). In gen-
eral, weak interactions typically constitute at least 50% of the BE(0)s, with few exceptions
such as H2S and SO2, where two H-bonds can be established with the dH and dO atoms of
the surface. This observation aligns with the higher atomic polarisability of third-period
atoms compared to C, N, and O containing molecules, resulting in weaker interactions
of S-bearing species with ice. Consequently, their surface mobility is also affected, with
species possessing lower BE(0)s expected to diffuse faster than those with higher BE(0)s,
setting up constrains on the reactions feasible on an icy surface (Cuppen et al., 2017;
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Figure 3.2: Top panel: computed BE(0)s (in Kelvin). For each species, black circles represent ZPE-
corrected BEs computed onto the amorphous ice model, while red stars correspond to the ZPE-
corrected BEs obtained for the crystalline ice model. Bottom panel: distribution of BE(0)s (in kJ
mol−1) computed on the amorphous ice model for S-bearing species (red) and the C/N/O-bearing
species characterised in Ferrero et al. (2020).

Kouchi et al., 2020).

On average, the dispersion contributions to the BE(0)s are higher when the adsorption
takes place on ASW than on CI due to the closer contact of the adsorbate with the ice sur-
face. While in the CI model the H-bond chains extend to infinity ensuring a reinforcement
of the H-bonding strength (cooperativity effect), this is not the case for the ASW model.
In ASW, the random organisation of the water molecules breaks the H-bonds chain ex-
tensions, reducing the H-bonding cooperativity and, therefore, its strength. This, in turn,
also affects the H-bonding strength exhibited by the terminal OH groups involved in the
interactions with the adsorbates, decreasing the corresponding BE(0) values, as can be ob-
served in the top panel of Figure 3.2.

In the periodic table, sulphur belongs to the third period, has a larger radius, and is
more polarisable with respect to C/N/O second-period atoms. The computation of BE(0)s
of S-bearing species was preceded by a similar work in which C/N/O-bearing species
were targeted (Ferrero et al., 2020). Accordingly, the distributions of BE(0)s for the two
sets of molecules were compared, highlighting how the simple presence of one heavier
atom in a molecule can modify the adsorption properties and related parameters, such as
the BE(0) values. The distribution of BE(0)s on the ASW ice in Ferrero et al. (2020) has



80 Chapter 3. Binding Energies of S-bearing species on H2O ice mantles

Figure 3.3: Left panel: comparison between selected BE(0)s (in kJ mol−1) of S-bearing species vs.
O-bearing species adsorbed onto the crystalline ice surface. Right panel: correlation between the
BE(0)avg (in kJ mol−1) and the number n of atoms of each Sn species. The linear fit does not seem
appropriate to define the trend, as it appears that the increase in BE(0) happens in steps every
couple of species.

a bimodal character (see bottom panel of Figure 3.2), indicating two different adsorption
behaviours in the set of the considered species: a group of low BE(0)s (characterised by
dispersive interactions), and a group of high BE(0)s (amphiprotic and larger species in-
volved in the H-bond). In contrast, S-containing species span a much narrow range of
BE(0)s, suggesting a common adsorption feature, despite the diverse chemical structures.
The analysis of the dispersive and pure electrostatic contributions to the BE(0)s of these
species indicates that weak interactions are the most relevant and crucial forces in the
description of the adsorption of S-containing species on ices and, thus, they are also re-
sponsible for the similarity in the BE(0)s of the pool of S-bearing species characterised.

In addition to these general considerations, a punctual comparison between S-bearing
and O-bearing species on CI can be drawn for some cases in order to highlight a few
exceptions to the general behaviour of the set of molecules (see left panel of Figure 3.3).
As a rule of thumb, one would expect S-bearing molecules to exhibit lower BE(0)s than
the corresponding O-bearing ones. However, notable exceptions exist, such as the CS/CO
pair, where an opposite trend is observed, and the OCS/CO2 pair, which instead shows
significant similarities. CS exhibits a larger BE(0) and a lower percentage of dispersive
energy than its O-analog, CO, due to the dipole moment of these species. Indeed, CS has
a large dipole moment (1.9 D), at variance with the negligible one of CO. This causes CS
to lay closer to surface and enhances the interaction between the S atom and the dangling
O atoms available on the two sides of the molecules.

In Figure 3.4, it is possible to observe the shorter distances between CS and the ice with
respect to CO, and how the positively charged portion of the adsorbate is oriented towards
the negatively charged zones of the surface. On the other hand, despite differing in the
electrostatic/dispersion contribution of their BE(0), both OCS and CO2 interacts similarly
with the ice mantle: they have a linear geometry, an almost null dipole, and they establish
a weak H-bond with a dangling H of the ice surface.

The obtained BE ensembles for the ASW model matches well with both the experimen-
tal and the computed BEs listed in the literature, often bridging the discrepancies between
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Figure 3.4: Adsorption geometry of S-bearing vs. O-bearing species at crystalline P-ice (010) sur-
face, detail of CO (adapted from Ferrero et al., 2020) and CS adsorption. Top panels show the lateral
view, whereas bottom panels display the top view. Distances between atoms are given in Å.

the single values provided in different studies (Wakelam et al., 2017; Penteado et al., 2017;
Das et al., 2018). Sn species present a unique case, as the only reported values in the lit-
erature have been partly determined from experiments and partly extrapolated using the
linear addition method (e.g., Penteado et al., 2017; Cazaux et al., 2022). As depicted in the
right panel of Figure 3.3, the average binding energy of each species, BE(0)avg = (BE(0)cavity
+ BE(0) f lat)/2, plotted against the number of S atoms of the adsorbate shows that the in-
crease in BE(0)s with the number of S atoms does not simply scale linearly. Rather, it seems
that close couples (S1–S2, S3–S4, S5–S6 and S7–S8) exhibit almost the same BE(0). While
the first increase between pairs is steep (20 kJ mol−1), the others are more moderate (10 kJ
mol−1). This seems to be due to the number of S atoms facing the ice surface (three S atoms
for S5–S6, four S atoms for S7–S8 cases), significantly changing the dispersive contributions
to the BE(0)s. This highlights the necessity of considering binding sites characterised by
diverse atomistic environments in order to achieve a more accurate description of a real
ice mantle. Moreover, BE(0) distributions are essential in providing robust parameters for
numerical models describing the chemical evolution of the Universe.

Regarding the simulation of vibrational spectral features of the Sn species, both IR
and Raman spectra were computed with the aim of providing spectroscopic data for these
species adsorbed onto an ice surface, and finding some diversity between gas-phase species
and adsorbed ones. The spectra analysis revealed that a discernible shift can only be mea-
sured for the open-chain S2, S3, and S4 species, whereas larger rings exhibit minimal shifts
attributable to interactions with the ice surface, rendering the distinction between free and
adsorbed molecules a challenging task (see Figure 3.5).

In principle, the present outcome may guide the interpretation of the JWST spectra
detection of interstellar ice, at least as far as the IR spectra are concerned. However, the
absolute intensity of each IR vibrational mode is an important parameter as it regulates
the likelihood of the observation. The results show many IR peaks with almost negligible
intensities, which become smaller as the S-chain length increase, due to their almost null
dipole perturbations. Unfortunately, Raman spectra of the interstellar matter cannot be
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Figure 3.5: IR and Raman spectra of S8 computed at BHLYP-D3(BJ)/A-VTZ* level of theory. The
gas-phase features (dotted line) are compared against those of the molecule adsorbed on the flat
region of the amorphous ice model (solid line). IR intensities are in km mol−1, while Raman inten-
sities are provided in arbitrary units. Different vibrational modes are active in the two spectra.

observed with the current technology, although they emerge as the preferred technique
for the detection of these species in the mid-infrared window, as the Raman intensities are
quite high, depending on the polarisability of the molecule (Shingledecker et al., 2020).
Indeed, S is a large and easily polarisable atom, imparting high polarisability to the Sn
species. For the time being, Raman can be adopted in terrestrial experiments to charac-
terise S-bearing species.

Future perspectives

The computational procedure adopted in these works shows some limitations. For in-
stance, the modelled amorphous water surface was not exhaustively explored with an
unbiased procedure, thus possibly affecting the resulting ensemble of BEs. Moreover, the
few binding sites characterised do not allow us to define a true statistical distribution with
a mean value and standard deviation. In our group, the ACO-FROST scheme was devel-
oped to overcome these limitations. The code enables the construction of an ice cluster
by random addition of water molecules up to 1000 units, thus sampling the binding sites
offered by such model without any user bias (Germain et al., 2022). Thanks to the use of an
ONIOM(QMHigh/QMLow) approach to compute the BE of a species at each binding site,
this procedure allows to compute BE distributions at the accurate DLPNO-CCSD(T) level
of theory. This workflow has been applied to NH3 and H2O (Tinacci et al., 2022; Tinacci
et al., 2023), and more recently to H2S (Bariosco et al., 2024).

Another interesting point concerns the simulation of IR and Raman spectra. The liter-
ature offers highly accurate theoretical simulations of gas-phase S-bearing species vibra-
tional features, in very good agreement with the experimental spectra. Such studies help
providing features for the detection of these species in the gas phase, but also assigning
each feature to the specific atomic motion that caused the emergence of vibrational bands
in the spectra. The focus of the study was to determine whether the adsorption of a species
onto the ice could be responsible for a shift in its IR and Raman absorption bands, with-
out aiming at reproducing the experimentally measured gas-phase features. Therefore, an
effort could be done in improving the accuracy of the computed data, in addition to en-
larging the pool of species characterised spectroscopically. This could provide useful data
for the identification of these species, in view of the huge quantity of spectra that are being
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measured by the JWST and other facilities, regarding not only gas-phase species, but also
ice mantles composition (McClure et al., 2023; Rocha et al., 2024).

References

Bariosco, V. et al. (2024). “The binding energy distribution of H2S: why it is not the major
sulphur reservoir of the interstellar ices”. Mon. Not. R. Astron. Soc. 531, 1371. DOI: 10.
1093/mnras/stae1210.

Casassa, S. et al. (1997). “Proton-ordered models of ordinary ice for quantum-mechanical
studies”. J. Chem. Phys. 106, 8030.

Cazaux, S. et al. (2022). “Photoprocessing of H2S on dust grains. Building S chains in
translucent clouds and comets”. Astron. Astrophys. 657, A100. DOI: 10.1051/0004-
6361/202141861.

Cuppen, H. M. et al. (2017). “Grain surface models and data for astrochemistry”. Space Sci.
Rev. 212, 1. DOI: 10.1007/s11214-016-0319-3.

Das, A. et al. (2018). “An approach to estimate the binding energy of interstellar species”.
Astrophys. J. Suppl. Ser. 237, 9. DOI: 10.3847/1538-4365/aac886.

Dovesi, R. et al. (2018). “Quantum-mechanical condensed matter simulations with CRYS-
TAL”. Wiley Interdiscip. Rev. Comput. Mol. Sci. 8, e1360. DOI: 10.1002/wcms.1360.

Ferrero, S. et al. (2020). “Binding energies of interstellar molecules on crystalline and amor-
phous models of water ice by ab initio calculations”. Astrophys. J. 904, 11. DOI: 10.3847/
1538-4357/abb953.

Fuente, A. et al. (2023). “Gas phase Elemental abundances in Molecular cloudS (GEMS).
VII. Sulfur elemental abundance”. Astron. Astrophys. 670, A114. DOI: 10.1051/0004-
6361/202244843.

Germain, A. et al. (2022). “Computer generated realistic interstellar icy grain models:
physicochemical properties and interaction with NH3”. ACS Earth Space Chem. 6, 1286.
DOI: 10.1021/acsearthspacechem.2c00004.

Kouchi, A. et al. (2020). “Direct measurements of activation energies for surface diffu-
sion of CO and CO2 on amorphous solid water using in situ transmission electron
microscopy”. Astrophys. J. Lett. 891, L22. DOI: 10.3847/2041-8213/ab78a2.

McClure, M. K. et al. (2023). “An Ice Age JWST inventory of dense molecular cloud ices”.
Nat. Astron. 7, 431. DOI: 10.1038/s41550-022-01875-w.

Penteado, E. M. et al. (2017). “Sensitivity analysis of grain surface chemistry to binding
energies of ice species”. Astrophys. J. 844, 71. DOI: 10.3847/1538-4357/aa78f9.

Perrero, J. et al. (2024). “Binding energies and vibrational spectral features of Sn species
on amorphous water-ice mantles: a quantum mechanical study”. Astrophys. J. 971, 36.
DOI: 10.3847/1538-4357/ad5548.

Perrero, J. et al. (2022). “Binding energies of interstellar relevant S-bearing species on water
ice mantles: a quantum mechanical investigation”. Astrophys. J. 938, 158. DOI: 10.3847/
1538-4357/ac9278.

Rocha, W. et al. (2024). “JWST Observations of Young protoStars (JOYS+): Detecting icy
complex organic molecules and ions - I. CH4, SO2, HCOO−, OCN−, H2CO, HCOOH,
CH3CH2OH, CH3CHO, CH3OCHO, and CH3COOH”. Astron. Astrophys. 683, A124.
DOI: 10.1051/0004-6361/202348427.

Schäfer, A. et al. (1992). “Fully optimized contracted Gaussian basis sets for atoms Li to
Kr”. J. Chem. Phys. 97, 2571. DOI: 10.1063/1.463096.

Shingledecker, C. et al. (2020). “Isomers in interstellar environments. I. The case of Z- and
E-cyanomethanimine”. Astrophys. J. 897, 158. DOI: 10.3847/1538-4357/ab94b5.

https://doi.org/10.1093/mnras/stae1210
https://doi.org/10.1093/mnras/stae1210
https://doi.org/10.1051/0004-6361/202141861
https://doi.org/10.1051/0004-6361/202141861
https://doi.org/10.1007/s11214-016-0319-3
https://doi.org/10.3847/1538-4365/aac886
https://doi.org/10.1002/wcms.1360
https://doi.org/10.3847/1538-4357/abb953
https://doi.org/10.3847/1538-4357/abb953
https://doi.org/10.1051/0004-6361/202244843
https://doi.org/10.1051/0004-6361/202244843
https://doi.org/10.1021/acsearthspacechem.2c00004
https://doi.org/10.3847/2041-8213/ab78a2
https://doi.org/10.1038/s41550-022-01875-w
https://doi.org/10.3847/1538-4357/aa78f9
https://doi.org/10.3847/1538-4357/ad5548
https://doi.org/10.3847/1538-4357/ac9278
https://doi.org/10.3847/1538-4357/ac9278
https://doi.org/10.1051/0004-6361/202348427
https://doi.org/10.1063/1.463096
https://doi.org/10.3847/1538-4357/ab94b5


84 Chapter 3. Binding Energies of S-bearing species on H2O ice mantles

Tinacci, L. et al. (2022). “Theoretical distribution of the ammonia binding energy at inter-
stellar icy grains: a new computational framework”. ACS Earth Space Chem. 6, 1514.
DOI: 10.1021/acsearthspacechem.2c00040.

Tinacci, L. et al. (2023). “Theoretical water binding energy distribution and snowline in
protoplanetary disks”. Astrophys. J. 951, 32. DOI: 10.3847/1538-4357/accae8.

Wakelam, V. et al. (2017). “Binding energies: new values and impact on the efficiency of
chemical desorption”. Mol. Astrophys. 6, 22. DOI: 10.1016/j.molap.2017.01.002.

https://doi.org/10.1021/acsearthspacechem.2c00040
https://doi.org/10.3847/1538-4357/accae8
https://doi.org/10.1016/j.molap.2017.01.002


Binding Energies of Interstellar Relevant S-bearing Species on Water Ice Mantles: A
Quantum Mechanical Investigation

Jessica Perrero1,2 , Joan Enrique-Romero1 , Stefano Ferrero1 , Cecilia Ceccarelli3 , Linda Podio4 , Claudio Codella3,4 ,
Albert Rimola1 , and Piero Ugliengo2

1 Departament de Química, Universitat Autònoma de Barcelona, Bellaterra, E-08193, Catalonia, Spain; albert.rimola@uab.cat
2 Dipartimento di Chimica and Nanostructured Interfaces and Surfaces (NIS) Centre, Università degli Studi di Torino, via P. Giuria 7, I-10125, Torino, Italy

piero.ugliengo@unito.it
3 Univ. Grenoble Alpes, CNRS, Institut de Planétologie et d’Astrophysique de Grenoble (IPAG), F-38000 Grenoble, France

4 INAF, Osservatorio Astrofisico di Arcetri, Largo E. Fermi 5, I-50125 Firenze, Italy
Received 2022 July 6; revised 2022 September 12; accepted 2022 September 14; published 2022 October 24

Abstract

Binding energies (BEs) are one of the most important parameters for astrochemical modeling determining, because
they govern whether a species stays in the gas phase or is frozen on the grain surfaces. It is currently known that, in
the denser and colder regions of the interstellar medium, sulfur is severely depleted in the gas phase. It has been
suggested that it may be locked into the grain icy mantles. However, which are the main sulfur carriers is still a
matter of debate. This work aims to establish accurate BEs of 17 sulfur-containing species on two validated water
ice structural models, the proton-ordered crystalline (010) surface and an amorphous water ice surface. We adopted
density functional theory-based methods (the hybrid B3LYP-D3(BJ) and the hybrid meta-GGA M06-2X
functionals) to predict structures and energetics of the adsorption complexes. London’s dispersion interactions are
shown to be crucial for an accurate estimate of the BEs due to the presence of the high polarizable sulfur element.
On the crystalline model, the adsorption is restricted to a very limited number of binding sites with single valued
BEs, while on the amorphous model, several adsorption structures are predicted, giving a BE distribution for each
species. With the exception of a few cases, both experimental and other computational data are in agreement with
our calculated BE values. A final discussion on how useful the computed BEs are with respect to the snow lines of
the same species in protoplanetary disks is provided.

Unified Astronomy Thesaurus concepts: Interstellar dust (836); Surface ices (2117); Interstellar molecules (849);
Dense interstellar clouds (371); Interstellar medium (847); Solid matter physics (2090); Interstellar dust processes
(838); Computational methods (1965)

1. Introduction

Stars like our Sun begin their journey in the interstellar medium
(ISM), where star formation takes place in dense (103

–104 cm−3)
and cold (10 K) regions, the so-called molecular clouds. In the
past, it was thought that the ISM was too harsh an environment for
molecules to survive and thrive. However, almost 80 yr ago, the
first diatomic molecules (the methylidyne radical CH, its cation
CH+, and the cyano radical CN) were detected by means of optical
and ultraviolet spectroscopy (Swings & Rosenfeld 1937; McKellar
1940; Douglas & Herzberg 1942), which indeed indicated that
chemistry is present and has an important role in the ISM.

At present, we count more than 270 detected gas-phase
species (McGuire 2021), a number that constantly increases
given the enhanced performances of the observational facilities
(e.g., Yebes 40 m, IRAM 30 m, NOEMA, the Atacama Large
Millimeter/submillimeter Array (ALMA), and Green Bank
Telescope (GBT)), and the expectation of the new results
provided by the James Webb Space Telescope. As a
consequence of these thrilling discoveries, curiosity concerning
the chemistry of the ISM has been growing more and
more keen.

The characteristic densities and temperatures of molecular
clouds allow (i) the molecules to survive, since the external UV

fields are highly diminished, and (ii) the formation of thick icy
mantles coating the surfaces of dust grains, due to the
adsorption and in situ synthesis of species and their subsequent
hydrogenation. The resulting icy mantles are dominated by
water, but they also contain other volatile species like CO,
CO2, CH3OH, and NH3, and hence are referred to as “dirty
ices” (Boogert et al. 2015).

The phenomena occurring on the icy mantle surfaces are of
paramount importance from a chemical point of view. Indeed,
ice mantles are thought to facilitate the occurrence of reactions
taking place at their surfaces, primarily exhibiting three
functions: (i) as pre-concentrators of chemical species,
especially relevant in the low-density environments of
molecular clouds, where the rate of collision between gas-
phase species is extremely small, (ii) as chemical catalysts, by
decreasing the activation energies of the reactions, and hence
overcoming the energy barriers under the interstellar conditions
(Zamirri et al. 2019b), and (iii) as third bodies, by absorbing the
large energy excess released by exothermic reactions, without
undermining the stability of the newly formed products
(Pantaleone et al. 2020, 2021). The first and the third points
are the keys to successful recombination reactions.

For a grain surface reaction to take place, at least one of the
two reactants needs to be adsorbed on the grain. The adsorption
is regulated by two variables: the dust temperature, and the
binding energy (BE) of the adsorbed species. The latter
quantity defines how strong the interaction between the species
and the surface is, and dictates the chance that a given adsorbed
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species can be ejected into the gas phase: the higher the BE, the
higher the temperature required to thermally desorb. In the
current astrochemical models, BE values are important input
parameters, not only to consider likely desorption events (e.g.,
Penteado et al. 2017) but to simulate diffusion processes on the
surfaces, as the diffusion barriers are usually assumed to be a
fraction of the BE (Mispelaer et al. 2013; Karssemeijer &
Cuppen 2014; Ghesquiere et al. 2015; Lauck et al. 2015;
Cuppen et al. 2017; He et al. 2017, 2018; Cooke et al. 2018;
Kouchi et al. 2020; Maté et al. 2020). Therefore, BEs are
crucial parameters in determining the ISM chemistry and its
resulting composition (Penteado et al. 2017; Wakelam et al.
2017; Ferrero et al. 2020; Enrique-Romero et al. 2021).

1.1. Previous Studies of the BEs

Determining BEs is a challenging task (Minissale et al.
2022). From an experimental point of view, effective and
coverage-dependent BEs are obtained via temperature pro-
grammed desorption (TPD) experiments. TPD consists of two
steps: first, the substrate, maintained at a constant temperature,
is exposed to the adsorption of the species; then, the
temperature is increased until the desorption of the species,
which is collected and analyzed by a mass spectrometer. The
BEs are then extracted by applying the direct inversion method
through the Polanyi–Wigner equation (e.g., Dohnálek et al.
2001). Despite its great usefulness, this technique shows two
limitations: (i) the obtained BEs depend not only on the
morphology and the composition of the substrate but also on
the regimes in which the experiments are performed, i.e.,
submonolayer, monolayer, or multilayer (e.g., Noble et al.
2012; He et al. 2016; Chaabouni et al. 2018) and will return
coverage-dependent BEs, and (ii) it measures a desorption
enthalpy, a quantity that is equal to the BE only in the absence
of other activated processes, like ice restructuring, usually
assumed to be negligible (He et al. 2016).

Despite the numerous literature studies that have investi-
gated the desorption processes by means of TPD (e.g., Collings
et al. 2004; Noble et al. 2012; Dulieu et al. 2013; Fayolle et al.
2016; He et al. 2016; Smith et al. 2016), only a limited variety
of molecules has been considered, in particular, stable closed-
shell species, in contrast to the large variety of interstellar
species. Moreover, the employed substrates are almost
invariably water ices.

A possible alternative to TPD is to adopt state-of-the-art
computational chemistry to simulate the adsorption process.
The simulation can handle both closed- and open-shell species,
allotting some extra care for the latter. The main limitation is
the trade-off between the system size (the icy grain model) and
the accuracy of the calculation. A number of computational
studies have reported the BEs of important astrochemical
species like H, H2, N, O, HF, CO, and CO2 on icy surfaces
modeled by periodic/cluster crystalline/amorphous systems
(e.g., Al-Halabi & Van Dishoeck 2007; Karssemeijer &
Cuppen 2014; Zamirri et al. 2017; Shimonishi et al. 2018;
Zamirri et al. 2019a; Bovolenta et al. 2020; Ferrero et al. 2020).
Other works addressed the BEs of a large number of species,
adopting very approximated models for the substrate. Two
examples are the works of Wakelam et al. (2017) and Das et al.
(2018), in which the ice surface simulated by water clusters of
minimal nuclearity allowed the prediction of the BEs for 100
species. In Wakelam et al. (2017), a single water molecule was
adopted to represent the ice surface, while recovering the

missing components of the BEs through a clever fitting
procedure against selected experimental BE values. In Das
et al. (2018), the adoption of clusters from one to six water
molecules allowed them to study the BE of 16 species, with the
puzzling result that water tetramer was found to be the best
model for ice.

One way to generate computer models for amorphous ices is
by using water clusters cut out from a crystalline ice, heating
them up by molecular dynamics runs and by quenching at low
temperatures (Shimonishi et al. 2018; Rimola et al. 2021b).
Another approach is to refer to a model repeated in space by the
periodic boundary conditions. This allows for the simulation of
both the crystalline ice (here adopting an already studied
proton-ordered model by Casassa et al. 1997) and an
amorphous one. In the latter case, the usual procedure is
starting from a large unit cell of a crystalline ice and
performing a number of heating/freezing cycles to arrive to
an amorphous ice model. Another strategy, recently proposed
by the ACO-FROST scheme (Germain et al. 2022), consists of
growing icy clusters by a random step-by-step addition of
molecular water molecules.

More recently, Ferrero et al. (2020) computed a large set of
BEs for 21 astrochemically relevant species, on both crystalline
and amorphous surfaces of water ice. Both models ensured that
hydrogen-bond cooperativity (of fundamental relevance to
obtain accurate BE values) is fully taken into account, at
variance with the small ice clusters adopted by Wakelam et al.
(2017) and Das et al. (2018). For the crystalline icy model, only
very few adsorption sites were available, limiting the BEs to
one or two distinct values per species. For the amorphous ice
model, however, the complex surface morphology allowed the
calculation of multiple BE values for each species, resulting in
a BE range better describing the variety of binding sites
expected on real amorphous ice mantles.

In the present work, we apply the methodology of Ferrero
et al. (2020) in order to enlarge the set of BEs. The focus here is
on the adsorption of 17 interstellar relevant S-bearing species,
namely: CS, C2S••, C3S, C4S••, CH3SH, H2CS, HS•, H2S, HS2

• ,
H2S2, NS•, OCS, S••, S2

••, SO••, and SO2 (dots indicate the
unpaired electrons). The chosen species satisfy two criteria: (i)
they are neutral species, since positive ions become neutral
when landing on negatively charged dust grains (Walmsley
et al. 2004; Ceccarelli & Dominik 2005; Rimola et al. 2021a)
as long recognized (Draine & Sutin 1987; Rae et al. 2004;
Mason et al. 2014), and (ii) they envisage at most six atoms to
ensure relatively compact structures needed to properly probe
the largest number of adsorption sites on ice models with
relatively small unit cells.

1.2. The Sulfur Depletion

The choice of studying the BEs of S-bearing species is due to
a long standing issue in the field of astrochemistry: the sulfur
depletion problem. In dense clouds, sulfur is severely depleted
from the gas phase (e.g., Tieftrunk et al. 1994; Ruffle et al. 1999;
Wakelam et al. 2004; Phuong et al. 2018; Vastel et al. 2018;
van’t Hoff et al. 2020) by more than 2 orders of magnitude with
respect to the solar system S abundance ([S]/[H]= 1.8 × 10−5;
Anders & Grevesse 1989; Woods et al. 2015). Therefore, sulfur
may freeze out on dust grains after its hydrogenation, or react
with other species in a similar way as atomic oxygen. H2S was
expected to be the main sink of sulfur on dust grains (Garrod
et al. 2007; Jiménez-Escobar & Muñoz Caro 2011), but it has
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never been directly detected on interstellar ices yet. The only
species detected in the ice mantles are OCS and, tentatively, SO2

(Boogert et al. 2015). Accordingly, the most important S-carriers
are still unknown. Nowadays, the most likely species that act as
reservoirs of S are thought to be organosulfur compounds (Laas
& Caselli 2019) and polysulphanes (H2Sn; Druard & Wakelam
2012). These are refractory species that, once trapped on the
mantles or in the core of the grains, cannot desorb and, therefore,
become undetectable (Woods et al. 2015). In the last three years,
seven new gas-phase S-bearing species were identified, most of
them in TMC-1 (Cernicharo et al. 2021; Rodríguez-Almeida
et al. 2021), and characterized by a C–S chemical bond.

A recent review of the laboratory experiments performed on
the chemistry of sulfur in the condensed phase has highlighted
that the formation of SO2, SO3, hydrates of H2SO4, and related
species is very common when performing photolysis, proton-
irradiation, and radiolysis of mixed ices. However, neutral–
neutral reactions have yet to be deeply explored. Moreover,
gas-phase chemistry is likely to be a major contributor in sulfur
astrochemistry (Mifsud et al. 2021).

The formation of organosulphur molecules was observed
experimentally for the first time in the work of Ruf et al.
(2019), where a 2:1:1 mixture of H2O:CH3OH:NH3 ice was
bombarded with S7+ ions, although showing a possible source
of compounds relative to more evolved environments, like icy
moons, Kuiper Belt objects, comets, and their building blocks.

In diffuse clouds, sulfur is mostly present in its ionized
atomic form S+, and close to the cosmic abundance
(Jenkins 2009), it progressively depletes as the cloud evolves
(Hily-Blant et al. 2022). Sulfur depletion in protoplanetary
disks and later stages can be explained by the presence of
refractory sulfide minerals, such as FeS, in the grains (Keller
et al. 2002; Kama et al. 2019).

With the present work, thus, we aim to contribute to this
puzzling subject by providing a set of accurate BE values of
several S-bearing species, which can be used in numerical
modeling studies aimed at rationalizing observations and
laboratory experiments.

2. Methodology

Since the calculations follow the same procedure as Ferrero
et al. (2020), we refer to this work for the equations used here
to compute the BEs of the S-bearing species set. Moreover, the
reader can find details on these expressions in Appendix A. A
thorough guide to the computation of BEs is available in the
Supplementary Material.

2.1. Computational Details

We adopted a periodic approach to model the water ice
surfaces and the adsorption of the 17 S-bearing species on
them. The calculations were performed with the periodic
ab initio code CRYSTAL17 developed by Dovesi et al. (2018),
which adopts localized Gaussian functions as basis sets. This
code exploits the local combination of atomic orbitals (LCAO)
approximation, expanding the Bloch functions of periodic
systems as a linear combination of atom-centered Gaussian
functions. This software implements both the Hartree–Fock
(HF) and Kohn–Sham self-consistent field methods to solve the
electronic Schrödinger equation, taking advantage of the
symmetry of the system, when present. Thanks to its capability
to simulate systems with periodicity ranging from zero

(molecules) to three (solid bulks) dimensions, it allows us to
rigorously define true slabs to modeling surfaces without the
need of artificial replica along the direction perpendicular to the
slab plane, as usually implemented in codes adopting plane
waves basis sets.

On the crystalline model, the hybrid B3LYP
(Becke 1988, 1993; Lee et al. 1988) and the hybrid meta-
GGA M06-2X (Zhao & Truhlar 2008) density functionals were
used in the geometry optimizations and in computing the BEs
of closed-shell and open-shell species, respectively. To account
for dispersion interactions, the hybrid B3LYP functional was
combined with the Grimme’s D3 empirical correction with the
Becke–Johnson (BJ) damping scheme (i.e., B3LYP-D3(BJ)
(Grimme et al. 2010, 2011; Sure & Grimme 2013). The hybrid
meta-GGA M06-2X functional was used together with a spin-
unrestricted formalism (Pople et al. 1995) to model the
adsorption of open-shell species (with one or two unpaired
electrons) because it better describes their adsorption properties
(Ferrero et al. 2020) due to its higher percentage of exact
exchange (54% compared to the 20% of B3LYP). Note that for
M06-2X, the D3(BJ) correction for dispersion was not applied
because, for this functional, the description of the dispersion
component is already included in its definition. For this reason,
the contribution of the dispersion component to the BEs can be
worked out only for the closed-shell species (computed at
B3LYP-D3(BJ)). The two density functional theory (DFT)
methods have been used in combination with the Ahlrichs
triple zeta valence quality basis set supplemented with a double
set of polarization functions (i.e., A-VTZ*; Schäfer et al. 1992).
Thus, for the crystalline models, the BEs were computed from
the DFT energies that resulted from the DFT optimized
structures. This scheme is hereafter referred to as DFT//DFT.
All of the BEs were corrected for the basis set superposition
error (BSSE) through the counterpoise correction method by
Boys & Bernardi (1970).

Finally, in order to check for the accuracy of the DFT//DFT
BEs and without the aim of performing a benchmarking study,
a refinement at the CCSD(T) level was performed by applying
the ONIOM2 scheme as proposed by Dapprich et al. (1999) to
a number of species representative of the set. Given the
dependency of CCSD(T) method on the basis set, the Dunning
(1989) correlation consistent family of cc-pVnZ basis sets
(where n is 2, 3, 4, 5,... and corresponds to a ζ of D, T, Q, 5,K)
was employed. This allows us to perform an extrapolation of
the desired property, here the BE, by plotting it against 1/n3.
We checked that the numbers thus obtained approached the
values given by DFT//DFT. The Jun-cc-pVnZ basis set (with
n= 2, 3, and 4) was chosen to perform the calculations, with
the exception of SO2, for which the aug-cc-pVnZ basis set
(where one more diffuse function is added to all of the atoms,
including H) was adopted to recover the whole interaction
between SO2 and the two water molecules of the model system.
See Appendix A for more details on the BSSE correction and
on the ONIOM2 scheme.

On the amorphous ice model, the DFT//DFT scheme can
hardly be carried out due to the larger unit cell size compared
with the crystalline one. Therefore, we adopted the computa-
tionally cheaper semiempirical HF-3c method for the adsorp-
tion on the amorphous ice surface model. HF-3c is an HF-based
method adopting a minimal basis set (MINI-1; Tatewaki &
Huzinaga 1980), to which three empirical corrections (3c) are
added (Sure & Grimme 2013): (i) the dispersion energy
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(D3(BJ)) for noncovalent interactions (Grimme et al. 2010); (ii)
a short range bond correction to recover the systematically
overestimated covalent bond lengths for electronegative
elements, due to the MINI-1 basis set (Grimme et al. 2011;
Brandenburg et al. 2013); and (iii) the geometrical counterpoise
(gCP) method developed by Grimme (Kruse & Grimme 2012)
to a priori remove the BSSE. On the optimized HF-3c
geometries, DFT single-point energy calculations were per-
formed to compute the BEs (this procedure is hereafter referred
to as DFT//HF-3c), which were also corrected for BSSE.
Before adopting DFT//HF-3c for the amorphous system, we
proved its accuracy compared to DFT//DFT for the crystalline
ice, resulting in an excellent match.

For both the crystalline and amorphous systems, geometry
optimizations were carried out by relaxing both the internal
atomic positions inside the unit cell and the cell parameters.

Each stationary point was characterized by means of
harmonic frequency calculations at the Γ point by diagonaliz-
ing the mass-weighted Hessian matrix of the second-order
energy derivatives with respect to atomic displacements
(Pascale et al. 2004; Zicovich-Wilson et al. 2004). Each
Hessian matrix element was computed numerically by means
of a six-point formula based on two displacements of ±0.003 Å
from the minimum along each Cartesian coordinate. For the
crystalline ice, computed at the DFT level, only a portion of the
system constituted by the adsorbed species plus the two closest
water molecules to the adsorbate was considered to build the
Hessian matrix. In the case of the amorphous ice, the entire
system was considered, and the full Hessian matrix was
computed at the HF-3c level. For this later case, however, the
frequencies were only used to check that the complexes are
actual minima of the potential energy surfaces (all of the
frequencies are real), since they are expected to not be accurate
enough because of the approximated HF-3c methodology. In
contrast, from the DFT frequencies computed for the
fragments, we computed the zero-point vibrational energy
(ZPE) corrections to: (i) correct the electronic BEs for the
crystalline ice by including the corresponding ZPE contribu-
tions, and (ii) derive a scaling factor to apply to the BEs
computed on the amorphous ice model to arrive at ZPE-
corrected values without the need to explicitly run a full DFT
frequency calculation (see Appendix B for more details on
these two points).

2.2. Ice Models

Interstellar ices are thought to be mostly formed by amorphous
solid water (Watanabe & Kouchi 2008; Boogert et al. 2015).
However, as a starting point of our study, we have chosen a
crystalline model (see the top panel of Figure 1). This choice is
due to two main reasons: (i) crystalline structures are well defined
due to symmetry constraints and are computationally cheap, and
(ii) no definite structure for amorphous ice models is available.
Moreover, regions rich in crystalline ices have been observed in
protoplanetary disks and stellar outflows (Molinari et al. 1999;
Terada & Tokunaga 2012). Our ice surface model is derived from
the bulk of the proton-ordered P-ice, which was cut along the
(010) surface defining a 2D periodic slab model (Casassa et al.
1997; Zamirri et al. 2018). The thickness of the ice (10.9 Å) was
enough to converge the corresponding surface energy. We
adopted a 2× 1 supercell slab model, consisting of 12 atomic
layers and cell parameters of ∣ ∣a = 8.980 Å and ∣ ∣b = 7.082Å
(at B3LYP-D3(BJ)/A-VTZ* level), which are large enough to

avoid lateral interactions between the adsorbed molecules in
different replicas of the ice cell, thereby simulating the adsorption
of isolated species. The supercell shows two dangling hydrogen
(dH) atoms and two dangling oxygen (dO) atoms as binding sites
(top panel of Figure 1). The structure of the ice is such that it
ensures a null electric dipole along the nonperiodic z-axis. This is
a direct consequence of the symmetry of the system, which
shows two identical faces both at the top and at the bottom of the
model. Therefore, the adsorption was modeled only on the top
face of the system.

The more realistic amorphous model, already used in Ferrero
et al. (2020; see bottom panel of Figure 1) consists of 60 water
molecules per unit cell. The cell parameters are ∣ ∣a = 20.355 Å,
∣ ∣b = 10.028 Å, and g∣ ∣= 102°.983 (at HF-3c). The different
structural features between the upper and lower surfaces are
responsible for the presence of a small electric dipole moment
across the nonperiodic direction, and also for the presence of a
variety of different binding sites. Therefore, to model the
adsorption of the S-bearing species, we selected eight
characteristic adsorption sites (highlighted in the bottom panel
of Figure 1). The sites are chosen as follows: cases 1, 2, and
5 are located on the top surface of the ice, case 4 and 6 are
inside the cavity of the model, and case 3, 7, and 8 are on the
bottom-surface of the model. Binding sites from 1–6 are dH,
while 7 and 8 are dO.

3. Results

In this work, the adsorption of 17 S-bearing species (shown
in Figure 2) has been simulated, of which eight are closed-shell
species and nine open-shell species (with unpaired electrons as
indicated by the dots in Figure 2). For the open-shell species,
the electronic ground state of each one was checked and found
to be in agreement with those reported by Woon & Herbst
(2009) and Das et al. (2018). Therefore, NS•, HS•, HS2

• , and

Figure 1. Top panel: side view of the crystalline (010) water P-ice slab model
(along the b lattice vector). Bottom panel: side view of the amorphous water ice
slab model (along the b lattice vector). Numbers identify the different
adsorption sites: those in blue represent dangling hydrogen atoms (dH), while
those in red represent dangling oxygen atoms (dO).
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HCS• are doublets (with one unpaired electron) and S••, SO••,
S2

••, C2S••, and C4S•• are triplets (with two unpaired electrons).
Each species was placed manually on the ice surface models
according to the molecule/surface electrostatic potential
complementarity, and from these manually built systems,
geometry optimizations were performed.

3.1. BEs on Crystalline Ice

3.1.1. DFT//DFT BEs

Table 1 reports the computed BE values as described in the
computational section.

The role of the dispersion interactions to the BEs was
assessed by considering the D3(BJ) contribution only to the
BE. In other words, for each full B3LYP-D3(BJ) optimized
structure, we split the B3LYP-D3(BJ) total energy in a pure
electronic DFT term coming from the B3LYP and the pure
dispersive D3(BJ) one. This approach maximizes the weight of
the dispersion because the attractive nature of the D3(BJ) term
brings the adsorbates as close as possible to the icy surface,
which, in turn, boosts the D3(BJ) value. A different approach
would be to optimize the geometries at B3LYP only and then
evaluate the D3(BJ) term through a single-point energy
evaluation (referred to as the B3LYP-D3(BJ)//B3LYP
scheme). The missing D3(BJ) term during the geometry
optimization causes both an elongation of the average distance
and important changes in the spatial arrangement of the
adsorbate compared to the full B3LYP-D3(BJ) cases. There-
fore, the dispersion contribution for the B3LYP-D3(BJ)//
B3LYP is expected to be smaller (underestimated) than the one
from the full B3LYP-D3(BJ) optimization calculation. We
checked both approaches (data not reported) for two sets of
molecules, O-bearing (CO, H2O, CO2, CH3OH, and H2CO)
and S-bearing (CS, H2S, OCS, CH3SH, and H2CS) adsorbed on
the P-ice crystalline surface. We found the B3LYP structures
involving CS and, especially OCS, to be rather different from
the corresponding B3LYP-D3(BJ) ones. The same was found
for the CO and CH3OH cases. Nonetheless, the percentage
average difference in the dispersion between the two
approaches is a modest 11% in favor of the B3LYP-D3(BJ),
as expected. In this work, we were interested in establishing the
relative weight of dispersion (rwd) between S- and
O-containing species, rather than its absolute value. For the

cases described above, we computed an rwd percentage
average difference between B3LYP-D3(BJ)//B3LYP and a
fully optimized B3LYP-D3(BJ) of only 4%, without any order
reverting in the dispersion weight. Therefore, in agreement
with this test case, the data shown in this work are relative to
the full B3LYP-D3(BJ) approach, aware that the role of
dispersion may be overestimated.

At the DFT//DFT level, computed BE disp values span a
range from 2400–6900 K, depending on the kind of interaction
that the adsorbate experiences with the ice surface, i.e.,
hydrogen bonds, interactions between both permanent and
instantaneous dipole moments, and dispersive interactions.
According to that, we can distribute the molecules in four
different groups:

Molecules of Group I: (CH3SH, H2CS, H2S, H2S2, HCS•,
HS•, and HS2

• ): these molecules contain groups that can act
as H-bond donors and H-bond acceptors. It is worth noting
that in the cases of H2CS and HCS•, the H-bond donor
groups are weak.
Molecules of Group II: (OCS, SO2, NS•, and SO••): these
molecules feature only H-donor acceptor groups because
they contain atoms that are more electronegative than S.
Molecules of Group III: (CS, C2S••, C3S, and C4S••):
molecules that can establish one H-bond interaction with
their C-end atom and a surface dH.
Molecules of Group IV: (S•• and S2

••): species consisting of
only S atoms so that dispersive interactions are expected to
be the main binding driving forces.

The molecule with the smallest dispersion contribution to its
BE is H2S (of Group I), which, like water, is capable of acting
as both an H-bond donor and acceptor, hence involving two
water molecules of the ice surface in its adsorption. H2S, H2S2,
H2CS, and CH3SH (of the same Group I) show this same
adsorption feature. However, the presence of an S–S or a C–S
bond enhances the contribution of dispersion forces, which can
reach up to circa 70% of the BE, as in H2S2. The open-shell
species HS• and HS2

• (also of Group I) have smaller BEs than
their hydrogenated counterparts due to the absence of one
H atom.

For molecules of Group II, the sulfur atom interacts through
dispersive forces with dO of the nearest surface water
molecules. SO2, thanks to its two oxygen atoms that act as
H-bond acceptors, presents the highest BE of the entire set of
tested molecules (6880 K). OCS, which shows an almost null
dipole moment, presents the largest dispersion contribution to
the BE of the entire set (>90%), hence being one of the species
less bound to the ice.

Molecules of Group III indeed form an H-bond between
their C-ends and a surface dH. This interaction, moreover, is
enhanced due to the dipole moment of the C chains and to the
carbene-like character of the C-end atom. Furthermore, these
species can bind strongly to the surface thanks to the onset of
dispersive forces that become stronger with the size of the
molecule. Despite these premises, the BEs of these species are
similar (4000–4500 K), with the exception of C3S, which has a
higher BE (6723 K at the most) because of its adsorption
geometry. That is, once C3S adsorbs on the surface, it is
arranged in rows with a distance of only 3.1 Å between the
S-end and the C-end of two neighboring molecules, therefore
maximizing favorable head-to-tail interactions between dipoles.
This results in an energetic gain due to the lateral interactions

Figure 2. Set of 17 S-bearing species considered in this work. Dots represent
unpaired electrons.
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between adsorbate molecules in different replicas of the cell
that enhance the BE, a phenomenon that does not happen for
C2S•• and C4S••. In fact, we would expect C4S•• to show larger
BEs, but its elongated structure makes it challenging to
maximize its contact area with the ice surface, hence interacting
mostly through the C-end and pointing the S-end upward.

Finally, for molecules of Group IV, even though S2
•• is

heavier and larger than S••, its interaction with the ice is the
weakest of the entire set of the tested molecules. S2

•• has an
electronic triplet ground state (like O2) and is the only
homonuclear molecule of the set. Its dipole moment is zero,
but not its quadrupole moment, which allows for the onset of a
quadrupolar interaction between the S–S bond region and a dH
of the ice surface. However, its BE is lower (2393 K) than that
for S•• (3921 K).

3.1.2. ONIOM2-corrected BEs

For some species, BEs computed at DFT//DFT have been
refined at a CCSD(T) level by applying the ONIOM2
methodology by Dapprich et al. (1999), considering that most
of the BE contribution arises from the local interactions
between the adsorbed species and a small number of nearby
water molecules. These calculations were performed on the
following seven S-bearing species: CH3SH, CS, H2CS, OCS,
SO2, NS•, and S2

••. These molecules have been chosen because
they well represent both closed- and open-shell species and
sample the entire range of BEs of the 17 species of this work.

Figure 3 (panel (a)), plots the ONIOM2-corrected BEs
against the DFT//DFT ones, showing a very good fit that
confirms the accuracy and reliability of the DFT//DFT scheme
adopted so far, with the latter slightly overestimated compared
to the ONIOM2-corrected one.

3.1.3. DFT//HF-3c BEs

To cope with the larger size of the amorphous ice model, we
tested the performance of the cheaper DFT//HF-3c scheme on
the crystalline ice model to assess its applicability also for the
amorphous ice.

Starting from the previously optimized DFT structures, we
re-optimized the geometries at HF-3c level. In general, the HF-
3c optimized geometries are comparable with the DFT ones,
with the exception of very few cases, such as the SO2

adsorption complex (see below). However, by comparing the
HF-3c//HF-3c BEs with the DFT//DFT ones, the resulting
correlation is rather coarse (see Figure 3, panel (b), blue
symbols and line).

However, a much better agreement is shown by the DFT//
HF-3c BEs (the linear correlation improves notably, see
Figure 3, panel (b), orange symbols and line). Such an
agreement was already shown in Ferrero et al. (2020), and the
accuracy of the DFT//HF-3c scheme was also exhibited in
molecular crystals (Cutini et al. 2016), polypeptides (Cutini
et al. 2017), and pure-silica zeolites (Cutini et al. 2019). These
results, thus, extend the application of the DFT//HF-3c
scheme to derive accurate BEs for S-bearing molecules
adsorbed on ice surfaces.

HF-3c//HF-3c data (blue symbols) of Figure 3 reveal an
outlier (for SO2, around 7000 K), the HF-3c//HF-3c BE being
25% higher than the DFT//DFT one, while the DFT//HF-3c
value is about 15% smaller than the DFT//DFT value.

This effect is because HF-3c optimized geometries show
shorter distances between the adsorbate and the ice model,
which, when computing the single-point energy at the DFT
level, will increase both the dispersive interactions and the
exchange repulsion contributions. For instance, HF-3c reduces
the distance between the S atom of SO2 and an O atom of the
ice surface to 2.25 Å, compared to the 2.48 Å of the B3LYP-D3

Table 1
Computed Binding Energies (BE disp, in kelvin, and without ZPE Corrections) of the S-bearing Species Set at the P-ice (010) (2 × 1) Supercell

BEs on the Crystalline Water Ice

DFT//DFT DFT//HF-3c

Species BE Disp BE No Disp Disp (%) BE Disp BE No Disp Disp (%)

CS 4582 1600 2982(65%) 3861 1239 2622(68%)
C3S 6038/6723 1564/2129 4474(74%)/4594(68%) 5713/6146 421/1443 5292(93%)/4703(77%)
CH3SH 6182 2959 3223(52%) 5340 2081 3259(61%)
H2CS 4847/6242 2225/2850 2622(54%)/3392(54%) 4258/5641 1792/2417 2466(58%)/3223(57%)
H2S 5268 3332 1936(37%) 4679 2862 1816(39%)
H2S2 5436/6158 1624/1936 3813(70%)/4222(69%) 5027 1527 3500(70%)
OCS 3007/3440 -229/325 3235(107%)/3115(90%) 2790 132 2658 (95%)
SO2 6880 3608 3271(48%) 5929 2502 3428(58%)
HCS• 4113 3849
HS• 4270 3247
HS2

• 4270/4763/4871 3572/3139
NS• 4330 3765
C2S•• 4089/4691 3993/4498
C4S•• 4366/4414 4246
S•• 3921 3247
S2

•• 2393 2009
SO•• 3861 1924

Note. The first column refers to the adsorbed species. Columns (2)–(4) contain the values computed at the DFT//DFT level of theory. The last three columns report
the same values computed at the DFT//HF-3c level of theory. For the closed-shell species (computed at the B3LYP-D3(BJ) level), the BE contributions arising from
the nondispersive (no disp) and the dispersive (disp) forces, together with their percentage (%), are listed. For the open-shell species (computed at the M06-2X level),
the BE no disp and disp contributions cannot be separated. Whenever more than one adsorption geometry was found, all of the BEs are listed and separated by a slash.
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(BJ) optimization. Moreover, by looking at the BE disp values
of Table 1, we notice that the percentage of dispersion in
DFT//HF-3c BE values is almost always larger than that of
DFT//DFT BEs.

Finally, HF-3c can be critical for radical species like NS•.
The NS• experimental bond length value is 1.494 Å (Peebles &
Marshall 2002), while the calculated ones are 1.480 Å with
M06-2X and 1.651 Å with HF-3c. The charge and spin density
distributions are also different, with 76% and 59% spin density
on nitrogen at HF-3c and at M06-2X, respectively. The higher
spin localization of HF-3c causes the lengthening of the bond,

which, when adsorbed, shrinks to 1.633 Å, resulting in a gain in
energy of about 10 kJ mol−1 (at DFT//HF-3c). As this
behavior is systematic (for both free and adsorbed molecules),
it cancels out when computing the BE. In conclusion, HF-3c
can be used as a cheap level of theory provided that a careful
check is exerted for species with uncommon structures and
electronic configurations (especially open-shell ones).

3.2. BEs on Amorphous Ice

The amorphous ice shows a richer variety of adsorption sites
causing a distribution of BE values for the considered
molecules. We characterized eight surface binding sites (dH1-
6 as H-bond donors and dO7-8 as H-bond acceptors), which
were chosen as a function of their H-bonding ability. We
manually built up the starting geometry, exposing the
amorphous solid water (ASW) electrophilic regions (due to
dangling OH bonds, while their counterparts correspond to
exposed O atoms) to the nucleophilic ones of the adsorbates
and vice versa (following the principle of electrostatic
complementarity). The distance between the adsorbate and
the surface was set up as the sum of the van der Waals radii of
the corresponding closest atoms, by means of computer
graphics manipulation. By proceeding this way, we obtained
a total of 136 adsorption complexes. As explained in
Section 2.1, the complexes were first optimized at the HF-3c
level followed by a harmonic frequency calculation to confirm
all structures as minima. Table 2 shows the BEs value at the
final DFT//HF-3c level. The mean (〈BE〉) and standard
deviation (σ) for the BEs are also provided, although we
recommend that the reader not consider them as representative
of the ensemble of BEs here listed, given the limited sampling
of binding sites performed in this study, far from being suitable
for a statistical treatment.

From the analysis of our data, it stands out that dH4 and dH6
sites, residing in the cavity domain of the ice model, exhibit the
highest BE values due to the close proximity of the surrounding
water molecules. The reverse happens for dO7 and dO8, placed
on the bottom and as the outermost water molecules of the
model, which are the least favorable binding sites.

On average, the dispersion contributions to the BEs are
higher when the adsorption takes place at the amorphous ice
than at the crystalline ice due to closer contact of the adsorbate
with the ice surface. While in the crystalline proton-ordered
P-ice model, the H-bond chains extend to infinity ensuring a
reinforcement of the H-bonding strength (cooperativity effect),
this is not the case for the ASW model. In ASW, the random
organization of the water molecules breaks the H-bonding
chain extensions, reducing the H-bonding cooperativity and,
therefore, its strength. This, in turn, also affects the H-bonding
strength exhibited by the chain terminal ice OH groups
involved in the interactions with the adsorbates, decreasing
the corresponding BE values. This is shown clearly by the
higher BE values computed for adsorption on the crystalline
P-ice with respect to the ASW model, in agreement with
previous literature data (Ferrero et al. 2020). However, other
effects, like the easier structure deformation for the amorphous
ice, accommodates the adsorbates getting closer to the ice
surface, maximizing both the H-bond strength and the
dispersive contribution, overcoming the loss of H-bonding
cooperativity.

The above interpretation can explain the presence of some
very high BE values, which depart from the rest of the BEs of

Figure 3. (a) Best linear fit between the DFT//DFT and the ONIOM2-
corrected BEs for the crystalline ice systems. (b) Best linear fit between the
DFT//DFT BEs and the HF-3c//HF-3c (in blue) and the DFT//HF-3c (in
orange) schemes, for the crystalline ice systems. BEs are in kelvin.
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the corresponding ensembles. This happens for CH3SH, C3S,
H2CS, H2S, H2S2, C2S••, and C4S••, adsorbed in the dH2 and
dH5 sites (located at the edges of the top surface). In these
cases, a dramatic structural rearrangement of the amorphous ice
takes place, with a global energy gain that can reach 2400 K,
contributing to the “anomalous” high BEs. In practice, the
species/ice interactions cause a large restructuring of the
amorphous ice, whose new structure has a lower energy than
the initial ice taken as a reference.

This phenomenon is not usual when dealing with rigid
structures (e.g., metal surfaces, oxides, and graphene); how-
ever, soft matter like water ice is held together by the same kind
of interactions keeping the adsorbate attached at the surface.
Therefore, the geometrical relaxation induced by the adsorption
can rearrange the structure in such a way that, once optimized,
it falls in a new minimum with a lower energy with respect to
the reference system. A full analysis of this phenomenon has
been recently described in Tinacci et al. (2022).

To cope with this “artificial” increment of the BE, we
adopted the new ice structure as a reference for the calculation
of the BE, which are now coherent with the general BE
ensembles. We think this is an important issue, not common in
the adsorption phenomena on metallic, ionic, or covalent
surfaces, which are dominated by stronger forces than those
occurring with soft matter like water ices. This problem would
be mitigated only by enlarging the ice model at an increasing
computational cost.

3.3. Zero-point Energy (ZPE) Corrections

As anticipated in Section 2.1, the ZPE corrections were
computed following two different schemes, depending on the
adopted surface models. For the adsorption on the crystalline
ice, we computed the harmonic frequencies of a fragment
consisting of the S-bearing species and the two closest water
molecules of the ice with the assumption that deformation
occurs only in the proximity of the adsorption site. The ΔZPE
is computed following the advice described in Appendix B to
arrive at a ZPE-corrected BE, i.e., BE(0). Figure 4 shows a

good linear correlation between BE and BE(0), showing the
average ZPE correction is about 14% of the BE.

The final BE(0) values for all of the adsorption complexes at
the amorphous ice have, therefore, been computed by multi-
plying the DFT//HF-3c BEs by a scale factor of 0.862 (see
Figure 4, panel (a)).

4. Discussion

4.1. Comparison with BEs for Non-S-bearing Adsorbates

In the recent work by Ferrero et al. (2020), the adsorption of
17 closed-shell and four open-shell species was simulated. The
list included: (i) nondipolar molecules with significant quadru-
pole moments (i.e., H2, N2, and O2) or higher-order multiple
moments (i.e., CH4), hence interacting weakly with the ice; (ii)
molecules that, besides exhibiting a quadrupole moment,
established H-bonds with surface dH atoms (i.e., CO, OCS, and

Table 2
Summary of the DFT//HF-3c BEs (in kelvin, and without ZPE Corrections) of the 17 S-bearing Species at the Amorphous Ice Periodic Model

Amorphous Ice BE Values

Species dH1 dH2 dH3 dH4 dH5 dH6 dO7 dO8 〈BE〉 σ

CS 4270 1852 3596 3283 3380 3584 1155 1648 2846 1054
C3S 5472 6014 6122 5412 5112 5941 1275 2959 4788 1630
CH3SH 3608 4991 3584 3271 3271 4630 2622 2850 3603 769
H2CS 4161 4967 3416 3488 4378 4053 1960 3115 3692 859
H2S 3452 5208 3283 4210 4630 2622 2285 2309 3500 1026
H2S2 3007 4234 4558 4462 3801 3801 3175 4883 3990 623
OCS 2875 1491 2574 2177 1660 3320 2057 3175 2416 637
SO2 3344 3175 3644 6759 3680 4426 2730 2442 3775 1263
HCS• 2117 2225 2454 2117 1491 3560 2478 2201 2330 545
HS• 3163 2454 2057 2646 5003 2177 1624 1251 2547 1080
HS2

• 2562 1527 2586 3031 2670 2550 2778 2694 2550 413
NS• 3283 1431 1828 1768 3416 3428 1768 1876 2350 805
C2S•• 4426 3163 5088 3572 2009 4991 2009 2393 3456 1193
C4S•• 5075 2165 5797 3716 4943 5569 4306 4077 4456 1097
S•• 3247 2081 2550 2321 2526 2321 1852 1852 2344 425
S2

•• 1924 1455 2850 1552 2009 2069 1648 1203 1839 472
SO•• 4041 1082 2634 1419 1696 2345 1672 1696 2073 874

Note. For each species, eight BE values, alongside their mean (〈BE〉) and standard deviation (σ), are provided.

Figure 4. Analysis of ZPE corrections. Correlation between DFT//DFT BE(0)
and BE for the adsorption at the crystalline ice. The intercept is set to zero.
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CO2); (iii) amphiprotic molecules, which are both H-bond
acceptors and donors (i.e., NH3, H2O, HCl, HCN, and H2S);
(iv) larger molecules that are capable of establishing a greater
number of interactions with the surface due to the presence of
several functional groups, hence giving rise to the highest BE
values of the set (i.e., CH3OH, CH3CN, H2CO, HCONH2, and
HCOOH); and (v) the open-shell species OH•, NH2

• , CH3
• , and

HCO•, the two former ones forming strong H-bonds with dH
and dO sites, at variance with the two latter ones.

Figure 5 compares the BEs of the S-bearing species with
those of Ferrero et al. (2020). The distribution of BEs in Ferrero
et al. (2020) has a bimodal character (see panel (a)), indicating
two different adsorption behaviors in the set of the considered
species: a group of low BEs (characterized by dispersive

interactions), and a group of high BEs (amphiprotic and larger
species involved in the H-bond). In contrast, S-containing
species span a much narrow range of BEs, suggesting a
common adsorption feature, despite the diverse chemical
structures.

Deeper insights into the contributions to the BE of these two
sets of species arise from the analysis of the closed-shell
species adsorbed at the crystalline ice model. Each BE can be
decomposed in dispersive and nondispersive contributions (see
panel (b) of Figure 5) for all considered species.

The distribution of the dispersive contributions highlights
two main facts: (i) this term is more important when heavy
atoms (like sulfur) belong to the adsorbed species; (ii) the mean
value of the distribution for S-bearing species (ca. 3500 K) is
higher than that of the nondispersive terms (ca. 2000 K), as
dispersion accounts for more than 50% of the BEs provided in
this work. Therefore, weak interactions are the most relevant
and crucial forces in the description of the adsorption of
S-containing species on ices and, thus, they need to be carefully
accounted for to properly describe the sulfur chemistry on icy
mantles. The above considerations are not surprising due to
higher atomic polarizability of second-row atoms compared to
C-, N-, and O-containing molecules.

The different behaviors of the two sets of species will have
consequences on their chemistry. Considering the BE ensem-
bles, one can argue S-containing species show higher
desorption temperatures compared to weakly interacting
molecules, like O2, CH4, or CO. On the contrary, S-bearing
species interact more weakly than amphiprotic molecules with
ice. The same inference applies to their surface mobility. As
usually, the barriers for diffusion are taken as an arbitrary
fraction of the BEs (Cuppen et al. 2017; Kouchi et al. 2020), so
we can assume that species with lower BEs will diffuse faster
than those with higher BEs, setting up constrains on the
reactions that can take place on an icy surface. The particularly
low BEs of S2

•• (the weakest bounded S-bearing species) also
implies its highest mobility. In the hypothesis that polysul-
phanes could be a reservoir of sulfur, the high mobility of S2

••

could favor their encounter and reaction, forming chains and
cyclic sulfur species (Druard & Wakelam 2012; Mifsud et al.
2021) that hardly desorb due to the very large dispersive
contribution to their BE.

4.2. S-bearing versus O-bearing Species

In addition to these general considerations, a punctual
comparison between S-bearing and O-bearing species can be
drawn for some cases in order to highlight a few exceptions to
what we generally understood about our set of molecules.

In Table 3 we compare the contributions to the BE(0) values
of some S-bearing species with their oxygen analogs. As a rule
of thumb, we would expect molecules containing sulfur to
always show a BE(0) lower than the corresponding O-bearing
ones, with the dispersive interactions being larger for the
former group. However, by considering case by case, we notice
that there are some exceptions to this behavior (see Figures 7–9
in Appendix C) For the pair CS/CO, the trend is the opposite,
while the OCS/CO2 pair shows many similarities.

Indeed, CS exhibits a larger BE(0) and a lower percentage of
dispersive energy than its O-analog, CO. This can be explained
by looking at the dipole moments of these species. CS shows a
large dipole moment (1.9 D), at variance with the negligible
one of CO. The H-bonding interaction of the two species with a

Figure 5. (a) Distribution of BEs computed on the amorphous ice model for
S-bearing species (orange) and the species of Ferrero et al. (2020; blue). (b)
Distribution of the dispersive (left panel) and nondispersive (right panel)
contributions to the crystalline BEs for closed-shell species.
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dangling OH is therefore stronger for CS, as it is the dispersive
interaction of the S atom with the water molecule of the surface
(see Figure 7 in Appendix C).

Both OCS and CO2 have a linear geometry, an almost null
dipole, and interact through an H-bond with a dangling OH of
the surface. While OCS exhibits a larger dispersion interaction,
for CO2, the electrostatic component makes up about 30% of
the BE, yielding a comparable BE(0) for the two molecules.

On the other hand, the other pairs behave as we expected, as
described in Section 4.1. The adsorption geometries show some
similarities between the two members of each pair, with the
most important differences due to the presence and strength of
the H-bonds. Specifically, CH3SH/CH3OH and H2S/H2O
exhibit the same number of H-bonds, while for H2CS/H2CO,
only the latter establishes an H-bond with the surface through
the C=O group.

4.3. Comparison with the Literature

Before comparing the present results with literature exper-
imental data, some general considerations are at hand. In the
ISM, the water ice mantle is the result of the in situ water
formation through surface reactions. Therefore, the final ice
structure is the result of the energetic locally hot spots injected
in the mantle where intermediates (e.g., OH• and HOO•) and
final products are formed. As the injected energy is large, it
locally heats up the ice, shaping the final structure of the grain
in a complex way, difficult to attain through laboratory
experiments. In the terrestrial laboratories, ice is prepared
directly by deposition from vapor water molecules, with a
certain kinetics, on cold metal fingers (Penteado et al. 2017).
The final ice can be amorphous (either compact or porous) or
crystalline, depending on the kinetics of adsorption and
processing temperature. Unfortunately, the detailed structure
of amorphous ice can only be partly inferred indirectly by
spectroscopic measurements, therefore limiting our knowledge
of the atomistic details. The same difficulty occurs for
computer modeling: indeed, we are not aware of computer
simulations reacting hydrogen and oxygen atoms step by step
up to form a sizable icy grain, even if a simpler attempt to form
a single water molecule on the forsterite surface has been
recently reported (Molpeceres et al. 2019).

As a function of the adopted ice models in computer
simulation, the external surface may show a variety of different
kinds of adsorption sites, giving rise to different BEs (Song &
Kastner 2017). When very few sites are available, like in the
proton-ordered ice model adopted here, no more than two
different BE values resulted. For the amorphous model,
instead, a significant variability of binding sites resulted,

giving rise to an ensemble of BEs. As reported in detail by
Ferrero et al. (2020) and not repeated here, extra care should be
exerted when comparing the computed BEs with those from
experiments.

For instance, while BEs are straightforwardly calculated by
computer simulations (see Appendix B), experimental BEs are
never directly observed in the thermal desorption, as TPD
peaks are usually interpreted through the Redhead (1962)
method or more sophisticated techniques, through which
desorption adsorption energies (DAEs) are worked out. As
DAEs may be a function of the surface coverage θ, the
comparison with the theoretical BEs is not straightforward (for
a recent review, see Minissale et al. 2022). For instance, the ice
structure is sensitive to both temperature and adsorption/
desorption processes (at variance with surfaces from covalent/
ionic solids) as its layers are held together by weaker
interactions (e.g., H-bonds in water ices or dispersion in CO
ices), which are similar in strength to the BE values. Obviously,
ice restructuring processes may affect the final value of
the DAEs.

In Table 4, our BEs are compared with those from Penteado
et al. (2017; see Figure 6). These authors showed a list of
recommended BEs, collecting data from previous works and
providing an uncertainty range for each value. For H2S, OCS,
and SO2, the BEs are derived a posteriori from the experimental
TPD measurements of Collings et al. (2004), using the
empirical relationship of

=( ) ( ) ( ) ( ) ( )X T X TBE : BE H O : H O 1des 2 des 2

where X is the considered chemical species, and Tdes is the
desorption temperature of the species deposited on a water ice
extrapolated from the TPD measurements of Collings et al.
(2004). The reference BE(H2O) is set to 4800 K from previous
works (see Penteado et al. 2017 for more details). The
uncertainty assigned to the BE values of H2S, OCS, and SO2

was 3.5%. For the other species, the provided data are based on
the work of Hasegawa & Herbst (1993), which in turn were
based on previous works, including Allen & Robinson (1977).
In the latter, the BE of a molecule was treated as the sum of the
BEs of the constituent atoms to infer the interaction energy of
several species on SiO2 surfaces, which was subsequently
scaled by an empirical factor to obtain BEs on water ice. The
uncertainty of these values is set to half the BE for species
whose BE is less than 1000 K, and set to 500 K for all other
cases.

The comparison between our computed BEs for the crystal-
line ice and the literature data shows, as expected,

Table 3
Contribution to Selected BE(0) (in kelvin) for S-bearing Species vs. O-bearing Species Adsorption at Crystalline Ice

Sulfur Bearing Species Oxygen Bearing Species

Species BE(0) No Disp Disp (%) μ Species BE(0) No Disp Disp(%) μ

CS 2453 785 1668(68%) 1.9 CO 1663 50 1613(97%) 0.1
CH3SH 4603 1795 2808(61%) 1.5 CH3OH 7385 5391 1994(27%) 1.7
H2CS 4267 1792 2475(58%) 1.7 H2CO 5187 3268 1919(37%) 4.6
H2S 4033 2460 1573(39%) 1.1 H2O 7200 5832 1368(19%) 2.0
OCS 2405 120 2285(95%) 0.8 CO2 2568 796 1772(69%) 0.0

Note. The latter are taken from Ferrero et al. (2020). The BE(0) are decomposed into no disp and disp contributions, applying the percentage of dispersion (%)
obtained for each species. The dipole moment μ (in Debye) of the free molecules is computed at the B3LYP-D3(BJ)/A-VTZ* level of theory. When more than one BE
was present, the average value is reported.
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discrepancies. However, comparison of the range provided in
Penteado et al. (2017) with our BE ensemble reveals that
disagreement is only for S••. The additive principle applied by
Allen & Robinson (1977) implies that S2

•• BE must be twice the
value of the isolated S•• atom. However, we have seen that S••

and S2
•• showed a very similar distribution of BEs, due to the

same nature of their interaction with the surface. For the other
species, the ranges provided by Penteado et al. (2017) lay
within our ensembles, especially for H2S, OCS, and SO2,
which have a very narrow distribution of BEs. However,
computed BEs for crystalline ice compare poorly with the

average values provided by Penteado et al. (2017), showing
that the additive principle is not suitable for the description of
the interactions between polyatomic species and extended ice
models.

In addition to the experimental data, comparison is carried
out with recent BEs from computational works for a large
number of species, some of which contain sulfur (see Figure 6).

In Wakelam et al. (2017), a single water molecule was
adopted as an ice model (the M06-2X/aug-cc-pVTZ theory
level; with neither ZPE nor BSSE corrections). The lost
contributions from a real ice surface were somehow recovered
by a clever fit between computed BEs and experimental ones
for a subset of species. The resultant fitted parameters were
used to derive all other BE values. Comparison between our
crystalline BEs with those of Wakelam et al. (2017) shows a
difference of about 30% of the value. A better agreement with
Wakelam et al. (2017) values is shown by the BE range
spanned by our amorphous BE ensembles.

Das et al. (2018) computed the BEs for a molecular set
including 100 species, adopting a water tetramer and, in few
cases, a water hexamer as the ice model, at the MP2/aug-cc-
pVDZ theory level, without BSSE and ZPE corrections.
Among the S-bearing molecules, only H2S and OCS were
adsorbed on a water hexamer. The ice models employed in Das
et al. (2018) still lack the effect of H-bond cooperativity
(present in our periodic models) and could be the reason of the
small values of BEs for the S-containing species, even lower
than those estimated by Wakelam et al. (2017). Moreover, H2S
and OCS BEs show an increment when changing the model
from the water tetramer to the water hexamer, and it is not clear
for how long this trend would continue before reaching a
converged value. The Das et al. (2018) values are within the
BE ensembles computed for the amorphous ice. Altogether,

Table 4
Summary of the Computed BE(0) Values (in kelvin) in Comparison with Data from the Literature

Binding Energies

This Work Literature

Crystalline Amorphous Computed Database Various
Species BE(0) Min Max 〈BE〉 σ Das Wakelam KIDA UMIST Penteado

CS 2453 995 3680 2453 909 2217 3200 3200 1900 1800 ± 500
C3S 4925/5298 1099 5277 4128 1405 3500 3500 3000 ± 500
CH3SH 4603 2260 4302 3106 663 4200
H2CS 3670/4863 1690 4282 3183 740 3110 4400 4400 2700 2025 ± 500
H2S 4033 1970 4489 3017 884 2556 2900 2700 2743 2290 ± 90
H2S2 4333 2592 4209 3439 537 4368 3100 3100 2600 ± 500
OCS 2405 1286 2861 2083 549 1571 2100 2400 2888 2325 ± 95
SO2 5111 2105 5827 3254 1089 3745 5000 3400 5330 3010 ± 110
HCS• 3318 1286 3069 2009 469 2713 2900 2900 2350 2000 ± 500
HS• 2799 1078 4313 2195 931 2221 2700 2700 1500 1350 ± 500
HS2

• 2706/3079 1317 2613 2198 356 4014 2650 2650 2300 ± 500
NS• 3245 1234 2955 2026 694 2774 1900 1900 1800 ± 500
C2S•• 3442/3877 1731 4385 2979 1028 2447 2700 2500 ± 500
C4S•• 3660 1866 4997 3841 945 4300 4300 3500 ± 500
S•• 2799 1579 2799 2020 366 1428 2600 2600 1100 985 ± 495
S2

•• 1732 1037 2457 1644 1585 407 2200 2200 2000 ± 500
SO•• 1658 933 3483 2128 1787 754 2900 2800 2600 1800 ± 500

Note. The second column contains the BEs on the crystalline P-ice (010) model, the third and the fourth columns contain the minimum and maximum BE values,
respectively, found for the amorphous ice, the fifth and the sixth columns list the mean (〈BE〉) and the standard deviation (σ), respectively, relative to the amorphous
BEs, while columns (7)–(11) report BEs from the literature, respectively, from computed data (Das et al. 2018 and Wakelam et al. 2017), from databases (KIDA;
Wakelam et al. 2015; and UMIST; McElroy et al. 2013) and from experiments (Penteado et al. 2017). The BE(0) values were obtained by applying the Equation
(0).862*BE = BE(0) (see the text for more details).

Figure 6. Computed and literature BEs (in kelvin). For each species, the solid
black line covers the min/max ZPE-corrected BE values for the amorphous ice
model, while blue stars correspond to the ZPE-corrected BEs on the crystalline
ice model.
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this indicates that the choices of the ice model and of the
computational method have a strong relevance on the predicted
BEs. Thus, more studies are needed to fully characterize BE
distributions, by using larger models and exploring more
binding sites.

4.4. Binding Energies and Snow Lines in Protoplanetary Disks

As mentioned in Section 1, the BEs of the species on ice
mantles have a profound impact on the interstellar chemistry
and, more specifically, on the chemical composition of the
regions where planetary systems, like our own, are formed. A
very important case is represented by the gaseous versus solid
chemical composition in protoplanetary disks, which are the
sites where planets, asteroids, and comets eventually form. If a
species is in the solid form, then it will likely be incorporated in
the (aforementioned) formation of rocky objects, whereas, if it
is in the gaseous form, it will only enrich the giant gaseous
forming planets of the elements contained in the species (e.g.,
Öberg & Bergin 2021). Sulfur, on the other hand, seems to be a
very important element for terrestrial life and, perhaps, even a
key element for its emergence (e.g., Shalayel et al. 2020).

As discussed in Section 1, the major reservoirs of sulfur in
cold molecular clouds (Section 1.2, from where the evolution
toward a planetary system starts) are unknown, though they are
suspected to be in solid organosulfur compounds and
polysulphates (Druard & Wakelam 2012; Laas & Caselli 2019).
During the evolution, the quantity of sulfur in the gaseous
phase changes by orders of magnitude, so that it is very
important to know it in the protoplanetary disks. So far, there
are no measurements for solid, and only very few for gaseous,
S-bearing species in protoplanetary disks (see below). The
locus where the transition of a species from the solid to the gas
phase takes place is usually called “snow-line” in astrophysical
jargon, particularly so in the protoplanetary disks, which are
objects that are relatively cold and dense (e.g., Öberg &
Bergin 2021). Then, one efficient way to measure the solid
versus gaseous content of S-bearing species in protoplanetary
disks is to observe where the species disappear from the gas
phase, because they freeze onto the dust grain water-rich
mantles, namely, to measure their snow lines. Two major
parameters determine where the snow line lies: the temperature
of the dust, and the BE of the species. In general, the larger the
distance from the disk center (heated by the central forming
star), the colder the dust. Therefore, species with lower BEs
remain gaseous at larger disk radii.

The ALMA-DOT survey of young disks provides the first
preliminary observational constraints on the position of the
snow lines of some of the S- and O-bearing molecules
considered in this study (Podio et al. 2020a). In particular,
ALMA-DOT observed a protoplanetary disk, IRAS 04302
+2247, seen edge-on, which makes it ideal to constrain the
snow lines of different species. These observations show that
the molecular emission is bright in an intermediate disk layer
(the so-called molecular layer; Aikawa & Herbst 1999), while it
decreases in the disk midplane due to molecular freeze-out onto
the dust grains. More relevant to this work, CS, H2CO, and
H2CS show a similar spatial distribution, and a sharp decrease
of their emission is observed at smaller radii than CO (Codella
et al. 2020; Podio et al. 2020b). The estimated snow line is
at 25 au for H2CO (and consequently H2CS and CS) and 100 au
for CO (van’t Hoff et al. 2020). The larger snow-line radius of
CS with respect to that of CO is generally in agreement with

the two estimated BEs: 995–3680 K (CS; this work) versus
1109–1869 K (CO; Ferrero et al. 2020). On the other hand, the
observations suggest similar snow lines for CS, H2CO, and
H2CS, while the estimated BEs of H2CO and H2CS are larger
than that of CS: 3071–6194 K (H2CO; Ferrero et al. 2020) and
1690–4282 K (H2CS; this work) versus 995–3680 K (CS; this
work). We emphasize, however, that the ALMA-DOT
observations are unable to resolve the inner 25 au of the disk.
Therefore, higher spatial resolution observations are needed to
constrain the snow lines of species with large BEs, such as
H2CO and H2CS.

In conclusion, the admittedly scarce observations so far
available seem to be in agreement with the estimated BEs
obtained through theoretical quantum chemical calculations as
provided in Ferrero et al. (2020) and this work, which
encourage us to pursue the work to a larger sample of species,
both S- and N-bearing and the so-called interstellar complex
organic molecules (Ceccarelli et al. 2017).

5. Conclusions

In the present work, the BEs of 17 astrochemically relevant
S-bearing species adsorbed on periodic water ice models have
been computed using DFT based on the hybrid B3LYP-D3(BJ)
(for closed-shell species) and hybrid meta-GGA M06-2X (for
open-shell species) with an Ahlrichs-VTZ* double-zeta polar-
ized Gaussian basis sets. We adopted either a crystalline
proton-ordered ice model or a more realistic amorphous ice
model, both treated within the periodic boundary conditions.
The adopted DFT results have also been refined toward a
CCSD(T) level through the ONIOM2 approach carried out on
the crystalline model, showing a very good convergence
between the DFT BEs and those refined with the ONIOM2
scheme. As full DFT is too costly for the simulation of
adsorption on the amorphous ice, we checked the reliability of
the cheaper HF-3c method by contrasting the BEs with that at
the DFT level for the crystalline ice. While HF-3c BEs poorly
correlate with the DFT ones, the BEs at the single-point DFT//
HF-3c level give an excellent correlation with full DFT values.
The validated DFT//HF-3c method was used to study the
adsorption process on the amorphous ice model, in which the
richness of adsorption sites (up to eight) implies a BE ensemble
for each species. We also showed the ZPE correction to the
electronic BE to be around 14% of the BE itself irrespective of
the adsorbed species, and provided a scale factor to obtain the
BE(0) for adsorption complexes at the amorphous ice model.
This is important, as it allows for skipping the expensive
frequency calculation by simple scaling of the electronic BEs.
The analysis of the obtained data showed that, in order to
properly describe the behavior of S-bearing species, special
care must be taken in the description of the dispersive
interactions, which gain more importance as the number of
large and heavy atoms, like sulfur, increases. When considering
the amorphous ice model, which provides enough richness of
sites, the resulting BE ensembles match both the experimental
and the literature computed BEs. We posit BE distributions
rather than single BE values to be essential for providing robust
parameters to be adopted in numerical models of chemical
evolution in the universe.

Regarding the sulfur depletion problem, our calculations do
not solve the open questions. Nonetheless, we provide strong
and relatively accurate BE values, which can elucidate the
features of S-bearing species in comparison with S-free
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molecules when adsorbed on icy mantles. An important clue is
provided by the S2

•• case in which the lowest BE implies higher
diffusivity and increasing reactivity toward the formation of
higher-weight S-containing rings strongly bound to the ice
through dispersion interactions. The CS molecule also shows
some counterintuitive results when compared to the analog CO
molecule, due to a higher dipole moment and dispersion
contribution. The present work also highlights the utility of
accurately computing BE values to be correlated with snow
lines in protoplanetary disks.
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Supplementary Material consisting of (i) the fractional
coordinates of HF-3c adsorption structure optimized for both
the crystalline and amorphous ice, (ii) images of the adsorption
features at crystalline periodic ice models, in which electro-
static potential maps, spin density maps (for open-shell
systems), and vibrational features are displayed, (iii) a pdf file
with a thorough guide to the computation of BEs and the basis
sets employed for the calculations, is available on
Zenodo: https://doi.org/10.5281/zenodo.6798922.

Appendix A
Computational Details

For optimization and frequency calculations, we refer to the
computational parameters adopted in the work of Ferrero et al.
(2020): the threshold parameters for the evaluation of the
Coulomb and exchange bielectronic integrals (TOLINTEG)
were set to 7, 7, 7, 7, and 14 when working with crystalline ice,
while for the amorphous ice to 7, 7, 7, 7, and 25, which
facilitates the convergence of the self-consistent field (SCF),
especially when adsorbing open-shell species.

Some species required a careful treatment to describe
properly their electronic state. The use of the BROYDEN
accelerator (Johnson 1988) and the broken-(spin)-symmetry
ansatz (Neese 2004, 2009) was necessary to obtain an optimal
convergence of the SCF procedure.

For the numerical evaluation of bielectronic integrals
(Becke 1988), the standard pruned grid, composed of 75 radial
points and a maximum of 974 angular points, was used. To
sample the reciprocal space, we adopted the Pack–Monkhorst
mesh (Pack & Monkhorst 1977), with a shrinking factor of 2,
which generates 4 k points in the first Brillouin zone. The only
exception is for the adsorption of atomic sulfur on the crystalline
ice model, which required a shrinking factor of 3, generating 5 k
points, in order to avoid numerical noise in the results.

The Broyden–Fletcher–Goldfarb–Shanno algorithm (Broyden
1970; Fletcher 1970; Goldfarb 1970; Shanno 1970) was used to
carry out geometric optimizations.

Appendix B
Calculation of the Binding Energies

When using a finite basis set of localized Gaussian functions
to describe our systems, BSSEs arise. This is the case in our
BEs computed at both DFT//DFT and DFT//HF-3c. Thus,
the a posteriori counterpoise (CP) correction of Boys &
Bernardi (1970) was applied to compensate for this error, and
our BEs are therefore defined as the opposite of the CP-
corrected interaction energies (ΔECP), that is,

= -D ( )EBE B1CP

D = D - ( )E E BSSE B2CP

where the non-CP-corrected interaction energy ΔE is given by
the sum of the deformation-free interaction energy (ΔE

*

), the
deformation energy of the slab (δES), the deformation energy of
the molecule (δEμ), and the lateral interaction (EL) between
adsorbate molecules in different replicas of the cell. This
quantity corresponds to the common definition of interaction
energy, which in this case is the energy of the complex to
which energies of the isolated species and isolated ice model
are subtracted.

d dD =D + + +
= - -

m

( )
*E E E E E

E E E . B3
S L

complex ice species

For the crystalline systems, inclusion of the ZPE corrections
to the BE are performed according to the equation BE(0)= BE
− ΔZPE, where

D = - - ( )ZPE ZPE ZPE ZPE . B4complex ice species

For the amorphous case, inclusion of ZPE corrections was
done by applying a scaling factor derived from a linear
correlation between BE and BE(0) in the crystalline systems,
that is, BE(0)= 0.862*BE.

Finally, to check for accuracy and refine DFT BEs for our
crystalline ice model, the single- and double-electronic
excitation coupled-cluster method with an added perturbative
description of triple excitations (CCSD(T)) was used, in
combination with a correlation consistent basis set extrapolated
to the largest possible basis set. These calculations have been
performed with the Gaussian16 software package (Frisch et al.
2016). These refinements were performed through the
ONIOM2 approach (Dapprich et al. 1999), dividing the
systems into two parts (model and real systems), which are
described by two different levels of theory (high and low). The
model system (represented by the adsorbate and the two closest
water molecules) was described by the high level of theory,
CCSD(T). The real system (that is, the whole system) was
described by the corresponding DFT (low) level of theory.

The ONIOM2-corrected BE is:

=
+ -

( ) ( )
( ) ( )

( )

BE ONIOM2 BE low, real
BE high, model BE low, model .

B5

In this way, the ΔE= BE(high, model)− BE(low, model)
represents the correction term to the energy of the real system
due to the improved description at the high level. This
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procedure ensures that if the low level of theory is improved to
arrive at the high level of theory or if the model system is
enlarged to become the real system, the energy of the whole
system is that at the higher level of theory.

In this work, for the calculation of the ONIOM2-corrected
BEs, BE(ONIOM2), Equation (B5) can be rewritten as

m
m

m

= -
+ -
- -

( ) ( )
( ( ) )
( ) ( )

T
BE ONIOM2 BE DFT; ice

BE CCSD ; 2H O
BE DFT; 2H O B6

2

2

where BE(DFT; μ− ice) is the BE computed at DFT//DFT,
while the BEs of the model system (μ − 2H2O) are
computed through single-point energy calculations at
CCSD(T).

A thorough guide to the computation of BEs is available in
the Supplementary Material.

Appendix C
S-bearing versus O-bearing Species

Figure 7. Adsorption geometry of S-bearing vs. O-bearing species at P-ice (010) surface. Side view is at the top; the top view is at the bottom. Complexes on the right
(O-bearing species) are adapted from Ferrero et al. (2020). Distances are given in angstrom units. (i) CH3SH vs. CH3OH; (ii) CS vs. CO.
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Figure 8. Adsorption geometry of S-bearing vs. O-bearing species at P-ice (010) surface. Side view is at the top; the top view is at the bottom. Adsorption complexes
on the right (O-bearing species) are adapted from Ferrero et al. (2020). Distances are given in angstrom units. (i) First and (ii) second adsorption geometry of H2CS
vs. H2CO.
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Abstract

In the denser and colder regions of the interstellar medium (ISM), gas-phase sulfur is depleted by 2 or 3 orders of
magnitude with respect to its cosmic abundance. Thus, which species are the main carriers of sulfur is an open
question. Recent studies have proposed Sn species as potential sulfur reservoirs. Among the various sulfur
allotropes, the most stable one is the S8 ring, detected in the asteroid Ryugu and Orgueil meteorite. Shorter species,
namely S3 and S4, have been found in the comet 67P/C-G, but their presence in the ISM remains elusive. In this
study, we compute the binding energies (BEs) of Sn (n= 1–8) species on an amorphous water-ice surface model
and analyze their infrared (IR) and Raman spectral features to provide data for their identification in the ISM. Our
computations reveal that these species exhibit lower BEs than previously assumed and that their spectral features
experience minimal shifts when adsorbed on water ice, because of the weak and nonspecific Sn–ice interactions.
Furthermore, these species display very low IR band intensities and, therefore, very accurate instruments operating
in the mid-IR range are required for detecting the presence of these species in dense interstellar environments.

Unified Astronomy Thesaurus concepts: Surface ices (2117); Interstellar dust (836); Interstellar molecules (849);
Dense interstellar clouds (371); Interstellar medium (847); Solid matter physics (2090); Computational methods
(1965); Interstellar dust processes (838)

1. Introduction

Sulfur chemistry has garnered significant interest in astro-
chemistry, particularly since sulfur depletion in the interstellar
medium (ISM) was first acknowledged in the 1970s (Spitzer &
Jenkins 1975; Gondhalekar 1985). Although the abundance of
sulfur in the gas phase of the diffuse medium is consistent with
the cosmic value, [S]/[H]= 1.5 × 10−5 cm−3 (Jenkins 2009),
more evolved environments such as translucent clouds and
dense clouds are characterized by an environment-dependent
depletion of 1 or 2 orders of magnitude (Fuente et al. 2023).
Initially, the sulfur missing from the gas phase was expected to
yield H2S on the icy grain mantles (Caselli et al. 1994), similar
to the freezing of oxygen atoms yielding H2O. However, the
abundance of S-bearing species observed in the ice mantle
(OCS and tentatively SO2) and the upper limits estimated for
H2S account for less than 5% of the sulfur budget in the solid
phase (Boogert et al. 2022; McClure et al. 2023). For this
reason, the main reservoirs of sulfur are still unknown, and its
chemistry is being extensively investigated.

Sulfur is known to present different molecular allotropes,
forming chains and rings up to 20 atoms, as it easily tends to
react with itself even in a diluted medium. In the last 20 yr, the
interest in the Sn species (with 2 � n � 8) has grown
exponentially in the field of astrochemistry, after being first
proposed as S-reservoirs (Wakelam et al. 2004). Several
experiments have shown the production of these species,

together with H2Sn (with n � 2), after the photoprocessing of
H2S-containing ices (e.g., Ferrante et al. 2008; Jiménez-
Escobar & Caro 2011; Jiménez-Escobar et al. 2014; Cazaux
et al. 2022). When including proper reaction pathways,
astrochemical models also predict their formation (Laas &
Caselli 2019). In particular, when considering cosmic-ray-
driven radiation chemistry and fast nondiffusive reactions for
bulk radicals, pure sulfur allotropes are one of the main
products (Shingledecker et al. 2020). So far, the only molecule
characterized by an S–S bond was detected in the Horsehead
nebula, a moderately UV-irradiated environment, where gas-
phase S2H was found (Fuente et al. 2017). On the other hand,
S3 and S4 have been detected in the comet 67P/C-G (beside
sulfides and sulfur oxides) by Calmonte et al. (2016). In the
same source, Altwegg et al. (2022) have also detected
ammonium sulfide, which is the most abundant salt of the
comet. Sn species have also been found in other bodies of the
solar system, such as the Ryugu asteroid and the Orgueil
meteorite, which contain low and high abundances of S8,
respectively (Aponte et al. 2023).

The formation mechanism of Sn species is suspected to
depend on the environment. Translucent cloud conditions are
more likely to favor the formation of long-Sn species (Cazaux
et al. 2022), as Ruffle et al. (1999) suggested that the negative
grain charge distribution could be responsible for enhancing S+

accretion on the core of the grains. On the other hand,
laboratory experiments predict the formation of short Sn species
due to the UV photoprocessing of H2S ice, along with the
formation of H2Sn species (Jiménez-Escobar & Caro 2011;
Jiménez-Escobar et al. 2014). The abundance ratio between the
species that are formed depends on the shielding effect of the
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H2S ice (Cazaux et al. 2022). Sn (n > 4) species would be more
refractory as n increases, so that they could not desorb from the
core of the grains in hot cores/hot corinos, but could be
released in shock regions. On the other hand, Sn (2 � n� 4)
species could potentially be observed in less harsh environ-
ments, and hence the need for providing spectroscopic data for
their identification.

With the launch of JSWT in 2021 December and the
beginning of the EUCLID mission in 2023 July, numerous
spectra will be collected, not only for gas-phase species, but
also for interstellar ices, and the interpretation of the spectra
will need both experimental and computational data.

From a theoretical point of view, there are several studies on
the Sn-free molecules that elucidate their geometrical features
and electronic states (e.g., Raghavachari et al. 1990; McCarthy
et al. 2004a, 2004b). Their infrared (IR) and Raman spectra
have been recorded experimentally in the gas phase or with
matrix isolation in the solid argon technique, depending on
which was more feasible for each species, which are collected
in reviews (Eckert & Steudel 2003; Trofimov et al. 2009). Gas-
phase S3 and S4 have also been characterized by means of
rotational spectroscopy in the millimeter regions, providing
valuable data for their detection and identification in the ISM
(McCarthy et al. 2004a, 2004b). However, to the best of our
knowledge, no previous studies have been conducted on Sn

interacting with water ice. Thus, in this work, we focus on the
adsorption of Sn (n= 1–8) species on interstellar water ices
(here modeled as an extended periodic amorphous surface)
with the aim of providing their binding energies (BEs) and
vibrational spectroscopic (IR and Raman) properties computed
at a quantum mechanical level. BEs are important parameters
used in astrochemical models to describe the chemical
evolution of planet-forming environments. Since BEs appear
in exponential terms, their accuracy is mandatory to provide
sensible results. Additionally, the perturbation of the vibra-
tional IR and Raman bands of the Sn species due to the
adsorption at ice will be of great value for their experimental
detection in ISM ices (at least for the IR spectra). In Section 2,
we describe the methodology applied in the simulations, and in
Section 3 we present the results and a discussion of their
implications in the field of astrochemistry. Finally, in Section 4,
we summarize our conclusions.

2. Methodology

All the calculations were performed with the periodic
ab initio code CRYSTAL17 (Dovesi et al. 2018), which allows
the simulation of systems from zero to three periodic
dimensions (i.e., molecules, polymers, surfaces, and bulks)
and describes the atoms with Gaussian-type orbitals instead of
plane waves (as commonly employed in periodic codes). Due
to such a feature, our surfaces are slab models, to which
periodic boundary conditions (PBCs) along two directions have
been applied, presenting a finite thickness in the nonperiodic
direction.

After finding the most stable conformer and electronic state
of each gas-phase Sn species, we computed their adsorption on
a periodic amorphous-like water-ice surface (see Figure 1).
This model was designed by Ferrero et al. (2020b), by joining
three amorphous water clusters and applying the PBCs, thus
cutting the obtained bulk ice model along the (010) plane to
yield a periodic surface. The resulting slab was characterized
by edges and cavities, with binding sites possessing different

adsorption strengths. The distinct morphologies of the upper
and lower surfaces are responsible for the presence of a small
electric dipole moment across the nonperiodic direction. The
unit cell has 180 atoms and its cell parameters are
a= 20.275 Å, b= 10.052 Å, and γ= 103°.442 within the
adopted density functional theory (DFT) level (see below).

The geometry optimizations of the gas-phase Sn species and
their adsorption complexes were performed with the hybrid
DFT BHLYP functional (Becke 1993; Lee et al. 1988),
supplemented with the D3(BJ) dispersion correction by
Grimme et al. (2010) and combined with the Ahlrichs-VTZ*

(A-VTZ*) basis set, previously adopted in Ferrero et al.
(2020b) and Perrero et al. (2022). The choice of this functional
was justified by the need to treat both closed-shell and open-
shell species at the highest cost-effective ratio. Thus, we relied
on the known good performance of the B3LYP functional in
similar previous publications (Ferrero et al. 2020b; Perrero
et al. 2022) and chose to use a higher percentage of exact
exchange (50%) to properly describe open-shell species,
resulting in the adoption of the BHLYP-D3(BJ)/A-VTZ*

methodology.
The adsorption complexes were computed by relaxing both

the internal atomic positions and the unit cell parameters. We
selected two binding sites on the amorphous ice model in order
to represent the two main binding sites that this model offers:
(i) the cavity region; and (ii) a flat portion of the surface. In the
previous works of Ferrero et al. (2020b) and Perrero et al.
(2022), more binding sites were probed, with the aim of
defining BE ranges for a larger set of species that were,
however, relatively small in size. In this case, since large
nonpolar species are involved (interacting mainly through weak
nonspecific forces), we suppose these two binding sites to be

Figure 1. (a) The amorphous periodic water-ice model adopted in this work.
The target icon indicates the binding sites considered for the adsorption of
species from S to S8. Color code: red, oxygen; and gray, hydrogen. (b) Species
characterized in this work with the corresponding electronic ground state.
Species from S to S4 are linear chains (top row), while species from S5 to S8 are
cyclic rings (bottom row).
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representative of the range of interactions between the molecule
and the ice surface. We expect larger BEs for species adsorbed
in the cavity region than in the flat region because of the larger
contact surface between the adsorbate and the ice-water
molecules (and hence larger interactions) in the former case.

The final BEs, BE(0), were computed through the equation:

= - D = - D - - D( ) ( ) ( )EBE 0 BE ZPE BSSE ZPE, 1

where the interaction energy ΔE= Ecomplex−Eice−Especies was
corrected for the basis set superposition error (BSSE; arising
from the finiteness of the basis set) and for the zero-point
energy (ΔZPE = ZPEcomplex−ZPEice−ZPEspecies) computed at
0 Kelvin. The ice surface taken as reference is the one
optimized after the desorption of the adsorbate, this way
neglecting spurious effects in the BE(0)s due to an over-
deformation of the ice structure induced by the presence of the
adsorbate and caused by the finite thickness of the ice model.
Indeed, our experience indicates that an amorphous ice surface,
contrary to a rigid crystalline one, can dramatically reconstruct
locally to better accommodate the adsorbate (Perrero et al.
2022, 2023). The significant deformation observed is the result
of fully relaxing the geometry of the systems (both internal
atomic positions and unit cell parameters), which is compulsory
for ensuring that the adsorption complexes are actual minima
stationary points and hence for accurately computing IR and
Raman spectra. Consequently, during the optimization process,
the ice unit cell may contract or expand, contrary to what would
happen on a real ice surface. To address this discrepancy, we
opted to derive BEs from simulations of desorption processes.
Basically, we simulate a desorption process rather than an
adsorption one, in which, on the latter, the reference surface is
the pristine one, while for the former it is the one left after
desorption. The different terms that contribute to the BE(0) are
analyzed and explained in Appendix B, and for their detailed
explanation, we refer the reader to the works of Ferrero et al.
(2020b) and Perrero et al. (2022).

Frequency calculations on the BHYLP-D3(BJ)/A-VTZ*-
optimized geometries were run on the adsorption complexes
with a twofold aim: (i) of confirming the nature of the minima
on the potential energy surface (PES); and (ii) of computing the
IR and Raman spectra. The Hessian matrix was calculated
considering only the displacements of the Sn adsorbed species,
while the rest of the system is kept at fixed geometry. We
previously checked that the exclusion of water molecules did
not have a significant influence on the fragment Hessian matrix
and, therefore, on the final vibrational spectra. For each
coordinate, two displacements along each of the three cartesian
coordinates were computed, with a step of 0.001 Å and a
tolerance on the SCF energy of 10−11 atomic units. Both the IR
and Raman intensities were computed through a coupled-
perturbed Hartree–Fock/Kohn–Sham approach (Pascale et al.
2004; Zicovich-Wilson et al. 2004), which allows for a
completely analytical calculation of Born charges, IR inten-
sities, and dielectric and Raman tensors. Please note that
although we used a fragment to calculate the frequencies
involving only the S atoms of the Sn species, the IR and Raman
intensities are unaffected by this approach. Indeed, for the IR
spectra, the transition dipole moment governing their intensities
is calculated through a wave function encompassing the whole
system, which accordingly accounts for the polarization effects

of the ice. This is also the case for the Raman intensities, as the
transition polarizability is calculated with the complete wave
function. The vibrational modes were classified through the
analyzer implemented in CRYSTAL17. The software decom-
poses the motion of each couple of atoms into three
components: the first along the two atoms; the second on the
plane containing a third atom; and the third out of the
abovementioned plane. Finally, it uses this information
to classify the modes as stretching (S), bending (B), or other
(O). The IR and Raman spectra were calculated by a raw
superposition of Lorentzian peaks, with an FWHM of 8 cm−1,
applying a Lorentzian broadening to the peaks after computing
their relative intensities (Maschio et al. 2013a, 2013b).

3. Results and Discussion

3.1. Gas-phase Sn Species

Numerous studies in the literature have delved into the
various molecular allotropes of sulfur. These investigations
focused not only on the structural features and electronic states
of the Sn species but also on their spectroscopic properties. The
electronic ground state of atomic sulfur and S2 is a triplet (like
atomic oxygen and O2), while species with n � 6 are closed-
shell monocyclic rings, which have been characterized by
X-ray crystallography and IR spectroscopy (Eckert & Steu-
del 2003). However, the S3, S4, and S5 systems have sparked
debates regarding their configuration as either chains or rings,
prompting extensive research (e.g., Meyer & Stroyer-Han-
sen 1972; McCarthy et al. 2004a, 2004b; Thorwirth et al.
2005). Figure 1 shows the most stable structures and their
electronic states found with our computational methodology. In
the following, we provide a comparison between our results
and literature data. The singlet and triplet state energies of each
species can be found in Appendix A.

In their quantum chemical investigation, Raghavachari et al.
(1990) showed that the most stable conformation for S3 was a
chain, in a singlet electronic state. Our calculations agree with
this hypothesis when an open-shell singlet electronic config-
uration is assumed. Moreover, we find that the second most
stable configuration is the closed-shell singlet spin state, closely
followed by a ring structure with a closed-shell singlet
electronic state.

For S4, DFT calculations have revealed six possible isomers,
involving both chains and rings, which can be detected under
nonequilibrium conditions (Eckert & Steudel 2003).

The open-chain structure with C2v symmetry and an open-
shell singlet electronic state was reported as the most stable
isomer (McCarthy et al. 2004b), which is in agreement with our
calculations at the BHLYP-D3(BJ) level of theory.

S5 is a minority species in sulfur vapor at all temperatures
and pressures (Steudel et al. 2003), and it is the least-
characterized structure, for which no spectral information is
available. Only one minimum can be found on the PES of S5,
corresponding to the envelope conformation, while the half-
chair conformation is a saddle point (Cioslowski et al. 2001). In
our calculations, we find that the energy difference between the
two conformations is 0.7 kJ mol−1 at the DFT level of theory,
and the presence of an imaginary frequency for the half-chair
conformation confirms that the envelope structure is the correct
minimum.

Rings as S6 and larger can also be found in the solid phase.
S6 is a highly symmetric homocycle, the most stable conformer

3
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being the chair conformation, in analogy to cyclohexane. S7 is
better known for existing in four bulk allotropic forms, while a
ring with Cs symmetry is the favored conformer in the gas
phase. S8 constitutes the most thermodynamically stable and
thus the common form of sulfur, and it has been determined to
adopt a crown-shaped geometry in the gas phase (Raghavachari
et al. 1990).

In summary, the ground states of the species targeted in this
study are open-shell triplets for S and S2, open-shell singlets for
the chains S3 and S4, and closed-shell singlets for the rings
from S5 to S8, all in agreement with previous literature data.

3.2. Sn–Ice Adsorption Complexes and BEs

For each Sn species, we consider two adsorption complexes
on the amorphous ice model, initially locating the species on
regions either geometrically flat or in the small surface cavity
(highlighted by the target icon in Figure 1). Table 1 reports the
computed BE(0) values and Figure 2 plots a comparative trend
of the BE(0)s when the Sn species are adsorbed in either the
cavity or on the flat regions. The terms contributing to the
BE(0) values are reported in Table 2.

The interaction between the Sn species and the ice is almost
entirely due to: (i) electronic effects (contributed by electro-
static interaction, Pauli repulsion, and orbital interaction due to
charge transfer and polarization effects); and (ii) London
dispersion interactions. The percentages of the dispersion
interactions' contribution to each BE value (see Table 2) show
their dominance, with the exception of atomic sulfur, for which
40%–50% of the ΔE is due to the electronic contribution. For
the S2 and S4 cases, dispersion interactions even compensate
for the slight repulsion from the pure electronic interactions
ΔE. Therefore, the BE is dominated by dispersion interactions,
which are governed by the mutual polarizability of the
interacting species (ice grains and the Sn species). Indeed, the
Sn species exhibit a high polarizability, but negligible electric
multipoles provide a small contribution to the electrostatic
component of the BE. For the same reasons, the charge transfer
contribution is also very small. Accordingly, we obtain
dispersion contributions ranging between 70%–100% of the
total BE.

The BE(0) values reported in Table 1 indicate that S and S2

are the two S-bearing species with lower BE(0)s, obviously due
to the more limited electronic and dispersion contributions.

Remarkably, in the cavity region, atomic S interacts more
strongly than S2, as occurs for H and O compared to their
corresponding (more inert and stable) diatomic H2 and O2

species (Ferrero et al. 2020a, 2020b; Minissale et al. 2022).
From S2 to S8, the BE(0)s (and in particular the ΔE* terms, free
from the deformation energies; see Table 2) increase with the
number of S atoms, as each atomic S addition gives further
interactions in the Sn–ice complexes. That is, although the
dispersion forces are weak, the sum of several small
contributions can result in large interaction energies, especially
when the adsorbate has several atoms due to establishing a
large contact area with the surface. This effect is responsible for
the increase of the BE with the number of S atoms in the
adsorbed species, even in the absence of local interactions, such
as hydrogen bonds.

The morphology of the surface binding site affects the
resulting BE(0). Indeed, in most cases, the BE(0) in the cavity
region is larger than that on the flat region (see panel (a)) of
Figure 2). There is a good fit between the two sets of BE(0)s,
revealing an increase of about 18% of the BE(0) when passing
from the flat to cavity regions. As outlined before, the
dispersion forces, responsible for the Sn–ice interactions,
strongly depend on the contact area between the adsorbates
and the surface water molecules, becoming larger as the surface
contact area increases, due to the higher polarizability effects
on the Sn species. In the amorphous cavity regions, almost
every S atom of the adsorbed species interacts with the surface
water molecules, while on the flat region, only some atoms of
the adsorbate are directly facing the water molecules of the
surface, the rest being oriented toward the gas phase. This
results in a higher weight of dispersion interactions for species
adsorbed in the cavity region (see panels (b) and (c) of
Figure 2). The only exception is S4 (with similar BE(0)s for the
two regions), because the interaction of S4 with the cavity is
associated with a large deformation of the cavity surface region
(listed in Table 2).

The adsorption of large rings in the cavity means, to some
extent, a structural rearrangement of the surface to fit the
molecule in the cavity. This is reflected by the increment of the
surface deformation energy (δES) with the increase of the
number of S atoms, in particular for the S7 and S8 cases. In
contrast, the deformation of the adsorbed species (δEμ) is of a

Table 1
BE(0) in Kilojoules per Mole for Sn Species Adsorbed on the Two Binding Regions of the Amorphous Ice Model, Computed at the BHLYP-D3(BJ)/A-VTZ* Level of

Theory

BE(0) Surface S S2 S3 S4 S5 S6 S7 S8

Flat (this work) Comput., periodic H2O ice 16.4 17.8 31.5 41.8 43.2 47.9 57.5 52.7
Cavity (this work) Comput., periodic H2O ice 25.5 22.2 44.9 41.0 53.0 52.7 64.0 71.2
Perrero et al. (2022) Comput., periodic H2O ice 13.1–23.3 8.6–20.4 L L L L L L
Cazaux et al. (2022) Exp., H2S ice L 28.2a 49.9a 70.6a 89.8b 109.7b 129.7b 149.7b

Penteado et al. (2017) Exp. and Comput. 8.2 ± 4.1 16.6 ± 4.1
Wakelam et al. (2017) Comput., 1 H2O 21.6 L L L L L L L
Das et al. (2018) Comput., (H2O)4 cluster 11.9 13.7 L L L L L L
KIDA (Wakelam et al. 2015) L 21.6c 18.3d L L L L L L
UMIST (McElroy et al. 2013) L 9.1d 18.3d L L L L L L

Notes. Values from the literature are listed for comparison.
a Values derived from laboratory experiments.
b Extrapolated values (see the main text for details).
c Value from Wakelam et al. (2017).
d Values from Hasegawa et al. (1992).
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few kJ mol−1, since they do not suffer from structural
modifications due to their weak interactions with the ice.

The lateral interaction energy (δEL) between adsorbates
in adjacent cells (whose absolute value is mainly below
2 kJ mol−1; see Table 2), is indicative of the adequate
dimensions of the unit cells for the simulation of the freeze-out
of an isolated Sn species.

In the literature, the only previous study on the BEs of
species from S3 to S8 is based on an experimental work
by Cazaux et al. (2022; see Table 1). The BEs of S2–S4

are estimated from temperature-programmed desorption

experiments, based on the empirical rule defined in Luna
et al. (2017), while the BEs of S5–S8 are extrapolated based on
the trend obtained for S2–S4. However, the species were
formed by H2S photoprocessing, and therefore their BE data
are not relative to the adsorption on water ice, but rather are the
result of self-interactions among the different sulfur species
formed during the experiment. For this reason, the comparison
between the BEs computed in this work and those estimated
and/or extrapolated in Cazaux et al. (2022) is not straightfor-
ward. A new set of experiments performed on water ice would
be necessary to compare the data obtained from our calcula-
tions. From our own computed data, we plot the average BE of
each species, BE(0)avg = (BE(0)cavity + BE(0)flat)/2, against
the number of S atoms of the adsorbate (see Figure 3). Clearly,
the increase in BE(0)s with the number of S atoms does not
simply scale linearly. Rather, it seems that close couples
(S1–S2, S3–S4, S5–S6, and S7–S8) exhibit almost the same
BE(0). Although the first increase between pairs is steep
(20 kJ mol−1), the others are more moderate (10 kJ mol−1).
This seems to be due to the same number of S atoms facing the
ice surface (three S atoms for S5–S6 and four S atoms for the
S7–S8 cases), significantly changing the dispersive interactions.
Even if quite rough for the above reasons, the linear best fit of
Figure 3 gives an increment of about 9 kJ mol−1 to the
BE(0)avg for each added S atom. This increment is approxi-
mately half of the value proposed in the literature, which was
set to 20 kJ mol−1 per S atom (see Cazaux et al. 2022).
Therefore, we would like to raise awareness about the
magnitude of the BEs reported in the literature, as its use in
astrochemical modeling has a significant impact on the
desorption rates. To have deeper insights into this point
(namely, the influence of an error in the BE on the desorption
rate constant), we calculated the ratio between desorption rates,
rdes with an error δ on the BE, that is:

⎛
⎝

⎞
⎠d

d
=

+
=

( )
( )

( )r
k

k

BE

BE
exp

RT
. 2des

des
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Note that rdes does not depend on the BE itself. Larger errors
will have a major impact at low temperatures, while they will
be smeared out at high temperatures, bringing the δ/RT term
toward zero. Considering the limit of chemical accuracy, the
error is δ= 4 kJ mol−1, meaning that at T= 10 K, such an error
implies a difference of 20 orders of magnitude on the kdes. At
such low temperatures, however, thermal desorption of sulfur
allotropes is negligible and the impact of our estimations on the
gas chemistry would be moderate. In contrast, thermal
desorption can be dominant in warmer regions, around young
protostars. In these environments, dust temperatures are >50 K
and some volatile compounds can be sublimated. At these
temperatures, an error of δ= 4 kJ mol−1 reduces the difference
on the kdes to ∼4 orders of magnitude, with a significant impact
in the abundances of these species in the gas phase. Thus, the
impact of minor inaccuracies in the BE on the results of a
chemical model depends on the specific conditions of the
region under study. The same absolute error on different BE
values will have the same impact on the desorption rate, in
which such an impact depends in turn on the considered
environment.

As for atomic S and S2 molecules, ab initio literature
calculations have been performed to compute their BEs on
interstellar ice mantles. For atomic S, Wakelam et al. (2017)
used one water molecule to simulate the ice mantle, while Das

Figure 2. (a) BEs (BE(0), in kilojoules per mole) of S-chains at the BHLYP-
D3(BJ)/A-VTZ* level of theory adsorbed onto the amorphous model (cavity
site: star; and flat site: circle). Adsorption geometries of S8 onto the amorphous
ice surface: (b) flat region; and (c) cavity region.
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et al. (2018) used a water tetramer as an ice analog for studying
S and S2 adsorptions. An estimate of the BE of S and S2 was
provided by Penteado et al. (2017), in a review collecting
values from both theoretical and experimental works. Other
values of the BEs are tabulated in the UMIST and KIDA
databases (McElroy et al. 2013; Wakelam et al. 2015). We also
contributed, in a recent work (Perrero et al. 2022), to the BEs of
S and S2, while giving a range of BEs (computed at the
M062X-D3/A-VTZ*//HF-3c level of theory) for each species
on eight different binding sites available in the amorphous ice
model of this work. Interestingly, the BEs computed in the

present work for S and S2 cover the upper and lower limits of
the ranges provided in Perrero et al. (2022). The computed BEs
of S2 were in agreement with previous literature values, while
for atomic S, the weakest tail of the calculated BE range did not
include the even smaller values proposed by Penteado et al.
(2017) and by the UMIST database (McElroy et al. 2013). All
the BE values reported in the literature are collected in Table 1.

3.3. Vibrational Spectroscopic Features

Here, we focus on the calculation of the frequencies (ν) of
the Sn species (for n= 2–8) as gas-phase and as adsorbed
complexes, for IR and Raman spectra. Table 3 shows the whole
set of computed vibrational frequencies for the considered
cases, while Figure 4 shows the comparison between the largest
S8 molecules in the gas phase and when adsorbed on the flat
region.

Several studies have measured experimentally or simulated
theoretically the spectra of these species, both in the gas phase
or in the condensed phase. The reviews of Eckert & Steudel
(2003) and Trofimov et al. (2009) are particularly useful for
gathering detailed information. The main vibrational features
available in the literature are reported in Table 3. It is worth
noting that the comparison between the frequencies reported in
the literature and those computed in this work is not always
satisfying. For example, Lenain et al. (1988) report a stretching
vibration for S2 of 715 cm−1, while our calculations give a
value of 747 cm−1. For S3, Brabson et al. (1991) and
Picquenard et al. (1993) give 281 cm−1 (Raman) for the
bending and 581 cm−1 (Raman) and 680 (IR) cm−1 for the
symmetric and antisymmetric stretching, respectively, while we
find values of 254, 520, and 639 cm−1. We can immediately
see that the differences are large, even considering that highly
accurate quantum chemical calculations have been performed,
in agreement with what is reported in the literature (Steudel
et al. 2003).

Table 2
Contributions to the BE(0)s (in Kilojoules per Mole) of the Adsorption Complexes Modeled on the Flat Region and in the Cavity Region of the Amorphous Ice

Model, Computed at the BHLYP-D3(BJ)/A-VTZ* Level of Theory

Flat Region S S2 S3 S4 S5 S6 S7 S8

ΔE −18.3 −23.3 −39.3 −53.0 −50.9 −60.2 −68.0 −63.7
ΔEelect −7.1 +0.5 −9.4 +0.9 −20.1 −1.4 −12.1 −8.7
ΔEdisp (%) −11.2 (61) −23.8 (102) −29.9 (76) −54.0 (102) −30.9 (61) −58.8 (98) −55.9 (82) −55.0 (86)
δES 0.7 0.9 5.1 3.0 5.2 13.7 4.7 3.8
δEμ 0.0 0.3 3.3 9.0 0.5 0.5 0.4 1.2
δEL 0.0 −0.3 −0.1 −0.1 −0.4 −0.6 −1.0 −1.5
ΔE* −19.0 −24.2 −47.6 −65.0 −56.1 −73.8 −72.1 −67.2
BSSE −1.9 −4.3 −6.0 −8.9 −5.8 −10.5 −8.5 −9.5

Cavity Region S S2 S3 S4 S5 S6 S7 S8

ΔE −27.6 −28.3 −53.8 −51.5 −63.4 −64.6 −78.3 −87.7
ΔEelect −14.0 +1.7 −15.2 +0.8 −11.3 +0.9 −6.3 −2.8
ΔEdisp (%) −13.6 (49) −30.0 (106) −38.7 (66) −52.3 (102) −52.1 (82) −65.5 (101) −72.0 (92) −85.0 (97)
δES 5.0 1.6 2.3 10.7 8.3 6.4 10.3 9.7
δEμ 0.0 0.0 0.0 0.0 0.6 0.3 0.4 0.7
δEL 0.0 0.0 −0.1 −0.3 −0.4 −0.4 −0.7 −1.4
ΔE* −32.7 −29.9 −56.0 −62.0 −71.9 −70.9 −88.3 −96.8
BSSE −2.4 −4.8 −6.9 −8.7 −8.4 −10.3 −12.2 −14.7

Note. The equations showing how the terms add up are reported and explained in Appendix B. ΔE is the bare interaction energy, split into the electronic ΔEelect and
dispersive ΔEdisp contributions, the latter also in percentage; δES is the deformation energy of the surface; δEμ is the deformation energy of the adsorbate; δEL is the
lateral interaction energy; ΔE* is the deformation-free interaction energy; and the BSSE is the basis set superposition error.

Figure 3. Correlation between the BE(0)avg and the number n of atoms of each
Sn species. The linear fit does not seem appropriate for defining the trend, as it
appears that the increase of BE(0) happens in steps every couple of species.
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It is worth noting that no scaling was applied to our
computed frequencies. Nevertheless, the absolute prediction of
the vibrational frequencies is not the focus of this work; we are
rather interested in highlighting the frequency shifts of the Sn

species' vibrational modes with respect to the gas-phase values
due to their interaction with the ice.

As mentioned above, the interaction between the Sn species
and the water-ice surfaces is almost totally governed by
London dispersion forces, which are very weak forces based on
permanent dipole–induced dipole moments and therefore are
nonspecific and nondirectional (at variance with the
H-bonding). In our case, the dispersion contribution arises

from the interaction between the permanent dipole moment of
the water surface molecules and the temporary or induced
dipoles of the Sn adsorbates. The fact that dispersion forces are
nonspecific and do not establish vibrational coupling with the
water surface causes the adsorption of Sn species to be either
only slightly perturbed or to have a null effect on the
vibrational modes of the adsorbates. Consequently, the IR
spectra are almost unperturbed with respect to the free Sn

species. Additionally, the shifts observed when comparing gas-
phase and adsorbed species' vibrational features further
decrease with the molecular size of the adsorbate. This is in
agreement with the decreasing contribution of the electronic

Table 3
Vibrational Frequencies in Inverse Centimeters Computed at the Full BHLYP-D3(BJ)/A-VTZ* Level

Specie Gas Phase Cavity Region Flat Region Type IR Raman Tabulated Freq. Type Source

S2 747 745 746 S ... X 715 S Raman
S3 254 267 264 B ... X 281 B Raman

520 518 556 S ... X 581 S sym Raman
639 643 711 S X X 680 S antsym IR

S4 140 151 171 B ... X ... ... ...
310 315 330 B ... X 303a B Raman
322 336 458 B X X ... ... ...
656 655 669 S X ... 575a S Raman
662 665 670/681 S ... X 680a/683 S Raman/IR

S5 245 254 253 O X X ... ... ...
306 308 307 B X X ... ... ...
416 426/436 427 S ... X ... ... ...
423 426 423 S X ... ... ... ...
460 467 466 S X X ... ... ...
525 516 524 S X ... ... ... ...
528 516/535 524 S ... X ... ... ...

S6 167 175 176 O X ... 180 O IR
215 219 219 O X (no gas) X ... ... ...
274 278 277 O ... X ... ... ...
329 333 333 O X ... 313 B IR
... 441 444 S X ... ... ... ...

486 490 490 S X X 463 S IR
504 505 504 S ... X ... ... ...

S7 160 169 165 O ... X ... ... ...
181 186 187 O X (no gas) X ... ... ...
243 251 247 B X X 235 B IR
285 290 288 B X ... 270 B IR
300 298 303 B ... X ... ... ...
411 410 409 S X X 400 S IR
451 464 459 S X X 480 S IR
506 504 507 S X X 513 S IR
536 527 526 S ... X ... ... ...

S8 ... ... ... ... ... ... 90 O IR/Raman
155 162 159 B ... X 150–250 B IR/Raman
199 207 202 O X ... ... ... ...
224 230 227 O ... X ... ... ...
253 255 249 O ... X ... ... ...
256 261 257 O X ... ... ... ...
481 488 482 S ... X 410–480 S IR/Raman
493 494 489 S X ... ... ... ...
498 501 499 S ... X ... ... ...

Notes. The first seven columns are dedicated to computed values, while the last three columns are dedicated to literature values. The second column reports the
frequencies computed for the gas-phase molecule, while the third and fourth columns report the ones for the adsorbate in the cavity and on the flat region of the
amorphous model. The peaks are classified as stretching (S), bending (B), or other (O; representing different types of torsion), and it is indicated if they are IR- or
Raman-active. S sym and S antsym indicate symmetric and asymmetric stretching, respectively. The literature values are taken from Eckert & Steudel (2003), with the
exception of S4, for which we refer to the work of Picquenard et al. (1993).
a For the sake of clarity, only strong bands for each species are reported. Origin of the spectra: S2 was recorded in the gas phase; S3 from sulfur vapors and matrix
isolation in solid argon; and S4 in saturated and unsaturated sulfur vapor—solid S6, α-S7, and α-S8 were used to record their spectra. For a complete list of all the
features, we refer the reader to Eckert & Steudel (2003) and Trofimov et al. (2009).
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component of the BE(0) with the molecular size and the
increasing role of the nonspecific London-type interactions. In
general, we notice that both IR and Raman peaks suffer a small
hypsochromic shift, due to a slight increase in the bond
strength. We notice such an effect on S3, whose bond lengths
change from 1.951 Å in the gas phase to 1.901 and 1.930 Å for
the adsorbed molecule on the flat and cavity regions of the ice.
Such variations correspond to a hypsochromic shift of Δν=
70 cm−1 on the asymmetric stretching vibration (the only active
IR mode). However, such a strong variation is observed only
for S3 (and S4; see below), while for the other species, the
caused change is much smaller (about Δν= 0–10 cm−1). S2

experiences no shift due to adsorption, as evidenced by the
unaltered bond length (1.899 Å), and is consistent with its weak
interaction with ice. While the S2 stretching peak is active in
Raman spectroscopy, in the IR spectra it is possible to
distinguish between the gas-phase and the adsorbed cases. For
symmetry, no bands are observed in the gas phase, while the
interaction with the ice slightly activates this mode. The same
phenomenon has been documented for CH4 and NH4SH,
whose IR spectral features are affected by the presence of an
amorphous water-ice matrix interacting with the adsorbate
(Escribano et al. 2014; Hudson et al. 2015). Finally, for S4, an
interesting aspect appears: while there is no significant
difference between the gas-phase and cavity region spectra,
this is juxtaposed by a large change in the vibrational features

on the flat region. That is, the Δν of the first two bending
modes is 20–30 cm−1, and Δν > 100 cm−1 for the third
vibrational mode. The explanation can be found in the
geometrical features of the molecule: for all the cases (gas
phase and on both ice regions), the optimized conformer of S4

falls into the C2v symmetry. The gas-phase S–S bond length of
2.201 Å shortens to 2.193 Å when adsorbed on the cavity, with
a corresponding hypsochromic shift of Δν= 20–30 cm−1.
Even more so, when adsorbed on the flat region, the S–S bond
length decreases to 2.056 Å, with a large hypsochromic shift of
its stretching frequency (Δν > 100 cm−1).

In principle, the present outcome may guide the interpreta-
tion of JWST spectra detection of interstellar ice, at least
concerning the IR spectra. However, the absolute intensity of
each IR vibrational mode is an important parameter, as it
regulates the chance of being observed. Our results show many
IR peaks with almost negligible intensities (which become
smaller as the length of the S-chain increases), as the dipole
changes during vibration are almost negligible for the homo-
nuclear Sn rings. It is a pity that Raman spectra of the
interstellar matter cannot, unfortunately, be observed with the
present technology, as the Raman intensities, depending on the
polarizability of the molecule, are rather high. Indeed, sulfur is
a large and easily polarizable atom, imparting high polariz-
ability to the Sn species. For the time being, Raman can be
adopted in terrestrial experiments of the kind reported by
Cazaux et al. (2022) to characterize the S-bearing species.

Ices in interstellar environments are primarily identified by
their vibrational transitions in the near-to-far IR. In general, the
1–3 μm wavelength region contains combination and overtone
modes, the 3–6 μm region comprehends the stretching vibra-
tions, the 6–30 μm region the bending and libration vibrations,
while the 25–300 μm region represents torsional and inter-
molecular (lattice) modes (Boogert et al. 2015).

The frequencies covered by the vibrational modes of the
investigated Sn species span the 150–750 cm−1 range,
corresponding to a wavelength range of 13.3–66.6 μm. Above
30 μm, the availability and capability of the instrumentation are
limited, e.g., JSWT is designed to observe in the wavelength
range from 0.6 to 27 μm (Rauscher & Ressler 2005). In
addition, both amorphous and crystalline olivine and forsterite
exhibit bending and torsional modes within the 14–24 μm
region (Boogert et al. 2015; Zamirri et al. 2019), and libration
modes of water cover the region around 10–12 μm (Gibb et al.
2000; McClure et al. 2023).

Therefore, the forest of vibrational bands located in that
region of the spectra, along with the weak intensities of the
vibrational Sn peaks, may render their IR detection rather
difficult. When moving to terrestrial laboratory experiments,
the seminal work of Anderson & Loh (1969) suggested that
Raman spectroscopy is ideal for the characterization of sulfur
allotropes, due to the ability to distinguish and assign several
active vibration modes, as also shown in Table 3 from the
computed ones. Thus, the Raman bands simulated here can
serve as proxies for the detection of the Sn species adsorbed on
the ices in terrestrial laboratory experiments. This would be the
case, for instance, for the stretching modes around 500 cm−1,
which are all active in Raman while invisible in IR.

4. Conclusions

In this work, we have computed the zero-point-corrected
BEs (BE(0)s) and the vibrational features (both IR and Raman

Figure 4. IR and Raman spectra of S8 computed at the BHLYP-D3(BJ)/A-
VTZ* level of theory. Dotted lines: gas-phase species. Solid lines: adsorbed
species. IR intensities are in kilometers per mole, while Raman intensities are
given in arbitrary units.
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spectra inclusive of absolute intensities) of the adsorption
complexes of Sn species (n= 1–8) on an amorphous water-ice
surface model by means of quantum chemical simulations. The
ice model had already been proposed by Ferrero et al. (2020b)
and Perrero et al. (2022) to study the interaction of many
different molecules of astrochemical interest.

We adopted ab initio periodic calculations based on the
BHLYP-D3(BJ)/A-VTZ* model chemistry for both the
geometry optimization and the computation of IR and
Raman spectra in the harmonic approximation (for fre-
quencies and intensities). To simplify the modeling due to
the large size of the Sn species, we focused on two different
regions of the amorphous ice model. The first exhibits a
cavity, mimicking some ice porosity in which the contact
between the adsorbate and the ice surface is at its
maximum. The second is a flat region, which represents a
portion of dense icy dust grains. This limits the number of
BEs (mainly two) that we obtain, but we expect these
values to well represent the upper and lower limits of the
range that one would obtain by conducting a broader
sampling of binding sites. The BE(0)s of the Sn species
were about 18% higher for the cavity region than for the flat
one, as expected due to the nonspecific nature of the
interactions. These two situations likely represent the tail
limits of a complete BE(0)s distribution that can be
computed on much larger (and not feasible with our
computational facilities) icy grain models. Currently, a
few chemical models exist where more than one BE value
for each species can be included. Moreover, several works
are focusing on the computation of BE distribution
histograms—e.g., Bovolenta et al. (2022); Tinacci et al.
(2022, 2023)—as being more representative of the variety
of binding sites that a real amorphous ice mantle could
offer. A distribution of values with a statistical meaning
allows the determination of a mean BE and a standard
deviation for each species. However, if we were to suggest
a single BE value to be adopted in chemical models, the
average between the two BEs computed for each species
should be a reasonable choice. Nonetheless, we are aware
that a more meticulous sampling of the ice model would be
necessary in order to provide statistically meaningful data.

We found that the BE(0) values of the Sn species increase
with the number of S atoms, and that their interaction with the
ice is mainly driven by dispersion-like (London) interactions.
Only for the single S atom was a major electronic effect
contribution detected. We found only a rough linear correlation
between the averaged BE(0) values of the two surface regions
and the number of sulfur atoms, with an increment by each S
atom of about 9 kJ mol−1, which may be useful for guessing
the BE(0) for even larger sulfur polymorphs by simple
addition. A deeper analysis revealed that close couples
(S1–S2, S3–S4, S5–S6, and S7–S8) exhibit almost the same
BE(0). From the analysis of the IR and Raman spectra, it is not
possible to easily distinguish between gas-phase and adsorbed
species, given that the perturbations suffered by the vibrational
features of the adsorbed species are small and, overall, their
amount becomes smaller with the increasing size of the Sn

species. Thus, the species exhibiting significative vibrational
frequency perturbations upon adsorption are Sn with n= 2–4.
The intensities of the IR and Raman peaks suggest Raman
spectroscopy (due to the large polarizability of sulfur and its
allotropic forms) to be the technique of election for the

detection of Sn species in terrestrial laboratory experiments, as
Raman cannot, unfortunately, be used for studying the ISM
spectral features.
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Appendix A
Sn Species Details

We computed the energy gaps between the different spin
states of the Sn species characterized in this work. In the case of
S and S2, their ground state is a triplet spin state. The singlet
and the triplet spin states are well separated in energy (see
Table A1).

In contrast, S3, S4, and S5 are more elusive and present
electronic states closed in energy (see Table A2). The ground
state of S3 and S4 is an open-shell singlet. For S3, the closed-
shell chain structure is only 10 kJ mol−1 less stable than the
ground state, followed closely by the ring (in the closed-shell
singlet state). In the case of S4, the second most stable
configuration is the triplet spin state chain. The cyclic form of
S4 is the less favored conformer. S5 most stable conformed has
a ring structure and a singlet ground state. This species has also
been modeled as a chain, but it is almost 70 kJ mol−1 less
stable than the ring, when in the state of triplet or open-shell
singlet. The closed-shell singlet configuration is remarkably
unfavored due to its planar geometry.

Table A1
Energy Gaps (in Kilojoules per Mole) of Atomic and Diatomic Sulfur Species

Species Closed-shell Singlet Triplet

S 431 0
S2 274 0

Note. The most stable structure is taken as the reference zero-energy structure.
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Finally, it is well established that S6, S7, and S8 are ring
structures with a closed-shell singlet ground state, thus we do
not provide additional details regarding their electronic spin
states.

Appendix B
Calculation of the BEs

In the following, we report the detailed calculation of
the BEs.

We are interested in the counterpoise-deformation-corrected
interaction energy, where the BSSE correction is included to
make up for the error that arises when using a finite basis set of
localized Gaussian functions to describe a chemical system:

d d dD = D + + + - = D -m* ( )B1E E E E E EBSSE BSSE.S L
CP

From this equation, it appears that the non-counterpoise-
corrected interaction energy ΔE is given by the sum of the
deformation-free interaction energy (ΔE*), the deformation
energy of the slab (δES) and the molecule (δEμ), and the lateral
interaction (EL) between adsorbate molecules in a different
replica of the cell. This quantity corresponds to the common
definition of interaction energy, which is the difference
between the energy of the complex and the energies of the
isolated species and isolated ice model:

d d dD = D + + + = - -m*
( )B2

E E E E E E E E .S L complex ice species

The lateral interaction energy δEL is due to the interactions
experienced by each adsorbate with its images on the replicated
unit cells. This term becomes particularly relevant for high
adsorbate coverage, as the distances between adsorbate
molecules in neighbor cells will become shorter with increasing
coverage. Here, we are interested in minimizing the δEL term,
to arrive at a ΔE representative of the sole interaction between
the adsorbate and the ice surface. This requires the adoption of
a large enough unit cell to minimize the δEL term.

By convention, the BE is simply the opposite of ΔECP:

= -D ( )EBE . B3CP

Therefore, the BE(0), which is the adsorption enthalpy at
0 K, can be obtained by simply subtracting the zero-point
energy correction from the BE. In this work, we adopted
ΔZPE = ZPEcomplex−ZPEspecies, where ZPEcomplex was com-
puted only for a fragment of the system constituted by the
adsorbed species. In this way, we are considering the same
atoms in the two zero-point energy terms:

= -( ) ( )BE 0 BE ZPE. B4
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Chapter 4

Adsorption of neutral and charged
S-bearing species onto olivine
nanoclusters

Introduction

The study of sulphur chemistry was extended to the processes occurring in diffuse clouds,
environments where the formation of prestellar star cores has not yet started. In these
warm and rarefied clouds, permeated by radiation, gas-phase species are mainly atomic
or ionic, although some molecules can be found. The solid phase is characterised by bare
dust grains that expose their core to the gas-phase environment. The majority of sulphur
resides in the gas-phase as S+, with an abundance close to the reference value, [S+]/[H]
= 1.66 × 10−5 (Esteban et al., 2004). Indeed, the depletion of gas-phase sulphur occurs in
more evolved environments, such as dense clouds and protoplanetary disks.

The presence of sulphur in the form of minerals found in comets and meteorites moti-
vates the study of the interaction between gaseous S-bearing species and the mineral sur-
face of grain cores at early evolutionary stages (Trigo-Rodríguez, 2012; Brownlee, 2014).
A strong interaction could explain the formation of refractory species, which would be
unable to desorb in warm regions (such as hot cores and hot corinos) as they would be
tightly bound to the grain core, and therefore more difficult to be unambiguously de-
tected. In ‘Theoretical modelling of the adsorption of neutral and charged sulphur-bearing species
on to olivine nanoclusters’ (Perrero et al., 2023, MNRAS, 527, 10697), the adsorption com-
plexes of some key S-bearing species, both neutral and charged, on the core of dust grains,
represented by olivine nanoclusters, were modelled.

Results

The silicate core of dust grains is mainly amorphous and constituted by pyroxenes and
olivines with chemical composition MgxFe(1−x)SiO3 and Mg2xFe(2−2x)SiO4 (x = 0−1, Hen-
ning, 2010). The cluster models adopted in this work represent olivines, one of the most
abundant family of interstellar silicates. The Mg3FeSi2O8 and Mg4Si2O8 nanoclusters were
modelled with a top-down approach following the work of Serra-Peralta et al. (2022),
where the water formation reaction catalised by Fe2+ on both olivine clusters and peri-
odic surfaces was studied.

Here, the Mg end-member forsterite cluster was considered in addition to the Fe-
containing ones, due to the interest in drawing a comparison between S-bearing species
interacting with Mg2+ and with Fe2+. Depending on the position (X, Y, and Z) occupied
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Figure 4.1: Forsterite (O) and olivine (A, B, and C) clusters representing the core of dust grains.
The atom labels in cluster O identify adsorption sites. In clusters O, A, and B, sites Z and W are
equivalent for symmetry.

by Fe2+, the different clusters represented in Figure 4.1 (A, B, and C, respectively) are
obtained.

The presence of Fe2+ introduces unpaired electrons in the model, whose most stable
electronic spin state is the quintet state, followed by the triplet and finally the singlet states,
as reported by previous studies (Navarro-Ruiz et al., 2014; Navarro-Ruiz et al., 2016).

The adsorption complexes of nine S-bearing species, both neutral and charged, were
modelled: CS, H2S, H2S+, HS, HS+, S, S+, SO, and SO+. The calculations were performed
with ORCA 5.0.3 (Neese, 2022) and divided in three parts: i) a benchmark study on clusters
stability; ii) a benchmark study on the adsorption of CS, CO, H2S, and H2O on the binding
sites offered by each cluster; and iii) the characterisation of the BE ensembles of the set of
S-bearing species targeted in this work.

In the benchmark studies, the performance of B3LYP-D3(BJ)/6-311G(d,p), r2SCAN-
3c, ωB97M-V/def2-TZVP, and BHLYP-D3(BJ)/def2-TZVP against the respective single
point energies at DLPNO-CCSD(T)/aug-cc-pVTZ level of theory was evaluated. ωB97M-
V/def2-TZVP appeared as the most accurate methodology to compute the stability of the
clusters and to model the adsorption complexes of CS, CO, H2S, and H2O, with an absolute
error below 4 kJ mol−1, within the chemical accuracy.

CS and CO interact with the metal centres through the carbon atom, where their dipole
moment exhibits a concentration of electronic charge. The two species prefer to interact
with Fe rather than Mg, owing to the π-electron back donation effect of Fe. As was previ-
ously observed for water ice, the larger dipole of CS is responsible for a stronger BE with
respect to CO (Perrero et al., 2022).

The adsorption of H2X (X = O, S) upon forsterite resulted, in a few cases, in their spon-
taneous dissociation. Their chemisorption was not only dependent on the binding site,
but also on the level of theory adopted in the calculation. In fact, the simulation of the
minimum energy path connecting the reactant (physisorbed complex) and the product
(chemisorbed complex) at ωB97M-V level of theory returned very small dissociation bar-
riers, which approached zero when corrected for the ZPE (see Figure 4.2). This indicated
that the chemisorption of H2X may occur onto forsterite, due to the Mg2+ cations acting
as a Lewis acid and the O2− anions behaving as Lewis bases, thus causing the cleavage of
H2X into HX− and H+.

To ensure that H2X dissociation was not an artefact of the low-coordinated metal cen-
tres exposed by the cluster, the same process was simulated on periodic forsterite surfaces,
where metal centres possess higher coordination due to the extended nature of the slabs
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Figure 4.2: The dissociation of H2S on the forsterite cluster, characterised at the ωB97M-V/def2-
TZVP level of theory, exhibits an almost null potential energy barrier.

(Zamirri et al., 2017; Bancone et al., 2023). Molecular physisorption was found on the
most stable forsterite surfaces, (120) and (001), while the less stable (101), (111), (021), and
(110) slabs caused H2S dissociative chemisorption. Therefore, corners and edges of dust
grains, where metal centres are less coordinated, represent suitable binding sites for the
chemisorption of these species.

The benchmark indicated that cluster C is the most stable olivine model, characterised
by the presence of Fe2+ at position Z, which breaks the symmetry of the nanoclusters and
results in the emergence of an additional binding site. Therefore, the BE ensembles of the
set of S-bearing species listed above were computed on cluster C. The morphology of the
adsorption complexes revealed primarily that the Fe S interaction is stronger than Mg S
for all the species interacting with the olivine metal centres through the S atom. However,
there are two exceptions to this trend: SO and SO+. These species interact with the metal
centre through oxygen, which in this case is the most electronegative atom. Therefore, the
Mg O interaction results stronger than Fe O, as observed also for the couple H2S/H2O.

The adsorption of an open-shell species on Fe2+ may cause part of its spin density to
transfer from the sulphur atom to the metal, increasing the BE as in the case of S and HS.
Furthermore, the presence of a charge dramatically increases the BE, as the four ions in-
cluded in this study demonstrate (see top panel of Figure 4.3). The adsorption of H2S+

and HS+ on Fe2+ results in their deprotonation, whereas only physisorption occurs when
they interact with Mg2+.

Some of the species addressed in this work were also the subject of the study presented
in Chapter 3, which allows to make a comparison between the binding energies computed
onto the ASW surface and the olivine nanoclusters (see Figure 4.3). Despite the differ-
ences in the computational methodology (cluster versus periodic approach, and a different
combination of functional and basis set) employed to determine the BEs, the pronounced
discrepancies between the derived values suggest that the substrate on which the species
are adsorbed exerts a pivotal influence on the strength of the interaction. In the case of
ASW, the interactions are weak and controlled mainly by dispersion forces. In contrast,
the BEs obtained for olivine clusters are large and determined mostly by electrostatic in-
teractions, to which occasionally electron transfer phenomena add up.

The consequence of such a strong interaction between sulphur and the mineral sur-
face is that S-containing species have a high probability to freeze out onto the core of dust
grains and be unable to desorb into the gas phase even at the temperatures found in dif-
fuse clouds (T ≃ 100 K). In these environments, the presence of charged gas-phase species
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Figure 4.3: Top panel: BEs (in kJ mol−1) of neutral species (on the left) and cations (on the right)
adsorbed upon cluster C. Bottom panel: BE ranges (in kJ mol−1) covered by CS, H2S, HS, S, SO and
H2O adsorbed on amorphous ice (Ferrero et al., 2020; Perrero et al., 2022) and on olivine clusters.

should also favour the adsorption process as long as the grains are negatively charged
(Cazaux et al., 2022; Fuente et al., 2023). Even if the grain particles were mostly neutrals
or positively charged, the accretion of neutral sulphur species on the grain surfaces could
enhance the number of sulphur atoms in refractories.

As it appears in the bottom panel of Figure 4.3, H2O adsorption on olivine is more
energetic than H2S adsorption, meaning that water is more likely (and probable) than hy-
drogen sulphide to form a stable interaction with the mineral. However, S-bearing species,
weakly adsorbed on water ice, have the possibility to diffuse towards regions of the grain
not coated by the ice mantle, thus exposing part of the mineral surface where to be strongly
adsorbed. The assumption that S-bearing species become part of the grain core, rather than
interacting with the icy mantles, would be in agreement with the fact that they are usually
used as shock tracers (e.g., Sato et al., 2022; Zhang et al., 2023). The harsh conditions of
the shock would therefore provide enough energy to break the strong interaction between
sulphur and the mineral surface, allowing its transformation into H2S and its successive
ejection in the gas phase (Holdship et al., 2017).

Finally, the tendency of species such as H2S, HS+, and H2S+ to chemisorb onto olivine
nanoclusters plants the seed for the formation of the Fe S bond present in sulphide miner-
als such as troilite and pentlandite. Indeed, approximately 90% of the sulphur is predicted
to be locked in the refractory residue of protoplanetary disks, followed by sulphur chains
Sn (Kama et al., 2019). The material of the protoplanetary disk would then be subjected to
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processing and modifications until yielding the actual compositions of comets, asteroids
and meteorites, where more sulphur compounds are found (Calmonte et al., 2016; Aponte
et al., 2023).

Future perspectives

The size of the olivine nanocluster models adopted to simulate the core of dust grains
represents a limitation. Despite comparing the adsorption process on both cluster and pe-
riodic surfaces to prevent the low-coordination of the metal centres from being responsible
for H2S dissociation, we are aware that enlarging the cluster size would enhance the accu-
racy of the computed BEs. For most properties considered, significant discrepancies with
respect to the bulk limit are observed when employing small clusters, thereby reinforcing
the shortcomings of a top-down approach for the description of these structures (Macià
Escatllar et al., 2019). Therefore, it would become of primary importance to enlarge the
cluster, adopting the Mg6−xFexSi3O12 nanoclusters modelled by Serra-Peralta et al. (2022),
or more extended models constituted by several silicate units (e.g., Zamirri et al., 2019).
The latter option would be more suitable especially when simulating reaction mechanisms
or the adsorption of larger species.

The evidence that some S-bearing species may chemisorb onto the core of dust grains,
which is exposed to the gas phase both in diffuse and, to a lesser extent, in dense clouds,
raises the discussion about their reactivity. Furthermore, the presence of sulphide minerals
in the small bodies of the Solar System poses questions regarding their origin. Moreover, it
is currently not clear if S-chains like S3 and S4, detected in comets, asteroid and meteorites
(Calmonte et al., 2016; Aponte et al., 2023), are the product of S and S2 addition or that of
larger rings (e.g., S8) destruction (Ruffle et al., 1999).

Dust grains were assumed to be neutral in the simulations, although some models
predict them to be positively charged in the diffuse medium and negatively charged in
denser environments (Ibáñez-Mejía et al., 2019). If this was the case, the interaction be-
tween gas-phase cations and positively charged grains in diffuse clouds would clearly be
hampered by electrostatic repulsion. However, the results concerning positively charged
sulphur-bearing species adsorbed on neutral dust grain cores would hold true for the case
in which neutral gas-phase species interact with charged dust grains. Therefore, the inter-
action energies should be of the same order of magnitude, since the presence of a charge
in the system would still be the main driving force of the interaction. Nevertheless, the
atomistic details of the system would vary due to the presence of a charge on the olivine
nanocluster, paving the way for successive investigations similar to those performed for
charged water ice cluster (Rimola et al., 2021).
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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. 

1  I N T RO D U C T I O N  

On Earth, sulphur is one of the key elements that contributes to the 
engine of life. It is an essential component of our bodies, as it is 
found in amino acids such as cysteine and methionine, in coenzyme 
A, in vitamin B1 and biotin, in antioxidants as glutathione, and in 
many more molecules (V oet, V oet & Pratt 2008 ). Ho we ver, sulphur 
played an important role long before life appeared on Earth, and 
its chemistry in the interstellar medium (ISM), the environment 
where stars and planets are formed, is nowadays a challenge for 
the astronomical and the astrochemical community. Sulphur is the 
10th most abundant element in the Universe. Its cosmic abundance, 
[S]/[H] = 1.8 ×10 −5 (Anders & Grevesse 1989 ), equal to an S/O 

ratio of 1/37, is used as a reference for measuring sulphur abundance 
during the several stages of the evolution of a planetary system. While 
in 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 
and dense clouds (also called molecular clouds, MCs; Woods et al. 
2015 ; Laas & Caselli 2019 ). Hily-Blant et al. ( 2022 ) suggests that 

� E-mail: albert.rimola@uab.cat (AR); piero.ugliengo@unito.it (PU) 

in chemically young cores, atomic sulphur is still the main carrier, 
which ho we v er could not be directly observ ed. Moreo v er, it would 
gradually deplete as the cloud evolves, as also inferred in Fuente et al. 
( 2023 ). The phenomenon of freeze-out that occurs in MCs could be 
responsible for the adsorption of gas-phase sulphur on to the surface 
of icy grains (Caselli, Hasegawa & Herbst 1994 ), a case in which 
the presence of H 2 S on their surface would be expected. Ho we ver, 
only the OCS and, tentatively, the SO 2 molecules were observed in 
MCs and young stellar object (YSO) ices (Boogert, Gerakines & 

Whittet 2015 ; Boogert et al. 2022 ; McClure et al. 2023 ), and only 
upper limits have been estimated for H 2 S (Smith 1991 ; McClure et al. 
2023 ). More recent studies suggest that sulphur is mostly contained 
in organic species (Laas & Caselli 2019 ) or in a refractory residue 
composed of species characterized by the S–S chemical bond (like 
H 2 S n with 2 ≤ n ≤ 3, and chains of S n with 3 ≤ n ≤ 8), along with 
complex species such as hexathiepan (S 6 CH 2 ), which are products 
of ice processing, as experiments indicate (Ferrante et al. 2008 ; 
Jim ́enez-Escobar & Caro 2011 ; Cazaux et al. 2022 ). Nevertheless, 
numerous sulphur-bearing species (S 2 , S 3 , and S 4 , CH 3 SH, C 2 H 6 SH, 
together with the most common H 2 S, OCS, SO, S 2 , SO 2 , and CS 2 ) 
are detected in comets as 67P/Churyumov–Gerasimenko (Calmonte 

© 2023 The Author(s). 
Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative 
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), which permits unrestricted reuse, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/4/10697/7480261 by guest on 09 January 2024
120

Chapter 4. Adsorption of neutral and charged S-bearing species onto olivine
nanoclusters



10698 J. Perrero et al. 

MNRAS 527, 10697–10704 (2024) 

et al. 2016 ), whose composition seems to be inherited from the 
prestellar and protostellar evolutionary phases (Drozdovskaya et al. 
2019 ). Comets contain a record of the chemical composition of the 
primitive Solar Nebula at the place where they formed, 4.6 Gyr 
ago (Altwegg, Balsiger & Fuselier 2019 ). The same applies to a 
particular type of meteorites, in which sulphur is found in the form of 
minerals containing iron and nickel (Trigo-Rodr ́ıguez 2012 ). Among 
the variety of existing meteorites, chondrites represent fairly well the 
material that surrounded the young Sun and from which the planets 
formed. Ordinary chondrites contain S mostly in the form of troilite 
FeS (a variety of pyrrhotite, Fe (1 −x) S; Kallemeyn et al. 1989 ), while 
carbonaceous chondrites contain also pentlandite (Fe,Ni) 9 S 8 , and 
some inorganic sulphates and aromatic organic compounds (Gao & 

Thiemens 1993 ; Yabuta et al. 2007 ; Trigo-Rodr ́ıguez 2012 ). On the 
other hand, enstatite chondrites are rich in sulphides like niningerite, 
alabandite, and other alkaline sulphides (Sears, Kallemeyn & Wasson 
1982 ). 

Thus, there seems to be a missing piece of the puzzle between 
the gas-phase S-bearing species present in diffuse clouds and the 
solid sulphides found in the remnants of the protoplanetary discs. 
To understand the fate of sulphur, we aim to investigate what can 
happen in diffuse clouds, when some simple sulphur species interact 
with bare dust grains, a system that already contains the atomic 
ingredients necessary to form the sulphides observed in more evolved 
environments. Depending on the C/O ratio of the asymptotic giant 
branch (AGB) stars where they are formed, dust grains are formed 
by carbonaceous materials or silicates and represent 1 per cent of 
the ISM mass (Potapov & McCoustra 2021 ). The main families 
of interstellar silicates are pyroxenes and olivines with chemical 
composition Mg x Fe (1 −x) SiO 3 and Mg 2x Fe (2 − 2x) SiO 4 (with x = 0–1; 
Henning 2010 ). These nanometre to micrometre-sized non-spherical, 
porous dust particles lock up nearly 30 per cent of oxygen and 100 
per cent of silicon, magnesium, and iron available in the ISM (Van 
Dishoeck, Herbst & Neufeld 2013 ). Commonly, interstellar grain 
silicates are structurally amorphous, although Mg-rich crystalline 
silicates have also been observed around young stars (Molster & 

Kemper 2005 ; Spoon et al. 2022 ). 
In this work, we modelled dust grains as olivine nanoclusters, as in 

a recent work (Serra-Peralta, Dom ́ınguez-Dalmases & Rimola 2022 ). 
In the latter, both cluster and periodic approaches were considered 
to study the formation of water, and were previously adopted by 
Navarro-Ruiz et al. ( 2014 , 2016 ) to study the formation of H 2 . To 
our knowledge, the only study of S-bearing species interacting with 
an olivine surface is a paper by some of us (Rimola, Trigo-Rodr ́ıguez 
& Martins 2017 ) in which butan-1-sulphonic acid was adsorbed on 
the (010) surface of forsterite (Fo; Mg 2 SiO 4 ) to seek the correlation 
between binding energies and measured abundances of a class of 
soluble organic compounds found in carbonaceous meteorites. Here, 
we decided to focus on the cluster approach, firstly developing a 
reliable computational methodology to simulate olivine clusters, 
using here the adsorption of H 2 S as a test case. We then characterized 
the adsorption on the Mg and Fe sites of olivine clusters of other 
sulphur bearing species, both neutral and charged: S, S 

+ , CS, SH, 
SH 

+ , SO, SO 

+ , H 2 S, and H 2 S 

+ . For each species, we computed 
the reaction energy, which can be recast as interaction energy, � E, 
which is a ne gativ e quantity for an exothermic reaction. Usually, 
in the context of astrochemical numerical models, it is the binding 
energy BE (BE = −� E) the quantity that defines the strength of the 
interaction between the species and the surface. The BE, as defined 
abo v e, is computed by using the electronic energies of the involved 
species, assuming that the nuclei are immobile. Quantum mechanics 
imposes that even at 0 K the nuclei undergo a vibrational motion, 

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. 

which contributes to the electronic energy through the zero point 
energy (ZPE). It is, therefore the BE(0) = BE − � ZPE, the key 
parameter to be used in astrochemical models, determining whether 
desorption phenomena can take place (Penteado, Walsh & Cuppen 
2017 ), and also go v erning the diffusion process, as diffusion barriers 
are 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 
et al. 2020 ). 

The work is organized as follows: in Section 2 , we describe the 
methodology used in the study, Section 3 contains the results, and in 
Section 4 , we discuss our finding and their implications in the sulphur 
depletion problem. Finally, Section 5 summarizes the conclusions. 

2  M E T H O D S  

The olivine clusters presented in Serra-Peralta, Dom ́ınguez- 
Dalmases & Rimola ( 2022 ) and their Fo parent cluster developed 
by Escatllar et al. ( 2019 ) were adopted to model the core of a dust 
grain. Each model consists of a cluster of two silicate units with 
composition Mg (4 −x) Fe x Si 2 O 8 (with x = 0–1). Clusters A, B, and C 

are characterized by the presence of a Fe atom at positions X, Y, and 
Z, respectively (see Fig. 1 ). Please, note that W and Z positions 
are equi v alent by symmetry. The free Fe 2 + electronic v alence 
configuration is 4s 0 3d 6 , allowing the system to exist in three different 
spin states: singlet, triplet, and quintet. As reported in the literature 
(Navarro-Ruiz et al. 2014 , 2016 ), the most stable configuration is 
that showing the maximum spin multiplicity, therefore the quintet, 
followed by the triplet and the singlet states at higher energies. 

We first performed a benchmark study with the aim of finding 
a suitable methodology to describe the adsorption of S-bearing 
species on to olivine clusters. All the calculations were run with 
the ORCA programme v.5.0.3 (Neese 2022 ). We optimized (using 
default 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 –

spin states with different density functional theory (DFT) methods, 
that is: (i) the methodology adopted in Serra-Peralta, Dom ́ınguez- 
Dalmases & Rimola ( 2022 ), namely the B3LYP-D3(BJ) method 
(Becke 1988 , 1993b ; Lee, Yang & Parr 1988 ) combined with the 6–
311 ++ 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 
triple zeta quality basis set (Grimme et al. 2021 ), (iii) the range- 
separated hybrid meta-GGA ωB97M-V method (Mardirossian & 

Head-Gordon 2017 ), and (iv) the hybrid BHLYP-D3(BJ) method, 
which features 50 per cent of exact exchange (Lee, Yang & Parr 
1988 ; Becke 1993a ). The last two methods were combined with the 
def2-TZVP basis set (Weigend & Ahlrichs 2005 ). The calculations 
were performed with the spin-unrestricted formalism in case of open- 
shell systems (Pople, Gill & Handy 1995 ). The accuracy of these 
DFT methods was tested against the domain-based local pair natural 
orbital the coupled cluster theory with single-, double-, and per- 
turbativ e triple-e xcitations (DLPNO-CCSD(T)). We compared the 
energy values obtained at DFT level against DLPNO-CCSD(T)/aug- 
cc-pVTZ (Guo et al. 2018 ) single energy calculations on each DFT 

optimized geometry. The calculations were carried out with a tight- 
PNO set-up and the default settings for the self consistent field (SCF). 

The second part of the benchmark involved the characterization of 
the adsorption of H 2 S and H 2 O on the Fo grain nanoclusters, starting 
from four comple x es manually built to allow the two species to 
interact with sites X, W, Y, and with neighbouring oxygen atoms of 
site W (which as mentioned abo v e is equal to site Z). Adsorbing 
H 2 S with r 2 SCAN-3c and B3LYP-D3(BJ) results in some cases 
in its spontaneous dissociation. Thus, we used the nudged elastic 
band (NEB) algorithm to find the minimum energy path connecting 
the reactant (physisorbed complex) and the product (chemisorbed 
complex). The algorithm generates a number of configurations of 
the atoms, referred to as images of the system (in our case we chose 
eight images) that link the two minima with the aim of finding the 
image with the highest energy . Subsequently , the latter structure is 
optimized as a transition state following the eigenvector associated 
with the eigenvalue of the Hessian matrix. 

Once we selected an appropriate level of theory, we initially char- 
acterized the binding sites of the four olivine clusters by adsorbing 
H 2 S, H 2 O, CS, and CO. Because of symmetry, we identified three 
adsorption sites (X, W, Y) for Fo cluster, cluster A and cluster B, 
while in cluster C the Fe substitution at position Z causes a loss of 
symmetry and the emergence of an additional binding site. We then 
characterized the adsorption of the nine S-bearing species on cluster 
C, which is the most stable structure and presents the largest number 

of binding sites. Each species was described in its ground state: CS, 
H 2 S, and SH 

+ as singlets, S 

+ , SH, SO 

+ , and H 2 S 

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

+ in the quintet 
state, S 

+ , SH, SO 

+ , and H 2 S 

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

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

to be corrected for the ZPE as: 

BE(0) = BE − �ZP E, (2) 

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

3  RESULTS  

3.1 Benchmark 

Clusters A, B, and C were optimized to characterize their stability 
from both a structural and an electronic point of view. Data on the 
quintet and the singlet states are reported in Table 1 , while those 
concerning the triplet state were excluded due to some convergence 
problems that arose during the optimization of the structures. We 
did not aim to compare the energy difference between clusters 
of different spin states, as we know that DFT is not reliable for 
treating systems in their excited states, but we compared the relative 
energies between different clusters with the same spin multiplicity 
( � E). Cluster C was the most stable of the group and it was taken 
as a reference to calculate the � E of cluster A and B. Among 
the four functionals tested in the benchmark, ωB97M-V showed 
the smallest error when compared to DLPNO-CCSD(T), with an 
average error of 11.1 per cent for the quintet and of 21.9 per cent 
for the singlet spin states. Although the percentage error appeared 
to be large, the absolute errors corresponded to a few kJ mol −1 , 
which are al w ays < 4 kJ mol −1 for ωB97M-V, therefore, in the 
limit of chemical accuracy. BHLYP-D3(BJ) performed similarly to 
ωB97M-V, followed by B3LYP-D3(BJ), while r 2 SCAN-3c, lacking 
of e xact e xchange, was the less suitable functional. Ho we ver, it is 
worth pointing out the surprising performance of r 2 SCAN-3c in 
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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 –

the description of the quintet spin state, despite the presence of 
unpaired electrons, with an error of only 9.3 per cent. Nevertheless, 
the representation of the singlet spin state was not satisfying, showing 
an error of 72.9 per cent. In general, the energies of the clusters 
in the singlet spin state were affected by larger errors than those 
of the structures in the quintet ground state, confirming that DFT 

does not represent a suitable choice when describing excited states. 
Nevertheless, the stability order documented in the literature was 
well-reproduced with every functional adopted in the benchmark. In 
terms of the description of the band gap of the system, the outcome 
largely depends on the percentage of exacts exchange included in 
the definition of the functional. Indeed, for r 2 SCAN-3c, in which 
e xact e xchange is not accounted for, the band gap was almost zero, 
sometimes responsible for convergence problems, as in the case of 
the triplet spin state. 

To expand our benchmark, we considered the adsorption of H 2 S 

and H 2 O on the Fo cluster. The two species were manually placed 
on the Fo and the obtained complexes were optimized with ωB97M- 
V, B3LYP-D3, and r 2 SCAN-3c functionals. When comparing the 
interaction energies computed with the three different functionals 
against their respective DLPNO-CCSD(T) single energy points, 
ωB97M-V/def2-TZVP resulted again in the best-performing level 
of theory (see Table 2 ). In this case, the percentage errors were much 
lower than in the previous benchmark due to the larger adsorption 
energies involved compared to � E. Ho we ver, at least for ωB97M-V, 
the absolute error remained below 4 kJ mol −1 . We also point out the 
great impro v ement in the performance of r 2 SCAN-3c, justified by 
the absence of unpaired electrons in the system. 

When modelling the adsorption of H 2 S on Fo, we noticed an 
interesting phenomenon. A spontaneous dissociation of H 2 S was 
observed in complexes III and IV at r 2 SCAN-3c level of theory, 
while only complex IV caused the dissociation of the adsorbate at 
B3LYP-D3(BJ) level of theory, and no dissociation occurred with 
the ωB97M-V functional. In these two comple x es (III and IV), H 2 S 

interacts with the Mg cation located in sites W and X, respectively. 
The dissociated comple x es obtained with r 2 SCAN-3c are stable 
enough, so that a subsequent optimization with ωB97M-V did not 
change their structure. The chemisorbed structures were more stable 
than the physisorbed ones by about 100 kJ mol −1 . Thus, we computed 
the energy barrier for the dissociation process at ωB97M-V (that in 
which spontaneous dissociation is not observed), obtaining a value 
of 0.2 kJ mol −1 for complex III and 7.2 kJ mol −1 for complex 

IV. When considering the ZPE correction, the dissociation barriers 
at 0 K became −3.4 and 3.9 kJ mol −1 for comple x es III and IV, 
respectiv ely. The frequenc y associated with the imaginary mode of 
the transition state is 231 i cm 

−1 for complex III and 192 i cm 

−1 for 
complex IV. In Fig. 2 , the reactant, the transition state structure, 
and the product are shown in the case of complex III, together with 
a plot of the PES along the reaction coordinate. The dissociation 
barriers are indeed very small, in one case even submerged below 

zero, indicating that the cleavage of H 2 S into HS 

− and H 

+ is likely 
to occur on to Fo cluster, once the molecule is adsorbed on the Mg 
sites. When adsorbing H 2 O on Mg, we observed the spontaneous 
dissociation of the O–H bond in complex IV, in which the oxygen 
atom interacts with the Mg cation of site X at both r 2 SCAN-3c and 
B3LYP-D3(BJ) levels of theory. We did not computed the PES of the 
dissociation at ωB97M-V level of theory, ho we ver, we assume that 
a small barrier for the process is present, as for H 2 S. Thus, we can 
conclude that the dissociation barrier depends on the methodology 
and that can either be submerged below zero or be a few kJ mol −1 . 
The two benchmark studies indicate ωB97M-V/def2-TZVP to be the 
best-performing methodology with an average error of 16.5 per cent 
on the relative stability of olivine clusters and of 2.6 per cent on H 2 S 

and H 2 O adsorption energies, becoming this functional our choice 
for the following calculations. 

3.2 Cluster versus periodic approach 

The computational approach adopted in this work to study the 
interaction of S-bearing species with the silicate core of the grains 
may appear too simplistic due to the limited size of the cluster 
models. The exposure of the metal centres could be responsible 
for their higher reactivity, which could influence the outcomes of the 
calculations. Enlarging the cluster model to increase the coordination 
of the metal centres is not practical due to the steep increase of 
the computational cost of the calculations. Therefore, we adopted a 
periodic approach to model different extended Fo slab surfaces, with 
the closest level of theory to that of the cluster. The periodic approach 
represents the opposite situation compared to the cluster, as the 
metal center binding sites (albeit at the surfaces) possess the highest 
coordination due to the extended nature of the slabs. The cluster- 
based adsorption comple x es described in Table 2 were optimized at 
the DFT PBE method, combined with the def2-TZVP basis set. For 
the 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. 

(101), (110), (111), and (120) Fo surfaces, which were previously 
characterized in Zamirri et al. ( 2017 ) and Bancone et al. ( 2023 ). The 
periodic adsorption comple x es were also optimized at PBE, and the 
Fo 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 
the cluster calculations. We did not include dispersion interactions in 
the description of the system, as it was not possible to reproduce the 
desired level of theory (D2 with customized dispersion coefficient for 
the Mg atom) in both the cluster and the periodic calculations due to 
specific implementation of the D2 coding in the ORCA programme. 
Despite the missing dispersion term, the calculations show that H 2 S 

still spontaneously dissociates on the Fo cluster, in complexes I, 
II, III, and IV. On the periodic systems, molecular physisorption 
is found on the most stable Fo surfaces, (120) and (001), while 
on the less stable (101), (111), (021), and (110), H 2 S dissociative 
chemisorption takes place. Therefore, we can thus conclude that H 2 S 

chemisorption is not simply an artefact of the size of the cluster that 
exposes low-coordinated metal centres. Depending on the surface 
and on the specific adsorption site, it is possible to have spontaneous 
dissociation of H 2 S also on large and extended surfaces in which the 
ion coordination is more complete than in the cluster. We remark 
that the level of theory chosen to characterize the system may be 
responsible for the presence or absence of a small barrier for the 
dissociation process. 

3.3 Characterization of the nanocluster binding sites 

We characterized the binding sites of each nanocluster (Fo and the 
olivines) by adsorbing H 2 S, CS, and their oxygen analogues. H 2 S 

and H 2 O are species with an electrone gativ e atom (S and O) that 
preferentially interacts with the positively charged metal center, and 
two hydrogen atoms that can interact via H-bond with the oxygen 
atoms of the silicate unit, when geometrically feasible. On the other 
hand, CS and CO are species whose dipole shows a concentration of 
electronic charge on the carbon atom, and accordingly this atom is 
the one interacting with the metal center. The bond length of CS in 
the gas-phase is 1.523 Å, and when it is adsorbed on Mg it shortens 
to 1.500 Å, due to the electron donation coming from the CS σ

orbitals with moderate antibonding character to Mg. When CS is 
adsorbed on Fe, the bond length becomes 1.509 Å, due to the π - 
electron back donation effect of Fe on the antibonding orbitals of 
CS. The same occurs with CO, in which the CO bond lengths in the 
Mg- and Fe-adsorbed comple x es are 1.117 and 1.120 Å, respectively, 
shorter than that in the gas-phase molecule (1.123 Å). Remarkably, 
the largest CS bond shortening compared to CO, together with the 
differences in their dipole moments (0.1 and 1.9 Debye for CO and 

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 

CS, respectively), causes the BE of CS to be almost doubled with 
respect to CO. We previously observed the same phenomenon when 
characterizing the interaction of CO and CS on water ice (Perrero 
et al. 2022 ), where the larger dipole of CS caused an increase in BE 

of 50 per cent with respect to the CO BE value. This further strikes 
the difference in the chemical behaviour of CO and CS. 

Table 3 shows a summary of the results. We obtained a range of 
values for the adsorption on to Mg centres and one value for each 
Fe. It appears that CS and CO prefer to interact with Fe rather than 
Mg, while H 2 O clearly shows a larger affinity with Mg rather than 
with Fe. Ho we ver, the behaviour of H 2 S is not straightforward. The 
interaction with both metals seems to be comparable in clusters A 

and B, but cluster C represents an exception. In fact, there is a notable 
difference between the 74–85 kJ mol −1 BE values computed when 
H 2 S interacts with Mg and the BE value of 97 kJ mol −1 computed 
for the adsorption on to Fe. An o v erall look at the values, particularly 
the BEs obtained for the Fe site at different positions (X, W, Y, and 
Z) hints at a possible role of the coordination of the metal centre 
in determining the binding strength. Indeed, sites W and Z (cluster 
C) are the most exposed and less coordinated, and they tend to give 
the highest BE, while site X (cluster A) is the most coordinated 
and is usually the weakest one. In general, cluster C, in addition 
to being the most stable structure and offering the largest number 
of binding sites, is also co v ering the entire set of binding energies 
obtained with the entire set of nanoclusters. All of these reasons are 
in fa v our of choosing this structure (cluster C) for the investigation 
of the adsorption of the whole set of S-bearing species. 

3.4 Adsorption of S-bearing species 

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

+ , HS, HS 

+ , 
S, S 

+ , SO, and SO 

+ . These species have been selected for being 
the most abundant sulphur carriers in diffuse clouds and the external 
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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 

layers of photon-dominated regions (PDR) where the water ice has 
not been formed yet, either in the cloud envelopes or the dense PDRs 
formed in the vicinity of recently formed young massive stars (Fuente 
et al. 2003 , 2023 ; Neufeld et al. 2015 ; Goicoechea et al. 2021 ). We 
modelled four adsorption comple x es for each species, from which 
some common characteristics emerged: (i) we can draw a colour map 
(see Fig. 3 ) to highlight the strength of the adsorption sites which is 
valid for all the species; (ii) the Fe–S interaction is stronger than the 
Mg–S one (see Table 4 ). Although we may attribute part of the reason 
to the coordination of the metal centre, it is not the only explanation 
to such differences; (iii) SO and SO 

+ interact with the metal centre 
through oxygen, which in this case is the most electrone gativ e atom. 
This is responsible for the differences in the adsorption energies listed 
in Table 4 ; (iv) the presence of a charge dramatically increases the 
BE, as we observed for the four ions included in this study, (H 2 S 

+ , 
HS 

+ , S 

+ , and SO 

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

+ and HS 

+ are ph- 
ysisorbed on Mg, but chemisorbed on Fe, in which the proton 
transfers to one of the oxygen atoms belonging to the closest silicate 
unit (similarly to what we observed for H 2 S on Fo), and the charge 
is distributed on to the entire system. Moreo v er, when an open-shell 
species adsorbs on Fe, part of its spin density transfers from the 
sulphur atom to the metal, increasing the binding energy as in the 
case of S and HS. On the other hand, this effect is prevented for 

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. 

SO, whose two unpaired electrons remain localized on to the radical 
species, due to the adsorption through the oxygen atom. The BEs 
of both SO and SO 

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

4  DISCUS SI ON  A N D  ASTRO P HYSICAL  

I MPLI CATI ONS  

In a previous work by some of us (Perrero et al. 2022 ), the BEs of 17 
S-bearing species adsorbed on to crystalline and amorphous water 
ice were computationally studied adopting a periodic approach and 
DFT//HF-3c levels of theory. The B3LYP-D3 functional was used to 
compute the energy of closed-shell systems (such as CS and H 2 S), 
while for open-shell species (such as HS, S, and SO) M06-2X was 
adopted. These functionals were combined with an Ahlrichs triple 
zeta valence quality basis set, supplemented with a double set of 
polarization functions (Sch ̈afer, Horn & Ahlrichs 1992 ). Although 
the computational approach adopted in Perrero et al. ( 2022 ) differs 
from this work, it does not justify the large differences between the 
BE(0) values of the same set of species on the amorphous ice surface 
and the olivine nanoclusters (see Table 5 and Fig. 4 ). While in the first 
case the interactions are weak and controlled mainly by the dispersion 
forces, BE(0)s computed in this work are large and determined mostly 
by electrostatic interactions, to which occasionally electron transfer 
phenomena add up. 
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The consequences of such a strong interaction between sulphur and 
the mineral surface is that S-containing species have a high chance 
to freeze out on to the core of dust grains and not be able to desorb 
into the gas-phase even at the temperatures found in a diffuse cloud 
(around 100 K). In those environments, the presence of charged gas- 
phase species should also fa v our the adsorption process as long as the 
grains are ne gativ ely charged (Cazaux et al. 2022 ; Fuente et al. 2023 ). 
Even if the grain particles are mostly neutrals or positively charged, 
the accretion of neutral sulphur species on the grain surfaces could 
enhance the number of sulphur atoms in refractories. On the other 
hand, it should be considered that dust grains in dense clouds are not 
completely co v ered by the ice mantle, therefore still exposing part 
of their mineral surface into the gas (Potapov & McCoustra 2021 ). 
As it clearly appears in Fig. 4 , H 2 O adsorption on olivine is more 
energetic than H 2 S, meaning that water is more likely (and probable) 
than hydrogen sulphide to form a stable interaction with the mineral. 
Ho we ver, the modest interaction between sulphur-containing species 
and water ice allows these molecules to diffuse on its surface and 
likely mo v e towards the portion of e xposed core of the grains. 
Therefore, whether considering the physical conditions of a diffuse 
or those of a dense cloud, S-bearing species would have a certain 
chance either to directly stick on to the grain core or diffuse from 

the mantle towards the exposed fraction of the core grain where they 
become strongly chemisorbed. 

Another interesting issue is the tendency of certain species, namely 
H 2 S, HS 

+ , and H 2 S 

+ , to chemisorb on to olivine nanoclusters, 
planting the seed for the formation of the Fe–S bond present in sul- 
phide minerals such as troilite and pentlandite. In the work of Kama 
et al. ( 2019 ), approximately 90 per cent of the sulphur is predicted 
to be locked in the refractory residue of protoplanetary discs, the 
main carriers being precisely sulphide minerals, followed by sulphur 
chains S n , through to the study of the photospheres of a sample of 
young stars. Ho we ver, chemical models (Druard & Wakelam 2012 ) 
and laboratory experiments (Woods et al. 2015 ) predict a scarce 
abundance of sulphur chains in these environments, reason why 
sulphide minerals are considered the major reservoir of refractory 
sulphur in the protoplanetary disc. These two minerals are also found 
in cometary dust and meteoritic rocks (Kallemeyn et al. 1989 ; Trigo- 
Rodr ́ıguez 2012 ). From a thermodynamic point of view, Fe–S is also 
more fa v oured than Mg–S, as the latter is only found in the less 
common enstatite chondrites, that due to their formation in reducing 
conditions, are rich in alkaline sulphides like the Mg-containing 
niningerite and alabandite (Sears, Kallemeyn & Wasson 1982 ). 

In this work, we did not consider charged dust grains, even 
though the model of Ib ́a ̃ nez-Mej ́ıa et al. ( 2019 ) predicted them to 
be positively charged in a diffuse medium and ne gativ ely charged 
in denser environments. If this was the case, the interaction between 
gas-phase cations and positively charged grains in diffuse clouds 
would clearly be hampered by electrostatic repulsion. Ho we ver, 
our results concerning positively charged sulphur-bearing species 
adsorbed on neutral dust grain cores hold true for the case in which 
neutral gas-phase species interact with charged dust grains. Although 
the atomistic details of the system should vary due to the presence of 
a charge on the olivine nanocluster, the interaction energies should 
be of the same order of magnitude, since the presence of a charge in 
the system would still be the main driving force of the interaction. 
On the other hand, Fuente et al. ( 2023 ) argue that sulphur would 
remain ionized in the gaseous medium until grains are expected to be 
ne gativ ely charged. If this was the case, the electrostatic interactions 
would be responsible for an increased sulphur depletion effect. 

According to what Hily-Blant et al. ( 2022 ) suggested, the fact that 
sulphur depletion increases progressively as the core evolves could 
be in agreement with the fact that during the evolution, atomic S 

freezes out on the surface of grains and, depending on which surface 
it reaches, it can either become part of the mineral core or as Cazaux 
et al. ( 2022 ) propose, it can fall on the ice mantle and be subjected 
to photoprocessing, thus reacting and forming a refractory residue. 

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

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

5  C O N C L U S I O N S  

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

+ , HS, HS 

+ , S, S 

+ , SO, and SO 

+ , which include 
both neutral and charged, as well as closed-shell and open-shell 
systems. We characterized their adsorption comple x es and computed 
the corresponding binding energies on olivine nanoclusters (Fo and 
the Fe-containing analogues) by means of quantum mechanical 
calculations, to simulate the interaction of a gas-phase species with 
the surface of a silicate bare dust grain in the diffuse interstellar 
medium. Our main findings are that: (i) from a thermodynamic 
point of view, the Fe–S interaction is more stable than Mg–S, 
while when the oxygen end is interacting with the metal centre 
we notice the opposite trend; (ii) S-bearing species are adsorbed 
much more strongly on the core of bare dust grains than on their 
icy mantles (represented by pure amorphous water ice surfaces); 
(iii) the metal centres of the olivine clusters can be responsible for 
the dissociation of hydrogenated S-bearing species, especially if the 
latter are positively charged; and (iv) the dissociation of H 2 S on 
Fo cluster presents a small barrier, that is likely to be o v ercome 
when considering the energy liberated by the adsorption process. 
The implications of such findings are that sulphur species have a 
high probability of sticking on to the surfaces of bare dust grains and 
becoming part of their core in the form of refractory materials, as 
predicted by a number of experimental and observational studies, in 
addition to chemical models. Indeed, more investigations are needed 
in order to finally unveil sulphur chemistry in the ISM. Ho we ver, 
the trapping of sulphur into the grain cores in the early stages of 
the evolution of a prestellar core could, in part, account for the S- 
depletion in dense cores. 
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Chapter 5

A theoretical and experimental
combined study of ethanol and
ethylamine binding energies on H2O
ice surfaces

Introduction

Finally, the investigation of adsorption processes led to a collaboration between computa-
tional and experimental chemists. During the visit to the LERMA laboratory of CY Cergy
Paris Université,1 under the guide of Professor F. Dulieu and of his PhD student J. Vitorino,
I had the opportunity to learn how experiments are conducted and how the expertise in
different fields can be combined to understand the chemical processes occurring in the
ISM.

Ethanol (CH3CH2OH) and ethylamine (CH3CH2NH2) may be expected to show a sim-
ilar behaviour in the ISM, due to their atomic composition. Both molecules are COMs,
therefore, they are related to molecules of prebiotic importance. CH3CH2NH2 has been
detected only in a few comets and tentatively toward a galactic centre cloud, which is
a region of active star formation (Goesmann et al., 2015; Zeng et al., 2021). In contrast,
CH3CH2OH has been observed in several comets and in both cold and warm ISM envi-
ronments (e.g., Altwegg et al., 2019; Agúndez et al., 2023). For this reason, ethanol has been
extensively characterised in the scientific literature, whereas little information is available
regarding ethylamine.

The two molecules are likely to be formed on the icy mantles covering dust grains in
dark clouds, however, only ethanol has been detected in the ice matrix (Rocha et al., 2024).
The cause of such inconsistency could be due to multiple motivations, among which a
smaller abundance and thus production of N-bearing species, a higher reactivity of ethy-
lamine, and differences in the adsorption/desorption behaviour. The latter was the focus
of this investigation.

In ‘Binding energies of ethanol and ethylamine on interstellar water ices: synergy between
theory and experiments’ (Perrero et al., 2024, PCCP, 26, 18205) it has been studied how these
two COMs interact with themselves and with the icy mantles of dust grains, from both
a computational and an experimental perspective. Through this work, it clearly appears
how the two fields not only mutually support each other, but also serve as complementary
tools to overcome their respective limitations.

1https://lerma.labo.cyu.fr/DR/

https://lerma.labo.cyu.fr/DR/
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Results

The quantities measured and computed in this section may generate some confusion due
to their sign. The binding energy (BE) is defined as the opposite of the adsorption en-
ergy, while the desorption energy (Edes) represents the energy required to facilitate the
desorption of the adsorbate. For their definition and in case of adsorption being thermod-
inamically favoured, both quantities are positive. Conversely, the cohesive energy (EC)
denotes the energy released from the system upon the formation of a surface or a bulk
structure and is a negative quantity. In the following, these values will be compared in
reason of their absolute value.

Experimentally, the Edes was determined by depositing fixed amounts of each adsor-
bate on a surface and subsequently analysing the data obtained from TPD experiments,
performed in the VENUS interstellar chamber (Congiu et al., 2020). Each species was ad-
sorbed on three types of surfaces: bare gold, amorphous ice (ASW), and crystalline ice
(CI).

The first set of experiments aimed at the determination of the Edes of pure CH3CH2OH
and CH3CH2NH2 deposited on a bare gold surface. The temperature at which the desorp-
tion peak is registered and the heating ramp used in the TPD experiment are necessary
to compute the pre-exponential factor needed to extract the desorption energy (see left
panel of Figure 5.1). A mathematical model based on the Polanyi-Wigner equation (see
Section 2.7) returns Edes = 53.6 kJ mol−1 for CH3CH2OH and Edes = 41.6−43.2 kJ mol−1 for
CH3CH2NH2.

The second set of experiments consisted of the deposition of submonolayer quantities
of CH3CH2OH and CH3CH2NH2 on 10 ML of ASW and 10 ML of CI. In all the experiments
and for both molecules, co-desorption of the adsorbate with water is observed. During the
TPD, the energy provided when raising the temperature causes the crystallisation of the
ASW (characterised by the appearance of a shoulder in the desorption curve, see the left
panel of Figure 5.2). In the case of ethanol, the phase change of the ice seems to enhance
the desorption of the adsorbate, indicating a stronger interaction of CH3CH2OH with ASW
with respect to CI (see the right panel of Figure 5.2). In contrast, ethylamine does not show
such behaviour. In these experiments, the co-desorption precludes the determination of
the Edes of the adsorbate, because the interaction between the water molecules of the sur-
face is weaker than that between the adsorbate and the ice surface. Thus, the desorption
temperature of the adsorbate is established by that of water. For this reason, all species
whose Edes is larger than that of water ice exhibit such behaviour and do not allow the
determination of their Edes from TPD experiments (Collings et al., 2004; Burke et al., 2015).
Nevertheless, computational chemistry can provide the missing data.

The last set of experiments concerned the deposition of a multilayer of CH3CH2OH
and CH3CH2NH2 on 10 ML of ASW. The TPD curve presents multiple desorption peaks,
among which one can distinguish a variety of interactions. The TPD curve of CH3CH2NH2
shows three distinct peaks due to: i) molecules desorbing from the multilayer (thus, not
in direct contact with water), ii) molecules ejected during the crystallisation of the ASW
surface, and iii) molecules co-desorbing with the water ice surface. In the TPD curve of
CH3CH2OH, the first two peaks are merged. It is not possible to extract any additional in-
formation on the Edes from these profiles, due to their complexity. However, calculations
offer an explanation to what has been observed experimentally.

From a computational standpoint, the BEs were computed by simulating the adsorp-
tion geometry of each adsorbate on both an ASW and a CI periodic models, using CRYS-
TAL17 code (Dovesi et al., 2018). In the case of CI, different coverages were also simulated.
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Figure 5.1: TPD of pure CH3CH2OH and CH3CH2NH2 adsorbed on a bare gold surface. From the
maximum of ethylamine (in red, at 113 K) and ethanol (in light blue, at 141 K) desorption curves,
the desorption energy is determined.

Furthermore, the crystal structure of the adsorbates was characterised, with particular
interest in their most stable surfaces and in the adsorption of each adsorbate onto the re-
spective surface.

The ASW ice was modelled as an amorphous-like surface characterised by edges and
cavities (left panel of Figure 5.3), where nine distinct binding sites were chosen to com-
pute the adsorption of CH3CH2OH and CH3CH2NH2, with the aim of obtaining an en-
semble accounting for the presence of both weak and strong adsorption sites. The calcula-
tions returned BE = 26.0−59.1 kJ mol−1 for CH3CH2OH and BE = 19.1−71.1 kJ mol−1 for
CH3CH2NH2.

Two or three adsorption complexes were considered on the CI model, whose BEs is
included in the ensemble computed on the ASW model (see Figure 5.4). Additionally,
the BEs computed in the case of a higher surface coverage on the CI increase when two

Figure 5.2: TPD of a submonolayer coverage of CH3CH2OH deposited on 10 ML of ASW (left) and
CI (right) ices. The dark blue curve traces the desorption of water (in the left panel, the shoulder on
the left is due to the crystallisation of ASW). The light blue curve traces the desorption of ethanol,
that co-desorbs with water.



132
Chapter 5. A theoretical and experimental combined study of ethanol and ethylamine

binding energies on H2O ice surfaces

Figure 5.3: Adsorption complexes of CH3CH2OH on ASW (left) and CI (right) periodic ice models.
Through computational chemistry it is possible to determine the BE of ethanol on a water ice sur-
face.

molecules per cell are adsorbed, whereas they decrease in case of adsorbing four molecules
per cell. Such behaviour is due to how easily the molecules can accommodate on the ice
surface and whether their interaction with the ice and between themselves is maximised
(2 molecules/cell) or hindered (4 molecules/cell).

Furthermore, the cohesive energy (EC, see equation 2.59) of the bulk and of the most
stable surfaces obtained from the crystal structures of ethanol and ethylamine was com-
puted. The values obtained range from −53.4 to −40.3 kJ mol−1 for ethanol and from
−44.0 to −30.3 kJ mol−1 for ethylamine, where the most negative value corresponds to the
EC of the bulk and the least negative is referred to the EC of the least stable surface.

Finally, the adsorption of CH3CH2OH on the (010) ethanol surface returned BE = 20.9−
41.8 kJ mol−1, whereas the corresponding simulation involving CH3CH2NH2 and the (100)
ethylamine surface yielded BE = 21.4−43.0 kJ mol−1.

Joining the information retrieved from the two approaches led to a detailed interpre-
tation of what was observed in the experiments. The desorption energies experimentally
determined for pure CH3CH2OH and CH3CH2NH2 deposited on a gold surface closely
align with the cohesive energies of crystalline bulks of ethanol and ethylamine, along with
their most stable surfaces.

The Edes for submonolayer coverages of CH3CH2OH and CH3CH2NH2 deposited on
CI and ASW surfaces cannot be determined experimentally due to co-desorption of the ad-
sorbate with the surface, but can be provided by the theoretical simulation, which returns
a larger BE range for CH3CH2NH2 with respect to CH3CH2OH. The upper values were
consistent with the co-desorption behaviour, being larger than the EC of water ice (−55.8
kJ mol−1 for CI). The lower limits of the ensemble are peculiar to the calculations, which
allow for the characterisation of the BE of isolated molecules adsorbed on weak binding
sites. In fact, the Edes provided by the experiments do not usually cover the lower limit
of the BE distribution obtained with the calculations, as the deposition of sub-monolayer
quantities of adsorbate is not comparable with the adsorption of a single species (Minissale
et al., 2022).

In the TPD experiment, the adsorbate is likely to diffuse on the surface thanks to the
constant thermal energy provided to the molecules during the analysis and either bind a
stronger site than that initially occupied or interact with neighbouring adsorbed species.
In the latter case, the measured desorption energy would be given by a combination of
the real binding site strength plus a contribution depending on the lateral interactions.
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Figure 5.4: BE values computed for the adsorption of CH3CH2OH (blue) and CH3CH2NH2 (red)
on ASW and CI models. Different adsorption scenarios are included: single adsorption (S-ADS),
half monolayer coverage (H-ML) and full monolayer coverage (F-ML). Higher coverages have only
been simulated on the CI model.

Therefore, the Edes provided by the experiments do not usually cover the lower limit of the
BE distribution obtained with the calculations.

The TPD of a multilayer coverage of CH3CH2OH and CH3CH2NH2 on ASW highlights
that the temperature at which the first ethylamine molecules of the multilayer desorb is
higher than that of pure ethylamine, owing to the presence of the water ice surface. In con-
trast, for ethanol, it is not possible to distinguish the two behaviours as the corresponding
peaks are overlapping. The theoretical results show that molecules in the bulk structure
of crystalline ethanol (EC = −53.4 kJ mol−1) are characterised by a stronger interaction
compared to those of crystalline ethylamine (EC = −44.0 kJ mol−1), but similar to those of
proton ordered water ice (EC = −55.8 kJ mol−1). The comparison of these cohesive ener-
gies elucidates the reason why ethanol does not desorb prior to water, whereas this does
not apply to ethylamine.

In conclusion, the Edes of both CH3CH2OH and CH3CH2NH2 increases when the sub-
strate changes from bare gold to ASW and CI. Indeed, their behaviour would not suggest
large discrepancies in their detection. While the presence of ethanol in the icy mantle of
dust grains has been confirmed, ethylamine has not been observed (Rocha et al., 2024).
Moreover, gas-phase ethanol has been detected in several environments, while the ob-
servation of ethylamine remains tentative. Such diversity could result from a number
of factors. One possibility is that ethylamine may be less abundant than ethanol due to
the absence of efficient synthetic pathways. Another hypothesis is that ethylamine may
exhibit higher reactivity leading to rapid consumption upon entering the gas phase. Al-
ternatively, it may be characterised by spectral features that overlap with those of other
molecules, hampering its detection.

Furthermore, the BEs of the species on water ice mantles have a profound impact on
the chemical composition of the regions where a planetary system eventually forms. The
snow-line of a species is defined as the zone where adsorption and desorption mecha-
nisms are at work to regulate its permanence in the gas phase or in the solid phase (Öberg
et al., 2021). These data suggest that a fraction of CH3CH2OH and CH3CH2NH2 may still
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reside on the grains when the majority of the water has already sublimated, available to
be incorporated in the planetesimals that are future constituents of rocky planets.

The findings of this study demonstrate the pivotal role of computational chemistry in
the interpretation of experimental data, as well as its capacity to yield insights that cannot
be obtained through conventional experimental techniques.

Future perspectives

This study offers a nice example of how experiments and computations can mutually sup-
port each other to overcome their inherent limitations. Nevertheless, enhancements can
be made on both fronts to more accurately reflect the scenarios that are the focus of this
investigation.

From an experimental point of view, conducting experiments with lower surface cov-
erages of adsorbates and slower heating ramps would probably represent a step forward
toward the simulations, although still constituting a very different scenario with respect
to the systems modelled via computational chemistry. The study clearly highlights that
ethanol and ethylamine are unlikely to desorb via thermal desorption. From an exper-
imental point of view, the application of alternative techniques to the study of the des-
orption process could provide details regarding the non-thermal desorption mechanisms.
A review of the literature reveals some examples of studies conducted with MALDI-TOF
MS, LDPI TOF-MS and PSD-REMPI techniques that address astrochemistry-related top-
ics (Gudipati et al., 2012; Bossa et al., 2015; Watanabe et al., 2020). The listed acronyms
represents procedures in which photodesorption and photochemistry processes are inves-
tigated by combining matrix-assisted laser desorption-ionization (MALDI), laser desorp-
tion postionisation (LDPI), or photostimulated desorption (PSD) with resonance-enhanced
multiphoton ionisation (REMPI) and time-of-flight (TOF) mass spectrometry (MS).

Conversely, the simulations could be better adapted to the experiment. By increasing
the number of molecules adsorbed on the ice surface (or alternatively, on a large cluster, as
in Tinacci et al., 2022), it could be possible to account for the energetic effects (commonly
defined as lateral interactions) caused by the presence of additional adsorbed species in
adjacent binding sites. Additionally, the desorption process could be simulated in spite
of the adsorption one. The BE values obtained from such simulations could provide an
explanation for the absence of a low tail of BEs in the experiments (V. Bariosco, private
communication).
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Experimental and computational chemistry are two disciplines used to conduct research in astro-

chemistry, providing essential reference data for both astronomical observations and modeling. These

approaches not only mutually support each other, but also serve as complementary tools to overcome

their respective limitations. Leveraging on such synergy, we characterized the binding energies (BEs)

of ethanol (CH3CH2OH) and ethylamine (CH3CH2NH2), two interstellar complex organic molecules

(iCOMs), on crystalline and amorphous water ices through density functional theory (DFT) calcula-

tions and temperature-programmed desorption (TPD) experiments. Experimentally, CH3CH2OH and

CH3CH2NH2 behave similarly, in which desorption temperatures are higher on the water ices than on a

bare gold surface. Computed cohesive energies of pure ethanol and ethylamine bulk structures allow

describing of the BEs of the pure species deposited on the gold surface, as extracted from the TPD

curve analyses. The BEs of submonolayer coverages of CH3CH2OH and CH3CH2NH2 on the water ices

cannot be directly extracted from TPD due to their co-desorption with water, but they are computed

through DFT calculations, and found to be greater than the cohesive energy of water. The behaviour of

CH3CH2OH and CH3CH2NH2 is different when depositing adsorbate multilayers on the amorphous ice,

in that, according to their computed cohesive energies, ethylamine layers present weaker interactions

compared to ethanol and water. Finally, from the computed BEs of ethanol, ethylamine and water, we

can infer that the snow-lines of these three species in protoplanetary disks will be situated at different

distances from the central star. It appears that a fraction of ethanol and ethylamine is already frozen on

the grains in the water snow-lines, causing their incorporation in water-rich planetesimals.

1 Introduction

In astrochemistry, ethanol (CH3CH2OH) and ethylamine
(CH3CH2NH2) belong to a class of compounds called interstel-
lar complex organic molecules (iCOMs). These are compounds
that contain between 6–12 atoms, in which at least one is
carbon, also bearing non-metal heteroatoms, like N, O, S or
P.1–3 These molecules are the simplest organic compounds
synthesised in space, and hence they are thought to represent
the dawn of organic chemistry. Additionally, they are thought to

be precursors of more complex organic molecules, which can
be of biological relevance, such as amino acids, nucleobases
and sugars.4

Ethylamine is thought to be the precursor of the alanine
amino acid, just as methylamine is supposed to be the parent
of glycine.5,6 Methylamine and ethylamine have been observed
in the coma of comet 67P/C-G together with glycine.7 Further-
more, they have also been detected, together with a handful of
amino acids, in comet 81P/Wild2 by the Stardust mission.8

In the interstellar medium (ISM), ethylamine has only been
tentatively detected towards the Galactic center cloud G+0.693-
0.027.9 On the other hand, ethanol has been detected in several
comets (e.g., 67P/C-G,10 Lovejoy,11 and Hale–Bopp12) and in
both warm (e.g., Sgr B2,13 Orion,14,15 and SVS-1316) and cold
(e.g., L483,17 and TMC-118) environments of the ISM. Recently,
it has also been identified in icy mantles.19,20

The presence of a complex molecule such as CH3CH2OH in
warm sources was surprising, but plausible due to the environ-
mental temperatures. However, its detection in cold regions
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challenged astrochemists. The interest in ethanol grew after
a correlation between the abundances of glycolaldehyde
and ethanol in the protostellar shock region L1157-B1 was
evidenced.21 Consequently, a series of gas-phase reactions
starting from ethanol and leading to glycolaldehyde were
proposed, beginning with a H-abstraction step operated by Cl
or OH radicals. From this neutral–neutral gas-phase mecha-
nism, it appeared that ethanol could be the parent molecule of
formic acid (HCOOH) and other iCOMs, such as glycolaldehyde
(HCOCH2OH), acetic acid (CH3COOH), and acetaldehyde
(CH3CHO).22

The reactivity of CH3CH2NH2, due to its scarce detection in
the ISM, has been poorly explored. The UV irradiation and
thermal processing of methylamine-containing ices yielded a
variety of products, such as formamide, ethylamine, methylcya-
nide and N-heterocycles, showing how molecular complexity
can increase upon methylamine processing.23 The production
of CH3CH2NH2 is usually attributed to the reaction between
ammonia and C-bearing species on the ice mantle. The expo-
sure of NH3 and CH4/C2H6 ices to cosmic ray radiation at 5 K
resulted in the formation of CH3NH2 and CH3CH2NH2,
respectively.5 At higher temperatures, photolysis of C2H2 +
NH3 between 180 and 300 K produced ethylamine (among
other products), with a yield proportional to temperature.24

Formation of ethanol, in contrast, has been more explored.
Experimentally, both energetic and non-energetic pathways
have been identified: UV irradiation of CO2-rich and H2O-rich
ices;25 UV irradiation and radiolysis of C2H2:H2O ices;26,27 O
addition to ethane;28 and exposure of C2H2:O2 ice to H atoms.29

Computational works also characterized ethanol formation,
proposing synthetic routes on dust grains at low temperatures
and through almost barrierless pathways. The radical–radical
coupling between CH3 and CH2OH on water ice was postulated
as a promising mechanism, since its competitive channel
(a H-abstraction yielding CH4 and H2CO) was found to be
highly disfavoured.30 The reaction of CCH + H2O (where water
is a component of the ice mantle), passing through the for-
mation of vinyl alcohol, can yield ethanol after some hydro-
genation steps that, in the case of presenting a barrier, can
proceed via tunnelling.31 More recently, two works investigated
the reactivity of atomic carbon on CO-rich and H2O-rich ices,
suggesting that the two scenarios can lead to the formation
of iCOMs in a non-energetic way, especially ethanol, when
species characterized by a CQCQO skeleton are fully hydro-
genated.32,33 Clearly, the discrepancy in the quantity of studies
regarding these two molecules is linked to their detection.
Numerous factors may contribute to the elusive nature of
ethylamine to astronomers. For instance, it might predomi-
nantly reside in ice mantles rather than in the gas phase; it
could exhibit higher reactivity leading to rapid consumption
upon entering the gas phase; or it may have spectral features
that overlap with those of other molecules. To streamline our
investigation, we focused on the first point. The adsorption and
desorption processes are determined by the binding energy
(BE), a pivotal parameter that quantifies the strength of
the interaction between a molecule and a surface.34 It also

regulates whether diffusion processes can take place, since
diffusion barriers are usually assumed to be a fraction of the
BE, e.g., ref. 35–38. The first estimates of CH3CH2OH and
CH3CH2NH2 BEs were made by Garrod,39 who proposed BE =
65.5 kJ mol�1 for ethylamine and BE = 52.0 kJ mol�1 for
ethanol, in order to introduce them in astrochemical models.
In 2011, Lattelais et al.40 determined the BE of CH3CH2OH on
water ice to be 56.5 kJ mol�1. More recently, Etim et al.41

computed the BE of ethanol using the methodology introduced
by Wakelam et al.,42 that is, simulating the ice with one water
molecule and calculating the BE (in Kelvin) using the scaling
BEice = 289.019 + (1.65174 � BE1H2O), this way obtaining a value
between 37.4 kJ mol�1 and 40.7 kJ mol�1, with an uncertainty
in the final result of 30%. To the best of our knowledge, no
other estimates are available.

For this reason, we characterized both experimentally and
computationally the BEs of ethanol and ethylamine adsorbed
on crystalline and amorphous water ice (CI and ASW, respec-
tively). In order to interpret the results of the experiments, we
also computed the bulk and surface cohesive energies of
ethanol and ethylamine crystals, as well as the BEs of each
species on the most stable surface formed during the growth of
the corresponding crystal.

BEs, in addition to being a key parameter in astrochemical
models, are also one of the two quantities needed to com-
pare the theoretical calculations with the desorption energy
Edes extracted from the experiments, together with the pre-
exponential factor n.34 The latter is often defined as the vibra-
tional frequency of a given species in its surface potential well,
and it takes into account the entropic effects of the desorption
process. The pre-exponential factor is entered into the equation
that determines the thermal desorption rate, together with Edes,
which accounts for the enthalpic contribution. There are two
main ways to determine n: one is to adopt the approximated
approach of Hasegawa and Herbst,43 the alternative consists of
exploiting the transition-state theory within the immobile
adsorbate approximation, as Tait et al.44 suggested. In this
work, we adopted the latter approach to determine n, with the
aim to derive Edes from the experimental data.

The work is organized as follows: in Section 2 we present the
computational results, while Section 3 is dedicated to the
laboratory experiments. Discussion of the obtained results
through the two approaches is provided in Section 4, along
with their astrophysical implications. Finally, we summarized
the most important findings of the work in Section 5.

2 Theoretical simulations

For the sake of clarity, we adopted the following notation to
distinguish between the molecular adsorbates and the solid-
state phases: CH3CH2OH and CH3CH2NH2 refer to the adsor-
bates, while the bulk and surfaces of ethanol and ethylamine
are identified as EtOH and EtNH2. Accordingly, the adsorption
of ethanol on an ethanol surface is referred to as CH3CH2OH on
an EtOH surface.
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2.1 Methodology

Quantum chemical periodic calculations were performed with
the CRYSTAL17 code, which is suitable for treating systems
with zero (molecules), one (polymers), two (slab surfaces), and
three (bulks) periodic dimensions. It uses localized Gaussian
functions as basis sets, contrary to the plane waves adopted by
most of the periodic codes.45 This allows us to rigorously define
true periodic 2D models, and avoid having to build replicas of
the system along the non-periodic direction. In this work, we
modelled 3D (bulks) and 2D (slabs) systems for H2O, EtOH and
EtNH2 ices.

2.1.1 Computational details. All the geometry optimiza-
tions and frequency calculations were run with the semi-
empirical HF-3c method, a Hartree–Fock-based method adopt-
ing a minimal basis set (MINI-1),46 to which three empirical
corrections (3c) are added to make up for the smallness of
the basis set:47 (i) the Grimme’s D3 empirical term with the
Becke–Johnson (BJ) damping scheme (D3(BJ)48,49) to account
for dispersion energy arising from noncovalent interactions;
(ii) a short-range bond correction to recover the systemati-
cally overestimated covalent bond lengths for electronegative
elements;50 and (iii) the geometrical counterpoise (gCP)
method developed by Kruse and Grimme51 to a priori remove
the BSSE.

To compute the BEs, DFT single-point energy calculations
were performed on each optimized HF-3c geometry (hereafter
referred to as DFT//HF-3c). The hybrid B3LYP functional52–54

combined with the D3(BJ) correction for the dispersion energy
was used, a methodology already tested and applied for closed-
shell species.55,56 B3LYP-D3(BJ) was combined with an Ahlrichs
triple-zeta-valence-quality basis set supplemented with a double
set of polarization functions, defined as A-VTZ*.57

All the structures (bulks, surfaces and adsorption com-
plexes) were characterized by HF-3c harmonic frequency calcu-
lations performed on the entire system. This serves to confirm
the nature of the stationary points and to compute the zero-
point-energy (ZPE) correction that accounts for the kinetic
vibrational energy at 0 K.

2.1.2 Water ice surface models and calculation of the BEs.
Two periodic water ice models previously used in ref. 55 and 56
(see Fig. 1) were used to compute the adsorption of ethanol
and ethylamine. To simulate the surfaces, we adopted the slab
model, in which a slab of a given thickness is cut out from the
bulk ice model. The first structure is a crystalline ice model,
represented by the (010) surface cut out from the bulk of the
proton-ordered P-ice.58 The unit cell is characterized by the cell
parameters |a| = 9.065 Å and |b| = 7.153 Å and it consists of
twelve atomic layers. However, interstellar ices are mostly
amorphous in nature;19,59 therefore, we adopted a more realis-
tic model consisting of 60 disordered water molecules per unit
cell. The structure possesses a cavity and several edges, thereby
showing multiple different binding sites. Its cell parameters
are: |a| = 20.355 Å, |b| = 10.028 Å, and |g| = 103.01.

The adsorption complexes were manually constructed pla-
cing the adsorbates on the binding sites present in the ice
models, following the principle of electrostatic complementar-
ity between the adsorbate and the surface, and fully optimizing
the structures. On the crystalline ice model, we characterized
three situations: (i) single molecule adsorption (S-ADS), repre-
sented by one molecule adsorbed per unit cell; (ii) a half-
monolayer (H-ML) coverage, simulated by adsorbing two mole-
cules per unit cell; and (iii) a full monolayer (F-ML) coverage,
modelled by adsorbing four molecules per unit cell. Alterna-
tively, on the amorphous ice model, a range of single adsorp-
tions were characterized with the aim to obtain BEs describing
the adsorbate/ice interactions of different strengths. Nine posi-
tions suitable to adsorb CH3CH2OH and CH3CH2NH2 were
identified, among which seven are dangling H atoms (dH)
and the remaining two are dangling O atoms (dO). Given
the presence of both H-bond acceptor and donor groups in
the adsorbates, such an ensemble of binding sites allows the
establishment of both types of interactions.

The final binding energy, BE(0), defined as a positive quan-
tity in the case of a favourable interaction, results from sub-
tracting the basis set superposition error (BSSE), arising from
the finiteness of the basis set, and adding the HF-3c ZPE

Fig. 1 Crystalline (left) and amorphous (right) periodic water ice models adopted in this work. The target icon indicates the binding sites considered for
the adsorption of CH3CH2OH and CH3CH2NH2. On the amorphous model, the sites have been labelled as dangling hydrogen atoms (dH1–dH7) and
dangling oxygen atoms (dO8–dO9). Colour code: red, oxygen; grey, hydrogen. The unit cell parameter is also highlighted (in blue).
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correction at 0 Kelvin (DZPE = ZPEcomplex � ZPEice � ZPEspecies)
to the bare interaction energy (DE = Ecomplex � Eice � Especies).

BE(0) = BE � DZPE = �(DE � BSSE) � DZPE (1)

Each BE value can be decomposed in a purely electronic
contribution extracted from the pure DFT calculation and a
fraction due to purely dispersive interactions, estimated with
the D3(BJ) term. We are aware that this approach is not
rigorous, thus our estimates should be taken as indicative.
A detailed explanation of the computation of the BE(0)s and
their energetic contributions can be found in the ESI† and in
previously published works.55,56

2.1.3 Modeling of EtOH and EtNH2 ices. The EtOH and
EtNH2 ice bulk structures were modeled by fully optimizing
their crystalline structures determined by X-ray diffraction.60,61

Subsequently, several low-Miller-index surfaces were generated
to characterize their stability. For each slab, the internal atomic
positions were optimized while keeping the unit cell para-
meters frozen at the bulk values. The thickness of each slab
was determined in such a way that their surface energy con-
verged to a plateau.

The surface energy (ES, in J m�2) is the energy required to
cut out a slab from the bulk. The most stable surfaces are
characterized by the lowest surface energies. ES is calculated
through the equation:

ES ¼
Eslab �N � Ebulk

2A
; (2)

where Eslab is the energy of the surface, Ebulk is the energy of the
bulk, N = zslab/zbulk with z being the number of molecules
contained in the unit cells of slab and bulk, and A is the
surface area. The factor 2 accounts for the existence of two
equal surfaces of the slab.

The cohesive energy (EC, in kJ mol�1) of the bulk (or a
surface) results from the equation:

EC ¼
EbulkðslabÞ

z
� Emol; (3)

where Emol is the energy of the fully optimized isolated
molecule in the gas phase.

The extraction energy (EX) of a molecule from a surface is the
energy cost to extract the molecule from the surface. It is
obtained by calculating the energy of the structure that follows
the removal of one surface molecule without re-optimization of
the structure, and is repeated for each molecule located in the
external layer of the surface:

EX = Ecarved + Emol � Eslab + DZPEextr, (4)

where Ecarved is the energy of the surface upon molecule
extraction, and DZPEextr accounts for the contribution of the
ZPE to the extraction processes, which is approximated to
DZPEextr = ZPEsurface/N � ZPEmol.

The most stable surface of a crystal is the most extended
one, and is characterized by the lowest ES and the highest EC

values. In principle, it should also possess the highest EX, since
it is more difficult to extract a molecule from a well-packed

structure. The (010) EtOH and the (100) EtNH2 surfaces satisfy
these criteria.

Therefore, we simulated the adsorption of CH3CH2OH and
CH3CH2NH2 onto these surfaces, identifying three binding
sites per adsorbate.

2.2 Results

This section is organized as follows: Section 2.2.1 addresses the
modeling of bulks and surfaces of EtOH and EtNH2 crystals;
Section 2.2.2 regards the computation of the BE(0)s obtained on
such surfaces; Section 2.2.3 presents the BE(0)s for the S-ADS
scenario on the crystalline and amorphous water ice surface
models; and Section 2.2.4 shows the results for the H-ML and
F-ML coverages.

2.2.1 EtOH and EtNH2 crystal and surface ices. The bulk
and surface ice models for EtOH and EtNH2 were simulated
taking as a reference their experimental structures. The crystal
structure of EtNH2 (P21/C space group) was determined by X-ray
diffraction at 150 K through in situ crystallization from the
liquid,61 while single crystals of ethanol (PC space group) were
grown at 156 K and analyzed through X-ray diffraction at 87 K.60

In the asymmetric unit, both EtOH and EtNH2 present two
crystallographically independent molecules, while the unit cells
contain four molecules (see Fig. 2a and d). In both cases, two
types of intermolecular interactions can be distinguished:
H-bonding between the NH2 (for EtNH2) and OH (for EtOH)
groups, and CH3� � �CH3 dispersion. The conformation around
the C–C bond is staggered in both molecules. In EtOH, the OH
group is differently oriented so that both the trans and the
gauche conformers are present in the unit cell. The optimiza-
tion at the HF-3c level of theory results in a reduction of the cell
parameters, and consequently of the cell volume by 7% for
EtOH and by 13% for EtNH2 (see Table 1).

The (010), (100), (001), (110), (101), (011), and (111) surfaces
were generated from the EtOH and EtNH2 bulk structures, the
thicknesses of which satisfy the surface energy convergence
condition.62 Special care was paid to the resulting dipole
moment across the non-periodic direction of each slab, dis-
carding those with |m| 4 5 D. The stability order of the surfaces
was determined primarily on their ES value, and in the second
instance on their EC and EX values (shown in Table 2). For both
EtOH and EtNH2, the slabs present very small ES values, in
agreement with their weakly bound molecular crystal natures.
The extraction energy was computed for each molecule laying
in the external layer of each surface. Thus, two to four values
were computed for each slab. The (100) slabs represent the only
exception for both systems, as the molecules defining the top
layer are related by symmetry (a glide reflection in EtOH, and a
screw rotation in EtNH2) hence providing only one value.

Six EtOH surfaces (see Table 2) were found to comply with
the dipole moment constraint. The ladder of stability is (from
more to less stable): (010)A-layer 4 (100) 4 (101) 4 (110) 4
(011) 4 (010)B-layer (the definition of A-layer and B-layer is
explained below). The cohesive energies obtained for these
slabs ranges from �49.4 kJ mol�1 (010)A-layer to �40.3 kJ mol�1
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(011), while the extraction energy spans the range from 59 to
115 kJ mol�1.

For EtNH2, eight surfaces were characterized (see Table 2),
and their stability order is: (100)A-layer 4 (001) 4 (010) 4
(111) 4 (101) 4 (110) 4 (011) 4 (100)B-layer. All of them have
an almost null dipole, with the exception of the (110) slab
(m = 1.8 D), which is responsible for the large ES. The EC values
range between �40.4 kJ mol�1 (100)A-layer and �30.0 kJ mol�1

(011), and EX covers the range between 35 and 85 kJ mol�1,
which makes ethylamine slightly less bound than ethanol.

Two types of cuts (A-layer and B-layer) were modeled for the
(010) EtOH and the (100) EtNH2 surfaces, the former one being
the most stable slab cut. In the EtOH-(010) and EtNH2-(100)

Fig. 2 Unit cell of the bulk structures of EtNH2 (a) and EtOH (d). Lateral view of the (100) EtNH2 (b) and (010) EtOH (e) slabs, the most stable surfaces cut
out from the respective bulks, exposing their apolar backbone to the external environment (A-layer type). Lateral view of the (100) EtNH2 (c) and (010)
EtOH (f) slabs, which were generated by cutting out the surface in order to expose the polar moieties to the external environment (B-layer).

Table 1 Experimental60,61 and computed (at the HF-3c level of theory)
cell parameters of ethanol and ethylamine bulk structures. a, b and c are in
Å, a, b and g are in degrees, and the volumes are in Å3

Ethanol Ethylamine

Exp. Comput. Exp. Comput.

a 5.377 5.179 8.263 7.856
b 6.882 6.773 7.310 6.949
c 8.255 8.146 5.532 5.315
a 90.0 90.0 90.0 89.9
b 102.2 104.8 99.1 100.0
g 90.0 90.0 90.0 89.8
Volume 298.6 276.2 329.9 285.8

Table 2 Dipole moment across the slab (m, in D), surface energy
(ES, in J m�2), cohesive energy (EC, in kJ mol�1), and extraction energy
(EX, in kJ mol�1) of EtOH and EtNH2 surfaces at the B3LYP-D3(BJ)/A-VTZ*
level of theory. EC, ES, and EX are corrected for the ZPE

Surface m ES EC EX

EtOH
(010)A-layer +7.2 � 10�4 0.0761 �49.4 104.1–108.2
(100) �3.3 0.0994 �47.9 106.0
(101) �1.7 0.1053 �45.7 62.0–113.7
(110) �2.9 0.1594 �44.0 59.0–116.6
(011) +3.5 0.1616 �40.3 60.0–95.2
(010)B-layer �1.8 � 10�1 0.1857 �42.0 58.9–60.0

EtNH2
(100)A-layer +1.3 � 10�4 0.0673 �40.4 71.5
(001) +2.4 � 10�3 0.0797 �39.9 64.8–69.3
(010) +2.5 � 10�4 0.0790 �38.9 65.0–69.4
(111) �1.2 � 10�3 0.0962 �35.7 63.3–80.4
(101) +1.2 � 10�3 0.1034 �33.8 36.0–63.5
(110) +1.8 0.1295 �36.7 68.1–84.3
(011) +8.8 � 10�4 0.1319 �30.0 37.5–60.4
(100)B-layer �1.5 � 10�3 0.1857 �34.1 45.6
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surfaces, a couple of layers held together by a network of
H-bonds is alternated with another couple governed by dis-
persive forces. Depending on the type of interlayer interaction
preserved by the cut, the resulting surface can be characterized
by the polar moieties being completely segregated inwards to
the slab (A-layer, see Fig. 2b and e) or totally exposed to the
exterior (B-layer, see Fig. 2c and f). The presence of polar groups
exposed to the surface causes the B-layer cut to be less stable
than the A-layer cut, resulting in EtOH-(010)B-layer and EtNH2-
(100)B-layer being characterized by the largest ES. The natural
consequence is that B-layer type surfaces will yield larger BE(0)s
for the adsorption of CH3CH2OH and CH3CH2NH2.

2.2.2 Binding energies on pure EtOH and EtNH2 surfaces.
We computed three BE(0)s for each species, two on the EtNH2-
(100)A-layer and EtOH-(010)A-layer surfaces, and one on the
EtNH2-(100)B-layer and EtOH-(010)B-layer surfaces. The structures
are available at https://zenodo.org/records/11103454.

On the EtOH-(010)A-layer surface, we identified two adsorption
complexes characterized by a different orientation of the adsor-
bate with respect to the surface. In the first case, the driving force
of the interaction is represented by the dispersive interactions
between the aliphatic chains, resulting in the ethanol molecule
laying parallel to the surface, with BE(0) = 20.9 kJ mol�1. In the
second case, the molecule is placed perpendicularly to the surface
to establish a H-bond interaction with one of the partially exposed
hydroxyl groups. Dispersive forces also play an important role in
the value of BE(0), which is as high as 30.9 kJ mol�1.

On the EtNH2-(100)A-layer surface, we found two very
similar adsorption complexes with a BE(0) of 21.4 kJ mol�1

and 21.6 kJ mol�1, due to the symmetry of the surface. They are
entirely dominated by dispersive forces, the adsorbate molecule
laying parallel to the surface in the two cases. The small
difference between the two complexes is due to a slight change
in the orientation of the ethylamine with respect to the EtNH2

surface.
The adsorption complex obtained on the EtNH2-(100)B-layer

and EtOH-(010)B-layer slabs are characterized by the –OH and
–NH2 groups of the adsorbate accepting a H-bond from the
surface, resulting in BE(0) = 41.8 kJ mol�1 for CH3CH2OH and
BE(0) = 43.0 kJ mol�1 for CH3CH2NH2.

2.2.3 Binding energies on the crystalline and amorphous
water ice models. The theoretical results on the single adsorp-
tion (S-ADS) of CH3CH2OH and CH3CH2NH2 on the crystalline
ice (CI) and amorphous solid water (ASW) surfaces are
presented here.

We identified three adsorption complexes of CH3CH2OH
onto the CI surface, characterized by a different orientation of
the adsorbate with respect to the surface (see bottom panel of
Fig. 3). Each complex is characterized by the presence of at least
one H-bond. In the weakest bound complex (BE(0) = 33.4 kJ mol�1),
CH3CH2OH only acts as a H-bond acceptor, in favour of the
interaction of the aliphatic chain with the ice. In the other two
complexes, both the O and H atoms of CH3CH2OH are involved in
H-bonds, but the orientation of the adsorbate, in the most stable
case (BE(0) = 61.6 kJ mol�1), precisely interacts with uncoordi-
nated surface-exposed H2O sites, while, in the other (BE(0) =
42.2 kJ mol�1), a rearrangement of surface-dangling OH groups
is required to establish two (longer) H-bonds.

Fig. 3 Optimized geometries of the adsorption complexes of ethylamine (top) and ethanol (bottom) on the crystalline water ice surface model. The
corresponding computed BE(0)s are also given.
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For CH3CH2OH on the ASW surface, nine binding sites were
sampled. The majority of the BE(0) values range from 37 to
48 kJ mol�1 (see Table 3), with two exceptions. In the dO8 site,
the ethanol OH group only acts as a (weak) H-bond donor
towards the dO atom and hence BE(0) = 26.0 kJ mol�1.
In contrast, in the dH7 site, ethanol is located in the cavity of
the ASW and establishes three H-bonds, two involving the O
atom and one the H atom of the OH moiety, and hence BE(0) =
59.1 kJ mol�1.

The adsorption of CH3CH2NH2 on the CI surface model
resulted in two adsorption complexes, each characterized by
the presence of two H-bonds (see top panel of Fig. 3). In the
most stable complex, CH3CH2NH2 is accepting a H-bond
through the N atom and donating another H-bond through a
H atom of the amino group, resulting in BE(0) = 61.4 kJ mol�1,
where the contribution of weak forces is reduced to 40%. In the
second (less stable) complex, the two H atoms of the amino
group act as H-bond donors, thus resulting in a weaker complex
with BE(0) = 23.1 kJ mol�1), where the dispersion interactions
of the aliphatic chains are responsible for the larger contribu-
tion (almost 90%) to the final BE(0).

For CH3CH2NH2 on the ASW surface, similar to what was
observed for CH3CH2OH, the nine BE(0)s range from 45 to
55 kJ mol�1, with the exception of those computed for sites dO8
and dH7, with BE(0) = 19.2 kJ mol�1 and 71.5 kJ mol�1,
respectively. The reasons are also weak a H-bond donation
for the first case and a very strong interaction dominated by
three H-bonds involving each atom of the NH2 group for the
second case.

2.2.4 Half and full monolayers on crystalline water ice. The
simulation of higher surface coverages consisted of the adsorp-
tion of two (H-ML) or four (F-ML) molecules per cell. The
adsorbates were manually placed with the NH2 and OH moi-
eties pointing towards the surface to optimize their interaction
with the ice.

For both species, the H-ML BE(0) values per molecule
are slightly larger than those obtained in the S-ADS regime:
66.0 kJ mol�1 (versus 61.6 kJ mol�1) for CH3CH2OH, and
64.5 kJ mol�1 (versus 61.4 kJ mol�1) for CH3CH2NH2. Instead,
the F-ML BE(0) values per molecule are smaller, 50.0 kJ mol�1

for CH3CH2OH and 49.5 kJ mol�1 for CH3CH2NH2. This is due
to the fact that, in the H-ML cases, two molecules can still easily
be accommodated in the cell and find the most favourable

geometry to maximize their interactions with the surface.
In contrast, in the F-ML cases, the four molecules struggle to
fit in the cell and lay with the aliphatic chain pointing upwards,
minimizing the interaction with the ice and being surrounded
only by the other adsorbates. The lateral interaction between
the adsorbates, one of the terms favourably contributing to the
BE(0), is mostly based on weak London forces, increasing the
weight of dispersive interactions in the final BE(0): from 43%
and 44% in the H-ML conditions, to 68% and 79% in the F-ML
ones, for CH3CH2OH and CH3CH2NH2, respectively.

Despite the compromises made by our models and the
simplified procedures, the present results are guidelines for
understanding the process of approaching a monolayer cover-
age in a real system. That is, the first adsorbate molecules
occupy the strongest surface adsorption sites, and then, by
increasing the number of adsorbates, surface sites from the
strongest to the weakest ones become occupied, until the
formation of a monolayer occurs. This assumption holds true
in the case of molecules that wet the surface, like ethanol and
ethylamine.

3 Laboratory experiments

The desorption energies (Edes) of CH3CH2OH and CH3CH2NH2

have been estimated by means of experimental procedures, and
dividing the work into two parts: determination of the mono-
layer (ML) of ethanol and ethylamine, and temperature-
programmed desorption (TPD) measurements to determine
the Edes of the adsorbates on crystalline and amorphous water
ice films.

3.1 Methodology

3.1.1 Experimental setup. All of the experiments were
hereby conducted with the VENUS apparatus located at
LERMA-CY laboratory in Cergy-Pontoise, France, and described
extensively in Congiu et al.63 VENUS consists of an ultra-high
vacuum (UHV) stainless steel main chamber with a base
pressure of 2 � 10�10 mbar, containing a 9 mm in diameter
gold-coated copper sample holder. The latter is attached to the
cold head of a closed-cycle He cryostat, that allows the tem-
perature to be varied between 6 K and 350 K via a computer-
controlled resistive heater.

Ethanol is liquid at room temperature, while ethylamine
needs to be diluted in water to be stable (with about 66–72% of
CH3CH2NH2 in H2O‡). The two species were first converted into
gas in the central molecular beamline of VENUS. The beam has
an aperture of approximately 3 mm and a residual pressure of
10�7 mbar. By means of differential pumping through two
intermediate stainless steel chambers, the gases were then sent
towards the cold surface. The species were deposited on the
surface, which was maintained at a constant temperature of
70 K. During this process, the base pressure of the main

Table 3 Computed binding energies (BE(0), in kJ mol�1) of ethanol and
ethylamine on the ASW ice surface model. See Fig. 1 for the definition of
the binding sites

Binding site CH3CH2OH CH3CH2NH2

dH1 37.0 50.1
dH2 44.8 47.8
dH3 40.3 54.0
dH4 42.0 54.2
dH5 40.5 44.8
dH6 47.8 50.2
dH7 59.1 71.5
dO8 26.0 19.2
dO9 37.1 46.2

‡ Ethylamine; SDS No. 295442 [Print]; Merck Life Science S.A.S.: Saint-Quentin-
Fallavier, France, Feb 16, 2023. https://www.sigmaaldrich.com/FR/fr/product/

aldrich/471208 (accessed Nov 9, 2023).
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chamber remains low (up to 5 � 10�10 mbar), ensuring a
focalization of the molecules onto the sample and negligible
gas–gas interactions above the cold head. During this phase,
it is possible to monitor the evolution of the ice in situ via
reflection absorption infrared spectroscopy (RAIRS) performed
with a Vertex-70 Fourier Transform infrared (FT-IR) spectro-
meter over a spectral range from 800 to 4500 cm�1 (from 12.5
to 2.22 nm). The production of a mean spectrum is non-
destructive and takes place every two minutes, corresponding
to 256 scans of the ice.

Once the deposition phase is completed, the desorption of
the species from the surface is monitored via temperature-
programmed desorption (TPD). After positioning the Hiden
51/3F Quadrupole Mass Spectrometer (QMS) 5 mm in front of
the cold head, the surface temperature is gradually increased
with a rate of b = 0.15 K s�1 = 9 K min�1 up to 200 K.
Throughout the heating process, the different chemical species
progressively sublimate from the surface and desorb at a
temperature that depends on their nature and on the binding
energy with each site offered by the surface. This results in a
TPD spectrum where the abundance of each atomic mass unit
(amu) is monitored against its thermal desorption temperature.
Indeed, the electrons produced by the hot filament of the QMS
will likely induce the fragmentation of the molecules hitting its
head into several ions. The statistic repartition of the ions,
called the cracking pattern, is specific for each species and
depends on the ionization energy (set at 30 eV in this work).
Each desorption curve can be described with the Polanyi–
Wigner equation following an Arrhenius relationship.

rðN;Edes;TÞ ¼ �
dN

dt
¼ A

b
Nne

�Edes
RT ; (5)

where the desorption rate r (molecules cm�2 s�1) depends on
the number density of molecules adsorbed on the surface N
(molecules cm�2), the desorption energy of a molecule on the
surface Edes (J mol�1), and the temperature of the surface T (K).
In eqn (5), A is the pre-exponential factor (s�1), b is the heating
rate, R is the ideal gas constant (J mol�1 K�1), and n is the order
of the desorption process. The zeroth-order represents
desorption kinetics that are independent of the amount of
available adsorbate, such as the case of thick films consisting
of multilayers. The first-order kinetics corresponds to the
desorption of an adsorbate whose coverage is lower or equal
to one monolayer, and implies that the desorption rate
is proportional to the number of molecules present on the
surface. The fitting of the TPD results allows us to determine
N and Edes, provided that the pre-exponential factor A is fairly
constrained.

3.1.2 Growth of the molecular films. In this work, ethanol
and ethylamine have been sent towards the surface with the
central molecular beam of VENUS. They have been deposited
either on bare gold or on a film of water ice (see Section 3.1.3
for more details). In all the cases, the surface was held at 70 K.
The VENUS setup has been optimized for the study of very thin
layers (from sub-monolayer up to one monolayer) of adsor-
bates, although systems of thicker ices, whether pure or mixed,

can be investigated as well (usually under 100 monolayers).
In order to determine the amount of molecules present on
the cold head, two methods can be used and mutually confirm
each other.

The first method can be performed in situ via infrared
measurements during the deposition. The column density N
(molecules cm�2) of deposited or newly formed species can be
calculated via a modified Lambert–Beer equation,

N ¼ 2

Ð
AðlÞdl

f
; (6)

where the constant 2 is determined specifically for the VENUS
setup,63 ÐAðlÞdl is the integrated area of the infrared absorp-
tion feature (cm�1), and f is the corresponding band strength.
In the case of ethanol, the calculation shows that the mono-
layer is reached after approximately 21 minutes, using a band
strength of f = 1.4110�17 cm �molecules�1 at 1055 cm�1.64 For
ethylamine, the only band-strength values available have been
calculated very recently.6 As there are no other available values,
most experimental works involving ethylamine (i.e., Danger
et al.65) adopted the band strength of methylamine, which
was first communicated in 2005 without any known source.66

With the corresponding band strength of amorphous ethyl-
amine f = 3.6910�18 cm � molecules�1 at 1395 cm�1,6 one
monolayer of CH3CH2NH2 appears to be reached after 24
minutes of deposition.

The other way is via the TPD measurements as described by
Noble et al.67 A monolayer (ML) is defined by the theoretical
filling of all available sites on the gold surface, corresponding
to approximately 1015 molecules cm�2. During the deposition
phase, as the dose is gradually increased, the available sites are
progressively filled, beginning from high-depth sites towards
low-energy ones, until the deposited amount reaches 1 ML.
In the case of ethanol, the values obtained with TPD and
infrared measurements match well, giving a ML completion
after B20 minutes. This is easily determinable with the
desorption profile of CH3CH2OH. Ethylamine, however, has a
more complex desorption profile, making the monolayer deter-
mination more ambiguous. The areas under the main fragment
curves of ethylamine and ethanol are not directly comparable,
due to their different ionization cross-sections at 30 eV.
At this ionization energy, there is no record of an ionization
cross-section measurement for ethylamine. The value of

stotCH3CH2NH2
¼ 9 Å2 has been used in studies of 67P/C-G7,68 but

is only valid at 70 eV. In this work, we chose to use the ionization

cross-section of dimethylamine (stotCH3NHCH3
¼ 6:68 Å2 at 30 eV),

which also has a 9 Å2 value at 70 eV.69 Considering this, it is
possible to demonstrate once again the time of ML completion
for ethanol (20 minutes) and ethylamine (24 minutes). Table 4
reports the list of experiments performed.

3.1.3 Growth of water ice films. Water can be grown on the
sample either via a molecular beam identical to the one used
for ethanol and ethylamine, or via a water vapor delivery
manifold controlled by a needle valve. In this work, the latter
technique was used. It allows water vapor to leak directly into
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the main chamber, sufficiently far from the cold head for
a monolayer to be grown in approximately 5 minutes. This
method is also called ‘‘background deposition’’ and enables the
possibility to use water as a matrix, or as a thick ice substrate.
In the experiments of this work, we deposited 10 ML of water on
the sample, with the exception of one experiment, in which a
more accurate recalculation of the ice thickness yielded 6.5 ML
(see last column of Table 4).

Depending on the temperature and modality of water
deposition, different morphologies can be obtained. In our
experimental conditions, non-porous amorphous solid water
(ASW) – mimicking a compact ice bulk – is easily formed by
leaving the cold finger at a steady temperature of 110 K during
the deposition. Once a thickness of 10 ML is reached, the
sample is cooled down to 70 K in order to deposit one of the
molecules of interest. The procedure to form crystalline ice (CI)
requires more steps, as a thermal treatment has to be per-
formed on the 10 ML formerly deposited. The ice is first
warmed to 140 K at a rate of 9 K min�1, then to 142.5 K at a
rate of 6 K min�1. The process of crystallization can be
monitored via RAIRS (stopped once the entire ice is crystalline,
proved by a major change in the band shape), as well as via
QMS to quantify the desorbing H2O until this value remains
constant.

The quantity of H2O on the surface can directly be estimated
during the deposition by monitoring the partial pressure of
water inside the main chamber. Otherwise, it can be verified
using the same methods as for ethanol and ethylamine.

3.2 Results

The experiments performed in this work can be divided into
two categories: (i) sub-monolayer depositions of the adsorbates
on ASW or CI films; and (ii) multilayer depositions of the
adsorbates on an ASW film. For each adsorbate, CH3CH2OH
and CH3CH2NH2, three sub-monolayer depositions were car-
ried out on ASW and one on CI. Only one multilayer deposition
of each species was performed on amorphous H2O. See Table 4
for the experimental details.

With this experimental study, our aim is to investigate the
modification of the desorption profiles of CH3CH2OH and
CH3CH2NH2 depending on the surface type on which they
are deposited (gold, ASW and CI), and on the surface coverage
(sub-monolayer, monolayer and multilayer). In order to com-
pare these results with the theoretical ones, the desorption
energy of the adsorbates was also derived from the TPD curves
using software developed in-house.

In the figures of this section, for the sake of clarity, we only
display the most abundant molecular ion for each species:
m/z = 18 for water ([H2O]+), m/z = 31 for ethanol ([CH2OH]+),
and m/z = 30 for ethylamine ([CH2NH2]+). Moreover, as no clear
conclusion can be drawn from the infrared spectra produced
during the experiments, except for the monolayer calibration
(see Section 3.1.2), we chose not to display them in this paper.

3.2.1 Sub-monolayer depositions
3.2.1.1 On a gold substrate. Firstly, the behaviour of CH3CH2OH

and CH3CH2NH2 on the bare gold surface was studied to assess
the adsorbate/surface interactions, which will be compared with
those established when the surface consists of water ice
(described in the following subsections). The experiments were
initially performed to calibrate the flux to use for each of the two
adsorbates. Fig. 4 represents the TPD curves for the m/z = 31
ethanol fragment and the m/z = 30 ethylamine fragment, which
desorb at different deposition times. To avoid any ambiguity, and
since the deposition times account for the quantities deposited,
they have been converted to monolayers (MLs).

While CH3CH2OH exhibits a noticeable site-filling beha-
viour, starting with the strongest binding sites, this is not the
case for CH3CH2NH2. The start, end, and maximum of the
desorption occurs at 122, 170 and 141 K for 0.7 ML of ethanol,
and at 97, 160 and 113 K for 0.83 ML of ethylamine. In the case
of the lowest coverages, represented by the dotted fainter lines,

Table 4 List of the experiments performed with the VENUS setup

Deposited molecule Quantity deposited (ML) Substrate type Substrate thickness (ML)

Ethanol (C2H5OH) 0.25; 0.5; 0.6; 0.7; 0.75; 1.5 Gold —
0.15; 0.25; 0.7; 2.1 Amorphous H2O 10; 6.5; 10; 10
0.15 Crystalline H2O 10

Ethylamine (C2H5NH2) 0.2; 0.33; 0.4; 0.7; 0.83; 1.25 Gold —
0.08; 0.13; 0.4; 1.25 Amorphous H2O 10; 10; 10; 10
0.13 Crystalline H2O 10

Fig. 4 TPD curves for the deposition of 0.7 ML (solid blue line) and
0.25 ML (dotted blue line) of ethanol, and 0.83 ML (solid red line) and
0.2 ML (dotted red line) of ethylamine, on the gold substrate. The most
abundant molecular ion is displayed for each molecule.
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the start of the desorptions is slightly shifted towards higher
temperatures. This is explained by the propensity of the adsorbates
to attach to the most favourable binding sites, therefore needing
more thermal energy to sublimate into the gas phase. As soon as
more molecules are present on the surface, they occupy less
favourable binding sites until all of them are used. This moment
defines the monolayer, as additional molecules would directly
stick to the first layer, and not to the bare gold. It is worth noting
that the calibration curve pattern matches the time estimated for
the monolayer completion in the previous section.

For these conditions, it is possible to extract the desorption
energy of each of the adsorbates on the gold substrate, follow-
ing the method outlined in Section 3.2.3.

3.2.1.2 On amorphous solid water. In the case of the sub-
monolayer depositions of CH3CH2OH, namely 0.15, 0.25 and
0.7 ML, on a slab of 10 ML of ASW, the desorption curves and
behaviours are all fairly comparable, as seen in the left panels
of Fig. 5 and 6.

The TPD profiles differ in their integrated area, the latter
being proportional to the quantity of molecules deposited on

the bulk of H2O. In the case of the 0.15 and 0.25 ML CH3CH2OH
depositions, a common pattern is visible, with the adsorbate
starting to desorb at 147 K and 144 K, respectively, along with
the crystallization of water. On the other hand, with the 0.7 ML
CH3CH2OH deposition, the adsorbate starts to desorb together
with amorphous water already at B130 K. We note here that
the quantity of water under the 0.25 ML deposition of ethanol
was lower due to the use of a lower flux. The additional noise,
visible on m/z = 18 and m/z = 31, is due to a poor following of the
heating ramp after a change of the thermometer. This resulted
in small recurrent surges of desorption, and in the partial
crystallization of water before the expected temperature.
However, this behaviour does not change the essence of the
results. In all cases, the rest of the ethanol desorption follows
the water pattern, with Tpeak slightly shifted by about 1–2 K
after the maximum of water desorption, and the desorption
of both molecules ending mutually. This suggests that
CH3CH2OH stays bound to the water surface until the H2O
molecules leave the surface completely. The moment ethanol
starts desorbing can be explained by a stronger binding energy
with ASW compared to CI in the case (see below) of the lowest

Fig. 5 TPD curves for the deposition of 0.15 ML of ethanol on 10 ML of ASW (top left) and of CI (top right), and 0.13 ML of ethylamine on 10 ML of ASW
(bottom left) and of CI (bottom right). The most abundant molecular ion is displayed for each molecule. A logarithmic scale is used for better data
readability, and grey vertical lines indicate the start of the water desorption and its crystallization.
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coverages, leading CH3CH2OH to stay bound to water until it
changes configuration by crystallizing. Please refer to Section
3.2.1.3 for further details about the crystallization processes.

The sub-monolayer depositions of CH3CH2NH2 (0.08, 0.13,
and 0.4 ML) on the slab of 10 ML of ASW have common
characteristics with the ethanol depositions. For instance,
the ethylamine and H2O desorptions end mutually, and the
integrated areas of the TPD profiles of ethylamine are also
proportional to the surface coverage. However, the maximum of
the desorption of CH3CH2NH2 is reached 1 K before that of
water, except for the coverage of 0.08 ML, where both ethyl-
amine and water show their maximum peak concomitantly.
Additionally, in all cases, ethylamine starts desorbing before
the crystallization of water at, respectively, 138, 140 and 132 K.
Contrary to ethanol, it seems that CH3CH2NH2 binds with
water in the same way, regardless of the configuration of
the ice. The lowest temperature would here simply reflect the
higher concentration of molecules, consequently desorbing
earlier due to the unavailability of the most favourable
binding sites.

However, the comparison of TPDs registered after short
deposition times of both ethanol and ethylamine highlights

that both molecules sublimate far later when adsorbed on
water ice rather than when deposited on the gold surface,
due to their more favourable and stronger interaction with
the ASW ice.

3.2.1.3 On crystalline ice. The above interpretations of a
stronger binding energy of the adsorbate with ASW than with
CI, in the case of low coverage for ethanol, are demonstrated
experimentally by depositing 0.15 ML of CH3CH2OH and
0.13 ML of CH3CH2NH2 on 10 ML of CI. The H2O ice was
crystallized via the process described in Section 3.1.3, and the
results are displayed in the right panels of Fig. 5.

In the case of ethylamine, the desorption curve is identical
to that on ASW. The start, end, and maximum of the desorption
occur at the same temperatures, and the integrated areas
are equivalent, attesting that the deposition conditions are
extremely similar, apart from the configuration of the H2O
substrate. Thus, it seems that there is no influence of the ice
structural state in the desorption energy of CH3CH2NH2 on
water ice.

In the case of ethanol, however, the m/z = 31 signal differs
fairly significantly whether deposited on ASW or on CI. On CI,

Fig. 6 TPD curves for the deposition of 0.7 ML of ethanol (top left), 0.4 ML of ethylamine (bottom left), 2.1 ML of ethanol (top right) and 1.25 ML of
ethylamine (bottom right) on 10 ML of ASW. The most abundant molecular ion is displayed for each molecule. A logarithmic scale is used for better data
readability, and grey vertical lines indicate the start of the water desorption and its crystallization.
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although most of the sublimation into the gas phase takes
place at the very end of the water desorption at Tpeak = 162 K (as
expected from the results obtained on ASW), a small fraction of
molecules starts desorbing before water, from B117 K to
B145 K. This corresponds better to the temperature range
observed in the case of a deposition exclusively on gold. The
curve shape suggests that when H2O is completely crystalline,
the ethanol molecules either bond slightly less (explaining their
pre-desorption), or tend to agglomerate one onto each other,
favouring a behaviour close to that of a multilayer regime.
With any of the above solutions, the conclusion remains that in
a sub-monolayer regime, ethanol has a different behaviour on
ASW and on CI, further demonstrating its ejection from the
surface during the phase change of water.

3.2.2 Multilayer depositions. The desorption process of the
adsorbates in a multilayer regime (i.e., 2.1 ML of CH3CH2OH
and 1.25 ML of CH3CH2NH2) deposited onto a film of 10 ML of
ASW were also performed. The corresponding TPD curves are
displayed on the right panels of Fig. 6. The desorption profile of
ethanol shows two clearly distinguishable peaks, while that of
ethylamine exhibits the contribution of three desorption peaks.
They all attest that there are different kinds of molecular
interactions.

In both species, the shoulder monitored at higher tempera-
ture at the end of the H2O desorption, furthest to the right,
is comparable to the results obtained from the sub-monolayer
depositions. In other words, the molecules of ethanol and
ethylamine that are directly in contact with the highest energy
binding sites keep being bonded very strongly with water, even
when the latter is desorbing. They are therefore sublimating
together with the very last water molecules.

In the case of ethylamine, the first peak observable even
before the start of the water desorption corresponds to a
fraction of molecules that are not directly interacting with the
bulk of H2O, but rather with the less strongly bonded multi-
layer. Indeed, these CH3CH2NH2 molecules start desorbing at
102 K, corresponding well to the behaviour exhibited when a
multilayer regime is deposited solely on gold, with the addition
of a slight water-binding contribution, explaining the signal
persistence up to B150 K (visible if using an extrapolation).
The interaction between layers of CH3CH2NH2 is thus weaker
than that between the adsorbate and the ASW ice film.
In the case of ethanol, in contrast, this first peak characteristic
of a multilayer regime does not appear prior to the desorp-
tion of water, but is instead blended with the intermediate peak
(described in the next paragraph). Indeed, on gold, multilayers
of CH3CH2OH only start to desorb around 120 K. This
temperature mingles with that of the start of water desorption,
therefore making the multilayer contribution indistinguish-
able from the second peak, when the adsorbate is deposited
on H2O.

Lastly, for both adsorbates, the largest contribution to the
desorption peaks occurs at the moment of the H2O phase
change. This would correspond to the ejection of ethanol and
ethylamine from the surface when water is undergoing a
morphological change. In a multilayer regime, both adsorbates

consequently appear to bond more strongly with ASW than
with CI.

3.2.3 Desorption energy derivation. The desorption condi-
tions on water ice do not allow us to easily extract the
desorption energies, Edes, of the adsorbates. Indeed, in most
of the cases, the interaction between the adsorbates and water
ice is stronger than that of water with itself, resulting in a co-
desorption of H2O and the adsorbates, or in a late desorption of
the adsorbates, together with the last H2O molecules present on
the sample. Since water starts sublimating first, calculating
the Edes values of the adsorbates on water ice is therefore
unfeasible.34 Likewise, the multiple peaks found when several
adsorbate layers are deposited also prevent a clear derivation of
the adsorbate/water Edes.

However, obtaining Edes values is possible by using the sub-
monolayer and monolayer depositions of CH3CH2OH and
CH3CH2NH2 on the bare gold substrate (see above). The
mathematical model, based on eqn (5) and developed by
Chaabouni et al.,70 was employed to fit the experimental
results. The code returns different populations (N) of molecules
sublimating into the gas phase with a certain desorption energy
(Edes), all together contributing to the final TPD curve. The best
fit of the experimental data is obtained when the calculated
curve matches well the experimental results, which is satisfied
when the three parameters (ATST; Edes, N) are well constrained.

The pre-exponential factors needed to obtain the curves and
the populations were calculated with an equation derived from
transition state theory44 (further details can be found in the
ESI†), yielding ATST = 3.31 � 1018 s�1 for ethanol, and ATST =
2.04 � 1018 s�1 for ethylamine.

The model returns Edes = 53.6 kJ mol�1 (6450 K) for
CH3CH2OH and Edes = 41.6–43.2 kJ mol�1 (5000–5200 K) for
CH3CH2NH2, as displayed in Fig. 7 (right panels), where the
best fits of the simulated TPD (in red) match well the ones
measured in the experiments (represented by the black dots).
Each simulated curve is given by the combination of a number
of TPDs, each corresponding to the different Edes obtained in
the population graph (left panel of Fig. 7). For ethanol, we do
not obtain an actual distribution, as more than 80% of the
molecules are characterized by one main energy value. On the
other hand, ethylamine shows a proper distribution with almost
70% of the population having Edes between 41.6–43.2 kJ mol�1

(5000–5200 K), followed by about 15% of the population with Edes

between 44.9–46.6 kJ mol�1 (5400–5600 K) and the remaining
population in which each Edes has a progressively smaller weight
until reaching a negligible contribution.

4 Discussion
4.1 Pure CH3CH2OH and CH3CH2NH2 depositions

All the quantities computed in this work have been reported in
Table 5. The desorption of CH3CH2OH and CH3CH2NH2 depos-
ited on the bare gold surface resulted in a TPD with a Tpeak of
141 K and 113 K, respectively. From there, Edes = 53.6 kJ mol�1

for ethanol and Edes = 41.6–43.2 kJ mol�1 for ethylamine were
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derived, along with the respective pre-exponential factors n.
From a computational point of view, this scenario can be
reproduced in two ways: (i) by modeling the bulk and the
surfaces of EtOH and EtNH2 crystals; or (ii) by adsorbing
CH3CH2OH and CH3CH2NH2 on the most stable EtOH and
EtNH2 surfaces. The quantity that determines the strength of
the interaction between the molecules forming the crystals is

the cohesive energy EC of the bulk (�53.4 kJ mol�1 for EtOH
and �44.0 kJ mol�1 for EtNH2) and of the most stable surfaces
(�49.4 kJ mol�1 for EtOH and �40.4 kJ mol�1 for EtNH2).
It should be noted that the negative values taken by EC are due
to its definition, which is the opposite of that of the BE(0).
Therefore, a more negative value indicates a more stable
structure. We also simulated the adsorption of CH3CH2OH on

Fig. 7 Comparison between the measured and reproduced TPD profiles and relative populations of 0.7 ML of CH3CH2OH adsorbed on gold (top panel,
8 TPDs) and 0.4 ML of CH3CH2NH2 adsorbed on gold (bottom panel, 10 TPDs), considering the calculated pre-exponential factor.

Table 5 Summary of all the computed quantities. All quantities are ZPE-corrected and are provided in kJ mol�1 and in Kelvin. BE(0) = binding energy;
EC = cohesive energy; EX = extraction energy; CI = crystalline ice; ASW = amorphous solid water; S-ADS = single adsorption; H-ML = half monolayer;
F-ML = full monolayer. Multiple values are separated by a slash, while ranges are represented by their endpoints

kJ mol�1 Kelvin

CH3CH2OH CH3CH2NH2 CI ASW CH3CH2OH CH3CH2NH2 CI ASW

Bulk EC �53.4 �44.0 �55.8 �6423 �5292 �6711
Surface EC �49.4 to �40.3 �40.4 to �30.3 �49.5 �44.9 �5941 to �4847 �4859 to �3644 �5953 �5400
Surface EX 58.9 to 116.6 36.0 to 84.3 7084 to 14024 4330 to 10139

BE(0) on (010) EtOH 20.9/30.9/41.8 2514/3716/5027
BE(0) on (100) EtNH2 21.4/21.6/43.0 2574/2598/5172

BE(0) S-ADS on CI 33.4/42.2/61.6 23.1/61.4 4017/5075/7409 2778/7385
BE(0) H-ML on CI 66.0 64.5 7938 7758
BE(0) F-ML on CI 50.0 49.5 6014 5953
BE(0) S-ADS on ASW 26.0 to 59.1 19.1 to 71.7 3127 to 7108 2297 to 8624
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the (010) EtOH surface, and CH3CH2NH2 on the (100) EtNH2

surface, to compute the relative binding energy, which resulted
in a range covering similar values for the two species (20.9–
41.8 kJ mol�1 for CH3CH2OH and 21.4–43.0 kJ mol�1 for
CH3CH2NH2). Despite the similarity of the BE(0)s, the first
calculations suggest that the interaction between organized
ethanol molecules is stronger than that between ethylamine
molecules. This is in agreement with the Edes of ethanol and
ethylamine estimated experimentally. Remarkably, the EC of
the bulk and of the most stable EtOH and EtNH2 surfaces
seems to be the quantity that better describes what we observe
in the experiment, supposing that small quantities of adsor-
bate, when deposited on the gold finger, or during the heating
phase, could aggregate and order themselves into structures
that resemble the order present in the crystal.

4.2 Sub-monolayer depositions

The experiments performed in this work cannot provide an
experimental measurement of the Edes of CH3CH2OH and
CH3CH2NH2 adsorbed on water ice. This is because the inter-
pretation of the TPD profiles is hindered by the presence of
co-desorption phenomena, and occasionally the emergence of
multiple desorption peaks. This occurred as well in previous
experimental studies (e.g., Lattelais et al.40) investigating
the desorption of ethanol from water ice. For this reason, Burke
et al.71 classified ethanol as a complex water-like molecule, in
that it wets the ice surface and co-desorbs with water (which
moreover affects the water crystallization process), like metha-
nol, acetic acid, and other iCOMs. Minissale et al.34 also
mentioned that the species capable of establishing several H-
bonds with water are likely to be strongly bound with the ice
and behave like ethanol, thereby making impracticable the
determination of their Edes values from a TPD experiment.
From our calculations, this phenomenon can be explained by
the presence of BE(0) values of CH3CH2OH and CH3CH2NH2

that are responsible for an interaction between the adsorbate
and water that is stronger than the cohesive energy of water ice
(�55.8 kJ mol�1 in the case of CI bulk, and slightly inferior for
ASW and CI surfaces).

Moreover, the experiments show that CH3CH2NH2 binds
with ASW and CI with similar strength, regardless of their
different structural states. On the contrary, CH3CH2OH seems
to have stronger binding energies with ASW compared to CI in
the case of low coverages (0.15 and 0.25 ML). This aspect
does not clearly emerge from the calculations, because the
differences in the BE(0) ensembles of ASW and CI are limited.
While the BE(0) values computed for ethylamine cover
almost the same range for ASW (19.1–71.7 kJ mol�1) and CI
(23.1/61.4 kJ mol�1), ethanol can experience lower BE(0)s
on ASW (26.0–59.1 kJ mol�1) rather than on CI (33.4/42.2/
61.6 kJ mol�1), thus in disagreement with the experimental data.

Additionally, an aspect that must be considered in the
comparison of experimental and theoretical results is that, in
a sub-monolayer deposition TPD experiment, constant thermal
energy is provided to the molecules, which is used to diffuse
and move toward stronger binding sites, where the system is

more stable, this way neglecting the least favourable binding
sites. Moreover, the experiments measure desorption energies,
accounting for desorption effects that cannot be reproduced
in the calculations. Therefore, the Edes values provided by the
experiments do not usually cover the lower limit of the BE(0)
distribution obtained with calculations.

In this sense, quantum chemical calculations offer the possi-
bility to compute the quantities that cannot be determined
experimentally. Despite their structural similarity, CH3CH2OH
and CH3CH2NH2 show differences in their chemical behaviour,
due to the H-bond capabilities of the OH and NH2 groups. NH2 is
a stronger H-bond acceptor than OH, but it is a weaker H-bond
donor. This results in CH3CH2NH2 spanning a larger BE(0)
range than CH3CH2OH when adsorbed on the ASW model
(19.1–71.7 kJ mol�1 vs. 26.0–59.1 kJ mol�1, respectively) since
the strength of the interaction depends on the atom establishing
the H-bond with the binding site of the ice. Such a difference can
also partially be observed with the CI model, where the lowest
BE(0), due to H-bond donation from the adsorbate to the surface,
is 23.1 kJ mol�1 for ethylamine and 33.4 kJ mol�1 for ethanol. The
values obtained for the CI can represent in part the BE ensemble
obtained on the ASW, although two or three values are not
sufficient to account for the diversity of binding sites available
on the amorphous model.

The BE(0) values obtained for CH3CH2OH and CH3CH2NH2

on CI and ASW mostly agree with those proposed in the
literature. Garrod39 suggested BE = 65.5 kJ mol�1 for CH3CH2NH2

and BE = 52.0 kJ mol�1 for CH3CH2OH, highlighting the stronger
interaction of ethylamine, compared to ethanol, with the ice.
To the best of our knowledge, no other BEs have been documen-
ted for CH3CH2NH2 on water ice. At variance, ethanol has been
the object of a number of investigations. Lattelais et al.40 com-
puted the adsorption of ethanol onto the same crystalline proton-
ordered ice model of this work, using the PW91 functional in
combination with plane waves, with the VASP code, obtaining
BE = 56.5 kJ mol�1, close to the value of Garrod.39 Due to the use
of plane waves, the BE computed by Lattelais et al.40 does not
suffer from the BSSE. However, at variance with our calculations,
both the ZPE and the dispersion corrections are lacking, probably
explaining the discrepancy with the value computed in this work for
the same adsorption complex (BE(0) = 61.6 kJ mol�1). On the
contrary, the values provided by Etim et al.,41 in which ethanol
is interacting with only one water molecule, range from 37.4 to
40.7 kJ mol�1, which lie within the intermediate range of our BE(0)
ensemble. Clearly, the latter estimate cannot reproduce the largest
BE(0)s, due to the impossibility of capturing the essence of the
interaction between CH3CH2OH and water ice when approximating
its structure with only one water molecule. The choice of the ice
model appears to be crucial, especially when the adsorbate is large
enough to interact with more than one water molecule. Thus, the
values proposed in this work represent an extension of those already
available in the literature, additionally describing a tail of weaker
BE(0) values that can only be simulated when using extended
amorphous ice models characterized by a rich structural variability.

The simulation of the H-ML and F-ML scenarios by adsorb-
ing a larger number of molecules on the surface yields slightly
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larger and lower BE(0)s compared to the S-ADS case, respec-
tively. In the calculations, we directly modeled the adsorption
of a layer of molecules, which results in the determination of a
single BE(0) value for all the species adsorbed. This does not
faithfully represent what happens in the experiment, where the
species approach the surface in different moments and start
occupying binding sites starting from the strongest and then to
the weakest, resulting in a distribution of BEs. However,
the BE(0)s obtained from the simulation of different surface
coverages represents a useful alternative to understand the
variation in the BE(0) values resulting from the occupation of
an increasing number of surface binding sites.

4.3 Multilayer depositions

The deposition of 1.25 ML of CH3CH2NH2 on ASW results in
multiple desorption peaks, in which the desorption of the
adsorbate alone can be discerned from its co-desorption with
water. The first desorption peak (starting at 102 K, before water
desorption) corresponds to ethylamine molecules that are not
in direct contact with the water surface. The interaction
between layers of CH3CH2NH2 is thus weaker than that between
CH3CH2NH2 and the ASW film. However, in the TPD of 2.1 ML
of CH3CH2OH on ASW, the peak corresponding to the multi-
layer desorption is blended with that caused by the desorption
of the ethanol in direct contact with water ice due to crystal-
lization of the latter. This causes the two types of desorption to
be indistinguishable. Such a discrepancy between CH3CH2NH2

and CH3CH2OH can be justified by comparing, once again, the
EC of the species under investigation. The computed cohesive
energies of ASW and CI surfaces (�49.5 and �44.9 kJ mol�1,
respectively) are comparable with those of ethanol surfaces
(between �49.4 and �40.3 kJ mol�1), but larger than those of
ethylamine surfaces (between �40.4 and �30.3 kJ mol�1).
Based on these numbers, we can assume that even in the
presence of larger quantities of ethanol on the water ice sur-
face, both ethanol and water likely desorb in the same tem-
perature range: the multilayer desorption is regulated by the
cohesive energy, while the desorption of those ethanol mole-
cules in direct contact with water is determined by the BE(0) of
CH3CH2OH on ASW.

4.4 Astrophysical implications

The experiments performed in this work reveal that ethanol
and, in part, ethylamine co-desorb with water ice. Computa-
tional data confirm and complement the experimental results,
providing an ensemble of BE(0)s accounting for the upper
and lower limits. Usually, the weakest interactions between
the adsorbate and the surface cannot be measured by TPD
experiments, but need to be considered when determining the
regions of the ISM in which a species is available in the gas
phase, rather than segregated on the ice grains. Despite this,
the presence of ethanol, as well as other iCOMs in general, in
the cold (o20 K) outskirts of prestellar cores requires non-
thermal desorption processes to be explained.

In contrast, ethylamine has only been tentatively detected
towards the Galactic center cloud G+0.693-0.027,9 raising

doubts regarding its absence elsewhere. This work suggests
that both CH3CH2OH and CH3CH2NH2 should be found in
warm regions, like hot cores and hot corinos, where the ice
mantles sublimate due to the presence of a warm central
object.

The Edes of the species on water ice mantles have a profound
impact on the chemical composition of the regions where
planetary systems eventually form. A very important case is
represented by the gaseous-versus-solid chemical composition
of protoplanetary disks. If a species is in the solid form, it will
likely be incorporated in rocky planets, asteroids and comets,
whereas, if it resides in the gas phase, it will only enrich the
giant gaseous planets. The transition of a species from the gas
phase to the solid phase (when moving away from the central
object) is identified by its snow-line.72

If we compare the BE(0) ranges spanned by ethanol (26.0–
59.1 kJ mol�1), ethylamine (19.1–71.7 kJ mol�1) and water
(14.2–61.6 kJ mol�1, peaking at 35.2 kJ mol�1),73 we can have
clues on the composition of the icy mantles on the protopla-
netary disks, dictating whether a species is incorporated in
water-rich planetesimals or not. By looking at the maximum
BE(0) values of CH3CH2OH and CH3CH2NH2, we can infer that
at least a fraction of these species will remain on the grains in
regions where up to 96% of water has completely sublimated
(corresponding to BE(0) C 54.0 kJ mol�1). Ethanol and ethyla-
mine could therefore be incorporated in the planetesimals that
will form rocky bodies.

Theoretical calculations indicate that the BE(0) ensembles of
CH3CH2OH and CH3CH2NH2 on water ice span similar ranges.
Accordingly, if ethanol is detected in the ice,19 ethylamine
should also be detected. However, this is not the case. Thus,
the reason behind the presence of ethanol and the absence of
ethylamine in ISM regions points towards their synthetic path-
ways. As mentioned in Section 1, ethanol synthesis on water
ices has been proposed via reactivity between CCH and H2O
followed by hydrogenation.31 The analogue reaction for ethyla-
mine would be thus initiated by CCH + NH3. However, ammo-
nia is much less abundant than water, causing a meager
production of CH3CH2NH2. Hydrogenation of icy acetaldehyde
(CH3 CHO), which can form by the HCO + CH3 radical–radical
coupling on water ice,74 is an alternative route towards ethanol
formation. The analogue pathway for ethylamine is the hydro-
genation of acetonitrile (CH3CN), which can form previously
through HCN + CH3 or CN + CH3 reactions. However, HCN is
chemically inert in cold environments,75 while the likelihood of
CH3 CN undergoing hydrogenation is doubtful, due to the
intrinsic stability (and consequent inertness) of nitriles.76

Moreover, detection of CH3 CN in ices still remains elusive.19

Additionally, at variance with ethanol, ethylamine could form
salts due to the basicity of the amino moiety. In general,
O-bearing species are more abundant than N-bearing species,
a fact directly linked to the cosmic abundances of oxygen and
nitrogen,77–79 although such a discrepancy cannot fully account
for the differences in the detection of these two iCOMs,
especially considering the extremely articulated network of
chemical reactions taking place in the ISM.
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5 Conclusions

In this work, the interaction of CH3CH2OH and CH3CH2NH2

on water ice has been studied by means of a computatio-
nal (periodic DFT simulations) and an experimental (TPD
measurements) approach.

First, Edes values for pure CH3CH2OH and CH3CH2NH2

deposited on a gold surface were determined experimentally,
which closely align with the cohesive energies of crystalline
bulks of EtOH and EtNH2, along with their most stable
surfaces.

The Edes values for submonolayer coverages of CH3CH2OH
and CH3CH2NH2 deposited on crystalline and amorphous
water ice surfaces cannot be determined experimentally due
to the complexity of their desorption profiles, where multiple
desorption peaks are occasionally present, in addition to the co-
desorption of the adsorbate with water. Theoretical calculations
fill this gap by providing a comprehensive set of BE(0) values
for CH3CH2OH and CH3CH2NH2 on both crystalline and amor-
phous surface ice models. Notably, these calculations reveal
weak binding sites that are elusive in traditional TPD experi-
ments. Nevertheless, the TPD of a submonolayer deposition of
ethanol on crystalline ice reveals a very small fraction of
molecules desorbing from the surface prior to its crystal-
lization, indicating a weaker interaction of ethanol with
crystalline ice compared to the amorphous one. The deposi-
tion of a multilayer of adsorbate can provide additional
information, due to the occupation of all the binding sites
available on the water surface and the formation of multiple
layers of adsorbate, avoiding a direct interaction with the
water ice. The temperature at which the first ethylamine
molecules of the multilayer desorb is higher than that of pure
ethylamine, owing to the presence of the water ice surface.
After desorption of the multilayer, the TPD profile resembles
that of a submonolayer deposition. Conversely, for ethanol, it
is not possible to distinguish the two behaviours as the
corresponding peaks are overlapping. The theoretical results
corroborate these findings, in that the cohesive energy of the
bulk and surfaces of crystalline EtNH2 is smaller compared to
that of EtOH, which in turn is comparable with that of
crystalline and amorphous water ice. This disparity explains
why ethylamine multilayers desorb before water, while etha-
nol multilayers do not.

The desorption energies of CH3CH2OH and CH3CH2NH2

play a critical role in determining their presence in the gas or in
the solid phase of the ISM, thus influencing the chemical
composition of celestial bodies formed from protoplanetary
disks, as delineated by snow-lines. The high BE(0) values of
ethanol rationalize its presence in interstellar ices. However,
the non-detection of ethylamine cannot be explained by its
BE(0) values, and likely stems from the lack of favourable
reaction pathways responsible for its formation. Nevertheless,
the scarcity of gas-phase CH3CH2NH2 in the ISM and the
presence of CH3CH2OH in the gas phase of cold objects, the
latter usually elucidated by invoking non-thermal desorption
mechanisms, need further investigation.

This work exemplifies the way in which computational
chemistry can not only support laboratory experiments, but
the two disciplines can complement each other in order to
provide reference data as the input for astrochemical models.80
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Chapter 6

Formation of urea and ethanol on
pure H2O ice clusters

Introduction

Complex organic molecules (COMs) are ubiquitous in the ISM and their synthetic path-
ways are a matter of debate, as discussed in Section 1.2.2. In addition to the two main
paradigms proposed for the synthesis of COMs, consisting of networks of gas-phase reac-
tions and of radical-radical couplings occurring on the surface of dust grains, other mech-
anisms have been proposed in recent years. Around 40% of the species detected in the
ISM are COMs, and consequently there is plenty of possible formation mechanisms to be
investigated. For this reason, a thorough study requires focussing on a particular pro-
cess. In this thesis, urea (NH2CONH2) and ethanol (CH3CH2OH) have been the subjects
of two investigations aimed at providing details onto their grain-surface synthesis. These
species were elected because they are related to prebiotic molecules. Thus, there is interest
in knowing the conditions in which they form and whether they can be inherited through
the process that culminates in the formation of a planetary system. Urea is characterised by
two C N bonds and is one of the key ingredients required in the synthesis of purines and
pirimidines, the building blocks of the nucleotides that constitute both RNA and DNA.
Ethanol is also related to prebiotic molecules, as its gas-phase processing can yield glyco-
laldehyde, from which ethylene glycol, the simplest sugar alcohol, can be obtained.

On the surface of dust grains, ‘closed-shell + closed-shell’ schemes tipically exhibit a
reaction barrier, resulting from the necessity of breaking bonds. Conversely, ‘radical +
radical’ recombination reactions are often considered to be barrierless, due to the absence
of such constraints. However, in the latter scheme, diffusion barriers and side reactions
may compete with the formation of the product of interest (Enrique-Romero et al., 2022).
For this reason, the ‘radical + closed-shell’ scheme originally proposed for the synthesis of
formamide, which involved the reaction of CN with a water molecule of the ice mantle
(Rimola et al., 2018), was applied to the reaction of CCH + H2O. This pathway, followed
by three hydrogenation steps, brings to the formation of ethanol in an almost barrierless
fashion, as presented in ‘Non-energetic formation of ethanol via CCH reaction with interstellar
H2O ices. A computational chemistry study’ (Perrero et al., 2022, ACS Earth Space Chem., 6,
496).

A slightly different strategy was adopted in ‘Synthesis of urea on the surface of interstellar
water ice clusters. A quantum chemical study’ (Perrero et al., 2024, Icarus, 410, 115848), where
two ‘radical + closed-shell’ pathways (involving the H2NCO and NH2 radicals) were
tested along with other schemes to identify the most promising urea formation mecha-
nism. Additionally, in this case none of the reactants belonged to the modelled mantle
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Figure 6.1: Structures of the 18 and 33 water molecules clusters.

structure, in that they were adsorbed on the surface of the model, simulating a Langmuir-
Hinshelwood mechanism. The role of the ice surface in each reaction depends on the
specific mechanism considered.

Results

In these studies, the ASW ice coating interstellar grains was simulated with two cluster
models: W18, representing a compact flat water ice surface, and W33, characterised by the
presence of a cavity structure of about 6 Å (see Figure 6.1). Such strategy was adopted to
perform the calculations at a high theory level, focussing on the atomistic details of the re-
actions. The calculations were performed with ORCA 5.0.3 (Neese, 2022, for the formation
of urea) and with GAUSSIAN16 (Frisch et al., 2016, for the formation of ethanol).

The few detections of urea in the gas phase (Belloche et al., 2019; Zeng et al., 2023) and
its stability against UV irradiation in laboratory experiments (Herrero et al., 2022) suggest
that this molecule resides preferably in the grain mantles. Consequently, there is inter-
est in characterising its grain-surface formation. Isocyanic acid, HNCO, and formamide,
NH2CHO, which are widely detected species, have been proposed as urea precursors in
experimental studies (Raunier et al., 2004; Förstel et al., 2016). From a computational per-
spective, a number of reaction pathways from formamide to urea was investigated by Slate
et al. (2020), while our investigation focusses on the reactivity of isocyanic acid.

The reactions were performed at B3LYP-D3(BJ)/ma-def2-TZVP level of theory, result-
ing in three main outcomes: i) the assessment of the role of the ice surface in the ‘closed-
shell + closed-shell’ scheme (HNCO + NH3), ii) the evaluation of the probability of salt
formation (NH +

4 OCN–), and iii) the search for a kinetically favoured grain-surface reac-
tion pathway (H2NCO + NH2). The reliability of the adopted methodology was tested by
a gas-phase benchmarking against CCSD(T)-F12 and DLPNO-CCSD(T)-F12 results. Fur-
thermore, the accuracy of the energy barriers obtained for the ‘closed-shell + closed-shell’
scheme and the salt formation on W18 was determined by comparing DFT results against
DLPNO-CCSD(T)-F12 single energy point calculations.

The reaction between HNCO and NH3 was modelled in presence of 0, 1, and 18 wa-
ter molecules, the latter case represented by the W18 cluster. In the gas phase, the reac-
tion takes place in a concerted fashion and encompasses the formation of a C N bond
simultaneously to a proton transfer from the nitrogen atom of NH3 to that of HNCO, with
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Figure 6.2: Once HNCO and NH3 are adsorbed on the ice, the formation of urea has to overcome
a large barrier (∼ 100 kJ mol−1, left panel), while their conversion into ammonium cyanate is not
thermodynamically favoured (∆H > 0, right panel).

a barrier of ∼ 140 kJ mol−1. The corresponding TS structure is a highly strained four-
membered ring that changes to a less hindered six-membered structure when one water
molecule is introduced in the reaction. Consequently, thanks to the water molecule that
mediates the proton transfer, the barrier reduces to ∼ 50 kJ mol−1. The reproduction of the
same mechanism on the W18 cluster results in the proton transfer being mediated by four
water molecules, linked by the network of H-bonds established in the reactant complex.
However, this process is characterised by a reaction barrier of ∼ 100 kJ mol−1. The large
number of water molecules offered by the surface improves the proton transfer mech-
anism with respect to the gas-phase process, but the strong interaction (which requires
to be weakened to favour reaction) of the adsorbates with the ice appears to be an even
greater drawback.

The reaction between the acid HNCO and the basis NH3 on water ice can also yield
ammonium cyanate (NH +

4 OCN–, represented in Figure 6.2). Previous laboratory exper-
iments and theoretical calculations reported the formation of the ion pair in conditions
where solvation effects are at work, as for example in the ice bulk. In this case, the ad-
sorption of HNCO and NH3 does not guarantee enough stabilisation of the ion pair to
promote the formation of the salt, which is endothermic and shows a barrier ranging from
19.0 to 29.0 kJ mol−1 depending on the number of water molecules involved in the proton
transfer.

Finally, the large barrier of the ‘closed-shell + closed-shell’ scheme on the W18 moti-
vated the search for alternative reaction pathways yielding urea. The ‘radical + closed-
shell’ scheme HNCO + NH2 (which requires a subsequent hydrogenation step to yield
urea) and the ‘radical + radical’ recombination H2NCO + NH2 were the best candidates.
The ‘radical + closed-shell’ mechanism presents an energy barrier of ∼ 80 kJ mol−1, being
only slightly more favoured than the ‘closed-shell + closed-shell’ scheme. Both HNCO and
NH2 are tightly bound to the surface, which in this process assumes the role of reactant

supplier and, eventually, third body.

The most promising mechanism to form NH2CONH2 consists of the ‘radical + radi-
cal’ scheme, although it is in competition with a H-abstraction reaction. The formation
of urea is favoured over the H-abstraction both kinetically and termodynamically, despite
the fact that the orientation of the reactants plays a crucial role in determining the outcome
of the reaction. The barrier of approximately 4 kJ mol−1 computed for the radical-radical
recombination (due to the diffusion of the reactants) corresponds to a half-life time of the
reactants of 27 years at T = 10 K, which lowers to 0.03 s at 20 K. This indicates a very fast re-
action, whose velocity quickly increases with the temperature (see Figure 6.3). However,
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Figure 6.3: The radical-radical recombination of H2NCO and NH2 has a barrier of ∼ 4 kJ mol−1

and is characterised by fast kinetics at the low temperatures of the ISM (10-20 K).

it must be considered that the H-abstraction reaction leading to HNCO + NH3, despite
having a barrier of ∼ 20 kJ mol−1, could eventually proceed via tunnelling effect, thus
competing with the formation of urea. In the ‘radical + radical’ reactions, the ice surface
assumes the role of a reactant supplier and third body.

In addition to radical-radical recombination reactions, charged pathways also repre-
sent a promising mechanism to explain the formation of complex molecules such as urea
(Brigiano et al., 2018; Slate et al., 2020; Kerkeni et al., 2023). Their activation barriers are
generally lower than those of reactions between closed-shell species, making these path-
ways feasible in the cold and rarefied environments of the ISM. The presence of an ice
surface would be crucial also in this case, especially to provide a third body able to dissi-
pate the energy liberated by the reaction of energetic species such as cations.

In the case of urea formation, the ‘radical + closed-shell’ scheme is kinetically impeded,
while the ‘radical + radical’ recombination competes with a side reaction. In general, the
latter scheme has an additional limitation: the reactions can only occur in the coupling
temperature window, resulting from the delicate trade-off between the diffusion and the
desorption of the radicals on the ice surface (Enrique-Romero et al., 2021).

Conversely, in the synthesis of ethanol, the CCH + H2O reaction represents a particu-
lar case in which the ‘radical + closed-shell’ scheme yields the almost barrierless formation
of a COM. The process was characterised on the W18 and W33 clusters using the DFT func-
tional ωB97X-D3 combined with the 6-311++G(d,p) basis set to optimise the structures and
with the 6-311++G(2df,2pd) basis set to refine the energies. Both the binding energies and
the reaction barriers were benchmarked against CCSD(T)/aug-cc-pVTZ level of theory.

The BE values computed for the adsorption of CCH on W18 are 23.7, 37.9, and 49.9
kJ mol−1. Each value is representative of a particular interaction, the first corresponding
to an adsorption complex in which CCH establishes two H-bonds with W18, the second
and the third relative to complexes in which the CCH interacts with water through a
hemibond. This particular interaction, which takes place between two centres (a carbon
and an oxygen atom) and three electrons (the unpaired electron of CCH and a pair of
electrons of the O atom of water), is the key towards the formation of COMs.

The adsorption geometry also affects the resulting products: from the H-bonded com-
plex, a H-abstraction yields HCCH + OH barrierlessly (R1 in Figure 6.4), whereas the
hemibonded complex promotes the formation of a C O bond followed by a H-transfer
step along the H-bonds network involving 1 to 4 extra water molecules, similarly to what
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Figure 6.4: The products formed as a consequence of the different adsorption geometries of CCH
onto W18. ∆HTS corresponds to the ZPE-corrected ∆ETS, where a ∆ETS > 0 allowed for the identi-
fication of the TS structure.

has been described in the formation of urea (R2 and R3 in Figure 6.4). The reaction on the
central carbon atom of CCH is the most favourable one, as the coordination sphere of the
reacting water molecule is not affected by the formation of the C O bond. Additionally,
the successive H-transfer step is also barrierless, therefore representing an entirely non-
energetic pathway to form HCCHOH, the precursor of vinyl alcohol.

From HCCHOH to CH3CH2OH, three hydrogenation steps are required. The first and
the third fall in the category of radical-radical recombination reactions involving a hydro-
gen atom, which can easily diffuse on the ice surface and react in a barrierless fashion.
However, the second hydrogenation step, H2CCHOH + H , is a ’radical + closed-shell’
reaction, whose energy barrier was computed with the same basis sets as the previous
reaction steps, combined with the MPWB1K-D3(BJ) functional. Depending on which car-
bon atom of the vinyl alcohol (H2CCHOH) is hydrogenated, the process presents ∆HTS =
7−15 kJ mol−1. The calculated quantum tunnelling crossover temperature associated with
the two barriers is situated between 118 and 174 K, indicating that tunnelling effect may
play a role in this reaction. Vinyl alcohol could also isomerise into acetaldehyde, which
is the thermodynamically favoured product. The tautomerization involves a H-transfer
through a H-bonds network which extends over four water molecules, characterised by
∆HTS = 60−75 kJ mol−1. Despite the hydrogenation reaction being more probable, this
path cannot be completely excluded due to quantum tunnelling effects.

In conclusion, the hemibond interaction (for the C O bond formation) and quantum
tunnelling effects (for the hydrogenation steps) are the two fundamental ingredients to
promote the non-energetic formation of ethanol on the ice mantle of dust grains. The
comparison of the reaction mechanisms taking place on W18 and W33 demonstrates that
the effect of the cavity is almost insignificant for the energetics of the path, which follows
the same steps as for the W18 cluster. Our findings complement and furnish atomistic
details of the synthetic routes explored in the experiments, where C2H2/H2O ices need
to be processed to trigger reactivity, probably to generate reactive radical species (e.g.,
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Figure 6.5: The sequence of reactions linking CCH to CH3CH2OH involves the formation of a
hemibonded complex which promotes the barrierless formation of a C-O bond, followed by three
hydrogenation steps that go through the formation of vinyl alcohol, an isomer of acetaldehyde.
However, the isomerization process is less favoured than the subsequent hydrogenation. Ethanol
can therefore be produced in a non-energetic way on the icy mantles coating dust grains.

Hudson et al., 2013; Chuang et al., 2021). This mechanism provides an explanation for the
presence of ethanol in the coldest regions of the ISM and also as a component of the ices
(McClure et al., 2023; Rocha et al., 2024), although its desorption remains a missing step
linking the presence of ethanol in both solid and gas phase.

Future perspectives

For a few years, radical-radical recombination reactions have been seen as the optimal ex-
planation for the formation of COMs on the cold icy mantles covering the dust grains of
dense clouds. However, it is now well established that these processes are also charac-
terised by energy barriers, primarily as a consequence of the requirement of the radicals to
diffuse across the surface in order to meet and react with each other. In a water-dominated
ice mantle, polar species are mostly affected by diffusion barriers, as these depend on the
interaction energy of the species with the surface. Several alternatives have been pro-
posed, yet the chemistry of cold environments continues to present significant challenges
not only for the formation but also for the desorption of COMs. The search for promising
COMs reaction mechanisms has been extended to the reaction of single atoms and charged
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species (e.g. Ferrero et al., 2023; Jayaweera et al., 2024).

There are several issues regarding the chemistry of the ISM, in particular of COMs
formation, that yet require an explanation. Intersystem crossing processes, which allow
species to jump between stationary and low-lying excited states, are an interesting phe-
nomenon that may explain part of the chemical complexity of the ISM. Furthermore, a
deeper understanding of non-thermal desorption processes could also shed light on the
substantial presence of COMs in the gas phase. Thanks to the continuous improvement
of both experimental and computational techniques, the number of studies focussing on
these topics is constantly increasing, as it is the number of COMs detected in the ISM,
providing an endless source of new challenges.
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A B S T R A C T

Urea is a prebiotic molecule that has been detected in few sources of the interstellar medium (ISM) and in
Murchison meteorite. Being stable against ultraviolet radiation and high-energy electron bombardment, urea
is expected to be present in interstellar ices. Theoretical and experimental studies suggest that isocyanic acid
(HNCO) and formamide (NH2CHO) are possible precursors of urea. However, uncertainties still exist regarding
its formation routes. Previous computational works characterised urea formation in the gas phase or in presence
of few water molecules by reaction of formamide with nitrogen-bearing species. In this work, we investigated
the reaction of HNCO + NH3 on an 18 water molecules ice cluster model mimicking interstellar ice mantles by
means of quantum chemical computations. We characterised different mechanisms involving both closed-shell
and open-shell species at B3LYP-D3(BJ)/ma-def2-TZVP level of theory, in which the radical–radical H2NCO +
NH2 coupling has been found to be the most favourable one due to being almost barrierless. In this path, the
presence of the icy surfaces is crucial for acting as reactant concentrators/suppliers, as well as third bodies
able to dissipate the energy liberated during the urea formation.

1. Introduction

Nowadays, about 300 gas-phase molecules have been detected in
the interstellar medium (ISM), out of which a few are amides, e.g., for-
mamide, acetamide, N-methylformamide or urea (Belloche et al., 2017;
Müller et al., 2001; Ligterink et al., 2022; Zeng et al., 2023). The
latter has the particularity to possess two C–N bonds and is one of
the key ingredients required in the synthesis of purines and pirim-
idines (Robertson and Miller, 1995; Becker et al., 2019; Menor Salván
et al., 2020). These nucleobases are the building blocks of the nu-
cleotides that constitute both the RNA and the DNA (Kolb, 2014).
These characteristics make urea one of the key species in the field of
astrochemistry and origin of life studies.

Urea, NH2CONH2, was first detected in the Murchinson meteorite
(Hayatsu et al., 1975), and more recently it was observed towards
Sagittarius B2(N1) by Belloche et al. (2019), towards G+0.693-0.027
giant molecular cloud by both Jiménez-Serra et al. (2020) and Zeng
et al. (2023), and tentatively detected by Raunier et al. (2004a) in
NGC 7538 IRS9 and by Remijan et al. (2014) in Sagittarius B2(N-
LMH). However, observations dedicated to determine the inventory of
interstellar amides towards the class 0 protostar SMM1-a in Serpens
cloud (Ligterink et al., 2022) did not report the presence of urea.

∗ Corresponding authors at: Departament de Química, Universitat Autònoma de Barcelona, Bellaterra, 08193, Catalonia, Spain.
E-mail addresses: jessica.perrero@uab.cat (J. Perrero), albert.rimola@uab.cat (A. Rimola).

Laboratory experiments carried out by Herrero et al. (2022) on the
irradiation of NH2CONH2 and NH2CONH2:H2O ices show that urea
is stable against ultraviolet irradiation and high-energy electron bom-
bardment in cold molecular clouds and hot cores, thereby suggesting
that grain mantles could be a reservoir of urea in the ISM.

Despite the numerous studies on its synthetic pathways, there are
still uncertainties regarding urea formation in the ISM. Previous exper-
imental and theoretical investigations have proposed two precursors of
urea: isocyanic acid, HNCO, and formamide, NH2CHO.

HNCO can be considered a molecule of prebiotic interest and it
was first detected in 1972 in the ISM (Snyder and Buhl, 1972), in
cometary comae (Winnewisser and Kramer, 1999), and in external
galaxies (Nguyen-Q-Rieu et al., 1991). Jiménez-Escobar et al. (2014)
obtained solid HNCO by UV irradiation of H2O:NH3:CO and H2O:HCN
ice mixtures. A successive experimental study of Nourry et al. (2015)
suggested that the reaction of N + CO on water icy mantles could be
responsible for its production. Alternatively, in translucent and dense
clouds, HNCO (together with NH3) was proposed to be produced by
co-deposition of N, H and CO (Fedoseev et al., 2014).

HNCO was first proposed as a urea precursor by Raunier et al.
(2004a), in which vacuum ultraviolet irradiation of pure HNCO ice
at 10 K produced ammonium cyanate (NH+

4 OCN−), formamide and
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urea. The formation of ammonium cyanate can possess an activation
barrier or be spontaneous depending on the chemical environment of
the reactants. While Raunier et al. (2003) described the spontaneous
deprotonation of HNCO embedded in NH3/H2O ice mixtures, Mispelaer
et al. (2012) observed that thermal processing of HNCO:NH3 ices is
necessary to overcome the small barrier of the acid–base reaction.
Nevertheless, the deprotonation of isocyanic acid could explain why
it has never been detected in icy mantles, while the OCN− feature has
been documented (Boogert et al., 2015; McClure et al., 2023).

Another hypothesis postulates formamide as a precursor of urea
(Förstel et al., 2016), in which the irradiation of NH3:CO ices first forms
formamide and then urea. Meijer et al. (2019) and Slate et al. (2020)
characterised by means of computational chemistry calculations the
mechanisms proposed in Förstel et al. (2016). The calculations showed
that the concerted reaction between formamide and ammonia, as well
as the two reactions obtained by converting one of the reactants into
a radical, are not feasible under ISM conditions. Thus, an alternative
set of reactions involving radicals and charged species was proposed,
both in the gas phase and in the presence of very few (e.g., three)
water molecules as minimal cluster models mimicking an ice mantle.
These pathways show no or very low barriers. Another set of reactions
involving formamide was characterised by Brigiano et al. (2018), who
studied several pathways to form urea in the gas phase. The majority
of them possess high activation barriers, hence being unfeasible in the
ISM. In this work, again, charged species provided a solution to the lack
of energy input of the ISM, with HCONH2 + NH2OH+

2 being the most
favourable reaction.

Given the presence of a thorough computational study on for-
mamide reactions, in this work we investigated the reactivity of HNCO
and derivatives, focussing in particular on the effect that ice mantles
can have on their reactions. Icy grains can play multiple roles in astro-
chemical reactions: (i) they can act as a chemical catalyst, reducing
energy barriers and accelerating reactions (Potapov and McCoustra,
2021), (ii) they can serve as reactant concentrators and even sup-
pliers, and (iii) they can exert the third body effect, dissipating the
energy released by exothermic processes, hence stabilising the products
formed (e.g., Pantaleone et al., 2020, 2021; Ferrero et al., 2023). The
presence of the ice surface can be crucial for the positive outcome
of a reaction which, otherwise, would be unfeasible in the gas phase.
For example, in previous theoretical works by us, we investigated the
reactivity of a radical (CN and CCH) with a component of the ice mantle
(H2O), resulting in the synthesis of formamide and ethanol with small
or no barriers (Rimola et al., 2018; Perrero et al., 2022).

In the present work, we modelled different synthetic routes for urea
formation using HNCO as reactant (instead of NH2CHO, the main re-
actant in previous theoretical works), by simulating different processes
on the surface of an 18 H2O molecules cluster, a robust model to mimic
interstellar water ice surfaces for chemical reactions (Zamirri et al.,
2019; Rimola et al., 2020).

We first considered the reactivity between HNCO and NH3 (closed-
shell/closed-shell reaction), that is:

HNCO + NH3 NH2CONH2 (1)

However, this reaction has a competitive channel, the formation of
the NH+

4 OCN− ion pair by proton transfer from HNCO to NH3:

HNCO + NH3 NH +
4 OCN– (2)

The formation of the ion pair cannot be overlooked given that it can
be favoured by the presence of the water ice surfaces, because of the
ability of water to stabilise charged species.

As a second possible channel for the formation of urea, we also
simulated the reactivity of HNCO with NH2 (closed-shell/radical reac-
tion), giving NHCONH2 (an urea radical precursor), whose successive
hydrogenation yields the actual urea molecule:

HNCO + NH2 NHCONH2 (3)

NHCONH2 + H NH2CONH2 (4)

Finally, we considered a third route, the radical–radical reaction
between H2NCO and NH2. However, this can have two outcomes,
depending on the orientation of the reactants: direct formation of urea
(for which we also computed the kinetics) or formation of HNCO and
NH3 by direct H-transfer from H2NCO to NH2. That is:

H2NCO + NH2 NH2CONH2 (5)

H2NCO + NH2 NH3 + HNCO (6)

In this work, we present the results obtained for the simulation of
these reactions by means of quantum chemical calculations.

2. Methods

All calculations were performed with the ORCA (v.5.0.3) pro-
gramme suite (Neese, 2022). We ran geometry optimisations and fre-
quency calculations with the hybrid DFT functional B3LYP (Lee et al.,
1988; Becke, 1988, 1993) including the Grimme’s D3 empirical cor-
rection using the Becke–Johnson (BJ) damping scheme (Grimme et al.,
2010, 2011) and combined with the ma-def2-TZVP basis set (Zheng
et al., 2011).

We identified the reactants and the products of each reaction, and,
if necessary, the transition states through to the nudged elastic band
(NEB) method. Frequency calculations were carried out to confirm
the nature of the stationary points, namely, reactants and products as
minima and transition states as first-order saddle points of the potential
energy surfaces. B3LYP-D3(BJ)/ma-def2-TZVP potential energies were
corrected with the vibrational zero-point energy (ZPE) term for each
stationary point, thus obtaining enthalpy variations at 0 K according to
the equation, e.g., for energy barriers, 𝛥H𝑇𝑆 = 𝛥E𝑇𝑆 + 𝛥ZPE.

To assess the accuracy of the B3LYP-D3(BJ)/ma-def2-TZVP method-
ology, we performed single point energy calculations on the optimised
structures at a higher level of theory, that is, the ‘gold standard’ of
quantum chemistry CCSD(T) (Raghavachari et al., 1989) with the inclu-
sion of explicitly correlated terms in the wave function to account for
electron correlation effects: the so-called CCSD(T)-F12 method (Adler
et al., 2007, and references therein). The calculations are performed
with a combination of correlation consistent basis sets, in our case cc-
pVTZ-F12 as the main basis set, with cc-pVTZ-F12-CABS, aug-cc-pVTZ,
and aug-cc-pVQZ/C as auxiliary basis sets. The benchmark has been
done for reaction (1) both in the gas phase (i.e., absence of water) and
in the presence of one water molecule.

Additionally, to improve the accuracy of the results obtained for the
reactions occurring on the cluster model at a feasible computational
cost, we used the domain based local pair natural orbital coupled
cluster theory with single-, double-, and perturbative triple-excitations,
DLPNO-CCSD(T) (Riplinger et al., 2016), to which the same F12 ap-
proximation is added (Pavošević et al., 2017). This methodology was
applied to the reaction (1) when simulated on the water ice cluster
model.

Reactions (3), (4), (5), and (6) involve structures that are open-
shell in nature. Thus, the calculations were performed within the
unrestricted formalism. For radical–radical reactions, additionally, we
used the broken-(spin)-symmetry ansatz to correctly describe the open-
shell singlet state of the system (Neese, 2004; Abe, 2013), allowing two
unpaired electrons with opposite spin to occupy different orbitals, to
avoid forcing the recombination between the two radicals. The stability
of the wave function so obtained was verified prior to the geometry
optimisation step. This methodological strategy was also verified by
some of us for the treatment of the electronic structure of biradical
systems (Enrique-Romero et al., 2022), including a comparison of the
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Fig. 1. The 18 water molecules cluster, optimised at the B3LYP-D3(BJ)/ma-def2-TZVP
level of theory.

broken symmetry approach with CASPT2 calculations (Enrique-Romero
et al., 2020).

The computational requirements needed to perform single point
energy calculations at the DLPNO-CCSD(T)-F12 level of theory on
open-shell systems exceeded our resources, so they were calculated at
the B3LYP-D3(BJ)/ma-def2-TZVP level of theory. However, DLPNO-
CCSD(T)-F12 calculations were possible for closed-shell systems (re-
actions (1) and (2)), and demonstrated the reliability of the DFT
methodology.

Additionally, we calculated the unimolecular rate constant and half-
life time for reaction (5) using the classical transition state theory,
following the Eyring’s equation:

𝑘(𝑇 ) = 𝜅
𝑘𝐵𝑇
ℎ

𝑒
−𝛥𝐺‡
𝑅𝑇 (7)

where 𝜅 is the tunnelling transmission coefficient (which in our case is
assumed to be 1 since tunnelling effects are not operative due to the
non-participation of light atoms like H but heavy entities), 𝑘𝐵 is the
Boltzmann constant, T is the temperature, h is the Planck constant, 𝛥G‡
is the Gibbs free energy barrier (computed at a given temperature) and
R is the gas constant. Once obtained the rate constant, one can compute
the half-life time of the reactants through the equation 𝑡1∕2(𝑇 ) =
𝑙𝑛(2)∕𝑘(𝑇 ), which is defined as the time for the reactants to be half
consumed.

Finally, our water ice cluster model consists of 18 H2O molecules
(see Fig. 1) and has been used in previous studies by some of us (Ri-
mola et al., 2014, 2018; Enrique-Romero et al., 2019; Perrero et al.,
2022). The structure represents a compact, amorphous, and flat water
ice surface, whose size is a compromise between a more realistic
extended model and one that allows to adopt a high level of theory
at a reasonable computational cost.

3. Results and discussion

As mentioned above, we first characterised the reaction between
HNCO and NH3, in the gas phase. Because these molecules are closed-
shell, we expect to find a high energy barrier for the formation of urea,
which is confirmed by our calculations. The gas-phase reaction between
isocyanic acid and ammonia takes place in a concerted fashion and
goes through the formation of the C–N bond simultaneously to a proton
transfer from the nitrogen atom of NH3 to that of HNCO (see Fig. 2A).
The transition state structure presents a four-membered ring, which is
a highly strained geometry, and hence the energy barrier is as high
as 136.0 kJ mol−1 (at B3LYP-D3(BJ) level of theory). By introducing
one water molecule into the reaction, the transition state structure
presents a six-membered ring. This is a geometrically less strained
structure because of the participation of the added water molecule in
the proton transfer. That is, the water molecule assists the H-transfer
by receiving a proton from ammonia and donating one of its protons

to the NH moiety of isocyanic acid (see Fig. 2B). This water-assisted
proton transfer mechanism has a large impact on the energy barrier, as
it decreases to 46.3 kJ mol−1 (at B3LYP-D3(BJ) theory level).

As mentioned in Section 2, these closed-shell/closed-shell processes
have also been used to perform a benchmark study to calibrate the ad-
equacy of the B3LYP-D3(BJ)/ma-def2-TZVP level of theory. The results
are summarised in Table 1 and, as can be seen, indicate a very good per-
formance of B3LYP-D3(BJ)/ma-def2-TZVP compared to CCSD(T)-F12.
The relative errors of the potential energy barriers at B3LYP-D3(BJ)
with respect to CCSD(T)-F12 are 0.6% and 11% in the absence and in
the presence of the water assisting molecule, respectively. The energies
computed at DLPNO-CCSD(T)-F12 slightly improve the quality reached
by B3LYP-D3(BJ), with relative errors of 1% and 3% in absence and in
the presence of water with respect to CCSD(T)-F12.

Given the previous results, we simulated the same reaction on the
water ice cluster model, since a larger number of water molecules
assisting the proton transfer step could reduce the energy barrier even
more.

The adsorption geometry of HNCO and NH3 on the flat surface of
the cluster does not seem to point towards the formation of urea, since
we found a number of complexes characterised by a H-bond between
the hydrogen of HNCO and the nitrogen of NH3. Most likely, this
orientation yields ammonium cyanate, rather than urea. Additionally,
we also found some reaction pathways in which the formation of urea
occurred without involving the water molecules at the surface, with
transition states resembling four-membered ring structures. However,
we found a mechanism involving icy water molecules in the proton
transfer event similarly to the reaction in the presence of one water
molecule (see Fig. 3). Here, to form the C–N bond, a subtle rotation
of the HNCO is needed to bring the C atom close to ammonia, and
four water molecules participate in the proton transfer, which takes
place through the network of H-bonds established in the reactant
complex. However, the strong interaction between the reactants and
the ice is against the reaction, which presents a barrier of 97.8 kJ
mol−1, significantly higher than that obtained in the presence of one
water molecule (46.3 kJ mol−1). Therefore, the large number of water
molecules offered by the surface improves the proton transfer mecha-
nism with respect to the gas-phase process, but the strong interaction
of the adsorbates with the ice seems to be an even greater drawback.

None of the HNCO + NH3 + ice adsorption complexes yielded
the spontaneous formation of the NH+

4 OCN− ion pair. Furthermore,
geometry optimisations considering the ion pair already formed as
initial structures evolved towards the formation of HNCO and NH3,
meaning that complexes in which the NH+

4 and OCN− ions interact
directly are not stable. On the other hand, the water molecules of the
ice surface can stabilise the charges of the two isolated ions, due to
H-bonds. Therefore, we searched for adsorption geometries in which
HNCO and NH3 were separated by some water molecules to avoid
their direct interaction and, at the same time, interact with them, thus
favouring the formation and survival of the NH+

4 OCN− ion pair. We
found two structures in which HNCO and NH3 are separated, by one
and two water molecules, respectively (see Fig. 4). Thus, we computed
the formation of the ion pair in which the proton transfer takes place
through the H2O molecules that separate HNCO and NH3. In both
cases, the processes are not spontaneous and present a barrier of 19.0
and 28.8 kJ mol−1 when one and two H2O molecules are involved,
respectively. Moreover, the reactions are endothermic and hence the
processes are thermodynamically disfavoured.

In relation to the formation of the NH+
4 OCN− ion pair, several

studies are available in the literature. While both Raunier et al. (2003)
and Theule et al. (2011) found a barrier for the dissociation process
of HNCO in water ice, Raunier et al. (2004b) found that the formation
of NH+

4 OCN− is spontaneous when HNCO is embedded in a mixture of
NH3:H2O ice, meaning that the formation of the NH+

4 OCN− ion pair
is more favourable than the formation of OCN− in pure water. On the
other hand, Mispelaer et al. (2012) studied the formation of NH+

4 OCN−
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Fig. 2. Structures (from left to right) of reactant, transition state and product for the gas phase reaction in absence (A) and in presence (B) of one water molecule. Structures are
optimised at B3LYP-D3(BJ)/ma-def2-TZVP level of theory, bond distances are in Å.

Table 1
Gas phase benchmark. Optimised geometries and the ZPE correction are computed at the B3LYP-D3(BJ)/ma-def2-TZVP level of theory. Energies
in kJ mol−1.

Potential energies Enthalpies

HNCO + NH3 B3LYP-D3(BJ) DLPNO-F12 CCSD(T)-F12 B3LYP-D3(BJ) DLPNO-F12 CCSD(T)-F12

Reactant 0.0 0.0 0.0 0.0 0.0 0.0
Transition state 136.0 136.5 135.2 140.1 140.6 139.2
Product −75.9 −80.4 −81.1 −57.9 −62.4 −63.1

HNCO + NH3 + H2O B3LYP-D3(BJ) DLPNO-F12 CCSD(T)-F12 B3LYP-D3(BJ) DLPNO-F12 CCSD(T)-F12

Reactant 0.0 0.0 0.0 0.0 0.0 0.0
Transition state 46.3 53.3 51.9 49.9 56.9 55.5
Product −75.4 −81.3 −81.8 −58.6 −64.5 −65.0

Fig. 3. B3LYP-D3(BJ) optimised structures for the reactant (left), transition state (centre), and product (right) of the HNCO + NH3 → NH2CONH2 reaction on the water ice cluster
model.

by thermally treating a mixture of HNCO and NH3 ice and found a
small barrier for the process (0.4 kJ mol−1, in Table 2). From the
calculations of Raunier et al. (2004b) it appears that the barrierless
ion pair formation is due to the solvation of both HNCO and NH3 on
behalf of three or more water molecules. Our results are in line with
all these findings, because from previous work it seems clear that the
spontaneous formation of the NH+

4 OCN− ion pair can take place in the
bulk of the ice, where the number of water molecules interacting with
the reactants is larger than those offered by the surface. Indeed, on
the latter, the species tend to be adsorbed and do not experience bulk
water solvation effects, and accordingly the stabilisation inferred by
the surface molecules is not sufficient to guarantee the spontaneous
formation of the ion pair.

Interestingly, the reactions studied so far involve closed-shell
species, and hence we were able to compute the potential energy

barriers at DLPNO-CCSD(T)-F12 level of theory. By comparing these
coupled cluster results with those obtained at B3LYP-D3(BJ) level (see
Table 3), we can see that B3LYP-D3(BJ) slightly underestimates the
barriers with an average error of about 16%. In view of this fairly
agreement between the two methods, we proceeded with the rest of the
calculations at the B3LYP-D3(BJ) theory level. The remaining reactions
involve open-shell species that increase their computational cost.

We characterised the two proposed alternative pathways involving
radical species, in a way similar to Slate et al. (2020), that is, reactions
(3) and (5). Considering the enhanced reactivity of radicals, we expect
the barriers of these processes to be lower than those involving only
the closed-shell species.

Firstly, we characterised reaction (3), which is between HNCO and
the NH2 amino radical, yielding NHCONH2. The calculated energy bar-
rier is 78.8 kJ mol−1, only 20 kJ mol−1 less than the closed-shell/closed-
shell reaction. The reactants are tightly bound (well-stabilised) to the
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Fig. 4. B3LYP-D3(BJ) optimised structures for the reactant (left), transition state (centre), and product (right) of the HNCO + NH3 → NH+
4 OCN− reaction mediated by one (top)

and two (bottom) water molecules.

Table 2
Enthalpy variations at 0 K (in kJ mol−1) of the reactions modelled on the water ice cluster at B3LYP-D3(BJ)/ma-def2-TZVP level of theory,
compared with literature data. References: (a) Mispelaer et al. (2012), (b) Raunier et al. (2004b), (c) Slate et al. (2020).

Literature Barrier Reference Present work 𝛥H𝑇𝑆 𝛥H𝑝𝑟𝑜𝑑

HNCO + NH3 → NH2CONH2 97.8 −28.8

HNCO + NH3
𝛥

⟶ NH+
4 OCN− 0.4 experiments (a) HNCO + NH3

1H2O
⟶ NH+

4 OCN− 19.0 8.0

HNCO + NH3 → NH+
4 OCN− (*) no theory (b) HNCO + NH3

2H2O
⟶ NH+

4 OCN− 28.8 34.5
HNCO + NH2 → NHCONH2 78.8 −21.7

H2NCO + NH2 → NH2CONH2 4.0 theory (c) H2NCO + NH2 → NH2CONH2 3.9 −357.2
H2NCO + NH2 → NH3 + HNCO ≈ 20.0 −290.9

* The reaction is performed on a 3 H2O cluster.

Table 3
Potential energy barriers (𝛥E𝑇𝑆 , in kJ mol−1) of the closed-shell reactions
performed on the water ice cluster model. Energies obtained with
B3LYP-D3(BJ)/ma-def2-TZVP (DFT) are compared with single point
energy calculations at DLPNO-CCSD(T)-F12 (DLPNO) level of theory.

Reaction DFT DLPNO

HNCO + NH3 → NH2CONH2 106.4 116.6

HNCO + NH3
1H2O
⟶ NH+

4 OCN− 31.6 39.2

HNCO + NH3
2H2O
⟶ NH+

4 OCN− 40.2 50.8

surface, and hence the energy barrier is prohibitive in the ISM. We also
noticed that, in this reaction, no proton transfer takes place, therefore
the water ice is uniquely participating as reactant concentrator/supplier
and, in view of the released reaction energy (−21.7 kJ mol−1), as energy
dissipator. In order to finally form urea, a final H-addition to NHCONH2
is necessary. This process can be barrierless depending on the orienta-
tion of the two partners. If the H atom is not pointing towards the NH
moiety, it has to overcome a small diffusion barrier to react, which
moreover can occur via quantum tunnelling. In agreement with that,
in this final H-addition, by optimising the initial states in the triplet
electronic state, we found two different positions for the H atoms (see
the yellow- and green-represented H atom in Fig. 5, left panel). When
changing to the singlet electronic state, the yellow H atom yielded the
product barrierlessly, but this is not the case for the green one. For this
case, to assess the energetics of the H-addition, we performed a scan
calculation along the N–H distance (Fig. 5, right panel), in which the
potential energy is almost constant at a N–H distance between 3 Å and

4 Å (i.e., when the hydrogen atom is approaching the reactive site), and
falls down into the potential well at shorter distances, this way forming
the product. This indicates that, although the initial state is stable and
apparently does not react spontaneously, in practice the hydrogenation
reaction evolves towards the formation of urea in a non-energetic way.

Finally, the radical–radical reaction between H2NCO and NH2 was
investigated. It presents a much lower energy barrier compared to the
other two reactions, but it has a competitive channel that yields HNCO
+ NH3 through an H-abstraction. The occurrence of one process or the
other depends on the geometry of the adsorption complex. This was
also found in Enrique-Romero et al. (2022) by studying a well-suited
pair of radical–radical couplings forming different interstellar complex
organic molecules. From a thermodynamic point of view, reaction (5)
is more exothermic than reaction (6). In relation to the energy barriers,
we performed scan calculations along the C–N (forming urea) and the
H–N (forming HNCO + NH3) distances to estimate and compare the
potential energy profiles of the two reactions. In Fig. 6 we observe that
the highest energy point of reaction (5) reaches ≈ 5 kJ mol−1, while for
reaction (6) it is located at ≈ 20 kJ mol−1. For the former reaction, we
were able to localise the transition state structure, presenting an actual
ZPE-corrected energy barrier of 3.9 kJ mol−1. For the latter reaction,
any attempt to localise the actual transition state structure failed,
probably because of hysteresis effects caused by the high mobility
of the H atom. Despite this, the distinguished energy profiles clearly
indicate that the radical–radical coupling is, in terms of energy barriers,
more favourable than the H-abstraction. Thus, as shown in these results
(alongside the thermodynamics), the formation of urea seems to be
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Fig. 5. Left panel: there are two possible initial positions for H atoms (represented as yellow and green atoms) through which the H-addition to NH2CONH can take place. The
yellow position evolves spontaneously to form urea, whereas the green position does not. Right panel: distinguished potential energy profile obtained by scanning the N-H distance
from the green-represented H atom. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Scan profile for reactions (5) and (6) in which the energy along the reaction coordinate (the C-N distance in the first case and the N-H distance in the second case) is
followed. The reaction that yields HNCO + NH3 (reaction (6)) has a higher barrier to overcome to yield the product with respect to the formation of urea (reaction (5)). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 4
Unimolecular rate constants (in s−1) and half-life times (in s) computed
for reaction (5) between 10 and 50 K with the classical Eyring equation.

T (K) k (s−1) t1∕2 (s)

10 8.0 × 10−10 8.6 × 108

15 7.5 × 10−3 9.2 × 101

20 2.5 × 101 2.8 × 10−2

25 3.4 × 103 2.0 × 10−4

30 9.5 × 104 7.3 × 10−6

35 1.0 × 106 6.6 × 10−7

40 6.5 × 106 1.1 × 10−7

45 2.7 × 107 2.5 × 10−8

50 8.7 × 107 8.0 × 10−9

the most favourable path through this radical–radical coupling path.
However, the H-abstraction can also be facilitated by tunnelling effects
so that this competitive channel cannot be totally excluded and should
not be overlooked.

In reaction (5), the ice surface does not actively participate in
the mechanism, but (as postulated in the closed-shell/radical reaction)
it encompasses the role of reactant concentrator/supplier and third
body. The radical H2NCO can be obtained from the reaction of CN

+ H2O (Rimola et al., 2018), but is also the radical of formamide, as
suggested by Slate et al. (2020). In the latter work, the authors found
a barrier of 4 kJ mol−1 for reaction (5), which is in agreement with
our results (see Table 2). However, the authors also argued that the
positive outcome of the reaction depends on the chance of an electronic
spin change of the system because the most stable electronic state is the
(unreactive) triplet, at variance with the less stable (reactive) singlet.
This also holds for our simulations. However, during the long-life
time of interstellar molecular clouds, events like photon and/or cosmic
ray incidence and thermal/shock waves can indeed induce triplet-to-
singlet electronic state changes, this way enabling the occurrence of
the radical–radical couplings.

Assuming this, we performed a kinetic study on reaction (5) to know
at which temperature the reaction can overcome the ZPE-corrected
energy barrier of 3.9 kJ mol−1. We computed the 𝛥𝐺‡ from 10 to 50
K and we obtained the unimolecular rate constant of the reaction (see
Fig. 7), together with the half-life time of the reactants (see Table 4). At
a temperature of 10 K, it takes 8.6 × 108 s (corresponding to 27 years)
for the reactant to be half consumed, so the reaction is very slow.
However, at 20 K the half-life time becomes 0.03 s, indicative of a very
fast reaction, which enhances its velocity as the temperature increases.
Therefore, we can conclude that a barrier of 3.9 kJ mol−1 does not
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Fig. 7. Arrhenius plot of the rate constant (in s−1) obtained with the classical Eyring
equation for reaction (5) between 10 and 50 K..

hamper this reaction under ISM conditions. However, a factor that
should be considered is the availability and proximity of the radicals
in order to yield the product.

4. Conclusion

In this work, we investigated the formation of urea on an 18 H2O
molecules ice cluster through different chemical reactions that involve
both closed-shell and open-shell species. We first characterised the reac-
tion between HNCO and NH3 (closed-shell/closed-shell) in absence and
in presence of one H2O molecule, with the aim of testing the accuracy
of the B3LYP-D3(BJ)/ma-def2-TZVP methodology by comparing it with
the reference CCSD(T)-F12. We then characterised the same reaction on
the 18 H2O molecules cluster model, finding that although water ice
participates in the proton transfer step necessary to yield urea (hence
exerting some catalytic effects), the energy barrier of the process is ≈
100 kJ mol−1, hampering the reaction to take place in the ISM. We
also studied a radical/closed-shell (HNCO + NH2) and a radical–radical
(H2NCO + NH2) pathways, to assess if they were a more favourable
process. We summarise our findings for these open-shell reactions in
the following: (i) the radical/closed-shell reaction has an energy barrier
of about ≈ 80 kJ mol−1, and therefore it can also be discarded in the
ISM; (ii) the radical–radical reaction is almost barrierless, but it has
a competitive channel (H-abstraction forming HNCO + NH3) which,
however, is characterised by an energy barrier of ≈ 20 kJ mol−1

(although tunnelling effects can be operative); (iii) in view of the nature
of the reactions and their large and negative reaction energies, the role
of the icy grains in these reactions is of reactant concentrators/suppliers
and energy dissipators. In the closed-shell/closed-shell reaction, the
water ice surface participates in the proton transfer, while in the
radical/closed-shell and radical–radical reactions it simply binds the
reactants. In all reactions, the strong interaction of HNCO and NH3 with
the ice surface can represent an obstacle to the course of the reaction.
As some authors suggest (Brigiano et al., 2018; Slate et al., 2020;
Kerkeni and Simmie, 2023), in addition to radical–radical reactivity,
charged pathways also represent a promising mechanism to explain
the formation of complex molecules such as urea. Their activation
barriers are generally lower than those of reactions between closed-
shell species, making these pathways feasible in the cold and rarefied
environments of the ISM. In conclusion, the presence of the ice would
be crucial also in this case, especially to provide a third body able to
dissipate the energy liberated by the reaction of energetic species like
cations.
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ABSTRACT: Ethanol (CH3CH2OH) is a relatively common molecule, often
found in star-forming regions. Recent studies suggest that it could be a parent
molecule of several so-called interstellar complex organic molecules (iCOMs).
However, the formation route of this species remains under debate. In the
present work, we study the formation of ethanol through the reaction of CCH
with one H2O molecule belonging to the ice as a test case to investigate the
viability of chemical reactions based on a “radical + ice component” scheme as
an alternative mechanism for the synthesis of iCOMs, beyond the usual radical−
radical coupling. This has been done by means of DFT calculations adopting
two clusters of 18 and 33 water molecules as ice models. Results indicate that
CH3CH2OH can potentially be formed by this proposed reaction mechanism.
The reaction of CCH with H2O on the water ice clusters can be barrierless (because of the help of boundary icy water molecules
acting as proton-transfer assistants), leading to the formation of vinyl alcohol precursors (H2CCOH and CHCHOH). Subsequent
hydrogenation of vinyl alcohol yielding ethanol is the only step presenting a low activation energy barrier. We finally discuss the
astrophysical implications of these findings.

KEYWORDS: interstellar medium, astrochemistry, DFT, iCOMs, grains

■ INTRODUCTION

Interstellar complex organic molecules (iCOMs) are com-
pounds between 6 and 12/13 atoms, in which at least one is
carbon, conferring the organic character.1−3 These molecules
are important because (i) they can be considered as the
simplest organic compounds that are synthesized in space
(hence representing the dawn of organic chemistry) and (ii)
they are the precursors of more complex organic molecules,
which can be of biological relevance, such as amino acids,
nucleobases, and sugars. Indeed, there is robust evidence that
the iCOMs formed in the interstellar medium (ISM) were
inherited by small objects of the solar system4−8 (e.g.,
carbonaceous chondrites), which upon alteration mechanisms
(e.g., hydrothermal) can be converted into more evolved
organic species,9−12 thereby providing a potential contribution
to the emergence of life on Earth.
The first detection of iCOMs took place in 1971 in massive

star formation regions,13 but we had to wait for the beginning
of this century for detections in regions that could eventually
evolve in solar-like planetary systems.6,14 Currently, complex
organic molecules have been detected in different astrophysical
environments such as prestellar cores, protostellar outflows,
protoplanetary disks, and even external galaxies.3,8,15−18

Two different prevailing paradigms have been postulated for
the formation of iCOMs: one based on gas-phase reac-
tions19−24 and the other based on radical−radical couplings

occurring on grain surfaces,25,26 although other paradigms have
been postulated, like those based on the condensation of
atomic C,27,28 excited O atom insertion,29,30 or the formation
of HCO on surfaces as a parent precursor of other iCOMs.31,32

Both prevailing reaction models have the same initial step:
formation of hydrogenated species (e.g., CH3OH, NH3, H2CO,
and CH4) by H-addition on icy grain surfaces in the cold
prestellar phase. In the gas-phase paradigm, the process follows
with the desorption of these species, either thermally when the
grain surface reaches ca. 100 K like in hot cores/corinos,
nonthermally by photodesorption because of UV incidence on
the grains,33−35 by chemical desorption once they are
formed,36−41 or induced by cosmic rays (CRs).42−45 In the
gas phase they react with other gaseous species forming
iCOMs. In the on-grain paradigm, the hydrogenated species
act as parent species of molecular radicals (e.g., CH3, HCO,
and NH2) formed by the irradiation of UV photons and/or
energetic ions, partial hydrogenation, and H-abstraction
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reactions2,25,26,46−50 during the cold preprotostellar stage.
Later on, these radicals, because of the warm up of the
protostar surroundings (ca. 30 K), can diffuse on the icy
surfaces and encounter each other to couple and form the
iCOMs.
These two reaction paradigms have been largely used in

combined observational/astrochemical modeling studies to
rationalize the presence of iCOMs in the given sources (e.g.,
see refs 3 and 51−53). Additionally, they have also been
assumed to study the formation of iCOMs by means of
quantum chemical simulations.54−57 By compiling all the
available works, it seems that both paradigms are necessary to
explain the presence, distribution, and abundance of the wide
and rich organic chemistry in the ISM. Thus, knowing whether
the formation of an iCOM is dominated by surface or gas-
phase chemistry is a case-by-case problem. It depends on the
nature of the iCOMs, and each one has to be addressed as a
particular case.
With the different quantum chemical studies addressing on-

grain radical−radical couplings, some drawbacks of this
paradigm have been identified. One is that the chance for
the coupling is a delicate trade-off between the diffusion of the
radicals and their desorption. That is, the temperature increase
that enables the radical diffusion must be lower than their
desorption temperatures. This can give rise to a small
temperature window in which the coupling can take place,
because this coupling temperature window is defined by the
lowest diffusion temperature and the lower desorption
temperature between the two radicals. For instance, in
acetaldehyde formation by the coupling of CH3 and HCO,
the coupling temperature window was found to be between the
temperatures at which CH3 becomes mobile on the surface
(between 9 and 15 K, depending on the adopted diffusion
barrier) and the temperature at which the methyl radical would
desorb (30 K).55 Another drawback is that radical−radical
couplings are often assumed to be barrierless because they are
driven by the coupling of the opposite electronic spins of the
radicals. However, the reactions can exhibit energy barriers
because the radicals, to proceed with the coupling, need to
break the interactions with the icy surfaces. Obviously, as a rule
of thumb, the stronger the interaction, the higher the energy
barrier. A third limitation of this paradigm is that radical−
radical couplings can have competitive channels inhibiting the
efficiency of the iCOM formation. The competitive reactions
are based on H-abstractions from one radical to the other. For
instance, the CH3 + HCO coupling can give CH3CHO
(acetaldehyde as iCOM) but also CH4 + CO (the H-
abstraction product).
In a previous work by some of us,58 an alternative on-grain

mechanism different from the radical−radical coupling was
proposed. It is based on the reaction of a radical (coming from
the gas phase or generated by UV irradiation) with neutral,
entire components of the ice, i.e., H2O and CO as the most
abundant components. In that work, this mechanism was
tested to form formamide (NH2CHO) through the reaction of
the radical CN with a water molecule belonging to the ice, i.e.,
CN + H2O(ice) → NH2CO, in which the resulting species can
be easily hydrogenated to form formamide. This alternative
mechanism overcomes the problems of (i) the coupling
temperature window (the diffusion of the radical is not needed
because it reacts with an abundant ice component, thus
increasing the chance of the encountering among the two
reactants) and (ii) the competitive channel (they a priori do

not present any other possible reaction). However, they
present energy barriers because the reaction is between a
radical and a neutral closed-shell species.
The present work aims to investigate this alternative on-

grain mechanism by simulating with quantum chemical
computations the reactivity of the CCH radical with a water
molecule of the ice. The goal is to study the possibility of
forming ethanol (EtOH), with the formation of vinyl alcohol
(VA) as intermediate species, through the following reactions:

+ →CCH H O H CCOH/HCCHOH2 2 (1)

+ →H CCOH/HCCHOH H H CCHOH (VA)2 2 (2)

+ →H CCHOH 2H CH CH OH (EtOH)2 3 2 (3)

We consider this path toward ethanol because the electronic
structure of CCH is isoelectronic with CN, hence exhibiting a
similar reactivity with water as shown in Rimola et al.58

CCH was one of the first interstellar polyatomic molecules
to be detected.59 It is a fundamental and common carbon
chain (in fact, the simplest) species in the ISM. It is found in
regions near UV sources, the so-called photon dominated
regions (PDRs) (e.g., see refs 60 and 61); in diffuse and
translucent clouds (e.g., see refs 62 and 63); in protostellar
objects;64,65 and in the cavities of protostellar outflows.66,67 In
addition, CCH has been detected in protoplanetary
disks30,68−71 and external galaxies (e.g., see ref 72) probably
in their PDR regions/skins. CCH is also abundant toward the
lukewarm (≤40 K) envelopes of the so-called warm carbon
chain chemistry (WCCC) objects, which are young class 0/I
sources characterized by higher abundances of carbon chains
and lower abundances of iCOMs than those observed in hot
corinos (see for example ref. 65). CCH appears at scales of a
few thousand AU around the protostellar center at densities of
some 106 cm−3 (e.g., see ref 73). Particularly relevant to this
work, CCH is also relatively abundant in cold molecular clouds
(e.g., see refs 74 and 75) and prestellar cores.76 Typical CCH
column densities range from 1012−1015 cm−2,61,77 with the
greatest values in PDRs.61 In molecular clouds, the CCH
column density is around 1014 cm−2, equivalent to abundances
of ∼10−9−10−8.74,75 Similar abundances are found in prestellar
cores, as CCH probably resides in the least depleted zone,
similar to the molecular clouds.76,78,79 In summary, CCH is
abundant (∼10−9−10−8) in cold (≤20 K) regions where the
interstellar dust grains are enveloped by icy mantles. Thus, it is
worth investigating the possibility that it interacts with the
water molecules of the ice to form ethanol, following the path
described above (reactions 1−3).
The reaction of CCH + H2O has been studied as a gas-phase

process at high temperatures, both experimentally and
theoretically. Seminal experiments by Van Look and Peeters80

suggested that the outcome of the reaction was not the result
of a direct H-abstraction forming HCCH + OH, and hence,
the authors proposed a mechanism based on, first, an
association between the two reactive partners, forming
H2CCHOH or HCCHOH, followed by an elimination
giving rise to H2CCO + H and/or HCCH + OH. Subsequent
theoretical calculations,81 however, indicated that among the
different reactive channels, the direct H-abstraction was the
most kinetically favorable one, in detriment to the association−
elimination mechanism. Investigations regarding this reaction
ended with a combined experimental/theoretical study carried
out by some of the first paper’s authors, concluding that the H-
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abstraction producing HCCH + OH is indeed the most facile
chemical reaction.82

In contrast, to the best of our knowledge, no experimental
works exist on the reactivity of CCH with water ices. However,
the addition of OH radicals to C2H2 ices (isoelectronic with
CCH + H2O) at temperatures below 20 K, followed by H-
additions, has been studied by several authors, resulting in the
formation of several products, among them vinyl alcohol and
ethanol. This reactivity usually involves an energetic
preprocessing of the ice analogues (i.e., irradiation with ions,
electrons, and photons) to generate the OH radicals. Among
these works, we can find (1) ion radiolysis experiments (MeV
protons) that generate mainly CO, CO2, methanol and
ethanol;83 (2) MeV protons and far UV photon irradiation
that yield vinyl alcohol formation;84 (3) UV irradiation and
proton radiolysis of the ices that form vinyl alcohol,
acetaldehyde, ketene, and ethanol;85 (4) ice irradiation with
extreme UV photons that leads to the formation of some
iCOMs like ethane, methanol, and ethanol, together with some
simpler species (e.g., CO, CO2, and methane);86 and (5)
radiolysis of the C2H2:H2O ices with less energetic protons
(200 keV) at 17 K that produce several iCOMs, like vinyl
alcohol, acetaldehyde, ketene and ethanol, and some other
species, such as C2H4, C2H6, C4H2, and C4H4.

87 In this later
work, it was proposed that once vinyl alcohol is formed by the
attack of an OH radical to C2H2, two possible situations may
take place: either an intramolecular isomerization step forming
acetaldehyde or successive H-additions on vinyl alcohol to
form ethanol. More recently, nonenergetic processes have also
been explored, in which C2H2:O2 ices exposed to H atoms at
10 K produce most of the products found in Chuang et al.,87

including acetaldehyde, vinyl alcohol, ketene, and ethanol.
Other experiments indicate that vinyl alcohol and acetaldehyde
can also be formed through other chemical reactions. That is,
the O addition to C2H2 mainly results in ketene
formation,30,85,88,89 while the O addition to more saturated
hydrocarbons (acetylene, ethane, and ethylene) leads to the
formation of different iCOMs (ketene, ethanol and acetalde-
hyde, and acetaldehyde and ethylene oxide, respectively).30,90

Ethanol formation has recently received much attention
because it has been postulated to be a parent molecule through
which other iCOMs can be formed by different gas-phase
reactions, such as acetaldehyde, glycolaldehyde, formic acid,
acetic acid, and formaldehyde (the so-called genealogical tree
of ethanol; see refs 23, 24, and 91). Because of this

significance, this work focuses on the formation of this
ancestor molecule following reactions 1−3 on water ice
surfaces by means of quantum chemical simulations to
determine if they are energetically feasible.

■ METHODOLOGY

All the calculations were based on density functional theory
(DFT) and run with the Gaussian16 software package.92

Geometry optimizations and frequency calculations were all
performed by combining the DFT methods with the Pople-
based 6-311++G(d,p) basis set.93,94 These energies were
subsequently refined at the 6-311++G(2df,2pd)95 level by
performing single-point energy calculations on the optimized
geometries. In order to identify the DFT method that better
describes our systems (and hence to use it for the reaction
simulations on the water ice surface models), we carried out a
preliminary benchmarking study using the CCH + H2O and
CH2CHOH + H gas-phase reactions as models. Five different
hybrid DFT methods were used, which were corrected with
Grimme’s D3 term or, if possible, with the D3(BJ)
version96−98 to account for dispersion interactions. The tested
DFT-D methods were BHLYP-D3(BJ),99,100 M062X-D3,101

MPWB1K-D3(BJ),102 PW6B95-D3(BJ),103 and ωB97X-D3.104

By comparing the results with those obtained with single
energy points at the CCSD(T)/aug-cc-pVTZ105 level of
theory, known as the “gold-standard” in quantum chemistry,
we found that the ωB97X-D3 method showed the best
performance when modeling the water addition to CCH, while
MPWB1K-D3(BJ) described better the hydrogenation of
CH2CHOH (see Results). Accordingly, the CCH + H2O
and the CH2CHOH + H reactions on the water ice cluster
models were computed at the ωB97X-D3/6-311++G-
(2df,2pd)//ωB97X-D3/6-311++G(d,p) and MPWB1K-
D3(BJ)/6-311++G(2df,2pd)//MPWB1K-D3(BJ)/6-311++G-
(d,p) theory levels, respectively.
All the stationary points of the potential energy surfaces

(PESs) were characterized by their analytical calculation of the
harmonic frequencies as minima (reactants, products, and
intermediates) and saddle points (transition states). When
needed, intrinsic reaction coordinate (IRC) calculations at the
level of theory adopted in the geometry optimizations were
carried out to ensure that a given transition state actually
connects with the corresponding minima. Thermochemical
corrections to the potential energy values were carried out
using the standard rigid rotor/harmonic oscillator formulas to

Figure 1. Structures of the 18 and 33 water molecule clusters, optimized at the ωB97X-D3/6-311++G(d,p) level of theory.
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compute the zero-point energy (ZPE) corrections.106 Because
the systems are open-shell in nature, calculations were
performed within the unrestricted formalism.
We additionally calculated the tunnelling crossover temper-

atures, i.e., the temperature below which quantum tunnelling
becomes the main mechanism for trespassing the potential
energy barriers. To this end, we used eq 4,107 where ΔH‡ is the
ZPE-corrected barrier height, ω‡ is the frequency associated
with the TS, and kB and ℏ are the Boltzmann’s and reduced
Planck’s constants. This temperature indicates what reactions
may actually have an important role at low temperatures
despite having an activation barrier.

ω
π ω

=
ℏ Δ

Δ − ℏ

‡ ‡

‡ ‡T
H k

H
/

2 ln(2)c
B

(4)

The surfaces of amorphous solid water (ASW) ice coating
interstellar grains were simulated by two different cluster
models: one consisting of 18 water molecules and the other
consisiting of 33 water molecules (hereafter termed W18 and
W33; Figure 1). While the former represents a compact, flat
water ice surface, the latter presents a cavity structure of about
6 Å. For more details, we refer the reader to refs 54, 58, and
108.
For the calculation of the binding energies (BEs) of CCH

interacting with the H2O ice surface models (i.e., CCH/surf
complexes), we adopted the same electronic structure
methodology as for reactivity, namely, for each CCH/surf
complex and corresponding isolated components, geometry
optimizations and frequency calculations (and hence ZPE
corrections) were computed at the ωB97X-D3/6-311++G-

(d,p) level, followed by single-point energy calculations at the
improved ωB97X-D3/6-311++G(2df,2pd) level. Basis set
superposition error (BSSE) was corrected following the Boys
and Bernardi counterpoise method. The final, corrected,
adsorption energy (ΔEads

CP) was calculated as

Δ

= Δ + + + Δ

E

E

(CCH/surf)

BSSE(CCH) BSSE(surf) ZPE
ads
CP

ads (5)

where ΔEads = E(CCH/surf) − E(CCH) − E(surf) refers to
the BSSE-noncorrected adsorption energy. Note that we used
the same sign convention as in ref 54; namely, the adsorption
energy is the negative of the binding energy: ΔEads

CP = −BE.

■ RESULTS
Benchmarking Study. As mentioned above, we carried

out a preliminary benchmarking analysis for the reactivity using
two gas-phase model reactions, CCH + H2O and CH2CHOH
+ H, to find the DFT method that describes better the reaction
properties. For CCH + H2O, we found three possible reaction
pathways, labeled as R′1, R′2, and R′3, the stationary points of
which are shown in Figure 2.
R′1 follows a stepwise mechanism: the first step involves the

formation of acetylene (HCCH) and the hydroxyl radical
(OH) as intermediate species, and the second step consists of
the condensation of these intermediates to form the
HCCHOH radical. In contrast, both R′2 and R′3 adopt a
concerted mechanism. These two reactions involve a C−O
bond formation followed by a H-transfer to the other C atom
to form the H2CCOH radical (isomer of HCCHOH, the
product of R′1). The difference between R′2 and R′3 is that,

Figure 2. Stationary points identified in the benchmarking study. Reaction pathways R′1, R′2, and R′3 refer to gas-phase CCH + H2O reaction and
are optimized at ωB97X-D3. H′1 and H′2 correspond to the two hydrogenation pathways of vinyl alcohol, optimized at MPWB1K-D3(BJ).
Distances are in Å.
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in the former, the H-transfer comes first, followed then by a
spontaneous C−O bond formation, while in the latter, the C−
O bond formation and the proton transfer evolve in a
synchronized way.
The computed energetics of these reaction pathways using

the different quantum chemical methods are shown in Table 1.
The optimized geometries of the stationary points are available
in the Supporting Information. As can be seen, the overall best
functional for these reactions of water addition to CCH is
ωB97X-D3, with an average unsigned error of ∼5% in the
energy barriers and ∼6% in the whole energetics. The
performance of the other functionals is, from better to
worse, MPWB1K-D3(BJ), PW6B95-D3(BJ), BHLYP-D3(BJ),
and M062X-D3.
For the hydrogenation steps (reactions 2 and 3), we

considered only the hydrogenation of vinyl alcohol, namely,
CH2CHOH + H, because it is the unique step that can exhibit
an energy barrier due to involving a closed-shell molecule
(vinyl alcohol) with a radical (H atom). In contrast, the other
steps consist of the hydrogenation of radical species, which are
barrierless processes because of the spontaneous spin−spin
coupling. For this H-addition reaction, we found two possible
pathways (labeled as H′1 and H′2 in Figure 2), leading to two

different products (CH3CHOH and CH2CH2OH, respec-
tively), depending on which C atom the H addition takes
place. H′1 and H′2 share a similar mechanism, in which the H
atom in the reactant structures is located at ca. 3.5 Å from the
C atom with which it will react. Results show that path H′1 is
more favorable than H′2, both for the stability of the product
and for presenting a lower activation energy barrier (see Table
1). This is because the H′1 product (CH3CHOH) exhibits a
better delocalization of the unpaired electron with respect to
the H′2 product (CH2CH2OH). Among the used DFT
methods, the functional with the smallest average unsigned
error compared to CCSD(T) single-point energy calculations
is MPWB1K-D3(BJ). The performance of the other func-
tionals, from better to worse, is PW6B95-D3(BJ), ωB97X-D3,
and BHLYP-D3(BJ). M062X-D3 was discarded for con-
vergence problems of the reactant structures. Therefore,
according to this benchmarking study, the ωB97X-D3 DFT
method has been chosen to simulate the addition of water to
CCH on the W18 and W33 cluster models, and MPWB1K-
D3(BJ) has been adopted for the hydrogenation step of vinyl
alcohol.

Adsorption of CCH on Water Ice and Binding
Energies. The complexes formed when CCH adsorbs on

Table 1. Relative Energies (in kJ mol−1) of the Stationary Points Involved in the Reaction Pathways Found for the Gas-Phase
CCH + H2O Reaction Model (R′1, R′2, and R′3) and for the Gas-Phase Hydrogenation (H′1 and H′2) for All the DFT-D
Methods and the CCSD(T) Method Used for the Benchmarking Studya

reaction step BHLYP-D3(BJ) M062X-D3 MPWB1K-D3(BJ) PW6B95-D3(BJ) ωB97X-D3 CCSD(T)

R′1 H2O + CCH 0.0 0.0 0.0 0.0 0.0 0.0
TS1 28.5 8.9 25.6 19.6 29.0 29.1
OH + HCCH −91.6 −57.0 −72.5 −63.0 −62.3 −69.0
TS2 −68.5 −62.8 −60.2 −61.1 −53.5 −51.5
HCCHOH −217.0 −222.0 −217.7 −203.6 −205.9 −193.8

TS1 % R′1 2.1 69.5 11.8 32.6 0.4
TS2 % R′1 33.2 22.1 17.0 18.8 4.0
Avg % R′1 20.0 30.9 11.5 16.3 5.1

R′2 H2O + CCH 0.0 0.0 0.0 0.0 0.0 0.0
TS1 117.4 107.5 96.4 90.8 108.0 99.5
H2CCOH −249.3 −246.8 −266.3 −253.2 −247.8 −241.1

TS % R′2 18.0 8.1 3.1 8.7 8.5
Avg % R′2 10.7 5.2 6.8 6.9 5.6

R′3 H2O + CCH 0.0 0.0 0.0 0.0 0.0 0.0
TS 120.3 87.7 98.6 123.5 113.0 105.4
H2CCOH −240.3 −244.8 −241.9 −228.8 −229.7 −214.1

TS % R′3 16.7 16.8 6.5 17.1 7.2
Avg % R′3 14.5 15.6 9.7 12.0 7.2

Global Avg % 15.1 17.2 9.3 11.7 6.0
H′1 CH2CHOH + H 0.0 0.0 0.0 0.0 0.0 0.0

TS 0.3 4.1 2.3 11.4 6.5
CH3CHOH −192.6 −183.3 −177.1 −188.1 −176.0

TS % H′1 116.4 43.6 78.5 93.0
Avg % H′1 62.9 23.9 39.6 49.9

H′2 CH2CHOH + H 0.0 0.0 0.0 0.0 0.0 0.0
TS 8.0 14.2 12.5 21.6 15.9
CH2CH2OH −157.9 −143.0 −177.1 −149.0 −142.0

TS % H′2 54.2 11.9 23.7 38.5
Avg % H′2 32.7 6.3 24.1 21.7

Global Avg % 47.8 15.1 31.8 35.8
aSee Methodology for more details. Rows indicated as “TS % RX” show the unsigned error (in percent) relative to the predicted energy of the TS.
Rows indicated as “Avg % RX” show the averaged unsigned errors (in percent and accounting for all the stationary points) of each DFT-D method
with respect to the CCSD(T)//ωB97X-D3 for R′1, R′2, and R′3 and CCDS(T)//MPWB1K-D3(BJ) for H′1 and H′2 reference values. The last
row indicates the global averaged unsigned error (in percent).
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W18 and W33 are shown in the R structures of Figures 3 and
4, respectively. Table 2 reports the computed binding energies
and the different contributions, as detailed in Methodology.
In most of the cases, a nonclassical hemibond between the

CCH species and an H2O of the ice is established because of
the formation of a two-center, three-electron system between
the unpaired electron of CCH and a lone pair of H2O. This
interaction is highlighted by the computed spin density values

and maps, which clearly indicate a delocalization of the
unpaired electron between the two centers (see data in the
Supporting Information). The distances of these hemibonds
vary between 2.1 and 2.3 Å (see the R structures of the R2, R3,
R2-1, and R2-2 sequences of Figures 3 and 4). The only
exception not presenting a hemibonded complex is the
structure R of R1 (Figure 3), in which classical, weak hydrogen
bond (H-bond) interactions are established between CCH and
the W18 ice model. Interestingly, any attempt to find a pure H-
bonded complex (i.e., without any hemibonded interaction) on
W33 failed, with the geometry optimizations collapsing into
the hemibonded structures. This reinforces the idea that the
more surface water molecules, the higher the possibility to
form hemibonded complexes, although most of the hemi-
bonded complexes also present H-bond interactions. This is
because the outermost water molecules of the cluster are
unsaturated in terms of H-bonds, presenting H- and O-
dangling atoms ready to establish H-bond and hemibonded
interactions, respectively. Remarkably, hemibonded systems
also form in the reactant structures of the gas-phase reactions
(see above). However, these gas-phase systems present a lower
hemibonded character than the complexes on W18 and W33
because the spin is less delocalized between the two centers
(see spin density values and maps in the Supporting
Information).
As expected, hemibonded complexes present BE values

larger than those of H-bonded ones (see Table 2). The
difference in the BEs between the complexes shown in R2 and
R3 (i.e., on W18) arises from the orbital occupied by the CCH
unpaired electron. In the former, the unpaired electron belongs
to the π system of the CCH (the spin density is shared
between the two C atoms, and the linearity of CCH becomes
broken upon hemibond formation), while in the latter it
belongs to a σ orbital of the C-end of CCH, in both cases
interacting with a lone pair of H2O to form the hemibond. As
the orbital overlap is more efficient in σ orbitals than in π
orbitals, the latter complex presents a larger BE than the
former (49.9 and 37.9 kJ mol−1, respectively). On W33, both
hemibonded complexes have similar BE values (89.7 and 86.0
kJ mol−1) because in both systems the unpaired electron
occupies a π orbital. Remarkably, the values on W33 are
notably higher than those on W18, and we investigated what
might be the cause. We checked for a correlation between the
BE and the number of water molecules forming the cluster,
carving several structures from our W33 model, that is, by
removing water molecules from the edges of the model in
order to build a set of water clusters with decreasing
dimensions (and blocking some O atoms of the cluster to
prevent the cavity from collapsing). By proceeding inthis way,
we found evidence that the increasing number of interactions
between CCH and the ice, together with the cooperativity of
H-bonds, is responsible for the increment of the BE. Data of
this analysis are provided in the Supporting Information.
Finally, it is worth mentioning that we performed a

preliminary benchmarking study on the binding energies of
the dimeric CCH/H2O system. Results (available in the
Supporting Information) indicate that while the H-bonded
dimer is very well described by most of the DFT methods, this
is not the case for the hemibonded one. However, for the
particular case of ωB97X-D3, the computed binding energies
are somewhat overestimated, belonging to the group of the
functionals that better compare with CCSD(T). Accordingly,
the computed binding energies of the hemibonded complexes

Figure 3. Computed potential energy surfaces (PESs) of the reactions
R1-3 between CCH and the W18 ASW ice cluster model. Bare energy
values correspond to relative ZPE-corrected values, while values in
parentheses correspond to those missing this correction. The
miniature panels sketch the ZPE-corrected PESs. Energies are in kJ
mol−1, and distances are in Å.
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arising from CCH in interaction with W18 and W33 should be
considered overestimated by some amount. Despite this
drawback, we would like to stress that the main scope of the
work is on the reactivity between CCH and H2O followed by
H-additions and that the used DFT methods are actually
accurate enough for this purpose, as shown above. In this case,
the error in the binding energies self-canceled when deriving
the energy features (energy barriers and reaction energies) of
the reactions.

Reactivity between CCH and H2O on the Ice Surface
Models. W18 ASW Ice Cluster Model. Following the three
reaction types found in the benchmark study, we tried to
reproduce them on top of the W18 ice cluster model.
However, significant differences in the mechanisms have been
found, precisely because they occur on the ice model. Indeed,

Figure 4. Computed potential energy surfaces (PESs) of the reactions R2-1 and R2-2 between CCH and W33 ASW ice cluster model. Bare energy
values correspond to relative ZPE-corrected values, while values in parentheses correspond to those missing this correction. The miniature panels
sketch the ZPE-corrected PESs. Energies are in kJ mol−1, and distances are in Å.

Table 2. Binding Energy (BE) Values (in kJ mol−1) of CCH
on the W18 and W33 Cluster Models According to the
Computed Complexes Shown in Figures 3 and 4 (the R
Structures of the Reactions (Rx) R1, R2, R3, R2-1, and R2-
2)a

surface Rx ΔEads ΔEdisp ΔZPE ΔBSSE BE

W18 R1 −21.2 −3.3 −0.6 1.4 23.7
R2 −32.8 −10.1 3.0 2.1 37.9
R3 −32.2 −22.1 2.2 2.2 49.9

W33 R2-1 −97.1 −7.2 11.2 3.3 89.7
R2-2 −81.6 −19.0 11.2 3.5 86.0

aThe contributions from the pure potential energy values (ΔEads),
dispersion corrections (ΔEdisp), zero-point energy corrections
(ΔZPE), and BSSE corrections (ΔBSSE) are also shown.
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the larger number of water molecules indicates that (i) there
are no concerted mechanisms at work and (ii) water-assisted
proton-transfer reactions are operative. Water-assisted proton-
transfer mechanisms were elucidated theoretically in the latter
years of the last century109 and can induce important decrease
in the energy barriers with respect to the nonwater-assisted
analogues. This is because the assisting water molecules bridge
the accepting/donating proton processes with their neighbor-
ing molecules and, at the same time, reduce the strain of the
rings in the transition-state structures. Hence, this mechanism
is also called proton-transport catalysis. Such catalytic effects
have also been observed in processes of interstellar interest in
icy surfaces.58,110,111 It is worth mentioning that the water-
assisted proton transfers, to be catalytically effective, need a
proper H-bond connectivity among the bridging water
molecules, from the first to the last proton transfer. This
means that, if the H-bonding network is truncated because of
the presence of interstitial unpurities, the mechanism is not
operative. This is an aspect not to overlook in interstellar ices
because they contain minor volatile species in the ices that can
obstruct the chained proton relays. Remarkably, it is worth
stressing that the catalytic transfers involve H atoms with a
proton character and not atomic radicals. This is because the H
species exchanged during the transfers are proton-like atoms
chemically bonded to a more electronegative O atom.
Because the identified reaction channels on W18 differ

significantly from the gas-phase ones, we redefine the R′1-3
model channels into R1-3, which adopt the following
simplified mechanistic steps:

R1 H2O + CCH → OH + HCCH → HCCHOH
R2 H2O + CCH → CC(H)−OH2 → HCCHOH
R3 H2O + CCH → H2O−CCH → H2CCOH

The stationary points and the energy profiles of these reaction
pathways are shown in Figure 3.
The R1 path remains the same as the R′1 one, namely,

formation of HCCH and OH as intermediate species by H-
transfer from the reactive H2O molecule to CCH, and then
coupling of the OH to HCCH to form the HCCHOH radical
as vinyl alcohol precursor. Both R2 and R3 start with the
formation of the hemibonded systems (see the Supporting
Information for their spin densities). However, because the
involved C atoms are different, the pathways proceed in a
different way as well. The hemibonded structure of R2 evolves
toward the formation of the CC(H)−OH2 intermediate, which
is followed by a proton transfer, from the OH2 moiety and
adopting a water-assisted proton-transfer mechanism, to form
the final HCCHOH radical. In contrast, the hemibonded
structure of R3 transforms into H2O−CCH as the
intermediate species. From this intermediate, two different
paths are possible, namely, from the OH2 moiety, a proton
transfer to (i) the central C atom (TS2-1) or (ii) the terminal
C atom (TS2-2), forming HCCHOH or H2CCOH,
respectively. Interestingly, both paths proceed through a
water-assisted proton-transfer mechanism. The fact that R3
exhibits these two paths is because there are well-oriented H-
bonds in the water cluster allowing for the water-assisted
mechanism in two directions, while this is not possible in R2
because of the geometry of the intermediate structure.
In relation to the energetics (see also Figure 3), the first

steps (TS1) of paths R1 and R2 become submerged below the
energy of reactants once they are ZPE-corrected. The same
happens for the second step (TS2) of path R2. This means

that R2 is an overall effectively barrierless reaction on W18. In
contrast, R1 has a low-energy intermediate (associated with
the formation of HCCH), and consequently, the second step
(TS2) encounters a relatively high energy barrier of 34.6 kJ
mol−1 (with respect to the intermediate). For R3, the first step
already presents a non-negligible energy barrier, even when it is
ZPE-corrected (14.1 kJ mol−1). For the second steps, TS2-1
has an energy lower than that of TS2-2 because the geometry
associated with the latter saddle point is more strained, because
the cycle created by the water assistant molecules is smaller. All
the reaction paths present negative and very large reaction
energies, indicating that the formed vinyl alcohol radicals are
more stable than the reactant states. We observed that, in some
cases, the ZPE corrections added to the potential energies are
very large (see, for instance, TS1 in R1, TS2 in R2, and TS2-1
and TS2-2 in R3). Interestingly, these transition states involve
the motion of H atoms of the water molecules, either as a
direct proton transfer (case of TS1 in R1) or as a water-
assisted proton-transfer mechanism (cases of TS2 in R2 and
TS2-1 and TS2-2 in R3). In contrast, when a C−O bond is
formed (namely, without involving any proton motion) it
results in a slight ZPE correction. In order to understand this
behavior, we simulated the IR spectra of R, TS1, I, and TS2-1
of R3 (see the Supporting Information). The spectra of R and
TS1, where only the C−O bond forms, show mostly common
features, with the exception of a couple of bands around 3000
cm−1, because of O−H stretching of the water molecules
surrounding the CCH. On the other hand, comparing the
spectrum of TS2-1 with R highlights the presence of a number
of features at a shorter wavenumber, arising from the water-
assisted proton-transfer. Given that the ZPE arises from the
sum of the energy of all the vibrational modes, the shorter
wavelength features of TS2-1 explain why its ZPE is smaller
than R and hence why the resulting ΔZPE is negative.
As a final comment, we stress the influence of the saturated

state (in terms of H-bonding) of the reacting water molecule in
the energy barriers. Indeed, according to the potential energy
values, the TS1 barrier in R2 is actually lower than that in R3,
0.7 and 16.0 kJ mol−1, respectively (see Figure 3). This is
because, in the former, TS1 is more reactant-like than in the
latter because, in the R structure of R2, the reacting water
molecule is not fully saturated by H-bonds (i.e., 2 H-bonds as
donor +1 H-bond as acceptor) while this is the case in R3 (i.e.,
2 H-bonds as donor +2 H-bonds as acceptor). The lack of the
H-bond in R of the R2 reaction allows the water “unsaturated”
lone pair to form the hemibonded system with CCH, in which
the C−O bond is half-formed. Thus, to reach the TS1
structure, no significant energy requirements and geometrical
changes are needed, and hence the low energy barrier. In
contrast, in R3, to form TS1 from the R structure, the reacting
water molecule has to break one of the H-bonds to form the
new C−O bond, implying a more energetic cost and relevant
geometrical changes. Nevertheless, the associated quantum
tunnelling crossover temperature is rather high (244 K),
indicating that this channel could be relevant at interstellar
temperatures.

W33 ASW Ice Cluster Model. After modeling the reaction
on the flat surface of W18, we set out to investigate the
possible effects of a cavity structure like that of W33. We tried
to reproduce the same three reaction paths as those taking
place on W18, but we found only two mechanisms, and both
are similar to R2; hence, they are termed R2-1 and R2-2. The
stationary points and the energy profiles of these reaction
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pathways are shown in Figure 4. It is worth mentioning that, to
model the reaction path R2-2, it was necessary to fix the
position of some of the oxygen atoms placed at the edge of the
model because full geometry relaxation led to the collapse of
the cavity.
In both cases, CCH is located in the cavity, with the central

C atom interacting with the oxygen atom of the reactant water
molecule of the surface, forming the aforementioned hemi-
bonded systems (see the Supporting Information for spin
densities). Along the reactions, these structures evolve to form
the CC(H)−OH2 intermediate. For both cases, this step has a
very low ZPE-corrected energy barrier (2.1 and 0.8 kJ mol−1

for TS1 and TS2, respectively). The second step involves, for
both paths, the proton transfer from the OH2 moiety to the
terminal C atom forming the HCCHOH radical, also by means
of a water-assisted proton-transfer mechanism. The two paths
lead to the same radical because the H-bond network enables
the water-assisted proton-transfer to connect with the terminal
C atom and not the central one. These second steps are
energetically below the corresponding intermediates (by
including ZPE corrections), and accordingly, the water-assisted
proton transfers proceed in a barrierless fashion. Because the
reaction energies are very large and negative, the computed
reactions on W33 are energetically very favorable, similarly to
the R2 reaction occurring on W18.
Toward the Formation of Ethanol: Hydrogenation of

Vinyl Alcohol. As shown above, reaction of CCH with an icy
water molecule leads to the formation of CHCHOH and
H2CCOH. From these species, to reach ethanol, a set of
hydrogenation steps are necessary, as sketched in reactions
6−8.

+ →HCCHOH/H CCOH H CH CHOH2 2 (6)

+ →CH CHOH H CH CHOH/CH CH OH2 3 2 2 (7)

+ →CH CHOH/CH CH OH H CH CH OH3 2 2 3 2 (8)

The first hydrogenation forms vinyl alcohol (VA). As this H-
addition is a radical−radical coupling, we consider it as
barrierless. The second hydrogenation step is the H-addition
to the VA. It involves the reactivity between a closed-shell
species (namely, VA) with a radical (H), and accordingly, it is
expected to have an activation barrier. Interestingly, depending
on the C in which the H-addition takes place, the species
formed is either CH3CHOH or CH2CH2OH. The third and
final hydrogenation step leads to the formation of ethanol,
irrespective of the initial radical species. This H-addition is,
again, a radical−radical coupling, and accordingly, it is
expected to be barrierless in a similar fashion as the first
hydrogenation. According to this reactive scheme, to
investigate on ethanol formation, we simulated only reaction
7 on the W18 ice model.
We identified two reaction paths, termed H1 and H2 (see

Figure 5), the difference of which being the C atom that
undergoes the H-addition, in analogy to the gas-phase H′1 and
H′2 reactions (see Figure 2). Both reactions start from a
prereactant structure in which the H atom is ca. 3.3 Å from the
VA because of the weak interactions between the two partners.
The computed potential energy surfaces indicate that the two
hydrogenation reactions present a non-negligible energy
barrier. In agreement with gas-phase results, the path leading
to the formation of CH3CHOH is more favorable than that
resulting with CH2CH2OH, in terms of both energy barriers

and reaction energies. Remarkably, the computed energy
barriers on W18 are higher (3−4 kJ mol−1) than those
obtained in the gas-phase. This is probably because the
adsorption of VA with the surface induces an enhanced
stabilization of the former due to the intermolecular forces
between VA and the icy surface. Thus, chemically strictly
speaking, the surface does not act as a chemical catalyst but
slightly inhibits the process. However, it is worth highlighting
that the H1 reaction presents a very low potential energy
barrier and, because of the involvement of a H atom and the
very low temperatures of the ISM, tunneling effects can
operate as well. Indeed, its associated quantum tunnelling
crossover temperature is 118 K. For reaction H2, the crossover
temperature is slightly higher, 174 K; therefore, quantum
tunneling could also play a role.

Isomerization between Vinyl Alcohol and Acetalde-
hyde. Vinyl alcohol and acetaldehyde are tautomers (i.e.,
structural isomers), and therefore, we have here considered the

Figure 5. Computed potential energy surfaces (PESs) of the
hydrogenation reactions H1 and H2 on W18 ASW ice cluster
model. Bare energy values correspond to relative ZPE-corrected
values, while values in parentheses correspond to those missing this
correction. The miniature panels sketch the ZPE-corrected PESs.
Energies are in kJ mol−1, and distances are in Å.
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conversion from one to the other according to reaction 9. This
isomerization reaction has been computed at the MPWB1K-
D3(BJ)//6-311++G(2df,2pd)//MPWB1K-D3(BJ)//6-311+
+G(d,p) level for consistency with the methodology applied to
the hydrogenation of vinyl alcohol.

⇔CH CHOH CH CHO2 3 (9)

Among them, acetaldehyde is the most stable isomer (by ∼41
kJ mol−1). In the gas phase, the barrier connecting vinyl
alcohol with acetaldehyde is very high (237.9 kJ mol−1, see the
Supporting Information). This is because the mechanism
involves an intramolecular H-transfer from the OH of vinyl
alcohol to the terminal C atom, with a highly strained
transition state.
If we now consider this reaction to take place through the

water molecules of W18, as shown in Figure 6, we can see that
a water-assisted proton-transfer mechanism can take place,
lowering the activation energy barrier down to 73.5 kJ mol−1

when the reaction starts from vinyl alcohol (I1) and to 57.7 kJ
mol−1 when it starts from its less hydrogenated precursor (I2).
The latter reaction produces CH2CHO, which can be
successively hydrogenated to form acetaldehyde. The differ-
ence in the two activation barriers is probably due to the
structure of the ring through which the proton is transferred;
that is, in I1 it is more strained. This is a great example of how
interstellar ices act as chemical catalysts. However, computed
energy barriers are very high to be surmountable under
interstellar conditions, and accordingly, these channels seem
unlikely. Nevertheless, we note that the barrier of I2 is
narrower and lower than that of I1 (with barriers widths of
about 1.6 and 2.2 Å, respectively, assuming the asymmetric
Eckart barrier model; see ref 112). Therefore, I2 would be the
most efficient mechanism among the two, if assuming that
quantum tunneling does play a role.

■ DISCUSSION AND ASTROPHYSICAL
IMPLICATIONS

CCH is a highly reactive species that easily reacts with water.
Because it is a C-centered radical and contains both donor and
acceptor H-bond atoms (the H and the C-end atoms,
respectively), it tends to form H-bonded and hemibonded
complexes with water ice molecules. The most relevant
computed energetics of CCH reactivity on our ASW ice
models are summarized in Table 3. On W18, R3 presents an
activation barrier of 14.4 kJ mol−1, and accordingly, it is not a
priori an efficient path to form vinyl alcohol, although it could
still be relevant if quantum tunnelling effects work. The first
step of R1 is barrierless to form HCCH + OH, but the reaction
stops at this stage. This is because the second step has an
intrinsic energy barrier of 34.6 kJ mol−1 (the energy difference
between TS2 and I; see Figure 3). Moreover, the energy
released by the first reaction step will no longer be available for
the second step, as water ices tend to efficiently dissipate
chemical energy fast.113,114 Therefore, R1 will lead to the
formation of a highly stabilized acetylene, which will hardly
react with OH remaining stuck on the ice. However, this
reaction can be an effective channel toward the formation of
OH radicals on the ice surfaces without the need of a direct
energy processing. This can be of importance because the
generated OH could participate in further surface reactions in
the form of OH additions. R2, at variance with the other two
reactions, is an effective barrierless reaction path toward vinyl
alcohol formation. Because of that, this reaction has also been

modeled on W33 to study the effects of the cavity on the
reactivity. On W33, we found that the reactions are no more
barrierless, although the two identified paths present low
activation barriers (2.1 and 0.8 kJ mol−1 for R2-1 and R2-2,

Figure 6. Computed potential energy surfaces (PESs) of the
isomerization between vinyl alcohol and acetaldehyde (I1) and the
analogue reaction involving their precursor, i.e., the product P2 of R3
(I2) on W18 ice cluster model at MPWB1K-D3(BJ)/6-311+
+G(2df,2pd)//MPWB1K-D3(BJ)/6-311++G(d,p). Bare energy val-
ues correspond to relative ZPE-corrected values, while values in
parentheses correspond to those missing this correction. The
miniature panel sketches the ZPE-corrected PESs. Energies are in
kJ mol−1, and distances are in Å.

Table 3. Summary of the Energetics of the Simulated
Reactions and Their Products

reaction barrier product

W18 R1 NO HCCH + OH
R2 NO HCCHOH
R3 14.4 kJ mol−1 H2CCOH/HCCHOH

W33 R2-1 2.1 kJ mol−1 HCCHOH
R2-2 0.8 kJ mol−1 HCCHOH

W18 H1 7.4 kJ mol−1 CH3CH2OH
H2 17.3 kJ mol−1 CH3CH2OH
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respectively). Because these two pathways are equivalent to R2
on W18, the effect of the cavity is almost insignificant for the
energetics of the path. Therefore, we can consider that the
mechanistic steps represented by the R2, R2-1, and R2-2
pathways constitute the most likely channel to form vinyl
alcohol.
The hydrogenation of vinyl alcohol on grains leads to the

formation of ethanol, as occurring in methanol formation from
CO115−119 and ethane formation from C2H2 and C2H4.

120−122

The H-addition to vinyl alcohol is the only hydrogenation step
not involving a barrierless radical−radical coupling and
presents an energy barrier of 7.4 and 17.3 kJ mol−1 for the
H1 and H2 channel (see Table 3). Thus, H1 is the most
energetically favored pathway for the formation of the ethanol
radical precursor. Despite the computed relatively high energy
barriers considering very low temperatures, these reactions can
proceed through tunneling and are accordingly operative in the
reaction chain starting from the adsorption of CCH on water
ice.
These quantum chemical results can partly be related to the

experimental findings mentioned in the Introduction. Indeed,
part of the experimental synthetic routes have been simulated
here, providing an atomistic interpretation (including the
energetics) for the formation of vinyl alcohol followed by it
hydrogenation to form ethanol. The main difference between
the experiments and our computations is that, in the
experiments, the C2H2/H2O ices need to be processed to
trigger reactivity (probably due to generating the radical
reactive species like CCH and OH), while in our simulations
the assumption is that the reaction does not require energetic
processing of ices, because the CCH is readily available in the
gas phase in a wide variety of environments.
We also considered the isomerization of vinyl alcohol into

acetaldehyde (and the same for their less hydrogenated
precursors), because in the experiments these reactions were
suggested to explain the presence of both vinyl alcohol and
acetaldehyde. According to our calculations, however, these
reactions, although being catalyzed by the surfaces thanks to a
water-assisted proton-transfer mechanism, present high energy
barriers, rendering them poorly competitive to the final H
additions. However, experimental authors pointed out that the
isomerization could take place thanks to the exothermicity of
the previous steps, in which the energy released along the
reaction steps can be used to overcome the isomerization
energy barrier. Our computed energetic data is consistent with
this view. The very favorable reaction energies shown by the
reactions indicate that the energy barriers of the isomerization
processes lay below the prereactive asymptotic states, and
therefore, they can be overcome by making use of the nascent
reaction energies. However, one should bear in mind that
water ice surfaces are extraordinary third bodies113,114 and
accordingly, the direct transfer of the previous reaction
energies to surmount the isomerization energy barriers is
doubtful. To shed some light on this topic, dedicated ab initio
molecular dynamics simulations are needed, which is outside
scope of the present work.
Finally, results presented in this work are very relevant in the

framework of cold astrochemistry. The presence of abundant
(∼10−9−10−8) gaseous CCH radicals in cold (≤20 K) regions,
where water ices envelope the refractory cores of the
interstellar dust grains (see Introduction), can lead to the
formation of vinyl alcohol and ethanol in addition to HCCH
and OH through a competitive reaction channel. Remarkably,

at variance with most of the experimentally proposed
mechanisms (see Introduction), the formation of the
aforementioned products does not require the energetic
processing of interstellar ices. Regarding the formation of
iCOMs, our proposal complements the nonenergetic reaction
scheme of Chuang et al.,123 in which OH radicals attack C2H2
to form iCOMs. We note that CCH (and the other
intermediate radicals) could also be destroyed by other
competitive surface reactions, e.g., by H-abstraction reactions
with H2, or H-additions. This will be considered in the future.
In general, the astrochemical processes in cold regions such

as the ones described in this work are important to improve
our understanding of the presence of complex species detected
in the cold (<20 K) outskirts of prestellar cores during the past
decade (e.g.16,124−128). In this vein, ethanol has recently gained
some attention, as it has been advocated to be the precursor of
several iCOMs formed by cold gas-phase reactions (the
genealogical tree of ethanol23,91). Indeed, the correlation of
glycoladehyde and acetaldehyde abundances observed toward
a number of interstellar sources has been shown to follow very
well the theoretical predictions when their synthesis takes place
through this gas-phase scheme.24 In the present work, we
showed that an efficient path exists for the formation of
ethanol on the surfaces of interstellar ices. However, the
nonthermal desorption of ethanol (and of the other products)
remains as a crucial missing step in the sequential events
linking the chemistry of iCOMs occurring on the surface of
grains and in the gas phase in cold regions; this issue is
undoubtedly a central matter of further investigation.

■ CONCLUSIONS
Interstellar complex organic molecules (iCOMs) have been
detected in different astrophysical environments. However, the
chemistry leading to their formation is not unambiguously
known. Two prevailing paradigms have been largely used to
rationalize their presence in the interstellar medium: one
advocates reaction in the gas-phase, whereas the other presents
reaction on the surface of icy grains. In this work, we focused
on the latter by computing the reaction of CCH with a H2O
molecule forming part of the ice structure, leading to vinyl
alcohol (CH2CHOH), which upon hydrogenation is converted
into ethanol (CH3CH2OH). This reaction is proposed as an
alternative synthetic route for iCOMs beyond the commonly
assumed radical−radical couplings. Investigations have been
performed by means of DFT quantum chemical simulations
and adopting cluster models of 18 and 33 water molecules
(W18 and W33) to mimic the icy surfaces. For the reaction of
CCH with H2O, three different reaction pathways have been
elucidated, leading to the formation of HCCH + OH,
CHCHOH, and H2CCOH. Some cases present small
activation barriers, but in others the reactions are barrierless
when zero-point energy corrections are accounted for.
Hydrogenation of vinyl alcohol on the W18 cluster has been
found to present activation barriers of a certain significance
but, for these reactions, quantum tunneling is likely to be at
work, speeding them up. Isomerization between vinyl alcohol
and acetaldehyde have also been simulated on W18, with the
results indicating that, despite the strong catalytic role played
by the water ice, they have a barrier of significant height.
Additionally, the direct H-abstraction from the water molecule
to CCH leading to the formation of HCCH and the OH
radical on the surface has been found to be an energetically
competitive channel. It is worth mentioning that a chemical
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kinetics treatment of these results is underway in order to
compute the rate constants (including tunneling effects
explicitly) for each of the proposed reactive channels and
hence elucidate branching ratios and formation efficiencies of
the simulated paths.
In summary, results from our calculations indicate that the

reaction of CCH with water ice can lead to the formation of
vinyl alcohol and, lately, to the production of ethanol, and
likely acetaldehyde, without the need of ice energy processing.
This conclusion is of relevance in the context of iCOM
formation because, according to the genealogical tree of
ethanol, this species is the parent molecule through which
different iCOMs (e.g., formic acid, formaldehyde, glycolalde-
hyde, and others) can form by means of gas-phase
processes.23,24 Thus, in this work, we provide quantum
chemical evidence on the feasibility of our mechanistic
proposal, in which ethanol can be formed on interstellar icy
grain surfaces, hence linking the two paradigms in the synthesis
of iCOMs, at least in this particular case. The missing link
between on-grain and gas-phase chemistry stands in the
nonthermal desorption of ethanol and its precursors, which
should be a subject for further investigation.
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Autoǹoma de Barcelona, Bellaterra 08193 Catalonia, Spain;
orcid.org/0000-0002-9637-4554; Email: albert.rimola@

uab.cat

Authors
Jessica Perrero − Departament de Química, Universitat
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Chapter 7

Formation of acetaldehyde on
H2O:CO dirty ice surfaces

Introduction

To complete the work on the formation pathways of COMs, the synthesis of acetaldehyde
(CH3CHO) on the surface of a periodic model of dirty ice was investigated. Acetaldehyde
is one of the most commonly detected COMs, found in cold pre-stellar cores, hot cores
and hot corinos, protostellar molecular shocks, young disks, and also in comets. Both
gas-phase and grain-surface chemistry are thought to play a crucial role in its synthesis.
While in warm environments the ethanol genealogical tree is currently the most promis-
ing explanation for its presence (Skouteris et al., 2018), it is unclear whether this is the
only mechanism at work in cold regions or grain-surface processes contribute as well. The
HCO + CH3 radical-radical recombination reaction has some drawbacks. The pathway
leading to acetaldehyde has a diffusion barrier and, additionally, it presents a competitive
channel yielding CO + CH4 (Enrique-Romero et al., 2016; Lamberts et al., 2019). Further-
more, an increase in the mobility of the radicals causes a decrease in the acetaldehyde
formation efficiency (Enrique-Romero et al., 2021).

In ‘Quantum mechanical modelling of the grain-surface formation of acetaldehyde on H2O:CO
dirty ice surfaces’ (Perrero et al., 2023, MNRAS, 525, 2654), the formation of acetaldehyde
was investigated by applying the ‘radical + closed-shell’ scheme characterised in previous
works (Rimola et al., 2018; Perrero et al., 2022). The novelty of this study regards the
adoption of a periodic ice model formed by 25% of CO and 75% of H2O, defined as ‘dirty
ice’, whose composition reflects the two most abundant species contained in icy mantles.
Moreover, CO constitutes the closed-shell species involved in the reaction, at variance
with previous investigations, in which water was the mantle component involved in the
reaction.

Results

The synthesis of acetaldehyde was simulated via a two-step process: i) CH3 + CO(ice) →
CH3CO ; and ii) CH3CO + H → CH3CHO. The CO(ice) belongs to dirty ice surfaces that
were prepared ad hoc for this study. The H2O:CO surfaces were modelled from the bulk
of a crystalline P-ice water, after substituting 25% of H2O molecules with CO in the bulk
and cutting along the (001), (010), and (100) planes. Three amorphous-like surfaces, char-
acterised by the presence of clathrate-like cages of H2O surrounding CO molecules, were
obtained, as shown in Figure 7.1. All the calculations were performed with CRYSTAL17
(Dovesi et al., 2018), with the exception of post-HF refinements of the reaction energetics,
for which GAUSSIAN16 was employed (Frisch et al., 2016).
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Figure 7.1: Structures of the (001), (010), and (100) ice surfaces, optimised at HF-3c level of theory.
Color code: H, white; C, grey; O atoms belonging to H2O, blue; O atoms belonging to the CO, red.

The size of the surface models, containing approximately 200 atoms per unit cell, ren-
dered impracticable the adoption of a high level of theory to characterise the reaction pro-
files. For this reason, two benchmark studies were conducted with the purpose of identi-
fying the most appropriate methodology at this scope and of evaluating the quality of the
obtained results.

The first benchmark concerned the CH3 + CO → CH3CO gas-phase reaction. BHLYP-
D3(BJ)/6-311G(d,p)//HF-3c, hereafter DFT//HF-3c, was the most suitable methodology
to describe the energy barrier of the reaction, when compared against CCSD(T)/aug-cc-
PVTZ//BHLYP-D3(BJ)/6-311G(d,p), hereafter CCSD(T)//DFT.

The second benchmark compared the performance of the DFT//HF-3c scheme against
CCSD(T)/CBS//DFT when in presence of a surface. Three models were selected for this
benchmark: a cluster of 20 CO molecules, and two periodic crystalline ice models where
only one surface H2O molecule was replaced with a CO. In this case, the refinement at
CCSD(T) level of theory was performed only on a small fragment extracted from the clus-
ter/periodic system, applying the ONIOM2 scheme with the OAN(C) equation to obtain
a CBS limit quality reaction energy (see Sections 2.2.4 and 2.6.4 for a detailed explanation
of these techniques). The computational resources required for these calculations were not
sufficient to characterize the reaction on additional surface models, and thus obtaining a
correction factor to improve the DFT//HF-3c data was outside the scope of the bench-
marking. The data relative to the three models shown in Figure 7.2 clearly highlight
that the DFT//HF-3c methodology underestimates the barriers of ≃ 50% compared to
CCSD(T)/CBS//DFT, suggesting that DFT//HF-3c data should be carefully interpreted.

On the dirty ice amorphous-like surfaces previously modelled, both a Langmuir-Hin-
shelwood (LH) and an Eley-Rideal (ER) mechanisms were simulated. The LH reaction
mechanism consisted in the adsorption of CH3 onto different binding sites of each surface
and its subsequent diffusion toward CO, to form the acetyl radical. In total, the reaction
mechanism was simulated nine times, resulting in a LH potential energy barrier (∆ETS,
where the ZPE is not included) that ranges from 5.8 to 36.8 kJ mol−1, depending on the
local morphology of the reactive site.

The reaction profile characterised by the lowest barrier was chosen to perform the hy-
drogenation step, which consisted in the adsorption of the H atom in five different posi-
tions around the acetyl radical. The formation of CH3CHO is a barrierless radical-radical
recombination when the H atom is well oriented toward the CO moiety of CH3CO. Alter-
natively, even in cold molecular clouds (MCs), H atoms have enough mobility to jump on
the surface and find the proper orientation to react, provided that the two reactants are
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Figure 7.2: Plot of the DFT//HF-3c against CCSD(T)/CBS//DFT potential energy barriers of the
reaction CH3 + CO(ice) → CH3CO performed on three test models (a cluster made of 20 CO
molecules (a), and two crystalline periodic H2O ice models where a water molecule exposing a
dangling hydrogen atom (b), and one exposing a dangling oxygen atom (c) where substituted with
a CO molecule). From this plot, it appears that DFT//HF-3c methodology underestimates the bar-
riers compared to CCSD(T)/CBS//DFT of a factor two.

in an electronic spin state that enables the formation of a chemical bond. Otherwise, an
intersystem crossing could take the system from the ground triplet spin state to an excited
open-shell singlet state, ultimately allowing the formation of acetaldehyde.

At variance, the ER mechanism was modelled by simulating the progressive approach
of CH3 to a CO molecule belonging to the outer layer of the surface, avoiding any ther-
malisation, and thus directly reacting to yield CH3CO . The two-dimensional PES of the
process is characterised by a local minimum due to the formation of a van der Waals com-
plex, followed by a maximum that represents the TS leading to CH3CO . In this case, ∆ETS
≃ 8.5 kJ mol−1, whereas the energy difference between the van der Waals minimum and
the TS maximum is ≃ 16 kJ, comparable with the average LH reaction barrier (see Figure
7.3). Despite presenting a smaller barrier than the LH mechanism, the ER reaction should
not have an energy barrier in order to effectively yield CH3CO .

The hydrogenation step was performed in a similar fashion to the previous reaction,
and resulted in a repulsive interaction as the distance between the reactants in a triplet
electronic spin state decreases. However, if the electronic spin state of the system is an
open-shell singlet, the radical-radical recombination reaction occurs barrierlessly, yielding
acetaldehyde.

Finally, the H + CO → HCO reaction could represent a competitive channel against
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acetyl hydrogenation. This process is known to have a small barrier of ≃ 5 kJ mol−1 and
to occur through tunnelling (Rimola et al., 2014; Pantaleone et al., 2020). However, both
the high abundance of H atoms and the barrierless nature of acetyl hydrogenation are in
favour of the latter reaction rather than the formation of HCO .

From the second benchmark performed in this study (see Figure 7.2), one can roughly
assume that the values computed for the formation of acetyl on the surface have to be
doubled (∆ETS = 11.6−73.6 kJ mol−1) to be fairly compared with the gas-phase reaction
barrier (∆ETS = 17.9 kJ mol−1). It follows that grain-surface reactions are less favourable
than the gas-phase process in the majority of the characterised cases and are in general un-
likely to take place in cold MCs. Warmer environments, where the thermal energy would
allow overcoming the reaction barrier, would instead cause the sublimation of the reac-
tants, preventing acetyl, and consequently acetaldehyde, to form (Enrique-Romero et al.,
2021).

Figure 7.3: Energy profiles (in kJ mol−1) for the CH3 + CO → CH3CO reaction via the Eley-
Rideal (left) and Langmuir-Hinshelwood (right) mechanisms. The C–C distance is given in Å. Only
the two Langmuir-Hinshelwood profiles with the largest (dash-dotted) and the smallest (dotted)
barriers are represented.

In summary, both the LH and ER mechanisms do not represent feasible pathways to
form acetaldehyde on the surface of dust grains in cold environments. The CO embedded
in the dirty ice model does not appear to be activated by the surrounding water molecules,
as their interaction is based on dispersive and quadrupolar forces that make the CO rather
hydrophobic. Furthermore, it seems that the presence of the surface provides an addi-
tional, although modest, interaction between the CH3 and the surface that needs to be
broken in order to allow the formation of the C C bond. In contrast, the ice surface is
well known to favour hydrogenation reactions by acting as a reactant concentrator and as
a third body.

The numerous studies carried out so far, including experimental and modelling ones,
tend to agree that acetaldehyde is unlikely to be a grain-surface product (Simons et al.,
2020; Gutiérrez-Quintanilla et al., 2021). Although this COM can be formed in the gas-
phase as a product of ethanol processing, consequent to the formation of CH2CH2OH and
CH3CHOH radicals, followed by reaction with atomic oxygen (Skouteris et al., 2018), its
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recent detection in the interstellar ice mantles points toward the presence of a favourable
grain-surface synthetic pathway. In protostar IRAS 2A, a gas-phase CH3CH2OH/CH3CHO
ratio close to that of the solid phase suggests acetaldehyde to be a product of surface chem-
istry (Rocha et al., 2024). However, a two-step reaction process characterised by Martínez-
Bachs et al. (2023) shows that the conversion of CH3CH2OH into CH3CHO is not favoured
on the ice mantle. Reactions started by both the C atom and the CCO radical, characterised
from both a theoretical and an experimental standpoint, might be promising candidates to
explain the presence of COMs in the ice mantles, although they appear to be at work only
in PDRs, where C atoms and CO ice are simultaneously present (Fedoseev et al., 2022; Fer-
rero et al., 2023). In conclusion, the grain-surface formation of acetaldehyde still represents
a challenge for the astrochemical community.

Future perspectives

Our current knowledge regarding interstellar ice mantles concerns their composition rather
than their morphology. This lack of information hampers the characterisation of surface
models of true dirty ices, i.e., H2O mixed with traces of CO, CO2, NH3, CH3OH, etc. At
present, only the H2O:CO models proposed in this work and those prepared by Zamirri
et al. (2018), with the aim of characterising the CO infrared fingerprint in interstellar wa-
ter ice models, have been designed. Currently, H2O:CO2 mixed ice models aimed at in-
frared spectra simulation are being prepared by M. Andersen1 and T. Lamberts2. As well
as for H2O:CO mixed ice, the major issue arising during the preparation of such models
is the segregation of the polar and apolar fractions of the ice, consequent to the global
optimisation of their structure (T. Lamberts, private communication). Nonetheless, this
kind of models are very important, because the interaction of minor species with water
ice molecules can lead to their activation, increasing their propensity to react, in addition
to influencing the strength of the interaction between the adsorbates and the ice. Usually,
the activation of a species is investigated by modelling its adsorption onto pure water ice
surfaces, however, it is not comparable with the case in which such species forms part of
the ice network (Rimola et al., 2021).

This work paves the way for the development of new models of dirty ice incorporat-
ing additional species. Building an amorphous dirty ice model requires including several
atoms in its structure. The main limitation of using large (periodic) models to simulate
reactions is that it does not allow to perform high theory level calculations. A valid strat-
egy could be exploiting ONIOM methodologies to treat large structures at a low theory
level and at the same time to accurately model the specific zone of the system in which
the reactivity takes place. The development of increasingly efficient ML potentials and the
incoming information from JWST (M. K. McClure et al., 2023; Dartois et al., 2024) could
find fertile ground to promote the study of these systems.
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A B S T R A C T 

Acetaldehyde (CH 3 CHO) is one of the most detected interstellar complex organic molecules (iCOMs) in the interstellar medium 

(ISM). These species have a potential biological rele v ance, as they can be precursors of more complex species from which life 
could have emerged. The formation of iCOMs in the ISM is a challenge and a matter of debate, whether gas-phase, grain-surface 
chemistry, or both are needed for their synthesis. In the gas-phase, CH 3 CHO can be efficiently synthesized from ethanol and/or 
ethyl radical. On the grain-surfaces, radical–radical recombinations were traditionally invoked. Ho we ver, se v eral pitfalls hav e 
been recently identified, such as the presence of energy barriers and competitive side reactions (i.e. H abstractions). Here, we 
investigate a new grain-surface reaction pathway for the formation of acetaldehyde, namely the reaction between CH 3 and a 
CO molecule of a dirty water/CO ice followed by hydrogenation of its product, CH 3 CO. To this end, we carried out ab initio 

computations of the reaction occurring on an ice composed of 75 per cent water and 25 per cent CO molecules. We found that 
the CH 3 + CO (ice) reaction exhibits barriers difficult to o v ercome in the ISM, either adopting a Langmuir–Hinshel w ood or an 

Eley–Rideal mechanism. The subsequent hydrogenation step is found to be barrierless, provided that the two reacting species 
have the correct orientation. Therefore, this pathway seems unlikely to occur in the ISM. 

Key words: astrochemistry – molecular processes – ISM: molecules. 

1  I N T RO D U C T I O N  

Acetaldehyde is one of the most common detected interstellar com- 
plex organic molecules (iCOMs), which are chemical compounds 
defined as molecules with six or more atoms that contain at least 
one carbon atom (Herbst & van Dishoeck 2009 ; Ceccarelli et al. 
2017 ; Herbst 2017 ). Since their detection in star-forming regions, 
iCOMs rose the interest of scientists. There is evidence that some 
iCOMs formed in the interstellar medium (ISM) were inherited by 
the small objects of the Solar system (Cazaux et al. 2003 ; Caselli & 

Ceccarelli 2012 ; Ceccarelli et al. 2014 ; Ligterink et al. 2018 ; Bianchi 
et al. 2019 ; Drozdovskaya et al. 2019 ). These species, after thermal 
and hydrothermal alterations, can be converted into more complex 
organic species (Yabuta et al. 2007 ; Callahan et al. 2011 ; Alexander 
et al. 2014 ; Rotelli et al. 2016 ), therefore potentially paving the way 
to the emergence of life on Earth. 

Acetaldehyde was first detected in Sagittarius B2 by Gottlieb 
( 1973 ), Fourikis et al. ( 1974 ), and Gilmore et al. ( 1976 ). Some years 
later, it was also detected in cold clouds, TMC-1 and L134N, by 
Matthews, Friberg & Irvine ( 1985 ). This molecule has been found 
in a large number of environments: cold pre-stellar cores (Bacmann 
et al. 2012 ; Scibelli & Shirley 2020 ), hot cores (Blake et al. 1987 ; Law 

et al. 2021 ), hot corinos (Cazaux et al. 2003 ; Chahine et al. 2022 ), 
protostellar molecular shocks (Lefloch et al. 2017 ; De Simone et al. 
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2020 ), young discs (Codella et al. 2018 ; Lee et al. 2019 ), and also in 
comets (Crovisier et al. 2004 ; Biver et al. 2021 ). 

The presence of acetaldehyde (CH 3 CHO) and other iCOMs in 
cold pre-stellar cores demonstrates that their synthesis cannot be the 
result of grain-surface reactions involving migration of species (i.e. 
radicals) other than H and O (e.g. Bacmann et al. 2012 ; Ceccarelli 
et al. 2022 ). 

The reaction pathways that lead to iCOMs are still a matter of 
debate, as both gas-phase and grain-surface chemistry are invoked to 
play a crucial role in their synthesis (e.g. Garrod, Weaver & Herbst 
2008 ; Balucani, Ceccarelli & Taquet 2015 ; Ceccarelli et al. 2022 ). 
Several paradigms for the formation of iCOMs were proposed in 
the literature, the most popular being schemes based on gas-phase 
reactions (e.g. Charnley, Tielens & Millar 1992 ; Charnley, Tielens & 

Rodgers 1997 ; Balucani et al. 2015 ; Taquet, Wirstr ̈om & Charnley 
2016 ; Skouteris et al. 2018 ; Vazart et al. 2020 ) and a network of 
radical–radical couplings occurring on the surface of grains (e.g. 
Garrod & Herbst 2006 ; Garrod et al. 2008 ; Jin & Garrod 2020 ). 
Other paradigms include a mechanism based on the condensation 
of atomic C (Ruaud et al. 2015 ; Krasnokutski, J ̈ager & Henning 
2020 ), on the excited O-atom insertion (Ber gner, Öber g & Rajappan 
2017 , 2019 ), or on the formation of HCO radical on ice surfaces as 
a parent precursor of other iCOMs (Fedoseev et al. 2015 ; Simons, 
Lamberts & Cuppen 2020 ). 

For what concerns acetaldehyde, several works investigated its 
formation routes from an experimental and theoretical point of view. 
In the gas-phase, the reaction between ethyl radical and atomic 
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oxygen was proposed to yield CH 3 CHO by Charnley ( 2004 ), as well 
as the insertion of CH into methanol (Vasyunin et al. 2017 ). In KIDA 

(Wakelam et al. 2012 ) and UMIST (McElroy et al. 2013 ) data bases, 
an ionic route involving protonated acetaldehyde (obtained from 

dimethyl ether) is present. Finally, in 2018, the idea that acetaldehyde 
(and other iCOMs) can arise from the chemical transformation of 
ethanol in the gas-phase was proposed (Skouteris et al. 2018 ). In this 
chemical network, called the genealogical tree of ethanol, the latter is 
the precursor (the parent molecule) that give rise to different iCOMs 
such as glycolaldehyde, acetic acid, formic acid, and acetaldehyde, 
among others. More recently, Vazart et al. ( 2020 ) carried out a 
systematic study of all gas-phase reactions present in the literature, 
which lead to the formation of acetaldehyde, and performed new 

ab initio computations for reactions having only guessed product 
and rate constants. These authors confirmed the pathways starting 
from ethyl radical (Charnley 2004 ) and ethanol (Skouteris et al. 
2018 ) and discarded the others (as they used incorrect product or 
rate constants). In their study, Vazart et al. ( 2020 ) also showed 
that the ethanol genealogical tree is currently the most promising 
explanation for the synthesis of acetaldehyde in warm objects. 
Perrero et al. ( 2022a ) proposed that ethanol would be formed on 
the grain-surface by the reaction of CCH with a water molecule of 
the ice, followed by hydrogenation of the produced vinyl alcohol. 
Remarkably, the presence of frozen ethanol has been tentatively 
detected by JWST observations (although needs confirmation) (Yang 
et al. 2022 ; McClure et al. 2023 ), supporting the hypothesis of the 
ethanol being the mother of acetaldehyde. 

On the grain surfaces, experimental results are in some cases 
contradictory. Acetaldehyde was formed in ices containing H 2 O, CO, 
CH 4 , and CH 3 OH processed by UV-irradiation (Moore & Hudson 
1998 ; Bennett et al. 2005 ; Öberg et al. 2009 , 2010 ; Paardekooper, 
Bossa & Linnartz 2016 ; Mart ́ın-Dom ́enech, Öberg & Rajappan 
2020 ). In the experiments by Chuang et al. ( 2021 ), a number 
of iCOMs were obtained by irradiating with 200 keV H 

+ ions 
C 2 H 2 :H 2 O ices, including acetaldehyde. Ho we v er, in e xperiments 
using a matrix isolation technique of UV-illuminated methanol 
ices, where the presence of radicals could be monitored, Guti ́errez- 
Quintanilla et al. ( 2021 ) found that several iCOMs were formed, 
except acetaldehyde. Finally, the experiments by Fedoseev et al. 
( 2022 ) produced acetaldehyde and its precursor, ketene, via a non- 
energetic pathway, where CO is co-deposited with C, H, and H 2 O at 
10 K. 

From a theoretical point of view, the radical–radical coupling of 
HCO and CH 3 was proposed by Garrod & Herbst ( 2006 ) to yield 
CH 3 CHO on icy grain surfaces, as it was supposed that the reaction is 
barrierless due to taking place between two radical species. Ho we ver, 
successi ve studies sho wed that not only this reaction has an energy 
barrier (because the radicals are physisorbed on the ice surface and 
have to break the intermolecular forces with the surface to react), 
but it also presents a competitive channel leading to the formation of 
CH 4 + CO (Enrique-Romero et al. 2019 , 2020 ). The same reaction 
simulated on a model of CO ice gave similar results, culminating in 
one of these three outcomes: formation of CH 3 CHO, H-abstraction 
yielding CH 4 + CO, or no reaction taking place (Lamberts et al. 
2019 ). A recent study by Enrique-Romero et al. ( 2021 ) concluded 
that the efficiency of acetaldehyde formation via radical coupling is 
a strong function of the mobility of the radicals on the grain surface 
(and, consequently, of the grain temperature), in which the easier 
the diffusion of HCO and CH 3 , the less the acetaldehyde formation 
efficiency . Finally , recent kinetic calculations of Ben Chouikha et al. 
( 2022 ) on the reaction between atomic carbon and methanol proposed 
by Singh, Tandon & Misra ( 2019 ) show the presence of a slow 

reaction step preceding the barrierless formation of acetaldehyde 
from the radicals HCO and CH 3 . Ho we ver, at lo w temperature, the 
product can be formed due to tunnelling effects. We notice, however, 
that the simultaneous presence of methanol and atomic carbon on 
the grain-surfaces is unlikely, as methanol is mostly formed by the 
hydrogenation of frozen CO, i.e. when carbon is pre v alently locked 
into CO. 

In summary, there is evidence that, in hot cores/corinos, acetalde- 
hyde is formed in the gas-phase by reactions occurring in the warm 

gas, but it is still unclear whether this is the only mechanism at work, 
especially in cold environments. In light of this situation, in this work, 
we decided to delve into the non-energetic formation of acetaldehyde 
on the surface of dust grains, when radicals cannot diffuse. 

When dealing with surface reactions, several mechanisms can 
operate: (i) Langmuir–Hinshel w ood (LH: Langmuir 1922 ; Hinshel- 
wood 1930 ) reactions, which are efficient in the case where one 
of the reactants can easily diffuse on the surface of the grains 
(Hase ga wa & Herbst 1993 ); (ii) Eley–Rideal (ER: Eley & Rideal 
1940 ) reactions, in which species from the gas-phase directly react 
with surface molecules, a v oiding diffusion, b ut are efficient only if 
there are suf ficient reacti ve species on the grain surface and if the 
reactions do not possess an acti v ation energy (Ruaud et al. 2015 ); (iii) 
Harris–Kasemo hot atom reactions, in which a high-energy species 
has enough energy to o v ercome the diffusion barriers and travels 
on the surface until all excess energy is lost or it reacts (Harris & 

Kasemo 1981 ); (iv) reactions of suprathermal species generated by 
the excitation and/or ionization caused by cosmic ray bombardment 
(Shingledecker et al. 2018 ; Shingledecker & Herbst 2018 ; P auliv e, 
Shingledecker & Herbst 2020 ). 

In this work, we investigated the acetaldehyde formation through 
a two-step mechanism based on a ‘radical + ice’ reaction, as done 
for the synthesis of formamide (CN + H 2 O (ice) : Rimola et al. 2018 )) 
and of vinyl alcohol/ethanol (CCH + H 2 O (ice) : Perrero et al. 2022a )). 
Here, we propose the reaction of a methyl radical, CH 3 , with a 
CO molecule belonging to the ice mantle of the grain, thus a v oiding 
competitive reactions as H-abstractions, followed by a hydrogenation 
step: 

CH 3 + CO → CH 3 CO (1) 

CH 3 CO + H → CH 3 CHO (2) 

In the first step, which involves the coupling of the methyl radical 
CH 3 with CO (ice) , we assume that either CH 3 is adsorbed close to 
the CO and diffuses to react with it (LH mechanism) or that it lands 
directly on the CO, reacting immediately with it (ER mechanism). 
The second step consists in the hydrogenation of the acetyl (CH 3 CO) 
radical so formed, which is expected to be almost barrierless as it 
involves an H atom reacting with a radical, whether it diffuses on the 
surface (LH) or it comes from the gas-phase (ER). 

This work is organized as follows: in Section 2 we report the 
methodology (including benchmark studies); in Section 3 we present 
the results and Section 4 is dedicated to their discussion and 
comparison with other studies. Section 5 concludes the article. 

2  M E T H O D O L O G Y  

2.1 Computational details 

We employed CRYSTAL17 (Do v esi et al. 2018 ) and GAUSSIAN16 
(Frisch et al. 2016 ) software packages, to e x ecute periodic and 
molecular calculations, respectively. CRYSTAL17 , at variance with 
other periodic codes, adopts localized Gaussian functions as basis 
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sets (in a similar approach to that for GAUSSIAN16 ), and it works with 
systems that range from zero to three periodic dimensions, a v oiding 
the f ak e 3D replica of surface models that would arise when working 
with plane waves basis sets. 

To reduce the computational cost of the periodic simulations, all 
the structures were optimized using the approximated HF-3c method 
followed by a single point energy calculation at the density functional 
theory (DFT) level, hereafter referred to as DFT//HF-3c. To check 
the accuracy of this scheme, we performed a benchmark study, which 
splits in two phases: (i) we compared the performance of DFT//HF-3c 
( CRYSTAL17 ) versus CCSD(T)//DFT in the gas-phase ( GAUSSIAN16 ) 
to select the best-performing DFT functional, and (ii) we applied the 
ONIOM2 correction (Dapprich et al. 1999 ) with the extrapolation 
scheme of Okoshi, Atsumi & Nakai ( 2015 ) in order to compare 
DFT//HF-3c against ONIOM2//DFT on the surface. 

The HF-3c method was used in the most time-consuming peri- 
odic calculations, namely, geometry optimizations and frequency 
calculations (Sure & Grimme 2013 ). HF-3c is based on the Hartree–
Fock (HF) method computed with a minimal basis set (MINIX, 
Tatewaki & Huzinaga 1980 ), in which three empirical corrections 
(3c) were added: the dispersion energy D3(BJ) (Grimme et al. 
2010 ), the basis set superposition error (BSSE) correction with the 
geometrical counterpoise (Kruse & Grimme 2012 ), and the short- 
range bond correction to fix o v erestimated co valent bond lengths 
for electrone gativ e elements (Grimme, Ehrlich & Goerigk 2011 ; 
Brandenburg et al. 2013 ). Subsequently, the energies were refined 
with single point calculations on to the HF-3c optimized structures at 
the desired DFT level of theory, following an approach that provided 
accurate results in several cases, from molecular crystals (Cutini 
et al. 2016 ), polypeptides (Cutini, Corno & Ugliengo 2017 ), pure- 
silica zeolites (Cutini, Ci v alleri & Ugliengo 2019 ) to the computation 
of binding energies on crystalline and amorphous pure water ice 
(Ferrero et al. 2020 ; Perrero et al. 2022b ). 

In the periodic calculations, all the stationary points of a potential 
energy surfaces (PES) were characterized by the calculation of the 
harmonic frequencies at � point as minima (reactants, products) or 
first-order saddle points (transition states). Each Hessian matrix ele- 
ment was computed numerically by means of a three-point formula 
based on two displacements of 0.003 Å from the minimum along 
each Cartesian coordinate. The zero-point energy correction was 
computed with the standard rigid rotor/harmonic oscillator formalism 

(McQuarrie 1975 ). Since the systems are open-shell in nature, 
calculations were performed within the unrestricted formalism. The 
threshold parameters for the e v aluation of the Coulomb and exchange 
bi-electronic integrals were set equal to 10 −7 , 10 −7 , 10 −7 , 10 −7 , and 
10 −25 . The sampling of the reciprocal space was conducted with a 
Pack–Monkhorst mesh (Pack & Monkhorst 1977 ), with a shrinking 
factor of 2, which generates 4k points in the first Brillouin zone. 

2.2 H 2 O:CO ice surface models 

The H 2 O:CO surfaces employed in this study were obtained from a 
bulk model of the pure H 2 O crystalline P-ice (Casassa, Ugliengo & 

Pisani 1997 ), in which one every four water molecules was replaced 
by CO (Fig. 1 ). Three surfaces were cut along the planes (001), (010), 
(100) (see Fig. 2 ) and then fully relaxed at HF-3c level of theory, 
optimizing both cell parameters and atomic positions, which led to a 
heavy reorganization of each structure. Although we imposed a lattice 
to the system through periodic boundary conditions, we modelled 
large unit cells of H 2 O:CO dirty ice (within P1 space symmetry) 
whose geometry relaxation resulted in an amorphous-like surface 
model. The cell parameters, the dipole, and the number of atoms 

Figure 1. Top and lateral view of the dirty ice bulk model where one every 
four water molecules was replaced by CO. Colour code: H, white; C, grey; O 

atoms belonging to water, blue; O atoms belonging to the CO, red. 

of each structure can be found in Table 1 . The (001) surface has 
the smallest number of atoms (192) and the smallest dipole moment 
across the z-axis ( −0.87 D at BHLYP-D3(BJ) level of theory). The 
H 2 O and the CO molecules broke the symmetric structure of the bulk, 
creating clathrate-like cages in which CO molecules are surrounded 
by a network of water molecules engaged in hydrogen bonds (H- 
bonds). The outer layers of each surface are characterized by the 
presence of faintly interacting CO molecules that, depending on the 
co v erage percentage, form a relatively complete monolayer of CO. 
Mixed ice models with a similar behaviour were reported in the 
theoretical work of Zamirri et al. ( 2018 ), in which CO adsorption, 
entrapment, and mixture within H 2 O ices was studied. There, it 
emerged that dispersive and quadrupolar forces have a prominent 
role in determining the structural features of these ice mixtures, and 
are responsible for the hydrophobic behaviour of CO. Indeed, when 
CO is entrapped in the ice structure, it causes large rearrangements 
of the network of hydrogen bonds, while when it is adsorbed on 
the top of the surfaces, it forms ordered layers. This gives rise 
to sections of the surface characterized by different electrostatic 
potential surfaces depending on the local arrangement of the carbon 
monoxide molecules. 
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Figure 2. Structures of the (001), (010), and (100) ice surfaces, optimized at 
the HF-3c level of theory. Colour code: H, white; C, grey; O atoms belonging 
to water, blue; O atoms belonging to the CO, red. 

Table 1. Cell parameters (a and b in Å, and γ in deg) of the three ice 
surfaces optimized at HF-3c level. Dipole moment ( μ, in Debye) across the 
non-periodic z-axis of the surfaces calculated at HF-3c and BHLYP-D3(BJ) 
(DFT) level of theory. The number of water and carbon monoxide molecules 
of each surface per unit cell (H 2 O:CO) is also reported. 

Surfaces a b γ μ(HF-3c) μ(DFT) H 2 O:CO 

(100) 14.718 12.718 101.294 − 1 .78 − 1 .72 56:24 
(010) 14.289 12.478 107.261 3 .13 3 .10 64:16 
(001) 12.776 14.604 128.338 − 1 .52 − 0 .87 48:24 

Figure 3. Stationary points of Reactions 1 and 2 , computed at BHLYP- 
D3(BJ)/6-311G(d,p)//HF-3c level of theory. Distances are in Å. 

In our model, the quantity of CO is not sufficient to give rise to 
a complete monolayer of CO, but the bottom face of (010) surface 
shows a neat arrangement of CO molecules. We notice very few 

cases in which CO molecules are engaged in short H-bonds with 
water molecules ( < 2.4 Å). This is because the water molecules tend 
to form an H-bond network between them and minimize the number 
of dangling H atoms pointing towards CO. Moreo v er, the majority of 
H-bond interactions take place through the O-end of the CO molecule 
and not through the C-end. 

This phenomenon is probably driven by the small energy differ- 
ence between the two interactions at HF-3c level of theory, for which 
the H-bond through C atom is fa v oured o v er the H-bond through the O 

atom by only 0.3 kJ mol −1 (see Fig. B1 ). The C ···H interaction is also 
longer (2.390 Å) than the O ···H one (2.212 Å), although the results 
are comparable with those given by B3LYP-D3(BJ)/6-311G(d,p). 

3  RESULTS  

3.1 Preliminary benchmark studies 

3.1.1 Gas-phase benchmark calculations 

In order to select the most appropriate DFT level of theory with which 
e x ecuting the periodic simulations, we first performed a benchmark 
analysis of the reactions 1 and 2 in the gas-phase (namely, in the 
absence of the whole icy surfaces). For the sake of reliability of 
the benchmark study adopting these gas-phase reactions, geometry 
optimizations were performed at HF-3c level in CRYSTAL17 , while 
the subsequent single point energies were computed with six different 
DFT methods, which were corrected with the Grimme’s D3 or, when 
available, the D3(BJ) terms (Grimme et al. 2010 , 2011 ) to account 
for dispersion interactions. Thus, the employed methods are BHLYP- 
D3(BJ) (Lee, Yang & Parr 1988 ; Becke 1993a ), B3LYP-D3(BJ) 
(Becke 1988 , 1993b ; Lee et al. 1988 ), M062X-D3 (Zhao & Truhlar 
2008 ), M052X-D3 (Zhao, Schultz & Truhlar 2006 ), MPWB1K- 
D3(BJ) (Zhao & Truhlar 2004 ), and ωB97X-D3 (Chai & Head- 
Gordon 2008 ). They were used in conjunction with the Pople-based 
6–311G(d,p) basis set. Diffuse functions were neglected because 
their small exponents can cause high linear dependencies in the 
wavefunction of the periodic systems we aim to work with (Klahn & 

Bingel 1977 ; VandeVondele & Hutter 2007 ; Peintinger, Oliveira & 

Bredow 2013 ; Vilela Oliveira et al. 2019 ). 
The DFT//HF-3c results were compared with those obtained 

by performing optimizations at the same DFT/6-311G(d,p) levels, 
followed by single point energy calculations at single and double 
electronic excitation coupled-cluster method with an added pertur- 
bative description of triple excitations (CCSD(T)) combined with 
Dunning’s aug-cc-pVTZ basis set in GAUSSIAN16 (Raghavachari 
et al. 1989 ). The reaction path is represented in Fig. 3 . Reaction 1 
presents a barrier due to being the coupling of the radical CH 3 with 
the closed-shell CO. Reaction 2 is a radical–radical coupling and 
therefore is barrierless in the gas-phase. 
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The results of this benchmark study for the gas-phase reaction 
models are shown in Table 2 . The different CCSD(T)//DFT cal- 
culations return comparable energy values, meaning that results 
are almost unaffected by the small differences in the optimized 
geometries obtained with the different DFT methods. Thus, we 
only report here the results computed at CCSD(T)//BHLYP-D3(BJ), 
which can be taken as reference values. The error percentages on 
the energy barriers are high when comparing the DFT//HF-3c results 
with the CCSD(T)//BHLYP-D3(BJ) ones. To have deeper insights 
into that, we have analysed the resulting optimized structures with 
each method. Table 3 reports the pivotal bond lengths of each species, 
where one can observe that HF-3c does not reproduce well the 
structures for the pre-reactant (PRE-R) and the transition state (TS) 
structures compared with the DFT methods. In the PRE-R and in 
the TS, the C C length at HF-3c versus any DFT level shows 
differences going from 0.1 to 0.3 Å and, indeed, have a decisive 
impact on the energies that are computed afterwards at single point 
DFT. 

Energetic results indicate that B3LYP-D3(BJ) is the least suitable 
functional (99.3 per cent error on the potential energy barrier for 
Reaction 1 ), while BHLYP-D3(BJ) is the best one (20.6 per cent 
error though, corresponding to an absolute error of −4.6 kJ mol −1 ). 
The BHLYP-D3(BJ) method also gives the smallest error percentage 
in the reaction energies for the formation of the CH 3 CO radical. 
On the other hand, every functional describes well the reaction of 
CH 3 CO with H. 

3.1.2 Gr ain-surface benc hmark calculations 

Based on the error percentage on the energy of the gas-phase TS, 
we chose BHLYP-D3(BJ) to compute the reactions on the surface. 
Ho we ver, although BHLYP-D3(BJ)//HF-3c performs globally well 
compared with CCSD(T)//BHLYP-D3(BJ), one has to pay special 
care when modelling the transition state of Reaction 1 , which is the 
pivotal step to determine whether the reaction is feasible or not in 
the ISM. As probably the same discrepancies can affect the periodic 
calculations, we also benchmarked them to assess the quality of 
the employed methods. Indeed, it is clear that we need to impro v e 
the quality of our data directly on the periodic surface, where the 
interaction between the reactants and the ice could change again the 
geometrical features of the interaction between CH 3 and CO, and 
therefore draw more discrepancies between HF-3c, BHLYP-D3(BJ) 
and CCSD(T) results. 

A possible solution to this problem should be performing 
ONIOM2 calculations (Dapprich et al. 1999 ) combining BHLYP- 
D3(BJ) with CCSD(T), as low and high energy levels. This method- 
ology has been previously applied to the computation of binding 
energies (Ferrero et al. 2020 ; Perrero et al. 2022b ). Ho we ver, this 
would require obtaining optimized structures at BHLYP-D3(BJ) of 
the full periodic systems, which in our case is not feasible due to the 
high number of atoms present in the unit cells. Instead, we selected 
three test model cases for simulating the acetaldehyde formation and 
computing the energies applying the ONIOM2 refinement, in order 
to compare the performance of BHLYP-D3(BJ)//HF-3c against the 
ONIOM2-corrected values on the reaction barrier. 

The test cases are based on two pure H 2 O crystalline periodic 
ice models, in which one water molecule is replaced by a CO, 
and a molecular cluster of pure CO ice. They are shown in Fig. 
A1 and are represented by the 2x1 supercell of the (010) P- 
ice surface in which (i) a water molecule exposing a dangling 
oxygen atom (H 2 O Ice (a)) and (ii) a water molecule expos- 
ing a dangling hydrogen atom (H 2 O Ice (b)) were substituted Ta
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Table 3. Distances (in Å) of selected bonds in the structures of the pre-reactants (PRE-R), transition state (TS), and products (CH 3 CO and CH 3 CHO) 
of the gas-phase reaction models 1 and 2 computed at different theory levels. 

Structure BHLYP-D3(BJ) B3LYP-D3(BJ) M052X-D3 M062X-D3 MPWB1K-D3(BJ) ωB97X-D3 HF-3c 

CO 1.114 1.127 1.120 1.121 1.116 1.125 1.135 
C C (PRE-R) 3.369 3.190 3.211 3.206 3.431 3.294 3.154 
C C (TS) 2.146 2.238 2.171 2.147 2.243 2.209 2.015 
C C (CH 3 CO) 1.505 1.515 1.513 1.517 1.498 1.513 1.552 
C O (CH 3 CO) 1.166 1.180 1.174 1.173 1.167 1.177 1.187 
C H (CH 3 CHO) 1.513 1.114 1.106 1.110 1.105 1.113 1.107 
C O (CH 3 CHO) 1.177 1.204 1.200 1.199 1.191 1.200 1.208 

Table 4. Potential energy barrier (in kJ mol −1 ) of Reaction 1 computed on 
the three test cases for the grain-surface benchmark. DFT stands for BHLYP- 
D3(BJ)/6-311G(d,p). 

Structure real model final 

DFT//HF-3c DFT//DFT DFT CBS ONIOM2 
H 2 O Ice (a) 27.0 49.5 13.8 19.6 55.2 
H 2 O Ice (b) 15.1 40.1 9.0 2.3 33.3 
CO Ice 11.3 15.0 18.0 20.4 17.4 

by a CO molecule, and (iii) a cluster model made of 20 CO 

molecules. 
Each system was divided in two parts ( model and real systems), 

described by two dif ferent le vels of theory ( high and low ). The model 
system (represented by the CH 3 and the CO) was described by the 
high level of theory, CCSD(T). The real system (that is, the whole 
system) was described by the low level of theory, BHLYP-D3(BJ). 
In this ONIOM correction, CCSD(T) was used in combination with 
the Dunning’s aug-cc-pVNZ (with N = D,T) basis sets (Dunning 
1989 ) and, with these data, the OAN(C) extrapolation scheme to 
the complete basis set (CBS) limit was applied (Okoshi et al. 
2015 ). 

The ONIOM2-corrected energy barrier ( � E TS ) was computed as 

�E T S( O NIO M2) = �E T S ( l ow, real ) + 

�E T S ( high, model) − �E T S ( lo w, mo del) , (3) 

where the � E corr = � E TS ( high,model ) − � E TS ( low,model ) repre- 
sents the correction term to the energy of the real system. 

In this work, for the calculation of the ONIOM2-corrected barriers, 
� E ONIOM 2 , equation ( 3 ) can be rewritten as 

�E T S( O NIO M2) = �E T S ( DF T ; al l ) + 

�E T S ( C C S D( T ) /C BS ; f ragm ) − �E T S ( DF T ; f ragm ) , (4) 

where � E TS (DFT; all ) is the acti v ation barrier computed at 
DFT//DFT. The � E TS of the model system (CH 3 + CO; fragm ) is 
computed through single point energy calculations at CCSD(T)/aug- 
cc-pVNZ with n = D,T and extrapolated to the CBS limit due to the 
OAN(C) equation. 

E 

OAN( C) 
CBS = 

3 3 E( T ) − s 3 E( D) 

3 3 − s 3 
(5) 

In this equation, s = 2.091 based on the choice of method and 
basis set, E(T) is the energy calculated with the aug-cc-pVTZ basis 
set, and E(D) corresponds to that computed with the aug-cc-pVDZ 

basis set. 
We performed Reaction 1 on the three test models, both at BHLYP- 

D3(BJ)//HF-3c level of theory and at the ONIOM2 scheme, chosen 
as reference. Data are available in Table 4 . 

Figure 4. Plot of the DFT//HF-3c against ONIOM2//DFT potential energy 
barriers of Reaction 1 performed on the three test models (the CO molecular 
cluster and the two crystalline periodic H 2 O models with a CO substitution). 

In the plot of Fig. 4 , we compare the ONIOM2//DFT results 
against the DFT//HF-3c ones. The regression line (DFT//HF- 
3c = 0.491 ·ONIOM2//DFT, R 

2 = 0.932) shows that the method of 
choice for the periodic calculations, DFT//HF-3c, underestimates the 
reaction barrier, as already emerging from the gas-phase benchmark 
study. 

Since we have very few cases, we do not aim to adopt the slope 
as a correction factor. On the other hand, computing the reactions on 
the dirty ice surface models at full BHLYP-D3(BJ) level is almost 
unpractical. This benchmark study, ho we ver, allo ws to figure out the 
error bar associated with the present periodic calculations. 

3.2 Grain-surface reactions adopting an LH mechanism 

Once we have checked and chosen a reasonably suitable methodol- 
ogy to calculate Reactions 1 and 2 , we simulated them on the dirty 
H 2 O:CO icy surface models. 

To this end, we first adsorbed the CH 3 on the ice models by 
manually placing the radical in positions characterized by different 
local environments. Only the atomic positions were relaxed, while 
the cell parameters were kept frozen, to be consistent during the 
successive steps of the reaction and a v oid structural deformations of 
the ice surface models. To calculate the binding energy (BE) of CH 3 

on the mixed H 2 O:CO surfaces, we followed the same computational 
scheme as in Ferrero et al. ( 2020 ) and Perrero et al. ( 2022b ), that is, 
by correcting the adsorption energy � E ads = E complex − E ice − E CH 3 

for the BSSE (which generates from using a finite basis set) through 
the counterpoise method by Boys & Bernardi ( 1970 ). 

B E = −�E ads + B S S E (6) 

For each case we computed the deformation energies of the surface 
and of the radical to verify that heavy structural rearrangements were 
not affecting our models during the geometry optimizations. We also 
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computed the BE(0) at 0 K, by correcting the BE for the � ZPE as in 
equation ( 7 ). 

BE(0) = BE − �ZP E (7) 

To identify the transition states, we adopted the distinguished 
reaction coordinate (DRC) procedure by performing a scan calcu- 
lation along the C C length. The maximum energy structure of 
the DRC pseudo-PES was used to localize and optimize the actual 
TS structure (as implemented in the CRYSTAL code, Rimola et al. 
2010 ). In the DRC process, we a v oided using internal redundant 
coordinates. Instead, we selected a mixed coordinate system made 
up of a set of selected valence internal parameters (bond lengths, 
angles, and dihedrals) plus the full set of symmetry adapted frac- 
tional displacements and elastic distortions (evoked by the k eyw ord 
INTLMIXED in CRYSTAL17 ). This represents an advantage both 
in reducing the number of valence internal parameters that are 
automatically generated for the system and in solving the quasi- 
linear dependencies that arise in systems with a lack of connectivity, 
which are reflected in a very high condition number of the Wilson 
B-Matrix. The latter condition usually makes the optimization either 
to fail or to exhibit an erratic behaviour (Dovesi et al. 2018 ). 

To simulate Reaction 2 , we selected one newly formed CH 3 CO/ice 
complex, and we manually placed the hydrogen atom to simulate its 
adsorption. We first set up five starting geometries and optimized the 
structures as open-shell triplets (the two unpaired electrons with the 
same sign), which were then optimized as open-shell singlets (the two 
unpaired electrons with opposite signs). When the orientation of H 

was in fa v our of the formation of the C H bond, but no acetaldehyde 
was obtained spontaneously, we performed DRC calculations to 
characterize the PES of the process. 

3.2.1 Adsorption of methyl radical on the dirty ices 

For each surf ace, CH 3 w as adsorbed in four different positions (two 
on the top-face and two on the bottom-face) to sample different 
binding sites. The adsorption structures at the (100) surface are 
shown in Fig. 5 . Table 5 summarizes the computed BEs and their 
contribution, along with the adsorption enthalpy BE(0). The same 
Table 5 presents the nomenclature adopted for each binding site. 

The methyl radical possesses an unpaired electron localized on 
the carbon atom, and its electrostatic potential surface is neutral 

Figure 5. Structures of the CH 3 adsorption comple x es on the (100) surface, 
optimized at HF-3c level. Distances are in Å. 

almost everywhere. Therefore, this species will not form strong 
electrostatic interactions with the surface, especially with the polar 
water molecules. Thus, dispersion interactions are the key to explain 
the behaviour of the methyl on to the surface. The BSSE can be as 
large as 50 per cent of the BE, due to the fact that the 6–311G(d,p) 
basis set has a rather small number of functions. 

The BSSE-non-corrected adsorption energies vary between −13 
and −40.3 kJ mol −1 . Considering the BSSE, the resulting BEs range 
from 5.9 to 33.4 kJ mol −1 . In nine out of the 12 characterized binding 
sites, the BEs are between 6 and 14 kJ mol −1 , while in two cases a 
value of 18.5 kJ mol −1 is found. These values are similar to those 
obtained by Ferrero et al. ( 2020 ), where the BE computed on the 
crystalline water ice is 18.2 kJ mol −1 , and on the amorphous water 
span the 9.2 to 13.8 kJ mol −1 range, indicating a similar interaction 
of methyl radical with the two ice models. Ho we ver, in the case of the 
binding site referred to as L3, the BE o v ercomes 30 kJ mol −1 . This 
is the only adsorption complex in which the interaction would be 
attracti ve e ven if we were not accounting for the dispersion. Indeed, 
while in all other cases the interaction would be repulsive, here the 
hydrogen atoms of the CH 3 are sufficiently close to the oxygen atoms 
of both CO and H 2 O, therefore determining an advantageous electro- 
static interaction of 8.8 kJ mol −1 . The ZPE correction is in the range 
4–5 kJ mol −1 in all the cases, as we would expect from the limited 
rearrangement of both the surface and the radical upon adsorption. 

Table 5. Binding energy (BE) values (in kJ mol −1 ) of CH 3 on different surface sites of the dirty H 2 O:CO ice model. The 
contributions from the pure potential energy values ( � E ads ), the BSSE corrections ( � BSSE ), the dispersive (Disp) and 
the non-dispersive (No Disp) terms of the BE, the zero-point energy corrections ( � ZPE ), and the resulting adsorption 
enthalpy (BE(0)) are shown. 

Surface Binding site � E ads � BSSE BE Disp No disp � ZPE BE(0) 

(100) H0 − 15 .2 − 5 .9 9 .3 15 .0 − 5 .7 4 .0 5 .3 
H1 − 18 .8 − 8 .9 9 .8 17 .8 − 8 .0 4 .7 5 .1 
H2 − 17 .4 − 6 .8 10 .7 13 .3 − 2 .6 3 .7 7 .0 
H3 − 22 .2 − 10 .8 11 .3 20 .2 − 8 .8 4 .7 6 .7 

(010) K0 − 27 .3 − 13 .4 14 .0 19 .8 − 5 .8 4 .5 9 .5 
K1 − 14 .5 − 6 .2 8 .3 12 .9 − 4 .6 4 .4 3 .9 
K2 − 31 .8 − 13 .4 18 .4 18 .8 − 0 .4 4 .7 13 .7 
K3 − 29 .4 − 11 .0 18 .5 16 .9 1 .5 4 .3 14 .1 

(001) L0 − 13 .8 − 7 .3 6 .5 6 .7 − 0 .2 5 .5 1 .0 
L1 − 13 .0 − 7 .1 5 .9 27 .9 − 22 .0 6 .6 − 0 .7 
L2 − 18 .9 − 7 .6 11 .3 14 .7 − 3 .3 3 .9 7 .4 
L3 − 40 .3 − 6 .9 33 .4 24 .5 8 .8 4 .3 29 .1 
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Table 6. ZPE-corrected potential energy barriers ( � H(0) TS , in kJ mol −1 ) 
for the formation of acetyl on different binding sites of each surface. The 
internal potential energy values ( � E TS ) and the zero-point energy corrections 
( � ZPE TS ) are displayed. 

Surface Binding site � E TS � ZPE TS � H (0) TS 

(100) H1 11.7 10.7 22.4 
H2 13.4 11.3 24.7 
H3 5.8 11.0 16.8 

(010) K1 11.6 10.3 21.9 
K2 23.7 10.0 33.7 
K3 36.8 10.1 46.9 

(001) L1 10.8 10.8 21.6 
L2 14.5 12.3 26.8 
L3 14.4 11.9 26.5 

Gas-phase - 17.9 10.8 28.7 

3.2.2 Acetyl radical formation 

We modelled the formation of acetyl on a selected number of 
structures (see Fig. C1 for an e xample). F or each surface, we 
chose the three adsorption comple x es characterized by the largest 
differences in the chemical environment of CH 3 . The purpose of 
this choice is to probe the effect of the chemical environment on 
the potential energy barrier of the reaction. According to the LH 

mechanism, the CH 3 diffuses towards the closest CO on the surface to 
form the chemical bond. In all the nine cases analysed (see Table 6 ), a 
potential energy barrier has to be o v ercome in order to form the acetyl 
radical. The average barrier is around 10–15 kJ mol −1 , with some 
exceptions. On the (100) surface, the complex H3 has a barrier of only 
5.8 kJ mol −1 . We notice that in this case, in the scan calculation, it is 
the CO that approaches the CH 3 and not vice versa, as we observed 
in the other simulations. We suppose that the particular geometry of 
this surface allows an easy diffusion of the CO, turning into a low 

potential energy barrier. On the other hand, on the (010) surface, we 
found tw o unf a v ourable mechanisms, K2 and K3 , presenting energy 
barriers up to 36.8 kJ mol −1 . In K2 , an H-bond between the carbon 
of the CO and a water molecule of the surface needs to break to make 
CO available for the reaction with CH 3 . In K3 , the large distance (3.9 
Å) between the reactants is the responsible of the high barrier. 

When adding the ZPE contributions, according to the equa- 
tion � H TS = � E TS + � ZPE, each barrier increases by about 11 kJ 
mol −1 . For the gas-phase reaction, we found barriers of � E TS = 17.9 
kJ mol −1 and � H TS = 28.7 kJ mol −1 , meaning a � ZPE TS = 10.8 
kJ mol −1 , very close to that obtained on the surface. If we focus 
solely on the energy barrier, in seven cases out of nine the barriers 
of the surface reactions are lower than the gas-phase one. However, 
the grain-surface benchmark calculations warn us that these barriers 
are underestimated and therefore it is highly probable that only the 
grain-surface H3 case is slightly more fa v ourable than the gas-phase 
reaction. 

3.2.3 Acetaldehyde formation 

Among the different acetyl products obtained, we selected the H1 
case to model Reaction 2 . The reason for this choice is that, in this 
structure, the acetyl is bound to a water molecule through an H-bond 
involving the oxygen of the carbonyl group, which means the carbon 
atom of interest is not hindered because it is pointing towards the 
gas-phase (it is not facing the inner side of the surface), and thus it 
is prone to react with a hydrogen atom diffusing on the surface (see 
Fig. C2 ). 

The adsorption of atomic hydrogen followed by the optimization of 
the CH 3 CO + H complex in an open-shell triplet spin state resulted, 
as expected, in no reaction. Ho we ver, a change of the electronic spin 
state to an open-shell singlet brought to the spontaneous formation 
of acetaldehyde in two (out of five) complexes without harming the 
H-bond interaction between the carbonyl moiety and the H 2 O (ice) . 
We noticed that if the H atom is at a maximum distance of 3.5 Å
from the CO moiety and it is correctly oriented (meaning that it 
approaches the CO from the less hindered side), the radical coupling 
is barrierless. 

In the other cases, either the H atom is hindered by the methyl 
moiety, or it has to o v ercome a small diffusion barrier to get close 
enough to the reactive centre. With the methodology chosen for the 
optimization, we notice that a very small diffusion barrier, of about 
1 kJ mol −1 , is limiting the free diffusion of the hydrogen on the 
surface, as the gradient in the optimization process falls to zero and 
a minimum is found. 

3.3 Grain-surface reactions adopting an ER mechanism 

In the ER mechanism, the CH 3 gas-phase species directly reacts with 
a surface CO icy component. To simulate this, we generated, with 
a Python script, several geometries in which the distance between 
the approaching CH 3 from the gas-phase and the reactive CO of the 
surface progressively decreases. We ran the optimization of these 
structures without relaxing the geometry of the surface to a v oid its 
thermalization during the approach of the CH 3 . Only after the product 
forms, the entire system was relax ed. Therefore, we pro vide the 
energy profiles for Reactions 1 and 2 without characterizing the actual 
transition states but only giving an estimate. This is because, due to 
the geometrical constraints applied to the surface, we would obtain 
high-order stationary points with imaginary frequencies associated 
with the motion of the frozen atoms of the surface. For the same 
reason, we also do not provide the ZPE-corrected profiles for these 
processes. We simulated both steps of the reaction assuming an ER 

mechanism. We chose the (100) surface as the reactive one, focusing 
on the H1 binding site. We did so in order to compare LH and ER 

mechanisms for steps 1 and 2 , but also because the CO involved in the 
C C bond formation is exposing the C-end towards the gas-phase, 
therefore being available for this type of reactivity. The energy profile 
of CH 3 + CO is plotted in Fig. 6 . Both the profile computed at HF- 
3c level and the one refined at BHLYP-D3(BJ) level are shown. One 
can clearly see the disagreement between the two methodologies in 
terms of energetics. The BHLYP-D3(BJ) profile shows that below 5 
Å of distance there is an attractive interaction between the methyl 
radical and the CO. The presence of a van der Waals complex well 
in the energy profile appears at a distance of 3.3 Å. When getting 
close to 2 Å, we find the maximum energy point, whose value is 
about 8.5 kJ mol −1 compared with the energy at infinite distance. 
The � E between the minimum and maximum energy point is 16 kJ 
mol −1 , which is compatible with the barrier computed for the LH 

mechanism. According to these results, with both the formation of 
such complex and the presence of a barrier, the reaction will hardly 
yield acetyl. 

On the other hand, considering that acetyl is already on the surface 
and a hydrogen atom approaches from the gas-phase, two situations 
can take place (see Fig. 7 ). If the o v erall spin of the system is a 
triplet, no coupling takes place and the energy of the system becomes 
highly repulsive as the distance between the two reactants increase. 
In contrast, if the system is in a singlet open-shell electronic state, the 
formation of the C H bond occurs spontaneously. We also simulated 
the competitive reaction, in which H falls on to the surface and 
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Figure 6. Eley–Rideal reaction profile of CH 3 + CO. Energy is given in kJ 
mol −1 , C C distance in Å. The reaction is computed keeping the surface 
frozen at HF-3c level of theory (green). We also provide the single point 
energy computed at BHLYP-D3(BJ)/6-311G(d,p) level of theory (blue) on 
HF-3c geometries. 

Figure 7. Eley–Rideal reaction profile of H + CH 3 CO and its competitive 
reaction H + CO at BHLYP-D3(BJ)/6-311G(d,p) level of theory. Energy is 
given in kJ mol −1 , C H distance in Å. H + CO presents a small barrier (red), 
H + CH 3 CO in the triplet spin state (green) becomes repulsive, while in the 
singlet spin state (blue) yields the product barrierlessly. 

reacts with an adjacent surface CO molecule (considering an o v erall 
triplet spin state) forming the HCO radical with a small barrier of 
4.5 kJ mol −1 . Thus, in case of an H atom approaching the surface, 
the formation of acetaldehyde via H addition to acetyl is the most 
probable reaction. 

4  DISCUS SI ON  A N D  ASTRO P HYSICAL  

I MPLI CATI ONS  

In this work, we simulated the formation of acetaldehyde on H 2 O:CO 

dirty ice surfaces models through the reaction of a methyl radical with 
a CO belonging to the ice surface, in which, subsequently, the newly 
formed acetyl radical gets hydrogenated to yield acetaldehyde. We 
performed these two-step process on the basis of both LH and ER 

surface mechanisms. 
Due to this ‘radical + ice’ reaction mechanism, step 1 has no 

competitive reactions, at variance with the prevailing radical–radical 
coupling mechanism (Enrique-Romero et al. ( 2022 )). Indeed, in our 
case, CH 3 cannot extract a hydrogen atom from water to yield CH 4 , 
neither we consider such a high abundance for CH 3 to be able to form 

ethane (CH 3 CH 3 ). As far as Reaction 2 is concerned, there may be a 
competitive channel, i.e. H + CO → HCO, known to have a barrier 
of ∼5 kJ mol −1 and to occur through tunnelling (e.g. Rimola et al. 
2014 ; Pantaleone et al. 2020 ). In our simulations, we also observe the 
presence of a barrier. Even though we modelled the process through 
an ER mechanism and we did not isolate the exact transition state 
of this reaction, the energy profile reaches its maximum of energy at 
4.5 kJ mol −1 . In contrast, the formation of acetaldehyde is barrierless 
and therefore fa v oured. 

The benchmark that we performed for the acetyl formation 
reaction on the icy surfaces stresses that the BHLYP-D3(BJ)//HF-3c 
computational scheme seems to underestimate the potential energy 
barrier of the process. Thus, a direct comparison with the gas-phase 
reaction (computed at full DFT level) is therefore not possible. 
Ho we ver, if we roughly assume that the computed � E(0) TS values 
on the surfaces have to be doubled to be fairly compared with the 
gas-phase ones (as emerged from the benchmark study), it turns out 
that the grain-surface reactions are less fa v ourable than the gas-phase 
ones in the majority of the cases, namely, just one case out of nine is 
characterized by a � H(0) TS lower than the 28.7 kJ mol −1 found for 
the gas-phase reaction. Ho we ver, e ven in the most fa v ourable case, 
the barrier is still high so that Reaction 1 is unlikely to take place 
in the cold molecular clouds. Additionally, in environments where 
the temperature can be higher (namely, with more thermal energy 
available to o v ercome the barrier), the sublimation of CO and CH 3 

(abo v e 20 K: e.g. Ferrero et al. 2020 ) will prevent the reaction from 

taking place. 
Therefore, we can summarize the effect of the ice surface on the 

acetyl formation through the reaction of CH 3 with iced CO in two 
points: (i) the CO embedded in the surface is not strongly acti v ated 
towards the reaction by the surrounding icy water molecules, which in 
fact, if possible, a v oid interacting with the CO molecules by creating 
clathrate-like structures, as it appears during the optimization of the 
surfaces; and (ii) in almost all the surface reactions, the potential 
energy barrier is fairly larger than that in the gas-phase, meaning that 
there is an additional, although modest, interaction between the CH 3 

radical and the surface that needs to be broken in order to allow the 
radical to approach the CO and form a C C bond. 

On the other hand, the second step (formation of acetaldehyde 
by H-addition to acetyl) is fa v oured by the presence of the ice, as 
the surface is well known to act as a reactant concentrator (e.g. 
Ioppolo, Cuppen & Linnartz 2011 ; Rimola et al. 2014 ; Fedoseev 
et al. 2015 ; Simons et al. 2020 ; Ferrero et al. 2023b ) as well as 
third body (i.e. energy dissipator, hence stabilizing the newly formed 
product) (e.g. Pantaleone et al. 2020 , 2021 ; Molpeceres et al. 2023 ; 
Ferrero et al. 2023a ) in hydrogenation of atoms and small molecules. 
Moreo v er, in the event that hydrogen is approaching the acetyl with 
an unfa v ourable orientation, due to its easy diffusion, it is able to 
mo v e towards the CO moiety and yield acetaldehyde. 
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The ER mechanism does not bring any improvement over the 
LH one. For the former, to be ef fecti ve, the acetyl formation should 
not have a barrier, this way avoiding the preliminary adsorption 
and forming directly the product. Ruaud et al. ( 2015 ) stress the 
importance of this mechanism for reactions between atomic carbon 
and icy components. Ho we ver, in our case, both mechanisms present 
a barrier with similar heights, so that none of the mechanisms 
dominate o v er the other (at least from an energetic standpoint). 
For the hydrogenation of the acetyl radical to form acetaldehyde, 
both mechanisms are feasible to yield the product, although the LH 

one is probably fa v oured due to the fact that at a temperature as 
low as 10 K the majority of atomic hydrogen would probably be 
adsorbed on the surface. We have seen, moreover, that the relative 
orientation between H and acetyl is not a hampering factor so that 
probably, at 10 K, H atoms have enough mobility to jump between 
different adsorption sites and find the orientation that would fa v our 
the formation of acetaldehyde. 

Therefore, although the CH 3 + CO (ice) mechanism seems not 
to particularly enhance the formation of acetaldehyde, this result 
is important to constraint the active synthetic paths that drive the 
formation of acetaldehyde in the ISM. 

Other studies have focused on acetaldehyde grain-surface forma- 
tion through radical recombination between HCO and CH 3 (e.g. 
Enrique-Romero et al. 2016 , 2019 , 2021 ; Lamberts et al. 2019 ), 
which already highlighted the difficulty of the synthesis of this 
iCOM. In Enrique-Romero et al. ( 2016 ) and Enrique-Romero et al. 
( 2019 ), the reactivity between CH 3 and HCO performed on H 2 O ice 
resulted in either formation of acetaldehyde or in CH 4 + CO due to a 
competitive H abstraction, both reactions having small or no potential 
energy barriers. In a subsequent work, Enrique-Romero et al. ( 2021 ) 
found that the efficiency of acetaldehyde formation was o v erall low in 
comparison with that of CH 4 + CO. In Lamberts et al. ( 2019 ), the rad- 
ical pair reactivity was investigated on CO ices by means of ab initio 
molecular dynamics. By adopting a sufficient configurational sam- 
pling (namely, different trajectories based on different initial guess 
structures), the authors found that the reactivity results in either no 
reaction, formation of CH 3 CHO, or CH 4 + CO, the last two outcomes 
being barrierless, while in the first case the non-formation of a prod- 
uct was due to the presence of a barrier. Therefore, according to these 
results, acetaldehyde synthesis on icy surfaces is not a fa v ourable 
path. This is in agreement with the theoretical study by Simons et al. 
( 2020 ), who stated that the reaction network obtained by the hydro- 
genation of CO may cause the production of several iCOMs (gly- 
colaldeh yde, eth ylene glycol, and to a less extent methyl formate), 
alongside methanol and formaldehyde, but acetaldehyde is not one 
of them. Likewise, the experimental study by Guti ́errez-Quintanilla 
et al. ( 2021 ) found that acetaldehyde is not formed by the combina- 
tion of radicals created by the UV illumination of methanol ice. 

An alternative way of forming acetaldehyde on the grain-surfaces 
discussed in the literature is via the reaction of carbon atoms with 
the CO molecules of the ices. Fedoseev et al. ( 2022 ) experimentally 
studied the reaction of C + CO co-deposited with H 2 O and H at 10 K, 
following the theoretical study of Papakondylis & Mavridis ( 2019 ). 
The authors observed the formation of CCO and its hydrogenated 
counterpart, the ketene CH 2 CO. Successive hydrogenation steps 
result in CH 3 CHO. Likewise, Ferrero et al. ( 2023b ) carried out a 
theoretical study on the formation of ketene from the reaction of C 

with CO (ice) and the potential successive reactions with radicals (e.g. 
OH and NH 2 ) that could form other iCOMs and found that only 
hydrogenation (via H-tunneling), eventually leading to acetaldehyde 
could occur, because of important energy barriers. Ho we ver, as 
Ferrero et al. ( 2023b ) noticed, the simultaneous presence of gaseous 

atomic carbon landing on the grain-surfaces and a CO-rich ice is very 
unlikely in the molecular ISM, except in photodissociation regions, 
as abundant frozen CO implies an evolved molecular cloud or pre- 
stellar core where atomic carbon has an extremely low abundance. 

Assuming that CH 3 CHO is formed on the grain-surfaces, then a 
thermal and/or non-thermal mechanism is needed to partially transfer 
it into the gas-phase, where it is observed. This is particularly prob- 
lematic when considering the detection of acetaldehyde in several 
cold pre-stellar cores (Scibelli & Shirley 2020 ). The parameter 
establishing whether a species stays bound to the icy mantle or 
enriches the gas-phase is its BE. A recent computational work by 
Ferrero et al. ( 2022 ) highlights how the acetaldehyde BE, ranging 
from 3000 to 7000 K on water ice, represents an obstacle to explain 
its presence in the gas-phase of cold environments. The studies 
by Corazzi et al. ( 2021 ) and Molpeceres et al. ( 2022 ) reported a 
value which is close to the lower end of the distribution outlined in 
Ferrero et al. ( 2022 ), but it is still too large to allow desorption in 
cold (10 K) astronomical objects. Usually, to explain the desorption 
process of this and other iCOMs, non-thermal mechanisms such as 
photodesorption, reactive desorption, and cosmic-ray desorption are 
invoked (e.g. Dulieu et al. 2013 ; Chuang et al. 2018 ; Dartois et al. 
2019 ), each of these mechanism having their drawbacks (e.g. Bertin 
et al. 2016 ; Pantaleone et al. 2020 ). Clearing this matter is out of 
the scope of this work, which aims at investigating acetaldehyde 
formation on icy surfaces. 

In summary, all studies so far carried out, theoretical and exper- 
imental, tend to agree that acetaldehyde is unlikely to be a grain- 
surface product. On the contrary, several studies now seem to fa v our 
the hypothesis of acetaldehyde formed in the gas-phase. We would 
like to mention in particular the work by Vazart et al. ( 2020 ), who 
showed a very good agreement between the observed and measured 
abundance of acetaldehyde in hot corinos. 

5  C O N C L U S I O N S  

In this work, we studied the formation of acetaldehyde (CH 3 CHO) 
on the grain surfaces through a two-step mechanism: (i) the reaction 
of a methyl (CH 3 ) radical with a CO molecule belonging to a 
periodic surface of H 2 O:CO dirty ice to form acetyl (CH 3 CO), 
and (ii) the hydrogenation of the newly formed acetyl. We char- 
acterized the process via the Langmuir–Hinshel w ood and Eley–
Rideal mechanisms and compared the results obtained against those 
simulated for the same reaction in the gas-phase. Our grain-surface 
benchmark on three test models stressed that the barriers computed 
at BHLYP-D3(BJ)//HF-3c level are fairly underestimated against 
CCSD(T)//BHLYP-D3(BJ). 

We modelled three periodic dirty ice surfaces by cutting along 
the planes (001), (010), and (100) a bulk of crystalline H 2 O P- 
ice, where one-fourth of the water molecules was substituted by 
CO. We obtained three amorphous-like surfaces characterized by a 
variable content in CO on to which we simulated several adsorption 
structures of CH 3 , finding that dispersion interactions are crucial 
for the adsorption process. We computed the ZPE-corrected PES of 
acetyl formation in three cases for each H 2 O:CO ice surface, results 
pointing out that in most of the cases the reaction presents high 
energy barriers insurmountable in the ISM. The formation of acetyl 
via CH 3 + CO (ice) on the surface is less fa v ourable than its gas-phase 
counterpart in the majority of the cases. 

We have elucidated that these overall unfa v ourable reactions are 
due to that (i) the CO molecule is hardly acti v ated by the surface 
and the CH 3 does not present an enhanced reactivity (it does not 
form hemibonded systems), and (ii) the barriers for acetyl formation 
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depend on the local environment of the CO, that is, they are high (in 
most of the cases) when the distance between the reactants is large 
or when the CO/H 2 O interactions have to be broken for the reaction 
to take place. On the other hand, the hydrogenation of acetyl is 
barrierless, given that the electronic spin of the system is a singlet 
open-shell and that the H atom is so mobile that it al w ays finds 
a proper orientation towards the carbonyl group of CH 3 CO. The 
outcome of the reaction, specifically its barrier, does not impro v e 
when adopting the ER mechanism against the LH one. 

In summary, several previous studies have challenged the hy- 
pothesis that acetaldehyde is formed on the grain-surfaces via the 
combination of on-surface radicals, specifically CH 3 and HCO (e.g. 
Enrique-Romero et al. 2016 , 2019 , 2021 ; Lamberts et al. 2019 ; 
Simons et al. 2020 ; Guti ́errez-Quintanilla et al. 2021 ). Leveraging 
on other studies showing that some iCOMs (ethanol and formamide: 
Rimola et al. 2018 ; Perrero et al. 2022a ) could be formed on the 
grain surfaces via reactions of radicals with molecules belonging 
to the ice, in this work, we investigated the reaction of the CH 3 

radical with one CO molecule of the ice. Our computations show 

that also this path is unfa v ourable to the acetaldehyde formation, 
reducing the possibilities that the latter is formed on the grain 
surfaces. Alternatively, gas-phase reactions could be at the origin 
of the almost ubiquitous presence of acetaldehyde in the ISM (e.g. 
Vazart et al. 2020 ). 
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APPE ND IX  A :  B E N C H M A R K  M O D E L S  

Figure A1. Ice model used for the benchmark on the surface: (i) a cluster 
model made of 20 CO molecules, and the 2x1 supercell of (010) P-ice surface 
in which (ii) a water molecule exposing a dangling oxygen atom (H 2 O Ice 
(a)) and (iii) a water molecule exposing a dangling hydrogen atom (H 2 O Ice 
(b)) was substituted by a CO molecule. 

APPEN DIX  B:  H  2 O  ··· C O  INTER AC TI ON  

Figure B1. The interaction between CO and H 2 O computed at HF-3c 
(black) and B3LYP-D3(BJ)/6-311G(d,p) (green) levels of theory. The H- 
bond established through the C-atom is energetically fa v oured o v er the one 
established through the O-atom of CO by only 0.3 kJ mol −1 at HF-3c level 
against 3.9 kJ mol −1 of B3LYP-D3(BJ). 

APPEN DIX  C :  R E AC T I O N  O N  ( 1 0 0 )  SURFAC E  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/525/2/2654/7246894 by guest on 01 Septem
ber 2023

Chapter 7. Formation of acetaldehyde on H2O:CO dirty ice surfaces 207



Acetaldehyde formation 2667 

MNRAS 525, 2654–2667 (2023) 

Figure C1. Reactant, transition state, and product structures of the acetyl 
formation reaction on (100) surface, binding site H1 . Colour code: H, white; 
C, grey; O, red. 

Figure C2. Reactants and product structures of the acetaldehyde formation 
reaction on (100) surface. The hydrogen atom approaching from the gas-phase 
(A) represents the Eley–Rideal mechanism, while in case of the Langmuir–
Hinshel w ood mechanism, the atom is adsorbed on the surface (B). Colour 
code: H, white; C, grey; O, red. 
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Chapter 8

Conclusions

The formation of a planetary system consists of five phases during which both the physical
and the chemical complexity increase together. Interstellar dust grains are thought to par-
ticipate in the building up of the molecular complexity. Nevertheless, their specific roles
are highly debated. This thesis is organized as a compendium of seven articles dedicated
to the investigation of both adsorption and reaction processes, with the aim to provide
new insights into the knowledge of grain-surface chemistry occurring in the interstellar
medium (ISM). The major findings of this work are summarised in three macro-areas: i)
the determination of sulphur-bearing species binding energies (BEs) and eventually spec-
tral features; ii) the synergy between theoretical and experimental approaches in deter-
mining astrochemical parameters; iii) and the formation of a few selected complex organic
molecules (COMs) on the surface of dust grains.

8.1 Advances in the sulphur depletion problem

While the abundance of sulphur in diffuse clouds is consistent with the cosmic value and
mostly resides in S+, in more dense and evolved environments sulphur progressively de-
pletes, in accordance with the freeze-out of this element on dust grains, which should be-
come part of the icy mantles coating the grains. However, the only species detected in the
ice mantles are OCS and SO2, but the main carriers of sulphur remain unknown. Organo-
sulphur compounds, polysulphanes, and Sn allotropes have been proposed as candidates,
and in the last years much effort has been done to synthesise and characterise the forma-
tion of these compounds.

To shed light on the mystery of sulphur depletion in the ISM, the interaction between a
set of S-bearing species with the core and the mantle of dust grains has been investigated.
Dust grain cores have been simulated with olivine nanoclusters, while the mantels are
modelled with periodic crystalline and amorphous water ice surface structures. The first
two articles presented in the compendium collect the BEs of 23 S-bearing species, classified
in four groups, adsorbed on periodic crystalline and amorphous water ice surfaces. This
scenario reproduces the chemistry occurring in a cold molecular cloud (T ≃ 10 K).

i) H-bond donors and H-bond acceptors: CH3SH, H2CS, H2S, H2S2, HCS, HS, and HS2.

ii) Only H-bond acceptors: OCS, SO2, NS, and SO.

iii) Molecules with a carbene-like terminal carbon atom: CS, C2S, C3S, and C4S.

iv) Species interacting mainly through dispersive interactions: S, S2, S3, S4, S5, S6, S7,
and S8.

For the S2−S8 group, the IR and Raman spectra for the gas-phase and the adsorbed
species were also simulated. The main findings of this research can be summarised in four
points.
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• Amorphous ice models offer a variety of binding sites characterised by a different
strength, which is better represented by a distribution of BEs, therefore it would be
necessary to apply these ranges rather than single values in astrochemical models.

• An accurate description of London dispersion interactions is of critical importance to
properly characterise the behavior of S-bearing species, due to sulphur being more
polarizable with respect to C/N/O second-period atoms.

• The observed shifts and the intensity of IR and Raman vibrational modes are in-
sufficient to distinguish between S5 to S8 rings in the gas phase versus adsorbed on
the water ice surface. In contrast, some peculiar adsorption features emerge for the
chains S2, S3, and S4.

• Due to their peak intensities, S2 to S8 species are active in Raman spectroscopy, but
are not detectable in IR spectra. Therefore, their presence can be detected in the
laboratory, but they cannot be directly observed in the ISM.

A smaller pool of species, comprising CS, H2S, H2S+, HS, HS+, S, S+, SO, and SO+,
was adsorbed on olivine nanoclusters. This scenario reproduces the chemistry occurring
in a diffuse cloud (T ≃ 100 K). This investigation, corresponding to the third article of the
compendium, highlighted that:

• S-bearing species exhibit a stronger affinity for the silicate cores of interstellar dust
grains compared to the ice mantles, reinforcing the hypothesis that the majority of
sulphur may be locked in a refractory form constituting part of the grain core, there-
fore impossible to detect in the gaseous phase.

• Charged gas-phase sulphur-bearing species or charged dust grains typically facili-
tate the freeze-out, driven by charge delocalisation, which plays a stabilising effect.
In diffuse clouds, where both species and grain cores are positively charged, it can be
assumed that electrostatic repulsion will play a significant role against the accretion
of the species on the mantle.

• The freeze-out of species at the grain core could also result in a dissociative adsorp-
tion, as observed for HS+, H2S+, and H2S, the latter displaying a relatively low bar-
rier for its dissociation into HS– and H+. The formation of heavier S-bearing species,
such as S-chains or S-containing minerals, may be facilitated by strong adsorption
interactions, which could also promote reactivity.

8.2 Synergy between theoretical and experimental chemistry

The gas-phase detection of COMs, which are known to form efficiently on the icy mantles
of dust grains, requires their sublimation from the condensed phase. One possible desorp-
tion mechanism is thermal desorption, which requires a relatively low interaction energy
between the species and the surface, as well as a sufficiently warm environment provid-
ing enough kinetic energy to the species, thus enabling their sublimation. The estimation
of BEs serves to determine whether this mechanism is efficient or other effects, such as
chemical desorption and photodesorption, have to be invoked to explain the sublimation
of condensed species.

The determination of BEs can be achieved through both experimental and computa-
tional chemistry, with each technique exhibiting distinctive strengths and weaknesses.
While experiments are performed under conditions of higher pressure than those of the
ISM, resulting in the reproduction of grains and mantles that are significantly more dense
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than those found in the ISM, simulations are performed under conditions of zero tem-
perature and pressure, allowing for the accurate control of a limited number of chemical
species. The main results of this study, which is the fourth article of the compendium, can
be summarised in three points.

• Temperature programmed desorption experiments are an effective method for deter-
mining desorption energy and pre-exponential factors of species that interact weakly
with water. This approach is particularly useful for elucidating the effects of different
coverages.

• Computational chemistry, on the other hand, is more suitable for the description
of single adsorption phenomena. Moreover, simulations are essential when the tar-
geted species interact strongly with the ice surface and have a BE which is similar to
or larger than that of water.

• Simulations typically yield large BE distributions, including a low tail due to the
presence of isolated species on the ice. Conversely, experiments typically return
higher values, due to the contribution of lateral interactions between the adsorbates,
in addition to their interaction with the underlying surface. Both approaches are
needed for a complete description of the adsorption/desorption process.

8.3 New insights in COMs formation

The two main paradigms currently adopted to explain the presence of COMs in the ISM
invoke gas-phase reactions and grain-surface processes. The objective of this thesis is to
gain new insights into the reactions occurring at the surface, to expand the range of inves-
tigated reactions and propose alternative mechanisms to the prevalent ‘radical + radical’
scheme. The main subjects of the study were the formation of acetaldehyde, ethanol and
urea. While the simulations indicate that ethanol and urea are products of grain-surface
chemistry, acetaldehyde is mainly identified as a product of gas-phase reactions, although
some uncertainties recently arose.

In order to synthesise urea, a number of reactions involving both closed-shell and
open-shell species, derived from the parent species HNCO and NH3 have been tested.
The reactions were conducted via a Langmuir-Hinshelwood mechanism, adsorbing the
reactants on an amorphous cluster of 18 water molecules. From this investigation, corre-
sponding to the fifth publication of the compendium, some interesting results emerge.

• The direct reaction between HNCO and NH3 is favoured by the presence of a water
surface, with respect to the gas-phase reaction. However, the ice surface hampers
the reaction due to strongly binding the reactants.

• The formation of NH +
4 OCN– needs a strong solvation effect in order to occur spon-

taneously, such as that provided by the ice bulk. Conversely, the salt formation is
endothermic on the surface of the ice mantle.

• The only kinetically feasible pathway is represented by a radical-radical recombi-
nation, that is H2NCO + NH2. At a temperature of 20 K, the half-life time of the
reactants is only 0.03 s.

• The ice surface acts as both a reactant concentrator and eventually as an energy dis-
sipator.
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Ethanol has been synthesised through the CCH + H2O reaction, in which the water
molecule belongs to the ice mantle, which is represented by an amorphous cluster of 18
water molecules. Three additional hydrogenation steps were necessary to yield the prod-
uct of interest. The main findings of the sixth article are listed below.

• The ‘radical + closed-shell’ scheme appeared to be efficient in the context of ethanol
formation, where the establishment of a hemibond was pivotal for the formation
of the C O bond between CCH and H2O. A successive H-transfer step along the
H-bonds network of the ice yields HCCHOH or H2CCOH.

• Three additional hydrogenation steps are required to yield ethanol, a process that
can also occur through tunnelling effect, when in presence of an energy barrier. In-
deed, the second hydrogenation involves a closed-shell species and has a barrier.

• During the hydrogenation steps, vinyl alcohol, a tautomer of acetaldehyde, is formed.
Nevertheless, the computed energy barrier for the isomerization process appears to
preclude the conversion of vinyl alcohol into acetaldehyde.

• In the steps that link CCH to CH3CH2OH, it is directly observed that the ice surface
serves the multiple functions of reactant supplier ( CCH reacts with a H2O molecule
belonging to the ice), catalyst (facilitating proton transfers through the network of
H-bonds formed by the H2O molecules), and eventually energy dissipator.

Finally, three dirty H2O:CO ice surfaces have been modelled with the objective of in-
vestigating the formation of acetaldehyde through the reaction of the CH3 radical with a
CO molecule belonging to the ice surface. The following four points outline the results of
the seventh and last article of the compendium.

• The modelling of the slabs has demonstrated the propensity of the ice to reorganise
into clathrate-like structures, particularly within the inner part of the surface.

• The tendency of CO molecules to separate from water is subsequently validated by
the absence of activation towards the formation of a C C bond, which is consistently
disadvantaged with respect to the gas-phase process.

• Althought the hydrogenation reaction of acetyl into acetaldehyde is favoured due to
the (eventual) presence of a negligible diffusion barrier for the H atom, the overall
reaction does not appear to be favoured compared to the gas-phase process.

• The warmer environments necessary to overcome the reaction barrier would ham-
per the reaction causing the sublimation of the CH3 radical. The most likely grain-
surface formation route of acetaldehyde remains to be identified.

8.4 Final remarks

Each chapter of this thesis presents the topics that have been investigated over the past
four years, with a particular emphasis on the motivations behind the development of each
work, the main results that were obtained, and the future perspective opened up by such
study. The nature of scientific research is such that the pursuit of a single question often
gives rise to a multitude of new queries. In the field of astrochemistry, the difficulties in
directly observing the phenomena that occur during the formation of stars, planets, and
the other small bodies are compounded by the difficulties experienced in reproducing such
conditions in order to run experiments, whether they are performed in a laboratory or on
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a computer. Consequently, a dual approach is required to address both the unanswered
questions and to enhance the investigative techniques employed. With the collective effort
of the scientific community, we will gradually advance our understanding and provide
more answers to the challenges of the Universe.
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