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Abstract

Sulphur is the tenth most abundant element in the universe and is known to play many
important roles in biochemical, geochemical, and atmospheric processes. However, the
astrochemistry of sulphur presents many as yet unresolved problems. In the dense interstellar
medium, for instance, there exists a notable paucity of sulphur in both the gas phase as well
as within interstellar icy grain mantles, compared to the expected cosmic abundance of the
element. Moreover, no conclusive detection of solid interstellar H>S has yet been made,
despite the known efficiency of hydrogenation reactions on the surface of interstellar dust
grains. Within the Solar System, solid SO is known to be a component of many icy bodies,
including the Galilean moons of Jupiter and several comets, but the mechanism leading to
its formation still largely eludes contemporary astronomers, chemists, and spectroscopists.

This thesis probes a number of questions relating to sulphur ice astrochemistry in both
interstellar and Solar System environments. It begins with a review of the current state of
knowledge of extra-terrestrial sulphur chemistry, before delving into a broader discussion of
the chemical characteristics of the cosmos and a brief history of astrochemistry as an
independent field of research. A background to the relevant scientific concepts and principles
routinely used in laboratory astrochemistry then follows, which includes detailed discussions
on molecular structure and symmetry, spectroscopy (with an emphasis on measurements
made in the mid-infrared spectral range), and radiation chemistry.

A thorough description of a new experimental facility for ion and electron irradiation
studies of astrophysical ice analogues based at the Institute for Nuclear Research (Atomki)
is provided, along with various experiments performed to validate the set-up. The results of
systematic studies on the mid-infrared absorption spectra of H,S and SO> astrophysical ice
analogues, both pure and mixed with H>O, are then presented and discussed in the context
of their applicability to the detection of these sulphur-bearing species in different
astrophysical environments. The results of the first ever systematic comparisons of the
radiation chemistry and physics of the amorphous and crystalline phases of a number of pure
astrophysical ice analogues, including some that bear sulphur atoms, are described in the
subsequent chapter. The observed greater radiolytic decay rates of amorphous ices and the
more rapid formation of molecular products as a result of their irradiation is discussed both
in the context of the differences in the strength and extent of the intermolecular interactions
between the amorphous and crystalline phases, as well as in light of the recent discoveries
of complex organic molecules in astrophysical environments in which space radiation-
induced amorphisation is thought to out-compete thermal crystallisation of ices.

The results of experiments investigating the implantation of high-energy sulphur ions
into oxygen-bearing ices as a potential mechanism towards the formation of icy SO on the
surfaces of the Galilean moons of Jupiter are also presented, with the analysis of the data
demonstrating that this is not likely to be a major contributor towards solid SO, on these
moons. This contrasts with the results obtained from experiments investigating the
irradiation of oxygen-bearing ices deposited on top of elemental sulphur layers, which was
shown to result in the formation of a number of volatile sulphur-bearing molecules such as
SO», CSz, and OCS. The thesis concludes with a discussion of potential directions for future
work, as well as a number of suggestions on improving the present experimental set-up.
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1 SULPHUR IN SPACE: A LABORATORY PERSPECTIVE

This first chapter of the thesis introduces the key theme of extra-terrestrial sulphur chemistry.
Although more complete descriptions of astrochemistry and the tools and techniques used to study
solid-phase reactions in astrophysical ice analogues will be provided in subsequent chapters, this
chapter will serve to not only introduce the topic of sulphur ice astrochemistry, but also highlight
current problems and as yet unanswered questions in the field. The chapter concludes by providing
a motivation for answering some of these questions, as well as an outline of how the thesis will set
about addressing them.

Note: The majority of the work described in this chapter has been published in peer-reviewed journals or
periodicals as: [1] Mifsud et al. (2021), Space Sci. Rev. 217, 14.

1.1  Sulphur Astrochemistry: An Introduction

Sulphur is one of the most abundant elements in the Universe. Atomic sulphur has an
estimated abundance of 1.32x10° relative to hydrogen (Asplund et al. 2009), while S* has
a relative abundance of 1.66x10~° (Esteban et al. 2004). This cosmic ubiquity of sulphur is
the result of its efficient nucleosynthetic formation as a result of silicon burning within high
mass stars, or alternatively as a result of the fusion of oxygen nuclei:

28Si + “He — ¥S +vy
(Eq. 1.1)
2160 _, 325 4y
(Eq. 1.2)

The fundamental chemistry of sulphur is similar to that of other chalcogen (group XV1)
elements. However, compared to oxygen chemistry, for instance, the chemistry of sulphur is
actually more versatile. The comparatively lower electronegativity! of sulphur allows it to
accommodate a positive charge more easily, while still permitting the formation of hydrogen
bonds. Moreover, sulphur is able to exist in several oxidation states between —2 and +6,
while oxygen is significantly more limited in this regard being able to only exist in oxidation
states between —2 and +2. Sulphur is also known to exist in multiple stable allotropic forms.
Indeed, sulphur is second only to carbon in terms of the number of known allotropes
(Greenwood and Earnshaw 1997). These allotropes largely take on the form of chains and
rings, with the most stable being the puckered (or crown) structure of Sg. In addition to the
known allotropes, several polymorphs are also known to exist; the most common structures
being the a- (rhombic) and the - (monoclinic) polymorphs of Sg (Fig. 1.1).

Sulphur is also known to be an active participant in several biochemical, geochemical,
and atmospheric systems. From the biochemical standpoint, it is considered to be one of the
six elements fundamental to all known life (the others being carbon, hydrogen, oxygen,
nitrogen, and phosphorus). It is therefore perhaps not surprising that sulphur may be found
in a wide variety of biomolecules, including amino acids, sugars, nucleic acids, and vitamins

Y A full discussion of the physical and chemical meaning of the term ‘electronegativity’ will be provided in
Chapter 3.
1



(Beinert 2001). In a geochemical context, terrestrial sulphur cycles are known to cover
practically every environmental reservoir, including the biosphere, atmosphere, geosphere,
and hydrosphere (Brimblecombe 2013). Other planets in the Solar System are also known
to host a rich sulphur chemistry: the atmospheres of Venus and the ice giants Uranus and
Neptune are known to contain various sulphur-bearing molecules (Zhang et al. 2012,
Frandsen et al. 2020, Moses et al. 2020), while the magnetosphere of the planet Jupiter is
known to be richly populated by sulphur ions (Cooper et al. 2001).

Despite this extensive and intriguing chemistry, the astrochemistry of sulphur presents
several unanswered problems. It has been well established, for instance, that gas-phase
sulphur chemistry accounts for its total expected cosmic abundance in diffuse interstellar
clouds? (Sofia et al. 1994, Jenkins 2009). However, within dense interstellar clouds, there
exists an unexpected paucity of sulphur, with the amount of sulphur observed in such regions
being two to three orders of magnitude lower than the expected cosmic abundance (Tieftrunk
et al. 1994, Ruffle et al. 1999). This lack of sulphur is largely reflected in the small number
of sulphur-bearing molecules that have been detected in interstellar space: as of June 2022,
only 33 such molecules have been detected in the gas phase, corresponding to about 12% of
all known interstellar molecules (McGuire 2022). About one-third of these sulphur-bearing
molecules were detected in the years 2021 and 2022, and the majority of them are simple
diatomic or triatomic species with only five complex organic molecules incorporating
sulphur having been detected.

Several attempts at investigating this ‘sulphur depletion’ problem have been made. It
is commonly assumed that the main mechanism by which sulphur is depleted is the
Coulomb-enhanced freeze-out of S* onto negatively charged dust grains as diffuse
interstellar clouds evolve into translucent ones (Ruffle et al. 1999). Caselli et al. (1994)
investigated the possibility that the resultant sulphur atoms mostly reside on the surface of
the dust grains, where they may be rapidly converted to H.S via surface-catalysed
hydrogenation reactions. The fact that H>S has yet to be detected within interstellar icy grain
mantles, however, seems to contradict the possibility that H>S is the most abundant sulphur-
bearing molecule in dense interstellar clouds.
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Fig. 1.1: Images of the rhombic (a-) and the monoclinic (B-) polymorphs of Ss. Image credit: C.P. Chieh.

2 Further information on the structure and evolution of interstellar space is provided in the next chapter.



The chemical nature of this depleted sulphur is thus still widely debated. Modelling
efforts by Vidal et al. (2017) suggested that, depending upon the age of the dense cloud, the
majority of sulphur exists either as unobservable atoms in the gas phase or as H>S within
condensed ices. Navarra-Almaida et al. (2020) also suggested the dominance of gas-phase
sulphur atoms, while combined experimental and theoretical studies by Cazaux et al. (2022)
proposed that the formation of sulphur-based chains and rings is favourable during the
Coulomb-enhanced freeze-out of S*. Shingledecker et al. (2020) also suggested that solid-
phase allotropic forms of sulphur should be a major reservoir of the element within the dense
interstellar medium (ISM), along with SO2 and OCS. The work of Anderson et al. (2013)
proposed that refractory sulphur allotropes could themselves be a major source of gas-phase
atomic sulphur via shock-induced dissociation and sputtering. Such residual allotropes were
not predicted by the model of Laas and Caselli (2019), who instead proposed that simple
organosulphur molecules within the interstellar icy grain mantles should account for a large
reservoir of sulphur.

Unanswered questions relating to sulphur astrochemistry are by no means limited to
interstellar space. Several sulphur-bearing molecules are known to exist on various Solar
System bodies for which no formation mechanism has been widely accepted. Of greatest
interest to this thesis is the presence of SOz on the surfaces of the icy Galilean moons of
Jupiter, but particularly so on Europa. The distribution of SO on the Europan surface is such
that it is significantly more prevalent on the trailing hemisphere, arranged in a ‘bulls-eye’
pattern (Carlson et al. 2005, Hendrix et al. 2011, Becker et al. 2022). This is suggestive of
an exogenic source of sulphur, in which sulphur ions (largely S* and S?*) from the Jovian
magnetosphere preferentially impact and implant into the oxygen-rich surface ices on the
Europan trailing hemisphere, yielding the SO, as a primary product.

However, laboratory experiments investigating the implantation of high energy
sulphur ions into H20 ice (the dominant icy species on the surface of Europa) have thus far
consistently failed to document the formation of SO (Strazzulla et al. 2007, Strazzulla et al.
2009, Ding et al. 2013). Computational simulations have also reported similar negative
results (Anders and Urbassek 2019a, Anders and Urbassek 2019b). Instead, it is H2SO4 and
its hydrates that are efficiently produced as a result of sulphur ion implantation into H2O ice.
Such results actually tie in well with observations of the surface composition of Europa,
where it has been established that H.SO4 and its hydrates are not only the dominant sulphur-
bearing molecule, but are also arranged in a ‘bulls-eye’ pattern on the trailing hemisphere
(Shirley et al. 2010, Dalton et al. 2012). Later work by Dalton et al. (2013) found a very
strong correlation between the surface H.SO4 abundance and magnetospheric sulphur ion
influx which, when combined with the laboratory results described above, has led to the
general acceptance of exogenic ion implantation as the primary method for H.SO4 formation
on the surface of Europa.

More recent studies have looked into the possibility of forming SO as a result of the
implantation of reactive sulphur ions into other oxygen-bearing molecular ices known to
exist on the surface of Europa, such as CO». However, the results of these studies have been
seemingly contradictory. After implanting sulphur ions into CO- ice at 15 K, Lv et al.
(2014a) reported the detection of SO and quantified its formation efficiency as being 0.38
molecules ion~*. Based on this value, Lv et al. (2014a) estimated that the observed abundance
of SO> on the surface of Europa could be synthesised within a geologically reasonable time-
scale of 2x10* years. However, this estimate relies on the assumption that implantation
processes at 15 K are representative of those occurring on the surface of Europa, where
temperatures are significantly higher. This assumption was made due to a previous
observation in which the yield of CO and CO2 from H20 ice into which carbon ions were
implanted was found to be independent of temperature (Lv et al. 2012). Follow-up studies
by Boduch et al. (2016), however, did not observe the formation of SO after the
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implantation of sulphur ions into CO- ice at 16 K. The possibility of forming SO as a result
of the implantation of magnetospheric sulphur ions into the various oxygen-bearing surface
ices on Europa therefore remains an open question.

The formation of H2SO4 hydrates and SO on the surface of Europa are thought to be
constituent processes of a wider radiolytic sulphur cycle (Fig. 1.2), in which sulphur is
transformed to different molecular forms as a result of its continuous irradiation by
magnetospheric ions and electrons (Carlson et al. 1999, Carlson et al. 2002). The cycle is
completed within 4000 years, however long-term imbalances may arise due to a net loss of
H.0 via the Jeans escape® of H, and Oz. The result of this is an increase in the abundance of
sulphur-bearing molecules on the surface, resulting in its darkening. This may be alleviated
by the adsorption of H2O, followed by the oxidation of Sx, which may contribute to surface
brightening.

It is therefore clear that sulphur ice astrochemistry, though poorly understood, is
potentially rich and may involve the formation and destruction of simple and complex
molecules which are of significant relevance to interstellar and Solar System chemistry, as
well as the emergence of life in the Universe. In the remainder of this chapter, a concise
overview of prior experimental work on: (i) thermal chemistry, (ii) photon-induced radiation
chemistry, (iii) particle-induced radiation chemistry, and (iv) sulphur ion bombardment
relevant to sulphur ice astrochemistry is provided. These studies have provided key insights
into the chemistry of various sulphur-bearing molecules in interstellar and outer Solar
System environments, and so serve as an excellent starting point from which key questions
to be answered in this thesis may be identified. These questions will be outlined at the end
of this chapter, while further details on the structure and chemistry of the icy cosmos, as well
as on infrared spectroscopy and radiation chemistry, will be provided in subsequent chapters.
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Fig. 1.2: A graphical summary of the radiolytic sulphur cycle present on the surface of Europa. Further
information on individual process rates and species lifetimes may be found in the work of Carlson et al. (2002).

3 Jeans escape refers to the loss of gas-phase molecules from an atmosphere or exosphere due to their kinetic
energy being sufficiently high as to cause their velocity to exceed the escape the escape velocity of the planet
or moon.
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1.2 Thermal Chemistry

Cryogenic thermal reactions represent an important yet oftentimes neglected aspect of
astrochemical research (Theulé et al. 2013). Despite this, however, prior laboratory studies
have clearly demonstrated that sulphur ice thermal chemistry is potentially rich and may
result in the consumption and production of various molecules of planetary and
astrobiological significance. For instance, Kanuchova et al. (2017) found that H20:SO: ice
mixtures deposited at 16 K and thermally annealed to 160 K resulted in the formation of
HSOs™ anions, along with a smaller quantity of S,0s%" anions.

H20 + SO2 — H* + HSO3™

(Eg. 1.3)
2 HSO3™ — S,05* + H,0

(Eq. 1.4)

Work by Bang et al. (2017) also showed that thermal reactions between H-O ice and
gas-phase SO2 molecules may occur at temperatures greater than 90 K. In addition to the
formation of HSO3™, Bang et al. (2017) documented evidence for the formation of the OH~
anion and the SO>~ anion. The results of these studies complemented the previous findings
of Loeffler and Hudson (2010), Loeffler and Hudson (2013), and Loeffler and Hudson
(2015), who also demonstrated that, when the ice mixture includes H20., the oxidation of
HSOs™ anions to HSO4~ anions is favourable. Further oxidation to SO4%~ anions may be
achieved via H.O-mediated deprotonation.

H* + HSOs + H20, — H30* + HSO4~
(Eq. 1.5)
HSO4 + H,0 — H30" + SO4*
(Eq. 1.6)

Building on their previous work, Loeffler and Hudson (2016) further showed that the
above reaction scheme is also possible if the oxidant is switched from H2O> to Os. Indeed,
analogous gas-phase chemistry is believed to contribute to the loss of Oz in the atmosphere
of the Earth (Erickson et al. 1977, Penkett et al. 1979). Most recently, the work of Tribbett
and Loeffler (2022) showed that oxidation of H>S ice mixed with Oz in the presence of H.0O
via thermal annealing also results in the production of the sulphur oxyanions listed above.

The thermal chemistry of OCS and CS; has also been investigated. Mahjoub and
Hodyss (2018) found that the nucleophilic addition of CH3sNH2 to OCS at temperatures
exceeding 100 K resulted in the synthesis of NH4s"CH3NHCSO™ (methylammonium
methylthiocarbamate). This species may be an intermediate in the formation of peptides, and
thus is of relevance to astrobiology and prebiotic chemistry. Of similar interest is the
refractory species NH4s"NH2CS,~ (ammonium dithiocarbamate), which was shown to be
efficiently formed via the thermal reaction between CSz and NHs in a mechanism believed
to be analogous to the formation of NH4*"NH2CO;~ (ammonium carbamate) (Frasco 1964,
Bossa et al. 2008, Methikkalam et al. 2016, James et al. 2020).

1.3 Photon-Induced Radiation Chemistry

Much of the experimental photon-induced radiation chemistry of sulphur-bearing ices that
has been explored has focused on SO2 and H2S. The vacuum-ultraviolet photon irradiation
of pure SO- ice has been shown to yield SOs as a primary product (Schriver-Mazzuoli et al.
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2003a), possibly after the formation of SO, dimers (Sodeau and Lee 1980). Irradiation using
soft x-rays revealed a similar chemistry (de Souza Bonfim et al. 2017), although the
observation of an enhanced SO, photo-desorption rate at low photon fluences led to the
hypothesis that, in the initial stages of irradiation, the fragments arising from the dissociation
of SO efficiently recombine to give SO2 in an electronically excited state. The vacuum-
ultraviolet irradiation of H20:SO ice mixtures has also been studied, with the dominant
product having been shown to be H2SO4 along with minor quantities of SO42-, HSO4, and
HSOs™ (Schriver-Mazzuoli et al. 2003a, Hodyss et al. 2019). Pilling and Bergantini (2015)
extended such results by considering the soft x-ray irradiation of a more complex mixture of
H20:S02:NHz3:CO3, and found that various sulphur containing products such as monomeric
and polymeric SOs, H,SO4 and its hydrates, SO4>~, HSO4~, HSO3, and also H,SOs were
formed alongside other products including CO, Os, H20>, and the OCN™ anion.

The major product of the vacuum-ultraviolet and soft x-ray photon irradiation of H2S
ice is H2Sz, although significant quantities of Sx (x = 2-8) also form efficiently (Harrison et
al. 1988, Liuetal. 1999, Cook et al. 2001, Jiménez-Escobar and Mufioz Caro 2011, Jiménez-
Escobar et al. 2012, Cazaux et al. 2022). The efficient production of Sy may go some way
to explain the observed depletion of sulphur in dense interstellar clouds, as discussed earlier.
It should be noted, however, that a recent investigation by Zhou et al. (2020) discovered a
wavelength dependence for the quantum yield of HS radicals produced via H.S photo-
dissociation. Taking into account the absorption of photons from the interstellar radiation
field by H>S, this result implies that only about 26% of interstellar photo-excitations result
in the production of HS radicals. Ice mixtures containing H2S have also been irradiated with
ultraviolet photons in laboratory studies: the irradiation of H.O:H,S mixtures resulted in the
production of product molecules similar to those sourced from the irradiation of H,O:SO>
ices, along with SO itself (Jiménez-Escobar and Mufioz Caro 2011). The irradiations of H>S
ice mixed with CO or CH3OH have also been considered, and have been shown to result in
the formation of various carbon-bearing molecules; most notably OCS and CS> (Jiménez-
Escobar et al. 2014, Chen et al. 2015).

Although most of the available literature on the photon-induced radiation chemistry of
sulphur-bearing astrophysical ice analogues is concerned with H>S or SO, there have been
some attempts to characterise this radiation chemistry in OCS and CS; ices. For instance,
Ikeda et al. (2008) investigated the vacuum-ultraviolet photon irradiation of these species
adsorbed to H,O ice layers, and found that the formation of S; via the abstraction of sulphur
by atomic sulphur is favourable. This work largely built upon the previous efforts of Dixon-
Warren et al. (1990) and Leggett et al. (1990), who also demonstrated similar results. The
irradiation of pure CSz, on the other hand, is known to result in the formation of CsS;
(Heymann et al. 2000) along with stable refractory carbon-sulphur polymers (Cataldo et al.
1995). Similar polymeric products have been observed as a result of the irradiation of CS»
using gamma rays (Cataldo 2000) and after its sonochemical treatment (Cataldo and
Heymann 1998).

An interesting experiment looking into the cryogenic ultraviolet photon irradiation of
OCS mixed with various halogen containing species in an argon matrix found that syn-
halogenocarbonylsulphenyl halides based on X—C(=0)-S-Y backbones (where X and Y are
the constituent atoms of the halogen species originally present in the ice) can be produced
(Romano et al. 2001, Tobén et al. 2006). No evidence was observed for the corresponding
anti-rotamer, however, as this conformational isomer is known to be less stable. When
similar experiments were performed using CS: instead of OCS, both the syn- and anti-
halogenothiocarbonylsulphenyl halides based on X-C(=S)-S-Y backbones were detected
(Tobdn et al. 2007). Such results clearly demonstrate the possibility of forming complex
organic molecules containing sulphur as a result of the irradiation of ices containing only
simple molecules, and thus hint at a potentially rich chemistry within astrophysical ices.



Lastly, it should be noted that the photon irradiation of more complex and exotic
sulphur-bearing molecules has also been investigated. The irradiation of HSCH2CN in an
argon matrix was studied by Zapata et al. (2019), who found that a number of stable isomeric
products could be produced. The results of this study are very significant to astrochemistry,
since the related compound HSCN has been detected in interstellar space (Halfen et al.
2009). Matrix isolation photon irradiation experiments have also been carried out on thienyl
substituted molecules, with various new sulphur-containing functional groups being
produced (Pharr et al. 2012).

1.4 Particle-Induced Radiation Chemistry

In discussing the concept of particle-induced radiation chemistry in sulphur-bearing ices, it
is the use of non-reactive charged particles such as ions of noble gases and electrons that
shall be considered first. One of the earliest studies in this regard was that of Moore (1984),
who demonstrated that the proton irradiation of condensed SO either as a pure ice or mixed
with Sg yielded SOs and that, upon post-irradiation thermal annealing, SO+ anions could
also be observed. This result mirrors the findings of similar experiments conducted using
vacuume-ultraviolet photon irradiation.

The irradiation of Sx in H20 ice using 0.5 MeV electrons was observed to produce
H>SO4 (Carlson et al. 2002), complementing the previous results of Johnston and Donaldson
(1971) and Della Guardia and Johnston (1980) who had irradiated colloidal suspensions of
sulphur in liquid H2O. Persistent irradiation is also able to convert SO4%~ anions to SO;
(Hochanadel et al. 1955). Moore et al. (2007) would later go on to show that the proton
irradiation of H20:SO> and H2O:H»S mixed ices results in the formation of various sulphur
oxyanions, along with HSO4 and its hydrates, in a similar fashion to the vacuum-ultraviolet
photolysis and thermal chemistry experiments on H>0:SO; ice mixtures discussed
previously. Interestingly, when protons were implanted into SO ices at 16 K, no evidence
for H,SOs formation was found (Garozzo et al. 2008). This outcome is somewhat
unexpected, as the analogous process of H.COz formation as a result of proton implantation
into CO> ice has been successfully carried out (Brucato et al. 1997, Garozzo et al. 2008,
Strazzulla 2011). Experiments looking into the irradiation of H2O ice deposited on top of
refractory sulphurous residues also failed to produce any of the expected products, such as
SO2 (Gomis and Strazzulla 2008, Strazzulla et al. 2009).

In their study, Loeffler et al. (2011) considered the proton irradiation of H.SO4 along
with its monohydrate and tetrahydrate forms. The main products of this irradiation process
were SO, thiosulphate-based oligomers, and various sulphur oxyanions. However, perhaps
the most interesting aspect of this study was the observed radio-resistance of the
monohydrate acid compared to that of the pure acid. Moreover, the radiation-induced
destruction of the tetrahydrate acid was found to be strongly correlated with temperature,
with increased losses at irradiation temperatures of 86 K and below being recorded due to a
combination of radiolysis and amorphisation which results in a change in the number of H,O
molecules associated with the acid. Later studies by Loeffler and Hudson (2012)
demonstrated that, after low exposure to proton irradiation, amorphised H.SO4 could be
recrystallised to its original structure via thermal annealing with nearly 100% recovery.

When binary ices containing a sulphur-bearing molecule (such as H2S or SO2) and a
carbon-bearing molecule (such as CO or COy) are irradiated using protons, OCS readily
forms (Ferrante et al. 2008, Garozzo et al. 2010). Several scenarios for such a process have
been considered, including H20-rich and H2O-free ices as well as mixed and layered ices.
The overall yield of OCS has been shown to be dependent upon the nature of the sulphur-
bearing and carbon-bearing parent molecules, with H>S and CO being the most amenable to
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OCS formation, likely via the direct addition of a radiolytically derived sulphur atom to CO
(Ferrante et al. 2008). The irradiation of H>S:CO mixed ices also results in the formation of
appreciable quantities of CS» (Garozzo et al. 2010), which itself displays an interesting
radiation chemistry. The radiopolymerisation of CS; has already been referred to (Cataldo
2000), however the irradiation of the pure ice using 5 keV electrons has been observed to
also produce C,S; and CsS> (Maity et al. 2013). Furthermore, the electron irradiation of
CS2:02 and CS2:CO2 mixed ices has been studied, with various products being formed
including OCS, SO, and SOz (Maity and Kaiser 2013, Sivaraman 2016).

The irradiation of H>S using charged particles results in the formation of H,S; as the
major product (Moore et al. 2007), although higher order polysulphanes (H2Sx; where x > 2)
as well as Sy are also known to be formed (Cazaux et al. 2022). The irradiation of more
complex ice mixtures containing H2S has also been considered. For example, Mahjoub et al.
(2016) and Mahjoub et al. (2017) showed that the simultaneous electron irradiation and
thermal annealing of a H,O:CH3OH:NH3:H.S mixed ice results in a great many sulphur-
bearing products being formed, including simple molecules such as Sx, OCS, CS;, S, and
SOz; as well as complex species such as CH3SCH3, CH3S2CHs, and CH3SOOCH3 (methyl
methanesulphinate).

Finally, it must be noted that the charged particle irradiation of ionic solids
representative of mineral structures in interstellar grains or on the surfaces of outer Solar
System bodies has also been studied. The irradiations of Li»SO4, Na2SOs, and MgSO4 have
yielded oxide, sulphide, and hydroxide salts, along with SO, and O, (Sasaki et al. 1978,
Johnson et al. 1998). In the case of Na>SQyg, irradiation is thought to represent a facile method
of sodium loss (Benninghoven 1969, Wiens et al. 1997), and may be the mechanism by
which atomic sodium is fed into the exosphere of Europa (Brown and Hill 1996).

1.5 Sulphur Ion Bombardment

The implantation of reactive sulphur ions into molecular ices can lead to the formation of
new molecules incorporating the projectile sulphur ion. Perhaps the most studied system is
the implantation of sulphur ions into H2O ice. Such implantations have been shown to result
in the formation of H2SO4 and its hydrates (Strazzulla et al. 2007, Strazzulla et al. 2009,
Ding et al. 2013), although no evidence has thus far been found for the formation of other,
simpler sulphur-bearing molecules such as H2S or SOz. The formation of H2SOs is fairly
efficient, though, with a formation efficiency of about 0.65 H.SO4 molecules per impinging
sulphur ion when 200 keV S* ions are used (Strazzulla et al. 2007). Systematic implantations
of multiply charged sulphur ions over an energy range of 35-176 keV also further
demonstrated that the production of H.SO4 and its hydrates is independent of the charge state
of the projectile, but is dependent on its energy with greater abundances of the acid being
produced when using higher energy sulphur ions (Ding et al. 2013).

Lv et al. (2014a) showed that the implantation of 176 keV S'!* ions into condensed
CO at 15 K results in the formation of SO as well as OCS. The implantation of 90 keV S°*
ions into CO> ice under similar experimental conditions was also reported to form SO2 as a
product, but formed CS; rather than OCS (Lv et al. 2014a). Follow-up studies by Boduch et
al. (2016), however, did not detect SO; as a product after their implantations of 144 keV S°*
ions into COz ice at 16 K. It should be noted that Boduch et al. (2016) made use of ultraviolet
absorption spectroscopy as their primary analytical tool, as opposed to the more traditional
infrared absorption spectroscopy. As such, they ascribed their non-detection of SO, as the
result of the abundance of that molecule being less than the detection limit of their
instrument, or else due to the fact that the ultraviolet absorption features of SO2 could have
been hidden by the more intense features of SO3™ radical anions, which were detected.
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Boduch et al. (2016) also did not detect any SO after the implantation of 144 keV S°" ions
into pure O ice, although the abundance of any SO formed could also have been less than
the detection limits of their instrument. It is worth noting that the implantation of such ions
into CO2:NH3 and H20:CO2:NHj3 ice mixtures in a study by Lv et al. (2014b) also did not
result in the formation of any sulphur-bearing species, however the fluences used in that
study were too low to allow for any significant accumulation of such molecules.

Computational simulations have also been employed to aid in addressing the
possibility of forming new sulphur-bearing molecules as a result of the irradiation and
implantation of reactive sulphur ions into molecular ices. Anders and Urbassek (2019a)
simulated the irradiation of a complex multi-component ice whose composition was relevant
to the surface of Europa by a 20 MeV S* ion, and found that this irradiation actually resulted
in a net loss of SO, which had been initially included in the ice mixture. It should be noted,
however, that this simulation did not consider the implantation of the S* ion into the ice, and
so any chemistry which may have led to the formation of novel sulphur-bearing species as a
result of the incorporation of the sulphur projectile could not be studied. In a second study,
Anders and Urbassek (2019b) did consider the implantation of a 20 MeV S* ion into a
simpler mixed ice containing H20, CH3OH, CO2, and NHs. Although various complex
organic molecules were found to form as a result of the irradiative processing of the ice,
none incorporated the projectile S* ion. This was likely due to the low fluence of one ion per
simulation that was used. Ices of similar compositions were the subject of experimental
studies by Ruf et al. (2019) and Ruf et al. (2021) who, by using an advanced mass
spectrometric technique, found that the implantation of sulphur ions into such ices, as well
as the organic residues left over after their irradiation using unreactive charged particles,
could indeed result in the formation of several thousand organosulphur molecules with
molecular weights of up to 900 amu.

1.6 Thesis Outline and Motivation

Throughout this chapter, a review of the available literature on sulphur ice astrochemistry
has been provided in the context of sulphur chemistry in interstellar space and the outer Solar
System. It is evident that many questions on this topic remain inadequately answered. The
motivation behind this thesis is therefore to contribute further experimental results to aid in
the elucidation and understanding of sulphur astrochemistry in the condensed phase, perhaps
most particularly as it pertains to the simpler molecules H.S and SOgy; although the
astrochemistry of other sulphur-bearing molecules such as OCS and CS: is also of interest.
Experiments aimed at better understanding the following questions have therefore been
performed:

(i) Canimproved and higher resolution infrared spectroscopy aid in the detection of
H2S and SO: in astrophysical ices?
The only sulphur-bearing molecular species to have been detected in interstellar icy
grain mantles are OCS and SO». However, these detections remain tentative due to the
observation of only one or no convincingly identifiable infrared absorption band
(Boogert et al. 2015). H.S has not been identified within interstellar ices, despite its
hypothesised presence there based on its cometary abundance (Rubin et al. 2020). It
is possible that improved and higher resolution infrared absorption spectra of H.S and
SO ices deposited at various temperatures and undergoing thermal annealing may aid
in the detection of these species in the ISM and in outer Solar System ices. This is
particularly relevant in light of several current and forthcoming space-based
observational missions. A thorough and systematic characterisation of the mid-
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(i)

(iii)

(iv)

infrared spectroscopy of H>S and SO ices, both pure as well as mixed with H-O,
deposited at various temperatures and thermally annealed to sublimation has therefore
been performed, the results of which are presented in Chapter 5.

Is the radiation chemistry of H2S and SOz influenced by changes in the phase of
the ice, and how does this compare to other, more often considered species?
Various studies have demonstrated the role of different physical parameters such as
temperature or dose in the outcome of the radiation chemistry occurring within ices.
However, studies examining the influence of solid phase on the outcome of such
processes are rare, in spite of the fact that they may yield important insights into
radiation astrochemistry. A thorough investigation of the role of the solid phase of
different astrophysical ice analogues on the outcome of their irradiative processing is
thus warranted, and has therefore been performed. Results obtained from the
comparative electron irradiation of the amorphous and crystalline phases of solid H2S
and SO, as well as frozen CH3OH, N20, and H»O, are presented in Chapter 6.

Does sulphur ion implantation into oxygen-bearing ices represent a reasonable
mechanism by which SO2 may form?

In the previous sub-section, the chemical results of the implantation of reactive sulphur
ions into various oxygen-bearing astrophysical ice analogues were discussed at length.
Implantation of such ions into H»O ices does not result in the formation of SO, with
H>SO4 and its hydrates being efficiently produced instead (Strazzulla et al. 2007,
Strazzulla et al. 2009, Ding et al. 2013). Studies investigating the formation of SO as
a result of the implantation of sulphur ions into CO or CO: ices have reported
seemingly conflicting results, perhaps due to the use of different analytical techniques
(Lv et al. 2014a, Boduch et al. 2016). A systematic study investigating the possible
formation of SO (and other sulphur-bearing molecules) as a result of the implantation
of reactive sulphur ions into Oz, CO, and CO: ices at different temperatures has been
carried out; the results of which are presented in Chapter 7.

Can sulphur chemistry (including the formation of SO2) be induced as a result of
the irradiation of oxygen-bearing ices deposited above elemental sulphur layers?
The irradiation of H-O ice deposited on top of a refractory sulphurous residue has
shown little to no evidence for the efficient formation of SO> (Gomis and Strazzulla
2008). The idea that sulphur-bearing volatiles (such as SO or H,S) could be formed
as a result of the irradiation of other volatile species deposited onto elemental sulphur
or sulphurous residues is an interesting one that may be applied to further
understanding sulphur chemistry in interstellar icy grain mantles or on the surface of
Europa, but it has not been explored beyond the initial study of Gomis and Strazzulla
(2008). A systematic study considering the irradiation of the volatile species O, CO,
CO», CH30H, and H20 deposited as ices onto layers of pure sulphur at different
temperatures has thus been performed using a new methodology to prepare the sulphur
layers. The results of this study are given in Chapter 8.

The experimental work presented in this thesis throughout Chapters 5-8 relies heavily

upon the use of infrared absorption spectroscopy as the primary analytical technique used to
understand the radiation chemistry of different astrophysical ice analogues. As such, a
discussion on molecular structure and symmetry, infrared spectroscopy, and radiation
chemistry will form the basis of Chapter 3, which follows a detailed introduction to the
science of astrochemistry provided in Chapter 2. In Chapter 4, a detailed overview of the
experimental techniques and apparatus used will be provided. This apparatus, the Ice
Chamber for Astrophysics-Astrochemistry (ICA), is a novel and highly versatile scientific
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instrument which has been purposefully designed to conduct experiments on the radiation
astrochemistry of astrophysical ice analogues and is located at the Institute for Nuclear
Research (Atomki), where all the experimental work presented in this thesis was carried out.
Finally, a summative conclusion will be presented in Chapter 9, which will also outline
potential future directions for research in the field of sulphur ice astrochemistry.
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2 MOLECULES IN SPACE: AN INTRODUCTION

This chapter introduces the subject of astrochemistry by providing a contextual history which
highlights the major developments in the field and their implications since the first detections of
molecules in interstellar space in the 1930s. Descriptions of the chemistry and molecular diversity of
icy grain mantles embedded within the interstellar medium and on icy Solar System bodies are also
given throughout the chapter.

2.1 Astrochemistry: The Chemistry of the Cosmos

Defining the term astrochemistry is not as easy a task as may first appear. It is perhaps
natural, upon hearing this term, to imagine the chemistry defining the surfaces and
atmospheres of exotic planets orbiting distant stars. If this is the case, however, then how
would the underlying principles of astrochemistry differ from those of geochemistry and
atmospheric science as applied to a more terrestrial context? Perhaps then, the field is more
concerned with chemical reactions occurring within the depths of interstellar space.

However, the idea of active chemistry occurring within interstellar space was an
especially challenging concept for astronomers in the early twentieth century, due to the low
temperatures and particle number densities which permeate most of the so-called interstellar
medium (ISM). Such conditions are insufficient to overcome reaction activation energy
barriers. Moreover, it was expected that any chemical bonds that could form would be largely
prevented from doing so due to efficient molecular dissociation mediated by the vacuum-
and extreme-ultraviolet components of the interstellar radiation field.

Despite such apparent constraints, the first evidence for molecules in the ISM arose in
1937 when Swings and Rosenfeld (1937) suggested that absorption by CH radicals could
account for an interstellar absorption line at 4300.3 A which had been previously observed
by Dunham (1937). This suggestion was largely confirmed by the observational work
conducted by Adams (1941), as well as the laboratory experiments of McKellar (1940a,
1940b) who found that the absorption lines of CH included one which coincided well with
the observed interstellar one. McKellar (1940b) also suggested that other unidentified
interstellar absorption lines could be attributed to CN radicals.

Although several of the remaining interstellar absorption lines had yet to be positively
identified, McKellar (1941) noted that the sharp nature of four in particular was similar to
that of atomic and diatomic species, and that their relative spacing further suggested that
they represented a vibrational progression of a photo-ionised molecule. Conversations
between Herzberg and Teller would lead them to conclude that CH" radical cations were the
most likely candidate, and this was confirmed when the rotational-vibrational spectrum of
CH™ was measured and was found to contain three vibrational bands which matched three
of the interstellar ones exactly (Douglas and Herzberg 1941, Douglas and Herzberg 1942).

Despite this initial progress in the identification of the molecular sources of interstellar
absorption lines, comparatively little headway has been made in defining the carriers of
many diffuse interstellar bands (DIBs): a series of several hundred absorption features in the
near-ultraviolet to mid-infrared spectra of stars as their light passes through diffuse
interstellar media. Since their detection in 1922 by Heger (1922), astronomers and
spectroscopists have struggled to identify the individual molecular carriers of these bands
(Fig. 2.1), although it is believed that large carbon-bearing molecules such as fullerenes and
polycyclic aromatic hydrocarbons (PAHSs) are the most likely candidates (Herbig 1995,
Ehrenfreund 1999).
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Fig. 2.1: Above: The relative strengths of the DIBs that characterise interstellar absorption spectra overlaid on
a representation of the electromagnetic spectrum (image credit: NASA). Below: Examples of some of the large
carbon-rich molecules (including fullerenes and PAHSs) thought to be responsible for such absorptions.

Although predicted by many researchers in the preceding decades, the existence of
fullerenes was only confirmed in 1985 when Kroto, Smalley, and Curl successfully detected
Ceo and Cyo in the sooty residue of vaporised carbon (Kroto et al. 1985); a discovery for
which they were awarded the 1996 Nobel Prize in Chemistry. Shortly after their discovery,
the astrochemical significance of fullerenes and their cations as potential carriers of DIBs
was recognised (Kroto 1988). In the 1990s, Foing and Ehrenfreund (1994) detected two
DIBs with positions very close to two measured absorption bands of the matrix-isolated Ceo*
cation, and ascribed the small offset to shifts between the gas- and solid-phase spectra.
Although initially disputed (Jenniskens et al. 1997), subsequent observational and
spectroscopic work has indeed confirmed the status of Ceo" as the carrier of bands at 9348.5,
9365.9, 9428.5, 9577.5, and 9632.7 A (Campbell et al. 2015, Campbell et al. 2016, Walker
et al. 2015, Spieler et al. 2017, Lallement et al. 2018, Cordiner et al. 2019).

This modus operandi of comparing laboratory-generated spectra to astronomical
observations has been greatly assisted by the advent and development of radio astronomy
starting in the mid-twentieth century, and has allowed for the identification of over 270
molecules in the ISM and circumstellar shells, as well as about 70 in extragalactic sources®.
Interplanetary space missions within our own Solar System, such as probes and landing

4 A regularly updated list of molecules identified in such environments is available online in the Cologne
Database for Molecular Spectroscopy: https://cdms.astro.uni-koeln.de/classic/molecules
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modules, have also contributed to our understanding of the chemical processes and
molecules on other planets and moons, asteroids, comets, and Kuiper Belt Objects (KBOs).

Interestingly, however, the detection of the most ubiquitous molecule in the cosmos, Ho,
proved to be one of the most challenging. Although its existence in the ISM had been
proposed as early as the 1930s (Eddington 1937, Stromgren 1939), this was not confirmed
until Carruthers (1970) detected it towards & Persei via rocket-borne ultraviolet spectroscopy
in 1970. The reason for this 30-plus year discrepancy is that H> exhibits neither an electric
dipole nor a magnetic dipole rotational-vibrational spectrum, making its detection in
interstellar media or planetary atmospheres difficult. To overcome this problem, Herzberg
(1938) suggested to instead detect the weak electric quadrupole infrared rotational-
vibrational spectrum of Hy, as well as the electric dipole spectrum of its isotopologue HD,
with several bands being recorded and identified over the subsequent decades in laboratory
experiments (Herzberg 1949, Herzberg 1950a, Herzberg 1950b, Durie and Herzberg 1960).
Indeed, it was later discovered that quadrupole emission spectra of Hz are regularly produced
by collisional shocks and ultraviolet excitations in the ISM, with the first recorded instance
being the observation of shocked H> in the Orion Nebula (Gautier et al. 1976).

Such progress in our understanding of cosmic chemistry led Dalgarno (2008) to propose
a new definition for astrochemistry which is broad enough to include the chemistry occurring
in both the ISM as well as stellar and planetary systems: “the study of the formation,
destruction, and excitation of molecules in astronomical environments and their influence
on the structure, dynamics, and evolution of astronomical objects”. By encompassing all
these aspects of space chemistry, this definition highlights the interdisciplinary nature of the
field which draws upon expertise from a variety of research areas. Discussions of the
chemistry occurring in the ISM and the icy environments of the Solar System are provided
in sub-sections 2.2 and 2.3, respectively.

2.2 The Structure and Chemistry of the Interstellar Medium

By conventional standards, the ISM could be considered a near-perfect vacuum due to it
having a particle number density a factor of about 10° lower than that of the terrestrial
atmosphere at sea-level. The dispersed material contained within the ISM is composed of
approximately 99% gas (largely hydrogen and helium, with a trace amount of heavier
elements) and 1% carbonaceous or silicate dust grains (van Dishoeck 2014, Millar 2015).
The ISM is, however, by no means a homogeneous structure and the material within it may
be found in a variety of different physical states. Overall, interstellar baryonic matter may
be classified into six distinct phases (Tielens 2005, Draine 2011)°, a summary of which is
given below and in Table 2.1:

Table 2.1: Summary of the main characteristics of the different phases of the ISM. Data collected from the
works of Tielens (2005), Draine (2011), and Millar (2015). Note that fv refers to the volume filling factor of
the ISM and ny is the hydrogen particle number density.

ISM Phase fy T(K) nu (cm9) Scale (pc) State of H
HIM 0.5? 10%-107 0.005 20-10° lonised
WIM 0.1 103-10* 0.3-10* 100-10° lonised
WNM 0.4 103-10* 0.5 300-400 Atomic
CNM 0.01 100-300 20-50 100-300 Atomic
Diffuse Clouds 0.001 50-100 100 5-70 Mostly Atomic
Dense Clouds 0.0001 7-50 103-10° 1-50 Molecular

5 A seventh phase, that of cool stellar outflows, has also been proposed but will be omitted from this discussion
for the sake of clarity.
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(i) Hot lonised Medium
Also referred to as coronal gas, the hot ionised medium (HIM) is the most tenuous
component of the ISM. Gas in the HIM is shock-heated to temperatures of >10° K by
blast-waves caused by supernovae, which also heavily ionise the atoms present there
(e.g., H*, C*, 0%,

(i)  Warm lonised Medium

Also known as H 11 regions, the warm ionised medium (WIM) is largely composed of
hydrogen gas which has been photo-ionised to H* by recently formed hot and massive
O- or B-type stars. The resultant zone of ionised gas surrounding the star is referred to
as a Stromgren Sphere (Stromgren 1939). In addition to the WIM, photo-ionised
hydrogen may be found as very distinctive structures known as planetary nebulae®.
These structures are created when red giant stars undergo rapid mass loss processes
later in their lifecycles thus exposing their stellar cores, the radiation from which is
able to ionise the outflowing gas.

(iii)) Warm Neutral Medium
The warm neutral medium (WNM) is composed of mainly atomic hydrogen gas heated
to temperatures of >10% K. It is known to occupy a significant fraction of the volume
of the ISM within the Milky Way Galaxy.

(iv) Cold Neutral Medium
The cold neutral medium (CNM) is also largely composed of atomic hydrogen gas,
but at colder temperatures of a few 10% K.

(v) Diffuse Interstellar Clouds

Diffuse interstellar clouds are the first true ‘overabundances’ of baryonic matter in the
ISM. Although these clouds are not massive enough to collapse under the influence of
their own gravity, they are the starting point for the formation of the simplest
astrophysical molecules and the main reservoir from which star-forming dense
interstellar clouds develop. Diffuse clouds are so named because they are transparent
to optical and ultraviolet photons, and the impinging radiation field results in the
photo-ionisation of several atoms within the cloud, such as carbon and sulphur.
Notably, atomic hydrogen resists ionisation as photons with energies equal to or
greater than its ionisation potential (13.6 eV) are absorbed in the WIM surrounding
luminous stars.

(vi) Dense Interstellar Clouds

Dense interstellar clouds are gravitationally bound star-forming structures having the
highest particle number densities in the ISM. This high density makes the cloud opaque
to impinging optical and ultraviolet photons and thus causes the cloud to ‘black out’
background star fields when viewed using ground- or space-based telescopes.
Moreover, as the interior of the cloud is shielded from impinging optical and ultraviolet
photons, the formation of simple molecules is not prevented by the high rates of
photon-induced dissociation which characterise diffuse clouds. Another consequence
of this shielding effect is that the temperature of the dense cloud drops significantly to
7-20 K at its cores, allowing much of the molecular material to condense onto the
(sub)micron sized dust grains, thus forming an icy mantle. An example of one such
dense cloud is shown in Fig. 2.2.

® This name is an unfortunate misnomer as planetary nebulae are unrelated to planets. They were named as
such by astronomers in the eighteenth century (including Herschel and de Pellepoix) who noted that their
round shape resembled that of planets.
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Fig. 2.2: Barnard 68 is a comparatively small dense interstellar cloud in the constellation Ophiuchus. At a
distance of only 500 ly” away, it is one of the nearest interstellar clouds. Image credit: ESO.

2.2.1 Diffuse Interstellar Clouds

Although the ISM displays a rich diversity of physical structures, it is the diffuse and
dense interstellar clouds and the processes which occur within them that are perhaps the most
relevant to astrochemistry. In their review, Arumainayagam et al. (2019) identified three
milieux for astrochemical reactions leading to the production of molecules in these
environments: gas-phase chemistry, reactions catalysed by the bare surfaces of interstellar
dust grains, and reactions in icy grain mantles. The nature and complexity of the product
molecules arising from each milieu is dependent upon a number of factors, including the
astronomical environment in which the reaction is taking place and its physical and chemical
characteristics.

" A lightyear (ly) is the distance covered in one year by a photon travelling at the speed of light in a vacuum,
and corresponds to 9.46x10% m. Another unit of distance frequently used in astronomy is the parsec (pc),
which is the distance at which one astronomical unit (AU; the average distance between the sun and the Earth
taken to be 1.50x10* m) subtends an angle of one arcsec. This is equivalent to 3.09%10% m.
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As mentioned previously, diffuse interstellar clouds are sufficiently dilute as to be
transparent to optical and ultraviolet photons. As such, the gas and dust within the cloud are
continuously bathed in the interstellar radiation field, which corresponds to a photon flux of
108 cm st (Habing 1968, Draine 1978). If the diffuse cloud is in the vicinity of a hot and
massive star, then this flux would be substantially intensified. This continuous exposure to
the interstellar radiation field has important consequences for the chemistry within the cloud.

For instance, it ensures the very high efficiency of photo-desorption processes, thus
preventing the condensation of atomic or molecular material onto interstellar dust grains so
causing this material, most of which is ionised, to remain in the gas phase. As such, gas-
phase reactions are a dominant feature of diffuse interstellar cloud chemistry. These
reactions may be sub-divided into at least nine different mechanistic types, as summarised
in Table 2.2. Several reviews of the gas-phase chemistry occurring in the ISM are available,
particularly on those reactions involving ionised species (Snow and Bierbaum 2008, Smith
2011, Larsson et al. 2012, Geppert and Larsson 2013, Millar 2015).

The presence of H2O in diffuse clouds is dependent on such gas-phase reactions
(Hollenbach et al. 2012, Yamamoto 2017). The reaction scheme (Fig. 2.3) begins with the
OH" radical cation, which itself is produced via simple ion-molecule or charge transfer
reactions. The reaction between OH™ and H; results in the formation of H.O", which may
subsequently react with a further moiety of Ha to yield HsO*. This species is isoelectronic
with neutral NH3, and so it resists further hydrogen addition. Instead, it undergoes
dissociative recombination to yield either H2O (~25% of outcomes) or the neutral OH radical
(~60% of outcomes). All hydrogenated cations in this reaction scheme have been detected
using telescopes, such as the Atacama Pathfinder Experiment and the Herschel Space
Observatory (Yamamoto 2017).

The lack of condensation onto the surfaces of dust grains in diffuse clouds also means
that these surfaces, which are very irregularly shaped, are available for catalytic function
during gas-grain reactions. Indeed, the formation of Hz — the most abundant molecule in the
cosmos — is reliant upon such surface catalysed reactions (Wakelam et al. 2017). A complete
description of the properties of (sub)micron sized interstellar dust grains and their roles in
gas-grain astrochemistry would go beyond the scope of this thesis, and so only a brief
overview of those catalytic mechanisms relevant to molecular synthesis in interstellar clouds
is provided here.

Experimental evidence has demonstrated that H> formation at the surfaces of dust grains
principally occurs via three mechanisms: (i) the Eley-Rideal mechanism, (ii) the Langmuir-
Hinshelwood mechanism, and (iii) the Harris-Kasemo (or ‘hot atom’) mechanism
(Kolasinski 2008, Wakelam et al. 2017). Before considering the details of these mechanisms,
it is important to note that the influx rate of atomic hydrogen onto an interstellar dust grain
is fairly low, and may be calculated using Eq. 2.1:

vony

Rin 4

(Eq. 2.1)

where v is the velocity of an infalling hydrogen atom (cm s?), o is the cross-sectional area
of the dust grain (cm?), and nu is the hydrogen atom number density of the cloud (cm=). For
a typical interstellar dust grain for which ¢ = 1071° cm?, and assuming v = 5x10* cm s, the
influx rates in diffuse and dense interstellar clouds are on the order of 10* and 1072 s},
respectively (Wakelam et al. 2017). Once an infalling hydrogen atom has made contact with
the grain surface, it adsorbs such that it may or may not be fully energetically accommodated
(i.e., thermalised).
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In the Eley-Rideal mechanism, an incoming hydrogen atom reacts directly with an
energetically accommodated partner already adsorbed to the surface before it is able to
undergo thermalisation itself. The cross-section for this reaction is thus only on the order of
atomic dimensions, however the resultant H> molecule is likely to leave the surface of the
grain with most of the energy gained in the reaction. Conversely, the Langmuir-Hinshelwood
mechanism requires two individual hydrogen atoms to thermalise on the surface of the grain
and diffuse towards each other via thermal hopping or quantum tunnelling.

Table 2.2: Mechanisms by which gas-phase chemical reactions take place in the ISM. Table adapted from
Arumainayagam et al. (2019).

Number Reaction Type Example
1 Cosmic-ray induced ionisation H; — Hy*
2 lon-neutral reactions H,+ H* — H+ Hs*
3 Neutral-neutral reactions H, + OH — H + H,0
4 Radiative association C*—>H; —» CH' + hv
5 Dissociative recombination Hs;O*+e — H + H,0O
6 Associative detachment CeH +H — CgHy + &~
7 Photo-dissociation H,O + hv — H + OH
8 Photo-ionisation H.O + hv — H,0" + e~
9 Photo-detachment CeH +hv —> CeH + e

H,O0

Fig. 2.3: The H,0 cycle in diffuse interstellar clouds is mediated almost entirely by gas-phase reactions. In this
scheme, atomic hydrogen may be converted to OH"* via one of two methods: ionisation by cosmic rays produces
H* (1a) which may undergo charge transfer with atomic oxygen to yield O* (1b), the reaction of which with H,
gives OH" (1c). Alternatively, dust grain-catalysed H, formation (2a) may be followed by ionisation by cosmic
rays (2b) before the resultant H,* reacts with H, to yield Hs* (2c¢). Due to the low proton affinity of H,, Hs* is
an excellent proton donor and reacts with atomic oxygen to yield OH* (2d). Two successive reactions with H,
sequentially yield H,O* (3) and HsO* (4), and the dissociative recombination of the latter with an incident
electron finally yields H2O (5). The cycle may be started again by the photo-dissociation of H,O (6). For the
sake of clarity, the emission of atomic hydrogen in reactions (1b), (1c), (2c), (3), and (4), as well as the emission
of H, in reaction (2d), have been omitted.
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Once the atoms come into contact, they react to yield H> which may or may not desorb
from the grain surface, depending on how the energy gained in the reaction is utilised. The
final mechanism under consideration, the Harris-Kasemo mechanism, involves an inbound
hydrogen atom sampling the surface of the grain without being thermalised and yielding H>
through a reaction with a thermalised hydrogen atom adsorbed to the grain surface. A visual
summary of these mechanisms is provided in Fig. 2.4.

Although the Eley-Rideal, Langmuir-Hinshelwood, and Harris-Kasemo mechanisms
have been described here in the context of Hz formation from hydrogen atoms, they may be
applied equally well to the formation of other species from various radicals and molecules
adsorbed to the surface of interstellar dust grains. It is important to note, however, that grain
surface reactions between radicals typically proceed with no activation energy barriers,
while those involving non-radical species may possess appreciable reaction activation
energy barriers (Herbst and van Dishoeck 2009).

Furthermore, the weak binding energies of adsorbate hydrogen (and deuterium) atoms
mean these atoms are able to diffuse across the surface of the dust grain at significantly
higher rates than heavier adsorbates, which are typically more strongly bound to the surface
(Herbst and van Dishoeck 2009). As such, hydrogenation (and deuteration) reactions are
very efficient and dominate the chemistry at grain surfaces. Such diffusive chemistry
proceeding through Langmuir-Hinshelwood mechanisms is in fact preferred over Eley-
Rideal processes, even in the context of non-hydrogenation reactions.

Interestingly, Langmuir-Hinshelwood surface reactions involving non-radical species
are characterised by higher activation energy barriers than Eley-Rideal reactions, despite
being the preferred catalytic mechanism. This is due to the existence of a linear relationship
between the total adsorbate surface binding energy and the reaction activation energy barrier
(Baxter and Hu 2002). As two species are adsorbed in the Langmuir-Hinshelwood
mechanism and only one is adsorbed in the Eley-Rideal, it is evident that the former should
exhibit higher activation energy barriers.

The preference for the diffusive Langmuir-Hinshelwood mechanism derives from the
fact that the reaction cross-section of the Eley-Rideal mechanism is on the order of atomic
dimensions. Therefore, unless the inbound species is directly above the adsorbate and in the
correct relative orientation for reaction, the Eley-Rideal mechanism cannot occur and the
inbound species will instead adsorb onto the surface (Baxter and Hu 2002). In contrast, if
two diffusing species do not successfully react as per the Langmuir-Hinshelwood
mechanism, then it is still possible for them to diffuse across the surface and re-attempt
reaction upon making contact at a later point.

Eley-Rideal
Langmuir-Hinshelwood Harris-Kasemo
O
; l
Ep
Ey
o @ o O

Fig. 2.4: Summary of the surface reaction mechanisms available on an interstellar dust grain. In this image,
thermalised species are given as solid circles, while non-thermalised species are represented by hollow circles.
S refers to the sticking coefficient of a gas-phase adsorbate, Ej, is the energy barrier from one adsorption site to
the next, and Ep is the binding (or desorption) energy of an adsorbate to the surface. Image adapted from Herbst
and van Dishoeck (2009).
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It is at this point that the topic of the existence of molecules in diffuse interstellar
clouds should be discussed in more depth. Although continuously impinged upon by the
vacuum- and extreme-ultraviolet components of the interstellar radiation field, diffuse
interstellar clouds evidently play host to a rich chemistry. Indeed, the earliest molecules to
be detected in the ISM (e.g., CH, CH", and CN) were all identified in diffuse interstellar
media (McKellar 1940a, McKellar 1940b, McKellar 1941, Douglas and Herzberg 1941,
Douglas and Herzberg 1942). For this to be the case, however, it is necessary for the gas-
phase and grain surface reactions described above to proceed at rates sufficient to
counterbalance molecular destruction via photo-dissociation or pre-dissociation.

Diffuse interstellar clouds are not homogeneous structures, and so may offer settings
in which the accumulation of molecular material may take place as a result of the pre-
dominance of such chemical reactions. Snow and McCall (2006) proposed a classification
system in which diffuse clouds may be sub-divided into three types representing an
evolutionary progression from the most tenuous cloud to the densest (Fig. 2.5). The
classification of diffuse clouds into any of these types is based on the molecular content (or
fraction) of the cloud, and not on its mass density or line-of-sight properties.

Diffuse atomic clouds represent the first sub-division of the diffuse ISM, in which
matter in the cloud is fully exposed to the interstellar radiation field. As such, nearly all
molecules are rapidly destroyed by photo-dissociation and matter exists in the form of
neutral or charged atoms. As stated previously, photons with energies equal to or greater
than the ionisation potential of atomic hydrogen (13.6 eV) are absorbed in the WIM
surrounding luminous stars, and so hydrogen remains in the neutral atomic form while other
elements are ionised yielding an abundance of free electrons.
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Fig. 2.5: Plot of the ratio of the number density of a particular species X to that of atomic hydrogen against the
column density of atomic hydrogen. As can be seen, the fractional content of charged and atomic matter
decreases in favour of molecular species on moving from diffuse atomic to dense molecular interstellar clouds.
Image reproduced from Snow and McCall (2006).
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Diffuse molecular clouds constitute the second sub-division, and are typically
surrounded by a region of diffuse atomic gas which attenuates the individual wavelengths of
the interstellar radiation field responsible for H> dissociation, thus allowing the molecular
content of the cloud to increase. However, enough radiation penetrates the cloud so as to
ionise other atoms (e.g., carbon and sulphur) and efficiently photo-dissociate other
molecules. The presence of H, does, however, allow appreciable chemistry to begin via the
gas-phase reaction mechanisms outlined above (Table 2.2).

The final sub-division of diffuse interstellar clouds are the translucent clouds, which
represent an intermediate stage between the diffuse and dense ISM (van Dishoeck and Black
1989, Snow and McCall 2006). In such clouds, enough of the interstellar radiation field is
attenuated by surrounding gas-phase material that carbon begins to transition from a charged
atomic form to a neutral atom, with some molecular carbon (largely as CO) also being stable.
Accompanying this increase in neutral species in a concomitant decrease in the number of
free electrons present in the cloud.

2.2.2 Dense Interstellar Clouds

The idea of a natural and evolutionary progression from the most tenuous diffuse atomic
clouds to dense molecular ones as pictured in Fig. 2.5 is a good starting point for a discussion
of the structure and chemistry of the latter. Dense molecular clouds are formed via the
aggregation of more diffuse interstellar matter: a more thorough review of the mechanisms
behind this process was given by Ballesteros-Paredes et al. (2020). Similarly to their diffuse
counterparts, dense interstellar clouds are not homogeneous in their structure and are
characterised by regions of varying density. As such, they are often described in the literature
as having a ‘clumpy’ structure.

Such heterogeneity in the structure of dense quiescent interstellar clouds offers
different environments within which molecular formation from the three milieux identified
by Arumainayagam et al. (2019) may take place. Two such environments which have
received significant attention from the research community are the photon-dominated
regions (PDRs) at the edge of the cloud, as well as its cold molecular cores. Despite both
being associated with the dense ISM, these regions exhibit vastly different chemistries;
summaries of which now follow.

PDRs are located at the edges of dense interstellar clouds and are often thought of as
denser versions of diffuse interstellar clouds due to their exposure to the far-ultraviolet
component of the interstellar radiation field (Fig. 2.6). Perhaps unsurprisingly, photo-
dissociation reactions are a major component of PDR astrochemistry and atomic hydrogen
is a dominant species in the most exposed regions of the cloud (Hollenbach and Tielens
1997). However, upon exceeding a column density of 10** H, molecules cm™, the cloud
becomes opaque to far-ultraviolet photons and so molecular material deeper within the cloud
structure is shielded against photo-dissociation.

Their exposure to far-ultraviolet radiation raises the temperature of PDRs to a few 10%-
10° K (Hollenbach and Tielens 1997); considerably higher than those temperatures
encountered deeper within the cloud. The combination of increased abundances of Ha, high
temperatures, and an intense radiation field allows for new chemical pathways within PDRs
as a result of the pumping of excited molecular rotational-vibrational states, thus rendering
endothermic processes or reactions with high activation energy barriers more viable. As an
example, the gas-phase synthesis of interstellar H.O in PDRs may proceed via a series of
neutral-neutral hydrogenation reactions mediated by vibrationally excited Ha. It is important
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to note, however, that this non-equilibrium state-to-state chemistry® is typically very
selective and depends on which species is in an excited state. For example, although the
rotational excitation of H. enhances the rate of its reaction with OH, the reaction is not
favourable if it is OH which is the excited species.

Located deeper within the structure of the dense cloud, cold molecular cores are
characterised by very different conditions to those found in PDRs. In the first instance, these
cores constitute the densest and innermost regions of the cloud, and are thus well shielded
from the interstellar radiation field which impinges upon PDRs. The attenuation of high
energy photons thus results in a dark astrophysical environment devoid of large-scale photo-
dissociation processes and temperatures as low as 7-20 K (Steinacker et al. 2016).

Under these conditions, astrochemical reactions may still take place via gas-phase
chemistry or grain surface-catalysed processes, however an additional milieu is available:
the cold temperatures within cold molecular cores allow for the development of icy grain
mantles as a result of the condensation of atomic and molecular material (except for
hydrogen and helium) onto the surfaces of the interstellar dust particles (van Dishoeck 2014,
Arumainayagam et al. 2019).

Fig. 2.6: The Horsehead Nebula (also known as Barnard 33) is a dense interstellar cloud about 1375 ly away
in the constellation Orion whose PDRs are clearly observable. Image credit: ESA.

8 This state-to-state chemistry is sometimes also referred to as non-Maxwellian chemistry due to it not meeting
the thermodynamic equilibrium requirement of the Maxwell-Boltzmann distribution.
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Fig. 2.7: A simplified representation of the layered structure of interstellar icy grain mantles. Note that the
thicknesses of the ice layers relative to the dimensions of the dust grain have been exaggerated for the sake of
clarity. Image adapted from Herbst and van Dishoeck (2009).

The first molecules to form these icy grain mantles are those resulting from the
hydrogenation of heteroatoms adsorbed to the surface of the dust grains via the various
mechanisms outlined above (Fig. 2.4), such as H20, NHz, CHa, and presumably also H>S
(Hiroaka et al. 1995, loppolo et al. 2008, Hidaka et al. 2011, Oba et al. 2019, Qasim et al.
2020). The formation of these species occurs fairly early on during the lifetime of the dense
cloud, and the resultant molecular ice is polar® due to it being dominated by H>O molecules
(Whittet et al. 2013). As the cloud evolves further and its density increases to a point where
the total gas particle density exceeds 10 cm=, the majority of the heavier molecular
material undergoes a catastrophic condensation onto the dust grains to form a second icy
layer (Fig. 2.7). As most of the gas condensing to form this second icy layer is CO, the
accreted layer is non-polar in nature (Caselli et al. 1999, Pontoppidan 2006).

Interstellar icy grain mantles are thought to be the main reservoir from which many
molecular species (including most complex organic moleculest®) in the ISM are sourced, as
gas-phase chemistry is thought to be insufficient to account for the total observed
abundances of these species (Herbst and van Dishoeck 2009). Indeed, prior laboratory work
on the chemistry occurring in these ices has repeatedly demonstrated the formation of
complex organic molecules, including those that are relevant to biology such as amino acids
and nucleobases (Mufioz Caro et al. 2002, Nuevo et al. 2007, Nuevo et al. 2012, Hudson et
al. 2008).

Given that the main topic of this thesis is the chemistry occurring within astrophysical
ices (including interstellar icy grain mantles), it is worthwhile to discuss the exact
mechanisms by which such chemistry occurs in some detail. In total, there are five major
mechanisms which drive molecular formation in astrophysical ices, which may be classified
as either non-energetic (thermal chemistry and atom or radical additions) or energetic

® A full discussion of the physical and chemical meaning of the term ‘polarity’ will be provided in the next
chapter.
101n the context of astrochemistry, a complex organic molecule is defined as one possessing six or more atoms.
This differs greatly to the concept of a complex molecule as used in organic chemistry and biochemistry.
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(radiation chemistry, photochemistry, and shock chemistry) processes. These mechanisms
are summarised in Fig. 2.8 and a description of each now follows:

(i)

(ii)

(iii)

(iv)

Thermal Chemistry

Under cryogenic conditions, solid-phase thermal reactions with low activation energy
barriers may still take place between closed-shell and electronically stable molecules.
Such reactions are actually an important aspect of astrochemistry, and have been
shown to lead to the formation of complex organic species and refractory residues.
There are four types of thermal reaction which are of particular interest to
astrochemistry: acid-base reactions, nucleophilic additions, eliminations, and
condensation reactions. A review of thermal chemistry in laboratory astrophysical ice
analogues was provided by Theulé et al. (2013).

Atom or Radical Additions

Atom addition reactions (specifically, hydrogenation reactions) have already been
invoked to explain the initial formation of the polar layer in interstellar icy grain
mantles and its constituent molecules, such as H.O, NHs, and CH4. However, such
additions may also take place at the surface of the ice. Indeed, the hydrogenation of
condensed CO has been shown to sequentially yield H.CO and CH3OH (Watanabe
and Kouchi 2002). The reaction of CO with OH radicals is also known to lead to the
formation of CO: (loppolo et al. 2011). More complex molecules, such as CHsCH>OH
and NH2CH>COOH (glycine) may also be formed through networks of atom or radical
addition reactions (loppolo et al. 2021, Perrero et al. 2022). A review of relevant atom
addition processes was provided by Linnartz et al. (2015).

Radiation Chemistry

Astrophysical ices are often found in energetic charged particle (i.e., ion and electron)
radiation environments driven by galactic cosmic rays, stellar winds, or giant planetary
magnetospheric plasmas. Such energetic processing leads to both structural and
chemical changes within the ice, including: ice sputtering, the compaction of
microporous structures, the amorphisation of ordered phases, and the radiolytic
formation of radicals and molecules (Baragiola 2003, Boduch et al. 2015). It is
interesting to note that, although many of these astrophysical radiation environments
are characterised by fluxes of particles having energies in the range of a few keV to a
few MeV (Arumainayagam et al. 2019), there is good evidence to suggest that the
chemistry occurring in irradiated ices is in fact driven by a cascade of tens of thousands
of non-thermal, low energy (<20 eV) secondary electrons (Mason et al. 2014, Boyer
et al. 2016). New molecules may also be formed as a result of the incorporation of
implanted reactive ions (e.g., carbon or sulphur ions) into astrophysical ices (Boduch
etal. 2015). As most of the work presented in this thesis is concerned with the radiation
chemistry of astrophysical ice analogues, the physical and chemical effects of ice
irradiation will be discussed in much greater detail in the next chapter.

Photochemistry

Interstellar icy grain mantles are typically found embedded in the cold molecular cores
of dense clouds, where the ultraviolet components of the interstellar radiation field
should be efficiently attenuated. Despite this, photochemistry still plays an important
role in the chemical and molecular evolution of these ices. This is due to the fact that
the interaction of galactic cosmic rays (which are not attenuated by the boundaries of
the dense interstellar cloud) with gas-phase Hz results in the emission of a low intensity
flux (about 10* photons cm~?) of Lyman-a photons that may irradiate the ice (Oberg
2016).
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Fig. 2.8: Summative representation of the five major mechanisms driving molecular formation in astrophysical
ices: (i) thermal chemistry, (ii) atom or radical addition reactions, (iii) radiation chemistry, (iv) photochemistry,
and (v) shock chemistry. Image taken from Arumainayagam et al. (2019).

This ultraviolet photon irradiation of interstellar ices is known to efficiently produce
radical species whose recombination leads to the formation of new molecules. Indeed,
the production of complex organic molecules relevant to biology after ultraviolet
photon irradiation of astrophysical ice analogues containing only simple molecules has
been well established (Mufioz Caro et al. 2002, Nuevo et al. 2007, Nuevo et al. 2012).
Physical restructuring processes within the ice, such as amorphisation, have also been
reported in the literature (Kouchi and Kuroda 1990). At first glance, the physical and
chemical effects of ultraviolet photon irradiation are similar to those of charged
particle irradiation, since molecular ionisation, dissociation, and recombination are
possible during both processes. However, several important distinctions also exist. For
instance, the absorption of ultraviolet photons by solid-phase molecules is typically a
‘one-off” event governed by the Grotthuss-Draper Law!! and the Stark-Einstein Law!2.
Furthermore, the resultant excitation is governed by the relevant selection rules.
Contrastingly, charged particle projectiles may interact with multiple molecules along
their track through the solid and the resultant excitations may access optically
forbidden states.

11 The Grotthuss-Draper Law states that photons must be absorbed by molecular materials in order to bring
about a photochemical reaction.
12 The Stark-Einstein Law states that, for each photon of light absorbed by a chemical system, no more than
one molecule is activated to take part in a photochemical or photophysical process.

25



(v) Shock Chemistry
Shock chemistry is concerned with those processes which elicit molecular formation
in astrophysical ices (including interstellar icy grain mantles) as a result of the contact
collision of the ice with another body or of its interaction with a magneto-
hydrodynamic shock wave. Experimental studies have shown that such processes do
lead to the formation of new molecules, including those complex organic species
relevant to biology (Goldman et al. 2010, Martins et al. 2013).

Despite the fact that interstellar icy grain mantles are widely considered to be the
molecular factories of the ISM, very few species have been firmly (or even tentatively)
detected in astronomical observations of interstellar ices (Boogert et al. 2015). This paucity
of molecules observed in icy grain mantles contrasts greatly with the large and rapidly
growing number of gas-phase molecules known to exist in interstellar and circumstellar
media, which currently stands at over 270 (McGuire 2022) and is mainly due to the greater
spectroscopic challenges associated with astronomical observations of ices compared to gas-
phase molecules.

The detection of gas-phase interstellar molecules is typically achieved via the use of
rotational spectroscopy. This is advantageous as the separation between rotational quantum
levels is small enough such that absorption can take place against the background continuum,
thus allowing for the emission signals of these molecules to be studied along any proposed
line-of-sight (Fortenberry 2017, Puzzarini and Barone 2020). In the case of observations of
interstellar ices, the unambiguous detection of molecules is more complicated due to the fact
that the solid phase excludes the possibility of rotational motion, and thus rotational
spectroscopy cannot be used in this regard.

Instead, infrared absorption spectroscopy has been traditionally utilised to observe the
molecular components of interstellar icy grain mantles (Fig. 2.9). This technique does have
a few drawbacks, however, most notably in that an infrared source (e.g., a young stellar
object) behind the interstellar ices relative to the line-of-sight of the observer is required in
order for the solid-phase molecules to access higher vibrational quantum levels that may be
detected, thus greatly reducing the number of astrophysical environments that may be
studied (Fig. 2.9). Identifying the individual carriers of interstellar infrared absorptions is
also a somewhat difficult task, as molecules with similar structures and functional moieties
present similar absorption spectra. Furthermore, the shape and position of these absorption
bands are also known to vary significantly depending on several parameters of the ice, such
as its thickness, structure, phase, chemical composition, and temperature (Boogert et al.
2015). A list of molecules identified in interstellar icy grain mantles is given in Table 2.3.

Table 2.3: List of solid-phase molecules in interstellar and circumstellar media as classified using the system
used by Boogert et al. (2015). Securely identified molecules are those species for which more than one
vibrational mode has been detected which fits well with modelled or laboratory-generated spectra. Likely
identified molecules are classified similarly, but on the basis of having only one identifiable band observed in
the ISM. Possibly identified molecules, on the other hand, are those species for which a convincing profile fit
has not yet been demonstrated.

Securely Identified Molecules Likely Identified Molecules Possibly Identified Molecules
H20 H.CO HCOOH
CO OCN- CH3CH,0OH
CO; OCs HCOO~
CHsOH CH3CHO
NHs NH,*
CHs SO;
PAH
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Fig. 2.9: Left: A graphical representation of the line-of-sight requirements for observing the molecular
components of interstellar icy grain mantles, in which an infrared source such as a young stellar object must
be behind the ices from the perspective of the viewer. Image taken from van Dishoeck et al. (2013). Right: An
overview of the most prominent ice and dust absorption features as observed towards the young stellar object
AFGL 7009 S. The dashed line trace represents the absorption spectrum of H,O ice at 10 K. Image adapted
from Boogert et al. (2015).
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2.2.3 Giant Molecular Clouds and Bok Globules

The ‘clumpy’ molecular clouds discussed thus far may themselves be part of a significantly
larger structure of molecular gas and ice. Once this larger structure exceeds a mass greater
than ten thousand times that of the sun®3, it is referred to as a Giant Molecular Cloud (GMC).
GMCs are truly astronomically large objects, spanning around 600 ly across and having a
mass of up to 10’ Mo (Murray 2011). The overall structure of a GMC contains many diverse
sub-structures including filaments, sheets, and irregularly shaped clumps that, as described
above, may themselves be considered to be localised dense molecular clouds. GMCs are,
however, by no means the largest structure in the cosmos, as they are able to associate with
each other to produce molecular cloud complexes. For instance, the Orion molecular cloud
complex is composed of two GMCs and a number of older stars somewhat isolated from the
molecular gas.

Where GMCs represent some of the largest instances of associated molecular material
in the cosmos, Bok globules lie on the opposite end of the size and mass spectrum. These
isolated molecular clouds are typically not much greater than 1 ly across and have masses

which do not exceed a few 100 Mo; although most are smaller and much less massive than
this. Barnard 68, shown in Fig. 2.2, is an example of one such Bok globule, having a mass

of about 2 Mo and a diameter of just 0.5 ly.

2.3 The Cosmic Chemistry Cycle

An evolutionary progression starting from diffuse interstellar media and progressing to dense
molecular cores (as demonstrated in Fig. 2.5) has already been alluded to. This evolution is

13 The mass of the sun is often referred to as a solar mass, and is equivalent to 1.99x10% kg. The assigned

symbol for the solar mass is Mo.
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in fact part of a greater mechanism through which atomic and molecular material is cycled
through various stages associated with the births and deaths of stellar and planetary systems.
This cycle is referred to as the Cosmic Chemistry Cycle (Fig. 2.10); the details of which will
be discussed in this sub-section. The diffuse interstellar regions described above represent
what is perhaps the earliest evolutionary stage of the cycle, and so are a convenient starting
point for such a discussion.

2.3.1 Setting the Stage for Stellar Birth

As described above, diffuse interstellar clouds are continuously exposed to the vacuum- and
extreme-ultraviolet components of the interstellar radiation field. As such, most matter in
these clouds remains in the atomic or ionised state, although a few molecules are produced
as a result of gas-phase and surface-catalysed chemistry (e.g., Hz, CH, and CN) and are able
to survive the harsh environment. Aggregation of diffuse interstellar matter proceeds via
magneto-hydrodynamically assisted gravitational attractions, resulting in a dense molecular
cloud (Ballesteros-Paredes et al. 2020). As previously stated, the cores of dense molecular
clouds are shielded from external low wavelength ultraviolet photons, providing a dark and
cold environment in which interstellar icy grain mantles may form.

The edges of a dense cloud do not attenuate galactic cosmic rays, however, and these
rays may initiate radiation chemistry within the solid ices. The interaction of these rays with
gas-phase Hz also engenders the production of Lyman-o photons which may initiate ice
photochemistry. Of course, other kinds of chemistry (i.e., thermal reactions, atom or radical
additions, and shock chemistry) may also result in the formation of molecules in interstellar
icy grain mantles (Fig. 2.8). Dense molecular clouds are supported by turbulence and
magnetic fields, and so may remain quiescent and stable for a few 108 years (van Dishoeck
2014), all the while producing new and increasingly complex molecules within the icy grain
mantles.
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Fig. 2.10: Graphical representation of the Cosmic Chemistry Cycle, including the birth and death stages of low
mass stars. Image taken from Oberg (2016).

28



The stability of dense molecular clouds is, however, not permanent; and eventually
gravitational collapse occurs at the densest parts of its cold molecular cores. The accreting
material constitutes a protostar, whose internal pressure and temperature continually increase
as more and more material is accreted. As much of this material rotates around the growing
protostar, the Law of Conservation of Angular Momentum is conserved, and the material
begins to take on the shape of a flat disc. Further accretion also occurs via channelling by
magneto-hydrodynamically mediated funnel flows. Other magneto-hydrodynamic processes
at the boundary between the disc and the star emit jets and winds perpendicular to the plane
of the disc. These jets and winds may assimilate material in bipolar outflows, as well as
create shock waves when interacting with the surrounding dense cloud which can, in turn,
drive shock chemistry in interstellar ices further afield.

The increasing temperature of the growing protostar has important consequences for
the fate of the icy grain mantles in its vicinity. As the temperature of the cloud begins to
increase to 30-50 K, the most volatile icy molecules (e.g., CO and CHjs) begin to sublimate.
This not only leaves an increased concentration of larger and more complex molecules in
the ice, but also promotes their formation through increased thermal reaction rates. As the
cloud temperature increases further to values over 100 K, even more molecular material
begins to sublimate from the icy grain mantles, thus enriching the gas-phase of the cloud in
complex organic molecules and leaving only the most refractory of materials and residues
(e.g., silicates) in the solid phase. A summary of the evolution of interstellar icy grain
mantles as a result of the increased temperatures experienced during protostellar formation
is given in Fig. 2.11.

Over the course of approximately 10 years, the circumstellar disc (now referred to as
a protoplanetary disc) emerges as the dominant feature around the now optically visible star.
At this point, the stellar object is classified as a pre-main sequence star and, although it has
acquired practically all of its mass, it has not yet begun nucleosynthetic hydrogen burning at
its core!* (Larson 2003). The protoplanetary disc itself has a high particle number density of
around 10'® cm~3, which allows for frequent collisions to take place. In the inner regions
closer to the pre-main sequence star, these collisions take place between materials with high
melting points, such as metals and silicates, which results in their coagulation to form larger
bodies eventually leading to rocky planets, moons, and asteroids®® (Lissauer 1993, Blum and
Wurm 2008).

At further distances from the young stellar object, temperatures are significantly colder
and so volatile materials may remain in the ice phase. Each volatile species (e.g., H20, CO,
CHj4) has a defined snow line, which represents the distance from the young stellar object at
which these species condense from the gas phase. Of course, these snow lines are not static
and change during the evolution of the stellar object. Nevertheless, the outer reaches of the
protoplanetary disc are inhabited by icy objects which may also accrete into larger structures,
such as comets.

At some point during its growth, the pressures and temperatures at the core of the
young stellar object will become sufficiently large as to cause the hydrogen atoms (which
dominate its chemical composition) to undergo nuclear fusion to helium. The energy that is
released as part of this fusion reaction ignites the star, quickly leading to hydrostatic
equilibrium in which the energy released by the stellar core is counterbalanced by the inward
force of gravitational collapse. In this stable state, the stellar object is referred to as a main
sequence star.

14 Theory does predict, however, that some limited fusion of 2H (deuterium) with *H will occur to yield *He.
15 1t is important to note that much of our understanding of planetary formation is still incomplete and the
discussions presented in this thesis represent the most accepted scientific view.
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Fig. 2.11: Evolution of interstellar icy grain mantles during the birth and evolution of a nearby protostar. Image
taken from Oberg et al. (2010).

2.3.2 Planetary Systems

A planetary system with a star in the main sequence stage and a selection of rocky, gaseous,
and icy worlds and bodies is a prime setting for advanced chemistry in a variety of
environments. The ignition of the star floods much of the planetary system with infrared,
visible, and ultraviolet photons; with peak emission wavelength and flux varying from star
to star depending on its mass and luminosity. Such photons may drive photochemistry within
the planetary system, thus leading to new and possibly more complex molecules. Thermal
chemistry may also be induced by the heat emitted by the star, although this is perhaps more
limited to those bodies whose orbits either maintain them or bring them in occasional
proximity to the star.

In low mass stars, the high temperatures of the upper stellar atmosphere allow particles
with small masses (such as protons and electrons) and trace amounts of heavier atoms and
ions to be thermally accelerated away from the star, thus generating a stellar wind. The loss
of mass via stellar winds is not significant for low mass stars, such as the sun; although this
contrasts greatly with the mass loss for high mass stars, which could be as high as 50%
during their main sequence stage (Lamers and Cassinelli 1999). In this latter case, the stellar
winds are driven directly by the radiation pressure of photons emitted by the star.

The emitted stellar winds generate a radiation environment which could also engender
significant and productive chemistries potentially leading to the formation or destruction of
complex organic molecules. The interaction of various component bodies of the planetary
system with stellar wind radiation is expected to result in their physical and chemical
alteration, as discussed previously for interstellar icy grain mantles. Such irradiation may be
attenuated somewhat by differentiated planetary-like bodies with an active internal dynamo,
as this allows for the establishment of a local magnetosphere which inhibits radiation
chemistry from playing a major role at the surface of the body.

The formation of such magnetospheres around giant planetary objects may, however,
actually increase the relative importance of radiation chemistry on the surfaces of any
orbiting satellites. In our own Solar System, for instance, several of the Jovian and Saturnian
moons orbit within the giant magnetospheres of their host planets, and are thus exposed to
continuous bombardment by charged particles leading to radiation-induced chemical and
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structural alterations to their surfaces. The ions and electrons which populate these
magnetospheres are typically sourced from molecular ejection processes occurring on the
orbiting moons, such as volcanic eruptions or emission plumes (Jia et al. 2010). The ejected
molecules are then dissociated and ionised within the magnetosphere. Interestingly, the
thickness of the surface material of these moons (which is on the order of a few to a few tens
of km) allows for reactive magnetospheric ions to undergo implantation in the surface, after
which they may be incorporated into newly formed molecules. Such a process will be
explored in significantly more detail at several points in this thesis.

As the planetary system evolves further and many new worlds emerge, various new
environments arise within which chemical reactions may take place. Earth is an exemplary
planetary laboratory to showcase such environments: the gas-phase reactions within the
atmosphere, for instance, may lead to the formation of molecules which may influence
surface temperatures or planetary albedos, while the presence of expansive H.O bodies (such
as rivers, lakes, and oceans) not only allows for marine chemistry, but also for geological
processes such as dissolution and sedimentation. Geological activity in the form of tectonic
motion or volcanism may also give rise to new molecules and minerals. Although a complete
description of planetary chemistry would go well beyond the scope of this thesis, this brief
overview perhaps goes some way to demonstrating the various environments which may
contribute to the chemical complexity of a planetary system.

2.3.3 Stellar Evolution and Death

The nuclear fusion reactions occurring at the core of stellar objects which convert hydrogen
to helium are a defining characteristic of a main sequence star. However, the mechanisms
by which such reactions occur (as well as the ultimate fate of the star once all hydrogen in
its core has been exhausted) differ depending upon the mass of the star (Fig. 2.12). For stars
with masses <1.4 Mo, the dominant reaction pathway followed is the proton-proton (p-p)
chain, in which the net consumption of four protons produces a single “He nucleus?:

2" H—>H+e"+v

(Eq. 2.2)
’H +'H — He +y

(Eq. 2.3)
2%He — 2 H + “He

(Eq. 2.4)

Red dwarfs represent the least massive (M < 0.8 Mo) main sequence stars and undergo

nuclear fusion at very slow rates. The smallest red dwarfs (M < 0.35 Mo) are fully convective
and so do not allow helium to accumulate in the core, thus prolonging hydrogen burning
even further. It is thought that no red dwarfs have yet left the main sequence stage, and that
they may endure for a few 10*? years (Adams et al. 2004). The fact that the lifespan of a red
dwarf exceeds the present age of the Universe presents an observational challenge when
considering the fate of such stars. Given that such a star is not sufficiently massive as to
allow for helium burning, however, it has been suggested that they will simply undergo a
prolonged cooling process involving a progressive evolution to a blue dwarf, followed by a
white dwarf, and finally a black dwarf.

16 4He nuclei are often referred to as a-particles.
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Fig. 2.12: Summary of the evolution of low mass (left) and high mass (right) stellar objects. Examples of each
object are provided in yellow italics. Image credit: NASA.

Stellar objects with masses ranging between 0.8-8 Mo are considered to be mid-sized
stars and, despite having an identical ultimate fate to red dwarfs, they undergo a significantly
more complex evolution (Ryan and Norton 2010). The increased mass and density of their
cores do not permit convective flow, and there is therefore no transfer of material into or out
of the core. Once the limited hydrogen in the core has been fully fused to helium, hydrogen
fusion begins to take place within a layer (or ‘shell’) just outside the core. The additional
energy emitted by this fusion increases the temperature of the star, causing it to expand and
become a subgiant. As nuclear fusion continues to take place in the hydrogen shell, the star
is further warmed and thus expands significantly more; eventually becoming a red giant.

Once in the red giant phase, the gravitational force at the surface of the star will be
sufficiently weak as to be overcome by the energy emitted by the nuclear fusion processes
occurring deeper within. The result of this is that the star will shed its outer layers in a mass
loss process. Deeper within the structure of the star, the continuous nucleosynthetic creation
of helium in the shell neighbouring the core eventually increases the pressure in the core
sufficiently as to ignite helium fusion to carbon in a sequence of nuclear fusion reactions
termed the triple alpha process:

2%He — ®Be +y
(Eq. 2.5)
*He +®Be — 2C +y

(Eq. 2.6)

The energy produced by helium burning is initially mostly absorbed by the core, which
results in its expansion. This in turn slows down hydrogen fusion to helium in overlaying
shells, thereby decreasing the total energy production of the star and causing it to contract
(although it is still significantly larger than it was as a main sequence stellar object). As

carbon begins to accumulate in the core, the outer layers of the star once again heat up and
expand; resulting in a second, more extensive mass shedding. Overall, helium burning is not
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a particularly stable process, with rates of fusion and energy output varying substantially on
very short time-scales (Rose 1967). The star may therefore undergo a series of tremendous
paroxysms, each accompanied by yet another loss of mass. Eventually, the stellar core will
exhaust its helium supply. Mid-sized stars are not massive enough to trigger carbon fusion,
and so energy production ceases.

By this point, the star will have shed its outer layers leaving only the dense and hot
core behind. The structure of the core at this point is consistent with that of a white dwarf
and, since no more energy may be produced via nuclear fusion reactions, it will simply cool
over time; eventually becoming a black dwarf. Although expanding away, the shed layers
will remain in close proximity to the white dwarf for a few 10° years, and the interaction of
the ionising radiation emitted by the latter with the receding gas results in the production of
a planetary nebula; reference to which was made in sub-section 2.2. It should be noted that,
for stars with masses exceeding 1.4 Mo, the dominant hydrogen fusion mechanism occurring
within the stellar core shifts from the p-p chain to the carbon-nitrogen-oxygen (CNO) cycle.
Unlike the p-p chain, in which all participating nuclei other than the product “He are
consumed, the CNO cycle is a catalytic process in which various isotopes of nitrogen,
carbon, and oxygen promote the fusion of four protons:

12C+1H—>13N+'Y

(Eq.2.7)
13N—>13C+e++v
(Eq. 2.8)
13C+1H—>14N+’Y
(Eq. 2.9)
14N+1H—>150+Y
(Eg. 2.10)
150—>15N+e++\/
(Eq. 2.11)
15N +lH—>12C+4He
(Eq. 2.12)

The evolution of high mass (>8 Mo) stellar objects initially follows a similar pathway
to that of mid-sized stars. Once carbon accumulates in the core of the latter, however, fusion
reactions cease as the density and temperature of the core are not high enough to trigger
carbon ignition. High mass stars, on the other hand, are sufficiently massive as to raise the
density and temperature of their cores to the point where carbon fuses to neon, while helium
fusion to carbon begins to occur in the overlaying shell and a new shell fusing hydrogen to
helium is formed over that. The star thus begins to take on an ‘onion-like’ structure, in which
distinct layers of nucleosynthetic fusion processes are present (Fig. 2.13). The continuous
heating of the core as a result of its contraction results in the sequential burning of neon to
oxygen and magnesium, and oxygen to silicon'’; with each overlaying shell progressing by
one nucleosynthetic fusion step each time.

17 A smattering of other elements is also produced by these fusion reactions. For instance, carbon burning
also yields sodium and magnesium, while oxygen burning yields sulphur, phosphorus, and magnesium.
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different nucleosynthetic fusion reactions dominate. Image credit: D. Pogosyan.

During the fusion of hydrogen in their cores, high mass stellar objects are typically
blue main sequence stars. However, as their temperature is raised during nuclear fusion, the
outer layers are heated resulting in the expansion of the star; at which point it is termed a red
supergiant (or in the case of especially massive stars, a red hypergiant). As the core switches
from one fusion reaction to the next, the outer layers respond by contracting and expanding
much in the same way as for mid-sized stars, thus allowing the high mass star to cycle
between the red supergiant and blue supergiant phases.

Eventually, silicon burning becomes the dominant nuclear fusion process occurring
within the core. Among the various elements formed as a result of this process (such as
sulphur, nickel, chromium, titanium, argon, and calcium) is iron. Unlike all other
nucleosynthetic fusion reactions before it, however, the fusion of iron (as >2Fe) results in a
net loss of energy (Ryan and Norton 2010). Moreover, iron is able to act as a sink for any
free electrons, thus virtually eliminating the electron degeneracy pressure of the core'®. The
combined sudden®® loss of fusion-induced energy release and electron degeneracy pressure
means that there is no force left to counterbalance the inward gravitational force, and so the
core collapses with the outer core regions crashing into the inner ones with a velocity that is
a significant fraction of the speed of light.

As the core collapses it becomes incredibly denser, and so the force of gravity it exerts
on the outer layers of the star causes them to begin falling inwards rapidly. However,
shockwaves generated by the collapse of the core move outward, slowing down the infalling
material. Additionally, the collapse of the core emits a large number of neutrinos which

18 Electron degeneracy pressure is a special case of the more general quantum degeneracy pressure, in which
the Pauli Exclusion Principle prohibits the existence of two electrons from simultaneously occupying the same
guantum state. This is manifested as a pressure against the compression of matter into small volumes.
19 On average, most high mass stars are expected to completely exhaust the supply of silicon in their cores
within a matter of a few days.
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collide with the infalling material, forcing it to reverse its course and explode outwards as a
supernova. Supernovae are among the most violently energetic events that may occur in the
Universe; so much so that further nucleosynthesis is induced resulting in the production of
large quantities of new, heavier elements.

Eventually, the collapse of the core creates the conditions necessary for electron
capture by protons to become spontaneous, thus generating an abundance of neutrons.
Indeed, by the time the core has collapsed to a diameter of approximately 20 km, it is
composed almost entirely of neutrons. From this point onwards, the ultimate fate of the
stellar core is determined by the initial mass of the star: for stars with masses between 8-20

Mo, the gravitational force causing the inwards collapse of the core is not large enough to
overcome the neutron degeneracy pressure?® of the core, and so the collapse comes to an
abrupt halt (Heiselberg and Pandharipande 2000, Heger et al. 2003). The shockwave
emanating from this halt contributes to the supernova explosion of the outer stellar layers,
while the core remains behind as a neutron star.

In the case of more massive stars, however, the gravitational force of the collapsing
core will readily overcome its neutron degeneracy pressure, allowing the collapse to proceed
further. As the core continues to shrink in size, the force of gravity it exerts correspondingly
increases until it reaches a point where it is so strong that the escape velocity for an object
at the boundary of the core exceeds the speed of light in a vacuum (c = 3x10% m s™). At this
point, no object (including light) can escape the gravitational influence of the collapsed core,
which is now termed a black hole.

Whether a high mass stellar object ends its life as a neutron star or a black hole is
largely immaterial to the Cosmic Chemistry Cycle, as supernovae are associated with the
formation of both of these astronomical bodies. As mentioned previously, these supernovae
are incredibly energetic and are able to blast out atoms and nuclei of the various elements
formed during stellar nucleosynthesis (as well as those formed during the explosive
nucleosynthesis associated with the supernova itself), thus enriching the chemical
composition of the surrounding ISM. Over time, the material in the ISM may coalesce to
form a diffuse molecular cloud (Fig. 2.12), thus re-initiating the cycle.

2.3.4 Comments on the Emergence of Life in the Universe

As has been highlighted above, the Cosmic Chemistry Cycle creates various astrophysical
environments which provide the elements and conditions necessary for the generation of
molecules of a prebiotic nature. It has already been mentioned, for instance, that the
processing of interstellar icy grain mantles has been shown to lead to the formation of amino
acids and nucleobases, among other species (Mufioz Caro et al. 2002, Nuevo et al. 2007,
Hudson et al. 2008, Nuevo et al. 2012). It is hypothesised that the seeding of so-called
‘habitable worlds’ with these prebiotic molecules could therefore contribute to the
emergence of life.

The seemingly inherent ability of the Universe to synthesise prebiotic molecules, as
well as the tremendously large number of planets thought to exist (which could be as large
as a few 10%* planets) implies that, not only should life itself be fairly ubiquitous throughout
the cosmos, but that a reasonable number of these lifeforms should have evolved and
advanced sufficiently to have become intelligent and even possibly radio-communicative. In
an effort to stimulate discussions on the scientific factors which may need to be considered
when contemplating the existence of extra-terrestrial life and the potential to communicate

20 Neutron degeneracy pressure is similar in concept to electron degeneracy pressure, but requires a greater
gravitational collapse to be overcome.
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with it, the Drake Equation (Burchell 2006) was proposed to estimate the number of
communicative civilisations in our galaxy, D:

D = R.fyHAfifL
(Eq. 2.13)

where R+ is the rate of star formation in the galaxy, fp is the fraction of those stars that are
orbited by planets, H is the average number of habitable planets per orbited star, fi is the
fraction of habitable planets on which life does actually emerge, fi is the fraction of life-
sustaining planets on which intelligent life evolves, fc is the fraction of those lifeforms that
are able to develop a technology with which they may release detectable signs of their
existence into space, and L is the duration for which they do so.

It is evident that the Drake Equation, although containing some physical parameters
that may be easily quantified due to their having a sound theoretical or observational basis,
also contains many parameters for which only a speculative value may be assigned. For
instance, stellar formation rates have been constrained to be about two stars per year
(Robitaille and Whitney 2010), while microlensing surveys suggest that practically all stars
in the galaxy have at least one orbiting planet (Cassan et al. 2012). However, the remaining
parameters in the equation are based on our (fairly poor) understanding of the emergence
and evolution of life, intelligence, and civilisation. As such, the Drake Equation may yield
widely varying results depending on the assumptions made when assigning values to these
latter parameters. It is possible to assume, for instance, that 0.2 planets per orbited star are
habitable and that 10% of these will go on to host life. By further assuming that all life will
at some point become intelligent and that 25% of these intelligent lifeforms can develop the
technology to emit detectable signs of their existence into space for a period of at least 10°
years, then the number of civilisations within our galaxy with which contact may be made
is as high as 10,000 (Eqg. 2.13). However, no evidence of any extra-terrestrial life (let alone
intelligent life) has been encountered thus far?L,

Several explanations have been proposed to explain the lack of evidence for the
existence of extra-terrestrial life. It has been proposed, for instance, that intelligent life may
not arise frequently, and that any intelligent civilisation that does emerge does not exist for
long enough either to develop the technology to emit evidence of their presence into space
or for such emitted signals to be detected by other civilisations. Alternatively, the so-called
Rare Earth Hypothesis posits that the number of essential properties required by a planet in
order for it to be deemed habitable are so many in number that it is actually H which is the
limiting factor in the Drake Equation, and thus renders D << 1 (Ward and Brownlee 2000).

The existence and emergence of extra-terrestrial life in the cosmos remains an open
question in the field of astrobiology; and one which is intimately linked with the chemistry
leading to the formation of prebiotic molecules discussed throughout this chapter. Although
a more complete review of astrobiology would go beyond the scope of this thesis, it is of
importance to note that further investigations into the tolerances of extremophilic organisms
are continually changing our understanding of biology and pushing the limits on which
environments may be classified as habitable. Indeed, recent work has highlighted the ability
of various organisms to survive astrophysical conditions (Mastascusa et al. 2014), including
hyper-velocity impacts (Traspas Muifia and Burchell 2021). This has highlighted the need
to further characterise the chemistry of diverse astrophysical settings, including those which
traditionally have been regarded as being inhospitable to life.

21 The apparent contradiction between the lack of evidence for extra-terrestrial life and the high estimates for
its existence has come to be known as the Fermi Paradox.
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2.4 An Overview of Icy Bodies in the Solar System

Thus far, the discussion of astrophysical ices has been largely restricted to interstellar icy
grain mantles. However, ices are also abundant within planetary systems. Indeed, within our
own Solar System, molecular ices are thought to exist on the surface of virtually every
celestial body with the notable exception of Venus. The five mechanisms by which solid-
phase astrochemical reactions may occur (Fig. 2.8) are all viable in Solar System ices
(Arumainayagam et al. 2019). For instance, radiation chemistry may be driven by the solar
wind or planetary magnetospheric plasmas; while the emission of heat and ultraviolet and
optical photons from the sun results in appreciable thermal chemistry and photochemistry.
This sub-section will provide a very brief overview of selected icy bodies within the Solar
System; images of which are given in Figs. 2.14-2.18.

2.4.1 The Inner Terrestrial Planets

Being the closest planet to the sun, Mercury regularly experiences very high temperatures at
its surface, which may be as high as 700 K at the equator (Vasavada et al. 1999). Despite
this, evidence for the existence of surface ices emerged in the early 1990s as a result of
extensive observational work (Harmon and Slade 1992, Slade et al. 1992, Paige et al. 1992,
Butler et al. 1993). These ices are principally composed of H>O and exist within shallow and
permanently shadowed craters towards the north pole. These craters are not directly exposed
to sunlight, and so the temperature within them does not exceed 130 K (Ingersoll et al. 1992,
Salvail and Fanale 1994), thus preventing the sublimation of the ice. The exact source of
these H>O ice deposits is not known, although the current favoured hypothesis suggests that
they are remnants of impacts with H>O-bearing interplanetary dust particles, asteroids, or
comets (Ernst et al. 2018, Frantseva et al. 2022).

Orbiting at a considerably further distance from the sun and having a permanent (albeit
thin) atmosphere, the existence of surface ices on Mars is perhaps less surprising than on
Mercury. Indeed, H2O ices have been detected at various latitudes across the planetary
surface (Titus et al. 2003, Vincendon et al. 2010), although the most famous of these are
certainly the two permanent polar ice caps. Although these ice caps are largely composed of
solid H.0O, they are best known for their role in cycling CO2 between the surface and the
atmosphere (Hess et al. 1979). During the winter months, the polar regions become cold
enough for a significant proportion of the atmosphere (which is largely composed of CO3)
to condense onto the surface, resulting in a thin veneer of CO; atop the H2O polar ice caps.
With the arrival of spring, the surface temperatures rise causing the CO> to sublimate back
into the atmosphere. This seasonal cycle is accompanied by the transportation of large
quantities of dust and H>O vapour, which give rise to clouds and other nephological
phenomena.

The last of the inner terrestrial planets on which surface ice is known to exist is our
own home: the Earth. The presence of large open bodies of liquid H2O at its surface and an
evolved hydrological cycle explains why the dominant icy species is H20. Surface H20 ice
mainly exists as snow, glaciers, ice sheets, and permafrost at high latitudes, particularly in
polar regions. Environmental transformations of this surface ice have been linked to various
planetary-scale climatological effects, such as altered ocean currents, changes in sea-levels,
and increased carbon exchange (Dobinski 2006). It is interesting to note that the solid phase
adopted by H-O ice on the surface of the Earth differs to that thought to exist in astrophysical
settings: the higher temperatures and pressures associated with the former favour the
adoption of a hexagonal crystalline phase, while amorphous H20 ices (or, to a more limited
extent, the meta-stable cubic crystalline phase) are more commonly encountered in the latter
(van Dishoeck et al. 2013).
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Fig. 2.14: Examples of high latitude surface ice deposits on the inner terrestrial planets, such as the (a) northern
and (b) southern polar ice caps on Mars, (c) ice deposits (indicated in yellow) within permanently shadowed
crater regions near the north pole of Mercury, and (d) the Antarctic ice sheet on Earth. Image credits: NASA.

2.4.2 Ceres and Vesta

Ceres and Vesta are respectively the largest and second-largest objects in the main asteroid
belt. Being sufficiently massive for its own gravity to maintain it as a spheroid in hydrostatic
equilibrium, Ceres is officially classified as a dwarf planet; thereby making Vesta the largest
true asteroid. Interestingly, Vesta is thought to have a differentiated internal structure
(Consolmagno et al. 2015), meaning it is possibly the only known remaining protoplanet of
the kind that formed the inner terrestrial planets through gravitational accretion.

The surface compositions of Ceres and Vesta are believed to be fairly depleted in ices,
although geomorphological evidence has suggested that the subsurface of Ceres is likely a
mixture of silicate minerals and H-O ice (Schmidt et al. 2017) while exposed surface H.O
ice is likely preserved in cold traps such as high latitude permanently shadowed craters
(Hayne and Aharonson 2015, Platz et al. 2017). In the case of Vesta, H2O ice is almost
certainly restricted to the polar regions where it is buried beneath a few tens of cm of surface
regolith (Stubbs and Wang 2012).

An interesting spectroscopic feature of the Cererian surface is an ultraviolet absorption
edge at about 4000 A which has traditionally been attributed to a ferric oxide intervalence
charge transfer transition in phyllosilicate minerals (Johnson and Fanale 1973). On the basis
of laboratory ultraviolet-visible spectroscopy experiments, Hendrix et al. (2016) have
suggested that this absorption edge may have some contribution from allotropic sulphur of
the form Sy and SO surface ices. The presence of sulphur-bearing molecular ices on the
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surface of Ceres implies the existence of geothermal activity on the dwarf planet, which is
consistent with additional evidence of some geologically young surface features (Sori et al.
2018). However, this interpretation has been disputed more recently by Roth (2018) on the
basis that, under the pressure and temperatures conditions that characterise the Cererian
surface, both Sy and SO2 would sublimate at too rapid a rate for their accumulation to occur.

2.4.3 The Galilean Moons of Jupiter

As the largest planet in the Solar System, it is perhaps unsurprising that Jupiter is orbited by
a great many natural satellites. Of its approximately 80 known moons, the best studied are
the four so-called Galilean moons??: lo, Europa, Ganymede, and Callisto. These moons are
amongst the largest in the Solar System, with Ganymede itself being larger (although
significantly less massive) than the planet Mercury. The Galilean moons are all tidally
locked to Jupiter, resulting in the same face being turned towards the host planet at all times.
Moreover, a 4:2:1 Laplacian orbital resonance exists between lo, Europa, and Ganymede.

Fig. 2.15: True colour pictures (not to scale) of Ceres (left) and Vesta (right) imaged during the Dawn mission.
Image credits: NASA.

Fig. 2.16: Left to right: lo, Europa, Ganymede, and Callisto. Collectively, these Jovian satellites are referred
to as the Galilean moons of Jupiter. Image credit: NASA and DLR.

22 These moons are known as the Galilean moons in honour of Galileo Galilei, who was the first to
unambiguously identify them in the early seventeenth century.
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lo, the innermost of the Galilean moons, is the most geologically active object in the
Solar System, with over 400 active volcanoes on its surface (Lopes et al. 2004). This extreme
volcanism is driven by the large tidal forces that the moon experiences during its orbit of
Jupiter, which distorts its shape causing frictional heating of its interior in a process known
as tidal flexing. The orbital resonance and resultant gravitational interactions with Europa
and Ganymede maintain lo in an elliptical orbit, thus ensuring a continually changing degree
of distortion in the shape of the latter and the persistent melting of subsurface silicate rock
(Tyler et al. 2015). Volcanism on lo is also a significant contributor to the composition of
the Jovian magnetosphere (Yoneda et al. 2010, Yoshikawa et al. 2017, Yoshioka et al.
2018). Molecular volcanic ejecta such as SOz and H.S are efficiently dissociated and ionised
in the magnetosphere, thus populating it with energetic protons, oxygen ions, sulphur ions,
and electrons (Cooper et al. 2001).

Unlike the other Galilean moons, lo is not an icy world. Rather, it is a dense moon
having an iron or FeS; (iron sulphide) core surrounded by a silicate crust and mantle, with
around 10% of the latter being molten due to tidal flexing (Kerr 2010). The surface of lo is
covered by frosts of SO, and Sx sourced from volcanic ejecta, with smaller quantities of HzS
and SOCl; also thought to be present (Tosi et al. 2020). Analogously to the Martian poles
discussed earlier, daily condensation and sublimation cycles of lonian surface SO frosts are
thought to drive the existence and composition of a tenuous exosphere (Bagenal and Dols
2020). During the day, when temperatures are warmer, the exosphere is largely composed
of SO» sourced from sublimating surface frosts, along with trace quantities of SO, S,, NaCl,
and KCI. However, as temperatures drop during the night or during an eclipse, much of this
exosphere collapses due to the condensation of the SO..

Despite being the smallest of the Galilean moons, Europa has arguably generated the
most excitement among the planetary science community. The reason for this is the fact that
the moon is believed to host a subsurface global H-O ocean which is rich in mineral salts
lying above a silicate mantle (Carr et al. 1998, Kivelson et al. 2000). This ocean is kept in
the liquid phase by tidal flexing, which may also possibly drive active hydrothermal vents
at the ocean-mantle interface (Goodman et al. 2004, Bland and Elder 2022). The presence
of a warm ocean containing various mineral salts and free energy sources has made Europa
a prime candidate to host the emergence and continued sustenance of extra-terrestrial life
(Chyba and Phillips 2002).

The habitability of the Europan subsurface global ocean may also be enhanced as a
result of its interactions with the icy surface (Orlando et al. 2005, Howell and Pappalardo
2018), although the extent of these interactions has been the subject of intense debate
(Billings and Kattenhorn 2005). Due to the orbit of Europa being within the giant Jovian
magnetosphere, the surface of the moon is continually bombarded by energetic charged
particles (i.e., ions and electrons). Since the surface is mostly composed of H-O, its
irradiation results in the formation of a large number of oxidants such as OH and Oz which,
if transported to the subsurface ocean, could act as an additional driver of chemical
disequilibrium (Chyba and Hand 2001, Boduch et al. 2011). The irradiation of the surface is
also thought to sustain a tenuous exosphere of Oz (Ip 1996).

Ganymede, the largest of the Galilean moons (and indeed, the largest moon in the Solar
System), is a fully differentiated body with an active magnetosphere of its own generated by
an iron-rich liquid core (Hauck et al. 2006). The surface of the moon is composed mainly of
H20 ice, with a smattering of other minor component species such as CO, and SO also
present (McCord et al. 1998a). The observation of hydrated mineral salts such as those of
MgSO4 and possibly also Na>SO4 at the surface suggests the existence of a subsurface ocean
from whence they originate (McCord et al. 2001a), similarly to Europa. Contrastingly,
however, it has been suggested that Ganymede may have a series of layered H>O oceans
separated by different phases of H-O ice, with the lowest liquid layer being in contact with
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the silicate mantle (Vance and Brown 2013, Vance et al. 2014). Like their Europan
counterparts, the Ganymedean subsurface oceans have been identified as one of the most
promising possible habitats for extra-terrestrial life.

The fourth and outermost of the Galilean moons, and the only one to not participate in
the Laplacian orbital resonance characteristic of the system, is Callisto. The Callistoan
surface is a very heavily cratered mixture of rock and H20 ice, with minor quantities of CO>
and SO ices also present. It is thought that a salty subsurface ocean exists beneath the icy
surface (Khurana et al. 1998, Zimmer et al. 2000). Beyond this, however, little else is certain
with respect to the internal structure of Callisto. Measurements of the moment of inertia by
the Galileo orbiter suggest that the interior is a largely undifferentiated mass of rock and ice
coalescing around a small silicate core (Anderson et al. 1998, Kuskov and Kronrod 2005).
However, the idea of a satellite as large as Callisto failing to differentiate as a result of global
melting during its formation is challenging, and has not been borne out realistically by
numerical simulations (Monteux et al. 2014). As such, many questions regarding the internal
structure of the moon remain presently unanswered.

The Galilean moon system provides what is arguably one of the most interesting Solar
System settings for the study of radiation astrochemistry of solid ices. All four moons orbit
within the giant Jovian magnetosphere which, as discussed previously, is populated by
charged particles sourced from the dissociation and ionisation of molecular volcanic ejecta
from lo (Fig. 2.17). Therefore, the icy surfaces of these moons are continually bombarded
by these charged projectiles resulting in various physical and chemical changes. Such
changes may include, for instance, the erosion or sputtering of surface ices, the development
and sustenance of tenuous exospheres, ice compaction and amorphisation, the formation of
new molecules as a result of radiolytic chemistry, and even the formation of molecules as a
result of the incorporation of implanted reactive ions (Baragiola 2003, Johnson et al. 2004,
Strazzulla 2011, Boduch et al. 2015).
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Fig. 2.17: Energy profiles of protons, O* ions, and S* ions in the vicinity of Europa and Ganymede. Figure
produced using data originally published by Ip et al. (1997) and Ip et al. (1998).
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It should be noted that the trailing hemispheres of the Galilean moons are preferentially
exposed to magnetospheric ion and electron irradiation, due to the fact that the giant Jovian
magnetosphere rotates significantly faster than the orbital periods of the moons. Such a
hemispherical dichotomy in irradiation regimes carries important implications for radiation
chemical networks present at the icy surfaces, and the radiation-induced formation (or indeed
destruction) of particular molecules may therefore be promoted on the more heavily
irradiated trailing hemispheres. Further information on the charged particle fluxes and
radiation doses at each Galilean moon, as well as information on other physical
characteristics, is given in Table 2.4.

Table 2.4: Physical and chemical characteristics of the Galilean moons of Jupiter. Data amalgamated from
Schubert et al. (1981) McCord et al. (1998a), Delitsky and Lane (1998), Cooper et al. (2001), Johnson et al.

(2004), Dalton et al. (2010), and Ashkenazy (2019).

Parameter lo Europa Ganymede Callisto
Diameter (km) 3643 3122 5262 4821
Mass (102 kg) 894 480 1482 1076
Density (g cm3) 3.528 3.014 1.942 1.834
Average Albedo 0.62 0.68 0.44 0.19
Surface Temperature (K) 90-130 46-125 70-152 80-165
Surface Radiation Dose (Sv day ) 36 5.4 0.08 1x10+
Particle Energy Flux (keV cm=2s1) 1.0x10° 7.8x10% 5.4x10° 2.2x108
UV (<280 nm) Energy Flux (keV cm=2s™) 4.0x10% 4.0x10% 4.0x10% 4.0x10%
UV (<207 nm) Energy Flux (keV cm=2s™) 7.6x108 7.6x108 7.6x108 7.6x108
Major Component of Exosphere SO, 0, 02 CO,
Exospheric Surface Pressure (mbar) 4.0x10°8 1.0x1012 1.2x10 1 7.4x10712
Molecular Surface Constituents SSCC))ZZ SXZ :2 ZS%ACSCZ)Z Hszgzc(;)s 2 HZ%'OC;OZ'
Mantle Composition Silicate Silicate Silicate Rock / Ice?
Core Composition Fe /FeS; Fe-Ni Fe-Ni / FeS; Silicate?

2.4.4 Pluto and Charon

Although formerly the ninth planet of the Solar system, Pluto is now classified as a dwarf
planet. It is located in the Kuiper Belt: a circumstellar disc of icy objects left over from the
formation of the Solar System whose orbit is beyond that of Neptune?. Being so far from
the sun, the surface of Pluto is characterised by temperatures that are sufficiently low as to
allow for the condensation of many otherwise volatile species. Indeed, the main component
of the Plutonian surface is N2 ice, with CH4 and CO ices also present in trace amounts (Owen
et al. 1993, Pavithraa et al. 2017). It has also been hypothesised that a subsurface liquid H20
ocean exists beneath these surface ices, formed as a result of heating during the decay of
radioactive elements (Kimura and Kamata 2020).

Charon is the largest moon of Pluto and, being fully one-eighth the mass of its host
body, is sufficiently massive as to influence the orbital dynamics of the Plutonian system by
causing the barycentre to be shifted outside Pluto, thus causing Pluto and Charon to
seemingly orbit each other. Unlike the Plutonian surface, the surface of Charon is dominated
by H.O ice (Grundy et al. 2016). Interestingly, however, the surface is characterised by a

23 Objects which orbit the sun at an average distance greater than that of Neptune are referred to as trans-
Neptunian objects.
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stark trend in albedo, with polar regions being significantly darker than equatorial ones. This
is thought to be the result of sublimating molecular ices escaping Pluto and transferring to
Charon where they subsequently re-condense at the polar regions during the Charonian
winter (Tucker et al. 2015, Hoey et al. 2017). Solid-phase astrochemical reactions driven by
the interaction of these ices with the solar wind and ultraviolet photons result in the formation
of new molecules, including refractory organic tholins®*. As temperatures rise with the
arrival of spring, volatile molecules sublimate and escape Charon, leaving the tholins behind
(Raut et al. 2022). Over several millions of years, these tholin residues accumulate, causing
a darkening of the polar regions. It should be noted that tholins have also been detected on
the surface of Pluto (Fayolle et al. 2021).

2.4.5 Comets

Comets are small Solar System bodies originating in either the Kuiper Belt or the Oort Cloud
(the latter being a large spherical distribution of icy objects extending outwards from the
Kuiper Belt). The nucleus of a comet, which may range in size from <1 km to a few tens of
km across, is primarily composed of a loose agglomeration of dust and ice which has often
been likened to a ‘dirty snowball’. Having been stored in the outer Solar System for extended
time-scales, comets are regarded to be amongst the most pristine and unaltered icy bodies in
the Solar System (Caselli and Ceccarelli 2012). Indeed, observational work has indicated
that the molecular composition of comets is fairly consistent with those of interstellar icy
grain mantles observed across various dense molecular clouds (Ehrenfreund and Charnley
2000).

Gravitational perturbations in the outer Solar System may set comets in motion in an
eccentric orbit around the sun. As they approach perihelion, the temperature of the comet
begins to gradually rise resulting in the sublimation and ionisation of the volatile ices within
the nucleus. This results in the formation of an extremely thin exosphere-like structure of
bound gas around the cometary nucleus known as the coma, as well as of two tails, one
composed of emitted ionised gas and the other of dust particles. Comets represent one of the
best studied astrochemical environments due to the various processes which may drive
chemistry within the icy nucleus. For instance, the interaction of high energy galactic cosmic
rays with the comet may engender radiation chemistry. Similar radiation chemistry may also
be mediated by lower energy charged components of the solar wind as the comet approaches
perihelion in its orbit around the sun. This portion of the orbit in which the comet increases
its proximity to the sun is also likely characterised by more extensive thermal chemistry and
photochemistry.

Much effort has been devoted to the study of cometary chemistry, since it is known
that collisions between comets and planetary-like bodies may result in the delivery of new
material to the latter, including large quantities of H.O and, possibly, prebiotic organic
molecules (Chyba 1990, Blank et al. 2001). Such collisions are commonplace in the Solar
System, perhaps best exemplified by the collision of comet D1993/F2 (Shoemaker-Levy)
with Jupiter in 1994. Closer to home, cometary impacts are known to have influenced the
geological and climatic development of Earth (Shoemaker 1983, Covey et al. 1994). Indeed,
dendrochronological evidence has tentatively suggested that the impact of a small cometary
body with the Earth may have occurred as recently as 536 AD (Rigby et al. 2004).

24 Tholins are those complex polymer-like organic compounds (usually composed of extensive networks of
carbon, nitrogen, and oxygen) formed as a result of the irradiation of mixtures of simple compounds. Although
not formed naturally on Earth, they are ubiquitous on the surfaces of icy outer Solar System bodies where they
contribute to an apparent reddening of the surface. In the presence of H,O, tholins may act a starting feedstock
for the initiation of more complex prebiotic chemistry.
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Fig. 2.18: True colour pictures (not to scale) of Pluto (left) and Charon (right) imaged during the New Horizons
mission. Image credits: NASA.

2.5 Summary

In this chapter, a detailed overview of the study of astrochemistry has been provided with a
particular focus on the chemical composition and evolution of the icy cosmos. The chapter
begins with a description of astrochemistry in a historical context, highlighting a few major
discoveries and achievements in the century since the first evidence for the existence of
molecules in interstellar space came to light. A thorough discussion of the heterogeneous
structure of the ISM is then provided, with a particular focus on the physical characteristics
of and chemistry occurring within diffuse and dense interstellar clouds. The five mechanisms
by which chemistry may occur in astrophysical ices (i.e., thermal chemistry, atom addition
reactions, radiation chemistry, photochemistry, and shock chemistry) have also been
discussed in the context of the Cosmic Chemistry Cycle, which allows for the evolution of
more and more complex molecular material after each iterative cycle. Finally, the chapter
concludes by providing an overview of selected icy bodies in the Solar System, including
the inner terrestrial planets, Ceres and Vesta, the Galilean moons of Jupiter, Pluto and
Charon, and comets.
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3 FUNDAMENTAL PHYSICAL CHEMISTRY

This chapter provides the theoretical basis for many of the techniques and principles used in this
thesis. It begins with a detailed description of atomic and molecular structure, including the common
theories used to describe chemical bonding. It continues with a description of the electromagnetic
spectrum, which then naturally leads to a discussion of the principles of spectroscopy, with particular
attention paid to infrared absorption spectroscopy. The chapter then concludes with an introductory
description of the interaction of matter with ionising radiation in the form of charged particles.

3.1 Atomic Theory

The concept of an indivisible fundamental particle from which all matter in the Universe
could be derived can be traced back at least 2,500 years to the Ancient Greek philosophers
Leucippus and Democritus?® (De Ley 1968). Indeed, the Greek word dzouov (‘atomon’),
from which we derive the modern word atom, translates to ‘uncuttable’ or ‘indivisible’.
Much progress has been made with regards to our understanding of the nature of atoms since
these ancient ideas were first put forward; most notable is the fact that atoms are now not
thought to be the base particle of nature, and are themselves composed of constituent
particles. Nevertheless, atoms represent the smallest unit of baryonic matter that may
participate in chemical reactions and processes. The most important property of atoms to
chemistry (and thus, by extension, to this thesis) is their ability to join together to form
molecules and salts. Before the properties of such molecules can be considered, however, a
brief discussion of the structure of atoms must be presented.

3.1.1 Atomic Structure

Atoms are composed of a central, dense structure termed the nucleus. Within the nucleus are
a number of positively charged (protons) and electrostatically neutral (neutrons) sub-atomic
particles; collectively referred to as nucleons. All atoms of a specific element are defined by
a characteristic number of protons, which is indicated by the atomic number, Z. The number
of neutrons contained within an atom of a specific element may vary, however, and atoms
of the same element possessing a different number of neutrons are termed isotopes. Atoms
are also described by their mass number A, which indicates the total number of nucleons
contained within the atom. The weighted average mass of the naturally occurring isotopes
of a given element is referred to as the elemental atomic weight, Ae.

Surrounding the atom at relatively large distances are small, negatively charged sub-
atomic particles called electrons. The Bohr Model of the atom, built on the principles of
classical mechanics, suggested that electrons orbit the nucleus similarly to planets orbiting a
star, with the energy of an electron being related to its distance from the nucleus. Such a
model cannot be correct, however, as an electron in orbit would emit electromagnetic
radiation and the resultant energy loss from the system would cause the electron to spiral
into the nucleus, thus destabilising the atomic structure. Furthermore, the Bohr Model is at

25 It should be noted that preambles to the concept of atomism can be found in the works of the Ancient Indian
philosopher Uddalaka Aruni, who lived approximately 300 years before Leucippus and Democritus.
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odds with the Heisenberg Uncertainty Principle, as it simultaneously and precisely defines
the position and momentum of the orbiting electron.

The distribution of electrons in an atom can be more accurately represented using a
qguantum mechanical model. The behaviour of specific electrons in an atom can be described
mathematically using a wave equation, the solutions to which are termed wavefunctions. By
plotting the square of a wavefunction in three-dimensional space, the volume of space
around the nucleus that an electron is most likely to occupy can be defined. This space is
referred to as an atomic orbital, and usually takes on the shape of a sphere, a dumbbell, or a
teardrop (Figs. 3.1 and 3.2). The lowest energy solution to the wave equation (i.e., the atomic
orbital) is spherically symmetric with the atomic nucleus at its centre and is therefore termed
the 1s orbital. The next higher energy wavefunction is also spherically symmetric, however
it is more diffuse and contains a region in which the electron density probability is zero at
which the algebraic sign of the wavefunction (i.e., whether it is positive or negative) changes.
This orbital is termed the 2s orbital.

After the 2s atomic orbital, the wave equation has three degenerate solutions: the 2py,
2py, and 2p; atomic orbitals. These orbitals are dumbbell-shaped with nodes representing a
change in the algebraic sign of the wavefunction between the two lobes. A p orbital is
characterised by its directionality in space since the orbital axis may be aligned along any of
the Cartesian X, y, or z coordinate axes (hence the sub-script labels). The third set of
wavefunctions furnish the 3s and 3p atomic orbitals, which are similar in shape to, but more
diffuse than their lower energy counterparts and have two nodes. Still higher atomic orbitals
are characterised by increasing diffusivity and numbers of nodes as well as different shapes.
These are, however, not as important to astrochemistry and so will not be discussed here.

y y

Fig. 3.1: The spherically symmetric 1s (left) and 2s (right) atomic orbitals. Note the presence of a node in the
latter at which point the algebraic sign of the wavefunction changes. Image taken from Vollhardt and Schore
(2011).
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Fig. 3.2: The directionality of p orbitals is such that the orbital axis is aligned to any of the Cartesian coordinate
axes. Note the presence of a node in these 2p orbitals as well as the change of the algebraic sign of the
wavefunction on moving from one lobe to the next. Image taken from Vollhardt and Schore (2011).
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3.1.2 Assigning Electrons to Atomic Orbitals

The electrons in an atom will be accommodated in the atomic orbitals as described above,
with each orbital hosting a maximum of two electrons. The electron configuration adopted
is such that the overall energy of the system is minimised; this represents the so-called
‘ground state’ of the atom. This lowest energy electron configuration may be predicted on
the basis of three rules. The first rule is the Aufbau Principle, which states that the lowest
energy orbitals are fully occupied first. A graphical representation of the approximate
relative energies of atomic orbitals is given in Fig. 3.3. The second rule is the Pauli Exclusion
Principle, which mandates that two electrons accommodated within the same atomic orbital
possess opposite quantum spins. Lastly, in the case of degenerate orbitals (such as the 2py,
2py, and 2p; orbitals), Hund’s Rule states that these orbitals are occupied by electrons of
parallel spins until they are all half-full.

High

Energy

Low

Fig. 3.3: The approximate relative energy spacing of atomic orbitals. Image taken from Vollhardt and Schore
(2011).

3.1.3 Atomic Orbital Hybridisation

Consider, for a moment, an atom of carbon which has six electrons arranged in an electron
configuration of 1s?, 2s?, 2p2. Despite this electron configuration being the one resulting
from the application of the Aufbau Principle, the Pauli Exclusion Principle, and Hund’s
Rule, it is not the configuration adopted for chemical bonding. Instead, the 2s and some (or
all) of the 2p orbitals undergo hybridisation to yield sp orbitals (Fig. 3.4). The number of
hybrid orbitals yielded as a result of this process is equal to the number of atomic orbitals
consumed, and any remnant 2p orbitals not involved in hybridisation are arranged orthogonal
to the resultant hybrid orbitals.
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Fig. 3.4: The hybridisation of one 2s atomic orbital with three 2p orbitals yields four sp hybrid orbitals. Since
three 2p orbitals were consumed in the hybridisation process, the resultant orbitals are termed sp® hybrids.
Image taken from McMurry (2012).

The drive behind hybridisation is the interference between the atomic orbitals being
consumed: during hybridisation, constructive interference occurs between the 2s orbital and
the 2p orbital lobe having the same algebraic sign, while destructive interference occurs
between the 2s orbital and the 2p orbital lobe having opposite algebraic signs. The result is
a sp hybrid orbital which is asymmetric and highly oriented in one direction (Fig. 3.4). The
larger lobe of the hybrid orbital is able to participate in the formation of stronger chemical
bonds than the original unhybridised orbitals, thus explaining the favourability of the
process. It should be noted that hybridisation is not limited to carbon atoms, and that the
process can also occur in nitrogen, oxygen, phosphorus, and sulphur.

3.1.4 The Formation of Atomic Ions

The addition or removal of electrons from electrostatically neutral atoms respectively creates
negatively charged (anions) and positively charged (cations) ions that may exhibit different
chemical properties to the neutral atoms from which they were derived. The ease with which
an atom may undergo ionisation to yield either a cation or an anion is quantified via its
ionisation potential or its electron affinity, respectively. The ionisation potential of an atom
is defined as the potential difference corresponding to the energy (in electron volts) that is
just sufficient to ionise a gas molecule. The electron affinity of an atom is defined as the
energy required to abstract an electron from a negatively charged ion to yield a neutral atom.

The electron configuration of neutral atoms plays a major role in determining the
magnitude of their ionisation potentials and electron affinities. Atoms and ions are more
stable when their highest energy atomic orbitals are fully occupied by electrons. A smaller,
but still significant, increase in the stability of the atom or ion may also be conferred by the
highest energy atomic orbital being half-filled with electrons. Therefore, electron loss
processes which contribute to the creation of such electron configurations will have much
smaller ionisation potentials than those leading to their disruption. To exemplify, the
ionisation potentials of atomic lithium, carbon, nitrogen, and neon are 5.4, 11.2, 14.5, and
21.6 eV, respectively (Lide 2004). The low ionisation potential of lithium reflects the fully
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occupied highest energy atomic orbital in Li*, while the higher values for nitrogen and neon
are due to their respective half-full and full highest energy atomic orbitals. Analogous
comparisons may be made for the electron affinities of different atoms.

It should be noted that, in general, second ionisation potentials and second electron
affinities are highly endothermic processes due to the need to overcome the attractive force
between the cation and associated electron in the one case, and the need to overcome the
repulsive force between the anion and an incoming electron in the other. Of course, the same
is true for all higher order ionisation potentials and electron affinities, with significantly
larger energy inputs required for each successive ionisation.

3.2 Molecules

It has been empirically determined that those atoms or ions that possess eight electrons in
their highest energy electron shell?®, such as the noble gases, are especially stable. This
phenomenon, known as the Octet Rule, is the driver behind atomic bonding as atoms seek
to lose, gain, or share electrons in an effort to take on the electron configuration of a noble
gas and thus lower the total energy content of the system. For instance, alkali metals will
readily donate their s electron to a halogen atom, which will accommodate the donated
electron in a p orbital. In this way, the resultant alkali metal cation and halide anion achieve
a noble gas-like electron configuration and may be held together in an ionic compound (or
salt) by Coulombic interactions.

However, it is very challenging to add or remove multiple electrons to or from an atom
due to the large input of energy required to overcome the electrostatic interactions generated
after the first ionisation of the atom. As such, elements such as carbon or nitrogen, which
require the addition or removal of multiple electrons to achieve a noble gas-like electron
configuration, tend to achieve this by instead sharing their valence electrons with other atoms
through the formation of covalent bonds. The number of covalent bonds an atom tends to
form is equal to the number of electrons it must gain in order to achieve a valence octet. The
neutral collection of atoms held together by covalent bonds is termed a molecule. The
formation of molecules as a result of covalent bonding is described by two models: (i)
Valence Bond Theory and (ii) Molecular Orbital Theory, descriptions of which now follow.

3.2.1 Valence Bond Theory

Valence Bond Theory states that a covalent bond is formed when an atomic orbital
containing an unpaired electron overlaps with the orbital of another atom that also contains
an unpaired electron. This results in the pairing of the electrons in the overlapping orbitals,
which are now attracted to both nuclei thus bonding the two atoms together. The head-on
overlap of two orbitals allows for a large degree of orbital mixing, thus forming strong
covalent bonds known as o-bonds. Orbital overlap may also occur laterally; however, this
results in the formation of a weaker type of covalent bond known as z-bonds (Fig. 3.5).

26 Electron shells are organisational units centred around the atomic nucleus that contain various orbitals of
differing geometries and energies. The electron shell in which an atomic orbital is located is indicated by the
number in the orbital name. For instance, the 2s and 2p atomic orbitals are all in the second electron shell.
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Fig. 3.5: Graphical representation of Valence Bond Theory as applied to the carbon-carbon double bond in
C2Ha. The head-on overlap of two sp? hybrid orbitals results in the formation of a strong s-bond, while the
lateral overlap of the p orbitals results in a weaker z-bond. Image taken from McMurry (2012).

Valence Bond Theory is thus largely defined by electrostatic interactions between
electrons and nuclei. As such, there exists an optimum internuclear separation at which the
energy content of the system is at a minimum. If the nuclei are too far away from one another,
then the atomic orbitals will not overlap thus precluding the formation of a covalent bond.
Conversely, if they are too close together, then the energy of the system will increase
dramatically due to electrostatic repulsion between the two positively charged nuclei. The
optimum distance is referred to as the covalent bond length, and the energy content of the
system (which must be supplied to break the covalent bond) is termed the bond energy.

3.2.2 Molecular Orbital Theory

Molecular Orbital Theory describes the formation of covalent bonds as being the result of a
linear mathematical combination of atomic orbitals to yield molecular orbitals. Similarly to
atomic orbitals, molecular orbitals describe the region of space around a molecule where
electrons are likely to be found. The linear combination of atomic orbitals may occur in two
ways. Firstly, the in-phase, or additive, combination of the orbitals leads to the production
of a new, lower energy molecular orbital in which the electron density in the space between
the atomic nuclei is strongly reinforced. This molecular orbital is referred to as a bonding
molecular orbital, and its occupancy by electrons is the prime contributor to the formation
of the covalent bond. On the other hand, the out-of-phase, or subtractive, combination of the
atomic orbitals results in a new, higher energy molecular orbital containing a node in the
space between the two nuclei, which may thus repel each other. This molecular orbital is
referred to as an antibonding molecular orbital.

The favourability of covalent bond formation may be described through the use of
molecular orbital diagrams (Fig. 3.6). Consider the potential for bond formation between
two hydrogen atoms, each with an electron configuration of 1s*. Additive combination of
the orbitals leads to the formation of a a1s bonding molecular orbital, while their subtractive
combination yields the ¢"1s antibonding molecular orbital. Each of these molecular orbitals,
like the atomic orbitals from which they were derived, are able to accommodate a maximum
of two electrons. However, since the total system contains two electrons, both of these may
be housed within the a1s bonding molecular orbital, thus decreasing the total energy of the
system.

50



Unfilled antibonding Energy Filled antibonding
molecular orbital absorbed ] { molecular orbital
3

A e
>[H E >} [—He

Net Energy ] L\[\ No Energy ] {\f\
—— released - . o released X .
cnergy e Filled bonding net clease Filled bonding

decrease molecular orbital change molecular orbital

No energy
absorbed

Fig. 3.6: Molecular orbital diagrams for H; (left) and He, (right). Image taken from Vollhardt and Schore
(2011).

Compare this to the molecular orbital diagram of the hypothetical molecule Hez. The
linear combination of the helium 1s orbitals would also result in the production of a o1s
bonding molecular orbital and a ¢ 15 antibonding molecular orbital. However, in this case,
there are four electrons in the system, meaning that the bonding and antibonding molecular
orbitals must each accommodate two electrons. As there is no net decrease in the energy
content of the system, the formation of a covalent bond between two helium atoms is thus
not favoured. More complex molecular orbital diagrams for heavier atoms containing more
electrons may also be drawn (Housecroft and Sharpe 2012); however, a fuller explanation
of such bonding systems would go beyond the scope of this thesis.

3.2.3 Valence Shell Electron Pair Repulsion Theory

The nominal geometry adopted by a molecule is controlled by the repulsion between electron
pairs situated on the central atom in the molecule. This statement forms the premise of the
Valence Shell Electron Pair Repulsion (VSEPR) Theory, which states that molecules adopt
specific geometries so as to minimise the repulsion between electron pairs on central atoms
(Fig. 3.7). Moreover, VSEPR Theory proposes that the repulsion between two non-bonding
electron pairs is greater than that between two bonding electron pairs. To begin with,
consider the simplest case wherein a central atom in a molecule has no non-bonding electron
pairs and a coordination number of two; that is to say it is bonded to two other atoms, as in
the case of CO2. The geometry that minimises the repulsion between sets of bonded electrons
is a linear one, as this keeps the two C=0 bonds as far apart in space as possible.

This idea that sets of bonded electrons should be maintained as far apart as possible in
the lowest energy molecular geometry can be extended to molecules whose central atom has
a higher coordination number. In CHs, in which the central carbon atom has a coordination
number of four and no non-bonding electron pairs, the adopted geometry is a tetrahedral one
with H-C—H bond angles of 109.5°. In the case of H>O, the central oxygen atom has a
coordination number of four which includes two pairs of non-bonding electrons. These four
electron densities (i.e., the two bonds and the two lone pairs) are also arranged in a
tetrahedral structure, but as the non-bonding electron pairs do not contribute to the overall
molecular geometry, the actual shape of a H.O molecule appears to be angled or bent.
Furthermore, the non-bonding electron pairs are able to repel other electron densities more
strongly than the covalent bonds: each non-bonding electron pair reduces nearby bond angles
by about 2.5°, and thus the H-O-H bond angle is 104.5°.
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Fig. 3.7: Molecular geometries adopted by molecules with central atoms having different coordination numbers
and non-bonding (or lone) electron pairs as predicted by VSEPR Theory. Image credit: Merck.

3.2.4 Point Group Symmetry

Although molecules may be categorised by their geometries, it is often more useful to
categorise them in terms of their symmetry into so-called ‘point groups’. Molecules may be
assigned to different point groups by assessing the validity of various symmetry operations.
Symmetry operations are defined as those operations (such as rotations, inversions, or
reflections) which leave the molecular structure in a configuration that is indistinguishable
from, and superimposable on, the original structure. All symmetry operations are carried out
with respect to a defined point, line, or plane which is termed the symmetry element. The
number and nature of the symmetry elements present within the structure of a given molecule
thus allow the molecule to be classified into a specific point group. This is of importance, as
different point groups are associated with different molecular properties. There are a total of
five symmetry operations, a description of each of which now follows.
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(ii)

Rotation about a n-fold axis of symmetry

The rotation about a n-fold symmetry axis is denoted using the symbol Cy, in which
the angle of rotation is 360° / n, where n is a simple integer. Considering the trigonal
planar BFs molecule, two axes of rotation are present (Fig. 3.8): one perpendicular to
the plane of the molecule (Cs rotation axis) and one through a B—F bond (C> rotation
axis). The principal axis of rotation is that with the highest order; in this case the C3
rotation axis. Linear molecules such as CO; possess a C. axis of rotation through the
bond axis.

Fig. 3.8: Axes of rotation in a trigonal planar BFs molecule. Image taken from Housecroft and Sharpe
(2012).

Reflection through a plane of symmetry (mirror plane)

If reflection of all parts of a molecule through a plane produces a configuration
indistinguishable from that of the original, then the plane is a symmetry element. The
reflection operation is given the symbol ¢. Reflection operations may be divided into
three sub-types, depending on the relation of the principal axis of rotation to the mirror
plane. If the principal axis of rotation is contained within the mirror plane, then the
plane is of the ov type; while if it is orthogonal to the mirror plane, then the plane is of
the on type. The BFs molecule contains this latter type of mirror plane (Fig. 3.8), while
the H20 molecule contains the former type (Fig. 3.9). The third type of plane, the o4
type, is the special case wherein the mirror plane contains the principal axis of rotation
but also bisects the angle between two C; rotation axes.

1Dk

Fig. 3.9: Mirror planes in relation to the principal axis of rotation in the H,O molecule. Image taken
from Housecroft and Sharpe (2012).
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(iii) Reflection through a centre of symmetry (inversion centre)

(iv)

v)

The centre of a molecule may be a symmetry element known as the inversion centre if
reflection of all parts of the molecule through this point produces an indistinguishable
configuration from that of the original. The inversion symmetry element is given the
symbol i.

Improper rotation about a n-fold axis

If rotation about an axis followed by reflection through a plane yields an identical
molecular configuration as that of the original, then the symmetry operator is called a
n-fold improper rotation and the element is given the symbol S,, where n refers to the
same n used to define the rotation angle as 360° / n. The CH4 molecule possesses three
S4 axes, and the operation of one S4 rotation-reflection is shown in Fig. 3.10.

Axis bisects the
H—C—I1 bond
angle

Reflect
through a
plane that is
perpendicular
to the original
rotation axis

Rotate
through
90°

7

b/

&l

Fig. 3.10: One S, rotation-reflection operation in the CH, molecule. Image taken from Housecroft and
Sharpe (2012).

Identity operator

The identity operator is given the symbol E, and it effectively identifies the molecular
configuration leaving it unchanged. All objects may be operated upon by the identity
operator.

Table 3.1 summarises the main point groups and their symmetry elements, while the

flow-chart in Fig. 3.11 presents a systematic methodology by which molecules may be
assigned to the different point groups.

Table 3.1: Summary of the symmetry elements characterising different point groups. Table adapted from
Housecroft and Sharpe (2012).

Point Group Symmetry Elements
Cs E, one o plane
Ci E, inversion centre
Cn E, one (principal) n-fold axis
Chv E, one (principal) n-fold axis, n ov planes
Cn E, one (principal) n-fold axis, one on plane, one Sy-fold axis coincident with the C, axis,
iifn=2,4,0r6
Dnn E, one (principal) n C; axes, one on plane, n oy planes, one Sy;-fold axis, i if n =2, 4, or 6
Dng E, one (principal) n-fold axis, n C, axes, n oy planes, one Sp-fold axis, i if n =3 or 5
Ty Tetrahedral geometry
On Octahedral geometry
In Icosahedral geometry
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Fig. 3.11: Flow-chart used to determine the point group of a molecule. Image taken from Housecroft and
Sharpe (2012).

3.2.5 Electronegativity and Polarity

Electronegativity is defined as the ability of an atom to attract shared electrons in a chemical
bond towards it, thus distorting the electron distribution around the molecule towards that
atom. Smaller atoms with more protons in their nucleus (i.e., those situated towards the top-
right of the periodic table) are more electronegative, while larger atoms with fewer protons
(i.e., those at the bottom-left of the periodic table) are less electronegative. The most and
least electronegative elements are fluorine and caesium?’, respectively.

There are many methods by which the electronegativity of an atom may be quantified,
but the most commonly used is the Pauling Scale which defines the difference in the
electronegativity y of two generic elements A and B in terms of the dissociation energies Eq
of the A-A, B-B, and A-B bonds:

E4(AA) + Eq(BB)
2

1
lxa — xsl = (eV) 2 [E4(AB) —

(Eq. 3.1)

where the term in eV is included to ensure that the electronegativity y remains dimensionless.

27 Although francium is a larger atom than caesium, its electronegativity is slightly greater due to the increased
contribution of relativistic quantum effects.
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Since only differences in electronegativity are defined by Eq. 3.1, it is necessary to
first select an arbitrary reference point so as to construct a scale. Hydrogen was selected for
this purpose on the basis of its ability to covalently bond with a large number of elements.
The electronegativity of hydrogen was set at 2.10, although this was later amended to 2.20
(Allred 1961). As such, the electronegativity of each element may be calculated based solely
on thermodynamic information on the dissociation energies of just two types of covalent
bond formed by the element.

The difference in electronegativity between two elements linked in a chemical bond is
of direct relevance to the electrostatic properties of the molecule. As previously mentioned,
atoms that are more electronegative are able to more strongly attract the electrons shared in
a chemical bond, thus distorting the electron distribution in the molecule towards these
atoms. This skewed electron distribution results in the formation of a dipole moment along
the axis of the bond towards the more electronegative atom due to the formation of a partial
negative charge on the electronegative atom and a partial positive charge on the atom to
which it is bonded. The bond is thus said to be polarised. The extent of bond polarisation
dictates the type of bond formed between two atoms: if | ya — ys | < 0.5, then the bond is
considered to be a typical non-polar covalent bond, whilst if | ya — s | > 1.8, then the bond
is sufficiently polarised for complete charge transfer to take place resulting in an ionic bond.
Finally, if 0.5 < | ya— y8 | < 1.8, then the covalent bond is a polar one.

Molecules may contain multiple polar bonds each with their own directed dipole
moment. Since dipole moments are vector quantities, these may be geometrically added to
give an overall molecular dipole. If this molecular dipole is hon-zero, as in the case of CHsCl
or CH30OH, then the molecule itself is considered to be a polar molecule. However, if dipole
moments within a molecule are of an equal magnitude but opposite direction, then they will
cancel out. If all dipole moments within a molecule are cancelled out, as in the case of CO2,
then the molecule itself is non-polar despite it containing polar covalent bonds. Examples of
such scenarios are given in Fig. 3.12. Given the evident geometrical considerations which
must be taken into account when deciding whether a molecule is polar or not, it is perhaps
unsurprising that molecular symmetry must also be considered. Indeed, only those molecules
belonging to the Cn, Cnv, and Cs point groups may be polar. However, it should be noted that
molecules belonging to the C, or Cny point groups cannot have a molecular dipole in the
direction perpendicular to the symmetry axis.

Dipoles cancel

| |
I !

~N o+

57@):::_(‘ ::é):t‘u

Carbon dioxide Tetrachloromethane

Fig. 3.12: Electrostatic potential maps for the non-polar CO, (left) and CCl,4 (right) molecules, in which higher
electron densities around more electronegative atoms are indicated in red and lower electron densities around
less electronegative atoms are indicated in blue. Although both molecules contain polar bonds, the individual
dipole moments cancel each other out resulting in an overall non-polar molecule. Images taken from Vollhardt
and Schore (2011).
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3.2.6 Isomerism in Molecules

Isomers are polyatomic molecules or ions that contain the same number of atoms of each
element, but have distinct arrangements of those atoms in space. There are two main types
of isomerism: structural isomerism (sometimes referred to as constitutional isomerism) and
stereoisomerism (sometimes referred to as spatial isomerism). In structural isomerism, the
bonds between atoms differ resulting in the two isomeric molecules having different skeletal
structures, different functional groups, or different positions of the major functional group.
Examples of such structural isomers are n- and i-butane forms of CsH10, CH3CH,OH and
CH30CHg3s, and CH3(CH2)20H and CH3CH(OH)CHjs (propyl and isopropyl alcohol).

Stereoisomers contain the exact same bonding system (and thus, by extension, the
same functional groups) but their structures are non-superimposable on one another.
Stereoisomers can be divided into two sub-classes: enantiomers and diastereomers.
Enantiomers are non-superimposable mirror image structures that oftentimes contain an
asymmetric carbon atom bonded to four unique systems. Asymmetric carbon atoms endow
molecules with a property known as chirality. Chiral systems are able to rotate the plane of
incident polarised light. As enantiomers represent two mirror images, the individual
structures rotate the plane of this polarised light by an equal amount but in opposite
directions. Many molecules relevant to biology are chiral, and biological systems seem to
have developed a distinct preference for a particular enantiomeric structure (Globus and
Blandford 2020).

The class of diastereomers constitutes all non-superimposable non-mirror image
stereoisomers, such as cis- and trans-isomers or conformational isomers. Diastereomeric
structures are often encountered in molecules containing more than one asymmetric carbon
atom. If such a molecule contains k asymmetric centres, then it may exhibit a maximum of
2% stereoisomers (including enantiomers and diastereomers but excluding conformational
isomers). Note that this is the maximum number of sterecisomers that may be exhibited, but
many molecular structures actually exhibit fewer. Consider, for instance, the structure of
tartaric acid (Fig. 3.13). This molecule contains two asymmetric carbon atoms, and should
thus exhibit a maximum of four stereoisomers. Indeed, the molecule may exhibit two non-
superimposable mirror images representing a pair of enantiomers. However, on examining
the remaining two structures, it is possible to note that they are they present the same spatial
structure offset by a rotation of 180°. Given that they are the same structure, which is referred
to as the meso form, tartaric acid only exhibits three stereocisomers.

Mirror Mirror
1COgH 1C0,H 1COzH 1COzH
-.E{I:,c H I—:].E(l:_,— -.EEI:,-::-F H-::-.EEI:,-
ot o N
4CO5H 4CO5H 4C0OsH 4C0-H
2R3R 2538 2R3S 253R

Fig. 3.13: The possible stereoisomers of tartaric acid. Note that the prefixes R- and S- refer to the configuration
of bonding systems around the asymmetric carbon atom. On the left, the 2R-,3R- and 2S-,3S- stereoisomers are
mirror images and thus represent a pair of enantiomers. On the right, the 2R-,3S- and 2S-,3R- isomers are in
fact the same structure offset by a rotation of 180°: this structure corresponds to the meso form. Thus, the meso
form is diastereomeric with respect to the enantiomers. Image taken from Vollhardt and Schore (2011).

57



It should also be noted that meso forms are not chiral molecules, and thus do not rotate
the plane of incident polarised light. By examining the meso structure of tartaric acid (Fig.
3.13), this lack of chirality may be understood in terms of the fact that the two asymmetric
carbon atoms are bonded to the same chemical systems but in the opposite configuration.
They therefore rotate the plane of incident polarised light by an equal but opposite amount,
thus cancelling out the effects of one another. The identification of a meso compound may
be achieved by assessing the symmetry of a molecule: if a diastereomeric structure contains
a mirror plane or a centre of inversion, then it is an achiral meso form.

3.3 Infrared Spectroscopy

Infrared spectroscopy represents the main analytical tool used throughout this thesis.
Accordingly, the underlying principles of this technique and the practicalities of its
application to the observation and study of astrophysical ices will be discussed. In order to
fully understand this topic, it is necessary to first describe the quantised method by which
matter interacts with electromagnetic radiation.

3.3.1 The Interaction of Matter with Electromagnetic Radiation

Electromagnetic radiation propagates as two mutually perpendicular electric and magnetic
transverse (i.e., sinusoidal) waves which oscillate in phase (Fig. 3.14). The velocity of this
propagation in a vacuum is constant at ¢ = 3x108 m s*. This velocity may be related to the
wavelength (defined as the distance between adjacent wave peaks) 1 and its frequency
(defined as the number of oscillations per unit time) v through the equation:

c=A
(Eq. 3.1)
Furthermore, the energy E of the electromagnetic wave may be given as:
E=hv
(Eq. 3.2)

where h is the Planck constant which is equal to 6.63x107%* J s (or alternatively, 4.14x107°
eV s). It is on the basis of its energy that electromagnetic radiation is classified into the
various components of the so-called electromagnetic spectrum (Fig. 3.15). Infrared radiation
lies within a wavelength range of between approximately 1 mm and 750 nm, corresponding
to a frequency range of between 300 GHz and 400 THz.

Diraction of
propagation

Fig. 3.14: Representation of an electromagnetic wave as perpendicularly oscillating electric E and magnetic B
fields. Image taken from Stuart (2004).
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Fig. 3.15: The electromagnetic spectrum. Image credit: NASA.

The interaction of electromagnetic radiation with matter (specifically, molecules) is at
the heart of the underlying theory of spectroscopy. There are three basic processes by which
molecules may absorb incident radiation and, in all cases, the molecule is raised to a higher
internal energy level in a process termed excitation, with the increase in energy being equal
to the energy absorbed. It is very important to note that these three types of molecular internal
energy are quantised; that is to say that they exist at discrete energy levels rather than as an
energy continuum (Fig. 3.16). As such, for a successful excitation to occur, the absorbed
energy must be of a definite wavelength matching the quantised energy discrepancy between
the ground and excited states.

The lowest energy of excitation is that causing rotational excitation of the molecule
and corresponds to wavelengths in the microwave region of the electromagnetic spectrum.
As discussed in Chapter 2, rotational spectroscopy is the most widely used technique in the
detection of gas-phase interstellar molecules (Fortenberry 2017, Puzzarini and Barone
2020). Solid materials, such as the ices of interest to this thesis, are rotationally constrained,
and thus rotational spectroscopy is of little to no use to the detection of interstellar molecules
within icy grain mantles or the laboratory study of astrophysical ice analogues. The second
type of energy excitation is that of vibrational excitation, which corresponds to the
absorption of energy in the infrared region of the electromagnetic spectrum. It is this type of
quantised energy excitation that will be the focus of the discussion in this sub-section. Lastly,
the third type of excitation is the promotion of electrons from lower energy molecular
orbitals to higher energy ones. These transitions correspond to the absorption of energy in
the visible and ultraviolet regions of the electromagnetic spectrum.

The lifetimes of molecular excited states are typically very short, ranging from a few
fs to a few ps, and the molecules thus rapidly undergo de-excitation and return to the ground
state. This process may be a radiationless one, in which the energy initially absorbed is lost
as heat during collisions. Radiative de-excitations, such as fluorescence or phosphorescence,
may also occur (Wells 1972), although a fuller description of these processes would go
beyond the scope of this thesis.
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Fig. 3.16: Energy level diagram depicting the rotational, vibrational, and electronic transitions associated with
the absorption of electromagnetic radiation. Image taken from Christian et al. (2014).

The absorption of monochromatic radiation by a sample is quantitatively described by
the Bouguer-Lambert-Beer Law, more commonly referred to as Beer’s Law. Consider a
beam of electromagnetic radiation of initial power Po incident upon an absorbing material
of concentration C and pathlength b. Assuming the radiation is not fully attenuated by the
absorbing material, then it will transmit through the material emerging with a radiant power
P. The transmittance T, of the material may thus be defined as:

P

Tv = P_o
(Eq. 3.3)

It is perhaps evident that the absorption of electromagnetic radiation is dependent upon
the number of molecules available to absorb the radiation and the pathlength through which
the radiation must travel. Empirical studies in the eighteenth and nineteenth centuries
demonstrated that the power of the transmitted radiation decreases exponentially with
respect to both concentration and pathlength. As such, the transmittance of the absorbing
sample may also be expressed as:

T, = 107%1P = 107k2C
(Eq. 3.4)

where ki1 and k> are two constants. An equation may thus be formed which expresses Ty in
terms of both b and C by combining the two constants into a new constant a which is termed
the absorptivity of the sample:

T, = 107%¢ = —log(T,) = abC
(Eq. 3.5)
60



Multiplying the absorptivity of the sample by its molecular weight yields a new
constant intrinsic to the absorbing sample called the molar attenuation coefficient e.
Furthermore, the absorbance A, of the absorbing sample may be defined as being equivalent
to —log (T.), and thus:

A, = ebC
(Eg. 3.6)
Moreover, the optical depth z, of the absorbing sample may be defined as:
_ _ log(Tv)
Ty = —ll’l(Tv) = logT ~ 2.303 AV
(Eq. 3.7)

where e is the Euler constant which is approximately 2.71828. The practical application of
this equation will be explained in the next chapter.

It is interesting to note that, although the quantised nature of vibrational transitions
predicts that absorptions in infrared spectra should appear as discrete and narrow lines, it is
in fact absorption bands that are observed in typical spectra. Many factors may contribute to
this broadening of the absorptions, including molecular collisions, the Doppler Effect, and
the lifetime of the excited states. Each of these types of broadening is discussed below:

(i) Collisional Broadening
Collisional broadening occurs in gases and liquids wherein molecules are constantly
in motion. The frequent collisions between the molecules results in a slight
perturbation of their quantised energy levels. In gases, collisional broadening increases
proportionally with the total pressure p, while in solutions it increases proportionally
with concentration C. The effect of collisional broadening is significantly reduced in
solids due to the restriction of molecular motion.

(i) Doppler Broadening
Doppler broadening is a consequence of the Doppler Effect, in which a shift in the
frequency of radiation occurs as the radiation source moves towards or away from a
target. In gases and liquids, molecules are constantly in motion with some moving
towards and some moving away from the source of electromagnetic radiation. The
result is a broadening of the absorption features which increases with molecular
velocity.

(iii) Lifetime Broadening
Lifetime broadening is a consequence of the Heisenberg Uncertainty Principle. If an
excited state exists for a limited lifetime z, then an uncertainty in the energy levels of
the system S6E will exist such that:

(Eq. 3.8)

where 7 is the Archimedes constant which is approximately 3.14159. Since all excited
states have finite lifetimes before their decay, they all suffer from lifetime broadening.
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3.3.2 Quantum Vibration in Molecules as a Ball and Spring Model

During the discussion of Valence Bond Theory, it was mentioned that there exists an
optimum internuclear separation between two covalently bonded atoms at which the energy
content of the system is at a minimum. This separation is termed the equilibrium distance req
and any attempts to distort the molecular bond via compressing it or extending it is resisted
by the electrostatic interactions involving the nuclei and electrons. The compression and
extension of a covalent bond may be compared to that of a spring. Indeed, this analogy may
be further developed by assuming that the bond obeys Hooke’s Law and thus:

F = —k(r - req)
(Eg. 3.9)

1 2
E = Ek(r - req)

(Eg. 3.10)

where F is the restoring force, E is the energy of the system, r is the internuclear separation,
and k is a constant.

This model of a vibrating diatomic molecule as two balls (the atoms) joined by a spring
(the covalent bond) is called the Simple Harmonic Oscillator Model and, while it is only an
approximation, it serves as an excellent starting point for a more detailed discussion of
infrared spectroscopy. A plot of the energy of the diatomic system as a function of
internuclear separation yields a parabolic curve with a minimum point (more specifically, a
zero point) at r = req (Fig. 3.17). Elastic bonds, like springs, are associated with oscillatory
frequencies dependent upon the mass of the diatomic system and the force constant, but are
independent of the extent of compression or extension. This frequency w is given as:

1 k
w_Zn U

(Eq. 3.11)

where u is the reduced mass of the diatomic system, which is defined as the ratio of the
product of the masses of the constituent atoms to their sum. As previously noted, molecular
vibrational energy is quantised, and the allowed vibrational energies for a given system may
thus be calculated by solving the Schrédinger Equation for a quantum harmonic oscillator:

Ep — h? d2 N r .,
v 87r2,udr2¢ R v
(Eq. 3.12)
where y represents a vibrational wavefunction. Solving this equation yields:
1
E, = (vq + E) hw
(Eqg. 3.13)

where vq is known as the vibrational quantum number which may be any non-negative
integer value.

62



The vibrational energy levels of a quantum harmonic oscillator are typically expressed
in the more spectroscopically useful units of inverse wavelengths expressed in cm, more
commonly referred to as wavenumbers & Therefore:

(2

Interestingly, when vq = 0 is substituted into Eq. 3.13, then it is evident that the vibrational
energy of the molecular system is non-zero. This implies that a diatomic molecule (and,
indeed, all molecules) can never have zero vibrational energy and therefore the atoms cannot
be at rest relative to one another. This so-called zero-point energy is a fundamental property
of each molecule, depending only upon the strength of the covalent bond and the mass of
the constituent atoms.

(Eq. 3.14)

The quantum nature of vibrational excitation leads to the simple selection rule:
Ayg = £1
(Eq. 3.15)

It should also be emphasised, however, that such vibrational excitation can only occur if the
diatomic molecule interacts with infrared radiation and if the vibration results in a change in
the net dipole moment of the molecule. Therefore, in the case of diatomic molecules, infrared
spectra are only observable for heteronuclear diatomic molecules, since homonuclear
diatomic molecules exhibit neither a normal dipole moment nor can they exhibit an induced
one. Applying the selection rule yields:

_ 1\ w ol w
Svqgtt = |<vq +1 +§>?_ (vq +§>?| T
(Eg. 3.16)

irrespective of the initial value of vyg.

——

Eq

Energy

o
Internuclear Separation (r)

Fig. 3.17: The parabolic energy function of quantum harmonic oscillation (green) and the Morse function of
quantum anharmonic oscillation (blue). Note that the energy spacing between vibrational energy levels is even
in the case of the former, but not in the case of the latter. Eq refers to the bond dissociation energy, while Eq
refers to the sum of the bond dissociation energy and the molecular zero-point energy. Image credit: P. Kelly.
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This result implies that quantised vibrational energy levels in simple harmonic systems
are equally spaced, and that transitions between any two neighbouring levels involve equal
energy changes. However, real molecules do not strictly follow the laws of simple harmonic
motion since real covalent bonds, although elastic, are not so homogeneous as to obey
Hooke’s Law. If the bond is extended beyond a reasonable limit, for instance, then it will
break resulting in the dissociation of the molecule into its constituent atoms. The energy
profile of molecules undergoing anharmonic compressions and extensions as a function of
internuclear separation is known as the Morse function (Fig. 3.17), and it is fitted by the
empirical formula:

2
E = Eq[1 — e*(7ea=")]
(Eqg. 3.17)
where k is a constant specific to a molecule.

Starting from this energy relation and solving the Schrédinger Equation, the allowed
vibrational energy levels for a quantum anharmonic oscillator are given to be:

(ot D]+

where wa is the frequency of an anharmonic oscillator expressed in cm™, and xa is the
corresponding anharmonicity constant which, for bond stretching vibrations, is a small and
positive value.

(Eg. 3.18)

The selection rule for the anharmonic oscillator is:
Avg = +1,42, 43, ..
(Eq. 3.19)

This selection rule is similar to that of the harmonic oscillator, but with the possibility of
larger excitations involving transitions across multiple levels. However, theory predicts that
such transitions are of rapidly diminishing probability (Banwell 1983). Furthermore,
Boltzmann distribution calculations have demonstrated that, at room temperature or below,
the populations of the vq > 1 states are fairly negligible. As such, the major vibrational
transitions of importance are the vq=0 — vq = 1 (this is known as the fundamental absorption
and is the most intense), vq = 0 — vq = 2 (this is the first overtone and has a weak intensity),
and vq = 0 — vq = 3 (this is the second overtone and has an almost negligible intensity)
transitions.

Thus far, the discussion on the quantised nature of molecular vibrational energy levels
has been restricted to diatomic molecules. However, this theory may be easily extended to
polyatomic systems: consider, to start with, a molecule containing N atoms whose position
may be described via the three Cartesian coordinates. The molecule therefore has a total of
3N coordinate values, which are more commonly referred to as the degrees of freedom. The
translational motion of the molecule as a whole can be described by the movement of its
centre of mass which requires three degrees of freedom. Moreover, the molecule may rotate
in a manner that may be resolved into components about two (in the case of linear molecules)
or three (in the case of non-linear molecules) perpendicular axes. Thus, the molecule is left
with 3N — 5 (if linear) or 3N — 6 (if non-linear) degrees of freedom which correspond to the
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fundamental degrees of vibrational freedom. As long as the molecule is acyclic, N — 1 of
these degrees of vibrational freedom are bond stretching modes, while the remainder is a
bending mode.

Taking H20 as an example; the molecule is non-linear and composed of three atoms,
and there therefore exist 3N — 6 = 3 vibrational modes, of which two are stretching modes
and one is a bending mode (Fig. 3.18). If a rotation of the vibrating H.O molecule by 180°
about its C» axis yields an identically vibrating molecule, then the vibrational mode is said
to be symmetric. The symmetric stretching mode (v1) therefore occurs when both O—H bonds
extend and compress in phase with one another. The bending mode (v2) is also a symmetric
vibration, and results from the increase or decrease of the H-O—H bond angle as a result of
the ‘bending’ of the O—H bonds away from or towards each other. The final vibrational mode
is the asymmetric stretch (v3); so-named because a rotation of the vibrating H.O molecule
by 180° about its C» axis yields a molecule vibrating in anti-phase with the vibrational
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Fig. 3.18: Visual representations of the fundamental vibrational modes of the H.O (above) and CO; (below)
molecules. Image taken from Dawes (2003).
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Taking CO; as another example; this molecule is also composed of three atoms but is
linear and thus possesses 3N — 5 = 4 vibrational modes. Three of these modes correspond to
the symmetric (v1) and asymmetric (v3) stretching modes and the symmetric bending (v2)
mode. The fourth mode is an additional bending mode which vibrates in a perpendicular
plane to that of the original bending mode (v2). Being identical in all respects other than the
orientation of the vibrational motion, these two modes are degenerate but must nonetheless
be considered as distinct vibrational modes. Indeed, it is always in the degeneracy of a
bending mode that the extra vibrational mode of a linear molecule over a non-linear one is
to be found. It is important to note at this point that the bending of H2O cannot occur in a
plane perpendicular to the one depicted in Fig. 3.18, as this would constitute a rotation rather
than a vibration. As a molecule approaches linearity this rotation degenerates into a vibration
and the molecule therefore loses one degree of rotational freedom in exchange for one degree
of vibrational freedom.

It may be intuitive to assume that the infrared spectra of molecules are characterised
by 3N — 5 (linear) or 3N — 6 (non-linear) absorption bands corresponding to the individual
fundamental vibrational modes. This, however, is an over-simplification which relies on two
assumptions: firstly, that the vibration is simple harmonic, and secondly that each vibrational
mode is independent of all others. It has already been discussed that quantised molecular
vibration is anharmonic in nature and thus transitions across multiple levels are possible
leading to the appearance of overtone bands in infrared absorption spectra whose intensities
progressively decline with increasing transition energy. Furthermore, the selection rules now
permit the appearance of combination and difference bands in the infrared absorption spectra
of molecules. The former bands arise from the addition of two or more fundamental
vibrational modes or overtones (e.g., v1 + vz or 2v1 + v2) whereas the latter bands arise from
the subtraction of fundamental or overtone modes (e.g., v1 + v2 — v3 or 2v1 — v2). In either
case, however, the intensities of these bands are normally small.

The assumption that each vibrational mode in a molecule is independent of all others
breaks down in the case of accidental degeneracy, in which two individual vibrational modes
have similar energies. One example of this exists in the CO> absorption spectrum, where the
v1 and 2v2 mode modes are located at 1330 cm™ and 1334 cm?, respectively?®. In cases
where fundamental and overtone bands are accidentally degenerate, they are often observed
to be of similar intensities. This is unexpected, as it is well-known that overtone bands are
less intense than fundamental ones. However, being of similar energies, these vibrational
modes may undergo resonance in which the band due to the overtone vibration gains
intensity at the expense of that due to the fundamental vibrational mode. This phenomenon
is referred to as Fermi resonance, and is more likely to occur in the infrared absorption
spectra of complex molecules possessing many fundamental vibrational modes.

3.3.3 Infrared Spectroscopic Techniques and Instrumentation

To conclude this sub-section on infrared spectroscopy, the operation and design of a typical
infrared spectrophotometer will be discussed. Overall, there are four main instrumental
components that should be described:

28 Neither of these bands is visible in the infrared spectrum of CO., as the vibrations to which they correspond
do not result in a change in the dipole moment of the molecule. They are, however, visible in Raman spectra
of COa,.
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(i) The Source
The source of infrared radiation is usually some form of filament maintained at red- or
white-heat by an electric current.

(i)  The Optical Path and Monochromator

The infrared spectroscopic beam is guided by mirrors silvered on their surfaces, and is
focused to the point where the sample is to be placed. It is important to note that glass
mirrors or lenses cannot be used for guiding or focusing purposes, as glass absorbs
over infrared wavelengths. For this reason, rotatable monochromator prisms used to
produce specific frequencies of infrared light are constructed out of infrared
transparent materials (e.g., ZnSe, NaCl, KBr, Csl). These prisms have been gradually
superseded by rotatable gratings as these offer much better resolution.

(iii) The Detector

There are two main types of detector that are widely in use: thermal detectors and
photoconductors. The first of these types is sensitive to the heating effect caused by
incident infrared radiation, and can thus relate the increased temperature of the detector
to the increased transmittance (or, conversely, the decreased absorbance) of the sample
at a particular wavelength. Thermocouples and bolometers fall into this class of
detector. Photoconductors are a specific type of semiconductor which, when irradiated
with electromagnetic radiation, promote electrons to a conduction band thus increasing
their electrical conductivity. Therefore, the increased transmittance of a sample can be
related to increased conductivity. Photoconductive materials specific to infrared light
include PbS, InSb, and HgxCd xTe.

(iv) The Sample
The sample to be analysed is typically held in a container or on a substrate made of a
material which is transparent to infrared light. Pure liquids are typically pressed
between two plates made of NaCl or KBr, while solutions are held in cuvettes. Gas
samples are held in long glass cells (ranging in length from a few cm to >1 m) closed
at their ends with infrared transparent windows. Samples that are solid under ambient
temperature and pressure conditions may be analysed as a Nujol mull or in a KBr disc.
This thesis will explore the infrared absorption spectroscopy of solids, but will use
another technique involving the deposition of a solid onto an infrared transparent
substrate at cryogenic temperatures. This technique will be explained more fully in the
next chapter.

Although infrared absorption spectroscopy may be caried out in a variety of ways (e.g.,
transmission, specular or diffuse reflectance, attenuated total reflectance, photoacoustic), the
operation of most modern spectrophotometers is underpinned by the interferometric
principles of the Fourier-transform. The most commonly used interferometer in Fourier-
transform infrared (FTIR) spectroscopy is the Michelson interferometer (Fig. 3.19), which
consists of two perpendicular mirrors, one of which is held stationary while the other is able
to oscillate in the plane perpendicular to the stationary mirror. A semi-reflecting structure
known as a beam-splitter bisects the planes of these two mirrors. If a collimated beam of
monochromatic infrared radiation is passed through an ideal beam-splitter, then 50% of the
radiation is reflected to one of the mirrors while the remaining 50% is transmitted to the
other mirror. The two beams are then reflected from these mirrors, returning to the beam-
splitter where they recombine. The oscillating mirror introduces an optical pathlength
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difference between the two beams, meaning that they are able to interfere constructively or
destructively. The beam which then emerges from the interferometer perpendicular to the
input beam is then read by the detector.

The detector therefore records radiation that is alternating in power intensity, I. This
power intensity, which is a function of pathlength b, is related to the spectral power density
B at a particular wavenumber & through the equation:

1(b) = f+ooB(E) cos (2mb¢&) dé
0

(Eg. 3.20)

which is one-half of the so-called Fourier-transform equation pair, the other being:

B(E)zz.f+a}(b)cos(2nb§) db

(Eqg. 3.21)

These two equations are interconvertible via the application of a Fourier-transform. The
detector is able to record the variation in the power intensity of the incident radiation as a
function of the difference in pathlength, which produces an interference pattern. The typical
experiment to obtain a FTIR absorption spectrum is thus to produce interferograms of the
detected beam with and without a sample in its the pathway, and subsequently perform
Fourier-transforms to obtain the spectra of the source with and without sample absorptions,
respectively. The ratio of these spectra corresponds to a double-beam dispersive spectrum.
The major advantage of FTIR absorption spectroscopy is the speed of the computational
algorithm used to perform the Fourier-transform, which allows multiple scans of an
absorbing sample to be acquired thus greatly improving the signal-to-noise ratio.
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Fig. 3.19: Schematic diagram of a Michelson interferometer. Image taken from Stuart (2004).
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3.4 Radiation Chemistry

The interaction between radiation, which may be considered to be either electromagnetic
waves or charged particles, with solid matter and the physical, physico-chemical, and
chemical effects it engenders is at the heart of this thesis. Indeed, the importance of radiation
chemistry in astrochemical reactions has already been extensively discussed in the previous
chapter. This sub-section is therefore devoted to providing a description of the mechanisms
that transfer energy from charged particles to molecular matter, as well as the resultant
chemical evolution of the latter.

3.4.1 Mechanisms of Energy Transfer

In general, energy is transferred from projectile charged particles to target molecules via
electrostatic interactions with the electrons of the latter, although exceptions are found at
low or very high velocities (Mozumder 1999). The absorption of this energy by a target
molecule results in its excitation to a higher electronic quantum state; however, if the energy
transfer is sufficiently large as to exceed the ionisation potential of the molecule, then
ionisation to yield a mono-positively charged molecular radical cation occurs in competition
with neutral dissociation. When large energy transfers occur, the emitted (i.e., secondary)
electrons acquire significant Kinetic energies, thus themselves becoming projectile charged
particles and transferring energy to nearby molecules in a similar fashion to that of the
primary irradiating particle. Therefore, higher generations of electrons are successively
produced as long as the supply of energy lasts. From the perspective of the irradiated
molecular target, however, the process is very rapid and the molecules experience a cascade
of electrons of a given spectral character (Mason et al. 2014, Boyer et al. 2016).

The loss of energy from a projectile charged particle as it traverses a target molecular
medium is usually quantified by the stopping power Ps of the medium toward a penetrating
charged particle. The stopping power is defined simply as the energy loss suffered by the
particle per unit pathlength. The most commonly cited theories of stopping power are those
that concern heavy charged particles that are fast but not ultra-relativistic (Mozumder 1999).
Under such conditions, the interaction of the irradiating particle and the target medium is
purely electrostatic, and energy loss occurs through inelastic collisions with the electrons on
the target molecules. For this reason, the stopping power in this scenario is commonly
referred to as electronic stopping power.

The simplest mathematical treatment of electronic stopping power to consider is
Bohr’s Theory, which takes a classical view of inelastic collisions. A quantum mechanical
treatment of electronic stopping power is given by Bethe’s Theory (Mozumder 1999);
however, for the purposes of this thesis a brief discussion of Bohr’s Theory will suffice. The
collision between an irradiating charged particle and a target molecule may be described in
terms of the classical impact parameter, which is defined as the distance of closest approach
between the incident particle and a molecule-bound electron where there is zero interaction.
The electronic stopping power at this point is thus given as:

2 4
p = AmZ°q"n

= 0
s Mev2

(Eq. 3.22)
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where q is the fundamental or Coulombic electric charge (1.602x107° C), me is the mass of
an electron at rest (9.11x1073! kg), Z and v are respectively the atomic number and velocity
of the charged projectile, n is the molecular density of the target medium, and Bo is the

stopping number given as:
B =71 2mov?
R A

(Eq. 3.23)
where Vay is the average excitation potential of a molecule in the target.

Bohr’s Theory therefore provides a reasonably straightforward method of estimating
the electronic stopping power of a fast, heavy projectile charged particle. However, the
contribution of electronic stopping to the retardation and energetic degradation of a projectile
decreases at lower velocities. Consider a positively charged ion approaching a molecular
target. As the ion nears its target within a few tens of A, it begins to abstract electrons from
the neutral molecular target in a process termed resonant neutralisation (Arnau et al. 1997,
Winter and Aumayr 1999). The initially captured electron is usually lost fairly quickly, but
is replaced by another abstracted electron. Cycles of capture and loss proceed until it is
energetically unfavourable to lose electrons, thus eventually neutralising the charged
projectile ion to a hollow atom in which inner electron orbitals are unoccupied. Decay of the
transient hollow atoms occurs via radiative electron cascade or Auger electron emission,
although time constraints mean that it is often the case where only a few electrons are able
to de-excite to the inner shells before impact with the molecular target occurs (Hermann et
al. 1994).

The cross-sections for these electron abstraction and loss processes are dependent upon
a high inverse power of the velocity of the projectile, and are thus negligible at high
velocities. However, at lower velocities, their contribution to the stopping power is
significantly greater. Thus, at lower velocities, it is the so-called nuclear stopping power, in
which the projectile charged particle loses energy through elastic interactions with the nuclei
of the target medium, that is the dominant degradation mechanism. The total stopping power
of an irradiation process is usually simply defined as the sum of its electronic (inelastic) and
nuclear (elastic) stopping power contributions. It should be noted, however, that electronic
and nuclear stopping are not the only two mechanisms by which a charged projectile may
lose energy. For instance, a charged particle that is decelerated as a result of its deflection
by another charged particle will emit electromagnetic radiation. This process, termed
bremsstrahlung, is usually significant only when the charged particle is travelling at very
high velocities (including ultra-relativistic ones), corresponding to energies of about 1 GeV
and 100 MeV for ions and electrons, respectively (Mozumder 1999). Another mechanism of
energy loss is the Cerenkov Effect?®, although this practically never dominates over other
mechanisms.

The rate of energy loss (i.e., the stopping power) of the projectile charged particle
naturally defines its range within the target medium. However, it would be incorrect to
assume that the stopping power is constant across the entire track the projectile takes through
the target medium. Indeed, plots of stopping power against pathlength demonstrate that the
maximum loss of energy from a heavy projectile occurs just before it comes to rest within

29 The Cerenkov Effect is the emission of a blue-white light by an electron that exceeds the group velocity of
light in a transparent medium.
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the target medium. This is logical and follows from the inverse square relation between
stopping power and velocity, such as that described by Eq. 3.22. An example of such a plot,
which is more commonly referred to as a Bragg curve, is given in Fig. 3.20 and clearly
depicts the maximum stopping power (the so-called Bragg peak) just before the projectile
comes to rest.

Heavy Charged Particle

- | Bragg peak

Relative stopping power

T T T T T

Travelling distance

Fig. 3.20: Generic Bragg curve for a heavy projectile charged ion penetrating a target medium. Image taken
from Grdanovska (2015).

3.4.2 Summary of Processes in Radiation Chemistry

Reference has already been made to several of the processes which characterise radiation
chemistry® in the previous chapter (Table 2.2). It is, however, worthwhile to delve into these
processes in more detail, as these processes constitute important mechanistic steps in the
reaction schemes of irradiated solid ices and are thus highly relevant to this thesis. There are
seven main processes that should be considered, a brief description of each of which now
follows:

(i) Excitation, lonisation, and Dissociation
A molecule may gain energy from a projectile charged particle thus resulting in its
excitation to higher electronic quantum states.

M- M*
(Eq. 3.24)

If the absorbed energy is greater than the ionisation potential of the molecule, then an
electron is lost to yield a mono-positively charged cation. This cation may be

%01t is important to remember that radiation chemistry need not necessarily be triggered by the collision of an
energetic charged particle with a target medium. Various high-energy components of the electromagnetic
spectrum, such as y-rays, X-rays, and vacuum-ultraviolet photons are also able to trigger radiation chemistry
but are more limited due to their penetration depth being defined by the optical properties of the target medium
as well as the application of the relevant photon absorption selection rules.
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(ii)

(iii)

(iv)

v)

neutralised by combining with an incident electron. The resultant neutral species is
typically in a highly excited state that rapidly decays to a lower state of excitation.

M* > M* +e”
(Eq. 3.25)
M*+e” - M™ - M*
(Eg. 3.26)
If the absorbed energy exceeds the bond dissociation energy of any of the covalent
bonds in the molecular structure, then homolytic dissociation of that bond will take

place to yield two neutral radicals. If the molecule existed in an excited state prior to
its dissociation, then one of the resultant fragments may remain in an excited state.

M;M, - M; + M,
(Eq. 3.27)

lon-Neutral and Neutral-Neutral Reactions

The ionised and neutral species resulting from the ionisation and dissociation of
molecules absorbing radiation may themselves partake in a wide variety of chemical
reactions, producing second generation molecules which may themselves be charged
or electrostatically neutral.

lon Recombination

lons may be neutralised by their combination with an electron or their interaction with
a species of the opposite electrostatic charge (Eq. 3.26). An interesting special case of
ion recombination is that of dissociative recombination, in which the combination of
an electron with a mono-positively charged molecular cation results in the dissociation
of the latter to yield two neutral species.

M;M,* +e” > M; + M,
(Eq. 3.28)

Non-Radiative Energy Transfer

The electronic energy of an excited molecule may be transferred to another, as long as
the energy required to excite the second molecule (i.e., that which is initially in the
ground state) is less than or equal to that of the first.

M;"+ M, > M, +M,"
(Eq. 3.29)

Charge Transfer

Charge transfer may occur when a mono-positively charged molecular cation abstracts
an electron from a nearby neutral molecule, as long as the ionisation potential of the
second molecule (i.e., that which is initially neutral) is less than or equal to that of the
first in its neutral state.

M;"+M, > M, +M,*
(Eq. 3.30)
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(vi)

(vii)

Radiative Association
Radiative association occurs when a neutral species combines with an ion, thereby
yielding a larger ion and emitting electromagnetic radiation in the process.

M, +M, - M;M," + hv
(Eq. 3.31)

Detachment

Detachment processes involve negatively charged anions that are usually in an
electronically excited state. For instance, associative detachment involves the
combination of a mono-negatively charged molecular anion with a neutral species,
emitting an electron in the process.

M;” + M, > M;M, + e~
(Eq. 3.32)

The capture of an electron by a neutral molecule results in the production of an excited
and transient mono-negatively charged molecular anion.

M;M, + e~ - M;M,*~
(Eq. 3.33)

This electronically excited molecular anion may subsequently undergo one of three
processes. In the first instance, it may eject the electron and return to the ground state.
This is termed electron auto-detachment.

M;M,"” - M;M, + e~
(Eq. 3.34)

Alternatively, the excited molecular anion may simply decay to the ground state. This
is an especially favourable process if the anion is a chemically stable species.

M;M,™™ - MM, "~
(Eq. 3.35)
Finally, dissociative electron attachment may cause the molecular anion to fragment:
M;M,*” - M; + M,"~
(Eq. 3.36)

The processes described above all take place on very rapid time-scales, although the

extent of their rapidity does vary somewhat. The time period between the absorption of
incident radiation and the ultimate chemical effect is often segregated into five stages. In
ascending order of time-scale these are: (i) the physical stage, (ii) the physico-chemical
stage, (iii) the chemical stage, (iv) the biochemical stage, and (v) the biological stage. Table
3.2 summarises the major events occurring in each of these stages, although it is important
to note that only the first three stages are of importance in the context of this thesis.
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Table 3.2: Time-scale of events in radiation chemistry. Table adapted from Mozumder (1999). The physical,
physico-chemical, chemical, biochemical, and biological stages are defined as ranging over —log(t) values of
18t0 12, 16 to 8, 14 to -3, 3 to —4, and —2 to -8, respectively. Note that time t is measured in seconds.

—log(t) | Event
18 Projectile electrons traverse molecules.
17 Projectile protons traverse molecules and energy loss to fast secondary electrons.
16 Energy loss to electronic states.
14 Fast ion-molecule reactions and induced molecular vibration.
13 Fast molecular dissociations.
12 Electron thermalisation.
8 Secondary reactions (e.g., intertrack reactions) and charge neutralisation in low viscosity media.
0 Radiative lifetime of triplet states.
-3 Charge neutralisation in high viscosity media.
4 Formation, evolution, and reaction of secondary radical species.
-8 Large-scale cell damage and long-term biological effects.
3.5 Summary

This chapter provides an overview of the fundamental chemistry and physics that is required
to discuss the work performed in this thesis and in the interpretation of experimental results
presented. Detailed descriptions of atomic theory, including the quantised nature of atomic
orbitals, were followed by a discussion on the theories of the chemical bond, particularly
Valence Bond Theory and Molecular Orbital Theory. An introduction to molecular geometry
and symmetry was also provided, and provided a basis for a detailed discussion on infrared
absorption spectroscopy, which will serve as the major analytical tool for the experimental
work described in later chapters. The discussion on infrared spectroscopy included the
quantised nature of vibrational excitations in molecules, as well as the treatment of molecular
vibration as both a harmonic and an anharmonic oscillator. The chapter concludes with a
brief introduction to the radiation chemistry mediated by projectile charged particles,
including a mathematical discussion on Bohr’s Theory of Stopping Power.
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4  EXPERIMENTAL APPARATUS AND TECHNIQUES

This chapter provides an overview of the experimental apparatus and techniques used in conducting
the experiments described throughout this thesis. In particular, it provides a detailed description of
the Ice Chamber for Astrophysics-Astrochemistry; a custom-built apparatus located at the Institute
for Nuclear Research (Atomki) in Debrecen, Hungary. This description begins with a discussion of
the layout of the chamber as well as the physical conditions (such as pressure and substrate
temperature) within it, before continuing on to a discussion of the ice preparation and processing
methodologies used. The chapter concludes with brief discussions on the limitations of the current
set-up and some relevant software packages used for data collection and analysis.

Note: The majority of the work described in this chapter has been published in peer-reviewed journals or
periodicals as: [1] Herczku et al. (2021), Rev. Sci. Instrum. 92, 084501; and [2] Mifsud et al. (2021), Eur. Phys.
J. D: Atom. Mol. Opt. Plasma Phys. 75, 182.

4.1 Laboratory Astrochemistry Chambers

The study of the composition, structure, and chemistry of astrophysical ices in the laboratory
relies on the use of high-vacuum or ultrahigh-vacuum chambers that contain one or more
substrates or surfaces that may be cooled to cryogenic temperatures. The essential concept
is to prepare an ice on these cooled substrates via the condensation of gases or vapours that
are dosed into the chamber and to subsequently process the ice in a manner meaningful to
astrochemistry as was described in Chapter 2 (Fig. 2.8). The structural and chemical changes
in the ice that are induced by this processing may be qualitatively or quantitatively followed
in situ using various spectrophotometric, spectrometric, or microscopic techniques, with the
most commonly used being infrared, terahertz, vacuum-ultraviolet, and ultraviolet-visible
absorption spectroscopies, quadrupole mass spectrometry, and transmission electron
microscopy. Ex situ analysis of any refractory residues left over after the completion of the
experiment and the exposure of the substrate to ambient conditions via chromatographic and
other spectrometric methods is also becoming increasingly popular.

Perhaps the first such astrochemistry chamber that was specifically designed to study
the energetic processing of interstellar ice analogues was that developed at the Leiden
Observatory in the Netherlands by Hagen, Allamandola, and Greenberg in the 1970s (Hagen
et al. 1979). This apparatus consisted of a high-vacuum chamber within which astrophysical
ice analogues could be prepared on a substrate cooled to 10 K. Simulation of the Lyman-a
irradiation of ices occurring within dense interstellar clouds was achieved using ultraviolet
lamps, and structural and chemical changes were monitored using infrared absorption
spectroscopy. Since this time, many other dedicated astrochemistry chambers have been
commissioned in laboratories all over the world, each offering a somewhat unique method
of preparing, processing, or monitoring astrophysical ice analogues. A catalogue of some of
these facilities is provided in Table 4.1, although this is far from complete.
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Table 4.1: List of facilities and set-ups actively performing laboratory studies of astrophysical ice analogues.

Facility Name

Location

Reference

Ice Chamber for Astrophysics-Astrochemistry (ICA)

Versatile Ice Zigzag Sublimation Set-Up for Laboratory Astrochemistry (VIZSLA)
Portable Astrochemistry Chamber (PAC)

University of Sussex Surface Science Laboratory

ICE-RIG Set-Up

Laboratorio di Astrofisica Sperimentale

Friedrich Schiller University of Jena Astrophysics Laboratory

ASTRID-2 Synchrotron Facility

Surface Reaction Simulation Device (SURFRESIDE?)

CRYOPAD Set-Up

Laboratory Ice Surface Astrophysics Experiment (LISA)

Planetary Analogues Laboratory for Light, Atmosphere, and Surface Simulations (PALLAS)
Chambre d’Analyse par Spectroscopie Infrarouge des Molécules Irradiées (CASIMIR)
Irradiation des Glaces Interstellaires et Astrophysiques (IGLIAS)

Vers de Nouvelles Syntheses (VENUS)

Volatile Analysis from the Heating of Interstellar or Cometary Ice Analogues (VAHIIA)
Spectrophotometer with Variable Incidence and Emergence (SHINE)
Spectrophotometer with Change Angles for the Detection of Weak Signals (SHADOWS)
Interstellar Astrochemistry Chamber (ISAC)

INFRA-ICE Machine

Cryogenic High-Vacuum Chamber at the Instituto de Estructura de la Materia
Laboratory for Characterisations of Astrophysical Ices at Alcoy

Keck Machine

SPACE-CAT? Facility

Sublimation of Laboratory Ices Millimetre/Submillimetre Experiment (SubLIME)
Goddard Astrochemistry Laboratory

STARK Chamber

National Synchrotron Radiation Research Centre

Laboratory Set-Up for Surface Reactions in Interstellar Environments (LASSIE)

Debrecen, Hungary
Budapest, Hungary

Milton Keynes, United Kingdom

Brighton, United Kingdom

Edinburgh, United Kingdom

Catania, Italy

Jena, Germany

Aarhus, Denmark
Leiden, Netherlands
Leiden, Netherlands
Nijmegen, Netherlands
Utrecht, Netherlands
Caen, France

Caen, France

Paris, France

Marseille, France
Grenoble, France
Grenoble, France
Madrid, Spain

Madrid, Spain

Madrid, Spain

Alicante, Spain
Honolulu, United States
Cambridge, United States
Greenbelt, United States
Greenbelt, United States
Campinas, Brazil
Hsinchu, Taiwan
Sapporo, Japan

This thesis

Bazso et al. (2021)

James et al. (2020)

Salter et al. (2021)
Frankland et al. (2015)
Baratta et al. (2015)

Fulvio et al. (2017)

Hertel and Hoffmann (2011)
loppolo et al. (2013)

Fuchs et al. (2006)

Noble et al. (2020)

ten Kate and Reuver (2016)
Seperuelo Duarte et al. (2009); Auge et al. (2016)
Augé et al. (2018)

Congiu et al. (2020)

Abou Mrad et al. (2014)
Brissaud et al. (2004)

Potin et al. (2018)

Mufioz Caro et al. (2010)
Santoro et al. (2020)
Zanchet et al. (2013)

Satorre et al. (2008, 2013)
Jones and Kaiser (2013)
Lauck et al. (2015)

Yocum et al. (2019)

Moore and Hudson (2000)
Pilling and Bergantini (2015)
Lu et al. (2005, 2008, 2013); Kuo et al. (2007)
Hidaka et al. (2004)
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Among these facilities is the Ice Chamber for Astrochemistry-Astrophysics (ICA,
pronounced it-sah in the Hungarian style); a permanent end-station located at the Institute
for Nuclear Research (Atomki) in Debrecen, Hungary. The ICA is among the youngest of
those facilities listed in Table 4.1, having only been fully commissioned in the autumn of
2019. The construction, development, and continued operation of the ICA is the result of a
successful collaboration between academic and research staff from Atomki, the University
of Kent, Queen Mary University of London, Queen’s University Belfast, and the Slovak
Academy of Sciences; with additional support received from the University of Miskolc. This
thesis is therefore the first (likely, of many) to describe experimental work which made use
of the ICA to better understand problems in astrophysical chemistry.

4.2 The Ice Chamber for Astrophysics-Astrochemistry (ICA)

The ICA set-up (Fig. 4.1) is comprised of a spherical decagon ultrahigh-vacuum compatible
chamber (Kimball Physics) having an inner diameter of 160 mm. The chamber possesses ten
DN-40 CF ports on its side wall evenly separated from one another by an angle of 36°. Two
additional DN-160 CF ports are located at the top and bottom of the chamber. The chamber
may be pumped down to an operational pressure of a few 10~° mbar via the combined use of
a dry rough vacuum pump (Edwards nXDS10i) and a turbomolecular pump (Leybold
Turbovac TMP 151), both of which are connected through the lower DN-160 CF port. This
pressure is measured by an ionisation gauge (Pfeiffer Vacuum PBR260) attached directly to
the side of the chamber at one of the DN-40 CF ports.

Multi-purpose
port

Fig. 4.1: A top-view schematic diagram of the ICA arranged for Fourier-transform mid-infrared transmission
absorption spectroscopy. Although the sample holder and heat shield are rotatable, irradiation and thermal
annealing experiments are nominally performed as depicted, with the infrared beam pathway orthogonal to the
substrate surfaces and ion and electron beams impacting at angles of 36°.
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At the centre of the chamber is a gold-coated oxygen-free high-conductivity copper
sample holder which allows a maximum of four substrate discs to be mounted onto it (Fig.
4.2). The sample holder and substrates may be rotated to face any of the DN-40 CF ports by
means of a 360° rotation stage, and can also be manipulated along the vertical axis of the
chamber using a z-linear manipulator with a 50.8 mm stroke. Moreover, the sample holder
and the substrate discs may be cooled to a minimum temperature of 20 K using a closed-
cycle helium cryostat (Leybold Coolpower 7/25 with a Leybold Coolpak 4000 compressor
unit), which is connected to the chamber via the upper DN-160 CF port. In order to reach
such a low temperature, the sample holder is partially surrounded by a gold-coated oxygen-
free copper heat shield (Fig. 4.2). The inclusion of this heat shield in the set-up design is
required due to the small diameter of the chamber: at cryogenic temperatures, the walls of
the chamber act as black bodies and thus radiate heat to the sample holder in accordance
with the Stefan-Boltzmann Law:

Jj =0T
(Eq. 4.1)

where j is the black body radiant emittance corresponding to the total energy radiated per
unit surface area of the black body across all wavelengths per unit time, T is temperature,
and osp is the Stefan-Boltzmann constant (5.67x108 W m= K). The heat shield thus acts
to absorb this radiated heat, allowing the sample holder and substrates to be cooled to 20 K.

The substrates mounted into the sample holder are ZnSe discs (Crystran) having a
diameter of 15 mm and a thickness of 3 mm (Fig. 4.3). The choice of ZnSe as a substrate
material is a convenient one, as not only is it transparent to most infrared wavelengths (more
details on the spectroscopic component of the ICA are provided later on in this chapter), but
it also exhibits remarkable thermal conductivity properties: at 20 K, the thermal conductivity
of ZnSe is in excess of 6 W K cm™ (Bijalwan et al. 1983). To compare, this thermal
conductivity is greater than that of room temperature copper, which is about 4 W K- cm™,
As such, it is reasonable to assume that the cooling of the sample holder also results in the
efficient cooling of the ZnSe substrate discs.

Fig. 4.2: Photographs of the sample holder with its heat shield as seen from the front (left) and rear (right)
sides. In these photographs, three ZnSe substrates are mounted onto the sample holder with the fourth position
being used as a 9.6 mm diameter collimator. This collimator, along with a Faraday cup positioned opposite to
an incident charged particle beam, allows for the determination of beam homogeneity.

78



Fig. 4.3: A close-up photograph of a ZnSe substrate of the type mounted onto the sample holder (diameter =
15 mm and thickness = 3 mm).

It is important to consider the possibility of the deposition substrate charging up or
emitting sparks when high ion or electron beam currents (>100 nA) are used during the
irradiation of deposited astrophysical ice analogues (a fuller discussion of which will be
provided later in the chapter). To avoid this, the ZnSe substrate discs are covered by a
metallic mesh (Fig. 4.3) composed of a thin (5 nm) layer of chromium evaporated onto the
surface of the substrate, on top of which is a thicker (250 nm) layer of gold. The width of
the mesh lines is 20 um and their separation from one another is 0.8 mm. The presence of
the gold mesh has been empirically shown to have a negligible contribution to the infrared
transmittance properties of the ZnSe substrate discs.

The temperature across the sample holder is measured using two uncalibrated silicon
diodes (Lake Shore DT-670B-CO) positioned at opposite ends of the sample holder and
connected to a cryogenic temperature controller (Lake Shore model 335), with accurate
temperature measurements being made with a proportional-integral-differential controller.
The actual measured temperatures of the ZnSe substrates were validated by performing
controlled warmings of pure CO and N2O ices and comparing the temperatures at which
phase changes and sublimation were spectroscopically observed with well-established
literature values (Acharyya et al. 2007, Hudson et al. 2017). The experimentally measured
temperatures were found to match those in the literature within 1 K. The temperature of the
sample holder and the substrates can be regulated by setting an equilibrium between heating
and cooling using an internal 25 Q / 100 W cartridge heater (HTR-25-100). Such an
arrangement allows for an operational temperature range of 20-300 K and controlled heating
rates of 0.1-10 K min™.,

The chamber contains a number of attachments to its side wall which will be
mentioned and discussed throughout the remainder of this chapter. Of particular novelty,
however, is the presence of an optical viewport which allows users to look into the chamber
during the deposition, irradiation, or thermal annealing of astrophysical ice analogues (Fig.
3.1). This optical viewport is simply a glass window attached to one of the DN-40 CF ports
and allows for quick assessments of the status of the sample holder, of the presence of any
visible residues on the substrates, or the occurrence of any sparking due to the accumulation

of charge during ion or electron irradiation.
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4.2.1 The Deposition of Astrophysical Ice Analogues

Astrophysical ice analogues are prepared on the substrates via the background deposition of
dosed gases and vapours introduced into the main chamber from a dosing line through a fine
regulating all-metal needle valve (LewVac). This dosing line is independently connected to
a second dry rough vacuum pump (Pfieffer ACP-28-40G) that maintains a background
pressure of a few 10~ mbar. This pressure is monitored by a mass-independent capacitive
manometer gauge (Edwards ASG2). The dosing line has several inflow valves that may be
connected to external gas bottles or glass vials containing liquids. Gases are thus directly
introduced into the evacuated dosing line, whilst liquids are first de-gassed using the
standard liquid nitrogen freeze-pump-thaw technique before their vapours are passed into
the dosing line. The introduction of gases and vapours into the dosing line typically raises
its internal pressure to a few mbar.

Once the desired pure or mixed gases have equilibrated within the dosing line, they
are dosed into the main chamber at a typical chamber pressure of 8x107% mbar. A distributor
(scattering) plate mounted in front of the inlet tube (Fig. 4.1) reduces the pressure
inhomogeneity within the chamber during gas injection so as to produce roughly the same
ice thickness on all deposition substrates (Table 4.2). It should be noted that, the sample
holder presents holes of diameter 12 mm and length 25 mm behind all four mounted
deposition substrates in line with a wide slit opening in the heat shield (Fig. 4.2). This ensures
that most of the gas dosed into the main chamber is deposited onto the front side of the
deposition substrates, and that the amount deposited on the rear side (which would not be
processed by ionising radiation) is minimised. This is discussed further below.

Consider, to begin with, the sticking of a generic gas-phase molecule to an equally
generic surface. The probability of a successful sticking event is quantified by the so-called
sticking coefficient S, which is defined as the ratio of successful sticking events to the total
number of collision events between the incident gas-phase molecule and the cold surface.
The sticking coefficient is highly dependent upon a number of microscopic parameters such
as the geometry of the incident molecule, its energy, orientation, and angle of incidence as
well as several macroscopic parameters such as the composition, structure, and temperature
of the cold surface and the pressure of the gas. When preparing an ice in the ICA, dosed gas-
phase molecules will first stick to the ZnSe substrate; however, once the first few molecular
layers of a homogeneous, single-component ice have been deposited, then the material
compositions of the depositing gas-phase and cold surface are identical. Under such
conditions, the sticking coefficient may be assumed to be large and, indeed, is taken to be
unity at 20 K. Of course, this may not necessarily be the case for mixed, multi-component
gases, but the similarities between the gas phase and cold surface may be determined
experimentally by controlling the stoichiometric ratio of the components of the dosed gas
phase and simultaneously measuring the composition of the deposited ice via infrared
spectroscopy.

In order to model the thickness ratio of the ices deposited on the front and rear sides
of a deposition substrate, a sticking coefficient of unity is assumed as a first approach: as
such, if a molecule collides with a cold surface, then it successfully sticks to that surface.
Moreover, at deposition pressures <10 mbar, gas-phase molecules may be assumed to
interact only with the surfaces of the chamber and do not collide with one another. Therefore,
the only molecules that successfully stick to the substrate are those that make contact with it
having not previously collided with any other cold surface. Accordingly, the deposition yield
at a point r on the substrate is proportional to the acceptance solid angle  (r), which is in
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turn determined by the geometry of the cold sample holder. The effective deposited thickness
is thus proportional to the average solid angle, given by the following equation:

_ 1
gz—f dF 0(F)
a a

(Eq. 4.2)

where a is the area of the deposition substrate illuminated by the infrared spectroscopic
beam.

Given the geometry of the ICA sample holder (Fig. 4.4), the calculation of the average
solid angles for the front and rear sides of the deposition substrates is a lengthy but
straightforward process. Such calculations show that the average solid angles for these two
sides are very different, and so the relative thickness drel of ice deposited on the rear side of
the substrate (assuming S = 1) may be given as:

drear -Qrear

dpoy = == = =0.039
e drear + dfront -Qrear + -eront

(Eq. 4.3)

Note that this relative thickness may be fairly accurately estimated from the ratio of
the central (r = 0) solid angles Q°. For the rear side of the substrate, this is calculated using
the average length of the hole within the sample holder, which is 24.7 mm:

Dfear = 21(1 = c0S(Brear)) = 21 (1 - \/%) =0.178

(Eq. 4.4)
D one = 21(1 ~ cos(Birons)) = 2 (1~ =) = 4664

V22 4752
(Eq. 4.5)
Q0 0.178
rel = o — fa!;gmnt = 0178 + 4664~ 037
(Eq. 4.6)

where £ is the half-angle of the relevant solid angle cone.

These calculations demonstrate that only about 4% of the total ice that is monitored
spectroscopically is deposited on the rear side of the substrate and is thus unavailable for
ion- or electron-induced radiation chemistry. It should be noted, however, that this value
represents a lower bound for drei, which may be larger if the sticking coefficient is in fact
smaller. For instance, a numerical simulation revealed that, if S = 0.5 (i.e., only half of
collisions result in a successful sticking event) and assuming that non-sticking events result
in specular reflection, drel rises to 9.4%. In any case, however, it is reasonable to state that,
in most cases where the sticking coefficient is high (i.e., S > 0.5), the thickness of the ice
deposited on the rear side of the substrate is <10% of the total deposited thickness. At the
highest sticking coefficients (i.e., S = 1), this thickness is anticipated to be <5%.
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Table 4.2: Summary of deposition experiments performed to demonstrate that the thicknesses and
compositions of deposited ices are similar across all four deposition substrates. The target thickness for the
pure CH3OH ice was 0.5 pm, while for CHsOH:CO ices the target thickness was 0.75 pm with a compositional
target of 40% CH3OH. The techniques used to measure these parameters are described later on in this chapter.
Note that, although ice thicknesses are slightly lower at substrate 4 compared to the other substrates, this is not
problematic as this substrate is generally replaced by a 9.6 mm diameter collimator for charged particle beam

homogeneity determination.

CH30H Ice Thickness CH30OH:CO Ice Thickness CH30OH:CO Ice
ZnSe Substrate .
(um) (um) Composition
1 0.47 0.74 36:64
2 0.51 0.77 38:62
3 0.49 0.76 39:61
4 0.41 0.64 41:59
@15 @12
Ion Beam
FTIR Beam
Rear side
Front side

Fig. 4.4: The geometry of the gold-coated oxygen-free copper sample holder H and clamp plate C around one
ZnSe deposition substrate S. All parts of the sample holder are assumed to have been cooled to the same
temperature. Length values presented in this figure are given in mm.
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Background deposition of ices is only suitable if the molecular species to be deposited
is a gas or liquid under standard temperature and pressure conditions. If the deposition of a
compound that is a refractory solid at standard temperature and pressure conditions is
required, then this may be achieved by attaching an effusive evaporator (Createc OLED-40-
10-WK-SHM) to the multi-purpose port opposite the electron gun (Fig. 4.1). This evaporator
is composed of a tantalum heating wire held in proximity to a glass test-tube. The test-tube
may be heated to a temperature between 50 and 800 °C (although optimum temperature
control is achieved at <500 °C), and the temperature may be regulated by setting an
equilibrium between the heating induced by the tantalum wire and a cooling effect induced
by an in-built running-water jacket.

The effusive evaporator is itself mounted onto a linear manipulator such that it may be
pushed into or withdrawn from the chamber. This allows for the nozzle to be manually
positioned within a few mm of the ZnSe deposition substrate when depositing a refractory
sample. As such, all depositions which make use of the effusive evaporator approximate a
direct deposition technique. Once the desired sample has been prepared on the ZnSe
substrate, a custom-built copper shutter placed in front of the nozzle is closed and the
evaporator is withdrawn, thus precluding further deposition of the refractory species which
may otherwise still evaporate into the chamber due to the evaporator remaining warm for
some time after the deposition process has been completed.

4.2.2 In Situ Analysis

As has been mentioned several times throughout this thesis, the primary analytical technique
used is that of Fourier-transform mid-infrared (FTIR) transmission absorption spectroscopy.
A detailed discussion on the underlying principles of spectroscopy was provided in Chapter
3, where it was stated that the optical depth z, of an absorbing sample may be related to its
absorbance A, through the equation:

g(Ty)

—lo
= —In(T,) = ———2~ 2.303 A4
TV n( V) log(e) 303 Vv
(Eq. 4.7)

In Chapter 2, the concept of molecular column density was alluded to, and this may be related
to the optical depth of an absorbing sample through the relation:

1
N:A—SfTvdE

(Eq. 4.8)

where As is the integrated band strength constant of the infrared absorption band over which
Eq. 4.8 is integrated and ¢ refers to wavenumbers. Substituting the value for z, given in Eq.
4.7 into Eq. 4.8 yields:

N—2'303fA a5
== A

(Eq. 4.9)

However, integrating over an infrared absorption band with respect to wavenumbers is
equivalent to measuring the peak area P, of that band, and thus:
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N = 2.303 fa
= 2. X —
A

(Eq. 4.10)

Thus, the abundance of a deposited ice may be quantified through its column density,
which itself may be calculated fairly simply by measuring the peak area of a characteristic
infrared absorption band and knowing the integrated band strength constant for that band.
Once the column density of a deposited ice is known, the thickness of the ice d may be
approximated through the equation:

d =10t x X
pNa

(Eq. 4.11)

where m is the molecular mass, p is the mass density of the ice, and Na is the Avogadro
constant (6.02x10% molecules mol ™). The factor 10* is included in Eq. 4.11 so as to express
d in units of um. Eq. 4.11 may be rather straightforwardly extended to the calculation of the
total thickness of a multi-component ice by calculating the thickness contribution of each
individual component in the manner described above and subsequently adding these
contributions together. It should be noted, however, that many values for As quoted in the
literature are valid only for pure ices at a given temperature, and so their use in determining
the column density (and, by extension, thickness contribution) of a molecular component in
a mixed ice introduces uncertainties that may be as high as 50% (Kanuchova et al. 2017).

In light of this, many astrochemical research groups have elected to instead determine
the thickness of a deposited ice via an interferometric technique using light from a helium-
neon laser (Goodman 1978). This technique is based on monitoring the variation in intensity
of the laser beam, which is reflected off the substrate surface at a particular angle. During
ice deposition, the laser intensity varies sinusoidally due to interference of the laser light
reflected at the ice-vacuum and ice-substrate boundaries. The ice thickness is then calculated
using the following equation:

= AN,
~ 2n cos (0)

(Eq. 4.12)

where 1 is the wavelength of the laser light in vacuo (632.8 nm), N¢ is the number of
constructive interference pattern repetitions observed during ice deposition, 7 is the
refractive index of the ice, and @ is the angle of the light within the ice (see Chapter 9 for
more details). Unfortunately, the ICA is not currently equipped with the ports necessary to
make use of laser light interferometry as an ice thickness determination technique.
Nevertheless, approximations of the ice thickness via spectroscopic measurements of the
column density (as described above) are still useful in an experimental context.

Qualitative and quantitative infrared spectroscopic measurements are performed using

a Thermo Nicolet Nexus 670 FTIR spectrophotometer arranged as depicted in Fig. 4.1,
wherein the infrared spectroscopic beam is maintained orthogonal to the plane of the sample
holder and deposited ices. The spectrophotometer has a spectral range of 4000-650 cm™
(2.5-15.4 um) and offers a maximum resolution of 0.5 cm™?, although spectra are nominally
collected with a lesser resolution of 1 cm™. The transmitted infrared spectroscopic beam is
detected using a liquid nitrogen-cooled HgxCdxTe (MCT) photoconductive detector
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placed outside the main chamber in a small external container. A purge box continuously
passes purified dry air through this MCT detector chamber so as to prevent against intense
absorptions by infrared active air constituents whose concentration in the atmosphere may
vary (e.g., H20 or COy).

At this point, it is important to comment briefly on the motivation for selecting ZnSe
as the material for the deposition substrates, given the existence of a number of alternative
materials that are also commonly used to produce infrared transparent windows or substrates,
a list of which is provided in Table 4.3. It is evident from the data provided in Table 4.3 and
Fig. 4.5 that ZnSe exhibits good transmittance properties across mid-infrared wavelengths
even when the substrate is as thick as 1 cm and, moreover, has a wider transmission range
than other commonly used materials such as Si or ZnS. Additionally, ZnSe exhibits a number
of other advantageous properties, such as its insolubility in most solvents, including H20.
This makes it preferable to substrates made from alkali metal halides (e.g., LiF, NaCl, KBr,
or Csl) since, although these materials have a significantly wider transmission range across
infrared wavelengths, they are all very sensitive to moisture and will readily dissolve in the
presence of H2O. As such, ZnSe represents a very good choice of substrate material for the
infrared spectroscopic analysis of realistic astrophysical ice analogues, which are often rich
in H20.

The ICA is also equipped with a quadrupole mass spectrometer (QMS; Pfeiffer
QME200) that allows for a mostly qualitative monitoring of the gas-phase composition of
the main chamber. This is most relevant during the ion irradiation and thermal annealing of
astrophysical ice analogues, wherein molecules may respectively sputter or desorb from the
bulk ice. The QMS presently attached to the chamber is able to detect sputtered or desorbed
molecules with a molecular mass of up to 200 amu at a mass resolution of 1 amu, and is able
to function efficiently at chamber pressures of up to about 5x10~° mbar.

Table 4.3: List of commonly used infrared transparent materials and their transmission ranges and refractive
indices. Table adapted from Schrader (1995).

Optical Material Trans,(Ttl)is:r)nn&I?ange Refractive Index | Comments

SiO; (quartz) 8.33-0.22 1.6 Sensitive to HF

SiO; (fused silica) 8.33-0.22 1.5 -

Si (silicon) 0.83-0.07 35 Limit on purity

Al,O3 (sapphire) 7.14-0.15 1.7 Good strength

MgF- 9.09-0.13 1.4 -

CaF 7.69-0.08 1.4 Sensitive to NH4* salts
ZnSe 2.22-0.05 2.4 Insoluble in most solvents
ZnS 1.00-0.07 2.2 Insoluble in most solvents
LiF 8.33-0.11 1.3 Sensitive to acids

NaCl 4.76-0.04 1.5 Soluble in H,0 and alcohols
KBr 4.00-0.02 1.5 Soluble in H,0 and alcohols
Csl 4.00-0.01 1.8 Soluble in H,0O

Se (amorphous selenium) 0.60-0.04 2.2 Soft

Ge 0.55-0.04 4.1 -

C (diamond) 4.00-0.01 2.4 Good strength
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Fig. 4.5: Percentage transmittance of ZnSe substrates of different thicknesses across infrared wavelengths
between 2.5-25 um (4000-400 cm™). Data courtesy of Crystran.

4.2.3 Ion Irradiation of Ices: The Atomki Tandetron Accelerator

One of the major advantages of the ICA apparatus is its status as a permanent end-station on
one of the beamlines at the Atomki Tandetron Laboratory (Rajta et al. 2018, Biri et al. 2021),
which therefore allows the regular performance of mid- to high energy ion irradiations of
astrophysical ice analogues. Although the use of particle accelerators in astrochemical
research goes back over 40 years (Brown et al. 1978), their use is still somewhat of a rarity
due to the high costs associated with their construction and maintenance (Strazzulla and
Brunetto 2017). Nonetheless, ion irradiation experiments are an important aspect of
laboratory astrochemistry as they are able to simulate various radiation chemical processes
occurring within interstellar and Solar System ices.

The Atomki Tandetron accelerator is equipped with two multi-cusp ion sources for
proton and helium ion beams and a caesium sputtering ion source for ion beams of heavier
elements. The terminal voltage of the accelerator can be set in the range 0.085-2 MV and
has a typical stability of 200 V hr 2. Testing has revealed, for instance, that a terminal voltage
of 1 MV was found to vary within just 50 V over a time range in excess of five hours, with
a ripple of 15 V. As such, the Tandetron accelerator is capable of delivering very stable ion
beams to the ICA chamber. For proton beams, the available energy range is 0.2-4 MeV,
while for heavier ion beams, this energy range is determined by the available terminal
voltage range, the relation between which is given as:

Evpeam = q[Vext + Vterm(k + 1)]
(Eq. 4.13)
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where g is the fundamental electric charge, Vex: is the ion beam extraction voltage, Vierm IS
the terminal voltage (which, as previously mentioned, may be set between 0.085 and 2 MV),
and k is the positive integer charge of the projectile ion. Thus, for example, a He* ion beam
for which the extraction voltage is 20 kV has an available energy range of between 190 keV
and 4.02 MeV.

Aside from providing stable ion beams, the accelerator is also able to provide fairly
high beam currents of at least 200 1A in the case of protons and at least a few pA for heavier
ion projectiles. Although such currents are available, the ion beam currents actually used for
ice irradiation experiments typically do not exceed a few hundred nA, as higher current
densities may induce unwanted heating of the deposition substrate and the ices. It is useful,
therefore, to estimate an upper bound for the heating effect induced by ion irradiation and,
for this purpose, the irradiation of an ice at 20 K by a 1 MeV ion beam having a beam current
of 1 pA is considered. Such an ion beam has a power dissipation of 1 W. If the heat
conductance of a ZnSe deposition substrate G can be approximated by that of a ZnSe rod
(Fig. 4.6) having a cross-sectional area ¢ = 0.64 cm? and a length b = 0.8 cm (corresponding
to the maximum heat transfer pathlength through the substrate), then it would be given as:

_ KO
" b
(Eq. 4.14)
Homogeneous Ion Beam
@12.5
Maximum
Heat Transfer
Pathlength
Good Heat Contact Good Heat C.ontact

Fig. 4.6: The heat conductance of a ZnSe substrate disc can be approximated by that of a ZnSe rod of cross-
sectional area o = (1.5% — 1.2%) x (z + 4) = 0.64 cm2. The maximum heat transfer pathlength is indicated in the
diagram, and represents the approximate maximum distance from the centre of the front side of the substrate
to the furthest point of good heat contact with the copper sample holder (about 0.8 cm).
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where « is the thermal conductivity of ZnSe at 20 K, which is known to be 6 W Kt cm™
(Bijalwan et al. 1983). The heat conductance is thus simply calculated to be 4.8 W K1, The
maximum temperature increase experienced by the substrate and deposited ice as a result of
their irradiation by an ion beam is therefore given as the ratio of the power dissipation of the
beam to the heat conductance. As such, for a 1 MeV ion beam with a current of 1 pA, this
corresponds to only 0.21 K. However, as previously stated, the beam currents typically used
for an ion irradiation experiment do not exceed a few hundred nA, and so the maximum
power dissipation of the beam is on the order of 100 mW. Hence, maximum heating induced
by irradiation practically always corresponds to a temperature increase of less than 0.1 K.

A stable and homogeneous current density at the surface of the deposited astrophysical
ice analogue is required to accurately monitor any induced structural or chemical changes in
the ice via infrared spectroscopy (Fig. 4.7). For this reason, an ion beam scanner consisting
of x- and y-deflector pairs as well as high-voltage ramp generators with minimum
frequencies of 25 and 600 Hz in the x- and y-directions, respectively, are applied along the
ion beam pathway so as to provide homogeneous irradiation of the ice target. The resultant
nominal scanned area is around 25 x 25 mm. The beam is then passed through a circular
collimator of diameter 14 mm, and the emergent circularly shaped ion beam can then be
viewed on a quartz probe using a high-definition camera.

During irradiation, the beam current is continuously monitored using a Faraday cup
(labelled Imon in Fig. 4.7) placed in the path of the incident ion beam having a second
collimator at its base through which the ion beam may be channelled towards the deposited
ice. This second collimator reduces the diameter of the ion beam to 12.5 mm. The true
deposited current is measured by means of a movable reference Faraday cup (labelled lyef in
Fig. 4.7). The homogeneity of the ion beam may be frequently checked during irradiation by
rotating the sample holder so that it is orthogonal to the beam pathway and using a 9.6 mm
diameter collimator mounted on the sample holder (labelled C; in Fig. 4.7) as shown in Fig.
4.2, together with a final Faraday cup (labelled Fs in Fig. 4.7). Geometrical constraints
require the current measured by this latter Faraday cup to be approximately half that
measured by the movable reference Faraday cup for all homogeneous ion beams.

The extent of the irradiation of an astrophysical ice analogue is quantified by means
of the beam flux & and the charged particle fluence ¢. Using the series of Faraday cups
available along the ion beam pathway (Fig. 4.7), it is possible to measure the total Coulombic
charge Q deposited on the sample during a given irradiation step of duration t. Knowing this
value, it is relatively straightforward to calculate the ion fluence:

Q
Pion = j(pion dt = a_kq

(Eg. 4.15)

where « is the irradiated area (which, in the case of the ICA, corresponds to 1.13 cm?), k is
the positive integer charge of the projectile, and g is the fundamental electric charge. An
alternative method of quantifying the extent of irradiation (which will not be used frequently
throughout this thesis) is the absorbed radiation dose ¢, which is given as:

_ o5
p

)
(Eq. 4.16)
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where Ps is the stopping power of the charged projectile and p is the density of the target
astrophysical ice analogue. Although usually expressed in units of Gy, the dose absorbed by
an irradiated material may also sometimes be expressed in units of eV per small molecule
(e.g., eV per 16 amu).

F2 (movable)

] ref

Fig. 4.7: Schematic diagram of the controlled ion beam irradiation system (not to scale). Once the beam passes
through deflector pairs DPy and DPy, the collimator C; defines a circularly shaped beam having a diameter of
14 mm which may be then viewed on the quartz probe Q. The beam current (Imon) is measured by Faraday cup
F1 with a second collimator reducing the beam diameter to 12.5 mm. The movable reference Faraday cup F»
allows for the ion beam current (lr) to be measured just before it impacts the sample holder and substrates S.
The beam homogeneity can be confirmed using the collimator C, and a final Faraday cup Fs.

4.2.4 Electron Irradiation of Ices: The Miskolci Egyetem Electron Gun

The ICA is equipped with an electron gun (Kimball ELG-2A) which is directly attached to
one of the DN-40 CF flanges on its side wall. The arrangement of the experimental set-up is
such that the sample holder and deposition substrates may be maintained orthogonal to the
pathway of the infrared spectroscopic beam, while both ion and electron irradiations may be
performed with incident projectiles impacting the deposited astrophysical ice analogues at
angles of +36° to the normal (Fig. 4.1). In principle, the gun is able to emit electrons with
Kinetic energies ranging between 5 eV and 2 keV; however, since the ICA is not designed to
reduce the influence of any external magnetic field within the chamber to zero, in practice
only electrons with energies of 1-2 keV may be used reliably. The inclusion of the electron
gun in the ICA is the result of a successful long-term collaboration with its proprietors at the
University of Miskolc, who have kindly agreed for the gun to be incorporated into the set-
up on a long-term basis.

In order to quantitatively assess the radiation chemistry of a deposited ice subjected to
an incident energetic electron beam, it is necessary to have knowledge of both the current
density distribution at the surface of the ice as well as the electron beam flux. In the case of
ion beams delivered by the Tandetron accelerator, this information is gleaned through the
use of a series of collimators and Faraday cups along the pathway of the beam (Fig. 4.7). To
characterise the profile homogeneity of the electron beam, the 9.6 mm diameter collimator
mounted onto the sample holder is used in tandem with a Faraday cup which is attached to
the multi-purpose DN-40 CF port directly opposite to the position of the electron gun (Fig.
4.1). The sample holder is first rotated to directly face the electron beam pathway, after
which the electron beam is transmitted through the collimator and the current is measured
by the Faraday cup as a function of the vertical position of the collimator Y as it is displaced
from its nominal position in fine steps. The zero value for the x, y, and Y coordinates at the
surface of a deposited ice is defined by the passage of the axis of the electron beam through
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the plane of its surface. The experimentally measured current values Imeasured (Y) may then
be compared to model calculations:

g = || dxdyicuy -1

x2+y2<R?
(Eq. 4.17)

where Rc is the radius of the collimator (4.8 mm) and i (x, y) is the hypothetical current
density in the plane of the deposited ice surface.

A unique solution for the model function current density i (X, y) does not exist when
compared to the measured values and so, in the strictest sense, this cannot be considered a
fit. However, given reasonable and few-parameter i (x, y) functions, an approximation of the
shape and uniformity of the electron beam may be obtained. An example of this for a 2 keV
electron beam is shown in Fig. 4.8, which demonstrates that the measured current intensity
data match the current density function for a modelled homogeneous and cylindrical beam
of diameter 8.4 mm very well.
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Fig. 4.8: Plots of the measured (dots) and modelled (line) electron currents | (Y) as a function of collimator
displacement from its nominal position along the vertical axis of the chamber relative to the maximum beam
current Imax (Y) measured at zero displacement. The modelled beam depicted in this plot is a homogeneous and
cylindrical one with a diameter of 8.4 mm.

It should be noted, however, that Fig. 4.8 represents a rather special electron beam
focusing condition which cannot be performed in all cases. Sharp focusing to a beam
diameter of <3 mm, however, is possible at all beam energies and so, in general, a uniform
electron beam density is ensured by sweeping the focused electron beam in the x and y
directions using sawtooth-shaped voltages applied to the deflection electrodes of the electron
gun. In such cases, the uniformity of the beam current density may also be determined from
the measured profile by using Eq. 4.17 and a straightforward algorithm. Electron beam
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sweeping is the preferred option if beam homogeneity is important. Conversely, if an
accurate value of the beam flux is required, then a beam spot diameter of <9.6 mm (as
depicted in Fig. 4.8) is the optimum choice.

The characterisation of the electron beam profile allows for the beam spot area «
incident on the target astrophysical ice analogue during irradiation to be defined. This value,
along with the maximum beam current Imax (Y) that is measured at a collimator displacement
of Y = 0 and the fundamental electric charge g, may be used to quantify the electron beam
flux:

I;max(Y)
aq

d =

(Eg. 4.18)

In order to ensure that a constant flux is used throughout an electron irradiation experiment,
the beam current is measured on the Faraday cup opposite to the electron gun prior to each
irradiation and is compared to the current emitted by the filament, which is displayed on the
digital power supply. This displayed current is then continuously monitored throughout the
irradiation process. Test runs have repeatedly demonstrated that the beam currents emitted
by the filament and measured by the Faraday cup are stable, with the ratio between the two
varying by less than 1% over a time range of five hours.

4.3 Typical Experimental Procedures

As has been explained in detail throughout the previous sub-section, the ICA has been
designed to facilitate the ion irradiation, electron irradiation, and thermal annealing of
deposited astrophysical ice analogues so as to simulate the chemical and structural changes
that solid ices may undergo in interstellar and Solar System environments. In this sub-
section, summaries of validation experiments performed after the initial commissioning of
the set-up are provided. In particular, the ion and electron irradiations of amorphous CH30OH
ice at 20 K, as well as the thermally induced cryogenic chemistry occurring between H>0
and SO ices, are described. These processes have been described at length in the literature,
and so represent ideal experiments for the practical validation of the ICA apparatus.

4.3.1 Ion Irradiation of Pure Amorphous Methanol Ice

The ion irradiation of frozen CH3OH has been previously studied in some detail (Moore et
al. 1996, Palumbo et al. 1999, Brunetto et al. 2006, de Barros et al. 2011a), and has revealed
that CH3zOH is efficiently radiolysed to yield a plethora of new molecular products; the most
abundant being CO, CO2, H>CO, and CHa4. To reproduce these results, pure amorphous
CH3OH ices having a thickness of about 2 um were prepared in the ICA via the background
deposition of the vapour at 20 K. Once deposited, a pre-irradiation mid-infrared spectrum of
the ice was acquired (1 cm™ resolution; 128 scans), following which it was exposed to an
ion beam. In total, five irradiation experiments were performed using different ion beams:
four proton beams with energies of 200 keV, 400 keV, 750 keV, and 1 MeV, as well as a 6
MeV S?* ion beam. Additional spectra were acquired at regular intervals during the
irradiation process so as to monitor any radiation-induced changes within the ice.
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Considering first the proton irradiated CH3OH ices: the exposure of the ices to the ion
beams resulted in a gradual decrease in the peak areas of the CH3OH infrared absorption
bands along with the appearance and progressive growth of several new absorption features
caused by the formation of new molecules (Fig. 4.9). In total, six new molecules including
the closed-shell species CO, CO2, H.CO, and CH4 along with the radical species HCO and
CH2OH were detected in the acquired infrared spectra, thus agreeing well with previously
published data (Moore et al. 1996, Palumbo et al. 1999, Brunetto et al. 2006, de Barros et
al. 2011a). Comprehensive work by Bennett et al. (2007) and Schmidt et al. (2021) has
revealed much of the mechanistic chemistry leading the formation of these products. Initial
fragmentation of the CH3OH molecule is thought to proceed either via the loss of hydrogen
to yield CHsO or CH.OH radicals or alternatively via the loss of oxygen to directly yield
CHs. The formation of CH4 may also occur via hydrogen abstraction by CHs; another
radiolytic fragment of CH3OH. The subsequent loss of hydrogen from CH3O or CH.OH
yields H.CO, which may then undergo an additional dehydrogenation step to yield HCO.

The remaining products, CO and CO., are second-generation products since their
formation is dependent upon the consumption of stable molecular species produced by the
fragmentation of CH3OH. The formation of CO may take place as a result of the loss of
hydrogen from either H.CO or HCO, with the former process being favoured (Bennett et al.
2007, Schmidt et al. 2021), whereas CO> is most efficiently formed as a result of the reaction
between CO and OH which proceeds via a HO-CO intermediate complex (Goumans et al.
2008, loppolo et al. 2011).
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Fig. 4.9: Mid-infrared absorption spectra of an amorphous CH3OH ice irradiated by a 1 MeV proton beam at
20 K. Note that spectra have been vertically offset for clarity.
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Fig. 4.10: Top panels: Evolution of the CH3sOH column density as measured from the absorption band at 1027
cm* assuming a band strength constant of 1.61x10-" cm molecule™ (Luna et al. 2018) with increasing proton
(left) and S?* (right) ion beam dose. Bottom panels: Evolution of the CH4 column density as measured from
the absorption band at 1300 cm assuming a band strength constant of 8x10-28 cm molecule (Mejia et al.
2013) with increasing proton (left) and S?* (right) ion beam dose. Note that all column densities are reported
relative to the initial column density of CH3OH that was deposited. The horizontal bars in the upper panels
indicate the lower bound value of CH3OH deposited on the rear side of the ZnSe substrates.

An interesting result of the proton irradiation of CH3OH ice is the observation that the
decay of the column densities of the parent molecule as a function of the absorbed dose was
well replicated across all proton energies (Fig. 4.10). This is likely due to the fact that the
penetration depths of all the incident protons considered here lie in the range 3-32 um?®!, and
so exceed the thickness of the CH3OH ice in all cases. As such, it is likely that energy loss
from the incident charged particle was still within the linear regime and that different results
may be expected from experiments using either lower proton energies or significantly thicker
ices. The evolution of the column density of CH4 as a function of dose was also analysed.
The reason for selecting this molecule is the fact that it possesses the most well-defined
absorption band of all first-generation products in the acquired infrared spectra (Fig. 4.10).
The analysis demonstrated that the radiolytic formation of CH4 peaks after a dose of 30 eV
per 16 amu is supplied in all irradiation experiments irrespective of proton energy, likely due
to the linear energy loss of the projectile particles. Beyond this dose, the CH4 column density
declined as it was consumed in the formation of second-generation products.

The radiolysis of CH3OH ice induced by 6 MeV S?* ions was found to be qualitatively
similar to that induced by the proton beams, in that all product species recorded after
irradiation using the latter were also documented after irradiation using the former. One
notable difference between the proton irradiations and the S?* ion irradiation was the fact
that the decay of the CH3OH ice column density was noted to be significantly more rapid in

31 Details on the computational software used to compute the penetration depths of incident ions and electrons
are given later in this chapter.
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the case of the latter. Similarly, the radiolytic formation of CH4 peaks at a considerably lower
radiation dose before beginning to decay. It is difficult to pinpoint a single reason for this
observation as there exist a number of possible contributing factors. One possibility, for
instance, is that although the implantation of the incident 6 MeV S?* ions is negligible, the
stopping power may not be within the linear regime and thus leads to a more rapid depletion
of CH3OH and, consequentially, a more rapid build-up and subsequent consumption of CHa.
Alternatively, it is possible that since a sulphur ion is significantly more massive than a
proton, the sputtering yield occurring during S?* ion irradiation was greater than that
occurring during proton irradiation. Such sputtering would cause the ejection of CH3OH and
product molecules from the bulk ice and, therefore, lead to a comparatively quicker decay
of these species. Indeed, QMS signals ascribed to CHzOH and several closed-shell molecular
products (including CHa) were detected during the 6 MeV S?* ion irradiation, indicating that
ice sputtering occurred to at least some extent.

4.3.2 Electron Irradiation of Pure Amorphous Methanol Ice

The radiation chemistry of pure CH3OH ice initiated by high energy electrons has also been
studied extensively (Bennett et al. 2007, Jheeta et al. 2013, Sullivan et al. 2016, Schmidt et
al. 2021), and is qualitatively similar to that induced by ion irradiation. In this sub-section,
the results of the electron irradiation of condensed CHsOH using the ICA apparatus are
described. A CH30H ice of thickness 1 um was prepared via the background deposition of
the vapour at 20 K. Once deposited, a pre-irradiation mid-infrared spectrum of the ice was
collected (1 cm? resolution; 128 scans), after which it was exposed to a 2 keV electron beam
of flux @ = 4.2x10% electrons cm s7* for 30 minutes (corresponding to a total delivered
fluence of ¢ = 7.6x10'7 electrons cm~?), with additional mid-infrared spectra being collected
at several intervals.

The electron irradiation of the CH3OH ice resulted in decreases in the peak areas of its
characteristic absorption bands, as well as the appearance of new absorption features due to
the formation of new molecules (Fig. 4.11). Overall, all the closed-shell molecular products
observed after ion irradiation of amorphous CH3zOH (i.e., CO, CO2, H2CO, and CHa4) were
also formed after electron irradiation. The mechanistic routes towards the formation of these
molecules are anticipated to be similar to those described for their formation via the ion
irradiation of CH30H since, as explained previously, this radiation chemistry is largely
mediated by the emission of a cascade of low energy (<20 eV), non-thermal secondary
electrons (Mason et al. 2014, Boyer et al. 2016).

The penetration depths of the projectile electrons used for irradiation experiments with
the ICA are typically on the order of a few tens to a few hundreds of nm, depending upon
the Kkinetic energy of the electrons and the density of the target ice. Such penetration depths
are small, and thus electrons are efficiently implanted into all but the thinnest of ices. During
the analysis of data acquired from electron irradiation experiments, it is preferable to correct
for that volume of the target ice beyond the penetration depth of the incident electrons which
experiences no radiation chemistry but is still spectroscopically observable. The density of
amorphous CH3OH prepared at 20 K is 0.636 g cm~ (Luna et al. 2018), and the maximum
penetration depth of an incident 2 keV electron is approximately 220 nm. Given that the total
thickness of the ice deposited in this experiment was about 1 pm, it is necessary to correct
for the unirradiated volume of the ice, which accounts for over three-quarters of the total ice
volume.
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Fig. 4.11: Mid-infrared spectral evolution of a 1 ym CH3OH ice at different time intervals during electron
irradiation by a 2 keV beam having a flux @ = 4.2x10% electrons cm=2 s*. The absorption bands attributed to
CO, CO,, H2CO, and CH4 have been indicated by arrows. Note that spectra have been vertically offset for
clarity.

Throughout this thesis, a parent molecular column density correction factor will often
be used when discussing the results obtained from electron irradiation experiments. The use
of this correction factor thus excludes as much as possible the diluting influence of that
volume of the ice which does not partake in radiation chemistry but is still observed in the
acquired mid-infrared spectra. The corrected normalised column density Nc is given as:

Ny — N
N.=—-L
1-N,

(Eq. 4.19)

where Ny is the measured column density normalised to that which was initially deposited
and Np refers to the plateau or asymptotic value that the normalised molecular column
density of the parent species reaches after prolonged irradiation as a result of its rates of
radiation-induced destruction and formation being equal (i.e., the so-called ‘steady state’).
If an electron irradiation is not performed for long enough for the steady state to be achieved,
then an approximation for N, may be found by fitting an exponential decay function to a plot
of normalised parent ice molecular column density against fluence and subsequently
calculating the normalised column density at an appropriately high fluence value (e.g., 10%°
electrons cm2) using this fitted function.
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4.3.3 Thermal Reactions between Water and Sulphur Dioxide Ices

Thermal chemistry at cryogenic temperatures represents an important aspect of interstellar
and Solar System astrochemistry, and may lead to the formation of complex molecules of
potential relevance to biology (Theulé et al. 2013). The temperatures of astrophysical ice
analogues and the ZnSe deposition substrate discs onto which they were prepared may be
controlled in the range of 20-300 K, and thus the ICA set-up may be conveniently exploited
to probe thermal chemistry in these ices. To validate such studies, an experiment aiming to
characterise the thermal chemistry in a mixed H20:SO- ice was performed. Although this
chemistry has been well explored by previous studies (Moore et al. 2007, Kanuchova et al.
2017), the experiment presented here made use of a hitherto unconsidered ice mixture
stoichiometry.

A mixed H20:S0; ice of compositional stoichiometry 3:5 and thickness 3 um was
prepared on a ZnSe substrate via background co-deposition of H.O vapour and SO gas at
20 K. Once deposited, a pre-annealing mid-infrared spectrum was acquired (1 cm™
resolution; 128 scans), following which the ice was thermally annealed to 160 K at a rate of
2 K min~t. Additional mid-infrared absorption spectra were collected at 20 K intervals.
Results demonstrated that, as the ice mixture was warmed, new absorption features appeared
at around 1040 cm™ and 956 cm™ (Fig. 4.12) which are ascribed to the formation of HSO3
and S20s2", respectively (Pichler et al. 1997, Zhang and Ewing 2002). The mechanistic steps
leading to the formation of these products (which were already provided in Chapter 1) are
given as:
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Fig. 4.12: Mid-infrared spectral evolution of a thermally annealed H,0:SO, (3:5) mixed ice. As the ice is
warmed, thermal reactions between H,0O and SO are promoted leading to the formation of HSO3~ and S,0s%,
whose infrared absorption bands are more clearly visible in the inset. At 160 K, all sulphur-bearing molecules
seem to have sublimated from the bulk ice. The thermally induced restructuring of the H.O ice from an
amorphous solid at 20 K to a hexagonal crystalline phase at 160 K is also evident in these spectra. Note that
increases in the absorbance values at low wavenumbers (<1000 cm2) in the 160 K spectrum are due to changes
in the high temperature background profile that are not taken into account by the background spectrum that
was used which was measured at 20 K.
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H20 + SO2 — H* + HSO3™

(Eq. 4.20)
2 HSO3™ — S,05* + H,0

(Eq. 4.21)

The absorption band due to HSO3™ was first observed at 40 K, and continued to grow
in size with increasing temperature, representing an increase in the overall abundance of this
species within the bulk ice. The first traces of the S,0s% band were observed later at 80 K:
this is logical, as the formation of this species requires the accumulation of HSO3™ as a first
step, as per Egs. 4.20 and 4.21. Further increases in the temperature of the ice result in the
growth of the absorption bands for both these product molecules up until a temperature of
120 K in the case of HSO3™ and 140 K in the case of S,0s%. At higher temperatures, the
absorption band peak areas for these molecules begin to decrease due to their sublimation.
By the time a temperature of 160 K was reached, no spectroscopic evidence could be
detected for the presence of SOz, HSOs", or S;0s2~ in the bulk ice (Fig. 4.12).

4.4 Limitations of the Experimental Set-Up

Although the ICA set-up is certainly a versatile one that may be utilised to gain a deeper
understanding of the radiation and thermal chemistry of interstellar and Solar System ices,
as with all such astrochemical simulation systems, it does have its limitations. A summary
of these limitations now follows:

(i)  Simulating Astrophysical Time-Scales

There exists no method by which the time-scales over which astrochemical reactions
and processes occur may be simulated in the laboratory. Such processes may take place
over 10*-10° years, whereas typical laboratory experiments are performed over a
period of a few hours. It is typically assumed the outcome of much of the chemistry is
independent of the time-scale over which it takes place, and that the morphologies of
ices prepared in the laboratory are similar to those grown in actual astrophysical
environments over geological or astronomical time-scales. However, the validity of
such assumptions is unknown.

(i)  Simulating Astrophysical Pressures
The base pressure of the ICA is on the order of a few 10~ mbar, which could be as
much as a factor of 107 greater than those pressures actually encountered in the ISM.
Although some other experimental astrochemistry facilities are able to offer better base
pressures of 1071° or 10~ mbar (Table 4.1), no facility has yet adequately reproduced
interstellar pressure levels in the laboratory.

(iti) Simulating Interstellar Dust Grain Surfaces
Although the ICA seeks to replicate the chemistry occurring on the surfaces of
interstellar dust grains (as well as outer Solar System bodies), the laboratory surface
analogue is quite poor. Although flat and polished ZnSe discs of the type used in the
ICA as deposition substrates are convenient from a spectroscopic perspective, they do
not mimic well the composition or morphology of interstellar dust grains, which are
thought to be carbonaceous or silicate-based and are highly irregularly shaped (van
Dishoeck 2014, Millar 2015). Moreover, interstellar dust grains are (sub)micron sized,
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and are thus likely to present significantly smaller cross-sections for ice condensation
than are the ZnSe substrate discs used in the ICA, despite the more irregular
morphology of the former. It should be noted that there have been recent attempts at
circumventing this problem by levitating small dust particle analogues in an ultrasonic
trap (Mason et al. 2008, Brotton and Kaiser 2013, Dangi and Dickerson 2021),
although more development of this technique is required.

(iv) Incomplete Knowledge on the Composition of Astrophysical Ices

The paucity of securely identified interstellar molecules in the ice phase (as compared
with the large number of known gas-phase species) has already been discussed in the
context of the relevant observational constraints (Table 2.3). This lack of information
on the chemical diversity of interstellar ices makes it difficult to gauge the applicability
of experiments conducted using laboratory set-ups. For instance, experiments looking
into the processing of an icy mixture of complex molecules may demonstrate that
significant chemistry of interest to the emergence of life or to the formation of
planetary systems is possible under interstellar conditions; however, if such a mixture
does not actually exist in the ISM, then this chemistry is not applicable to such an
environment. Similar arguments may be made with regards to the chemistry of outer
Solar System objects, although the compositions of such bodies are typically better
defined.

(v) Temperature-Programmed Desorption Studies

The ICA set-up is not designed to perform quantitative temperature-programmed
desorption (TPD) studies, primarily due to the background deposition technique used
to prepare astrophysical ice analogues since this technique results in the condensation
of volatile gases and vapours on any cold surface within the chamber. However, TPD
experiments of irradiated ices may still be performed if certain precautions are taken.
In particular, only one ZnSe deposition substrate should be mounted onto the sample
holder and exposed to the ion or electron beam, thus excluding the simultaneous
desorption of product species from multiple sources during the TPD. In this scenario,
kinetic infrared spectroscopic monitoring of the single substrate during TPD may yield
reliable quantitative information regarding the composition of the ice, whilst
qualitative measurements of the gas-phase using the QMS may be made alongside
control experiments to account for the sublimation of non-irradiated icy material from
other cold surfaces within the chamber.

4.5 Software

Although the work described in this thesis is experimental in its nature, it has been assisted
through the use of various software packages. In this sub-section, a brief description of two
of these packages that were used to calculate the stopping power and penetration depths of
projectile charged particles in target astrophysical ices is provided. The first of these freely
available software packages is the Stopping and Range of lons in Matter (SRIM)
programme®? (Ziegler et al. 2010) which was used in ion irradiation experiments, while the
second is the Monte Carlo Simulation of Electron Trajectory in Solids (CASINO)
programme?3 (Drouin et al. 2007) which was used in electron irradiation experiments.

32 The SRIM programme may be downloaded online: http://www.srim.org/
33 The CASINO programme may be downloaded online: https://www.gegi.usherbrooke.ca/casino/index.html
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4.5.1 The SRIM Programme

The SRIM programme is primarily used to determine the stopping power and penetration
depth of ions after their collision with a given target material. The programme utilises a
quantum mechanical treatment of ion-atom collisions, which is subsequently extended to
molecular targets via the Koln Core and Bond Model. This model determines the stopping
power of projectiles in molecular targets by superimposing the relevant nuclear and electron
stopping interactions. Once the programme has been initialised, a target compound may be
defined by specifying the nature of the atoms present in the desired molecular target and
their relative stoichiometries, as well as the density of the target (Fig. 4.13). The
characteristics of the ion beam used must then be defined, including the nature of the ion, its
energy, the angle at which it makes contact with the target, and the total number of projectile
ions simulated. The programme can then run a simulation that yields the stopping power and
penetration depth of the projectile ions.
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Fig. 4.13: Graphical user interface of the SRIM programme (specifically, the Transmission and Range of lons
in Matter or TRIM sub-package). This image depicts the parameter input set-up for a 1 MeV He* ion beam
impacting a H,O target ice of density 0.94 g cm~3 and thickness 1 pum at 36° to the normal. Note that a default
of 99,999 ions is considered by the simulation, although this may be reduced if necessary.

4.5.2 The CASINO Programme

The CASINO programme makes use of Monte Carlo simulations to calculate the trajectories
of electrons through a given target material. This is calculated by considering only elastic
collisions between the incident electrons and the atomic nuclei in the target material based
on the total cross-section for each chemical element in a given region, with the atom
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responsible for electron deviation in regions characterised by multiple elements being
determined using the total cross-section ratio. Electron energy loss events are thus grouped
into a continuous energy loss function. The calculations are repeated until the deviated
incident projectile electron has an energy <50 eV. Once the programme has been initialised,
a molecular target material may be defined by stipulating the nature of the atoms present,
their relative stoichiometries, and the density of the target (Fig. 4.14). The characteristics of
the electron beam used must then be inputted, such as its energy, the angle with which it
makes contact with the target material, and the number of electrons to be simulated. A
simulation is then run to yield the total penetration depth and energy dissipation of the
projectile electrons.
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Fig. 4.14: Graphical user interface of the CASINO programme. Left: The characteristics of a molecular target
(in this case, H,0) must first be defined. Right: Subsequently, the physical parameters of the electron beam are
then inputted. In this case, a 2 keV beam impacting the target material at an angle of 36° to the normal has been
defined. Note that a default of 1000 electrons is considered by the simulation, although this may be altered if
necessary.

4.6 Summary

This chapter provides a detailed technical description of the laboratory apparatus and
experimental methodologies used for the work described in this thesis. It begins with a brief
overview of the use of high-vacuum and ultrahigh-vacuum chambers in the study of the
chemical processing of astrophysical ice analogues, before delving into a deeper discussion
of the ICA facility. The configuration of the set-up and the instruments used for in situ
analysis are described in some detail, as is the method of preparing astrophysical ice
analogues onto ZnSe deposition substrates via the background deposition of dosed gases or
vapours or the effusive evaporation of refractory solids. The chapter also includes a
comprehensive description of the Atomki Tandetron particle accelerator and the Miskolci
Egyetem electron gun used to provide stable and homogeneous ion and electron beams,
respectively. The results of experiments performed to calibrate and validate the ICA are also
presented in this chapter, namely: (i) the ion and (ii) electron irradiations of pure amorphous
CH3OH ice at 20 K, and (iii) the thermally induced chemistry between H>O and SO ices at
cryogenic temperatures. The chapter concludes with brief discussions of the limitations of
the ICA apparatus as well as the computational software packages used to support the
experimental work.
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5 SYSTEMATIC MID-INFRARED SPECTROSCOPIC STUDY
OF H,S AND SO, ASTROPHYSICAL ICE ANALOGUES

This chapter presents the results of a thorough and systematic investigation looking to characterise
the mid-infrared spectra of pure H,S and SO, astrophysical ice analogues deposited at various
temperatures and thermally annealed to sublimation. A similar characterisation of the mid-infrared
spectra of H,S:H»O and SO.:H,O mixed ices has also been performed. The acquisition of resolved
and well characterised mid-infrared spectra is critical to confirming the detections of molecular
species in interstellar icy grain mantles, and also plays an important role in detections made within
the Solar System. The chapter concludes by discussing possible uses for the data collected in light of
the recently launched James Webb Space Telescope, as well as forthcoming interplanetary missions
such as the Europa Clipper and the Jupiter Icy Moons Explorer.

Note: The majority of the work described in this chapter has been published in peer-reviewed journals or
periodicals as: [1] Mifsud et al. (2023), Astrophys. Space Sci. to be submitted; [2] Mifsud et al. (2023),
Astrophys. Space Sci. to be submitted.

5.1 Contextual Introduction

The use of molecular spectroscopy as a key tool for the identification of molecules in extra-
terrestrial environments was discussed in Chapter 2. Rotational emission spectra have been
a highly effective tool for the determination of the chemical composition of the gas phase of
the ISM (Fortenberry 2017, McGuire 2022); however, in the condensed phase rotational
motion is restricted and thus infrared absorption spectroscopy using stellar objects along the
line of sight of observation as the infrared source must be used instead (Fig. 2.9). This
technique has allowed for the identification of about 15 individual molecules within the
dense ISM (Boogert et al. 2015; Table 2.3).

The recent launch of the James Webb Space Telescope on Christmas Day 2021 will
provide an unprecedented opportunity to probe the chemical composition of interstellar icy
grain mantles, as well as icy bodies in the outer Solar System, with extremely sensitive mid-
infrared spectroscopic measurements (Kalirai 2018). In combination with measurements
made by other telescopes working in this spectral range, such as the Spitzer Space Telescope
and the Infrared Space Observatory, it is anticipated that much will be revealed with regards
to astrochemical processes occurring in the solid phase within dense interstellar clouds,
circumstellar discs, icy moons, and comets. However, in order to correctly interpret
spectroscopic data acquired by such telescopes, it is necessary to have laboratory generated
spectra with which to compare against.

In this chapter, a thorough and systematic mid-infrared spectroscopic characterisation
of pure H>S and SO: ices deposited at various cryogenic temperatures and thermally
annealed to sublimation is provided. Additionally, mid-infrared spectra of their mixtures
with H20 ice deposited at 20 K and thermally annealed to total sublimation of the ice are
presented. The need for more spectroscopic data on sulphur-bearing astrophysical ice
analogues was highlighted in Chapter 1, and is reflective of a comparatively incomplete
understanding of sulphur ice astrochemistry. As was mentioned in that chapter, there exists
an as yet unexplained apparent depletion of sulphur (compared to its expected cosmic
abundance) in the dense ISM (Tieftrunk et al. 1994, Ruffle et al. 1999).
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At present, the only sulphur-bearing molecules to have been detected in interstellar icy
grain mantles are SO, and OCS (Boogert et al. 1997, Palumbo et al. 1997), and measured
column densities suggest that their combined contribution to the sulphur budget of dense
interstellar regions could be less than 10% (van der Tak et al. 2003). Furthermore, the
detection of these molecules in interstellar icy grain mantles is still considered to be fairly
tentative due to a lack of multiple matching infrared bands between observational and
laboratory data (Boogert et al. 2015). The lack of a convincing detection of condensed H»S
in dense interstellar clouds is also somewhat surprising, particularly in light of the apparent
ease by which atoms may be hydrogenated on the surface of dust grains (Linnartz et al.
2015), as well as the fact that it has been recognised to be among the most abundant sulphur-
bearing species in the icy nuclei of comets (Rubin et al. 2020).

More thoroughly characterised infrared spectra may also be of use in further
understanding sulphur ice astrochemistry within the Solar System. For example, Hendrix et
al. (2016) suggested that the observed ultraviolet-visible reflectance spectra of the dwarf
planet Ceres between 320-400 nm could be approximated fairly well by laboratory spectra
of phyllosilicate minerals (such as montmorillonite) intermixed with solid SOz and Sx. Such
an interpretation carries intriguing implications for the Cererian surface and near-subsurface,
as it is suggestive of sustained geothermal activity leading to the active outgassing of
sulphurous species. Such an interpretation has, however, been met with some resistance.
Firstly, none of the infrared bands attributable to SO> was detected by the Visible and
Infrared (VIR) spectrometer aboard the Dawn mission (Stephan et al. 2018). Although such
a non-detection is not supportive of the idea of widespread SO ices across the surface of
Ceres, it does not necessarily exclude its presence since these bands could be obscured by
dark surface material or could be blended with spectral features assigned to carbonate
minerals (De Sanctis et al. 2016). However, a further challenge exists in the volatility of SO>
under Cererian surface conditions. At 201 K, the surface temperature of Ceres is sufficiently
high as to drive sublimation and loss of SO without significant re-condensation (Zhang and
Paige 2009), and would thus lead to surface patches of SO, that are far too small to produce
measurable spectral features in global reflectance spectra (Roth 2018).

The laboratory generation of resolved mid-infrared spectra of H>S and SO ices under
various thermal annealing and deposition conditions, as well as of their mixtures with H20
ice, will thus aid in further defining the sulphur content and chemistry of the icy cosmos. In
the following sub-section, a brief review of previous relevant work is provided. This is
followed by a description of the experimental methodology used for the study presented in
this chapter, with a full discussion of the results obtained and their implications for sulphur
ice astrochemistry in the context of future observational work being given in the subsequent
sub-sections. The chapter then concludes with a summary of the key points of the study.

5.2 An Overview of Previous Laboratory Spectroscopic Studies

5.2.1 Mid-Infrared Spectroscopy of H.S Ices

The laboratory mid-infrared spectroscopy of H2S ice has been extensively studied, with the
most comprehensive recent investigations probably being those of Fathe et al. (2006) and
Hudson and Gerakines (2018). The most dominant feature in the mid-infrared spectrum of
the amorphous ice at 20 K (Fig. 5.1) is a broad stretching band vs centred about 2548 cm™
comprised of both the symmetric (v1) and asymmetric (v3) stretching modes, while a less
intense but nonetheless prominent bending (v2) mode has been reported at 1168 cm™ (Fathe
et al. 2006, Hudson and Gerakines 2018). The positions of these absorption bands are in
reasonably good agreement with those reported by previous works (Table 5.1).
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Fig. 5.1: Mid-infrared spectra of amorphous (below) and crystalline (above) H.S ices deposited at temperatures
of 20 and 70 K, respectively. The spectra, collected at 0.5 cm resolution, show the strong v1, vs, and vs
absorption bands along with the weaker v, band (inset). Note that the spectra are vertically offset for clarity.
The estimated thicknesses of the amorphous and crystalline ices were 0.92 and 0.69 um, respectively.

The phase chemistry of solid HS is particularly interesting, as multiple crystalline
phases are known to exist under cryogenic and ambient pressure conditions. These phases
are designated using numbers, and are termed phases I, I, and Ill and are characterised by
ambient pressure transition temperatures of 126.2 (I — II) and 103.5 K (II — III) (Fathe et
al. 2006 and references therein). The higher temperature phases | and Il are orientationally
disordered,; that is to say they are ordered with respect to sulphur atoms, but not with respect
to hydrogen atoms and thus display broad vs bands which are only slightly narrower than
those of the amorphous phase. This contrasts greatly with the ordered phase Ill, which
exhibits a narrower vs band in which individual vibrational modes emerge as distinct sub-
structures (Fig. 5.1). Moreover, both the vi mode and the v> mode are observed to undergo
splitting due to the existence of two unique sulphur atoms but three unique S—H bonds in the
eight-molecule unit cell (Fitch and Cockcroft 1990, Cockcroft and Fitch 1990): this non-
equivalence results in the splitting of a number of the vibrational modes (Zeng and Anderson
2001).

Under conditions relevant to astrochemistry (i.e., cryogenic temperatures and high to
ultrahigh vacuum pressures), the only crystalline phase of importance is phase 111 (hereafter
referred to simply as the HaS crystalline phase), which may be obtained as a result of the
thermal annealing of the amorphous ice to temperatures greater than 60 K. The spectra of
both the amorphous and crystalline phases exhibit a number weaker combination bands,
including several that involve rotational (also referred to as librational) and translational
lattice modes (Fig. 5.1, Table 5.1). It is worth noting that no overtone bands appear in the
mid-infrared spectral region and that higher energies in the near-infrared must be accessed

to observe these bands (Ferraro and Fink 1977).
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Table 5.1: Summary of the major mid-infrared absorption features of H,S ice (and of some isotopologues). Band peak positions for selected ices investigated in this study (amorphous ice at
20 K and crystalline ice at 70 K) are also included for comparative purposes.

Band Position (cm™)

Mode Assignment Reference 1 | Reference 2 | Reference 3 | Reference 4 | Reference 5 | Reference 6 | Reference 7 | Reference 8 This Work -
Amorphous Crystalline

Vs 1H,%S 2548 - - - - - - 2548 2551.0 -
2H,%2S 1853 - - - - - - - - -

V1 H2%%S (Az) - 2525 2523 2523 2523 2526 2523.5 - - 2524.5
H,%S (Ey) - 2536 2532 2532 2532 2535 2533.5 - - 2535.7
2H,%2S (Azu) - 1832 1835 1835 - - 1832.0 - - -
2H,%%S (Ey) - 1840 1843 1843 - - 1840.0 - - -

V2 1H,%8 1168 - - - - - - 1168 - -
H,%2S (Az) - 1169 1171 1171 1171 1169 1170.0 - - 1168.8
H,%%S (Ey) - 1184 1186 1186 1186 1184 1185.0 - - 1183.9
TH2H32S - - 1026 - - - 1028.0 - - -
2H,%2S (Agu) 846 847 847 - - 846.0 - - -
2H,%%S (Ey) 846 856 857 857 - - 856.5 - - -
2H,%S 860 - - - - - - - -

V3 1H,%28 - 2548 2544 2544 2544 2547 2545.0 - - 2545.7
2H,%28 - 1852 1854 1854 - - 1854.0 - - -

Ve + V2 1,325 3704 _ - - - - - - 3712.8 -
2H,%2S 2693 - - - - - - - - -

Vs + VR 1H,%8 2715 - - - - - - - - -

Ve + VT 114,325 2642 - R - - - - - 2635.7 -
2H,%2S 1942 - - - - - - - - -

vi+ vy 1H,%2S - 3682 - - - 3683 - - - 3694.5
2H,%S - 2671 - - - - - - - -

va+ V3 114,325 R 3694 - - - 3695 - - - -
2H,%2S - 2687 - - - - - - - -

v3 + VR 1H,%2S - 2722 - - - 2720 - - - -

v3+vr 1H23ZS - 2636 - - - 2635 - - - 2628.1
2H,%2S 1938 - - - - - - - -

Reference 1: Fathe et al. (2006) for an amorphous ice at 10 K

Reference 2: Fathe et al. (2006) for a crystalline ice at 70 K
Reference 3: Reding and Hornig (1957) for a crystalline ice at 63 K

Reference 4: Miller and Leroi (1968) for a crystalline ice at 80 K

Reference 5: Ferraro and Fink (1977) for a crystalline ice at 62 K

Reference 6: Ferraro et al. (1980) for a crystalline ice at 89 K

Reference 7: Anderson et al. (1977) for a crystalline ice at 18 K

Reference 8: Hudson and Gerakines (2018) for an amorphous ice at 16 K
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The mid-infrared spectra of mixed H>S:H2O ices have also been investigated in
laboratory experiments (Moore et al. 2007, Jiménez-Escobar and Mufioz Caro 2011, Oba et
al. 2018). The analysis of these spectra is somewhat challenging, due to the significantly
lower cross-sections of the H»S infrared modes compared to those of H>O, as well as the fact
that several of the H>S vibrational modes coincide with the strong H.O combination and
overtone bands. Therefore, otherwise prominent H.S absorption features may be difficult to
detect in dilute H2S:H20 mixed ices: for instance, Moore et al. (2007) described the spectrum
ofa 5 um-thick 1:30 H2S:H>O mixed ice at 86 K as being dominated by the broad absorption
features of amorphous H2O. Nevertheless, it is possible to extract quantitative information
from such spectra. For example, Jiménez-Escobar and Mufioz Caro (2011) noted that, when
trapped within a matrix of solid H.O at 7 K, the position of the H2S vs band does not vary
compared to pure H.S; however, its band profile does change and a significant increase in
the band broadness occurs with its full-width at half-maximum (FWHM) almost doubling.

5.2.2 Mid-Infrared Spectroscopy of SO: Ices

The low temperature mid-infrared spectroscopy of condensed SO (Fig. 5.2) was studied by
Schriver-Mazzuoli et al. (2003b), who have arguably provided the most detailed
spectroscopic analysis of this ice to date. In the condensed phase, amorphous SO presents
three distinct fundamental absorption bands associated with the symmetric stretching (v1),
bending (v2), and asymmetric stretching (vs) modes respectively located at 1145.8, 520.1,
and 1315.5 cm™ at 30 K (Schriver-Mazzuoli et al. 2003b). These values match fairly well
with those reported by older studies (Table 5.2). Thermal annealing of an amorphous SO>
ice induces its crystallisation at temperatures above 70 K, resulting in the visible narrowing
of the v1 and v3 bands and the development of band sub-structures attributable to various SO
isotopologues and LO-TO splitting®* of the 32S'®0, bands (Barbe et al. 1971, Brooker and
Chen 1991, Schriver-Mazzuoli et al. 2003b). The presence of a number of weaker higher
frequency combination and overtone bands (Table 5.2) was reported by Schmitt et al. (1995)
and Nash and Betts (1995).

The matrix-isolation spectroscopy of SO diluted in a number of infrared inactive
species (e.g., N2 and Ar) has also been carried out with the aim of determining the structure
of the dimer (Wierzejewska-Hnat et al. 1994, Schriver-Mazzuoli et al. 1995). From the
perspective of molecular astrophysics, however, the most relevant ice mixture containing
SO; is that also containing H2O due to the cosmic ubiquity of the latter species (Oberg 2016).
Schriver-Mazzuoli et al. (2003b) reported the presence of two absorption bands at 3627.6
and 3553.0 cmt in a 10:1 SO,:H,0 ice which they attributed to the presence of (SO2)x(H20)y
aggregates not trapped in the SO: lattice that possibly arose as a result of the heterogeneous
freezing of the condensing gas mixture. This identification complemented that of Salama et
al. (1990), who observed two bands at about 3623 and 3559 cm™ in H,0:H.S:SO; ice
mixtures ranging in composition from 1:3:100 to 1:30:1000.

Although these results are certainly of academic interest, spectroscopic measurements
of SO2:H,0 ices richer in H20O are likely to be of greater relevance to interstellar and Solar

34 Phonons may result from long-range collective vibrations in a solid lattice. Phonons are quantised vibrations
in which lattice molecules vibrate at a single frequency. Optical phonons occur when molecules are moving
out of phase within the lattice, and may propagate either parallel (longitudinal optical; LO) or perpendicular
(transverse optical; TO) to the direction of the incident infrared field. This is manifested as a splitting of a
number of infrared absorption bands.
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System chemistry. Such ices were studied by Schriver-Mazzuoli et al. (2003b), who showed
that a reasonably intense absorption band (at least, compared to the stretching modes of H.O)
exists at 3609.7 cm™ in a 1:5 SO,:H,0 ice at 15 K and attributed this to the formation of
hydrogen bonds between SO> and H.O molecules. This feature was also observed at 3609.2
cmtin the validation experiments performed for the ICA apparatus (Fig. 4.12), for which a
5:3 SO2:H20 ice deposited at 20 K was studied.

Furthermore, as has already been described in Chapters 1 and 4, the thermal annealing
of a mixed SO2:H>0 ice initiates a cryogenic thermal reaction which results in the step-wise
conversion of SOz to HSO3™ and then to S,0s%~ (Katiuchova et al. 2017):

SOz + H,O — H" + HSO3~

(Eq. 5.1)
2 HSO5™ — S205* + H20

(Eq. 5.2)

In the presence of oxidants such as Oz or H202, oxidation of the sulphur takes place to yield
HSO.s and SO.% (Loeffler and Hudson 2010, Loeffler and Hudson 2013, Loeffler and
Hudson 2015, Loeffler and Hudson 2016). The oxidation of SOz to SOz may be induced as
a result of the irradiation of the pure ice by ultraviolet photons, ions or electrons (Moore
1984, Schriver-Mazzuoli et al. 2003a, Garozzo et al. 2008, de Souza Bonfim et al. 2017), as
discussed in Chapters 1 and 2. When similar irradiations of mixed SO2:H20 ices are
performed, various oxidised forms of sulphur (such as HSOs~, HSO4~, SO4%, SO;*, and
polymeric SOz chains) are yielded as products (Schriver-Mazzuoli et al. 2003a, Moore et al.
2007, Kanuchova et al. 2017, Hodyss et al. 2019).
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Fig. 5.2: Mid-infrared spectra of amorphous (below) and crystalline (above) SO; ices deposited at temperatures
of 20 and 100 K, respectively. The spectra, collected at 0.5 cm* resolution, show the strong vi, va, and vi + v3
absorption bands along with the weaker v1 + v2 and 2v1 modes (insets). Note that the spectra are vertically
offset for clarity. The estimated thicknesses of the amorphous and crystalline ices were 0.48 and 0.31 pm,
respectively.
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Table 5.2: Summary of the major mid-infrared absorption features of SO, ice (and of some isotopologues). Band peak positions for selected ices investigated in this study (amorphous ice at

20 K and crystalline ice at 100 K) are also included for comparative purposes.

Band Position (cm™)
Mode Assignment Reference 1 | Reference 2 | Reference 3 | Reference 4 | Reference5 | Reference 6 | Reference 7 | Reference 8 This Work -
Amorphous | Crystalline
Vi 825180160 - - - - 1122 1121 1120.6 11215 - 1120.5
35160, - 1140.1 1140.5 1140.0 1141 1140 1140.4 - - 1140.0
325160, A (TO) 1145.8 1142.8 1147.0 1143.0 1144 1144 1144.8 - 1147.5 1142.8
823160, A1 (LO) - - 1160.0 1150.0 1148 - - 1148.0 - 1149.1
V2 825180160 - - - - - - 514.3 - - -
#3160, - - 517.0 - - 517 - - - -
823160, A; (TO) 520.1 520.8 525.0 522.7 524 521 522.0 525.4 - -
823160, A1 (LO) - - 546.0 530.0 542 528 - 533.1 - -
V3 %3160, - - - - - - 1288.0 - - -
825180160 - 1302.8 - 1302.8 - - - - 1302.8
#3160, - 1304.5 1304.0 1304.3 1304 1303 1302.8 1305.8 - 1304.8
825160, B, (TO) 1315.5 1310.8 1313.0 1310.1 1312 1310 1315.2 1316.4 - 1311.9
825160, B, (TO) - 1321.6 1327.0 1323.3 1324 1322 1323.2 1329.6 1323.7 1323.3
825160, B, (LO) - - 1358.0 1345.0 1341 1334 - - - 1342.4
Vit vy 825160, 1607.6 1611.3 - - - - - - 1609.7 1609.7
vi+vs #3160, - 2433.7 - 2433.7 - 2432 2433.5 2435.5 - 2433.8
325160, 2455.8 2456.2 24574 2456.2 - 2455 2456.5 2456.7 2457.4 2456.7
V2t v3 - - - - - - - 1850.1 - -
2vi+ v3 325160, - 3584.5 - - - - - - - -
2vy #3160, - 2273.9 - 22739 - - 2274.3 - - -
325160, 2288.4 2287.4 2288.2 2287.4 - 2287 2288.0 2289.7 - 2287.4

Reference 1:
Reference 2:
Reference 3:
Reference 4:
Reference 5:
Reference 6:
Reference 7:
Reference 8:

Schriver-Mazzuoli et al. (2003b) for an amorphous ice at 30 K
Schriver-Mazzuoli et al. (2003b) for a crystalline ice at 90 K
Anderson and Campbell (1977) for a crystalline ice at 20 K
Khanna et al. (1988) for a crystalline ice at 90 K

Anderson and Savoie (1965) for a crystalline ice at 77 K
Giguere and Falk (1956) for a crystalline ice at 98 K

Barbe et al. (1971) for a crystalline ice at 77 K

Nash and Betts (1995) for a crystalline ice at 80 K

107



5.3 Experimental Methodology

The mid-infrared spectra of the pure H.S and SO ices and their mixtures with H>O were
investigated using the ICA. The pure ices were prepared via the background deposition of
the relevant gases by first introducing the gas (H2S = 99.5%; SO> = 99.8%); both Linde) into
the dosing line before leaking it into the main chamber at a pressure of a few 10°® mbar, thus
allowing the ice to form as a result of gas condensation on the ZnSe substrate which had
been pre-cooled to the desired temperature. Once the desired ice had been prepared, it was
thermally annealed at a rate of 2 K min~ with mid-infrared spectra (0.5 cm™ resolution; 256
scans) acquired at 10 K intervals until complete sublimation of the ice was recorded.

To deposit the mixed H2S:H20 and SO2:H20 ices, a glass vial of H.0 was attached to
the dosing line and the liquid was de-gassed using several cycles of the standard freeze-
pump-thaw technique; after which H.O vapour and either H.S or SO gas were introduced
into the dosing line in the desired stoichiometric ratio. The mixed gases were then dosed into
the main chamber at a pressure of a few 10° mbar to allow for their co-deposition at 20 K.
The thermal annealing of the mixed ices was similar to that of the pure ices, with mid-
infrared spectra being collected at 10 K intervals until sublimation of the ice was observed.

As described in detail in Chapter 4, the amount of ice deposited in a given experiment
may be quantitively assessed via the mid-infrared spectra collected just after the deposition
of the ice prior to commencing the thermal annealing process. The molecular column density
of a deposited species N is given as:

N = 2.303 fa
= 2. X —
Aq

(Eq. 5.3)

where P, is the peak area of a characteristic absorption band and As is the integrated band
strength constant for that band. Knowing the deposited column density, it is possible to
calculate the thickness of the ice (or, in the case of a mixed ice, the contribution of a
particular component to the total thickness) d through the equation:

N
d=10% x —
PN

(Eq. 5.4)

where m is the molecular mass, p is the mass density of the ice, and Na is the Avogadro
constant. A list of ice densities and integrated band strength constants used throughout this
study is given in Table 5.3, while a summary of all the experiments performed as part of this
study is given in Table 5.4. It should be noted that the work of Yarnall and Hudson (2022a)
demonstrated that the integrated band strength constants of amorphous H2S and SO:
intermixed with H2O are not significantly different to those of the pure ices, and may thus
be used equally well in experiments considering either pure or mixed ices.

Table 5.3: Ice densities (p) and integrated band strength constants (As) used in this study.

Species | As (1077 cm molecule™) p (g cm=3) References

SO, 0.73 (v1) and 4.20 (v3) 1.395 (amor.) and 1.893 (crys.) | Yarnall and Hudson (2022a, 2022b)
H2S 1.69 (vs) 0.944 (amor.) and 1.224 (crys.) | Yarnall and Hudson (2022a, 2022b)
H20 20.00 (vs) 0.940 Gerakines et al. (1995)
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Table 5.4: Summary of the thermal annealing experiments performed in this study, including information on
the deposition temperature of the ices (Tqeposition) and their column densities (N) and thicknesses (d).

Ice Experiment Taeposition (K) N (10*” molecules cm2) d (um)
H2S 1 20 6.25 0.48
2 40 5.71 0.43
3 70 6.34 0.36
SO, 4 20 5.58 0.31
5 40 15.30 0.92
6 70 9.54 0.57
7 100 11.56 0.69
H.S:H.0 (17) | 8 20 1.41:10.32 0.41
SO2H,0 (1:11) |9 20 1.60:18.61 0.71

5.4 Mid-Infrared Spectroscopic Characterisations

5.4.1 Thermal Annealing of Pure H,S Ices

As demonstrated in Fig. 5.1, the most prominent mid-infrared absorption band of amorphous
H2S is the vs band located at about 2551 cm™2, which is split into a number of distinct and
individual sub-structures in the crystalline phase corresponding to the vi1 (A2u), v1 (Eu), and
vz vibrational modes. A much weaker v» mode was also observed at lower wavenumbers of
about 1169 cm™. A few higher energy combination bands were also observed (Table 5.1),
but proved too weak for a reliable spectroscopic analysis to be performed. As such, the
following discussion is dedicated to the evolution of the vs and v2 bands during the thermal
annealing of H2S ices deposited at different temperatures.

Fig. 5.3 depicts the stretching modes of H>S ices deposited at 20, 40, and 70 K and
annealed to sublimation. For the ice deposited at 20 K, the vs band initially presents as a
broad, featureless, and asymmetric absorption feature that peaks at 2551.0 cm~. However,
upon thermal annealing, the contribution of individual sub-structures becomes more
apparent. At 30 K, the band peak remains at 2551.0 cm™ but a second peak is visible at
2526.3 cmt: these bands respectively correspond to the vs and vi (Azy) modes. Further
thermal annealing to 50 K results in the appearance of a third peak at 2536.1 cm™2, which is
attributed to the vi (Ey) band. Despite emerging as individual sub-structures, these three
absorption features remain relatively broad at 50 K. However, thermal annealing to 60 K
and above results in the splitting of the v3 and the v1 (Ey) bands. As explained earlier, this
splitting is the result of the existence of two unique sulphur atoms but three unique S—H
bonds in the crystalline H>S unit cell (Fitch and Cockcroft 1990, Cockcroft and Fitch 1990,
Zeng and Anderson 2001). At 80 K, the absorbance of the composite band decreases slightly
and the vs, v1 (Eu), and v1 (Azy) bands respectively blue-shift by 0.5, 0.8, and 1.4 cm
compared to their positions at 70 K. This is likely due to minor sublimation of the ice to the
gas phase at this higher temperature, which causes changes in the structure of the ice due to
bulk or surface desorption. Full sublimation was recorded by 90 K.

The appearances of the vs, v1 (Eu), and v1 (A2y) bands for the ice deposited at 40 K are
somewhat different to those observed in the H»S ice deposited at 20 K and subsequently
thermally annealed to 40 K (Fig. 5.3). Firstly, the bands in the former ice are well-defined
and have undergone visible splitting, whilst those in the latter ice are still broad and have yet
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to undergo any splitting of the band peaks. This indicates that the deposition of a H>S ice at
40 K results in the formation of a more structurally ordered (i.e., crystalline) solid than does
the deposition of the ice at 20 K followed by thermal annealing to 40 K. It should be noted,
however, that upon thermal annealing of the ice deposited at 40 K to higher temperatures,
the absorbance of these bands increases thus suggesting that the deposited ice is not wholly
crystalline and undergoes further structural re-organisation at higher temperatures. Once
again, a slight decrease in absorbance and a blue-shift in the band positions (1.1, 0.8, and 1.1
cm for the vs, v1 (Eu), and v1 (Azu) bands, respectively) were observed at 80 K due to minor
losses to sublimation. The ice was recorded to have fully desorbed from the deposition

substrate by 90 K.
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Fig. 5.3: Thermal evolution of the H2S vs band for ices deposited at 20, 40, and 70 K. The band undergoes
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It is important to note the appearance of a small shoulder on the larger vs band whose
exact position varies between 2552.7 and 2554.6 cm™ during the thermal annealing of the
H>S ice deposited at 40 K. The precise nature of this shoulder is uncertain, as it is not known
whether this shoulder is merely the result of more extensive splitting of the v mode, is
caused by a different vibrational mode altogether (perhaps one due to an isotopologue), or
Is an unaccounted-for artefact produced during the rendering of the spectroscopic data. This
small shoulder is also apparent in the spectra of the thermally annealed H.S ices deposited
at 20 or 70 K (Fig. 5.3), although it is significantly weaker in these cases. No further attempt
to characterise this shoulder has been made, but it is suggested that a future dedicated study
should investigate this matter.

Lastly, the H,S ice deposited at 70 K appears to be fully crystalline, due to the clearly
visible emergence of the individual band sub-structures upon deposition as well as the clear
splitting each individual band undergoes. Upon thermal annealing to 80 K, blue-shifts of 0.7,
1.0, and 1.0 cm™ are respectively observed in the peak positions of the v, v1 (Ey), and v1
(A2u) bands; similar to the blue-shifts reported for the ices deposited at 20 and 40 K. At
higher temperatures, the ice efficiently sublimates and has totally desorbed from the
deposition substrate by 90 K.

The evolution of the vo mode of H>S ices deposited at 20, 40, and 70 K and
subsequently thermally annealed to sublimation is presented in Fig. 5.4. For the ice deposited
at 20 K, it is possible to note that no v2 mode is visible either upon deposition nor upon
thermal annealing to 30 K. At 40 K, a weak and broad absorption feature attributable to the
v2 (A2y) mode begins to emerge against the background at 1169.0 cm™. By 50 K, this
absorption mode is clearly visible and at 60 K, a second band attributable to the v> (Ey) mode
emerges at 1184.1 cm. These bands remain visible in the spectrum upon further thermal
annealing until sublimation of the ice occurs at around 90 K. Such findings complement the
previous observations made on the thermal evolution of the vs band and suggest that
significant restructuring of the solid phase occurs at about 40 K, although at this temperature
the ice is still likely to be largely amorphous as evidenced by the lack of a v2 (Ey) mode in
Fig. 5.4. At 50 K, the ice has adopted a significantly more structured solid phase and by a
temperature of 60 K, the ice is likely to be largely crystalline as indicated by the extensive
band splitting of the v1 (Ev) and vz modes along with the clear appearance of the v (Ey) mode
at this temperature.

Interestingly, when deposited at 40 K, the HaS ice clearly exhibits both the v2 (Azy)
mode and the v2 (Ey) mode (Fig. 5.4), thus contrastingly strongly with the mid-infrared
spectral appearance of the ice deposited at 20 K and thermally annealed to 40 K. When
deposited at 40 K, the H,S ice appears to be already extensively structurally ordered and thus
largely crystalline: this is evidenced by the fact that not only are the v2 (A2u) and the v2 (Eu)
modes both present and clearly identifiable, but also by the fact that the vs, v1 (Eu), and v1
(A2u) bands are also identifiable and have undergone splitting. Therefore, it is evident that a
more crystalline H,S solid may be achieved by depositing the ice at a given temperature than
would otherwise be achieved by depositing it at a lower temperature and subsequently
performing thermal annealing. Lastly, it is important to note that, as implied by the
appearances of the vs, v1 (Eu), and v1 (A2u) bands, the v2 (A2u) and the v2 (Eu) bands also
suggest that the H>S ice deposited at 70 K is likely wholly crystalline.
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Fig. 5.4: Thermal evolution of the H2S v, band for ices deposited at 20, 40, and 70 K. The v2 (Azy) and vz (Ey)
bands become more conspicuous under the influence of thermal annealing.

To further quantify the analysis of the H>S mid-infrared spectra presented in Figs. 5.3
and 5.4, an assessment of the changes in the normalised peak area of the stretching modes
(including all higher temperature emergent sub-structures) induced by thermal annealing has
been performed. This analysis is summarised in Fig. 5.5. Traditionally, the broadness of a
mid-infrared absorption band has been gauged through its FWHM; however, the
quantification of this parameter as well as changes in its value as a result of thermal annealing
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of the ices considered in this study is complicated by the many sub-structures that emerge as
a result of the structural reorganisation and crystallisation of the ices which would require
the fitting of multiple Gaussian curves to measure, thus potentially introducing large
uncertainties. The analysis of the normalised peak areas that have been corrected using a
linear baseline thus circumvents this problem entirely and may still provide useful
quantitative information to observational astrochemists interested in the thermal histories of
various astrophysical environments. It should be noted that no attempt was made to perform
such an analysis for the v2 bands due to their small absorbance values, which would have
resulted in significant uncertainties in the measured band peak areas.

Different trends were observed for the variations in the stretching mode band peak
areas of the ices deposited at 20, 40, and 70 K. In the case of the ice deposited at 20 K, it is
clear that thermal annealing results in the growth of the normalised band peak area as the ice
undergoes restructuring to a more crystalline phase. This band peak area reaches a maximum
of over 30% greater than that of the initially deposited ice at a temperature of 60 K, which
Is sustained at 70 K, before declining slightly at 80 K due to minor losses caused by
sublimation. The trend observed for the ice deposited at 40 K is more difficult to explain. At
first, it is perhaps intuitive to suggest that the band peak area declines slightly upon thermal
annealing to 50 K before recovering to its original peak area at 60 K and subsequently
declining further at 70 and 80 K. Although this may very well be the observed trend, it is
important to note that the measured band peak area does not vary by more than 9% of the
original normalised value and so the observed scatter in the data may be due to uncertainties
associated with the measurement of the band peak area. Lastly, it is possible to note that the
band peak area of the ice deposited at 70 K appears to decrease by approximately 10% upon
thermal annealing to 80 K, which could be indicative of minor sublimation of the ice to the
gas phase.
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Fig. 5.5: Evolution of the H,S vs normalised band peak areas for the ices at 20, 40, and 70 K during their
thermal annealing. The limits of integration during measurement were as follows: vs = 2610-2500 cm™2.

5.4.2 Thermal Annealing of Pure SO: Ices

As shown in Fig. 5.2, the most prominent mid-infrared absorption features of SO ice are the
symmetric (v1) and asymmetric (v3) stretching fundamental bands, along with the vi + v3
combination band. These bands are therefore the most relevant from the perspective of
observational astrochemistry, and thus the spectroscopic analysis presented in this sub-
section will focus on these absorption bands. Unfortunately, the v2 mode is located beyond
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the spectral range of the ICA set-up at about 520 cm2, and thus it is not possible to carry out
any analysis on this absorption band. A dedicated future study on the influence of
temperature on the appearance and profile of the SO, v2 mode using alternative
instrumentation is thus warranted.

The evolution of the appearance of the v3 mode as a result of the thermal processing
of pure SO; ices deposited at 20, 40, 70, and 100 K is shown in Fig. 5.6. For the ice deposited
at 20 K, the band initially presents itself as a broad quasi-symmetric structure which does
not vary much in its profile upon thermal annealing to 60 K. Upon warming to 70 K, the
majority of the band remains essentially broad and featureless but does begin to show signs
of structural ordering in the form of a distinct sub-structure at 1304.8 cm™ attributable to the
35180, isotopologue (Table 5.2). At 80 K, the absorbance of this sub-structure increases and
other, higher energy sub-structures also begin to emerge from the broad band as a result of
more extensive crystallisation of the ice. In particular, two intense features at 1311.9 and
1323.3 cm™* become visible, respectively attributed to the 32S*0, B; (TO) and the %2S60,
B> (TO) modes. Further annealing to 90 K causes all three bands to reach their maximum
absorbance value, which largely persists to 100 K at which temperature a small band at
1302.6 cm™ attributed to the 2S00 isotopologue could be identified.

The ice deposited at 40 K exhibits a similar trend upon its thermal annealing (Fig. 5.6),
although a number of subtle differences are evident. For instance, an increase in the
absorbance of the broad component of the band was noted upon warming to 60 K, likely due
to the compaction of the initially microporous ice; such a process is known to be induced in
an astrophysical ice analogue upon its thermal annealing or its irradiation using ultraviolet
photons or charged particles (e.g., Palumbo 2006). Compaction of the SO ice should also
have resulted during the thermal annealing of the SO- ice deposited at 20 K; however, no
significant increase in the absorbance of the broad band was recorded at 60 K. It is speculated
that this may have been due to a more gradual compaction of the ice deposited at 20 K over
a larger temperature range.

Another difference between the data collected for the v3 band of the ices deposited at
20 and 40 K lies in the profile of the band at 70 K. For the former ice, this band was still
largely broad and featureless with a small sub-structure due to the %S0 isotopologue being
recorded. However, upon thermal annealing of the SO- ice deposited at 40 K to 70 K, the v3
band presents a structured profile with intense sub-structures attributable to the 3250, B,
(TO) and the %2S'%0, B, (TO) modes, as well as the 34S®0; isotopologue, being observed. It
is therefore possible to state that the thermal annealing of a SO ice to 70 K results in a more
extensive crystallisation if the ice was deposited at 40 K compared to 20 K. Further thermal
annealing of the ice deposited at 40 K causes all emergent sub-structures to increase in their
absorbances, which peak at 90 K.

Finally, the v3 bands of the ices deposited at 70 and 100 K all present profiles
containing sub-structures with intensities that do not vary much over the process of thermal
annealing. These ices do, however, exhibit more evident bands attributed to the *2S'¥0°0
isotopologue at about 1303 cm™ (Fig. 5.6). It should be noted that the transition from the
peak of the 32S'%0, B, (TO) mode at 1323 cm™ to the baseline appears to include an
emergent shoulder at 1342 cm™: this is due to the contribution of the 3250, B, (LO) band
at this wavenumber. It should be noted that all ices demonstrated a decrease in the peak areas
of their sub-structures at 110 K irrespective of their deposition temperature, likely due to
some minor sublimation of the ice to the gas phase. Indeed, by the point the deposition
substrates were warmed to 120 K, all the SO ice had sublimated.
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Fig. 5.6: Thermal evolution of the SO v; band for ices deposited at 20, 40, 70, and 100 K. The band splits into
a number of component features under the influence of thermal annealing, such as the 34S*0,, 32510, B, (TO),
325160, B, (TO), 325800, and the %S0, B, (LO) v3 bands.

The variations in the profile of the v1 mode during the thermal annealing of the pure
SO ices deposited at 20, 40, 70, and 100 K are given in Fig. 5.7; it is apparent that these
variations mirror and complement the spectroscopic findings with regards to the vs band. For
example, no significant changes in the band shape or structure were noticed upon thermally
annealing the ice deposited at 20 K to 60 K. Once it was warmed to 70 K, however, the
emergence of distinct sub-structures attributable to the 325800 and 34S'°0; isotopologues
were observed. Moreover, a shift towards lower wavenumbers is apparent in the broader
component of the band, indicative of a restructuring of the solid lattice. By 80 K, the v1 band
appears as several distinct sub-structures which persist upon further thermal annealing.
Aside from the sub-structures attributed to the 2S00 and S0, isotopologues, a
distinct band with a sharp peak at about 1143 cm™ due to the 2SO, A; (TO) mode is
present. This band does not sharply decay to the baseline at higher wavenumbers, but rather
a shoulder is present at about 1149 cm indicative of the contribution from the 3250, A;
(LO) mode at this wavenumber.

The v1 band of the pure SO: ice deposited at 40 K displays a qualitatively similar
response to thermal annealing to the va band: a slight increase in the absorbance of the broad
band was also noted on thermal annealing to 60 K, likely due to the same compaction process
described previously. Once again, however, the thermal annealing of the SO ice deposited
at 40 K to 70 K resulted in a significantly more ordered solid structure than did the analogous
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annealing of the SO: ice deposited at 20 K, as demonstrated by the emergence of the band
contributions from the %S00 and 34S°0, isotopologues as well as the 32S'°0, A; (TO)
and 3250, A; (LO) modes. This may therefore be regarded as further evidence of a more
complete crystallisation of solid SO» thermally annealed to 70 K if it was initially deposited
at higher temperatures. The absorbances of all emergent sub-structures continued to increase
upon additional thermal annealing to 100 K, and only decreased thereafter due to minor
sublimation of the ices. By 120 K, however, the ice had fully desorbed.

Lastly, the v1 bands of the SO ices deposited at 70 and 100 K appear to indicate an
ice that is, to a large degree, crystalline in structure. The bands themselves are well resolved
with all aforementioned sub-structures being clearly identifiable, and do not significantly
vary with increased temperatures aside from a small decrease in absorbance at 110 K due to
some minor sublimation of the ice (Fig. 5.7). Such observations complement well the trends
observed with regards to the v3 bands of these ices.

An analysis of the evolution of the weaker v1 + v3 combination band as a result of the
thermal annealing of pure SO ices deposited at 20, 40, 70, and 100 K has also been
performed (Fig. 5.8). This mid-infrared analysis once again complements those findings with
regards to the vi1 and v3 fundamental bands. At 20 K, this band appears as a single broad
absorption feature which does not change much upon thermal annealing to 60 K. At 70 K,
however, the band takes on a narrower profile whose absorbance value increases marginally
upon further thermal annealing. The appearance of a satellite band at around 2434 cm™ is
evident at 80 K and is ascribed to the 3*S'°0; isotopologue.
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Fig. 5.8: Thermal evolution of the SO, v1 + vz band for ices deposited at 20, 40, 70, and 100 K. Thermal
annealing results in the emergence of a band attributed to the *#S'¢0; isotopologue.

The v1 + va combination band of the SO ice deposited at 40 K also follows a similar
trend, but the absorbance of the band structure observed at 70 K is greater than in the case
of the ice deposited at 20 K, thus further evidencing a more extensive structural ordering of
the SO- ice at 70 K if it was deposited at 40 K rather than 20 K. Interestingly, however, the
satellite band due to 34S*0; is not yet fully developed when the ice deposited at 40 K is
annealed to 70 K and only becomes appreciably conspicuous at 80 K. This suggests that the
ice is likely not wholly crystalline at 70 K, although significant restructuring to a more
ordered phase has certainly occurred by this point.

Lastly, the ices deposited at 70 and 100 K exhibit narrow and well-defined vi + v3
combination bands as well as developed and conspicuous satellite bands ascribed to the
35160, isotopologue. These bands do not significantly change in their absorbance value nor
do they radically vary in terms of the appearance of their profile with further thermal
annealing and so this suggests that these ices are probably overwhelmingly crystalline in
structure. As with all other SO, absorption bands investigated in this study, a slight decrease
in the v1 + v3 combination band absorbance was registered at 110 K due to a small amount
of ice sublimation to the gas phase.

The characterisations of the responses of the SO ice v1, vs, and v1 + v3 mid-infrared
absorption bands to thermal annealing of the ice when deposited at various temperatures that
have been described here have demonstrated that, with the exception of the 3250, A; (TO)
v1 mode (for which an average red-shift of 4.7 cm™ was recorded between 20 and 100 K),
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the positions of all bands and their sub-structures remained largely invariant with increasing
temperature. Indeed, in most cases, the maximum band peak position shift was much less
than 1 cm™* and thus approaches the experimental uncertainty.

As a final analytical consideration, the changes in the normalised band peak area of
the v1 and v3 mid-infrared absorption bands have been assessed, and these changes are
summarised in Fig. 5.9. Considering first the observed trends for the vz band, it is clear that
the band peak area does not change by more than 15% of the normalised value throughout
the thermal annealing experiments, regardless of the deposition temperature of the SO ice.
Moreover, a similar trend is apparent amongst all the ices considered: after a small decrease
in the normalised band peak area between 20-40 K (which may be due to uncertainties in the
band peak area measurement), a gradual increase is registered until it peaks at 90 K, after
which the band peak area declines again, possibly due to increased sublimation effects at
these higher temperatures. Conversely, no discernible trends were recorded for the
normalised band peak areas of the v1 band. It should be noted, however, that aside from the
measured band peak areas at 110 K for the SO> ices deposited at 70 and 100 K, the maximum
change in the v1 band peak area was very small at less than 8% of the normalised value. As
such, it is possible that the seemingly random scatter observed in the data for this absorption
band (Fig. 5.9) is simply the result of uncertainties in the measurement of the band peak
areas.
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Fig. 5.9: Evolution of the SO, v; (left) and v (right) normalised band peak areas for the ices at 20, 40, 70, and
100 K during their thermal annealing. The limits of integration during measurement were as follows: v = 1160-
1115 cm™%; v3 = 1360-1290 cm L.

5.4.3 Thermal Annealing of H>S and SO: Ices Mixed with H>O Ice

Up until this point in this chapter, only mid-infrared characterisations of pure H.S and SO>
ices have been considered. Although such spectroscopic information is certainly valuable
from an analytical point of view, and may be applied to the search for such icy species in
various astrophysical environments, astrophysical ices are rarely pure. Indeed, most ices are
anticipated to be composed of a mixture of various simple inorganic species, refractory
residues, minerals, and also potentially a few complex organic molecules (Oberg 2016,
Minissale et al. 2022). Of these various species, however, the most prevalent ice in the
cosmos is H20 (Klinger 1983, van Dishoeck et al. 2013, Oberg 2016). For this reason, it is
important to characterise the mid-infrared spectra of H»S and SO> ices mixed with H2O in a
stoichiometric ratio in which H>O is dominant (Table 5.4) during thermal annealing from
deposition at 20 K to total sublimation of the ice mixture.
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The mid-infrared spectra of the H2S:H.O and SO2:H20 ice mixtures upon their
deposition at 20 K are respectively shown in Figs. 5.10 and 5.11. Considering first the mixed
SO2:H20 mixed ice, it is possible to note that, for the stoichiometric composition considered,
the SO v1 and vs bands are prominent and respectively peak at 1154.0 and 1331.4 cm™2, thus
indicating a significant blue-shift compared to the positions of these bands in the pure SO>
ice at 20 K (1147.5 and 1323.7 cm™%; Table 5.2). No other SO absorption bands were
observed in the mid-infrared spectrum (Fig. 5.10), most likely because they are sufficiently
weak as to be obscured by the intense absorptions of H2O.

One particularly interesting feature in the spectrum depicted in Fig. 5.11 is the apparent
shoulder to the H,O stretching modes centred at 3595.3 cm™2. This shoulder is attributed to
the formation of hydrogen bonds between the SO, and H>O molecules in the ice mixture.
Previous work has demonstrated that this feature is very sensitive to the stoichiometric
composition of the ice: for example, in the thermal annealing experiments performed as part
of the validation of the ICA which involved the warming of a 5:3 SO2:H20 ice from 20 K
(Chapter 4), this band was found to not appear as a shoulder but rather as a distinct peak
centred at 3609.2 cm™* (Fig. 4.12). Similar results were reported by Moore et al. (2007) who
investigated a 1:3 SO2:H20 ice deposited at 86 K. Interestingly the mid-infrared spectrum of
a 1:30 SO2:H20 mixed ice as reported by Moore et al. (2007) shows no evidence of this
band, thus highlighting the rarer occurrence of hydrogen bonding between SO, and H.O
molecules. Systematic work by Schriver-Mazzuoli et al. (2003b) investigating SO2:H-O ice
mixtures of various stoichiometric compositions demonstrated that, not only is such
hydrogen bonding ubiquitous in ices with a high enough SO content, but that small
(SO2)x(H20)y aggregates are also able to form in ices which are very rich in SOo.

T T 7/ T T
0.25 HQO Vg 0.030 : ‘ - .
OH Dangling Bonds ‘ ;1"'
0.025 1 Il‘J\
i
0.20 - % 0.0201 W; |
£ 0015 | (\ N o
2 S, £
3 < 0010 “l\ o Iw;h”""f""“ﬂﬁ“
- i
8 0.15 0.0054 - IA_LJV.M e .
8 0.000 ]
0 3800 a750 3700 3650 3600
<< 0.10- Wavenumber (cm') .
H,O v,
0.05
H,O v,
H,S v
0.00 —
i
T T T T T 7/ T T T
4000 3500 3000 2500 1500 1000

Wavenumber (cm™)

Fig. 5.10: Mid-infrared absorption spectrum of a 1:7 H,S:H,O ice prepared by co-deposition of the respective
gases at 20 K. The estimated ice thickness was 0.41 um. Sinusoidal patterns in the spectrum of the deposited
ice are caused by interference of infrared light reflected in the substrate-ice-vacuum optical system.
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Fig. 5.11: Mid-infrared absorption spectrum of a 1:11 SO,:H-0 ice prepared by co-deposition of the respective
gases at 20 K. The estimated ice thickness was 0.71 um. Sinusoidal patterns in the spectrum of the deposited
ice are caused by interference of infrared light reflected in the substrate-ice-vacuum optical system.

It should be noted that, upon its preparation at 20 K, the mixed SO2:H-O ice is porous
as evidenced by the two small mid-infrared absorption bands centred at 3701.0 and 3721.0
cmt caused by hydroxyl dangling bonds (Jenniskens and Blake 1994, Palumbo 2006).
Porous or microporous ice structures play important roles in solid-phase astrochemistry as
these (micro)pores offer routes through which thermally or radiolytically derived radicals
and ions may migrate, thus allowing for more extensive and substantial chemical reaction
networks. Thermal and radiation chemical processes are, however, known to induce
compaction of the ice and thus reduce ice porosity significantly (Palumbo 2006, Bossa et al.
2012). Indeed, during the thermal annealing of the mixed ice (Fig. 5.12) the peak areas of
these hydroxyl dangling bonds were observed to diminish rapidly until no evidence for them
could be observed at 40 K.

The disappearance of these hydroxyl dangling bonds suggests that restructuring
processes are able to take place within the ice even at low temperatures. Aside from pore
closing and ice compaction, a phase change occurs at 40-50 K in which the H2O ice
transitions from one with high true density to one with a lower true density (Collings et al.
2003a and references therein; note that true density refers only to the density of the H.O
molecules and excludes any empty space in the porous structure). Unfortunately, changes in
the mid-infrared spectrum of H2O indicative of this particular phase transition are difficult
to identify, and may manifest in different ways in ices accreted from the vapour phase
(Hagen et al. 1981, Jenniskens et al. 1995). It is important to recognise that this phase change
Is not necessarily associated with changes in the porosity of the ice and, indeed, experimental
evidence has suggested that porous ices that have been thermally annealed retain at least
some degree of porosity even at comparatively elevated temperatures (Isokoski et al. 2014).
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Perhaps the most obvious indicator of large-scale restructuring occurring within the
ice are the changes observed in the appearance of the strong H2O stretching modes (Fig.
5.12). As the ice was thermally annealed, a gradual red-shifting of the band peak position to
lower wavenumbers, accompanied by the development of a more resolved structure, could
be observed. Such changes are indicative of the thermodynamically favourable
crystallisation of the amorphous ice to the cubic phase. This cubic phase appears to be
achieved at a temperature of 120 K. Further annealing to higher temperatures results in this
mid-infrared absorption band adopting a radically different appearance characteristic of the
hexagonal crystalline phase at a temperature of 150 K. At 160 K, the absorbance of the H.0
mid-infrared absorption bands decreased significantly, likely due to notable losses caused
by sublimation of the molecular ice to the gas phase, and total sublimation of the ice was
recorded at 170 K.

In contrast to those of the H2O ice, the mid-infrared absorption bands of the SO»
component of the mixed ice did not exhibit any indications of crystallisation during thermal
annealing, with the bands remaining fairly broad and not undergoing any splitting in contrast
to the observations made during the thermal evolution of the pure SO ice. As such, it is
reasonable to assume that the SO in the mixed ice either remained in a structurally
disordered amorphous state throughout the thermal annealing process, or else was initially
too dilute to form intermolecular interactions. However, such a result should not be
misconstrued as implying that the SO> did not undergo any physical changes during thermal
annealing: indeed, an examination of the shoulder attributed to the hydrogen bonding
between SO, and H>O molecules revealed that this feature progressively declined with
increasing temperature, until it disappeared entirely just beyond 110 K, thus indicating fewer
intermolecular interactions between the SO, and H>O molecules within the bulk ice (Fig.
5.12). Interestingly, and despite this observation, the SO, v1 and vs absorption bands
remained clearly visible in the mid-infrared spectra up to a temperature of 140 K, suggesting
that the SO, component of the ice did not suffer significant losses to sublimation. These
observations may be interpreted as indirect evidence of thermally induced segregation of the
ice mixture resulting in SO2 molecules preferentially associating with other SO> molecules
rather than H2O molecules. Similar processes have been previously reported in other
thermally annealed ice mixtures, such as H.O and CO: (Isokoski et al. 2014) as well as CO
and N2 (Nguyen et al. 2018).

Lastly, it is important to recall that the thermal annealing of a mixed SO2:H.O ice
promotes cryogenic thermal reactions within the ice structure that yield sulphur oxyanions
(Bang et al. 2017, Kanuchova et al. 2017). As shown in the inset of Fig. 5.12, the thermal
annealing of the mixed SO2:H20 ice results in the formation of two new absorption bands: a
broad bimodal peak ranging between 1100.0-983.1 cm™ and peaking at 1066.0 and 1011.2
cm™?, together with a separate and smaller band at 954.5 cm™. The presence of these bands
has been ascribed to the formation of HSO3~ and S,0s%", respectively, as per Egs. 1.3 and
1.4. The positions of these bands are in excellent agreement with those reported by other
studies (Table 5.5). It is interesting to consider the temperature at which the HSO3™ and
S,0s52~ absorption bands appear and how this relates to the stoichiometric composition of the
ice. In this present investigation, the first diagnostic traces of the HSO3z™ band could be
observed at 110 K, but were significantly stronger at 120 K. This latter temperature was also
the first temperature at which the S;0s*~ mid-infrared band was observed (Fig. 5.12). The
later (i.e., higher temperature) emergence of the S,0s>~ mid-infrared band compared to the
HSOz™ band is logical, since the formation of the former species requires a sufficient build-
up of the latter within the ice.
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Fig. 5.12: Mid-infrared absorption spectra of a 1:11 SO,:H,O ice undergoing thermal annealing from
deposition at 20 K to sublimation. Sinusoidal patterns in the spectrum of the deposited ice are caused by
interference of infrared light reflected in the substrate-ice-vacuum optical system. However, this interference
pattern does not preclude the identification of the HSO3~ and S,0s?" bands.

It should be noted that, at a stoichiometric ratio of 1:11, the mixed SO2:H.O ice
considered in this study was relatively sulphur-poor. Therefore, it is likely that the thermal
chemistry leading to the formation of HSO3~ and S»0s* was only kinetically feasible at
higher temperatures that allow for significant diffusion of molecules and ions within the
solid ice structure, thus explaining why these product species were only identified in the
mid-infrared spectra collected above 110 K. This idea is substantiated by the results of
Kanuchova et al. (2017) and from the ICA validation experiments described in Chapter 4,
where the formation of HSO3~ and S,0s%~ was observed at temperatures of 80 and 100 K,
respectively, for ices that were more evenly composed of SO, and H20 having stoichiometric
compositions of 1:1, 1:3, and 5:3 (Table 5.5). Moreover, in their study, Kantuchova et al.
(2017) also considered the thermal annealing of a H2O-poor SO2:H>O mixed ice having a
stoichiometric composition of 10:1. Their results mirrored the ones reported in this present
investigation, with mid-infrared bands for HSOs~ and S;0s? only being observed at 120 K
likely due to the increased diffusion of the relevant precursor molecules and ions through
the solid ice at this elevated temperature.

It is difficult to estimate the efficiency of the conversion of SO; to these sulphur
oxyanions, since the integrated band strength constants for HSO3~ and S20s%~ have not been
reported in any previous experimental or computational study. In an effort to provide a more
quantitative analysis of this process, the integrated linear baseline-corrected band areas for
these products, as well as for the parent SO> species, have been plotted as a function of ice
temperature (Fig. 5.13). It is possible to note that the band peak area of SO- largely declines
throughout the thermal annealing process, with the greatest losses observed to begin beyond
30 K. At 140 K, however, there is an unexpected increase in the band peak area. The cause
of this increase is not definitively known; however, it is tentatively suggested that it may be
due to some small-scale structural ordering of the SO> ice which would have undergone
extensive segregation from the H-O ice by this temperature, as discussed previously.
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Table 5.5: Summary of results from selected previous studies on the thermal formation of HSO3;™ and S;0s%
in SO2:H,O mixed ices at cryogenic temperatures.

Study HSO;- Band Position (cm) 5,02 SO2:H,0 Ratio
This investigation 1066.0, 1011.2 954.4 1:11
ICA validation (Chapter 4) ~1040 956 5:3
Moore et al. (2007) 1035, 1011 958 1:3
~1065 - 1:30
Loeffler and Hudson (2010) 1034, 1013 958 1:6
Katuchova et al. (2017) 1065, 1036 - 10:1
1036, 1011 950 1:1
1037, 1011 958 1:3
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Fig. 5.13: Variation in the peak areas of the SO, (v3), HSOs", and S,0s* bands during the thermal annealing
of a 1:7 SO2:H20 ice. Note that uncertainties in the measurement of the band peak areas may be quite large
due to the effects of the sinusoidal interference pattern present in the spectra. The limits of integration were as
follows: SO (vs) = 1175-1140 cm*; HSO5~ = 1100-980 cm™?; S,0s% = 980-935 cm™.

Beyond 140 K, the SO> sublimates efficiently and only traces are observable at 150 K.
The higher temperature sublimation of solid SO2 when mixed with H,O compared to that of
the pure SO ice is in line with previous literature concerned with the thermal desorption of
volatiles (Minissale et al. 2022). The mid-infrared absorption band of HSO3™ is first apparent
at 110 K and subsequently increases in peak area until it reaches a maximum at 120 K. It is
at this latter temperature that the mid-infrared absorption band of S;0s?" is first detected.
Further thermal annealing results in a decline in the peak areas of both absorption bands, and
they are observed to have disappeared by 140 K, most likely due to their sublimation from
the ice.

Considering now the mid-infrared spectrum of the mixed 1:7 H2S:H-O ice deposited
at 20 K shown in Fig. 5.10, it is possible to note that it is only the vs band of the H.S ice
component that is visible and that the less intense v2 mode is not apparent. Compared to the
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pure HaS ice (Fig. 5.1), the vs band is red-shifted by 1.5 cm™ in the mixed ice where it is
located at 2549.5 cm™2. It is interesting to note that the apparent shift in the vs band position
in the mixed H2S:H20 ice is less significant than and in the opposite direction to the
analogous shifts of the SO> v1 and vs bands in the mixed SO2:H20 ice. It is also interesting
to note that the vs band of the H,S ice mixed with H>O is seemingly characterised by a
shoulder (Fig. 5.14) at about 2500 cm™ (+10 cm™?) which was not present in the spectra of
the pure H»S ices (Fig. 5.10), although this is difficult to confidently identify against the
sinusoidal background and thus may simply be a persistent artefact within the spectral data.
The remainder of this discussion will assume that this absorption feature is indeed a band,
although further experimental work is strongly recommended to confirm this.

Based on prior assignments by Nelander (1978) and Barnes et al. (1984), this shoulder
has been tentatively ascribed to the doubly hydrogen bonded system H2O---HSH---OH>. The
presence of such a structure in this ice would not be surprising, as not only is H2S known to
weakly participate in hydrogen bonding (Lowder et al. 1970, Das et al. 2018), but it is also
a much stronger acid than H20 (H2S pKa = 7; H20 pKa = 14; Perrin 1982, Silverstein and
Heller 2017) and thus more able to act as the proton donor in the hydrogen bond system.
This shoulder appears to be present throughout the thermal annealing process right up until
the sublimation of the H>S component of the ice at a temperature of just over 100 K.
Therefore, if this band is truly attributable to the H.O---HSH---OH> system as is suspected,
then its presence throughout the thermal annealing process implies that the H>S did not
undergo segregation from the H2O ice, unlike what was observed for the SO2:H.O ice
mixture. Although the exact reason for this difference is not entirely understood, it is to be
acknowledged that ice segregation as a consequence of thermal annealing is known to be
dependent upon the molecular components of the mixed ice and their initial stoichiometric
composition (Boogert 2019).
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Fig. 5.14: A shoulder is apparent on the lower wavenumber flank of the H»S vs band throughout the thermal
annealing process. This band has been tentatively attributed to the hydrogen bonded system H;O---HSH---OHo.
It is important to recognise that this absorption feature is weak, and may be an artefact of the sinusoidal
background present in the spectral data.
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Fig. 5.15: Mid-infrared spectra of a 1.7 H,S:HO ice undergoing thermal annealing from deposition at 20 K to
sublimation. The inset depicts the possible presence of a shoulder due to H,O---HSH---OH; hydrogen bonding.
Sinusoidal patterns in the spectrum of the deposited ice are caused by interference of infrared light reflected in
the substrate-ice-vacuum optical system.

The mid-infrared spectra collected during the thermal annealing of the 1:7 H.S:H.0
ice are shown in Fig. 5.15. Upon its deposition at 20 K, the H2S:H.O ice was found to be
porous as evidenced by the presence of hydroxyl dangling bonds positioned at 3698.6 and
3723.2 cm™ (Fig. 5.11). These dangling bonds are approximately located at the same
position as those in the SO2:H20 mixed ice and, indeed, the decline in the peak areas of these
bands as a result of thermal annealing was found to be very similar in both mixed ices, with
no evidence for the hydroxyl dangling bonds being present at temperatures of 40 K and
above. As discussed previously, the absence of these bands should not necessarily be
interpreted as the complete and total compaction of the ice (Isokoski et al. 2014).

Thermal annealing of the H>S:H2O ice resulted in various changes in the appearance
of the mid-infrared spectra (Fig. 5.15). The changes in the H2O mid-infrared absorption
bands were virtually identical to those observed during the thermal annealing of the SO2:H.0
ice, with phase changes from amorphous to cubic crystalline and then to hexagonal
crystalline being observed at 120 and 150 K, respectively. At 160 K, the absorbance of the
H->O absorption bands decreased due to increased sublimation of the ice to the gas phase,
and total sublimation was recorded by 170 K.

Regarding the thermal evolution of the H>S vs band, this absorption feature presents as
a fairly broad band upon deposition at 20 K, and largely remains so up to 60 K indicating
that the H>S ice remains amorphous across this temperature range. At 60 K, however, it is
evident that the band begins to take on more of a bimodal structure which becomes somewhat
more evident at higher temperatures and persists until sublimation occurs at a temperature
just beyond 100 K (Fig. 5.15). Such a change suggests that, although the H>S component of
the mixed ice never achieves a truly crystalline phase, some limited degree of restructuring
to a more ordered (perhaps polycrystalline) phase has taken place.
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Lastly, it is important to comment on the fact that the thermal annealing of the
H>S:H>0 mixed ice did not initiate any cryogenic thermal reactions, in contrast to the thermal
annealing of the SO2:H>O mixed ice. Such a result is in agreement with the prior work of
Moore et al. (2007). A more recent study has demonstrated that the oxidation of H,S to SO>
and various sulphur oxyanions via the thermal annealing of a HS:H>O mixed ice is in fact
possible only if an oxidant (such as Oz) is initially included as an additional component of
the ice mixture (Tribbett and Loeffler 2022). However, such a consideration is beyond the
scope of this present investigation.

5.5 Applications to Planetary and Space Chemistry

In the previous sub-sections, the results of an extensive and systematic study of the mid-
infrared spectroscopy of SO, and H.S astrophysical ice analogues deposited at various
cryogenic temperatures and processed via thermal annealing were described and compared
to previously published literature. In this section, the relevance of such results to sulphur
astrochemistry in the ISM and the icy Solar System will be discussed. It should be noted that
the aim of this sub-section is not to compare the laboratory generated data presented in this
chapter with data collected from actual observational missions, but rather to provide a series
of brief discussions highlighting those astrophysical environments where sulphur chemistry
is thought to play an important role. Such a discussion may aid observational astrochemists
in selecting targets for future study and thus address as yet unanswered questions in the field
of sulphur ice astrochemistry.

5.5.1 Dense Interstellar Clouds

As has been described in both Chapter 1 as well as the introduction of this chapter, there is
a noticeable paucity of sulphur in the dense ISM (Tieftrunk et al. 1994, Ruffle et al. 1999).
Thus far, only SO2 and OCS have been detected in interstellar icy grain mantles (Boogert et
al. 1997, Palumbo et al. 1997) and even then, these detections are regarded as being tentative
due to the lack of multiple matching infrared bands between observational and laboratory
data (Boogert et al. 2015). Therefore, it is necessary to understand the various molecular
forms that sulphur may adopt in these regions. Recent work has proposed that this apparent
depletion of sulphur may be induced by the Coulomb-enhanced freeze-out of sulphur cations
onto negatively charged interstellar dust grains, at which point they polymerise and catenate
to give sulphur-bearing rings and chains (Cazaux et al. 2022).

Computational studies have offered some further insight into the molecular
composition of interstellar sulphur, although diverse and sometimes conflicting results have
been reported: Vidal et al. (2017), for instance, proposed that H2S is the dominant sulphur-
bearing molecule in interstellar icy grain mantles while atomic sulphur dominates the gas
phase of the dense ISM. Laas and Caselli (2019), on the other hand, concluded that the
majority of sulphur exists as organo-sulphur molecules in the condensed phase, while
Shingledecker et al. (2020) suggested that the major sulphur-bearing species are in fact
sulphur residues along with SO, and OCS.

Despite it never having been unambiguously observed, it is nonetheless anticipated
that H2S would be one of the most abundant sulphur-bearing molecules of interstellar icy
grain mantles. This expectation is based on its detection and abundance within the nuclei of

126



comets (Rubin et al. 2020) which are believed to be quasi-pristine catalogues of the pre-
stellar molecular inventory of dense interstellar clouds, as well as the apparently efficient
hydrogenation reactions that may take place on the surfaces of interstellar dust grains
(Linnartz et al. 2015). It is hoped that the recent launch of the James Webb Space Telescope
will aid in not only detecting H.S, but also confirm the detections of SO, and OCS and thus
shed further light on the sulphur depletion problem that has characterised the chemistry of
the dense ISM for several decades. The spectroscopic characterisations presented in this
chapter may prove useful in this regard.

5.5.2 Ceres

There is currently an ongoing debate as to the possible presence of SO and Sy on the surface
of the innermost of the dwarf planets; Ceres. Based on laboratory generated spectroscopic
data, Hendrix et al. (2016) proposed that phyllosilicate minerals such as montmorillonite
intermixed with SO> ice and Sy could explain the ultraviolet-visible reflectance spectrum of
Ceres as measured by the Hubble Space Telescope. Such a finding has profound implications
for the Cererian subsurface environment, which is thought to harbour a briny ocean (Castillo-
Rogez 2020), since the presence of sulphurous species at the surface supports the idea that
Ceres is home to ongoing geothermal activity. The presence of a briny ocean with
geothermal energy sources could therefore make Ceres of significant astrobiological interest.

However, the presence of sulphur-bearing volatiles at the surface of the dwarf planet
has been challenged by Roth (2018), who argued that, at 201 K, the surface temperature of
Ceres is too high to permit any reasonable accumulation of SO, to the extent that would be
needed to be detected by the Hubble Space Telescope (Zhang and Paige 2009). Such an
interpretation is consistent with the non-detection of SO by the VIR Spectrometer aboard
the Dawn mission (Stephan et al. 2017). Such a non-detection is not conclusive evidence of
the absence of SO; at the surface of Ceres, however, as the relevant infrared bands may be
obscured by dark surface materials or could be blended with spectral features assigned to
carbonate minerals (De Sanctis et al. 2016). The spectroscopic characterisations presented
in this chapter could therefore be of use to future measurements of the Cererian surface
composition by the James Webb Space Telescope, whose increased sensitivity may produce
results that could aid in either confirming or firmly rejecting the presence of sulphur-bearing
volatiles there; or to the possible future surface lander mission proposed by Castillo-Rogez
et al. (2022).

5.5.3 Io and Europa

Sulphur chemistry is a key component of the surface chemistry of the Galilean moons of
Jupiter. For example, SOz is the principal constituent of the surface ices of lo; and its rapid
sublimation during the lonian day results in the formation of a tenuous SO exosphere
(Bagenal and Dols 2020; Table 2.4). During the night-time, when surface temperatures cool,
the exosphere collapses and the SO, surface ices are replenished as a result of re-
condensation. Although there is scientific consensus as to the predominance of SO ices on
the surface of lo (Douté et al. 2001), the observation of H2S on the surface of this moon has
proven to be somewhat more controversial.

Observational investigations have detected the presence of a broad infrared reflectance
feature at about 2551 cm~* (Nash and Howell 1989, Salama et al. 1990), whose position and
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profile would agree with that of the amorphous H2S vs band. However, this identification has
been met with some scepticism since H-S ice should be crystalline at the temperatures that
characterise the surface of lo (Schmitt and Rodriguez 2003), and the reflectance feature
should thus exhibit splitting in its structure as shown in Fig. 5.3. Interestingly, the results
presented in this chapter demonstrate that the thermal annealing of a H2S:H.O ice mixture
in which HS is the minor component does not result in the formation of crystalline H2S
(Figs. 5.14 and 5.15). Rather, the H»S either remains amorphous or adopts a polycrystalline
structure which is maintained right up until its sublimation at just over 100 K.

If it can be assumed that a similar outcome to that observed in thermally annealed
H2S:H20 ice would be observed as a result of the thermal annealing of a H2S:SO: ice in
which SO2 was the dominant species, then the results presented here suggest that the lonian
surface infrared reflectance feature at 2551 cm could indeed be due to the presence of H2S.
Future studies are planned to test the validity of this assumption. It is important to note,
however, that H.S ice would be very unstable under the conditions that characterise the
surface of lo and would thus be expected to efficiently sublimate into the gas phase.
However, the ubiquitous volcanism on lo could, in principle, deliver sufficient quantities of
H>S to the surface to allow it to have a residence time that is sufficiently long for it to be
observed using various observation techniques.

Orbiting Jupiter slightly further out is Europa: a moon with its own enigmatic surface
chemistry. SO ice has been detected on the surface of Europa (Lane et al. 1981, Noll et al.
1995), although there remain several questions as to its source. As the orbit of Europa lies
within the giant Jovian magnetosphere, it has been hypothesised that the sulphur ions that
populate the magnetospheric plasma may implant into the surface of the moon, whereupon
they react with oxygen-bearing ices (e.g., H20 or CO.) to yield SO (experiments
investigating such reactions in more systematic detail are the focus of Chapter 7). Indeed,
such an exogeneous mechanism was suggested to be part of a wider radiolytic sulphur cycle
occurring at the surface (Carlson et al. 1999). However, laboratory experiments have thus
far failed to yield any convincing evidence as to the efficacy of this mechanism (Strazzulla
et al. 2007, Ding et al. 2013). Alternative endogeneous sources, such as venting from the
subsurface ocean, have therefore also been proposed (McKinnon and Zolensky 2003).

In any case, itis likely that many of the questions relating to sulphur ice astrochemistry
on the surfaces of the Galilean moons of Jupiter, including those discussed briefly here, will
be addressed by the forthcoming Jupiter Icy Moons Explorer and Europa Clipper missions
(Grasset et al. 2013, Phillips and Pappalardo 2014). The former mission is due to be launched
in the spring of 2023, and will include the Moons and Jupiter Imaging Spectrometer
(MAJIS); a visible and infrared imaging spectrograph operating over the 0.5-5.5 pum range.
Therefore, the infrared spectroscopic characterisations presented in this chapter may prove
useful to interpreting the data collected by this mission and, by extension, further
understanding the intricate sulphur chemistry occurring on the surfaces of the Galilean
moons.

5.6 Summary

In this chapter, the results of an extensive mid-infrared spectroscopic characterisation of pure
H>S and SO astrophysical ice analogues deposited at various temperatures and thermally
annealed to sublimation, as well as of mixed H2S:H20 and SO2:H-0 ices deposited at 20 K
and thermally annealed to total sublimation of the ice, have been presented. It is anticipated
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that the results presented here will be of use in the interpretation of data collected by the
recently launched James Webb Space Telescope, as well as by forthcoming interplanetary
missions such as the Europa Clipper and Jupiter Icy Moons Explorer missions.

In the case of the pure H>S ices, sublimation was noted to take place before reaching
a temperature of 90 K. The temperature at which spectroscopic indicators of crystallinity
were observed was found to be dependent upon the temperature of deposition: for the ice
deposited at 20 K, crystallisation was recorded at a temperature of 60 K, while the ice
deposited at 40 K already exhibited many spectroscopic signatures of crystallinity, such as
the splitting of the broad vs band into its constituent infrared modes. For the pure SO- ices,
complete sublimation was found to have taken place by 120 K. Moreover, the band peak
positions do not vary throughout the thermal annealing process, aside from a red-shift in the
band peak of the vi mode of about 4.7 cm™ upon crystallisation of the ice. The temperature
of crystallisation was found to be dependent upon the temperature of deposition, similarly
to the case of H.S. For the ice deposited at 20 K, only small infrared signatures of
crystallinity could be observed at 70 K, while ices deposited at higher temperatures were
practically fully crystalline when annealed to this temperature.

An investigation of the thermal annealing of the H>S:H>O and SO2:H20 mixed ices
also revealed several interesting results. In both ices, only the most intense infrared
absorption features could be identified and, moreover, the sublimation temperatures of the
sulphur-bearing molecules were found to be elevated when compared to the pure ices, in
agreement with previous results. Infrared absorption features attributable to hydrogen
bonding systems were also observed in the spectra of both mixed ices, and were used to
indirectly infer the segregation of SOz and H20 during the thermal annealing of the mixed
ice; no evidence for such thermally induced segregation was observed for the H,S:H2O ice.
When mixed with H>O ice, both H2S and SO, remain largely amorphous (or, perhaps,
polycrystalline) throughout the thermal annealing process right up to their sublimation from
the bulk ice. It is interesting to note that the mid-infrared absorption features of SO in the
mixed ice were blue-shifted compared to the pure ice, while those of H.S in the mixed ice
were red-shifted. Lastly, evidence was demonstrated of thermally induced chemistry in the
S02:H20 ice which yielded a number of sulphur oxyanions. Conversely, no evidence for
thermally induced chemistry was observed during the thermal annealing of the H2S:H.O ice.
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6 CONSTRAINING THE INFLUENCE OF SOLID PHASE ON
THE RADIATION CHEMISTRY OF ASTROPHYSICAL ICE
ANALOGUES

This chapter is dedicated to an investigation of the role of the solid phase of an astrophysical ice
analogue in determining the outcome of its radiation chemistry. Constraining the influence of various
physical and chemical parameters (e.g., temperature or ice composition) on the radiation chemistry
of solids has been a fundamental aspect of astrochemical research; however, experiments
systematically comparing ices of an identical composition but different phase have been lacking in
the literature. This chapter presents the results of the electron irradiation of the amorphous and
crystalline phases of various molecules of differing structures, polarities, functional moieties, and
intermolecular interactions, namely CHsOH, N2O, H.O, H:S, and SO.. The chapter will then close
with a discussion of the implications of the results obtained on molecular formation in different
astrophysical environments where thermal or radiation processes may dominate over one another.

Note: The majority of the work described in this chapter has been published in peer-reviewed journals or
periodicals as: [1] Mifsud et al. (2022), Phys. Chem. Chem. Phys. 24, 10974; [2] Mifsud et al. (2022), Eur.
Phys. J. D: Atom. Mol. Opt. Plasma Phys. 76, 87; [3] Mifsud et al. (2022), Front. Chem. 10, 1003163.

6.1 Contextual Introduction

The characterisation of the effect of varying various experimental parameters on the outcome
of the radiation chemistry of astrophysical ice analogues is of vital importance, particularly
in light of the fact that it has been established for some time now that the irradiation of low
temperature ices using charged particles (i.e., ions and electrons) or ultraviolet photons may
lead to the formation of complex organic molecules relevant to biology (Mufioz Caro et al.
2002, Neuvo et al. 2007, Hudson et al. 2008, Nuevo et al. 2012).

Several laboratory investigations have sought to further understand the dependence of
this radiation astrochemistry on parameters such as temperature. For instance, Sivaraman et
al. (2007) investigated the formation of Oz as a result of the electron irradiation of pure O>
ices at different temperatures and found that, although the addition of radiolytically derived
supra-thermal oxygen atoms to O to yield Os is a temperature-independent process, the loss
of available atoms to do so due to their recombination to recycle O is greater at higher
temperatures. Therefore, the yield of Oz after irradiation at lower temperatures is noticeably
greater. The influence of temperature on the radiation chemistry of astrophysical ice
analogues has been a popular theme in the literature. However, one experimental parameter
that has received considerably less attention is that of the phase of the molecular ice being
irradiated. Only a handful of studies have directly compared the radiation chemistry of
different phases of an astrophysical ice analogue (Orlando and Sieger 2003, Grieves and
Orlando 2005, Zheng et al. 2007), and these studies have all considered the electron
irradiation of amorphous and cubic crystalline D,O. The results of these studies have
demonstrated that the formation of D2, O2, and D20, was significantly more rapid in the
amorphous case. This observation was attributed to the increased ability of radiolytically
generated radicals to diffuse through the solid structure in the amorphous ices due to their
increased structural defects and porosities.
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Nevertheless, there currently exists a gap in the literature with regards to comparative
irradiations of the various phases of molecular ices. The aim of the work presented in this
chapter, therefore, is to investigate whether there exist any differences in the outcome of the
electron irradiation of the amorphous and crystalline phases of selected molecular ices of
astrophysical interest (including a number of sulphur-bearing species) that can be ascribed
solely to the difference in solid phase. The selected molecules are CHzOH, N20, H20, HzS,
and SOz. Such a selection includes some of the most common ices in the cosmos (e.g., H20
and CH3OH) and represents each of the biogenic elements with the notable exception of
phosphorus. A brief description of the phase chemistry of each of these ices as well as their
astrophysical relevance now follows.

6.1.1 CH;0H Ice

CH3OH ices are ubiquitous within the icy cosmos, having been detected on Solar System
objects such as comets and centaurs (Bockelée-Morvan et al. 1991, Eberhardt et al. 1994,
Cruikshank et al. 1998) as well as around young stellar objects in interstellar space
(Pontopiddan et al. 2003, Penteado et al. 2015, An et al. 2017). Their presence in such
settings is thought to arise from chemical processes within icy grain mantles in dense
interstellar clouds, such as sequential hydrogenation reactions of CO and H.CO (Hudson
and Moore 1999, Watanabe and Kouchi 2002, Wada et al. 2006, Chuang et al. 2016) or the
radiolysis of carbon-bearing H>O-rich ices (Fuchs et al. 2009, Qasim et al. 2018).

Although the literature contains a great number of publications concerned with the
radiation chemistry of pure CH3OH ices, few make explicit reference to the phase of the ice
their experiments are concerned with. This is perhaps unexpected, as the phase chemistry of
CH3OH at low temperatures and pressures has actually been studied extensively for nearly
a century. As a solid ice, CH3OH may exist as an amorphous structure up to a temperature
of 128 K, after which it undergoes crystallisation (Parks 1925). Two crystalline phases are
known: a low temperature a-phase that persists to about 160 K (Lucas et al. 2005, Galvez et
al. 2009), and a high temperature -phase that persists until liquification at the triple point
temperature of 175.61 K (Carlson and Westrum 1971). X-ray and neutron diffraction studies
have shown that both the a- and the B-phases exhibit orthorhombic symmetry with four
molecules per unit cell (Tauer and Lipscomb 1952, Torrie et al. 1989, Torrie et al. 2002).
The main distinctions between the phases are the orientation of the hydrogen bond chains
linking adjacent molecules, and the space group to which they belong: the a-phase belongs
to the D4?>-P212121 space group while the B-phase belongs to the D2x!’-Cmen space group
(Lucas et al. 2005).

6.1.2 N0 Ice

N20 has been detected in interstellar settings such as stellar nurseries and towards low mass
protostars (Ziurys et al. 1994, Ligterink et al. 2018). The presence of N2O ice, although yet
to be confirmed, is expected on the surfaces of outer Solar System moons and dwarf planets
where N2 and Oy ices are known to co-exist in radiation environments driven by giant
planetary magnetospheres or the solar wind (Ponciano et al. 2008, Boduch et al. 2012,
loppolo et al. 2020).

Solid N2O may exist as one of two phases under high-vacuum conditions: an
amorphous phase which dominates at temperatures below 30 K and a crystalline phase that
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exists at higher temperatures and which adopts a Pa3 structure (Kuchta et al. 1992, Hudson
et al. 2017). Interestingly, the phase adopted by a N2O ice is not only determined by the
temperature at which it was prepared, but also by its rate of condensation from the gas phase.
Hudson et al. (2017) demonstrated that faster deposition rates are conducive to the formation
of a partially or wholly crystalline N2O ice. This crystalline phase has oftentimes been
described as a ‘disordered crystal’ due to the fact that the lack of inversion symmetry in the
N20O molecule allows for more than one possible orientation of the weak molecular dipole
parallel to the body diagonals of the unit cell. Such a description should not be misconstrued
as implying a lack of structure, however, as the crystalline phase is still characterised by an
ordering of the constituent N2O molecules.

6.1.3 H:O Ice

H2O ice is among the most ubiquitous materials in the cosmos (Oberg 2016). On planet
Earth, H2O ice is largely found as snow, glaciers, or permafrost, and their environmental
transformations have been linked to various planetary-scale climatological effects, such as
altered ocean currents, changes in sea-levels, and increased carbon exchange (Dobinski
2006). Beyond Earth, H-O ice has been detected in a great number of astrophysical settings,
including dense interstellar clouds (Chiar et al. 2011), circumstellar discs (Honda et al.
2009), comets (Davies et al. 1997, Sunshine et al. 2006), outer Solar System moons (Chyba
and Phillips 2002, Brown et al. 2006), rocky Solar System planets (Paige et al. 1992,
Vincendon et al. 2010), and Kuiper Belt Objects (Brown et al. 2012).

In spite of the low temperatures and ultrahigh-vacuum conditions associated with such
astrophysical environments, these H»O ices display a rich phase chemistry. Condensation of
gaseous H>0 at the 10-20 K temperatures encountered within the cores of dense interstellar
clouds results in the formation of amorphous solid water (ASW); a polymorphic and meta-
stable phase whose crystallisation to a more ordered structure occurs spontaneously over
extended time-scales (Baragiola 2003). The crystallisation of ASW may also be induced via
thermal annealing, with two crystalline phases forming sequentially: a cubic ice (Ic) is the
first, low temperature crystalline phase encountered which, upon further warming, is
irreversibly converted to a stable hexagonal ice (Ih).

It has already been mentioned that, upon preparation via condensation at 10-20 K,
ASW exists as a high-density polymorph which is transformed to another polymorph having
a lower true density upon thermal annealing to 40-50 K (Baragiola 2003, Collings et al.
2003a). As the ice is warmed to higher temperatures, it begins to crystallise on a local scale
via the nucleation of small regions, thus leaving the majority of the ice in an amorphous
state. Although still technically an amorphous ice, this phase is regarded as somewhat
distinct to ASW due to its higher degree of crystallinity and has thus been termed the
restrained amorphous ice (RAI) phase (Jenniskens and Blake 1994). RAIs have been
observed under various experimental temperature and pressure conditions, including at
temperatures as low as 77 K (Kolesnikov et al. 1999). Further annealing of the ice results in
its crystallisation to Ic at temperatures of 120-140 K (Ehrenfreund and Fraser 2003),
although just prior to this there exists a glass transition to a viscous liquid which is
thermodynamically distinct from liquid H.O (McMillan and Los 1965). Additional warming
of the Ic phase results in an irreversible reorganisation of the ice to the stable Ih phase at a
temperature of about 150 K.
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Both the Ic and Ih crystal structures consist of tetrahedrally coordinated H.O molecules
arranged as puckered six-membered rings. The distinction between these crystal structures
lies in the stacking order of the hexagonal bilayers which form the lattice, resulting in the Ic
and Ih crystals adopting 14:md and Cmc2; space groups, respectively (Jackson et al. 1997,
Hirsch and Ojamde 2004, Raza et al. 2011). An additional H2O ice phase that is relevant to
astrophysics is that of hyper-quenched glassy water (HGW), which is an amorphous ice
phase formed as a result of the rapid cooling of liquid H20 and is commonly seen on the
surfaces of icy outer Solar System moons following meteoritic impacts (Johari et al. 1987).

6.1.4 H,S and SO:; Ices

The phase chemistries and astrophysical relevance of H>S and SO ices were discussed at
length throughout Chapter 5, and so only a brief overview is given here. Solid H»S is known
to exhibit a number of stable crystalline phases under low temperature and ambient pressure
conditions (Fathe et al. 2006), but it is the crystalline phase 111 (hereafter simply referred to
as the crystalline H2S phase) that is of importance under conditions relevant to molecular
astrophysics. This phase is orthorhombic, having eight molecules per unit cell and adopting
the Pbcm space group. SO2 may also exist as an orthorhombic crystalline solid under
conditions relevant to astrophysics, but in this case the Aba2 space group is adopted and
there are only two molecules per unit cell (Schriver-Mazzuoli et al. 2003Db).

Although sulphur is one of the most abundant elements in the cosmos and is of
importance in both a biochemical and a geochemical context, much remains unknown with
respect to its chemistry in interstellar and outer Solar System settings. The sulphur depletion
problem in the dense ISM has already been discussed at length and, although it has not yet
been definitively detected within the solid phase, icy H2S is anticipated to play an important
role in the depletion of sulphur in these regions as a result of the formation of large amounts
of sulphur atoms and Sx as a result of the irradiation of H.S by galactic cosmic rays and
ultraviolet photons. SO has been detected within both the dense ISM as well as on the
surfaces of several outer Solar System bodies such as the Galilean moons of Jupiter (Boogert
et al. 1997, Carlson et al. 1999). However, the precise chemical mechanisms leading to its
formation in these settings remain widely debated.

6.2 Experimental Methodology

The experimental work was performed using the ICA apparatus. The preparation of the
astrophysical ice analogues was achieved via background deposition by allowing the
relevant gas or vapour into a dosing line before dosing it into the main chamber at a pressure
of a few 107 mbar. This deposition pressure was reduced to a few 10~" mbar in the case of
the preparation of the amorphous N2O samples, due to the known dependence of the phase
adopted by this ice upon deposition rate (Hudson et al. 2017). In the case of CH30H (VWR,
VLSI grade) and H20 (de-ionised), the liquid was first de-gassed in a glass vial using the
liquid nitrogen freeze-pump-thaw technique before directing the vapour into the dosing line.
For N2O, H>S, and SO (respectively 99.5%, 99.5%, and 99.8% purity; all Linde), the gas
was introduced directly into the dosing line without any additional preparation.

All amorphous ices were prepared by deposition at 20 K. Careful consideration was
needed in order to determine the deposition temperature of the crystalline phases of the ices,
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due to the complexity of the phase chemistry in some cases. The results of Chapter 5 allowed
for the deposition temperatures of crystalline H2S and SO: to be determined, and these were
selected to be 60 and 90 K, respectively. A temperature of 60 K was also selected for the
preparation of the crystalline N2O ices, on the basis of previously published work by Hudson
et al. (2017). With regards to CH3OH, it was decided that only the a-phase would be
investigated as part of this study, due to the high sublimation rates of solid CH3OH at the
deposition temperatures required to prepare the 3-phase under high-vacuum conditions. The
preparation of a-crystalline CH3OH was thus achieved by depositing the ice at 140 K.

Given that H.O may exhibit a number of different solid phases under conditions
relevant to astrophysics, it was necessary to first perform a trial experiment to accurately
assess the deposition temperatures required to prepare these phases. A 0.25 pm-thick ASW
sample was prepared by deposition at 20 K and subsequently thermally annealed to 110 K
at a rate of 1 K min~! with mid-infrared spectra collected at 10 K intervals, and thereafter at
a slower rate of 0.33 K min™ with spectra being collected at 5 K intervals until sublimation
was observed at 165 K. The identification of the phase of H2O present at a given temperature
was achieved via comparisons with previously published spectra (Hornig et al. 1958, Bertie
and Whalley 1964, Whalley, 1977, Bergren et al. 1978, Hagen et al. 1981, Hagen and Tielens
1982, La Spisa et al. 2001).

Thermal annealing of the deposited ASW ice resulted in its crystallisation. As the ice
was warmed, observed changes in the acquired mid-infrared spectra indicated a gradual
transition to the Ic phase. Such spectroscopic indications could be seen at temperatures as
low as 80 K; however, this temperature is far too low to expect full crystallisation to Ic to
have occurred and so it is suggested that the observed spectroscopic signatures of
crystallinity are more likely to be instead indicative of a RAI phase, in which pockets of
crystalline ice are surrounded by a largely amorphous structure. Further annealing of the ices
resulted in more extensive crystallisation, with the strongest spectroscopic signatures of the
Ic phase being observed over the 130-140 K temperature range. Beyond 140 K,
spectroscopic changes indicated a morphological change to the Ih phase which was complete
by the time a temperature of 145 K was reached. Continued warming of the ice resulted in
sublimation-induced losses, and full desorption of the ice from the deposition substrates
occurred by 165 K. Fig. 6.1 summarises the main phase changes induced in the ice as a result
of thermal annealing.
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Fig. 6.1: Evolution of the H,O mid-infrared stretching modes during the thermal annealing of an ice deposited
at 20 K. Shown in the figure (bottom to top) are the appearances of these modes for the ice in the ASW (20 K),
RAI (80 K), Ic (130 K), and Ih (150 K) phases. Note that spectra are offset vertically for clarity.
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Table 6.1: Summary of the comparative electron irradiation experiments performed in this study. Note that the
penetration depth referred to in the last column refers to the maximum penetration depth of a 2 keV electron
impacting each ice target at an angle of 36° to the normal as calculated using the CASINO software, with the
exception of the SO; ices for which the electron beam energy was 1.5 keV.

Irradiation Ice Phase N (moleculescm™) | d(um) | Taeposition (K) Eigi;r?ﬂ%

6.3.11cel CH;OH | Amorphous 1.3x10%8 1.08

6.3.11ce 2 CH;OH | Amorphous 1.1x10%8 0.95

6.3.11ce 3 CH;OH | Amorphous 1.2x10%8 0.98

Average 1.2x10%8 1.00 20 0.22
6.3.11ce4 CH3OH | Crystalline 1.5x10%8 1.20

6.3.11ce5 CH3;OH | Crystalline 1.1x1018 0.88

6.3.11ce 6 CH3OH | Crystalline 1.1x10%8 0.87

Average 1.2x10%8 0.98 140 0.19
6.3.11ce7 N.O Amorphous 2.9x10% 0.17

6.3.11ce 8 N20 Amorphous 2.8x10% 0.16

Average 2.9x10Y 0.17 20 0.13
6.3.11ce9 N20 Crystalline 5.8x10%7 0.27

6.3.11ce 10 | N2O Crystalline 6.1x10% 0.28

Average 5.9x10% 0.28 60 0.11
6.3.21cel H20 ASW 7.4x10Y 0.23 20

6.3.2 Ice 2 H20 RAI 6.5x10%7 0.21 80

6.3.2 Ice 3 H>O Ic 6.6x10%7 0.21 130

6.3.21ced H20 Ih 6.8x10%7 0.22 150

Average 6.8x10Y 0.22 0.18
6.3.31cel H,S Amorphous 7.1x10Y 0.33

6.3.31ce 2 H.S Amorphous 6.5x10% 0.30

6.3.31ce 3 H.S Amorphous 7.7x10% 0.36

Average 7.1x10Y 0.33 20 0.16
6.3.31ce4 H,S Crystalline 5.8x10%7 0.27

6.3.31ce 5 H,S Crystalline 6.4x10% 0.29

6.3.31ce 6 H.S Crystalline 7.6x10Y7 0.35

Average 6.6x10Y 0.31 60 0.16
6.3.31ce7 SO, Amorphous 3.1x10% 0.17

6.3.31ce 8 SO, Amorphous 2.5x10%7 0.14

6.3.31ce 9 SO, Amorphous 2.9x10Y7 0.16

Average 2.8x10Y 0.16 20 0.07
6.3.31ce 10 | SO, Crystalline 2.6x10Y7 0.15

6.3.31ce 11 | SO, Crystalline 2.2x10Y7 0.12

6.3.31ce 12 | SO, Crystalline 2.8x10Y7 0.16

Average 2.6x10%7 0.14 90 0.07

In order to constrain any potential phase dependence of the radiation chemistry of H>O
astrophysical ice analogues, a total of four ice phases were investigated: (i) one ASW formed
by slow deposition of H20O vapour at 20 K, (ii) one RAI formed by deposition at 80 K, (iii)
one Ic formed by deposition at 130 K, and (iv) one Ih formed by deposition at 150 K. The
deposition temperatures of all the amorphous and crystalline ices investigated in this study
are summarised in Table 6.1. Following their deposition, all crystalline ices were cooled to
20 K prior to irradiation. The irradiation of all ices at the same temperature ensured that no
differences in the observed radiation chemistry between different ice phases of the same
species could be due to increased radical mobility in the ice matrix at elevated temperatures.

Once deposited, all ices were irradiated using 2 keV electron beams with the exception
of the SO ices, which were irradiated using a 1.5 keV electron beam, with mid-infrared
absorption spectra (1 cm™ resolution; 128 scans) being acquired at several points throughout
the irradiation processes. In all cases, projectile electrons impacted the target ices at an angle
of 36° to the normal over a nominal area of around 0.9 cm?. Prior to commencing each

135



irradiation, the beam current, flux, and profile homogeneity were determined using the
method outlined in Chapter 4. CASINO simulations were also performed so as to determine
the maximum electron penetration depth in the amorphous and crystalline phases of each
astrophysical ice analogue (Table 6.1). Furthermore, the experimental protocol used
involved multiple irradiations for each solid ice phase so as to ensure good repeatability of
the experiment.

6.3 Comparative Electron Irradiations of Amorphous and
Crystalline Ices

In this sub-section, the results of the comparative electron irradiations of the amorphous and
crystalline phases of the ices listed in Table 6.1 are described and discussed in the context
of their relevance to molecular astrophysics and astrochemistry. To facilitate this discussion,
the experiments have been divided into three groups depending upon the processing of the
raw data acquired during experimentation. In the first group, the results obtained from the
irradiations of amorphous and crystalline CH3OH and N20O are discussed. This is followed
by a discussion of the observations made during the electron irradiation of the four phases
of H20 that were investigated. The final group of results that shall be discussed in this sub-
section is that comprised of the observations made during the electron irradiation of the
amorphous and crystalline phases of H2S and SO..

6.3.1 Amorphous and Crystalline CH;0H and N2O Ices

The irradiation of the amorphous and crystalline phases of solid CH3OH and N.O were
conducted using 2 keV electrons. CASINO simulations revealed that the penetration depths
of the impinging electrons were significantly less than the total thickness of the deposited
ices, particularly in the case of the CH3OH ices (Table 6.1). This means that there exists an
‘active’ zone towards the surface of the ice in which the physical, physico-chemical, and
chemical effects of electron irradiation are manifested. It is therefore preferable to correct
for the ‘inactive’ zone which is observed spectroscopically but does not play host to any
radiation chemistry or physics so as to better illustrate the radiation chemistry and physics
occurring within the ‘active’ zone of the ice.

A description of the correction factor used has already been given in Chapter 4, and so
only a brief overview is provided here. The measured column density N is first normalised
to the initially deposited column density of the ice to yield the dimensionless variable Nn.
This is then converted to the corrected normalised column density N¢ by use of the equation:

N, — N
chu
1-N,

(Eq. 6.1)

where Np refers to the plateau or asymptotic value that the normalised molecular column
density of the ices reaches after prolonged irradiation (i.e., the so-called ‘steady state’).

To calculate Np, a plot of N, as a function of fluence was generated for each irradiated
ice and fitted with an exponential decay function. From the equation of this decay function,
the Nn value that would be reached after suppling a hypothetical fluence of 10%° electrons
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cm~2 (four orders of magnitude greater than what was actually supplied) was calculated and
was assumed to be equal to Np. This assumption was justified by the fact that the value for
Nn calculated for a hypothetical fluence of 10'° electrons cm=2 was equal to that for 10%°
electrons cm~2 (i.e., Np) in all cases. It is important to note that this correction factor has only
been applied to the CH3OH and N.O parent ice column densities, and not to any
measurements of the column densities of radiolytically derived product molecules.

As shown in Fig. 6.2, the radiolytic decay rate of CH3OH was found to be significantly
more rapid in the case of the amorphous ice compared to the crystalline one. Conversely, the
radiolytic decay trends of the amorphous and crystalline N2O ices were observed to be more
similar to each other, although that of the amorphous phase was still more rapid than that of
the crystalline one. Upon supplying an electron fluence of 8.9x10%° electrons cm™, the
CH3OH column density in the ‘active’ zone of the amorphous ice dropped to an average
25% of its original value, while for the crystalline ice this value, on average, only dropped
to 67%. This phase-dependent decay of CH3OH was apparent throughout the irradiation of
the ices, with the amorphous ice requiring a fluence of 2.7x10% electrons cm2 for the
‘active’ zone column density to drop below 10% of its initial value, while triple this fluence
was required to observe this effect in the crystalline phase. Conversely, the average decay
trends for amorphous and crystalline N2O were more similar (Fig. 6.2), with 44% and 52%
of the N2O in the ‘active’ zone remaining after a fluence of 1.3x10%° electrons cm~2 had been
respectively delivered to the amorphous and crystalline phases.

These observations may be rationalised in terms of the differences in the structure and
energetics of the different ice phases of CH3OH and N2O and, by extension, their stability
against radiolytic decay. In general, crystalline ices benefit energetically from their lattice
energy, defined as the energy input required to disrupt the regular ordering of their structure
(Jenkins 2005). As such, it is intuitive to expect slower rates of radiolytic decay for the
crystalline ices when compared to the amorphous ones, due to the need for the projectile
electrons to expend a portion of their energy on overcoming this lattice energy. Such a
consideration goes some way to qualitatively explaining why the decay rate of an irradiated
amorphous ice is faster than that of its crystalline counterpart, but does not explain why the
there exists a much larger discrepancy between the decay rates of amorphous and crystalline
CH3OH ice compared to N2O ice.

In order to explain these differences in decay rates, it is necessary to discuss the
intermolecular bonding present within the different ice phases of CH3OH and N20. In the
case of the former, the regularity of the crystal lattice permits an extensive array of hydrogen
bonds which confers an additional degree of stability to the ice. This network of hydrogen
bonds would require an increased supply of energy to be overcome, with some of the kinetic
energy of the projectile electrons being used for this purpose. The amorphous phase is not
characterised by this extensive hydrogen bonding network, and so there is more available
energy which may be used for driving electron-induced radiolytic dissociation of this phase,
leading to a more rapid initial depletion of CH3OH parent molecules. It should be noted that,
although some hydrogen bonding in CH3OH is expected in the amorphous phase, this would
not have the stabilising effect of the extensive lattice found in the crystalline phase,
particularly in light of the fact that hydrogen bonding in CH3OH is a cooperative
phenomenon in which the presence of a hydrogen bond in the array strengthens subsequent
hydrogen bonds via electrostatic effects (Kleeberg and Luck 1989, Sum and Sandler 2000).
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Fig. 6.2: Electron-induced decay of CHsOH (above) and N.O (below) ice phases with increasing electron
fluence. Error bars have been omitted from the figure, as the uncertainty in column density is expected to be
significantly less than the 30-50% uncertainty associated with the integrated band strength constant used to
calculate it.

The need to overcome the hydrogen bonding network implies that the irradiation of
the crystalline CH3OH ice should result in a degree of localised amorphisation of the ice in
the ‘active’ zone into which the projectile electrons penetrate (Hudson and Moore 1995).
This was observed in the acquired mid-infrared spectra, particularly in the broad absorption
band related to the O—H stretching modes centred at around 3200 cm™ (Fig. 6.3). In the
unirradiated crystalline ice, this band presents as a double peaked structure consisting of a
defined, narrow higher wavenumber peak and a broad lower wavenumber peak. Conversely,
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this band appears as a very broad single peaked structure in the pure amorphous phase. Upon
the onset of electron irradiation of the crystalline CH30H ice (and particularly so after
fluences of 4.5x10% electrons cm™ were delivered), however, this band was observed to
broaden. The effect of this broadening is most visible in the narrower, higher wavenumber
constituent peak (Fig. 6.3) and represents a localised transition to a less ordered ice structure.
Once the hydrogen bonding network has been disrupted, radiolytic dissociation of the
CH3OH molecules may take place more efficiently.

Given such results, the next point to consider is perhaps the possibility of a charged
projectile not having sufficient energy to overcome the lattice energy or disrupt the hydrogen
bonding network and thus not induce any significant radiolytic dissociation of the CH3OH
crystalline phase that would otherwise occur in the amorphous phase. A similar scenario was
considered by Bag et al. (2013), who demonstrated that CH>" molecular ions with kinetic
energies <8 eV fired towards a D20 target ice exhibited hydrogen-deuterium exchange
reactions when the ice was amorphous, but not when it was crystalline. In terms of electrons
as projectiles, although previous studies using lower energies (2.5-20 eV) have been
performed, these have typically been performed on an amorphous target ice (e.g., Boyer et
al. 2016, Sullivan et al. 2016). It would therefore be interesting to study the differences
between the radiolysis of amorphous and crystalline CH3OH ices when using a series of
lower energy (<20 eV) electrons with the aim of reproducing the results of Bag et al. (2013)
and of this present study.

The average radiolytic decay trends of the amorphous and crystalline N2O ices were
observed to be significantly more similar than those of the amorphous and crystalline
CH3OH (Fig. 6.2). Although the crystalline N2O ice does benefit from its lattice energy,
there is no hydrogen bonding network present to further stabilise it against radiolytic decay.
Instead, the dominant intermolecular interactions between adjacent N2O molecules are weak
dipole interactions and van der Waals forces. The large-scale orientation of molecular
dipoles in the regular crystalline lattice confers an additional degree of stability against
radiolytic decay; however, since dipole interactions are weaker than hydrogen bonds, this
increase in the resistance of crystalline N2O ice to radiolytic decay is not as great as that of
the crystalline CH3OH ice compared to its amorphous phase. Once again, it is acknowledged
that some limited clustering due to orientation of dipoles is expected in the amorphous ice,
particularly due to the known existence of gas-phase N2O dimers, trimers, and tetramers
(Miller and Pederson 1997, Miller and Pederson 1998, Dehghani et al. 2007). Such
molecular clusters are preserved during condensation and, indeed, the structure of the slipped
parallel dimer (or an extension thereof) is thought to be key to the so-called ‘spontelectric’
(i.e., spontaneously electric) properties of condensed N2O (Plekan et al. 2017).

These results therefore provide quantitative indications of the increased resistance to
radiation induced decay of the crystalline ices compared to their amorphous phases. This
resistance is the result of the crystalline lattice energy, as well as more extensive
intermolecular forces of attraction in the regular crystalline lattice that must be overcome
before molecular dissociation may take place. Stronger and more long-ranging
intermolecular interactions, such as the hydrogen bonding network in crystalline CH3zOH,
are able to provide greater resistance than weaker ones, such as the molecular dipole
interactions in N2O. As such, it is possible to conjecture that the difference in the radiolytic
decay trends of amorphous and crystalline ice phases would be minimised for those
molecular species that are non-polar and should be more pronounced for those that exhibit
very strong and extensive hydrogen bonding networks in their crystalline phases.
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Fig. 6.3: The broadening of the double peaked absorption band at about 3200 cm™ due to the O—H stretching
modes in crystalline CH3OH ice as a result of electron irradiation is an indication of amorphisation. This
broadening is most evident in the higher wavenumber constituent peak. Note that spectra are vertically offset
for clarity.

In this study, an analysis of the formation of radiation products after the electron
irradiation of amorphous and crystalline CH3OH and N20O ices has also been performed.
Although the formation of many new species in the electron irradiated ices is evident (Fig.
6.4), this discussion shall be limited to those species that present well-defined and
unambiguous absorption bands in the mid-infrared spectra that can thus be easily analysed
quantitatively. In the case of the electron irradiated CH3OH ices these are CO, CO2, H2CO,
and CHya; while for the electron irradiated N2O ices these are NO2, N2Oa, and Oz (Table 6.2).

Table 6.2: List of characteristic mid-infrared absorption bands and their associated band strength constants
(As) for the species considered quantitatively in this study. The data have been collected from Sivaraman et al.
(2008) and Luna et al. (2018).

Species Mid-Infrared Band Position (cm™) As (10" cm molecule™)
CH30OH (amorphous) 1027 (vg) 1.61
CH3OH (crystalline) 1027 (vg) 1.28
co 2138 (v1) 1.10
CO; 2343 (v3) 11.80
H2.CO 1725 (va) 0.96
CH4 1300 (va) 0.80
N.O (amorphous) 1283 (v1) 1.20
N.O (crystalline) 1283 (v1) 0.98
NO; 1614 (vs) 0.62
N204 1261 (Vlz) 0.51
O3 1039 (v3) 1.40
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Fig. 6.4: Mid-infrared absorption spectra of the unirradiated (black traces) and 2 keV electron irradiated (red
traces) amorphous and crystalline phases of solid CH3OH and N»O. In these spectra, the delivered fluences to
the irradiated ices were 8.9x10% and 1.3x10% electrons cm~2 for the CH3OH and NO ices, respectively. Note
that spectra displayed in the same panel are vertically offset for clarity.

For both molecular species, the formation of products as a result of electron irradiation
was greater after irradiation of the amorphous phase compared to the crystalline phase by a
factor of 1.25-3 at peak production, depending upon the product considered (Figs. 6.5 and
6.6). Although it is perhaps intuitive to consider this to be the result of a more rapid
dissociation of the parent molecular species in the amorphous phase, an additional
contributing cause for this observation are the differences in porosities and structural defects
between amorphous and crystalline ices.

At 20 K, radicals formed as a result of the radiolytic dissociation of the parent species
are mobile within the ice matrix, and may therefore diffuse and react with other radicals and
molecules to form new species. In amorphous ices, the increase in porosity and structural
defects compared to the corresponding crystalline phases allows for these radicals to diffuse
more easily through the solid matrix (Grieves and Orlando 2005, Isokoski et al. 2014,
Stechauner and Kozeschnik 2014). As such, any recycling reactions leading back to the
formation of the parent species are not favoured due to the precursor radicals having
migrated away from each other and thus no longer being present at the site of their formation.
With competition from such recycling reactions being lessened, reactions leading to the
formation of new product molecules are favoured leading to a greater abundance of these
species in the irradiated amorphous ices.
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Fig. 6.5: Average column densities for the products of amorphous (black traces) and crystalline (red traces)
CH3OH irradiation by 2 keV electrons. Although CH, was detected in the post-irradiative crystalline CH3;OH
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6.3.2 Amorphous, Restrained Amorphous, and Crystalline H>O Ices

The comparative electron irradiations of the ASW, RALI, Ic, and Ih phases of H20O have also
been studied, although it must be noted that no correction factors have been applied to any
measured molecular column densities due to the fact that the thicknesses of the deposited
ices are comparable to the penetration depths of the 2 keV electrons (Table 6.1). The mid-
infrared spectra of the various H20 ice phases, both before and after irradiation, are shown
in Fig. 6.7. In the pre-irradiative spectra, several of the vibrational modes of the H20O
molecule are visible, including the v, mode centred at about 1655 cm™ and the librational
(vL) mode observed at 764 cm™ in ASW and at 819 cm in RAI, Ic, and Ih (Hagen et al.
1981, Hagen and Tielens 1982, Zheng et al. 2006a, Zheng et al. 2007). A weaker absorption
band at 2206 cm™ is attributed to either the 3vi overtone or the vi + v2 combination band.

The broad absorption feature at 3250 cm is caused by the stretching modes of the
H>O molecule. The shape of this band changes noticeably on going from ASW to RAI to Ic
to Ih (Figs. 6.1 and 6.7). In ASW, the band presents as a very broad, single peaked structure
centred at about 3272 cm™. On transitioning to RAI, the band adopts a narrower profile due
to the presence of crystallites within the structure, although additional features are difficult
to identify. In the Ic phase, however, shoulders at 3152 and 3399 cm™ are visible that have
been ascribed to the v3 and vi modes, respectively (Hagen et al. 1981, Hagen and Tielens
1982, Zheng et al. 2006a, Zheng et al. 2007). In the mid-infrared spectrum of Ih, these
contributions are still better resolved and the band appears as a multi-peaked structure.
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Fig. 6.7: Mid-infrared spectra of ASW (deposited at 20 K), RAI (deposited at 80 K), Ic (deposited at 130 K),
and Ih (deposited at 150 K) H,O ice phases before (black trace) and after (red trace) irradiation using a fluence
of 1.3x10% electrons cm~2 at 20 K. Prominent vibrational modes have been labelled.
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Fig. 6.8: The evolution of the broad stretching mode in RAI, Ic, and lh during the electron irradiation of those
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radiation-induced amorphisation, with crystallinity only having been deemed to be lost after a fluence of
4.4x10'® electrons cm2 was supplied. Note that spectra are vertically offset for clarity.
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The onset of electron irradiation results in a noticeable change in the appearance of the
mid-infrared spectra of the HO ice phases (Fig. 6.7). Perhaps the most evident of these is
the change in the appearance of the broad stretching mode. When RAI and the crystalline
ices (Ic and Ih) are irradiated, this band changes from a narrower, structured, and partially
split one to one which is broader and essentially featureless; similar to that of ASW. This is
indicative of an efficient radiation-induced amorphisation process (Palumbo 2006, van
Dishoeck et al. 2013). When directly comparing these amorphised phases, it is possible to
note that the amorphisation of RAI and Ic occurs more rapidly than that of Ih as virtually all
spectroscopic features associated with crystallinity in these ices are lost after a fluence of
1.4x10% electrons cm~2 has been delivered. In the case of Ih, however, some small and
identifiable peaks within the broader band persist until a fluence of 4.4x10%® electrons cm?,
after which point the band adopts a broad and featureless structure similar to that of ASW.
The progress of the amorphisation process, as observed from changes in the shape and
structure of the broad band associated with the stretching modes, is depicted in Fig. 6.8.

In contrast, the electron irradiation of ASW does not appear to result in any significant
change to the appearance of the broad stretching mode. However, one minor change which
was noted was the disappearance of two small absorption features at 3722 and 3698 cm
after the onset of irradiation (Fig. 6.9). These peaks are attributed to the hydroxyl dangling
bonds in (micro)porous ASW (Rowland et al. 1991). The disappearance of these bands
occurs early on during irradiation, with their complete absence being recorded at an electron
fluence of 1.4x10% electrons cm2, and is attributed to a collapse of the ice pore structure
leading to the compaction of the ice (Palumbo 2006).
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Fig. 6.9: The hydroxyl dangling bonds in (micro)porous ASW are visible as two small absorption features
(indicated by arrows) at the higher wavenumber end of the H,O stretching mode band in the unirradiated ice
(black trace; bottom). Once an electron fluence of 1.4x10% electrons cm~ was supplied (red trace; middle),
these peaks disappeared indicating radiation-induced compaction of the ice, and remained absent up to the end
of irradiation after a fluence of 1.3x10%" electrons cm2 had been supplied (blue trace; top). Note that spectra
are vertically offset for clarity.

145



The mid-infrared spectra depicted in Figs. 6.7 and 6.8 clearly show that electron
irradiation of the H>O crystalline ice phases, as well as the RAI sample, results in their
amorphisation. This is seen through the broadening of various absorption features, but
particularly the stretching mode located at approximately 3250 cm™. Several other studies
have reported similar results (Kouchi and Kuroda 1990, Strazzulla et al. 1992, Moore and
Hudson 1992, Leto and Baratta 2003, Fama et al. 2010). The work of Leto and Baratta (2003)
investigated the amorphisation of Ic induced by Lyman-a ultraviolet photon irradiation and
compared this with amorphisation induced by 30 keV proton irradiation, and found that the
latter was approximately twice as rapid.

The results presented in this thesis also allow for comparisons to be drawn; in this case
between the amorphisation of Ic and Ih. As stated previously, complete amorphisation of the
crystalline ice was observed spectroscopically after an electron fluence of 1.4x10 electrons
cm~2 was delivered to the Ic phase. However, the Ih phase was observed to be somewhat
more resistant to amorphisation, which was not fully observed until a fluence of 4.4x10%
electrons cm~2 had been delivered. This is not unexpected, as the Ih phase is a stable
crystalline phase while the Ic phase is only meta-stable with respect to Ih (Mayer and
Hallbrucker 1987). This therefore suggests that the radiation-induced phase transition from
crystalline to amorphous, which is unachievable solely by cooling (Baragiola 2003), is easier
in the case of Ic.

The electron irradiation of Ic has also been studied in a series of papers by Zheng and
co-workers (Zheng et al. 2006a, Zheng et al. 2006b, Zheng et al. 2007), in which 0.1 um-
thick ices were irradiated using 5 keV electrons to a fluence of 3.6x10%" electrons cm™.
Although ice amorphisation was reported in these studies, the process was not as complete
as was observed in the results presented here (Figs. 6.7 and 6.8), with several features of
crystallinity still clearly visible even at the end of their irradiation experiments. The reason
for this is likely relatively mundane: the electron beam used in the experiments presented in
this thesis was scanned over a much larger area of the target ice, meaning that there was a
significantly lower proportion of unirradiated crystalline H.O ice that was spectroscopically
observed in the data presented here.

One interesting factor of crystalline H2O ice amorphisation which has not been
considered by the present study but should nonetheless be discussed is the temperature
dependence of this process. Earlier studies have revealed that the irradiation of crystalline
ices at lower temperatures leads to a greater extent of amorphisation (Strazzulla et al. 1992,
Moore and Hudson 1992, Mastrapa and Brown 2006). Indeed, the results of Zheng et al.
(2006a), who investigated the temperature dependence of product formation as a result of
the electron irradiation of Ic, attest to this, as the most extensive amorphisation-induced
changes in the Ic mid-infrared absorption bands were visible at 12 K, while no such changes
could be observed after irradiation of Ic at 90 K. Previous works have yet to demonstrate the
amorpshisation of crystalline H-O ice as a result of electron irradiation at irradiation
temperatures greater than 70 K. The reason for this is not fully understood and constitutes
an interesting avenue for potential future investigation.

Irradiation of ASW using 2 keV electrons did not result in any major changes in the
shape or appearance of its mid-infrared absorption bands (Fig. 6.7), other than minor band
intensity decreases due to the radiolytic conversion of ASW to other molecules, such as
H20.. However, the two hydroxyl dangling bond peaks at 3722 and 3698 cm™ which are
typically associated with (micro)porosity were noted to disappear as a result of electron
irradiation (Fig. 6.9). This observation has been interpreted as being the result of compaction
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of the ice. It is well known that ASW accreted from the vapour phase is a (micro)porous
structure; however, the extent of this porosity is dependent upon several parameters,
including the temperature and the rate of ice deposition (Palumbo 2006).

Indeed, this becomes increasingly apparent when comparing the mid-infrared spectra
of unirradiated ASW presented in Figs. 6.7 and 6.9 to that of Palumbo (2006), who accreted
0.25 um-thick ASW ices at 15 K from the vapour phase. Although the thicknesses of those
ices were similar to the ones deposited in this study, those of Palumbo (2006) displayed more
prominent hydroxyl dangling bond absorption bands, suggesting a greater extent of
(micro)porosity within the ice structure compared to those considered here. This is not
unexpected, as previous studies have shown that the porosity of ASW is greater in ices
accreted at lower temperatures (Berland et al. 1995, Brown et al. 1996). It should also be
noted that the angle of H.O deposition also influences the porosity of the condensed ice
(Stevenson et al. 1999, Kimmel et al. 2001, Dohnalek et al. 2003); however, this is not
believed to have caused the increased ice porosity of Palumbo (2006) as both that study and
this present one made use of a background deposition technique.

In addition to the physical re-structuring of the ice, electron irradiation also resulted in
the formation of new chemical products. Previous studies have extensively demonstrated the
formation of H» and O as a result of the charged particle and ultraviolet photon irradiation
of H2O astrophysical ice analogues (Bahr et al. 2001, Gomis et al. 2004, Grieves and
Orlando 2005, Loeffler et al. 2006, Zheng et al. 2006a, Zheng et al. 2006b, Zheng et al.
2007, Yabushita et al. 2013). However, these molecular products are infrared inactive and
so could not be observed via mid-infrared spectroscopy. The formation of H20,, however,
is observable through its characteristic v2 +vs combination band at around 2866 cm ™ (Moore
and Hudson 2000, Baragiola et al. 2005). The symmetric bending (v2) and asymmetric
bending (ve) modes were not observed. No spectroscopic evidence for the formation of O3
or HO2 was observed either, although this should not necessarily be interpreted as these
species being absent from the ice as they may have been present at concentrations below the
spectroscopic limit of detection (which is on the order of a few 10 molecules cm™2).

The abundance of H>O: present in each H>O astrophysical ice analogue after
irradiation using 2 keV electrons was noted to differ between phases (Figs. 6.10 and 6.11).
The production of H>O> as a function of electron fluence was followed by measuring its
column density via integration of the peak area of the combination band at 2866 cm™ and
taking As to be 5.7x107" cm molecule™ (Loeffler et al. 2006). H2O, production was highest
as a result of the irradiation of ASW, while column densities observed after the irradiation
of the RAI phase were lower (Fig. 6.11). The electron irradiation of the Ic and Ih phases
resulted in a similar abundance of H2.O2 which was lower than that produced as a result of
the irradiation of ASW or RAI (Fig. 6.11). By comparing the initial column densities of H20
present before the irradiation of each phase with the column density of H2O; at the end of
irradiation after a fluence of 1.3x107Y7 electrons cm had been supplied, it was possible to
deduce that 0.32%, 0.21%, 0.16%, and 0.14% of the H,O was converted to H>O> as a result
of the electron irradiation of ASW, RALI, Ic, and Ih, respectively.

The results presented here appear to constitute the first truly systematic and
comparative study of the electron-induced production of H2O> from multiple solid phases of
H20. The mechanistic chemistry occurring within the ice as a result of electron irradiation
is complex and different radiolytic products are the result of following different chemical
pathways. Electron irradiation of a H.O molecule results in the radiolytic abstraction of
either a hydrogen atom or an oxygen atom to yield OH or Ha, respectively.
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Fig. 6.10: Spectral identification of HO, in electron-irradiated (1.3x10%7 electrons cm~2) H,O ices. In these
difference spectra, the spectrum of the ice prior to any irradiation was used as a background, meaning radiolytic
decay of the H,O ice is seen as negative absorptions of its characteristic absorption bands while the formation
of product molecules is seen as more accentuated positive absorptions. Note that positive shifts associated with
the H,O stretching modes can also be seen in these spectra, and are due to a combination of changes in the
physical structure of the ice (such as amorphisation or compaction) which cause a change in the shape of the
absorption band, as well as the appearance of the vs asymmetric stretching and v1 symmetric stretching modes
of H202 which are also in this region (Giguére and Harvey 1959).

H20 — H+ OH

(Eq. 6.2)
H.O —-H2+0O

(Eq. 6.3)

Abstracted hydrogen and oxygen atoms may combine to yield their respective homonuclear
diatomic molecules, H2 and Oz, or the heteronuclear OH radical:

2H—H
(Eq. 6.4)
20—-02
(Eq. 6.5)
O+H— OH
(Eq. 6.6)
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Fig. 6.11: Scatter plot depicting the evolution of the measured H,O column density (calculated using a linear
baseline applied to the H20 absorption bands highlighted in the spectra shown in Fig. 6.10) with fluence during
2 keV electron irradiation. Error bars have been omitted from the figure, as the uncertainty in column density
is expected to be significantly less than the 30-50% uncertainty associated with the integrated band strength
constant used to calculate it.

The production of H>O> largely occurs as a result of addition reactions between these
atoms and radicals. For instance, the combination of two OH radicals may directly yield
H20.. It is important to note, however, that at a temperature of about 10 K, where radicals
are immobile within the bulk ice, this combination reaction can only occur if the OH radicals
initially possess the correct geometry with respect to one another, where the distance
between oxygen atoms in separate radicals is minimised (Zheng et al. 2006a). At higher
temperatures, such as the 20 K irradiation temperature used in this present study, radicals
are mobile and so the relative geometry of the combining OH radicals is likely to be of lesser
importance.

The formation of H202 may also occur as a result of the reaction of an oxygen atom
with a H2O molecule. Two barrierless reaction pathways are available (Ge et al. 2006, Zheng
et al. 2006a): the first is direct insertion of the electronically excited oxygen atom into the
molecular structure of H>O, thus directly yielding H2O>. The second route involves addition
of the oxygen atom to the H.O molecule producing an oxywater intermediate H.OO, which
then rearranges via hydrogen atom migration to form H20..

2 OH — H20
(Eq. 6.7)
O + H20 — H20;
(Eq. 6.8)
O + H20 — H.00 — H202
(Eq. 6.9)
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As may be seen in Fig. 6.11, the chemical productivity of H2O in terms of radiolytic
H20:> production was highest for the ASW phase, and proceeded to decrease by a factor of
about two on moving to the RAI phase, and again by a factor of about two on moving to the
Ic phase, which itself had a similar H.O> productivity to the Ih phase. As such, it may be
stated that there is a decrease in the production rate of H2O. on transitioning from less
ordered to more ordered ice phases. Similar trends for O, and H> production were observed
by Zheng et al. (2007) who made use of QMS to detect the formation of these products in
electron irradiated ASW and Ic. Such results are further evidence that the phase of an
astrophysical ice analogue has a direct influence on its radiolytic chemical productivity.

The increased H.O radiolytic productivity of less ordered H.O ice phases is attributed
to a combination of at least four factors. Firstly, the microporous nature of ASW means that
the OH radicals and hydrogen atoms formed as a result of radiolytic dissociation of the H20O
molecule may migrate into empty spaces left by the micropores (Isokoski et al. 2014). Once
there, hydrogen atoms may combine with one another to produce Hz which may either desorb
from the ice or remain trapped as a gas within the pores to form a clathrate-like structure.
Either way, the reduction in the number of free hydrogen atoms renders the recombination
reaction to recycle H>O less probable, meaning there are more free OH radicals in the ASW
phase available to produce H20-. Similarly, the dissociation of H2O to yield an oxygen atom
and Hz would allow for the former to contribute to the increased production of H.O: via Egs.
6.8 and 6.9.

A second factor which may play a role in the greater abundance of H2O: in electron
irradiated ASW compared to the more ordered phases is the increased presence of structural
defects in the former compared to the latter. Some of these defects, such as L-type Bjerrum
defects, create conditions amenable to the production of H20,. Bjerrum defects occur in H20
ices when, rather than a hydrogen bonding network containing intermolecular interacting
hydrogen and oxygen atoms being present, a H.O molecule is rotated about its oxygen atom
such that two hydrogen atoms (D-type defect) or two oxygen atoms (L-type defect) face one
another (Bjerrum 1952). As such, L-type defects present ideal geometrical conditions for the
direct linkage of two radiolytically produced OH radicals through their oxygen atoms so as
to yield H20. The contribution of such defects to the production of H20- is likely to be
greater at lower temperatures where OH radicals are immobile, as discussed previously.

Thirdly, ASW does not benefit from the stabilising effect of lattice energies, unlike in
the case of the crystalline ices. Chemistry resulting from the irradiation of the crystalline ice
phases requires that this lattice energy is first overcome before any molecular radiolysis
leading to the generation of radicals can occur. The data presented in Fig. 6.11 is supportive
of this interpretation, as it suggests that more H20>-producing radicals are formed in ASW
than in any of the other ices. In the RAI, small pockets of crystallinity reduce the efficiency
of radical formation as some of the energy of the projectile electrons must be expended upon
overcoming the lattice energy of these small, structurally ordered regions. The H20:
production resulting from the irradiation of the Ic and Ih phases is the lowest amongst the
phases considered, and is likely reflective of the more significant lattice energies of these
ices that must be overcome before radiolytic chemistry may take place.

Fourthly (and following on from the discussion relating to the difference between the
rates of radiolytic decay of amorphous and a-crystalline CH3OH), it is likely that the
presence of an extensive hydrogen bonding network in crystalline H2O ice phases also
contributes to their lower H2O2 productivities. In Ic and Ih, this hydrogen bonding network
extends throughout the entirety of the crystal lattice and thus adds an extra element of
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stability to the structure. During electron irradiation, a portion of the kinetic energy of the
incident electrons must be used to overcome the stabilising effect of hydrogen bonding
before radiolytic dissociation of the H.O molecules may take place. Such a disruption would
result in a localised amorphisation characterised by increased ice defects (such as Bjerrum
defects), as evidenced by the spectra presented in Fig. 6.8. In the ASW phase, hydrogen
bonding is significantly less extensive and so there is more energy to be imparted by the
incident electrons to drive radiolytic chemistry. However, the ASW phase derived from the
irradiation of the crystalline phases cannot be as chemically productive as the ASW phase
accreted directly from vapour, since not only must a portion of the kinetic energy of the
projectile electrons be spent on disrupting the extensive hydrogen bonding initially present,
but the ASW phase produced via radiation-induced amorphisation is likely to be compact
(and thus, lacking micropores). Indeed, the mid-infrared spectra of electron irradiated Ic and
Ih ices do not exhibit any peaks attributable to hydroxyl dangling bonds (Fig. 6.8).

6.3.3 Amorphous and Crystalline H,S and SO; Ices

To continue with the full characterisation of the differences in the radiation chemistry of
astrophysical ice analogues of differing phases, as well as in the spirit of the central theme
of this thesis (i.e., sulphur ice astrochemistry), electron irradiations of the amorphous and
crystalline phases of pure H>S and SOz ices have also been considered. The mid-infrared
spectra of these ices, both before and after irradiation by energetic electrons (2 keV in the
case of H>S and 1.5 keV in the case of SO>) at different fluences, are shown in Fig. 6.12.

The onset of electron irradiation brings about noticeable changes in the appearances
of the spectra of the pristine ices. Perhaps the most prominent of these is the significant
broadening of the crystalline ice absorption bands, which also lose their split structures. This
is due to radiation-induced amorphisation, which has been well documented in several ice
species, including those considered in this study. It is interesting to note that, even at the end
of the irradiation process once a fluence of 8x10'® electrons cm™ was delivered to the
crystalline ices, the appearances of their absorption bands were still not identical to those of
the deposited amorphous ices. Indeed, small signs of crystallinity (e.g., the presence of
shoulders or shifted band peak positions) were still observable in the spectra of the
crystalline ices at the end of the irradiation process. As such, these irradiated ices are likely
largely amorphous but with some small degree of remnant structural order. The irradiation
of molecular ices initiates a rich chemistry leading to the formation of new species: previous
studies have established that irradiated H>S ices efficiently yield H2S: as well as higher order
polysulphanes (H2Sx where x > 2) in addition to Sx (Shingledecker et al. 2020, Cazaux et al.
2022). In the experiments presented here, the formation of H,S, was observed through the
development of its vibrational stretching modes which appear as a broad shoulder on the
lower wavenumber end of the analogous HS absorption bands at about 2500 cm™ (Fig.
6.12; Moore et al. 2007). The chemistry leading to the formation of H2S; (as well as higher
order polysulphanes) is thought to be mediated by HS radicals formed via the radiolytic
dissociation of the parent H>S molecules:

H.,S - HS+H
(Eq. 6.10)
2 HS — H>S,

(Eg. 6.11)
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Fig. 6.12: Mid-infrared spectra of the amorphous and crystalline phases of H,S and SO ices at several points
during their irradiation by energetic electrons at 20 K. Note that the fine structures coincident with the SO3
absorption band in the spectrum of the electron irradiated amorphous SO; ice are caused by instabilities in the
purge of the detector. Moreover, the initial increase in the intensity of the amorphous SO; v; mode is likely
caused by the radiation-induced compaction of the porous ice.

The irradiation of the SO ice phases was also observed to lead to the formation of new
molecules; in particular SOz which was observed through its v3 mode at 1388 cm (Guldan
et al. 1995). SOs formation in irradiated SO ices has been studied extensively and is
believed to be the result of the dissociation of the latter species to yield free oxygen atoms
which may then bond with other SO, molecules (Moore et al. 2007). It should be noted,
however, that earlier studies by Pilling and Bergantini (2015) and de Souza Bonfim et al.
(2017) have demonstrated that electronically excited SO, may also abstract oxygen atoms
from either an adjacent SO, molecule or from a O molecule; the latter having likely been
formed as a result of the double ionisation of the SO parent molecule followed by electron
neutralisation as described recently by Wallner et al. (2022):

SO, - SO +0
(Eq. 6.12)
SO2+0 — SO3
(Eqg. 6.13)
SO;" + SO, (or O2) — SO3 + SO (or O)
(Eqg. 6.14)
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Differences in the parent molecule decay trends and in the abundance of molecular
products observed after irradiation were noted between the studied amorphous and
crystalline ice phases. Considering first the decay trends of the amorphous and crystalline
H.S ices: it was noted that the rate of decay of the crystalline phase was slower than that of
the amorphous phase (Fig. 6.13), similarly to the cases of CH3OH and N2O described
previously. H2S is capable of forming hydrogen bonds between adjacent molecules (Das et
al. 2018), although these are significantly weaker than those formed in alcohols: the
hydrogen bond strengths in pure CHsOH and HS are 6.3 and 1.0 kcal mol?, respectively
(Pellegrini et al. 1973, Bhattacherjee et al. 2013). As such, it is perhaps unsurprising that the
difference in the decay trends of the amorphous and crystalline CH3OH ices (Fig. 6.2) is
much greater than that of the corresponding H:S ices. Indeed, the comparative decay profiles
of the amorphous and crystalline H»S ices are more similar to those of the N2O ices than
those of the CH3OH ices despite the likely presence of an extensive hydrogen bonding
network in crystalline HzS.

Such an observation is wholly consistent with the previous results reported for CH:0OH
and N2O. Although an extensive hydrogen bonding network is likely to be present in the
irradiated crystalline H»S ices, it is composed of very weak intermolecular bonds that are
easily overcome. As such, the intermolecular bonding in crystalline H>S could be thought of
as a strong interaction between orientationally ordered dipole moments, similar to the case
of the crystalline N2O ice and thus explaining the similarity in the observed decay trends for
the crystalline and amorphous phases of these ices (Figs. 6.2 and 6.13). Therefore, in real
terms, it is the intermolecular interactions of the ordered molecular dipoles, coupled with the
quasi-negligible strength of the hydrogen bonding network, in addition to the characteristic
lattice energy that stabilises the crystalline H2S ice phase against radiolytic decay compared
to the amorphous phase. This is because a proportion of the kinetic energy of the incident
projectile electrons is required to overcome these energetic factors before radiation-induced
molecular dissociation may take place in the crystalline phase.
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Fig. 6.13: Decay of amorphous and crystalline H,S column densities normalised to the initially deposited
column density during irradiation at 20 K using 2 keV electrons. Note that the average decay trends are fitted
by two exponential decay functions joined at a fluence of 1.4x10*® electrons cm2.
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Fig. 6.14: Decay of amorphous and crystalline SO, column densities normalised to the initially deposited
column density during irradiation at 20 K using 1.5 keV electrons. Note that the average decay trends are not
fits and are plotted solely to guide the eye.

The radiation-induced decay trends of amorphous and crystalline SO (Fig. 6.14) are,
however, significantly different to those of H>S and the other ices considered in this study.
The decay trends of the crystalline SO ice initially exhibits the anticipated profile of a rapid
exponential decay. However, once a fluence of about 1.4x10% electrons cm is exceeded,
the normalised column density declines significantly more slowly. Perhaps even more
surprising is the fact that the amorphous SO2 normalised column density (with respect to the
initial SOz column density deposited) does not really vary at low electron fluences, having
an average normalised column density of 0.97 after a fluence of 8.2x10*° had been delivered.
For comparison, by the point this fluence had been delivered to the crystalline SO- ice, its
average normalised column density had decreased to 0.83. However, similarly to the case of
the crystalline SO ice, once a fluence of about 1.4x10%® electrons cm~2 had been delivered,
the normalised column density was observed to undergo a slow exponential-like decay.
Interestingly, beyond a delivered fluence of 1.4x10%° electrons cm, the rate of decay of the
amorphous SO is apparently greater than that of the crystalline SO and, indeed, the average
decay trends cross one another at a fluence of about 5.3x10'® electrons cm2 (Fig. 6.14).

Providing an exact reason for the observed amorphous SO, decay trends is a
challenging task. Measurements of the photo-desorption of SO> molecules from an
amorphous ice induced by soft x-rays allowed de Souza Bonfim et al. (2017) to suggest that,
at low fluences, the recombination of fragments produced by the dissociation of SO- to yield
electronically excited SO, may be a favourable process, thus largely precluding the net
dissociation of SO2 within the ice. It is also possible that the irradiation of the amorphous
SO ice resulted in its compaction, which may cause an increase in the integrated band
strength constant As of the measured band. Similar results were observed during the ion
irradiation of various porous ices, for which As may very rapidly fluctuate (either increase
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or decrease) as a result of the compaction of the ice (Mejia et al. 2015a). It is not possible to
discount either of these possible explanations based on the available evidence.
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Fig. 6.15: Above: Column density of H,S, from amorphous and crystalline H,S ices irradiated using 2 keV
electrons at 20 K. Below: Column density of SO3 from amorphous and crystalline SO ices irradiated using 1.5
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155



As a final analytical consideration, an attempt has been made to establish the sulphur
budget of the electron irradiation processes presented in this study. The possible chemical
transformations of H»S and SO: to infrared inactive species, such as atomic sulphur or Sx
have already been extensively discussed in Chapter 1 (Shingledecker et al. 2020, Cazaux et
al. 2022), and so it is useful to quantify how much of the initially deposited H>S or SO ice
ends up in such a form as a result of its irradiation. As depicted in Fig. 6.12, the only major
infrared active products of H>S and SO. irradiation were H>S; and SOg, respectively. The
column densities of these product molecules have been quantified throughout the irradiation
processes by measuring the peak areas of their primary absorption bands (Fig. 6.15). In
performing such a quantitative assessment, the integrated band strength constant (As) for the
H2S, absorption band at 2500 cm™ was taken to be 2.4x107Y cm molecule™ (Cazaux et al.
2022). The integrated band strength constant of SO3 has yet to be defined by any dedicated
experimental or computational study, and so the example of de Souza Bonfim et al. (2017)
has been followed, in which it is assumed that this value for As is equal to that of the SO v3
mode which is 1.47x107Y" cm molecule™® (Garozzo et al. 2008).
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Fig. 6.16: Sulphur budgets of the electron irradiated amorphous and crystalline H,S and SO, ices considered
in this study. The quantity of unobserved sulphur represents an upper bound for the abundance of atomic
sulphur or Sx formed as a result of irradiation, since it is not certain how many (if any) sulphur-containing
molecules were sputtered or desorbed from the bulk ice, although this is anticipated to be a very small quantity.
Note that the notations “a-” and “c- used in the caption indicate whether the irradiated ice was amorphous or
crystalline.
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As expected, the yield of H»S> from the irradiated amorphous H»S ice is greater than
that from the irradiated crystalline H>S, commensurate with the increased decay rate of the
former compared to the latter. Conversely, the electron irradiation of the crystalline SO ice
proved to be more conducive to the formation of SOz than did the irradiation of the
amorphous phase. This is as expected for the low-fluence regime of the irradiation process
(up to a fluence of about 5.3x10% electrons cm2), due to amorphous SO; ice possibly
resisting radiolytic decay. However, the greater abundance of SOz in the irradiated
crystalline ices persists even beyond this fluence, despite the more rapid decay of amorphous
SO, after this point. It should be noted, however, that after peaking at a fluence of about
5.5x10%° electrons cm2, the SO3 column density within the irradiated amorphous SO; ice
also declines slightly (Fig. 6.15). The concomitant loss of SO, and SO3z ice during its
irradiation suggests that sulphur is either being converted into a form that is not infrared
active or else is being desorbed or sputtered from the bulk ice. In either case, however, there
is a fraction of the initially deposited sulphur that remains unobserved in the ice.

The sulphur budgets of each of the irradiated ices considered in this study are shown
in Fig. 6.16. It is possible to note that a loss of sulphur is observed upon supplying an initial
electron fluence of 6.9x10* electrons cm™2 in all of the ices apart from the amorphous SO
ice, and that the quantity of unobserved sulphur as a fraction of that initially deposited
continually grows during irradiation. In the case of the amorphous SO: ice, unaccounted for
sulphur is only registered after a fluence of 2.7x10% electrons cm has been supplied,
possibly due to the resistance of SO to radiolytic dissociation as discussed earlier (de Souza
Bonfim et al. 2017).

Although it is possible that electron irradiation resulted in the sputtering or desorption
of the parent ice species, this process is very likely to have been only a relatively minor one.
Previous work has shown, for example, that the reactive desorption of HzS upon its
formation as a result of the hydrogenation of HS on the surface of an interstellar ice analogue
has a probability of 3% per hydrogenation event (Oba et al. 2018, Oba et al. 2019, Furuya
et al. 2022). From the perspective of the experimental study presented here, this is a very
small probability as the hydrogenation of HS to recycle H,S is one among several reaction
pathways that could be followed in an electron irradiated H.S ice, but is clearly not a major
reaction as the depletion of H2S shown in Fig. 6.13 would have otherwise not been observed.
Therefore, if the electron-induced sputtering or desorption of sulphur-bearing molecules
from the bulk ice is assumed to be negligible, then the fractions of unobserved sulphur shown
in Fig. 6.16 represent the sulphur present in an infrared inactive form, such as atomic sulphur
or, more likely, residues composed of various allotropes of Sx (Gomis and Strazzulla 2008).

The data presented here therefore suggest an important point with regards to the
production of such residues from pure H>S and SOz ices: it is apparent that the irradiation of
amorphous ices results in a greater abundance of sulphur residues or refractories than does
the irradiation of crystalline ices. It should be noted, however, that the conversion of
observable molecular sulphur to unobservable residues is very efficient in each of the
considered ices, with the amorphous H.S, crystalline H>S, amorphous SO», and crystalline
SO- ices respectively showing 41%, 25%, 44%, and 32% conversion of the initially
deposited sulphur to residues at the end of irradiation (Fig. 6.16).

157



6.4 Astrochemical Implications

The irradiation experiments discussed throughout this chapter simulate the processing that
interstellar icy grain mantles undergo as a result of their interaction with galactic cosmic
rays, or of Solar System ices as a result of their interaction with the solar wind or giant
planetary magnetospheric plasmas. Such astrophysical environments are known to allow for
the cycling of molecular material through different solid phases via thermally induced
crystallisation and space radiation-induced amorphisation. For instance, although ices in
dense quiescent interstellar clouds are believed to be principally amorphous, those in stellar
accretion discs are more likely to be crystalline (Poteet et al. 2011).

The results presented in this chapter imply that crystal lattice energies are not sufficient
to explain the increased resistance to radiolytic decay of crystalline ices, and that strong and
long-ranging intermolecular interactions (such as the hydrogen bonding in CH3OH and H-O)
will confer a greater resistance than weaker interactions (such as the dipole interactions in
N20 and the very weak hydrogen bonding in H2S). This interpretation of the results has
implications for assessing the survivability and residence times of different molecules in
various astrophysical radiation environments, and thus highlights the need for both
experimental and modelling work in this area of research to take into account the phase of
the molecular ice under consideration.

These results have also demonstrated that, irrespective of the nature, strength, or extent
of the intermolecular bonds present within a molecular ice, the amorphous phase is typically
more chemically productive than the crystalline phase (with the notable special case of SO,
for which it is possible that the amorphous phase is somewhat resistant to radiolytic decay
at low electron fluences). This has been largely attributed to the increased porosity and
presence of structural defects within such ices, as well as their lack of stabilising lattice
energies or long-ranging strong intermolecular bonding systems, that allow for radicals to
be formed and migrate away from the site of their formation more easily, thus promoting the
formation of radiolytic products.

The formation of complex organic molecules as a result of the irradiation of an
interstellar ice which has been crystallised as a result of thermal processing (e.g., during
stellar birth and evolution) is thus likely to be less productive than in the analogous
amorphous ice. Therefore, it is possible that the formation of complex organic species may
occur to a greater extent in the earliest stages of dense interstellar cloud evolution (i.e., before
stellar birth and evolution begin) or in those areas of the dense cloud that are not influenced
by the thermal emission of young stellar objects. This idea is not unreasonable, particularly
in light of the recent spate of discoveries of complex organic molecules in the pre-stellar
cloud TMC-1 (Burkhardt et al. 2021, Lee et al. 2021a, Lee et al. 2021b, Cernicharo et al.
2021).

Within the Solar System, radiation processing by planetary magnetospheres or the
solar wind would be expected to amorphise ices present on icy moons, comets, and Kuiper
Belt Objects. However, these celestial bodies also experience warming and increased
temperatures as a result of approaching perihelion during their orbit around the sun or as a
result of internal heating processes. Such warming could crystallise ices present on these
bodies. Thus, an equilibrium is set in which ice phases are amorphous (or largely so) when
radiation processes dominate, and largely crystalline when thermal processes dominate. The
three icy Galilean moons of Jupiter provide an intriguing case study of this: H>O ice has
been observed to be largely amorphous on the surface of Europa, where temperatures are
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comparatively low but the Jovian magnetospheric plasma flux is fairly high; but crystalline
on the surface of Callisto where surface temperatures are higher (Rothard et al. 2017). On
Ganymede, which possesses its own magnetosphere and where temperatures are
intermediate between those on the surfaces of Europa and Callisto, ASW dominates at polar
regions while crystalline phases are more common at equatorial regions which are shielded
from impinging Jovian magnetospheric ions by the Ganymedean magnetosphere (Hansen
and McCord 2004). Therefore, the efficiency of molecular production via radiation
chemistry is expected to vary in time (depending on the position of the body in its orbit
around the sun) and across different regions of these celestial bodies. It is anticipated that
the recently launched James Webb Space Telescope will allow researchers to map out the
degree of crystallinity of interstellar and outer Solar System ices in unprecedented detail,
thus permitting the influence of solid phase on the outcome of various astrochemical
reactions and processes to be further explored.

The present study has also demonstrated that, under the influence of ionising radiation,
crystalline ice phases readily amorphise. However, the results observed during the 2 keV
electron irradiation of the different H>O ice phases have also shown, for the first time, that
the Ih phase is more resistant to radiation-induced amorphisation than is the Ic phase by a
fluence factor of about three. Such an observation is undoubtedly a reflection of the meta-
stability of the Ic phase relative to the Ih phase. With respect to the irradiated H.S and SO
ice phases, the results presented here indicate that if these ices are present within interstellar
icy grain mantles, then their processing by galactic cosmic rays could readily contribute
towards the formation of sulphur residues in the dense ISM. Since these residues are mid-
infrared inactive, their efficient formation could perhaps explain in part the sulphur depletion
problem in dense interstellar clouds. Moreover, the results suggest that such processes are
likely to be more efficient when the cloud is either fairly young (i.e., it is still in the pre-
stellar stage) or in those regions of the cloud that are not in proximity to heat sources thus
allowing the molecular constituents of the icy grain mantles to remain in an amorphous
phase.

The results obtained from the electron irradiations of the H>S and SO- ice phases are
also applicable to outer Solar System chemistry, particularly in the cases of the Galilean
moon lo and of comets. SO is the dominant molecular component of the surface ices and
exosphere of lo (Douté et al. 2001). Surface temperatures on lo undergo quotidian cycles
between 90-130 K, thus allowing for cycles of sublimation and condensation of the surface
SO> frosts to be maintained (Bagenal and Dols 2020). During the lonian day, warmer
temperatures cause the sublimation of much of the surface SO ice, resulting the formation
of a tenuous exosphere. At night, however, lower temperatures drive the collapse of much
of the exosphere and the condensation of the SO> to surface ices.

Given that lo orbits within the giant Jovian magnetosphere, its surface is continually
exposed to ionising radiation in the form of energetic ions and electrons. The flux of 0.1-52
keV electrons at the surface of lo was given by Frank and Paterson (1999) to be 3.1x108
electrons cm s, meaning that the fluence delivered in the experiments described in this
chapter would be delivered to the lonian surface within 8.5 years. The temperature
conditions at the surface of lo would lead one to assume that SO is naturally found in the
crystalline phase and that, therefore, the radiation-induced formation of SOz should be
reasonably efficient (Fig. 6.15). However, the observed results also suggest that the
prolonged irradiation of crystalline SO- ice at 20 K results in its amorphisation, reducing the
comparative yield of SOz in favour of refractory sulphur residues (Fig. 6.16). Such residues
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may contribute to the distinct colouration of lo (Carlson et al. 2007). It should be noted,
however, that the extrapolation of radiation-induced amorphisation results acquired at low
temperatures to higher ones may not be appropriate. As has been previously discussed,
although the amorphisation of crystalline H20O is known to occur efficiently as a result of its
electron irradiation at 20 K, this process has never been reported at temperatures greater than
70 K. The efficiency of the radiation-induced crystalline SO ice amorphisation process at
various temperatures (including those relevant to the surface of 10) should therefore be
explored in future experiments.

Finally, it is important to note that the results obtained during the electron irradiations
of H»S and SO in this present study are also applicable to the chemistry occurring within
the icy nuclei of comets. The recent Rosetta mission to comet 67P/Churyumov-Gerasimenko
revealed the presence of a number of sulphur-bearing molecules within its icy nucleus,
including H2S, SO2, SO, OCS, CSz, and Sz (Rubin et al. 2020). As the comet approaches
perihelion in its orbit around the sun, thermally induced crystallisation processes begin to
out-compete space radiation-induced amorphisation. Consequently, the formation of sulphur
residues via the irradiation of the H>S and SO, cometary ice components by the solar wind
may decrease slightly in line with the results presented in Fig. 6.16.

6.5 Summary

This chapter details the results of the first truly systematic comparative study of the radiation
astrochemistry of ices of different phases. It has been shown that not only is the crystal lattice
energy of a crystalline ice a stabilising factor against its radiolytic decay when irradiated by
energetic electrons, but that the type and extent of intermolecular bonding present within the
crystalline ice are also contributing factors to the stability of an ice undergoing irradiation.
For example, the difference in the decay rates of a-crystalline and amorphous CH30OH is
significantly greater than that between the crystalline and amorphous phases of N.O, and
this has been attributed to the stabilising effect of the strong and extensive hydrogen bonding
network in the crystalline phase of the former species. Such a significant difference was not
seen between the decay rates of the electron irradiated amorphous and crystalline phases of
H.S, despite the fact that hydrogen bonding is known to occur in this species. This is due to
the fact that hydrogen bonds between successive H>S molecules are known to be extremely
weak, and thus the intermolecular interaction between such molecules may be approximated
as being a strong interaction between adjacent dipoles. This trend of a faster depletion of the
amorphous phase of an ice when subjected to ionising radiation was not observed during the
electron irradiation of amorphous and crystalline SO ice, for which it is possible that the
amorphous phase resists decay via the recombination of radicals to form electronically
excited SOx.

The results presented in this chapter have important implications for interstellar and
Solar System ice astrochemistry. These may be summarised as three major points: firstly,
they demonstrate that the radiolytic decay of an ice and thus, by extension, its lifetime in an
astrophysical radiation environment, may differ depending on the phase that the ice adopts.
Such a consideration has not been adopted by either the experimental or the modelling
communities, and thus should be taken into account during future studies so as to ensure as
accurate a simulation of astrophysical radiation chemistry as possible. Secondly, these
results show that the irradiation of an amorphous ice is typically more productive than that
of a crystalline ice due to various factors including the increased presence of structural
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defects and pores, as well as the weaker and less extensive intermolecular forces of attraction
characterising the former phase. As such, it is possible that the irradiation of an astrophysical
ice may be more chemically productive in those astrophysical regions in which radiation-
induced amorphisation out-competes thermally induced crystallisation. Such an idea is not
unreasonable, particularly in light of the discovery of several complex organic molecules in
pre-stellar dense molecular clouds as described above. Thirdly, the results of the electron
irradiation of HoS and SO, demonstrate the relatively facile formation of infrared inactive
sulphur-bearing refractories and residues. Such a discovery may prove to be important in the
further elucidation of the sulphur depletion problem in dense interstellar clouds. Future
studies more closely investigating these residues are planned.
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7 THE IMPLANTATION OF REACTIVE SULPHUR IONS
INTO OXYGEN-BEARING ICES

The interaction of high energy reactive sulphur ions with oxygen-bearing ices such as H.O, CO,
CO, and O; is of inherent interest to the surface chemistry of the Galilean moon system of Jupiter,
due to the orbit of these moons within the sulphur-rich giant Jovian magnetosphere and the known
presence of these icy species on their surfaces. The presence of SO on the surfaces of these moons
has often been attributed to the implantation and subsequent reaction of magnetospheric sulphur ions
with these oxygen-bearing species; however, there currently exists little to no conclusive laboratory
evidence that is able to confirm this. This chapter describes a systematic investigation of the
implantation of high-energy S* ions into CO, CO, and O ices at different temperatures in an effort
to evaluate this mechanism as a possible source of SO, on the surfaces of Europa, Ganymede, and
Callisto, and elsewhere in the outer Solar System.

Note: The majority of the work described in this chapter has been published in peer-reviewed journals or
periodicals as: [1] Mifsud et al. (2022), Geophys. Res. Lett. 49, e2022GL100698; [2] Mifsud et al. (2023),
Icarus to be submitted.

7.1 Contextual Introduction

The discovery of SO: ice on the surface of the Galilean moon Europa by the International
Ultraviolet Explorer spacecraft (Lane et al. 1981) opened up many new interesting lines of
research regarding the surface chemistry of the icy moon. Europa represents one of the most
promising potential extra-terrestrial abodes of life, due largely to the fact that it is thought to
be home to a subsurface global ocean which is thought to be both warm and rich in mineral
salts and organic matter (Kargel et al. 2000, Chyba and Phillips 2002, Johnson and Sundqvist
2018, Johnson et al. 2019). Therefore, characterising the surface chemistry of Europa, as
well as any potential interactions of this chemistry with the subsurface ocean, is of great
importance in constraining the potential habitability of this outer Solar System environment.

SO is one of a number of oxidants (such as Oz, CO2, SO4*, and H202) known to exist
on the surface of Europa (Johnson et al. 2003, Hand et al. 2007, Li et al. 2022), and may
thus be an important participant in life-sustaining redox chemistry occurring in the putative
subsurface ocean (Hesse et al. 2022). There is thus a strong motivation behind understanding
how it comes to exist as an ice on the surface of Europa. It has been suggested that SO> may
be released within the ocean as a result of ongoing hydrothermal activity, after which it is
delivered upwards to the surface where it is outgassed and subsequently condenses to form
an ice (Carlson et al. 2009). However, such a mechanism would hypothetically yield a fairly
uniform distribution of SO. on the Europan surface. This is not observed, and instead the
abundance of surface SO is restricted to the trailing hemisphere of the moon where it is
arranged in a ‘bulls-eye’ pattern (Hendrix et al. 2011, Becker et al. 2022).

The apparent preferential formation of SO on the trailing hemisphere of Europa and
the ‘bulls-eye’ pattern in which it is arranged is suggestive of a formation mechanism that
involves the participation of the giant Jovian magnetosphere. The orbital period of Europa
is approximately 85 hours; significantly longer than that of the Jovian magnetosphere which,
due to its co-rotation with Jupiter, is about 10 hours. As such, the trailing hemisphere of
Europa undergoes preferential irradiation as the ions and electrons that populate the rotating
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magnetosphere impinge onto this side of the moon. Furthermore, it is known that the giant
Jovian magnetosphere is rich in sulphur ions (Ip et al. 1997, Ip et al. 1998, Fig. 2.17). These
sulphur ions are sourced from the neighbouring moon lo which, as the most volcanically
active body in the Solar System, emits around one tonne of sulphur-containing volcanic
ejecta per second (Thomas et al. 2004). Some of these ejected molecules are dissociated and
ionised within the magnetosphere, whereafter they may interact with the surfaces of the other
moons in the Galilean system. Lastly, it should be noted the ‘bulls-eye’ pattern into which
SO is arranged is known to be produced by asymmetries in the fluxes of magnetospheric
ions and electrons that drive radiation chemistry and physics (Johnson et al. 2004).

It is perhaps therefore not surprising that, over the past few decades, many researchers
have attributed the presence of SO on the surface of Europa to the implantation of reactive
magnetospheric sulphur ions into the surface. These implanted sulphur ions were proposed
to subsequently react with the various oxygen-bearing ices and materials (e.g., Oz, COy,
H>0) on the Europan surface to yield SO> as a product. However, laboratory experiments
have thus far failed to demonstrate such a reaction. The implantation of reactive sulphur ions
into H20 ice, which represents the dominant ice on Europa, has been conclusively shown to
yield H2SO4 and its hydrates, rather than SO> (Strazzulla et al. 2007, Strazzulla et al. 2009,
Ding et al. 2013). Furthermore, the yields of these H>SO4 hydrates were noted to increase
with increasing projectile sulphur ion energy (Ding et al. 2013). Computational studies
making use of molecular dynamics simulations based on a reactive potential have also found
no evidence of an efficient reaction mechanism by which sulphur ion implantations yield
SO- as a primary product (Anders and Urbassek 2019a, Anders and Urbassek 2019Db).

The surface of Europa is also host to a number of other oxygen-bearing ices, such as
CO2 and O (Johnson et al. 2003, Hansen and McCord 2008). This knowledge has motivated
more recent experimental studies to consider the implantation of sulphur ions into such
materials as possible alternative sources of SOz. Lv et al. (2014a) performed experiments
that demonstrated that such implantations into pure CO and CO; ices at 15 K did indeed
yield SO, and proposed that a geologically reasonable time-scale of 2x10* years is sufficient
to produce the amount of SO> observed on Europa. However, this estimation relied on the
assumption that sulphur ion implantation experiments carried out at 15 K are representative
of analogous processes occurring on the surface of Europa, which is characterised by
significantly higher temperatures (Table 2.4, Ashkenazy 2019). Follow-up studies by
Boduch et al. (2016) did not detect SO- after the implantation of sulphur ions into pure CO>
ices at 16 K, clearly contrasting with the previous results of Lv et al. (2014a). It should be
noted, however, that Boduch et al. (2016) made use of ultraviolet absorption spectroscopy
as their product detection method, and it is therefore possible that the formation of any SO-
was masked by the stronger absorptions of sulphur oxyanions which were detected after
sulphur ion implantation. Nevertheless, it is evident that the question of a possible exogenic
sulphur source for SO2 on the surface of Europa remains an open one.

An experimental attempt has therefore been made to address the possibility of SO2
formation as a result of the high-fluence (>10*® ions cm) reactive sulphur ion implantation
into carbon oxide ices (i.e., CO and COy), as well as O ice (Fig. 7.1). Experiments were
nominally carried out at 20 K; although the implantations into CO- ice were also performed
at 70 K so as to determine any potential influence of temperature on the formation of SO
and thus extend the results of previous studies (Lv et al. 2014a, Boduch et al. 2016). The
results of these experiments are discussed in the context of the surface chemistry of outer
Solar System objects, with particular reference made to the case of Europa.
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Fig. 7.1: Cartoon summary of the processes considered in this study. The feasibility of the formation of SO,
as a result of the implantation of high-energy reactive sulphur ions has been considered, and the results
discussed in the context of the surface chemistry of Europa and other outer Solar System objects.

7.2 Experimental Methodology

The sulphur ion implantation experiments were performed using the ICA apparatus. Pure
ices were prepared via the background deposition of the relevant gases (O2 purity = 99.995%;
CO purity = 99.97%; CO2 purity = 99.995%; all Linde) at a chamber pressure of a few 10°°
mbar. The deposition of the ices was followed in situ using Fourier-transform mid-infrared
transmission absorption spectroscopy over a spectral range of 4000-650 cm™ (1 cm™
resolution; 128 scans), and the deposited ice column densities and thicknesses could be
quantified by using Eqgs. 7.1 and 7.2, as described in previous chapters:

N = 2.303 x E
As

(Eq. 7.1)
d = 10* x Nm
PNa

(Eq. 7.2)

where P, is the peak area of a characteristic absorption band, As is the integrated band
strength constant for that band, m is the molecular mass, p is the mass density of the ice, and
Na is the Avogadro constant. A list of ice densities and integrated band strength constants
used in this study is provided in Table 7.1.

The most prominent infrared absorption bands of the CO and CO; ices are related to
their stretching and asymmetric stretching modes at 2139 and 2343 cm™, respectively
(Isokoski et al. 2013, Smith et al. 2021). However, these absorption bands saturate fairly
quickly during ice deposition; indeed, saturation occurs before the ices reach a suitable
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thickness for ion implantations to be carried out. Therefore, the less intense absorption bands
related to the *CO stretching and **CO, asymmetric stretching modes respectively located
at 2092 and 2282 cm were instead used to quantify the column densities and thicknesses
of the deposited ices. To do this, a mid-infrared spectrum of the ice was acquired just prior
to the saturation of the intense 2CO or 2CO, modes and the *2CO:*CO or ?C02:*CO;
column density ratios were measured. Continued deposition then resulted in the saturation
of the 12CO stretching or 12CO, asymmetric stretching modes, after which the measured 3CO
or 3CO; column densities were used in combination with the experimental isotopologue
abundance ratio to determine the total molecular column densities of the deposited ices as
well as their thicknesses. A similar approach was previously employed by Lv et al. (2014a).

The deposition of the O, ice was somewhat more challenging, due to the fact that O>
is an infrared inactive species. However, a reasonable estimate of the deposition rate of this
molecule could be obtained from the fact that its molecular mass, molecular geometry, and
pumping speed are all similar to those of CO. As such, it was assumed that depositing an O>
ice at the same chamber pressure and for the same duration as was done for the CO ice would
result in a similar deposited column density. Given that the density of Oz ice is known (Table
7.1), the thickness could then be easily calculated. All ices were deposited to a thickness of
about 3 um, which is greater than the penetration depths of the sulphur ions used in these
experiments as calculated using the SRIM programme (Ziegler et al. 2010) thus ensuring
implantation of the projectile ions. Once an ice was deposited to this thickness, a pre-
irradiation mid-infrared spectrum was acquired after which the ice was exposed to a sulphur
ion beam with additional spectra acquired at pre-defined fluence steps until a total fluence
of >10% jons cm2 was implanted. A summary of the sulphur ion implantation experiments
performed is provided in Table 7.2.

However, during sulphur ion implantation it was noted that sputtering resulted in a
gradual thinning of the ice. To compensate for this sputtering, a simultaneous deposition-
irradiation method was used. In this method, after initial deposition of the target ice to a
thickness of 3 um, the ices were irradiated by the sulphur ion beam with concurrent
background deposition of more ice at a chamber pressure of about 10> mbar. Both
irradiation and deposition were halted during mid-infrared spectral acquisition. In spite of
the possibility of the ion beam interacting with gas-phase CO, CO», or O resulting in
molecular dissociation and the subsequent incorporation of the resultant fragments and
radicals into the depositing ice, the use of this simultaneous deposition-irradiation method is
not anticipated to impact the chemical evolution of the ices any differently to what would be
expected under standard ion implantation conditions (in which sequential ion irradiation and
ice deposition steps would be utilised to counter ice thinning caused by sputtering). Evidence
supporting this claim now follows.

Table 7.1: List of mid-infrared band positions, their associated integrated band strength constants (As), and ice
densities (p) for CO, CO, and O; ices. Data collected from Gerakines et al. (1995), Freiman and JodI (2004),
and Satorre et al. (2008).

Molecule Mid-Infrared Band Position (cm™) | As (10~ cm molecule™) p (g cm=®)
co 2139 (2CO vy) 11 080
2092 (13CO vy) 1.3 '
CO, 2343 (12C02 V3) 7.6
2282 (8CO, v3) 28 0.98 (20 K) / 1.48 (70 K)
0, - - 1.54
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Table 7.2: Summary of the sulphur ion implantations into oxygen-bearing ices performed in this study.

Experiment | Target Ice Temperature | S*lon Energy | Implantation Depth Fluence Delivered
(K) (keV) (um) (10% ions cm—?)

1 CO2 20 290 0.66 1.01

2 CO2 70 290 0.44 1.25

3 Cco 20 400 1.13 111

4 02 20 400 0.62 1.01

The expected number ne of gas-phase molecules undergoing fragmentation as a result
of their collision with projectile sulphur ions (molecules ion™) is given as:

Ne = 0bPmol
(Eq. 7.3)

where ¢ is the fragmentation cross-section of the molecule (cm? ion™?), b is the pathlength of
the ion in the chamber before it collides with the ice layer (cm), and pmoi is the molecular gas
density (molecules cm~3). This latter term may be calculated by first considering the Ideal
Gas Law, which gives the ratio of the of the amount of gas present ng (mol) to its volume V
(md) to be:

n
—=—=4X%x10""molm™3

(Eq. 7.4)

where p is the gas pressure (Pa; 10> mbar = 103 Pa), R is the molar gas constant (8.314 J
K™ mol) and T is the temperature of the gas which is assumed to be 298 K (i.e., room
temperature). Converting this value to the molecular gas density pmo may be achieved by
multiplying by the Avogadro constant (6.02x10% molecules mol?):

n
Pmol = NAVO = 2.4 X 1017 molecules m™3 = 2.4 x 10! molecules cm™3

(Eq. 7.5)

Assuming that o = 107 cm? ion™* (Mejia et al. 2015b) and taking b = 20 cm (known
from the geometry of the ICA) and substituting into Eq. 7.3, a value of 4.8x10~2 molecules
iont may be calculated for ne. Consider now the rate of ion delivery to the ICA chamber,
lion (ions s™1): this may be determined by taking the ratio of the nominal sulphur ion beam
current (~100 nA) to the Coulombic charge of the projectile ions (Q = 1.602x107%° C). This
yields a value of 6.2x10* ions s for rion. The rate of molecular dissociation of the gas-phase
molecules, raiss (molecules s2) is therefore:

Tdgiss = NeTion = 3 X 10° molecules s™1

(Eq. 7.6)

The pumping speed of the turbomolecular pump maintaining the vacuum in the ICA
is 400 L st (equivalent to 0.4 m® s71). Such a value is valid for N; however, the pumping
speed s of the gases under consideration in this study is estimated to be 90% of this value
and is thus 0.36 m® s*. By once again making use of the Ideal Gas Law, the partial pressure
of those molecules undergoing dissociation due to interaction with the sulphur ion beam may
be given as:
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— rdissRT

=3.4x%x 10" Pa = 3.4 x 10713 mbar
SNA

(Eq. 7.7)

Following Dalton’s Law of Partial Pressures, the ratio of the total number of gas-phase
molecules in the chamber at any one time to the number of dissociated gas-phase molecules
is in excess of 107. As such, it is highly unlikely that the fragments formed by molecular
interaction with the sulphur ion beam contribute in any significant way to the radiation
chemistry and physics occurring within the irradiated bulk ice (for which the column density
is well in excess of 10 molecules cm™) even if all the fragments formed were to deposit
and be incorporated into the ice (a scenario which in of itself is unlikely, since at least some
of the fragments should be pumped out of the chamber by the turbomolecular and dry rough
vacuum pumps before they can condense). Therefore, it may be concluded that the
simultaneous deposition-irradiation method used in this study was suitable for studying the
possible formation of SO> as a result of sulphur ion implantation into CO», CO, and O ices.

7.3 290 keV S* Ion Implantation into CO;Ice at 20 and 70 K

The implantation of 290 keV S* ions into pure CO> ices at 20 and 70 K was investigated
with the aim of determining whether such a mechanism could account for the formation of
SO2 on the cold surface of Europa. CO: ice is a minor component of the Europan surface
(Hansen and McCord 2008), having an estimated abundance of 0.036% by number relative
to H20 (Hand et al. 2007), which is the dominant species at the surface of Europa. As such,
it is likely that the surface CO: ice interacts with incident magnetospheric sulphur ions to at
least some extent. The fluxes of keV-MeV sulphur ions vary between 2x10° and 108 ions
cm2 s, depending on the location on the surface of Europa (Dalton et al. 2013). Therefore,
a fluence of 10'® ions cm as was supplied in this study could be expected to be delivered
to the Europan surface within 160 years.

The implantation of 290 keV S* ions into CO ice at 20 K resulted in the appearance
of several new absorption features in the mid-infrared spectrum (Fig. 7.2). In particular, two
new bands are apparent at 1336 and 1150 cm™. These bands are in reasonably good
agreement with the positions of the asymmetric and symmetric stretching modes of SO, that
were measured in Chapter 5 (Table 5.2), and thus the appearances of these bands have been
attributed to the formation of SO within the irradiated CO> ice. These absorption bands are,
however, fairly small and are located in a region of the spectrum where several other,
stronger absorption bands are also present. In light of this, two control experiments have
been performed so as to be confident in the detection of SO>. Firstly, the wavenumber peak
positions of these bands have been compared with those of SO> in an unirradiated CO2:SO»
(6:1) ice mixture (Fig. 7.2), and a very good agreement (within 1 cm™) with the suspected
SO2 band positions in the irradiated ice was found. Secondly, a control experiment was
performed in which a similar fluence of 300 keV He™ ions was implanted into pure CO- ice
at 20 K under similar experimental conditions. After the implantation of He* ions, any
absorption bands due to molecules formed as a result of the incorporation of the sulphur ion
projectile should be absent, while all other bands produced as a result of the energetic
processing of the ice would still be present. This outcome was indeed observed, with the
bands at 1336 and 1150 cm™ not being observed at any point during the implantation of the
He" ions.
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Fig. 7.2: Mid-infrared spectra of condensed CO, before (black trace) and after (red trace) the implantation of
290 keV S* ions at 20 K. Also shown are the mid-infrared spectra acquired during control experiments,
including an unirradiated CO,:SO; (6:1) ice mixture at 20 K (blue trace) and a CO ice after the implantation
of 300 keV He" ions at 20 K (green trace). Note that the spectra of the irradiated ices are difference spectra
yielded after the subtraction of the ‘as deposited’ spectra. Note also that some spectra are vertically shifted for
clarity. Sinusoidal patterns in the spectrum of the deposited ice are caused by interference of infrared light
reflected in the substrate-ice-vacuum optical system.
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Fig. 7.3: Mid-infrared spectra of condensed CO, before (black trace) and after (red trace) the implantation of
290 keV S* ions at 70 K. Also shown is the mid-infrared spectrum of an unirradiated CO,:SO; (6:1) ice mixture
at 20 K (blue trace). Note that the spectrum of the irradiated ice is a difference spectrum yielded after the
subtraction of the ‘as deposited’ spectrum. Note also that some spectra are vertically shifted for clarity.
Sinusoidal patterns in the spectrum of the deposited ice are caused by interference of infrared light reflected in

the substrate-ice-vacuum optical system.
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It is acknowledged that the implantation of 10'® He* ions cm™2 in a CO; ice at 20 K
results in a different dose administered to the ice than does the implantation of 10%° S* ions
cm2. It is thus possible to make the argument that perhaps the absence of the bands at 1336
and 1150 cm after the implantation of 10*® He* ions cm2 may have been due to the simple
fact that the bands may simply not have been strong enough to detect. However, this
proposed explanation can be rebutted by considering and comparing the radiation doses
administered to the CO: ice after implantation of the He™ and S* ions. Consider first the
number of CO, molecules in a volume whose dimensions equal an area of 1 cm? and a
thickness of 1 A. This can be found from the density of the ice (p = 0.98 g cm ) and the
relative molecular mass of CO2 (m = 44 amu):

P 0.98 gcm™3
m,Xm 167 X 1072% g x 44
(Eq. 7.8)
where mj corresponds to the mass of a proton (1.67x10724 g). If 1 cm = 108 A, then:
_ gy—1 o
098gcm™3 098¢ (em=2(10°4)™") 098 x 107 gcm 24"
1.67 x 10724 gx 44  1.67x10"24gx 44 167 x10 24 gx 44
(Eq. 7.9)

Avrithmetically solving Eq. 7.9 gives a molecular density of 1.33x10* CO, molecules
cm2 AL The stopping powers of 290 keV S* and 300 keV He* ions in CO; ice were
calculated using the SRIM software (Ziegler et al. 2010) and found to be 4.33 and 9.74 eV
AL, respectively. These stopping powers may be expressed in units of eV cm? per CO
molecule by dividing the values given by the SRIM simulation by the molecular column
density:

4.33eVA~? . , .
Ps, sulphur = 1,33 x 101 (44 amu)em—2A—1 = 3.25 x 107" eV cm? molecule
(Eq. 7.10)
9.74 eV A1
Ps helium = —— = 7.30 X 10~1* eV cm? molecule™!
' 1.33 X 101* (44 amu)cm—2A-1
(Eq. 7.11)

Given that a fluence of approximately 10® ions cm=2 was delivered in both the sulphur
and helium ion implantation experiments, it is possible to calculate the administered dose by
simply multiplying this fluence by the stopping powers given in Egs. 7.10 and 7.11. The
total doses administered to the ices during 290 keV S* and 300 keV He* ion implantation
are therefore 325 and 730 eV per CO2 molecule, respectively. Although a higher dose of
energy was imparted to the CO> ice during He" ion implantation, the bands that were
attributed to SO> were never observed during the irradiation process, even at doses
comparable to those administered during S* ion implantation. Thus, it is reasonable to
assume that these bands do not appear during He™ ion implantation because they are the
result of the formation of a molecule that incorporated the sulphur ion projectile.

It should be noted that other sulphur-bearing molecules, such as SO and S0, also
present mid-infrared absorption features in the vicinity of 1150 cm (Hopkins and Brown
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1975). However, these species are not likely to be the carriers of the bands shown in Fig. 7.2
due to their inherent instability. SO, for instance, is a very unstable molecule that has only
been isolated in inert matrices at very low temperature (Hopkins and Brown 1975). Indeed,
the recent work of Gébi et al. (2021) demonstrated that the reaction between hydrogen atoms
and SO is favourable at temperatures as low as 3 K in a para-hydrogen matrix. The CO> ices
considered in this study are certainly not inert matrices due to the energy deposited within
the ices during sulphur ion implantation which results in the formation of a plethora of
radical species. At 20 K, the temperature is sufficiently high as to allow for the diffusion of
these radicals, thus ensuring the rapid oxidation of SO to SO> (Rolfes et al. 1965, Herron
and Huie 1980, Baklouti et al. 2004). The S,O molecule is also very unstable, and previous
literature has shown multiple efficient dissociation pathways that would have more than
likely dominated within the irradiated CO- ices such as: thermal decomposition, dissociative
electron attachment, pre-dissociation followed by cleavage of the S-S bond, and
disproportionation (Dudley and Hoffmann 2003, Steudel and Steudel 2004, Field et al. 2005,
Navizet et al. 2010).

The mechanistic chemistry leading to the formation of SO is presumed to proceed
after the neutralisation of the implanted sulphur ion. As the ion traverses the ice it dissipates
energy into its surroundings resulting in the dissociation of CO2 to CO and an oxygen atom
(Pilling et al. 2022). The neutralised sulphur ion may then react with one such oxygen atom
to produce SO (Tevault and Smardzewski 1978). Alternatively, SO may result from the
abstraction of an oxygen atom from a surviving CO2 molecule by the neutralised sulphur ion
(Froese and Goddard 1993). SO is then rapidly oxidised to SO as discussed above.

In contrast, when the implantation of 290 keV S* ions was performed at 70 K, no SO>
was detected among the radiation products (Fig. 7.3). Indeed, the mid-infrared spectrum of
the CO- ice into which S* ions had been implanted shows significantly fewer absorption
bands than does its 20 K counterpart (Fig. 7.2). One striking difference is the size of the
absorption band attributed to the asymmetric stretching mode of O3z located at about 1041
cm! (Chaabouni et al. 2000). In the 20 K spectrum, this band is very intense and is indicative
of the efficient formation of Os in the irradiated CO; ice. In the 70 K spectrum, however,
this band is significantly smaller, suggesting an inefficient Oz formation pathway. It is this
observation that gives an insight into why the formation of SO, as a result of S™ ion
implantation into condensed CO: is favourable at 20 K, but not at 70 K.

The energetic processing of CO2 by ions, electrons, and ultraviolet photons is known
to yield several oxygen-bearing products, including Oz (Sivaraman et al. 2013, Martin-
Doménech et al. 2015). The formation of this radiolytic product is, however, dependent upon
the prior synthesis of O, within the ice which then furnishes Oz upon the barrierless addition
of a supra-thermal oxygen atom (Sivaraman et al. 2007). In the 20 K experiment, the O is
stable within the ice as the experimental temperature is lower than its sublimation
temperature, and so Oz formation may occur efficiently. Indeed, Oz is one of the major
products of this ion implantation process (Fig. 7.2). In the 70 K experiment, however, it is
evident that O, sublimation from the ice is fairly efficient (Jones et al. 2014), thus effectively
depleting the ice of its oxygen content. The result of this is that there are fewer oxygen atoms
available within the bulk ice that may react with the implanted sulphur ion to yield SO, thus
explaining the absence of this latter species at 70 K. Previous studies have suggested that
otherwise volatile solid-phase molecules such as O> may be stabilised at temperatures
beyond their sublimation point via their encapsulation within clathrate-like structures (Hand
et al. 2006). It is possible to speculate that, in the experiments considered in this study, any
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such CO»-based clathrate-like structures may not have been sufficiently stable to retain O-
due to the fact that CO: itself is also a fairly volatile species. The presence of a radiolytically-
derived tenuous O exosphere on Europa (Milillo et al. 2016) is consistent with this
interpretation.

These results build upon and extend the previous findings of Lv et al. (2014a) and
Boduch et al. (2016). In their study, Lv et al. (2014a) implanted multiply charged sulphur
ions into condensed CO and CO; at 15 K, and recorded the formation of SO in each ice.
Based on their reported SO, formation efficiency of 0.38 molecules ion™ for the
implantation of 90 keV S°" ions into CO: ice, Lv et al. (2014a) suggested that the observed
abundance of SO. on Europa could be formed within a geologically reasonable time-scale
of 2x10* years. However, this result was not reproduced by the later study of Boduch et al.
(2016), who did not observe any SO in the ultraviolet absorption spectra of CO> into which
144 keV S°* ions had been implanted at 16 K. This non-detection was ascribed to one of two
reasons: either the accumulated column density of SO, formed as a result of ion implantation
was below the spectroscopic detection limits of their instrument, or else the absorption bands
attributable to SO, were masked by the intense absorptions of sulphur oxyanions such as
SOs.

The results of this present investigation suggest that, although the formation of SO, as
a result of sulphur ion implantation into CO ice is indeed possible at low temperatures (15-
20 K), this is not true for higher temperatures more representative of the surface of Europa,
such as the 70 K temperature considered here. This is actually somewhat of an unexpected
result, as other ion implantation processes in which the implanted ion is incorporated into an
oxygen-bearing product molecule have been shown to be unaffected by changes in the
experimental temperature (Lv et al. 2012, Ding et al. 2013). It is possible to conclude,
therefore, that sulphur ion implantation into CO> ices at the surface of Europa is not an
efficient mechanism by which the SO, observed on the surface may form. This result is also
consistent with the lack of correlation in the spatial distributions of SO, and CO; ices on
Europa (Hansen and McCord 2008).

7.4 400 keV S* Ion Implantation into CO Ice at 20 K

The implantation of reactive sulphur ions into CO ice has also been studied. CO is not known
to be on the surface of Europa or, in fact, on any of the icy Galilean moons (McCord et al.
1997). However, it is of much greater importance in the context of the chemistry occurring
on the surfaces of icy bodies further out in the Solar System, such as trans-Neptunian and
Kuiper Belt objects. In these regions, temperatures are significantly colder (30-50 K), thus
allowing for the condensation and accumulation of the most volatile molecules whose
chemistry consequently plays a dominant role in the surface evolution of these celestial
bodies (Young et al. 2020). Regions in the outer Solar System are also host to a rich radiation
chemistry mediated by the solar wind, of which sulphur is a known component (Giammanco
et al. 2007). Based on measurements of the solar wind S/O ratio at 1 AU by von Steiger et
al. (2010), Ruf et al. (2019) were able to determine that a flux of 1.58 sulphur ions cm=2 s!
is expected in the outer Solar System at 50 AU.

Recent studies have demonstrated that the implantation of reactive sulphur ions into
simple ice mixtures relevant to trans-Neptunian and Kuiper Belt objects results in the
synthesis of a plethora of complex organic molecules, a reasonable percentage of which
incorporate the projectile sulphur ion (Ruf et al. 2019, Ruf et al. 2021). However, the
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formation of other volatile species (in particular, SO2) on these icy Solar System objects as
a result of sulphur ion implantation remains somewhat unexplored. This therefore provides
a prime motivation for studying the implantation of sulphur ions into a relevant volatile
oxygen-bearing ice, such as CO.

The implantation of 400 keV S* ions into CO ice resulted in the appearance of several
new mid-infrared absorption bands, many of which clustered in the 2400-2000 cm™
wavenumber range associated with the C=0 bond stretching modes of various molecules
(Fig. 7.4). Based on previous assignments by various studies (Strazzulla et al. 1997,
Gerakines and Moore 2001, Trottier and Brooks 2004, Loeffler et al. 2005, Palumbo et al.
2008, Lv et al. 2014a), it has been possible to ascribe these bands to a number of species
including cumulene dioxides (of the type CxO2 where x > 1), radical oxocarbon molecules
(of the type CxO where x > 1), as well as CO2 and COs (Table 7.3). It is presumed that the
radiation chemistry that leads to the formation of these species begins with the homolytic
dissociation of the CO molecule to yield free, supra-thermal carbon and oxygen atoms:

CO—-C+0
(Eq. 7.12)

These free carbon atoms are subsequently able to react with surviving CO molecules to begin
a catenation reaction sequence yielding sequentially larger radical oxocarbon molecules. The
growth of these radicals by sequential carbon atom addition may be quenched via the
addition of a free oxygen atom at the radical terminus, which results in the formation of a
closed-shell, unsaturated cumulene dioxide species. An example of such a reaction sequence
for the formation of C30; via the sequential formation of C20 and C30O is shown in Eqgs.
7.13-7.15 below:

CO +C — C20
(Eg. 7.13)

C20 +C — C30
(Eq. 7.14)

C30 + 0 — C302
(Eg. 7.15)

Table 7.3: List of oxocarbon molecules present in the CO ice irradiated by 400 keV S* ions sorted by the
wavenumber position of their mid-infrared absorption peaks.

Molecule Mid-Infrared Band
Formula Name Position (cm™)
12C0O, Carbon dioxide 2343
18CO, Carbon dioxide 2282
Cs0 Tricarbon monoxide 2247
C30; Tricarbon dioxide (carbon suboxide) 2242
Cs0, Pentacarbon dioxide 2221
2Cco Carbon monoxide 2139
C-0: Heptacarbon dioxide 2122
18Co Carbon monoxide 2092
Cs0, Pentacarbon dioxide 2059
COs Carbon trioxide 2044
Cs Catena-tricarbon 2019
C.0 Dicarbon monoxide 1990
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Fig. 7.4: Mid-infrared spectra of condensed CO before (black trace) and after (red trace) the implantation of
400 keV S*ions at 20 K.

It must be realised, however, that the formation of cumulene dioxides and radical
oxocarbons as shown in Fig. 7.4 requires a greater supply of the carbon atoms sourced from
CO dissociation than of the oxygen atoms. As such, additional processes must exist which
consume the remaining oxygen atoms. Of these processes, perhaps the most efficient is the
formation of CO- as a result of the addition of a supra-thermal oxygen atom to CO; a process
which has been described at some length in the literature (Loeffler et al. 2005, de Barros et
al. 2011b). The addition of oxygen atoms to these CO2 molecules results in the synthesis of
COs (Sivaraman et al. 2013); a minor quantity of which was observed in the processed CO
ice (Fig. 7.4). Lastly, the formation of Os, noted by the appearance of its asymmetric
stretching mode at about 1040 cm™ (Chaabouni et al. 2000), could also act as a sink for
nascent oxygen atoms in this experiment (Fig. 7.5).

A closer examination of the data shown in Fig. 7.5 reveals that a small absorption
feature is present at about 1335 cm™. The position of this absorption band coincides well
with that of the asymmetric stretching mode of solid SO> diluted in CO, as confirmed by
performing a control experiment in which the mid-infrared absorption spectrum of a CO:SO;
(30:1) ice mixture was recorded and the positions of the SO, asymmetric stretching mode in
the unirradiated ice mixture were compared to the position of the small absorption feature in
the mid-infrared spectrum of the irradiated pure CO ice, with good agreement (within 1.5
cm™1) being found. It should be noted that the identification of solid SOz in an irradiated ice
is usually made on the basis of the detection of both the asymmetric stretching mode and the
symmetric stretching mode. However, as the intensity of the asymmetric stretching mode is
much greater than that of the symmetric stretching mode, it is possible to argue that SO> was
indeed formed in the CO ice as a result of the implantation of 400 keVV S* ions after a
delivered fluence of 10% ions cm™, but that the abundance formed was too low for the
symmetric stretching mode to become evident against the background continuum.
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Fig. 7.5: Mid-infrared spectra of condensed CO before (black trace) and after (red trace) the implantation of
400 keV S*ions at 20 K. Also shown is the mid-infrared spectrum of an unirradiated CO:SO (30:1) ice mixture
at 20 K (pink trace). Note that the spectrum of the irradiated ice is a difference spectrum yielded after the
subtraction of the ‘as deposited” spectrum. Note also that spectra are vertically shifted for clarity. Sinusoidal
patterns in the spectra of the ices are caused by interference of infrared light reflected in the substrate-ice-
vacuum optical system.

Indeed, the results of Lv et al. (2014a) would seem to support such an interpretation,
as their experiments determined that the emergence of the SO2 symmetric stretching mode
at about 1150 cm only appeared in a CO ice into which 176 keV S'!* ions had been
implanted after a fluence of 1.9x10%® ions cm™ had been delivered (Fig. 7.6): almost twice
the total fluence delivered in this present investigation (Table 7.2). Nevertheless, this
interpretation should be treated with a large degree of caution due to certain inconsistencies
between the data reported here in this present investigation and the results obtained by Lv et
al. (2014a). Looking at the evolution of the SO, mid-infrared absorption features as a result
of the implantation of reactive sulphur ions into CO ice as reported by Lv et al. (2014a), it
is possible to note that they did not observe the appearance of the asymmetric stretching
mode prior to that of the symmetric stretching mode (Fig. 7.6), as has been suggested to
possibly occur in this present study. Rather, it seems that both the asymmetric and the
symmetric stretching modes appear in their mid-infrared spectrum simultaneously.

Moreover, there is somewhat of a discrepancy between the relative intensities of these
features in their mid-infrared spectrum compared to those reported for the pure SO ice (Fig.
7.6) or the CO:SO> (30:1) ice shown in Fig. 7.5. In these two latter spectra, the intensity of
the SO, asymmetric stretching (vs) mode at about 1335 cm is always greater than that of
the symmetric stretching mode at about 1150 cm~. However, the bands that were attributed
to these vibrational modes by Lv et al. (2014a) are of approximately equal intensity, and
thus do not match the expected profile of the mid-infrared absorption bands of SO.. It is
therefore entirely possible that these bands are not due to SO- at all, and may be caused by
the formation of one or more unrelated molecules. Since Lv et al. (2014a) did not provide
any additional evidence for the presence of SO in their ice (such as the appearance of a peak
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at a mass-to-charge ratio of 64 in quadrupole mass spectra collected during post-irradiative
temperature-programmed desorption experiments), the formation of SO as a result of
sulphur ion implantation into CO ice at 20 K in both their study as well as in the present
investigation must be regarded as tentative or inconclusive at best.

If it were assumed that the assignment of the bands reported in Fig. 7.6 by Lv et al.
(2014a) is correct, and their calculated SO, formation efficiency of 0.2 molecules per ion is
accurate, then the maximum formation rate of SO2 on CO-rich trans-Neptunian and Kuiper
Belt objects as a result of their interaction with the solar wind would be approximately 10’
molecules cm~2 per year, if it is also assumed that all the impinging sulphur ions implant into
CO surface ice. Further assuming that the flux of sulphur ions present in the solar wind at
50 AU has not varied since the formation of these outer Solar System objects, and that any
SO> formed on their surfaces as a result of sulphur ion implantation is completely preserved
and not destroyed by further irradiative processing, the amount of SO> on the surfaces of
these objects would only be on the order of about 5x10*® molecules cm2. Given the number
of assumptions of questionable reasonableness made in calculating this fairly modest surface
abundance, as well as the known multi-component surface compositions of icy objects in the
outer Solar System, it is most probably safe to assume that sulphur ion implantation into CO
ice does not represent a reasonable SO, formation mechanism on these objects.
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Fig. 7.6: Mid-infrared absorption spectra collected during the implantation of 176 keV S'** ions into solid CO
at 20 K as studied by Lv et al. (2014a). It is possible to note that the absorption bands ascribed to SO, do not
clearly appear in the spectrum until a fluence of at least 1.9x10% ions cm=2 has been supplied to the ice.
However, it is also possible to note that the relative intensities of these bands do not match that of either the
pure SO; ice (as shown in this figure and throughout Chapter 5) nor the CO:SO- (30:1) ice shown in Fig. 7.5.
Given the lack of additional evidence for the assignment of these bands, the detection of SO, must therefore
be regarded as tentative at best. Image reproduced from Lv et al. (2014a).
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The lack of a convincing detection of SO, after the implantation of 400 keV S ions
into solid CO at 20 K, even after a fluence of 10 ions cm™ had been supplied to the ice
(Fig. 7.5), contrasts strongly with the result reported for the analogous implantation process
into CO- ice, where some SO was indeed found among the radiolysis products (Fig. 7.2).
Although the exact reason for this discrepancy cannot be stated with any certainty, it is
possible to put forward a hypothesis based on the state of oxidation of the two target ices in
question. The CO2 molecule is comparatively oxygen-rich (two out of three of the
constituent atoms are oxygen), resulting in a carbon atom with an oxidation state of +4.
Conversely, the CO molecule is poorer in oxygen resulting in a carbon atom with an
oxidation state of just +2. As such, the irradiation of solid CO results in the release of fewer
free oxygen atoms than does the analogous irradiation of solid CO2, meaning oxidised
product molecules (such as SO.) are less likely to form as a result of the ensuing radiation
chemistry. This interpretation is consistent with the significantly lower yield of O3 formed
after the irradiation of CO (Fig. 7.5) compared to that formed after the irradiation of CO;
(Fig. 7.2).

7.5 400 keV S* Ion Implantation into Oz Ice at 20 K

The implantation of reactive sulphur ions into pure O ice represents perhaps the simplest
potential chemical route towards the formation of SO2. The presence of O on various outer
Solar System bodies on which SOz is also known to be present, including the Galilean moons
Europa (Johnson et al. 2003) and Ganymede (Migliorini et al. 2022), as well as comets such
as 67P/Churyumov-Gerasimenko (Luspay-Kuti et al. 2018), has been well-established and
thus the formation of the latter species as a result of the implantation of reactive sulphur ions
into the former should be studied. However, thus far, this process has only been previously
studied using ultraviolet absorption spectroscopy (Boduch et al. 2016). Although certainly a
useful analytical technique, this region of the electromagnetic spectrum is not ideally suited
for molecular identification. As such, the results presented here constitute the first
investigation of sulphur ion implantation into a low-temperature O ice using mid-infrared
spectroscopy, thus allowing for the more secure identification of radiolytic product
molecules.

As with the implantations into the CO and CO: ices outlined in the previous sub-
sections, the implantation of 400 keV S* ions into O ice at 20 K results in the formation of
new absorption bands. The most prominent of these bands is that at about 1040 cm™
attributable to Oz. The formation of Os as a result of the irradiative processing of solid O
has been studied thoroughly (Fama et al. 2002, Bennett and Kaiser 2005, Sivaraman et al.
2007, Ennis et al. 2011), and thus will only be discussed very briefly in this thesis. The
radiolytic synthesis of Oz proceeds via a two-step reaction sequence first involving the
homolytic molecular dissociation of O, to supra-thermal oxygen atoms followed by the
addition of one such atom to O». Such an addition reaction has been considered to be either
energetically barrierless (Bennett and Kaiser 2005, Sivaraman et al. 2007), or else as having
a small activation energy barrier of <0.5 eV (loppolo et al. 2008).
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176



0, T=20K

0.008 | as deposited -
+2.99 x10"° 400 keV S*/cm? |

15 + 2

0.006 |- + 5.00 x10" 400 keV S*/cm

+1.00 x10"® 400 keV S*/cm? |

0.004

0.002

Absorbance

0.000

-0.002

1350 1300 1250 1200 1150
Wavelength (nm)

Fig. 7.7: Mid-infrared spectra of condensed O, before (black trace) and after the implantation of 400 keV S*
ions at 20 K (blue, green, and red traces). Also shown is the mid-infrared spectrum of an unirradiated 0,:50;
(6:1) ice mixture at 20 K (pink trace). Note also that spectra are vertically shifted for clarity.

Of particular interest is the appearance of two absorption features at about 1343 and
1150 cm~* which begin to appear after a fluence of about 3x10% S* ions cm™ and continue
to increase in absorbance with increasing fluence (Fig. 7.7). The intensity of the absorption
band that appears at 1343 cm™ is consistently greater than that of the band at 1150 cm™
throughout the ion implantation process. The positions and relative profiles of these bands
are therefore in agreement with the asymmetric and symmetric stretching modes of SOz and,
indeed, a comparison with a control spectrum of an unirradiated 02:SO; (6:1) mixed ice
demonstrated a good degree of similarity. As such, the bands that appear at 1343 and 1150
cmt in the Oz ice as a result of the implantation of reactive sulphur ions can be safely
attributed to the formation of SO..

The observed formation of SO; after the implantation of 400 keV S* ions into O ice
at 20 K (as depicted in Fig. 7.7) contrasts strongly with the results of Boduch et al. (2016),
who studied the implantation of 144 keV S° ions into O ice at 16 K using ultraviolet
absorption spectroscopy but did not detect the formation of SO.. Instead, the main sulphur-
bearing product reported by that study was the SOz~ radical anion which presented a strong
and broad absorption band centred at about 255 nm. This band may have possibly obscured
any ultraviolet absorption bands attributable to SO, such as that expected at about 276 nm
(Holtom et al. 2006, Mason et al. 2006). Nevertheless, the results of this investigation clearly
demonstrate that sulphur ion implantation into O ice at cold (15-20 K) temperatures does
indeed result in the formation of solid SO..

However, it is to be noted that this formation mechanism is likely to be of limited
applicability to outer Solar System sulphur chemistry, such as that occurring on the surfaces
of the icy Galilean moons of Jupiter, due various temperature constraints. It is important to
note that the surface temperatures of these moons and many other outer Solar System objects
are considerably higher than that of the sublimation temperature of pure O2 (which is about
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30 K; Collings et al. 2003b). As such, the existence of pure surface patches of Oz on these
objects is unlikely; rather, O2 would need to be encapsulated within clathrate-like structures
involving molecules that are significantly less volatile, such as H2O. Indeed, clathrate
hydrates of O are known to be particularly stable (Mayer and Hallbrucker 1989, Hallbrucker
and Mayer 1990), and have been invoked to explain the presence of icy O on the surface of
Europa (Hand et al. 2006). However, the inclusion of H2O within the ice mixture may reduce
the efficiency of SO formation as a result of sulphur ion implantation, particularly in light
of the efficiency of the competing formation of H2SO4 and its hydrates (Strazzulla et al.
2007, Strazzulla et al. 2009, Ding et al. 2013). Therefore, further work on the efficiency of
SO, formation as a result of sulphur ion implantation into H.O:0> mixed ices would need to
be performed in order to determine the applicability of the results of this present study to the
surface chemistry of the Galilean moons of Jupiter.

Moreover, it is likely that any yield of SO2 as a result of sulphur ion implantation into
a H20:02 mixed ice would be highly dependent on the temperature of the irradiation process.
This is due to the fact that the major product of O irradiation is Oz, which is a potent oxidant
that is able to oxidise SO2 to HSO4 in the presence of H2O (Loeffler and Hudson 2016). The
reaction sequence for this oxidation process is thought to be similar to that occurring in the
atmosphere of the Earth (Erickson et al. 1977, Penkett et al. 1979):

H,0 + SO, — H* + HSO3~

(Eqg. 7.18)
HSOs™ + O3 — HSO4 + O

(Eqg. 7.19)

Although it should be recalled that the HSO3™ intermediate species may also be consumed
in the formation of S,0s%" (Katiuchova et al. 2017):

2 HSO3™ — H»0 + S,05%
(Eq. 7.20)

The SO, consumption chemistry outlined above has been reported to be especially
efficient at temperatures of 50-120 K, which are relevant to the surfaces of the icy Galilean
moons (Moore et al. 2007, Loeffler and Hudson 2010, Loeffler and Hudson 2016,
Kanuchova et al. 2017). Thus, it is possible that any SO- that could form as a result of sulphur
ion implantation into H20:0. mixed ices would be either consumed by neighbouring H20
molecules in the production of HSO3~ and S,0s%", or would be efficiently oxidised to HSO4
by the copious amounts of Oz produced as a result of the interaction of O2 with ionising
radiation. Thus, when considering the existence of H20, SO, and Oz ices in an astrophysical
environment characterised by temperatures greater than ~50 K, it may be stated that the
presence of two of these species should exclude the third. Indeed, this kind of molecular
distribution has been observed on several icy outer Solar System objects: SO, has been
detected on the leading hemisphere of Callisto (McCord et al. 1998b, Hibbitts et al. 2000),
while O (the radiolytic precursor to O3) has thus far only been observed on the trailing
hemisphere (Spencer and Calvin 2002). Furthermore, SO, was detected to be among the
most abundant sulphur-bearing species in the icy nucleus of comet 67P/Churyumov-
Gerasimenko (Calmonte et al. 2016), while no evidence for the presence of Oz could be
found (Altwegg 2018).
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7.6 Implications for Astrochemistry and Astrobiology

The main aim of this chapter was to determine whether or not the implantation of reactive
sulphur ions into various oxygen-bearing ices at cryogenic temperatures represents a feasible
mechanism for SO, formation. Such studies are of inherent interest to astrochemistry and
planetary science, and so this sub-section will be devoted to a detailed discussion of the
applicability of the results presented throughout this chapter to the solid-phase sulphur
chemistry of astrophysical environments, with a particular focus on the outer Solar System.

7.6.1 Formation of SOz on Europa

The presence of SO, on the Europan surface has been the subject of a number of publications
(e.g., Noll et al. 1995, McCord et al. 1998a, Hendrix et al. 2011, Becker et al. 2022) since
its initial detection by Lane et al. (1981). Despite this, the method by which it forms remains
elusive. As discussed in Section 7.1., the ‘bulls-eye’ pattern of SO2 on Europa tentatively
suggests an exogenic source of sulphur and it has been proposed that the implantation of
Jovian magnetospheric sulphur ions into the surface ice of Europa yields the observed SO..
Previous experimental studies have not supported this hypothesis: the implantation of
reactive sulphur ions into H>O surface ice analogues has been found to efficiently yield
H>SO4 and its hydrates instead (Strazzulla et al. 2007, Strazzulla et al. 2009, Ding et al.
2013), with no evidence for the formation of SO> having been reported thus far.

The results of this present investigation reveal that SO, formation as a result of the
implantation of sulphur ions into CO: ice, another component of the Europan icy surface
(McCord et al. 1998a), is also improbable due to the demonstrated temperature dependence
of this process (Figs. 7.2 and 7.3). Such a result is consistent with the lack of spatial
correlation between the distributions of CO2 and SO on the surface of Europa (Hansen and
McCord 2008). Moreover, although O is also known to be present on the surface of Europa
(Hand et al. 2006), and the present results suggest that sulphur ion implantation could
represent a possible formation route towards SO> at 20 K, it has been proposed that such a
reaction would not be efficient at contributing to SO. synthesis at higher temperatures
relevant to Europa due to the increasingly dominant role of competing thermal and radiolytic
reactions. As such, it appears that the results of this and previous experimental studies
suggest that the implantation of hot sulphur ions from the Jovian giant magnetosphere into
the surface ices of Europa does not constitute an effective contributor to the formation of
SOy there, and so alternative mechanisms should be considered instead.

The ‘bulls-eye’ pattern in which SOz is distributed on the Europan surface is, however,
still indicative of the participation of magnetospheric sulphur ions in the synthesis of SO..
Moreover, the close spatial correlation of SOz and H2SO4 hydrates hints at a related synthetic
chemistry. Indeed, an early study by Hochanadel et al. (1955) demonstrated that the
irradiation of concentrated H2SO4 solution yielded SO, and a similar result was more
recently observed by Loeffler et al. (2011) for condensed H>SO4 and its hydrates at low
temperatures. Therefore, it is reasonable to suggest that the implantation of sulphur ions from
the Jovian magnetosphere into the Europan H2O surface ices efficiently yields H2SO4
hydrates which, upon further irradiation, are then decomposed to yield SO». Such a
mechanism would satisfactorily explain the lower surface abundance of SO, compared to
H>SO4 hydrates (Carlson et al. 2009), the spatial correlation of these species, and the
experimentally determined improbability of SO formation as a direct result of exogenic
sulphur ion implantation.
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Of course, other mechanisms could also contribute to the presence of SOz on Europa.
The irradiation of sulphate minerals thought to exist on Europa and Ganymede, such as
mirabilite (Na2SO4-10H20), thenardite (Na2S0a), or epsomite (MgSOa4-7H20), could result
in their decomposition and the concomitant release of SO, (McCord et al. 1999, McCord et
al. 2001a). Experimental work by Johnson et al. (1998) and McCord et al. (2001b) revealed
that although mirabilite and epsomite are fairly stable against radiation-induced decay, a
small amount of SO, may possibly be yielded as a result of their decomposition in the
warmest regions of Europa (i.e., at about 130 K). Interestingly, the analogous experimental
irradiation of Li>SO4 does not yield SO», but rather Li>SOs, Li2S, and Sx are the major
sulphur-bearing products (Sasaki et al. 1978).

An alternative source of surface SO could be its endogenous delivery from the global
subsurface ocean. Hydrothermal activity has long been postulated to occur at the boundary
of the ocean and the underlying silicate mantle (Barge and White 2017, and references
therein), and would likely result in the degassing of sulphurous molecules such as SO to the
ocean (Kargel et al. 2000). Modelling work has suggested that the upwelling of SO, may
result in its delivery to upward-propagating cracks in the surface ice that are filled with H-O,
after which exsolution of the SO» (along with other gaseous species dissolved in the ocean)
results in its delivery to the surface via explosive cryovolcanism (Stevenson 1982, Crawford
and Stevenson 1988, Fagents et al. 2000). An endogenous source of SO carries many
implications with regards to the habitability of Europa, since terrestrial hydrothermal vents
are not only known to harbour life, but are also suspected of having played a key role in the
origins of life on Earth (Martin et al. 2008, Sojo et al. 2016).

However, this mechanism of SO delivery to the Europan surface does not fully
explain its observed surface distribution, which is known to be significantly enhanced on the
trailing hemisphere (Carlson et al. 2009). If uniform hydrothermal degassing followed by
exsolvation were the primary source of surface SO», then the abundance of this species on
the surface would not be expected to vary from region to region. Moreover, strong spatial
correlations between the surface distributions of SO and other species likely to have been
degassed from the silicate mantle (such as CO) would be expected to be observed, which
has not been the case (Hansen and McCord 2008). Although such observations could
partially be explained by inhomogeneities in the thickness of the icy crust leading to thicker
surface ices on the leading hemisphere, this hypothesis is merely speculative.

Finally, Becker et al. (2022) have recently suggested that cold (sub-keV) sulphur ions
sourced from the Jovian magnetosphere could generate the SO2 observed on the surface of
Europa as a result of their implantation into the oxygen-bearing ices there. Such a process
has yet to be considered experimentally, as all previous work has been concerned with hot
(>10 keV) sulphur ion implantation. In reality, hot sulphur ions are able to access both the
trailing and the leading hemisphere of Europa (Cassidy et al. 2013), while cold sulphur ions
preferentially impinge upon the trailing hemisphere due to their smaller gyroradii (Cassidy
et al. 2013, Addison et al. 2021). If the implantation of these lower energy sulphur ions into
Europan surface ices does indeed result in a different sulphur radiation chemistry compared
to that of hot sulphur ion implantation by efficiently producing SO, then that would neatly
account for its observed surface distribution. Experimental work should therefore be
conducted to confirm or refute the feasibility of this proposed mechanism.

180



7.6.2 Sulphur Chemistry on Trans-Neptunian and Kuiper Belt Objects

Trans-Neptunian and Kuiper Belt object surface ice chemistry is anticipated to be dominated
by volatile species; principally CO, N2, and CH4 (Cruikshank et al. 1993, Brown et al. 1995,
Cruikshank et al. 1997). As such, the implantation of sulphur ions into CO ice described
earlier in this chapter is a good analogue for the interaction of sulphur ions within the solar
wind with these celestial objects. The results of this study have been interpreted in light of
previous experimental efforts on the subject (Lv et al. 2014a), and it has been determined
that sulphur ion implantation into CO ice likely does not represent an appreciable mechanism
for the formation of SOo.

However, such a result need not necessarily imply that sulphur chemistry as a result
of ion implantation is not possible on trans-Neptunian or Kuiper Belt objects. Previous work
by Ruf et al. (2019) and Ruf et al. (2021) has revealed that, although the implantation of
reactive sulphur ions into mixed ices whose composition is relevant to these objects does not
yield SO (or, at least, its formation was not reported), a plethora of organosulphur molecules
is produced with over 1100 individual species having been detected by mass spectrometry.
Since no sulphur-bearing species were observed after the implantation of 400 keV S* ions
into solid CO (Fig. 7.5), the question as to the molecular form the implanted sulphur adopts
remains unanswered. However, it is possible that the implanted sulphur is incorporated into
refractory organosulphur molecules whose individual abundances were too low to be
detected via mid-infrared absorption spectroscopy.

7.6.3 On the Non-Detections of OCS and CS;

One striking observation made during the implantation of sulphur ions into the CO and CO>
considered here is the non-detection of either OCS or CS; in the irradiated ices. The detection
of OCS in astrophysical environments carries important astrobiological implications, due to
the known role of this molecule in the catalysis of amino acid oligomerisation to give
peptides (Leman et al. 2004). Given that Europa is considered to be a prime candidate host
for extra-terrestrial life (Chyba and Phillips 2002), it is important to define the chemical
formation pathways (or lack thereof) of any molecules that could participate in prebiotic
chemistry. Detailed studies by Ferrante et al. (2008) demonstrated that the formation of OCS
from irradiated CO ices mixed with sulphur-containing molecules is more efficient than the
analogous formation from irradiated CO- ices. Such a result was later corroborated by Lv et
al. (2014a), who did not observe OCS formation after the implantation of reactive sulphur
ions into COz ice at 15 K but did observe it after implantation into CO ice.

In this present investigation, no evidence could be found for the formation of OCS
after the implantation of sulphur ions into either CO or CO: ice at any studied temperature.
In the mid-infrared range, pure OCS presents an absorption band at about 2045 cm~* which
is attributed to the asymmetric stretching of its C=0 bond; however, this band is known to
experience large shifts in its position of up to 30 cm™ when OCS is a component of a mixed
ice (Ferrante et al. 2008, Garozzo et al. 2010, Sivaraman 2016). Indeed, an absorption band
at the approximately correct position was observed in the CO2 and CO ices into which
sulphur ions were implanted at 20 K (Figs. 7.2 and 7.4); however, this band was attributed
to COgz, which also presents an absorption feature in this region of the mid-infrared spectrum.

Identifying whether the band at approximately 2045 cm™ is caused by OCS or CO3
may be achieved through an analysis of its FWHM. OCS presents a broad absorption feature
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whose FWHM varies between 15-20 cm™ depending on the composition of the ice (Ferrante
et al. 2008). Conversely, the FWHM for the CO3 band is significantly smaller at 5-8 cm™
(Ferrante et al. 2008, Lv et al. 2014a). Given that the bands observed in Figs. 7.2 and 7.4 did
not have a FWHM exceeding 7 cm?, these bands were attributed to the presence of COs.
Moreover, it should be noted that the band attributed to COs in the present experiments was
weak in the case of the ion-implanted CO ice but strong in the case of the ion-implanted CO-
ice, which agrees well with previous literature data on the abundance of COz formed after
the irradiation of CO and COz ices (Satorre et al. 2000, Trottier and Brooks 2004, Jamieson
et al. 2006, Bennett et al. 2010, Sivaraman et al. 2013). Conversely, such an observation is
not in agreement with the formation of OCS after sulphur ion implantation into these ices,
which has been demonstrated by Lv et al. (2014a) after implantation into CO ice but not CO>
ice, thus effectively ruling out OCS as the cause of the observed absorption band.

CS: is another molecule of great interest to prebiotic chemistry and astrobiology, due
in part to the known polymerisation and oligomerisation processes in which this molecule
partakes as a result of its radiation processing, photo-processing, or its sonochemical
treatment (Cataldo 1995, Cataldo and Heymann 1998, Heymann et al. 2000, Cataldo 2000,
Cataldo and Heymann 2001). The resultant carbon- and sulphur-rich oligomers and
polymers may therefore act as a backbone for the production of larger macromolecules with
multiple functional groups that may be relevant to biology (Rushdie and Simoneit 2005).
Moreover, and similarly to OCS, CS;is also known to catalyse the formation of peptides in
aqueous solutions (Leman et al. 2015), and may thus play a key role in the formation of
biomolecules in extra-terrestrial settings.

Although previous studies have considered the radiation chemistry of pure and mixed
CS; astrophysical ice analogues (Cataldo 2000, Maity and Kaiser 2013, Sivaraman 2016),
less attention has been paid to its radiolytic formation from other carbon- and sulphur-
bearing species. Lv et al. (2014a) noted that the implantation of sulphur ions into CO ice at
15 K resulted in a small abundance of CS; being produced, although none was detected as a
result of similar implantations into CO ice. The results of this present investigation offer no
real evidence for the formation of CS> as a result of the implantation of sulphur ions into
either ice (Figs. 7.2 and 7.4). It should be noted that the work of Lv et al. (2014a) was only
able to calculate an upper limit to the formation efficiency of CS: as a result of sulphur ion
implantation into condensed CO., which was determined to be 0.027 molecules per
impinging ion. As such, a maximum of 2.7x10'* CS; molecules cm=2 could have formed in
the present CO2 experiment; an abundance which is below the spectroscopic limit of
detection of the apparatus. It is therefore possible to conclude that the implantation of sulphur
ions into carbon oxide ices is likely not a reasonable mechanism for the formation of CS; in
astrophysical environments.

7.7 Summary

This chapter discusses the results obtained from a series of systematic sulphur ion
implantation experiments into a number of oxygen-bearing ices at cryogenic temperatures;
namely, CO at 20 K, COz at 20 and 70 K, and O at 20 K. The motivation behind this work
was to determine whether or not such implantation processes could lead to the formation of
SO and, if so, whether such a process could account for the observation of SO2 on the
surface of Europa and elsewhere in the Solar System.
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The implantation of reactive sulphur ions into CO- ice revealed that small quantities
of SO» could indeed be formed at 20 K, but that this synthesis is temperature-dependent and
does not occur at the more Europa-relevant temperature of 70 K. This result, combined with
the observed lack of spatial correlation in the distribution of CO, and SO on the surface of
Europa (Hansen and McCord 2008), would suggest that sulphur ion implantation into CO>
ices does not contribute to the observed SO on Europa. Previous results have also shown
that the implantation of sulphur ions into H2O ice, which represents the dominant icy species
on Europa, does not yield SOz as a product (Strazzulla et al. 2007, Strazzulla et al. 2009,
Ding et al. 2013). Alternative sources of surface SO, must therefore be considered instead,
and some possible formation routes have been discussed herein.

The implantation of sulphur ions into CO ice at 20 K did not result in the formation of
SOy; rather, the formation of cumulene dioxides and oxocarbon radicals, together with CO>
and COs, dominated the radiation chemistry occurring within the ice. The lack of sulphur-
bearing product molecules raises the question as to final molecular form of the implanted
sulphur ions and, based on the previous results of Ruf et al. (2019) and Ruf et al. (2021), it
is speculated that low abundances of refractory organosulphur molecules or even sulphur
residues may have been produced. The analogous implantation process into Oz ice did result
in the formation of SO2; however, there exist several problems regarding the applicability of
this result to the sulphur chemistry occurring on, for example, the icy surface of Europa.
This is due to volatility of pure O ice, which would efficiently sublimate at temperatures
such as those that characterise the surface of Europa. Moreover, the primary product of O>
irradiation, Os, is hypothesised to deplete any nascent SO: as a result of the oxidation of the
latter in the presence of H.O (Loeffler and Hudson 2016). The chapter concludes with a
thorough description of the applicability of the results obtained to the sulphur radiation
chemistry that is thought to characterise the surfaces of the icy Galilean satellites of Jupiter
and trans-Neptunian and Kuiper Belt objects, as well as a brief commentary on the non-
detections of the prebiotically relevant molecules OCS and CS..
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8 ION IRRADIATION OF OXYGEN-BEARING ICES
DEPOSITED ON TOP OF PURE SULPHUR RESIDUES

In the previous chapter, routes towards the formation of SO, and other sulphur-bearing molecules as
a result of the implantation of sulphur ions into oxygen-bearing ices were explored, with the aim of
applying the results obtained to the radiation chemistry occurring on the surfaces of the Galilean
satellites of Jupiter and other outer Solar System objects. In this chapter, an alternative mechanism
is investigated, that of the irradiation of oxygen-bearing ices deposited on top of pure elemental
sulphur. This mechanism has only been very briefly considered in previous works, and only for H,O
ice deposited at 80 K on top of a sulphur residue. This chapter presents details of a new and more
efficient method of generating the required elemental sulphur layer and the results of a systematic
investigation of the 1 MeV He* ion irradiation of H.O, CH3;OH, CO,, CO, and O, ices on top of
elemental sulphur at different temperatures.

Note: The majority of the work described in this chapter has been published in peer-reviewed journals or
periodicals as: [1] Mifsud et al. (2023), Icarus to be submitted; [2] Mifsud et al. (2023), Earth Planet. Sci. Lett.
to be submitted.

8.1 Contextual Introduction

The possible contributions of refractory residues to the formation of new molecules have
been rarely studied in astrochemical experiments, which are more often concerned with
chemical reactions and physical processes taking place within ices representative of those
found on interstellar dust grains or outer Solar System bodies. However, many such residues
are composed of reactive elements that are known to readily form molecules that could form
part of an astrophysical ice, such as carbon, nitrogen, or sulphur (Ehrenfreund and Sephton
2006, Gomis and Strazzulla 2008, Rahul et al. 2020). Indeed, some previous experimental
work has demonstrated that the irradiation of H>O ice deposited on top of hydrogenated
carbon grains by ions or ultraviolet photons yields CO and CO, (Mennella et al. 2004, Gomis
and Strazzulla 2005, Mennella et al. 2006), thus evidencing the transfer of atoms from a
refractory residue to a volatile product.

Such reactions may be particularly important in the context of sulphur astrochemistry,
as refractory sulphur is hypothesised to be widespread across the cosmos (Kama et al. 2019).
In the ISM, for instance, nano-inclusions of FeS minerals such as octahedral iron(11) sulphide
or hexagonal troilite in silicate dust grains have been invoked to partially explain the
observed depletion in sulphur (Kéhler et al. 2014), which was previously described in detail
in Chapter 1. Polysulphanes of the type H2Sx (x > 2) and Sx are also thought to be a
component of interstellar icy grain mantles, most likely at the grain-ice interface (Druard
and Wakelam 2012, Cazaux et al. 2022). On Europa, elemental sulphur and sulphur-based
residues were proposed to partially account for features in the ultraviolet-visible spectra on
both the leading and trailing hemispheres (McEwen 1986, Nelson et al. 1986, Spencer et al.
1995). Although questions were initially raised regarding the possibility of Sg existing on
Europa due to the known efficiency of its sublimation under surface conditions (Nash 1987),
Steudel et al. (1986) and Steudel and Eckert (2003) demonstrated that the irradiation of Sg
could open the molecular ring and lead to the production of longer chains and rings that are
stable against sublimation and whose ultraviolet-visible spectra are consistent with those of
both lo and Europa (Hapke and Graham 1989, Carlson et al. 2009).
184



Despite the potentially key role of elemental sulphur and sulphur-bearing residues in
the radiation chemistry occurring in the ISM and the outer Solar System, there have only
been a few previous experimental studies that have considered this chemistry. Moore (1984)
had previously reported remnant polymeric SOs, Sg, and sulphates after warming an
irradiated SO ice, whilst Gomis and Strazzulla (2008) produced a sulphur residue by
depositing SO ice on a cold substrate at 16 K and subsequently irradiating it with 200 keV
He* and Ar" ions, before warming the ice to room temperature so as to affect the sublimation
of the volatile components. The remnant sulphur-rich residue was then re-cooled to 80 K
and a layer of H>O ice was deposited on top of it, before further irradiation was carried out
using 200 keV He™" ions (Gomis and Strazzulla 2008). The results of that study found little
in the way of efficient SO, formation as a result of this energetic processing.

Although H2O is the dominant ice in the cosmos (Klinger 1983, van Dishoeck et al.
2013), other oxygen-bearing ices, such as Oz, CO, CO», and CH3OH, are also known to exist
on the surfaces of outer Solar System objects and in interstellar icy grain mantles. It is,
therefore, necessary to investigate the potential for the formation of volatile sulphur-bearing
molecules (such as SOz, CSz, or OCS) as a result of the irradiation of oxygen-bearing ices
deposited on top of sulphur-rich residues. There are, however, certain disadvantages to the
experimental methodology used by Gomis and Strazzulla (2008) to prepare the refractory
sulphur-rich residue, mainly relating to the amount of residue that is produced.

In their work, Gomis and Strazzulla (2008) initially deposited a SO ice with a column
density of up to a few 10'® molecules cm~ which was then irradiated to produce various new
product molecules, including the residue. However, their analysis revealed that the majority
of the ice remained as SO; even at the end of their irradiations, with some SOz also being
observed in the acquired mid-infrared spectra. The majority of sulphur atoms was therefore
still locked away in volatile molecules at the end of the irradiation process, and were thus
lost to sublimation upon warming the ice to room temperature. The remnant sulphur-rich
residue therefore likely did not contain a significant amount of sulphur, thus greatly limiting
the number of sulphur-bearing product molecules that could be formed as a result of the
irradiation of the H20O ice on top of this residue. Moreover, it is very likely that the sulphur-
rich residue was not purely composed of sulphur, as some oxygen atoms may have been
incorporated into the residue during its formation as a result of the irradiation of the SO ice.

It is thus desirable to be able to produce a thicker residue composed purely of sulphur.
In this chapter, a new method of generating this solid layer based on the effusive evaporation
of elemental sulphur followed by its condensation at cryogenic temperatures is described.
This technique was then used to investigate the 1 MeV He" ion irradiations of Oz, CO, COg,
and H20 ices on top of a sulphur layer at 20 K, with the aim of searching for sulphur-bearing
volatile product molecules. Furthermore, the irradiations of H,O and COz ices on sulphur
layers at 70 K, as well as the irradiation of CH3OH ice on top of sulphur at 25 K, were also
studied. The results are interpreted in the context of the production of sulphur-bearing
volatiles in interstellar icy grain mantles, as well as on icy Solar System bodies such as
comets and Europa.

8.2 Experimental Methodology

Prior to beginning the main experimental work, a preliminary experiment for the preparation
of the sulphur layer using the effusive evaporator was performed so as to determine the
required temperature to which elemental sulphur (pharmaceutical grade, 99.95% purity)
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needed to be heated to deposit the residue. A glass test tube was filled with approximately
10 g of sulphur and was then loaded into the evaporator. The evaporator was then attached
to a stainless steel four-way cross in the centre of which was a suspended glass plate which
was to serve as the deposition substrate for this preliminary experiment. An optical viewport
was installed on the port opposite the evaporator to allow for the observation of the glass
plate at all times, while the remaining ports on the four-way cross (i.e., those above and
below the plane of the ports containing the evaporator and viewport) were sealed off using
blank flanges.

Previous experience on the preparation of refractory pyrene residues using the effusive
evaporator demonstrated that temperatures of 50-80 °C could be used for the slow deposition
of carbon-based refractories. Therefore, the sulphur was heated to a temperature of 78 °C
and allowed to deposit onto the glass plate. After approximately two hours of deposition, a
thin sulphur layer became visible (Fig. 8.1), at which point deposition was halted. The
thickness of the deposited sulphur layer was estimated to be in the range of a few 0.1 mm
based on the fact that this is the smallest thickness generally visible to the naked eye (Yanoff
and Duker 2009) and that deposition was stopped immediately after the appearance of the
layer. A sulphur layer having a thickness of a few um was required for the irradiation
experiments. Assuming that the actual thickness of the sulphur layer deposited over two
hours in the preliminary experiment lay in the range of 0.1-0.5 mm, then a similar deposition
lasting only five minutes should produce a sulphur layer with a thickness of 4-20 um. For
the purposes of this thesis, it has been assumed that the lower bound value of 4 um is the
thickness of the sulphur layer produced via effusive evaporation of the powder at 78 °C for
five minutes.

The He" ion irradiation experiments were performed using the ICA set-up with the
effusive evaporator attached to the multi-purpose port shown in Fig. 4.1. Once the ICA had
been evacuated to a base pressure of a few 10~° mbar and the ZnSe substrates cooled to the
desired deposition temperature (i.e., 20, 25, or 70 K), the sample holder and substrates were
turned to directly face the effusive evaporator and sulphur layers of thickness 4 um were
prepared by heating elemental sulphur to 78 °C for five minutes. After these five minutes
had elapsed, the copper shutter in front of the evaporator nozzle was closed so as to preclude
any further deposition of the sulphur.

Fig. 8.1: Photographs of the glass plate acting as a deposition substrate during the preliminary experiment used
to determine the deposition time required to prepare a sulphur layer. The photographs were taken through the
optical window of the four-way cross, with the effusive evaporator located directly opposite (indeed, the copper
shutter of the evaporator is visible in the photographs). Panel a) shows the glass plate before the preliminary
deposition began, with no sulphur being visible. Panel b) shows the glass plate after the deposition of sulphur
at 78 °C for about two hours. Note that the apparent rotation of the image between panels a) and b) is merely
the result of having rotated the camera between taking the photographs.
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Once the sulphur layer had been successfully deposited, the sample holder and
deposition substrates were rotated to face the mid-infrared spectroscopic beam. The various
allotropes of elemental sulphur (of the type Sx) only present infrared absorption features at
wavenumbers <550 cm™* (Trofimov et al. 2009), which are not accessible using the current
apparatus and thus any acquired spectra would have simply appeared as a flat line with
oscillatory interference caused by the change in pathlength of the infrared spectroscopic
beam that is not taken into account by collected background spectra of the pure ZnSe
deposition substrates. Therefore, a new set of background spectra (1 cm™ resolution; 128
scans) were taken after the deposition of the sulphur layers.

Pure ices were then prepared on top of the sulphur layers via the background deposition
of the relevant gases or vapours (O2 purity = 99.995%; CO purity = 99.97%; CO. purity =
99.995%; all Linde; VLSI grade CH3OH from VWR; de-ionised H20) at a chamber pressure
of a few 10~° mbar. In the case of the CH3OH and H-O ice depositions, the liquid samples
from which the vapours were sourced were first de-gassed using the standard liquid nitrogen
freeze-pump-thaw technique before their vapours were passed into the dosing line and
subsequently dosed into the main chamber. The growth of the ices was followed in situ using
Fourier-transform mid-infrared transmission absorption spectroscopy over a spectral range
of 4000-650 cm™ (1 cm™* resolution; 128 scans), and the deposited ice column densities and
thicknesses could be quantified using Eqgs. 8.1 and 8.2, as described in previous chapters:

N = 2.303 X Ll
As

(Eq. 8.1)
d = 10* x Nm
pNa

(Eq. 8.2)

where P, is the band area of a characteristic absorption band, As is the integrated band
strength constant for that band, m is the molecular mass, p is the mass density of the ice, and
Na is the Avogadro constant. A list of ice densities and integrated band strength constants
used in this study is given in Table 8.1. It should be noted that Egs. 8.1 and 8.2 cannot be
used to determine the deposited column density and thickness of O ice, as Oz is inactive in
the mid-infrared spectral region. Instead, it was assumed that the deposition rate of O is
similar to that of CO based on the similarities in the molecular geometry, molecular mass,
and pumping speed of the molecules; and so, depositing an O ice at the same chamber
pressure and for the same duration as was done for the CO ice would result in a similar
deposited column density, from which the ice thickness could be determined based on the
known density of O ice (Table 8.1).

Once an ice had been successfully prepared on top of the sulphur layer at the desired
temperature, it was exposed to a 1 MeV He" ion beam with mid-infrared spectra being
collected at several intervals during irradiation until a total fluence of 10° ions cm was
delivered. The acquired mid-infrared spectra were used to determine whether sulphur-
bearing molecules such as SO, OCS, or CS; formed as a result of the radiation chemistry
occurring at the interface of the sulphur layer and the ice. The choice of helium ions as the
projectile particle was based on two factors: firstly, given the calculated penetration depths
of a 1 MeV He" ion in the irradiation experiments performed in this study (Ziegler et al.
2010), it is likely that the projectile ions may have implanted into the sulphur layer. By
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making use of He" ions as the projectile, any chemical modifications of the sulphur layer via
reaction with the implanted particle could be precluded due to the inert nature of the neutral
helium atom. Secondly, He" ions are a known constituent of galactic cosmic rays (Simpson
1983, Mewaldt 1994), and thus are of astrophysical and astrochemical relevance.

Table 8.1: List of integrated band strength constants (As) and densities (p) of the ices considered in this study.
Note that, with exception of Sg, the implantation depth refers to a 1 MeV He* projectile ion traversing an ice
of defined thickness (CO = 0.20 pm; CO; at 20 K = 0.07 pm; CO; at 70 K = 0.05 pm; CH30H = 1.30 pm; H,O
at 20 K = 1.20 um; H,O at 70 K = 1.00 um; Oz = 0.20 um) deposited over a 4 pm sulphur layer in each case,
as occurred in this study. In the case of Sg, the implantation depth refers to a 1 MeV He* ion traversing a sulphur
layer of thickness 4 um. Data taken from Gerakines et al. (1995), Greenwood and Earnshaw (1997), Freiman
and Jodl (2004), Satorre et al. (2008), and Luna et al. (2018).

Molecule Mid-Infrared Band | As (10 cm (g om?) Implantation Depth
Position (cm™) molecule™?) » 8 (um)

Ss (sulphur) - - 2.07 2.9

co 2139 (vo) 1.1 0.80 3.0

CO; 2343 (v3) 7.6 0.98 (20 K) / 1.48 (70 K) | 3.0 (20 K) /2.9 (70 K)

CH3OH 1027 (vs) 1.6 0.64 35

H,0 3250 (vs) 20.0 0.93 (20 K)/0.94 (70K) | 3.3 (20K) /3.1 (70K)

0O - - 1.54 2.9

8.3 1MeV He" Ion Irradiation of Oxygen-Bearing Ices on Top
of Pure Sulphur

This sub-section details the results obtained after the 1 MeV He" ion irradiation of different
oxygen-bearing ices deposited on top of a pure elemental sulphur layer and includes a
comparative discussion of the spectroscopic observations that were recorded. In total, seven
irradiation experiments involving five different ices have been carried out: (i) O2 at 20 K;
(if) CO at 20 K; (iii) CH3OH at 25 K; (iv and v) CO3 at both 20 and 70 K; and (vi and vii)
H-0 at both 20 and 70 K.

8.3.1 O:Ice on Top of Sulphur at 20 K

The irradiation of pure O ice deposited on top of a layer of elemental sulphur represents
what is arguably one of the most straightforward chemical systems from which SO, may be
produced. Indeed, mid-infrared absorption features at about 1335 and 1150 cm™ were
observed to develop during the irradiation of the ice by 1 MeV He" ions (Fig. 8.2). These
bands have been respectively attributed to the asymmetric and symmetric stretching modes
of SO2 on the basis of the excellent agreement of their wavenumber positions with those of
a reference 02:SO (6:1) ice, as well as their exhibiting the expected SO spectral profile in
which the band due to the asymmetric stretching mode has a greater intensity than that due
to the symmetric stretching mode. By making use of an integrated band strength constant of
1.47x107Y cm molecule™ for the asymmetric stretching mode (Garozzo et al. 2008), the
column density of SO could be tracked throughout the irradiation process (Fig. 8.3). It was
found that SO, forms fairly early on during irradiation, with the first observation of the
asymmetric stretching mode being made after a fluence of just 4.2x10* ions cm= was
delivered. The SO column density continued to grow throughout irradiation, until it
eventually plateaued at 1.2x10'® molecules cm after a He* ion fluence of just over 10°
ions cm~ had been delivered (Fig. 8.3).
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Fig. 8.2: Mid-infrared spectra of O ice deposited on top of a layer of elemental sulphur before and during its
irradiation by 1 MeV He" ions at 20 K. Included in the figure is the spectrum of an unirradiated 02:SO- (6:1)
ice for comparative purposes. Note that spectra are vertically shifted for clarity. Sinusoidal patterns in the
spectra are caused by interference of infrared light reflected in the substrate-ice-vacuum optical system.
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Fig. 8.3: Column density evolution of SO, formed as a result of the irradiation of O ice on top of a layer of
elemental sulphur using 1 MeV He™ ions. Note that the column density was calculated through measurement
of the band attributed to the SO, asymmetric stretching mode using an integrated band strength constant of
1.47x10Y" cm molecule? (Garozzo et al. 2008).
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This result may be compared to that obtained after the implantation of 400 keV S* ions
into Oz ice at 20 K, which was discussed in Chapter 7. Both processes lead to the formation
of SO»; however, the irradiation of the ice deposited on top of elemental sulphur was clearly
more productive in this regard as may be inferred through the larger SO2 band areas in Fig.
8.2 compared to those in Fig. 7.7. This may be attributed to the larger number of sulphur
atoms available for SO, formation during the He" ion irradiation experiment, where many
sulphur atoms may react with radiolytically derived oxygen atoms at the interface of the O
ice with the elemental sulphur layer to yield SO.. Conversely, the number of sulphur atoms
available for SO formation in the S* ion implantation experiment was limited to the fluence
of ions that was actually implanted into the target O ice and subsequently underwent
neutralisation which, at just 1.01x10% jons cm, was likely several orders of magnitude less
than the number produced in this present experiment.

Oxygen atoms that are produced as a result of the radiolytic dissociation of O, along
the track of the projectile He™ ion but that are far away from the ice-sulphur interface cannot
partake in reactions leading to the formation of SO.. Instead, it is more likely that Os will be
the dominant radiolysis product in these regions of the ice. Indeed, the formation of Oz as a
result of the 1 MeV He™ ion irradiation of the O ice was confirmed through the appearance
in Fig. 8.2 of its asymmetric and combination (v1 + v3) bands approximately located at 1040
and 2110 cm™?, respectively (Chaabouni et al. 2000). As was described in Chapters 1 and 7,
the co-existence of solid SO. and Oz is dependent upon the absence of any H2O in the ice,
as otherwise a series of cryogenic thermal reactions leading to the production of various
sulphur oxyanions, including HSOs~, HSO4-, and S,0s* (Loeffler and Hudson 2016,
Kanuchova et al. 2017), would be triggered. None of these species was detected as a result
of the irradiation processes studied here (Fig. 8.2).

Any appreciable formation of SO or S;O as a result of the irradiation of O> ice
deposited on top of elemental sulphur is fairly unlikely due to the inherent instability of these
species under the conditions of the experiment. As was described in Chapter 7, SO is rapidly
oxidised unless maintained in an inert matrix at low temperatures (Rolfes et al. 1965,
Hopkins and Brown 1975, Herron and Huie 1980, Baklouti et al. 2004), whereas S20 is
readily dissociated via various chemical pathways including thermal decomposition,
dissociative electron detachment, pre-dissociation followed by cleavage of the S-S bond,
and disproportionation (Dudley and Hoffmann 2003, Steudel and Steudel 2004, Field et al.
2005, Navizet et al. 2010). It is, however, entirely possible that the radiation chemistry
induced by the projectile He™ ions resulted in the interconversion of various allotropic forms
of sulphur. For instance, it is possible that ring-opening or chain-breaking reactions of larger
or unstable allotropes, such as Si2 or Sz, may lead to the formation of smaller allotropes
such as Sz or Sz (Zysman-Colman et al. 2008). Alternatively, oligomerisation and
polymerisation reactions involving sulphur atoms sourced from the irradiation of the
deposited layer may produce larger allotropes (Mahjoub et al. 2017). Unfortunately, this
sulphur chemistry is very difficult to elucidate due to the fact that the infrared absorption
bands of most allotropic forms of sulphur are located beyond the spectral range accessible
with ICA set-up (Trofimov et al. 2009).

8.3.2 CO Ice on Top of Sulphur at 20 K

The 1 MeV He" ion irradiation of CO ice on top of a layer of elemental sulphur at 20 K
resulted in the formation of several new products, as evidenced by the appearance of many
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new absorption features in the mid-infrared spectra of the ice acquired during irradiation
(Figs 8.4 and 8.5). As was the case after the implantation of sulphur ions into CO ice, many
of the new absorption bands observed here were clustered in the 2400-2000 cm™
wavenumber range and are associated with the C=0 bond stretching modes of various
oxocarbon species (Strazzulla et al. 1997, Gerakines and Moore 2001, Trottier and Brooks
2004, Loeffler et al. 2005, Palumbo et al. 2008, Lv et al. 2014a). Indeed, most of the
oxocarbon radicals and cumulene dioxides detected after the implantation of 400 keV S*
ions into CO ice at 20 K (Table 7.3) were also detected after the He* ion irradiation of CO
deposited on top of a sulphur layer (Table 8.2), with the notable exceptions of CO3, Cs, and
C,0.

However, it should be noted that the abundances of the oxocarbon species produced
as a result of the 1 MeV He* ion irradiation of the CO ice were significantly less than those
produced after 400 keV S* ion implantation, as may be deduced by comparing the areas of
the relevant absorption bands (Figs. 7.4 and 8.4). This may be due to the fact that the
implantation of the S* ions resulted in all of the kinetic energy of the projectile being
deposited within the ice. This was not the case for the He" ions, which traversed the 0.2 um
ice thickness and were subsequently implanted a further 2.8 pum into the sulphur layer. As
such, the Bragg peak (and, consequently, the majority of the deposited energy) was located
deep within the sulphur layer at a point which could not have engendered CO radiolytic
chemistry. Given that the mid-infrared absorption bands of COs, Cs, and C20 are all weaker
than the bands of the other detected oxocarbon species, it is therefore possible that the energy
deposited into the CO ice by the impinging He™ ions was not sufficient to generate enough
of these species to be detected by the spectroscopic instrumentation available at the ICA.
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Fig. 8.4: Mid-infrared spectra of condensed CO on top of a layer of elemental sulphur before (black trace) and
after (red trace) irradiation by 1 MeV He* ions at 20 K.
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Table 8.2: List of oxocarbon molecules present in the CO ice on top of a layer of elemental sulphur after
irradiation by 1 MeV He* ions sorted by the wavenumber position of their mid-infrared absorption band peaks.

Molecule Mid-Infrared Band
Formula Name Position (cm2)
2Co, Carbon dioxide 2346
18CO, Carbon dioxide 2281
Cs0 Tricarbon monoxide 2247
C30; Tricarbon dioxide (carbon suboxide) 2242
Cs0, Pentacarbon dioxide 2211
2Cco Carbon monoxide 2138
C:0; Heptacarbon dioxide 2122
1BCO Carbon monoxide 2092
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Fig. 8.5: Mid-infrared spectra of CO ice deposited on top of a layer of elemental sulphur before and during its
irradiation by 1 MeV He™ ions at 20 K. Note that spectra are vertically shifted for clarity. Sinusoidal patterns
in the spectra are caused by interference of infrared light reflected in the substrate-ice-vacuum optical system.

Interestingly, no SO> was observed to form as a result of the irradiation of CO ice
deposited on top of elemental sulphur (Fig. 8.5). Instead, the major product of irradiation
was determined to be CS> due to the appearance of a single, strong absorption band at 1509
cm ! attributed to its vs mode (Jiménez-Escobar et al. 2014). It should be noted that the exact
wavenumber position of the CS, vz mode has been known to vary somewhat depending on
the composition of the molecular ice. For instance, Sivaraman (2016) measured its position
to be 1511 cm™ in a mixed CS,:CO; ice deposited at 85 K, while Ferrante et al. (2008)
measured it to be 1524 cm™ for CS; produced as a result of the irradiation of a H2S:CO
mixed ice by 800 keV protons at 10 K. Moreover, no Oz was noted to form as a result of the
1 MeV He" ion irradiation of CO deposited on top of elemental sulphur, meaning that other
sinks for oxygen atoms produced via the radiolytic dissociation of CO (such as, for example,
the formation of CO2) must have been more favourable.
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The lack of any mid-infrared spectroscopic features attributable to Oz in Fig. 8.5
contrasts strongly with its seemingly efficient formation as a result of the implantation of
400 keV S* ions into CO at 20 K (Fig. 7.5). The discrepancy between these two results may
be understood in terms of the availability of O, molecules in each ice: in the S* ion
implantation experiment, a CO ice having an initial thickness of 3 um was deposited, while
in the He™ ion irradiation experiment a significantly thinner CO ice having a thickness of
just 0.2 um was prepared. As such, a greater column density of Oz could be produced and
react with radiolytically derived oxygen atoms in the S* ion implantation experiment than in
the He™ ion irradiation experiment. Indeed, a large abundance of O is a necessary
prerequisite for Oz formation via the irradiation of CO ice, due to the many known reactions
which efficiently compete for oxygen atoms, such as the formation of CO,, oxocarbon
radicals, and cumulene dioxides (Trottier and Brooks 2004).

Finally, the non-detection of SO after the He* ion irradiation of CO ice on top of a
layer of elemental sulphur at 20 K has important implications for its tentative but
inconclusive detection after the implantation of S™ ions into condensed CO at the same
temperature: the presence of a thick sulphur layer below the CO ice should have resulted in
a greater availability of sulphur atoms during He™ ion irradiation compared to the number
delivered during S™ ion implantation into a CO ice, and thus any resultant sulphur chemistry
should have been more extensive in the former irradiation compared to the latter. However,
He™ ion irradiation of CO ice deposited on top of a layer of sulphur does not result in the
formation of any SO: (Fig. 8.5); rather, CS; is the dominant sulphur-bearing radiolysis
product. Therefore, it is very likely that SO2 would not form as a result of the implantation
of reactive sulphur ions into CO ice and that the band at about 1335 cm™ in Fig. 7.5 that was
tentatively assigned to SO is really caused by the formation of another unidentified species.
By extension, it is also possible that the detection of SO, by Lv et al. (2014a) in their
experiments on the implantation of sulphur ions into CO ice at 15 K may be incorrect;
indeed, such a misidentification would explain the similarity in the intensity of the bands
that they attributed to the asymmetric and symmetric stretching modes of SO (Fig. 7.6),
which has not been observed in either the pure SO ices or any ice mixture involving SO
studied throughout this thesis.

8.3.3 CH3;0H Ice on Top of Sulphur at 25 K

The 1 MeV He™ ion irradiation of CH3OH ice represents the only energetic processing of a
complex organic oxygen-bearing ice deposited on top of a layer of elemental sulphur that
was considered in this study. The mid-infrared spectrum of CH3OH ice deposited on top of
sulphur at 25 K is practically identical to that of the amorphous ice deposited on a ZnSe
substrate at 20 K as shown in Fig. 6.4. After being processed by 1 MeV He* ions, a number
of new absorption bands were evident in the acquired mid-infrared spectra (Fig. 8.6). Many
of these bands are attributed to molecules formed as a direct result of the radiolytic
decomposition of CH3OH and were also observed after the irradiation of pure CH3OH by
proton beams of various energies (Chapter 4) and 2 keV electrons (Chapter 6). Among these
molecules were CO and CO; (as well as their isotopologues *CO and **CO,), whose
absorption bands were respectively detected at 2136 and 2344 cm™ (**C isotopologues: 2098
and 2274 cm™). The formation of CH4 was also confirmed due to the appearance of its va
mode at 1302 cm™2. Interestingly, the abundances of these species peaked in the ice after a
He* ion fluence of about 6x10%* ions cm=2 was delivered, and thereafter began to decrease
as a result of their own radiolytic decomposition (Fig. 8.6).
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its irradiation by 1 MeV He™" ions at 25 K. Note that spectra are vertically shifted for clarity.
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During the course of the irradiation experiment, it was noted that not only did the
CH3OH stretching mode band decrease in its absorbance (commensurate with its radiolytic
decay), but it was also observed to broaden and the band peak also blue-shifted from 3237
to 3255 cmL. Additionally, a higher wavenumber shoulder to this peak attributable to the
stretching modes of H,O was observed to develop at 3388 cm™ (Hagen et al. 1981). This
shoulder was first apparent after a He* ion fluence of 10* ions cm™2 and continued to grow
thereafter, highlighting the favourable formation of H.O as a result of the radiolytic
decomposition of CH3OH. The detection of H2O in the irradiated ice was confirmed by the
observation of its broad v2 mode at 1671 cm™* (Hagen et al. 1981).

The radiolytic decay of CH3OH also led to the formation of H.CO, which was detected
via the observation of its v mode at 1725 cm™ (Bouilloud et al. 2015). The formation of
H>CO occurred fairly early on during the irradiation process as a result of the double
dehydrogenation of CH3OH (Hiroshi et al. 1968), with the strong v» mode being evident in
the acquired mid-infrared spectra at a delivered He* ion fluence of just 5x10%? ions cm
(Fig. 8.6). The band area of the H.CO v2 mode in the irradiated ice continued to grow until
a fluence of 10'* ions cm2, after which it began to subside. The decline of the H.CO mid-
infrared absorption band is coincident with the increase in the area of the H.O v.> mode in
the same spectral region (Fig. 8.6), pointing to a possibly related radiation chemistry. This
agrees well with the results of Lopez-Islas et al. (2019), who successfully demonstrated that
the reaction between H>CO and OH radicals (which may have been sourced from the direct
radiolysis of CH3OH in the present experiment) efficiently yields H-O.

Despite the fact that CH3OH is classified as a complex organic molecule, and that three
different atoms (hydrogen, carbon, and oxygen) were available to partake in radiation-driven
reactions with the underlying sulphur layer, the sulphur chemistry resulting from the 1 MeV
He* ion irradiation of the system was found to be somewhat limited. Indeed, the only
sulphur-bearing product molecule detected in the acquired mid-infrared spectra was CS;
(Fig. 8.6), whose formation was deduced as a result of the appearance of its vz mode at 1509
cmL. No spectroscopic evidence was found for the formation of any other volatile sulphur-
bearing molecules, such as H>S, SOz, or OCS. By taking the integrated band strength
constant for the CS, band at 1509 cm™ to be 9.1x107Y” cm molecule™ (Pugh and Rao 1976),
the column density evolution of this molecule as a function of projectile He™ ion fluence
could be plotted (Fig. 8.7). CS, was only detected after a fluence of 7x10%* ions cm= was
delivered, but the measured column density continued to increase until the end of the
irradiation process. It is possible to speculate that sulphur chemistry would have become
more prevalent at higher projectile ion fluences, at which point most of the larger molecules
and radicals within the ice would have likely been broken down into smaller fragments (or
possibly to single atoms) with which the sulphur atoms produced in the underlying layer
may have reacted efficiently to yield new sulphur-bearing species.

8.3.4 CO:Ice on Top of Sulphur at 20 and 70 K

The 1 MeV He" ion irradiation of CO- ice deposited on top of a layer of elemental sulphur
was investigated at two temperatures (20 and 70 K) so as to complement the previous study
investigating the chemistry arising from the implantation of 400 keV S* ions into solid CO-
at these temperatures (Chapter 7). At 20 K, the irradiation process resulted in the formation
of a number of new product molecules, including two that contained sulphur atoms. Aside
from CO: itself, the most prominent mid-infrared absorption bands in the acquired spectra
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were caused by the products formed as a result of the radiolysis of CO> (Sivaraman et al.
2013, Martin-Doménech et al. 2015); namely CO, COs, and Os (Fig. 8.8). Moreover, mid-
infrared absorption features attributable to SO and CS; were also detected.
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Fig. 8.8: Mid-infrared spectra of CO; ice deposited on top of a layer of elemental sulphur before and during its
irradiation by 1 MeV He* ions at 20 K. Included in the figure is the spectrum of an unirradiated CO,:SO; (6:1)
ice for comparative purposes. Note that spectra are vertically shifted for clarity.
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elemental sulphur using 1 MeV He* ions at 20 K. Note that the column density was calculated through
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It is possible to note that, under prolonged irradiation beyond a delivered He" ion
fluence of around 6x10%* jons cm2, the abundances of all the product molecules in the
irradiated ice begin to decrease, as inferred from the decreasing absorbances of their mid-
infrared absorption bands (Fig. 8.8). Specifically examining the column density evolution of
the sulphur-bearing product species as a function of fluence, it was found that the column
density of SO; steadily increased until a He* ion fluence of 6x10'* ions cm™2, after which
point it began to decrease (Fig. 8.9). A similar column density evolution analysis initially
could not be performed for CS», due to the presence of a number of fine structures coincident
with its absorption band in the mid-infrared absorption spectrum that would have introduced
very large uncertainties in the measurement of the CS, band area (Fig. 8.8). These fine
structures are the result of absorption by gas-phase H2O in the pathlength leading up to the
external MCT detector, which is not maintained under vacuum.

The reason for the apparent decrease in the abundance of product molecules upon
prolonged irradiation by He" ions is not immediately clear. It is possible to speculate that
continued irradiation resulted in the formation of carbon-sulphur polymers that did not
present notable absorptions in the mid-infrared spectral range. Indeed, previous research has
documented the efficient formation of complex polymeric structures after the irradiation of
CS2 which present very weak or difficult to observe absorptions in the mid-infrared spectral
range (Cataldo 1995, Cataldo and Heymann 2001). It is therefore possible that such
polymerisation processes took place in the present experiment at higher projectile ion
fluences, and that the formation of the resultant carbon- and sulphur-rich polymers consumed
many of the volatile molecular species observed in the mid-infrared spectra (Fig. 8.8).

The features of the mid-infrared spectra collected during the 1 MeV He" ion irradiation
of CO- on top of sulphur at 20 K contrast strongly with those of the analogous experiment
conducted at 70 K (Fig. 8.10). Perhaps the most evident difference is that, at this higher
temperature, the irradiation of the ice results in a higher abundance of the sulphur-bearing
products SOz and CS», whose column densities continued to grow throughout the irradiation
process (Figs. 8.11 and 8.12). Comparing the spectra shown in Figs. 8.8 and 8.10, it is
possible to note that the higher temperature irradiation also resulted in lower yields of CO,
COs, and Os. It is therefore possible to conclude that the sustained formation of sulphur-
bearing products as a result of the irradiation of CO2 on top of a sulphur layer is more
efficient at higher temperatures.

This trend is opposite to that observed during the implantation of 400 keV S* ions into
CO: ice (Chapter 7), wherein SO, formation was recorded at 20 K but not at 70 K. In that
experiment, SOz was the only sulphur-bearing product observed and was suggested to have
formed as a result of the reaction of the neutralised sulphur ion with atomic oxygen produced
by the decomposition of CO: to sequentially yield SO and SO> (Rolfes et al. 1965, Tevault
and Smardzewski 1978, Herron and Huie 1980). At 70 K, however, it was proposed that
much of the oxygen content of the ice would have been diminished due to the combination
of oxygen atoms to yield Oz, which would have then efficiently sublimated from the ice.
This reduced oxygen content would have precluded the efficient formation of SO at 70 K.

Clearly, however, this mechanistic chemistry does not explain the observed formation
of both CS; and SO- as a result of the He™ ion irradiation of CO- ice on top of sulphur and
their greater formation efficiencies at 70 K compared to 20 K (Figs. 8.8-8.12). Given that
the initial abundances of both CO2 and elemental sulphur were similar in both the 20 K and
the 70 K experiments, the difference in the results between these two experiments must be
caused by different reaction pathways being favoured at these two temperatures. It is known
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that radicals are increasingly mobile within solid matrices as temperatures are raised (e.g.,
Kusumoto et al. 2019), and thus it is likely that sulphur atoms produced by the dissociation
of the deposited allotropic sulphur can move throughout the ice matrix to a much greater
extent at 70 K than at 20 K. Indeed, the increased mobility of sulphur atoms in an ice matrix
at higher temperatures has already been demonstrated (Khriachtchev et al. 1999, Kiljunen et
al. 2000). The comparatively high concentration of sulphur atoms intermixed with CO- ice
promotes the direct reaction between these species to yield SO and CO, as was previously
described by Froese and Goddard (1993). Being an inherently unstable species, SO rapidly
oxidises to yield SO (Rolfes et al. 1965, Tevault and Smardzewski 1978, Herron and Huie
1980).

The reaction between atomic sulphur and CO2 would contribute to the abundance of
CO within the ice (Froese and Goddard 1993), and thus it would be intuitive to assume that
the CO abundance in the 70 K irradiation experiment would be greater than that in the 20 K
experiment. This is not observed (Fig. 8.10); instead, CO is consumed via the reaction with
sulphur atoms to produce OCS (Hawkins et al. 1985, Ferrante et al. 2008), which was
detected through its broad absorption band centred at 2031 cm™2. The position of this band
is in relatively good agreement with that reported by Sivaraman (2016), who measured its
position at 2035 cm™* after the irradiation of a CO,:CS, mixed ice at 85 K. Moreover, the
FWHM of the OCS band observed in Fig. 8.10 has a value of 11 cm™, which is good
agreement with that reported by Ferrante et al. (2008) who measured it as being 15 cm™ at
70 K. It should be recalled that defining the FWHM value of the OCS absorption band is
key to discriminating it from the CO3 band, which is located at 2045 cm™ (Fig. 8.10) and
has a narrower FWHM of 4 cm™,
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However, as was demonstrated by Ferrante et al. (2008), OCS is not particularly stable
when subjected to ionising radiation and therefore does not accumulate within the ice as
inferred by its small absorption band (Fig. 8.10). A number of reaction routes are available
for OCS in the ice, including the reaction with atomic oxygen to yield CO and SO (Jones
and Taube 1973, Hsu et al. 1979, Chen et al. 1995), thus further contributing to the net SO
content of the ice via the subsequent oxidation of SO. Another possible reaction is that
between OCS and sulphur atoms, for which two possible outcomes exist, both likely
proceeding through a OCS> intermediate (Lo et al. 2004). The first process involves the
dissociation of the intermediate to yield CO and S, (van Veen et al. 1983). Although Sz is a
volatile species (Moore et al. 1988), and thus represents one outcome of the volatilisation of
the deposited sulphur layer, its formation could not be determined through mid-infrared
spectroscopy due to it being a homonuclear diatomic molecule and thus lacking a dipole
moment.

The second process also involves the dissociation of the OCS; intermediate, but yields
an oxygen atom and CS; instead (Ferrante et al. 2008). Indeed, CS> was detected via the
appearance of both its vs mode at 1507 cm as well as its v1 + v3 combination band at 2125
cmL. It should be noted that, like the v mode, the wavenumber position of the CS; v1 + v3
combination band has also been reported to vary significantly depending on the chemical
composition of the ice. For instance, studies of neat solid CS; by Maity et al. (2013) and
Methikkalam et al. (2016) allowed them to identify this band at 2158 and 2145 cm™,
respectively. Bahou et al. (2000) detected this band at 2177 cm™ in matrix isolation
experiments using N and argon, whilst Maity and Kaiser (2013) detected it at 2158 cm™ in
their studies of CS,:0; ice mixtures. The lower abundance of CS, accumulated within the
ice compared to SO is consistent with the proposed reaction scheme described above and
summarised in Fig. 8.13, due to the greater number of shorter (i.e., involving fewer steps)
chemical routes leading to the latter species.

CO, . co

S, co
7I‘> .

cs,

Fig. 8.13: The major reactions suggested to be taking place within the CO; ice on top of elemental sulphur
irradiated by 1 MeV He* ions at 70 K. In this scheme, CO, may undergo radiolytic dissociation to yield CO
and an oxygen atom (1), or may alternatively react with a sulphur atom that has migrated from the underlying
layer to produce CO and SO (2), the latter species subsequently being rapidly oxidised to SO, (3). Sulphur
atom addition to CO results in the direct production of OCS (4) which, when reacted with an oxygen atom
yields SO and CO (5). The addition of another sulphur atom to OCS yields the unstable intermediate OCS; (6),
which decays to either CS;, and an oxygen atom (7), or alternatively to S; and CO (8).
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The increased migration of a large quantity of sulphur atoms within the solid CO- ice
at 70 K induces a plethora of new reaction channels (Fig. 8.13) that were not available in the
COgz ice into which a smaller number of sulphur ions had been implanted. These additional
reactions include some that compete for the supra-thermal oxygen atoms yielded after the
dissociation of the parent CO2 molecule, thus rendering the formation of CO3z and Oz via
oxygen atom addition reactions less efficient, consistent with the smaller absorption bands
of these product molecules observed during the 70 K irradiation experiment (Fig. 8.10)
compared to that conducted at 20 K (Fig. 8.8). The increased competition for oxygen atoms
within the solid ice thus also reduces the likelihood of two oxygen atoms combining to
produce O (a preliminary step in the formation of Os), which would efficiently sublimate
from the ice. This therefore significantly diminishes the depletion of oxygen within the ice
compared to what was observed to occur after sulphur ion implantation, and thus helps
explain the opposite trends reported with regards to the temperature dependence of the
formation of sulphur-bearing products in the sulphur ion implantation processes described
in Chapter 7 and the layered sulphur-ice experiments described in this chapter.

8.3.5 H:0 Ice on Top of Sulphur at 20 and 70 K

Previous works considering the radiation chemistry of elemental sulphur have been few and
far between, and have typically only considered systems also involving H20. Early studies
by Donaldson and Johnston (1968) and Donaldson and Johnston (1971) investigated the
irradiation of colloidal suspensions of elemental sulphur in deaerated H>O, and found
evidence for the solubilisation of the sulphur and the subsequent formation of H,SO4. The
mechanism by which this chemistry occurs was described by Della Guardia and Johnston
(1980), who highlighted the important role played by OH radicals and H2SO»; a lower
oxoacid of sulphur. The astrochemical importance of H2SO, was expounded upon more
recently by Gaébi et al. (2021), who demonstrated its formation as a result of photochemical
hydrogen addition to solid SO> at 3.1 K.

The first work to consider the irradiation of H20:Sg mixtures in astrophysical ice
analogues was conducted by Carlson et al. (2002), who investigated the chemical evolution
of Sg that was mixed with liquid H20 and subsequently frozen prior to irradiation. Their
work demonstrated that not only is H2SO4 efficiently formed by solid phase radiation
chemistry, but that this synthesis is in fact more efficient at temperatures relevant to the
surface of Europa than at higher temperatures. The only other study that has considered the
radiation chemistry of a sulphur residue in an astrophysical ice analogue is that of Gomis
and Strazzulla (2008) who, as discussed above, prepared a refractory sulphurous residue by
irradiating SO> ice at 16 K using either 200 keV He" ions or 200 keV Ar* ions and
subsequently warming it to room temperature. The remaining refractory sulphurous layer
was then re-cooled to 80 K and a layer of H-O ice was deposited on top of it, before being
irradiated by 200 keV He* ions. Irradiation resulted in the appearance of a very weak mid-
infrared absorption band at around 1325 cm~* which could not be unambiguously identified.
However, such a band does approximately coincide with the vz mode of SO, thus tentatively
suggesting its radiolytic formation (Gomis and Strazzulla 2008).

Despite providing an extensive characterisation of the formation of H>SO4 as a result
of the irradiation of elemental sulphur mixed or layered with H,O ice, the abovementioned
studies have yet to provide any clear and unambiguous evidence for the formation of SO..
As such, a systematic investigation of the irradiation of H>O ice deposited on top of a layer
of pure elemental sulphur is warranted. Extending the methodology used throughout this
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chapter to prepare sulphur layers via the effusive evaporation of pure, solid sulphur to the
study of the radiation chemistry occurring in a H20 ice deposited on top of the sulphur layer
presents at least two advantages over the method employed by Gomis and Strazzulla (2008).
Firstly, it allows for a thicker sulphur layer to be readily prepared, thus increasing the number
of sulphur atoms that may partake in the formation of sulphur-bearing product molecules.
Secondly, it ensures that the resultant layer is purely composed of sulphur: this differs to the
refractory residue produced by Gomis and Strazzulla (2008) which was more likely formed
of polymers or oligomers composed of both sulphur and oxygen.

The mid-infrared spectra collected before and during the irradiation of H>O ice on
top of a layer of elemental sulphur by 1 MeV He* ions at 20 K are shown in Fig. 8.14. It is
possible to note that the irradiation does not result in many noticeable changes to the
appearance of the spectra, other than the emergence of a weak but broad absorption band
centred at 2863 cm™* which has been attributed to the formation of H.O2 (Giguére and
Harvey 1959, Moore and Hudson 2000, Loeffler and Hudson 2015). Furthermore, two small
absorption bands at 3696 and 3721 cm™ apparent in the mid-infrared spectrum of the H,O
ice upon its preparation at 20 K were observed to disappear very rapidly during irradiation.
These bands were attributed to the hydroxyl dangling bonds that exist in microporous H.O
ices at low temperatures, and their disappearance was the result of the rapid compaction of
the ice under the influence of ionising radiation (Baragiola 2003, Palumbo 2006, Boduch et
al. 2015).
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Fig. 8.14: Mid-infrared spectra of H.O ice deposited on top of a layer of elemental sulphur before and during
its irradiation by 1 MeV He™* ions at 20 K. Note that spectra are vertically shifted for clarity.

202



I N 1 N T N I 1

. — '
H,O ontopof S, d=1.0 um — as deposited ]
+4.2 x 10" He*/em

2
. T=70K i
12 +5.2 x 10" He'/cm?
+1.0 x 10" He*/cm? 7
1.0 | +5.0 x 10" He*/cm? -
+ 1.0 x 10"® He*/cm? |
308 L an e
. Q o _ 2. -
_‘E’ % 0.004 |.HzS0s HSO; SOZ ] |
S 0.6 £ 0.002 | 1 -
o @ i y
< < 0.000 aﬂm.ﬁ
0.4 M . ] )
' 1200 1100 1000
Wavenumber (cm™)
02 A
— A —
—————— T — ﬁ
—— A — -
1 1

0.0
1 | L | L | L | L | L
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™')

Fig. 8.15: Mid-infrared spectra of H,O ice deposited on top of a layer of elemental sulphur before and during
its irradiation by 1 MeV He* ions at 70 K. Note that spectra are vertically shifted for clarity.

Of particular interest is the non-detection of mid-infrared bands attributable to any
sulphur-bearing product species, including H2SO4 or any of its hydrates. Comparing this
result to those previously published in the literature is not a straightforward task, as many
experiments investigating sulphur ice astrochemistry have been aimed at characterising the
surface chemistry of the icy Galilean satellites and have thus been performed at significantly
higher temperatures. For instance, the sulphur ion implantations into H2O ice performed by
Strazzulla et al. (2007) and Ding et al. (2013) were conducted at 80 K, whilst the work of
Carlson et al. (2002) on the irradiation of H20O:Sg ice mixtures was carried out at 77 K. Moore
et al. (2007) performed their work on the irradiation of SO2:H20 ice mixtures at 86 K and
also at higher temperatures.

Indeed, perhaps the only work that was carried out at a comparable temperature to that
of the present experiment is that of Kanuchova et al. (2017), who investigated the 30 keV
He* ion irradiation of a mixed SO2:H>0 (2:1) ice at 16 K. Their work demonstrated that such
energetic processing conditions are amenable to the formation of H>SO4 monohydrate and
tetrahydrate as inferred from infrared absorption bands located at 1105 and 1070 cm™
respectively attributable to the HSO4~ and SO4% ions, as well as the broad HsO* band centred
at approximately 1730 cm™ (Katuchova et al. 2017). This result contrasts strongly with that
presented in Fig. 8.14, where no such mid-infrared absorption bands can be discerned. The
reason for this difference may, however, be fairly mundane: it is possible that the sulphur
chemistry occurring in the experiment of Kanuchova et al. (2017) occurred to a greater
extent than that of the present study due to the more homogeneous mixing of the SO and
H20 thus allowing sulphur product formation to occur throughout their ice. Conversely, in
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the present experiment, such chemistry could only occur at the interface of the H>O ice and
the elemental sulphur layer, thus reducing the abundance of sulphur-bearing products that
could be produced.

The 1 MeV He" ion irradiation of H2O ice on top of a layer of elemental sulphur was
also performed at 70 K. In this case, spectroscopic evidence for the formation of H.SOg, as
well as its monohydrate and tetrahydrate forms (Fig. 8.15), was observed through the
appearance of mid-infrared absorption bands at 1139, 1107, and 1060 cm™ respectively
attributable to H2SO4, HSO4~ (monohydrate), and SO4%~ (tetrahydrate) (Loeffler et al. 2011,
Kanuchova et al. 2017). This result is in agreement with those reported by several other
previous studies performed at similar temperatures, such as those by Carlson et al. (2002),
Moore et al. (2007), Strazzulla et al. (2007), and Ding et al. (2013); who all reported the
formation of H2SO4 acid hydrates.

The formation of H2SO4 as a result of the 1 MeV He" ion irradiation of H2O ice on top
of elemental sulphur at 70 K, but not at 20 K, may simply be due to the higher diffusivities
of sulphur moieties at this higher temperature, thus allowing for a higher degree of mixing
and extending the relevant radiation chemistry to further beyond the ice-sulphur interface.
A similar argument was invoked to explain the greater extent of sulphur chemistry observed
after the irradiation of CO ice on top of sulphur using 1 MeV He™" ions at 70 K compared to
the analogous irradiation at 20 K (sub-section 8.3.4). Indeed, following from the previous
work of Della Guardia and Johnston (1980), it is possible to propose a reaction scheme by
which H2SO4 forms in the present experiment after the mobilisation of sulphur atoms from
the underlying layer into the H2O ice:

H.O — H + OH
(Eq. 8.3)
S +2 OH — H2S0O>
(Eq. 8.4)
H.SO, — H* + HSO2~

(Eq. 8.5)
HSO> + OH — HSO> + OH~

(Eq. 8.6)
HSO, + OH — H* + HSO3™

(Eq. 8.7)
HSO3™ + OH — HSOs3 + OH~

(Eq. 8.8)
HSOs + OH — H* + HSO4~

(Eq. 8.9)

Once HSO4™ has been formed in the ice, the reaction sequence diverges depending on
whether the final radiation product is H.SO4, the monohydrate form, or the tetrahydrate
form. In the case of H2SOs, the H™ and HSO4 ions simply undergo combination, while the
monohydrate is formed via the combination of the H* ion with a neutral H,O molecule.
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Finally, the tetrahydrate is produced in a two-step process in which the HSO4 first
dissociates to H* and SO4>", after which two H* ions combine with two neutral H,O
molecules to yield two H3O* ions which are associated with the SO4% anion together with
another two neutral H.O molecules.

Finally, it should be noted that neither the 20 K irradiation experiment nor the 70 K
experiment considered here resulted in the formation of SO or H,S. This is in agreement
with previous literature concerned with the implantation of reactive sulphur ions into H20
ice (Strazzulla et al. 2007, Strazzulla et al. 2009, Ding et al. 2013) and with the irradiation
of elemental sulphur mixed or layered with H>O in either the aqueous or solid phases
(Donaldson and Johnston 1968, Donaldson and Johnston 1971, Della Guardia and Johnston
1980, Carlson et al. 2002, Gomis and Strazzulla 2008). Indeed, combined with the results
presented in this chapter, it is perhaps possible to state that the only sulphur chemistry of
note to occur in irradiated H20O ices containing some sulphurous species is the formation of
H>SO4 hydrates. Although this statement may admittedly be viewed as somewnhat
hyperbolic, it is consistent with the overabundance of H.SO4 hydrates (compared to other
sulphur-bearing species) on the surface of Europa, which is dominated by H>O ice (Carlson
et al. 2002). However, the production of SO> may occur as a result of the irradiation of
H2SOs itself, as has been shown in both the aqueous (Hochanadel et al. 1955) and solid
(Loeffler et al. 2011, Loeffler and Hudson 2012) phases.

8.4 Astrochemical Implications

The results presented in this chapter carry significant implications for the astrochemistry of
sulphur. It should be recalled that the dense ISM is characterised by an unexpected paucity
of sulphur, where observed abundances of molecular sulphur in both the solid and gas phases
are depleted (compared to their expected cosmic abundances) by two to three orders of
magnitude (Tieftrunk et al. 1994, Ruffle et al. 1999). It has been proposed that this sulphur
depletion phenomenon is at least partly caused by the Coulomb-enhanced freeze-out of S*
ions onto negatively charged dust grains as diffuse clouds evolve into translucent ones,
whereafter the ions are neutralised to atoms. The subsequent fate of the accreted atoms is
not known for certain, although some models have suggested that they may be rapidly
hydrogenated to H>S on the surface of the dust grain (Caselli et al. 1994, Vidal et al. 2017).

However, the lack of a detection of solid H>S is at odds with the results of these models
(Boogert et al. 2015). More recent experimental and modelling efforts have alternatively
proposed that allotropes of elemental sulphur composed of chains and rings of various
geometries and molecular weights could form after the freeze-out of the S* ions, and should
indeed constitute a major reservoir of the unobserved sulphur on the surfaces of interstellar
dust grains (Anderson et al. 2013, Shingledecker et al. 2020, Cazaux et al. 2022). Such
results provide a good motivation for understanding the chemistry of elemental sulphur
allotropes under conditions relevant to the dense ISM, particularly with regards to the
possible chemical transformations of elemental sulphur to the molecular forms of sulphur
known to exist in interstellar icy grain mantles, namely SO2 and OCS (Boogert et al. 1997,
Palumbo et al. 1997). Such chemical transformations would largely occur at the interface of
the surface of the dust grain with the polar ice layer (Fig. 2.7), where the abundances of
elemental sulphur and sulphur-bearing residues would be highest. As such, the icy species
of greatest importance are likely to be H>O (the most abundant species in interstellar icy
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grain mantles), along with smaller quantities of simple diatomic species (such as, for
example, Oz) and CO; (Boogert et al. 2015, Oberg 2016).

The results obtained from the 1 MeV He" ion irradiations of H.O, CO>, and Oz ices on
top of elemental sulphur at 20 K should therefore be discussed in the context of the potential
roles of these processes in contributing to solid-phase interstellar sulphur chemistry. Perhaps
the most relevant result is the non-detection of any sulphur-bearing radiolysis product after
the irradiation of H.O ice on top of sulphur at 20 K. Given that H20 is the dominant species
in interstellar icy grain mantles (Boogert et al. 2015, Oberg 2016), this result implies that
the contribution to the presence of SO, within interstellar ices from the radiolytic conversion
of elemental sulphur present at the surface of the dust grain should be minimal. Conversely,
the irradiation of pure O ice on top of elemental sulphur yielded an appreciable amount of
SO», and so it is possible that this process could contribute to the presence of SOz in H20-
poor interstellar icy grain mantles as long as a sufficient quantity of O ice is maintained in
contact with the underlying sulphur layer.

Although the irradiation of CO on top of sulphur at 20 K yielded SO, and CS> as
radiolysis products, these species were formed as minor productions of irradiation. Indeed,
the major radiation chemistry occurring within this ice was the same as that occurring in
irradiated pure CO- ices (Sivaraman et al. 2013, Martin-Doménech et al. 2015), with CO,
COs3, and O3 comprising the major products formed. The decay of these products at higher
irradiation fluences without any concomitant increase in the mid-infrared absorption bands
of other molecules leads to the speculation that prolonged irradiation of a CO; ice on top of
elemental sulphur at 20 K may lead to chemical modification of the sulphur layer rather than
the overlaying ice. Future experiments dedicated to a complete chemical analysis of the
molecular composition of any sulphurous residues left over after irradiation are warranted
to confirm or refute this speculation. It is interesting to note that OCS was not detected as a
product in this irradiation experiment, thus suggesting that OCS in real interstellar icy grain
mantles is likely formed as a result of the processing of ice mixtures containing the necessary
precursor atoms, as suggested by Ferrante et al. (2008).

The experiments described in this chapter are also relevant to the chemistry of comets,
as all the species investigated in this present study have been detected in icy cometary nuclei
(Huebner 2002, L&uter et al. 2022). Although a volatile element, sulphur may be present in
cometary nuclei as refractory residues or minerals (Rietmeijer 1988, Calmonte et al. 2016),
and could thus contribute to the formation of sulphur-bearing molecules in the cometary
nucleus as a result of radiation chemistry mediated by the solar wind. These sulphur-bearing
molecules may be subsequently released from the comet as a result of their sublimation as
the comet approaches perihelion in its orbit around the sun, thus enriching the chemical
composition of interplanetary space. H2S is the most abundant sulphur-bearing species in a
number of comets whose compositions have been studied in depth, such as 67P/Churyumov-
Gerasimenko, C/1995 O1 Hale-Bopp, and C/2014/Q2 Lovejoy (Calmonte et al. 2016). The
abundances of SO, and OCS are typically lower than that of HS, although they still represent
some of the more common sulphur-bearing molecules in comets. Conversely, CS: is a trace
component of the icy cometary nucleus and, indeed, has not been detected in all studied
comets (Calmonte et al. 2016).

The results obtained from the 20 K irradiation experiments described in this chapter
demonstrate that sulphur molecule formation as a result of the interaction of the cometary
nucleus possessing refractory elemental sulphur with the solar wind is not an efficient
process when the comet is positioned close to aphelion in the furthest reaches of the Solar
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System. This may be concluded from the fact that the irradiation of H>O ice on top of
elemental sulphur at 20 K did not yield any sulphur-bearing products, while only small
quantities of SO or CS; could be detected after similar irradiations of CO, CO., or CH30H
ice. Although the irradiation of O2 ice on top of elemental sulphur did produce an appreciable
yield of SOy, it is important to note that none of the 20 K irradiation experiments considered
in this chapter yielded H»S or OCS as a radiolysis product. The non-detection of these species
(which are meant to be among the most abundant in comets), combined with the low
abundances of SO, produced as a result of irradiation, leads to the conclusion that sulphur
residues in comets are most likely not the source of the volatile sulphur-bearing molecules
distributed within the icy nucleus.

The 1 MeV He" ion irradiations of solid H2O and CO2 on top of elemental sulphur at
a temperature of 70 K are representative of the radiation chemistry occurring on the surface
of Europa. The presence of allotropic forms of elemental sulphur and their participation in
the Europan radiolytic sulphur cycle has long been discussed in the literature (Carlson et al.
2002, Gomis and Strazzulla 2008, Carlson et al. 2009). Indeed, allotropic sulphur is thought
to be the second largest molecular reservoir of sulphur on the surface of Europa, after HoSO4
hydrates (Carlson et al. 2002). Given that H2O and CO ices are also known to be widespread
across the surface of Europa (Hansen and McCord 2004, Hand et al. 2006, Hansen and
McCord 2008), the 70 K irradiation experiments described in this chapter may provide a
further insight into the radiation chemistry occurring on the surface of this Galilean moon.

The irradiation of H20 ice on top of sulphur at 70 K was found to produce H2SO4 as a
pure molecule, as well as in the monohydrate and tetrahydrate forms. This result is not only
in agreement with previous works that have documented the formation of these acids after
the irradiation of mixtures of H.O and elemental sulphur in the liquid and solid phases
(Donaldson and Johnston 1968, Donaldson and Johnston 1971, Della Guardia and Johnston
1980, Carlson et al. 2002), but also with their production after the implantation of reactive
sulphur ions into H2O ice at Europa-relevant temperatures (Strazzulla et al. 2007, Strazzulla
et al. 2009, Ding et al. 2013). As such, the irradiation of H.O ice layers deposited on top of
elemental sulphur and sulphur-bearing residues is very likely to contribute to the presence
of H>SO4 on the surface of Europa.

Lastly, the 70 K irradiation of CO> ice on top of elemental sulphur was shown to result
in the efficient formation of SO, and CS;, along with smaller abundances of OCS. Although
CSz and OCS have yet to be identified on the surface of any of the Galilean moons of Jupiter,
it is likely that these molecules are present on those icy satellites to at least some extent due
to the sulphur-rich nature of their surfaces. The efficient synthesis of SO in the present study
is an interesting result, as it implies the existence of high concentrations of this species in
those regions of the Europan surface where COx ice is intermixed with allotropic sulphur.
However, there is no evidence for any correlation in the spatial distributions of CO2 and SO>
on the surface of Europa (Hansen and McCord 2008). Therefore, this result may be
interpreted in one of two ways: either the surface patches of CO. observed on Europa are
not intermixed with allotropic sulphur, or the radiolytic formation of SO, from such a
mixture is inhibited by some other unknown process.

8.5 Summary

This chapter presents results obtained during the 1 MeV He™ ion irradiation of various
oxygen-bearing molecular ices deposited on top of a layer of elemental sulphur, which was
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prepared via the effusive evaporation of a solid, pure sulphur powder. Among the oxygen-
bearing ices investigated were Oz, CO, CO2, and H20 which were irradiated at a temperature
of 20 K, as well as CH3OH ice which was irradiated at 25 K. Furthermore, the irradiations
of CO2 and H»O ice on top of an underlying layer of sulphur were also conducted at 70 K.
The primary motivation of this study was to determine whether or not the irradiation of such
icy configurations could give rise to volatile sulphur-bearing molecules, such as SO2, OCS,
or CS.

The irradiation of the O ice on top of sulphur at 20 K resulted in an appreciable yield
of SO,. This contrasts with the results of a similar irradiation experiment conducted using
CO, where no SO was observed to form. Instead, a small quantity of CS, was produced
together with several oxocarbon radicals and cumulene dioxides. CS, formation was also
observed to result from the irradiation of CH3OH ice on top of sulphur at 25 K, although this
was a minor radiation product and the major products of irradiation were noted to be similar
to those obtained after the irradiation of pure CH3OH ice (Bennett et al. 2007, Schmidt et al.
2021). The irradiation of CO- at 20 K resulted in the formation of limited quantities of both
SO, and CS»; however, the yield of these products was significantly increased when the
irradiation temperature was raised to 70 K and OCS was also detected as a radiation product
at this temperature. The more extensive solid-phase sulphur chemistry occurring at 70 K
compared to 20 K was attributed to the more extensive diffusivities of free sulphur atoms
liberated from the underlying sulphur layer at higher temperatures. Finally, while the
irradiation of H>O ice deposited on a layer of sulphur did not yield any sulphur-bearing
products at 20 K, the analogous irradiation process at 70 K was found to yield H2SO4 and its
monohydrate and tetrahydrate forms, thus complementing previous results from studies
investigating the irradiation of H>O and elemental sulphur mixtures in both the solid and
liquid phases (Donaldson and Johnston 1968, Donaldson and Johnston 1971, Della Guardia
and Johnston 1980, Carlson et al. 2002), as well as those concerned with the implantation of
reactive sulphur ions into H2O ice (Strazzulla et al. 2007, Strazzulla et al. 2009, Ding et al.
2013).

The results presented in this chapter have also been discussed in the context of the
astrochemistry of interstellar icy grain mantles within dense interstellar clouds, cometary
nuclei, and the surface chemistry of Europa. Based on the results obtained, it has been
possible to conclude that the SO observed in interstellar icy grain mantles could be produced
as a result of the irradiation of O ices in contact with refractory sulphurous solids, as long
as the abundance of O within the icy mantle is sufficient and any H2O which could otherwise
trigger the formation of sulphur oxyanions via the oxidation of SO, by Os is absent.
Conversely, based on the known relative abundances of sulphur-bearing species in cometary
nuclei, it has been possible to conclude that the irradiation of oxygen-bearing species in
proximity to allotropic forms of sulphur is not a significant contributor to the sulphur
chemistry occurring on cometary surfaces. Lastly, the results presented herein suggest that
the irradiation of H2O ices intermixed with elemental sulphur on the surface of Europa could
be an important additional contributor to the H.SO4 known to be present there.
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9 CONCLUSIONS AND SCOPE FOR FUTURE WORK

In this final chapter of the thesis, a summative evaluation of the results presented throughout Chapters
5-8 is presented, with particular attention being given to how these results have contributed to
answering the questions outlined in Section 1.6. Suggestions on how this work may be further
developed in future experimental projects concerned with sulphur ice astrochemistry are also made.
The chapter concludes with a discussion of proposed upgrades to the ICA set-up that would greatly
expand its experimental capabilities, along with a brief discussion on the recommended
commissioning of an ancillary facility that would allow for the improved simulation of interstellar
dust grains and mineral surfaces.

9.1 Thesis Conclusions

Broadly speaking, this thesis is concerned with experimental work performed with the aim
of addressing as yet unanswered questions in the field of sulphur ice astrochemistry, such as
the sulphur depletion problem of dense molecular clouds in the ISM and the poorly
constrained formation mechanisms of SO> ice on outer Solar System bodies such as the
Galilean moon system of Jupiter. This research was guided by four specific questions that
were posed in Chapter 1; each of which was addressed by the experiments described in a
subsequent chapter. In this sub-section, a synopsis of the experimental results is provided
together with a brief analysis on to what extent the results obtained answer the questions that
were initially posed.

(i) Canimproved and higher resolution infrared spectroscopy aid in the detection of
H:2S and SO: in astrophysical ices?

The results obtained from experiments performed to address this question were presented in
Chapter 5. Manuscripts are presently in preparation for publication.

The mid-infrared spectra of pure H.S and SO. astrophysical ice analogues were
acquired at a spectral resolution of 0.5 cm after their deposition at 20, 40, 70, and 100 K
(the latter temperature having only been considered for SO2) and during their thermal
annealing to sublimation, which occurred at 90 and 120 K for solid H.S and SOy,
respectively.

Thermal annealing of an amorphous H-S ice deposited at 20 K resulted in the splitting
of its broad vs band at 2551 cm™ into distinct v1 (Eu), v1 (Azu), and v modes due to the
crystallisation of the ice, with maximum splitting observed at 60 K. No v mode was apparent
upon deposition, but sharp and identifiable absorption bands attributable to the v» (A2y) and
v2 (Eu) modes were evident at 60 K. H2S ices deposited at higher temperatures appeared to
be largely crystalline, as evidenced by the splitting of their vs and v2 bands upon deposition
and the fairly small variations in their band areas during thermal annealing. Thermal
annealing of an amorphous SO ice deposited at 20 K resulted in the splitting of its broad v,
v3, and v1 + vz bands into individual contributions arising from infrared phonon modes and
various isotopologues, indicative of ice crystallisation. The ice appeared to fully crystallise
upon reaching a temperature of 80 K. The SO ice deposited at 40 K was noted to be largely
crystalline at a comparatively lower temperature of 70 K through the observation of the
345160, v; and vs modes. However, the %S0, vi + vz mode was not fully resolved at 70 K,
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thus suggesting that the ice was not yet a fully crystalline solid but was rather a
polycrystalline structure. Spectra of the ices deposited at 70 and 100 K demonstrate that the
ices were crystalline.

The preparation of sulphur-poor H2S:H20 and SO2:H,0O mixed ices at 20 K resulted in
the formation of microporous ices which underwent compaction during subsequent thermal
annealing. Thermal annealing also resulted in the crystallisation of the H.O component of
the ice. In the case of the H2S:H20 mixed ice, the H2S vs band was red-shifted by 1.5 cm™
compared to its position in the analogous pure ice. Thermal annealing of this mixed ice did
not result in either the crystallisation of the H2S ice component, nor its segregation from the
H20. Indeed, tentative spectroscopic evidence for the presence of H>O---HSH---OH>
hydrogen bonds was found throughout the thermal annealing process. No cryogenic thermal
reactions occurred between H»S and H20.

In the case of the SO2:H.O mixed ice, the SOz vi and vz modes were noted to be
significantly blue-shifted by 6-8 cm™ compared to their positions in the analogous pure ice.
Upon preparation of the mixed ice, mid-infrared absorption features attributed to the
hydrogen bonding between H.O and SO were readily detected, although these features
became weaker as a result of thermal annealing due to thermally induced segregation of the
molecular ice components. Furthermore, thermal annealing promoted cryogenic thermal
reactions leading to the formation of sulphur oxyanions, namely HSO3~ and S,0s.

These spectroscopic results suggest that mid-infrared detections of HzS in interstellar
icy grain mantles may prove challenging due to the small absorptions of this species in H,O-
dominated ices. The results do, however, support the existence of amorphous H>S on the
surface of lo. Furthermore, they may be of use in confirming the existence of SO on the
surface of Europa via future mid-infrared spectroscopic measurements carried out by the
James Webb Space Telescope or any of the forthcoming interplanetary missions, since
detections made in the mid-infrared would be significantly more cogent than the ultraviolet
spectroscopy upon which this detection has largely been based.

(it) Is the radiation chemistry of Hz2S and SOz influenced by changes in the phase of
the ice, and how does this compare to other, more often considered species?

The results obtained from experiments performed to address this question were presented in
Chapter 6. See also: Mifsud et al. (2022), Phys. Chem. Chem. Phys. 24, 10974; Mifsud et al.
(2022), Eur. Phys. J. D: Atom. Mol. Opt. Plasma Phys. 76, 87; Mifsud et al. (2022), Front.
Chem. 10, 1003163.

The phase of an irradiated molecular ice was found to play a key role in its electron-
driven radiation chemistry. Studies of the 2 keV electron irradiation of solid CH3OH and
N20 at 20 K demonstrated that the irradiation of the amorphous phase resulted in a more
rapid decay of the parent species, as well as greater abundances of the radiolytic products,
compared to the analogous irradiation of the crystalline phase. This relative radiolytic
stability of the crystalline phase compared to its amorphous counterpart was attributed to the
stability imparted to the latter by the solid lattice energy. However, this phenomenon was
more pronounced in the case of CH3OH due to the existence of strong and long-ranging
hydrogen bonds in the crystalline phase which must be overcome before radiolytic decay
can occur. Such a strong array of hydrogen bonds does not exist to the same extent in the
amorphous ice, which therefore does not benefit from the same radiolytic stability. In
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comparison crystalline N2O is only characterised by the relative ordering of its molecular
dipole. Since interacting dipole moments do not represent as strong a form of intermolecular
bonding as do hydrogen bonds, the relative radiolytic stability of crystalline NoO compared
to its amorphous phase is not as great as in the case of CH3OH.

Similar experiments were conducted with four phases of H.O: amorphous solid water
(ASW), restrained amorphous ice (RAI), cubic crystalline ice (Ic), and hexagonal crystalline
ice (Ih). Results showed that the abundance of H.O» formed after the 2 keV electron
irradiation of these phases followed the order ASW > RAI > Ic > Ih, indicating the reverse
trend with regards to stability of the ices against radiolytic decay. Once again, this increase
in radiolytic stability with structural order was attributed to the stabilising effect of crystal
lattice energies and the extensive hydrogen bonding regimes in the crystalline ice phases.
The increased presence of micropores and structural defects in the amorphous ice phases
also likely contributed to the greater abundance of H>O, formed as a result of irradiation.

Similar results were also observed during the comparative 2 keV electron irradiation
of amorphous and crystalline H»S, with a more rapid decay of the parent species and greater
abundances of radiolytic products being observed after irradiation of the amorphous ice. This
was again likely due to stabilising contributions from lattice energies and extensive
(although weak) hydrogen bonding systems in the crystalline phase. The 1.5 keV electron
irradiation of amorphous and crystalline SO, however, presented significantly different
results: the amorphous ice appeared to initially resist radiolytic decay, but was subsequently
consumed at higher projectile electron fluences. Conversely, the crystalline SO ice initially
exhibited the anticipated rapid exponential decay, which subsequently slowed at higher
electron fluences. Possible reasons behind these observations, such as the recombination of
molecular fragments or changes in the integrated band strength constant as a result of
radiation-induced ice compaction, were provided and discussed.

Such results may be applied to astrochemistry, as they suggest that the formation of
product molecules as a result of the irradiation of astrophysical ices by galactic cosmic rays
or stellar winds is more productive if the ice is amorphous. Therefore, it is entirely possible
that those astrophysical environments in which crystallisation processes are out-competed
by radiation-induced amorphisation are more conducive to the formation of molecules,
which may possibly include complex organic species of direct relevance to the origins of
life. Sulphur budgets for the irradiations of amorphous and crystalline H.S and SO, were
also constructed from which it was determined that a large percentage of the initially
deposited sulphur is no longer spectroscopically observed after irradiation. Since electron-
induced sputtering or desorption were discounted as efficient depletion mechanisms, this
depletion of sulphur was instead ascribed to the sequestration of molecular sulphur to
refractory sulphur residues. This result may therefore provide at least a partial explanation
for the sulphur depletion problem in the dense ISM.

(iti) Does sulphur ion implantation into oxygen-bearing ices represent a reasonable
mechanism by which SOz may form?

The results obtained from experiments performed to address this question were presented in
Chapter 7. See also: Mifsud et al. (2022), Geophys. Res. Lett. 49, e2022GL100698.

High-energy sulphur ions were implanted into O,, CO, and CO: ices at 20 K and, in
the case of COg, also at 70 K with the aim of determining whether such a process could result
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in the formation of sulphur-bearing volatile molecules, particularly SO». Results from the
implantation experiment into solid Oz at 20 K demonstrated that SO> is indeed among the
products of irradiation, as is Oz. Conversely, no conclusive evidence for the formation of
SO- could be found after sulphur ion implantation into CO ice at 20 K. Instead, the dominant
radiolytic products were found to be CO2, COs, Os, and various cumulene dioxides and
oxocarbon radicals. Although the ultimate fate of the implanted sulphur ions is not known
for certain, it is possible to speculate that this was the formation of infrared inactive allotropic
forms of sulphur.

The implantation of high energy, reactive sulphur ions into CO; ice at 20 and 70 K
revealed a temperature dependence of the resultant sulphur chemistry. At 20 K, mid-infrared
spectroscopic evidence for the formation of a small quantity of SO, was found, in agreement
with the results of previously published studies. However, no SO2 could be detected after
the implantation of sulphur ions into CO ice at 70 K. Indeed; the formation of all radiolytic
products (such as CO, COs, and Os) was significantly more limited at this higher
temperature. This result was attributed to the efficient desorption of O at this higher
temperature, which would have significantly depleted the ice of its oxygen content thereby
precluding the efficient formation of SO..

These results carry significant implications for the extra-terrestrial chemistry of solid-
phase sulphur. Firstly, it demonstrates that the implantation of hot (>10 keV) sulphur ions
from the Jovian magnetosphere into the surface ices of Europa is unlikely to be an efficient
formation mechanism for the SO; ice observed on the surface. Previous studies have
demonstrated that such implantations into H20 ice (the dominant ice on the surface of
Europa) do not result in the formation of SO2: rather, it is H2SO4 and its hydrates that are
formed. Although CO: ice is also known to exist on the surface of Europa, the lack of any
SO2 produced after sulphur ion implantation at 70 K (a temperature relevant to the Europan
surface) as well as the lack of any correlation in the spatial distributions of the surface SO;
and CO> components effectively rules out this mechanism as a formation pathway towards
SO ice on Europa.

O: ice is also a known surface component of Europa, where it may be found stabilised
as clathrate hydrates. Despite the positive result demonstrated herein with regards to the
formation of SO, after the implantation of sulphur ions into O, this mechanism is also
unlikely to account for the presence of SO2 on Europa. This is primarily due to the fact that,
at higher temperatures, SO> is consumed in reactions with both Oz and H-O to yield various
sulphur oxyanions and its accumulation on the surface will thus be largely precluded.
Alternative mechanistic routes towards the formation of SOz on the surface of Europa of
varying likelihoods have been discussed, including the radiolytic decay of various sulphate
minerals, the implantation of cold (sub-keV) sulphur ions from the magnetosphere, and the
exsolvation of SO from the putative subsurface global ocean.

The non-detections of OCS and CS; after the implantations of sulphur ions into either
CO or CO:z ice also carry important implications for astrobiology as both molecules may
play a role in the formation of biomolecules in extra-terrestrial environments: OCS is a
known catalyst for peptide bond formation while CS; irradiation is known to yield carbon-
and sulphur-rich polymers that may serve as backbones for other, potentially prebiotic
species. Their non-detections after the implantation of sulphur ions into both CO and CO;
ices suggests, however, that the radiation-induced formation of OCS and CS: ices in extra-
terrestrial environments is better explained by processes in which the necessary precursor
atoms are already present in the ice prior to irradiation.
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(iv) Can sulphur chemistry (including the formation of SO2) be induced as a result of
the irradiation of oxygen-bearing ices deposited above elemental sulphur layers?

The results obtained from experiments performed to address this question were presented in
Chapter 8. Manuscripts are presently in preparation for publication.

The irradiation of oxygen-bearing ices (O2, CO, CH3OH, CO., and H20) on top of
layers of elemental sulphur by 1 MeV He" ions at different temperatures was probed to
determine whether this represented a feasible mechanism of generating different sulphur-
bearing volatile species, including SO.. The layer of elemental sulphur was generated via
the effusive evaporation of a powder sample and its subsequent condensation at the desired
experimental temperature. Such a methodology represents a significant step forward
compared to methods previously used to generate a refractory sulphur layer, as it allows for
the rapid preparation of a relatively thick layer of pure sulphur.

Results demonstrated that the irradiation of O ice on top of elemental sulphur at 20 K
resulted in the efficient formation of SO>. Indeed, more SO. was produced in this experiment
than was during the implantation of sulphur ions into pure O: ice at the same temperature.
This was likely due to the greater availability of sulphur atoms in the former experiment
compared to the latter. Conversely, no SO, was observed to form after the irradiation of CO
ice on top of elemental sulphur at 20 K, where CS> was observed to be the only sulphur-
bearing radiolytic product molecule. Other product molecules, including most of the
cumulene dioxides and oxoradical species observed after the implantation of reactive sulphur
ions into CO ice, were also observed as a result of the 1 MeV He" ion irradiation. The
irradiation of CH3OH ice on top of elemental sulphur at 25 K yielded very similar results to
those observed after the proton irradiation of pure CH3OH at 20 K (see Section 4.3), with
the addition of a small quantity of CS; also being produced.

The irradiation of CO ice on top of a layer of elemental sulphur by 1 MeV He" ions
at 20 K resulted in the formation of both SOz and CS,. However, the abundances of these
molecules produced after the corresponding irradiation at 70 K were significantly greater,
and OCS was additionally produced. This result is the opposite of that observed after the
implantation of reactive sulphur ions into CO> ice at 20 and 70 K, where a greater abundance
of sulphur-bearing products (i.e., SO2) was observed at lower temperatures. This result was
attributed to the greater migration of sulphur atoms from the underlying layer into the ice
structure at 70 K, where they would be able to participate in various reactions including those
with carbon and oxygen atoms, thus increasing the yields of both SO, and CS; whilst
simultaneously reducing the formation of O within the ice (and, consequently, its
subsequent sublimation to the gas phase).

The irradiations of H20 ice on top of elemental sulphur proved to be less chemically
productive. At 20 K, this irradiation only yielded H20> as a product while, at 70 K, small
quantities of H2SO4 as well as its monohydrate and tetrahydrate forms were observed to
form. Such results complement previous studies on the formation of H2SO4 hydrates both
after the implantation of reactive sulphur ions into H>O ice as well as after the irradiation of
H>0 mixed with Sg.

These results are of great astrochemical significance as they imply that the formation
of sulphur-bearing volatile species such as SOz, CSz, and OCS as a result of the irradiation
of sulphur-free ices deposited on top of elemental sulphur layers is indeed favourable, and
may thus contribute to the diversity of sulphur-bearing molecular species in extra-terrestrial
environments. Indeed, the formation of H.SO4 hydrates after the irradiation of H20 ice on
top of sulphur at 70 K may constitute an additional source of these acidic species on the
surface of Europa. Interestingly, no H>S ice was detected throughout these experiments,
suggesting that its existence in space must be due to other processes.
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9.2 Scope for Future Work

The experiments presented in this thesis are merely the starting point for what is planned to
be a rigorous and in-depth study of sulphur ice radiation astrochemistry. Indeed, a number
of experiments that will build upon and extend the results described in previous chapters
have already been planned for the future. A description of some of these planned experiments
now follows.

9.2.1 Further Systematic Spectroscopic Characterisations

The need for more complete and systematic spectroscopic characterisations of sulphur-
bearing cryogenic molecular ices to facilitate their detection in astrophysical environments
such as the dense ISM or the outer Solar System was discussed in Chapter 1. The mid-
infrared spectroscopic characterisations of H2S and SO: ices deposited at various
temperatures and thermally annealed to sublimation that were presented in Chapter 5
therefore represent a convenient starting point for a campaign of similar characterisations of
other sulphur-bearing molecules of astrophysical relevance, including OCS, CS,, several of
the lower thiol homologues, and their mixtures with H>O ice. This campaign is planned to
take place using the ICA set-up in the near future.

Moreover, a systematic study is planned in which the mid-infrared spectra of SO2:H,0
ice mixtures of different stoichiometric compositions will be acquired in order to study the
influence of temperature and ice composition on the appearance and position of the
absorption band at approximately 3595 cm™ due to hydrogen bonding between SO, and
H-0, as well as the influence of these experimental parameters on the thermally induced
production of sulphur oxyanions. Such work is crucial in order to adequately constrain the
composition and chemical productivities of such ice mixtures in environments where they
are known to be present, such as on the surfaces of the icy Galilean moons of Jupiter.

Complementary spectroscopic characterisations of these species using other energies
of the electromagnetic spectrum may also prove useful for their detection in astrophysical
settings. Indeed, future work is planned with collaborators who have access to synchrotron
facilities at the University of Aarhus (Denmark) and the National Synchrotron Radiation
Research Centre (Taiwan) so as to carry out vacuum ultraviolet photoabsorption studies on
condensed sulphur-bearing ices. Work on this project is already underway, with the spectra
of SO, OCS, and CS: ices already having been recorded.

9.2.2 Radiolytic Formation of Thiols

The work presented in Chapters 7 and 8 focused on the potential formation of simple, volatile
sulphur-bearing molecules such as SO within astrophysical environments. However, similar
methodologies to those used in those chapters may be adapted to study the formation of more
complex organic species containing sulphur, such as thiols. Lower homologue thiols such as
CHs3SH or CH3CH>SH are known to exist in interstellar space (Linke et al. 1979,
Kolesnikova et al. 2014, Rodriguez-Almeida et al. 2021), and may thus be available to
participate in organic chemistry leading to the formation of more complex molecules of
relevance to biochemistry or geochemistry.

Work is therefore planned to assess the possible radiolytic formation of such thiols in
interstellar ice analogues. For example, experimental work on the irradiation of mixed ices
containing hydrocarbons (such as CH4 or C2Hs) and SOz by energetic electrons is planned
S0 as to gauge the potential formation of thiol molecules as a result of the insertion of sulphur
atoms sourced from the dissociation of SO> into the molecular structure of the hydrocarbons.
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Other potentially productive ices, such as hydrocarbon molecules deposited on top of
elemental sulphur layers irradiated by either ions or electrons, will also be investigated. Of
highest priority, however, is the implantation of reactive sulphur ions into various pure
hydrocarbon ices such as CHs and CzHs, since such a project has successfully attracted
funding in the form of a Europlanet Transnational Access Project grant.

The planned experimental work described above may also provide an insight into the
possible radiolytic formation of H»S in irradiated astrophysical ice analogues. Of all sulphur-
bearing molecules of potential astrophysical interest, H>S is arguably the least understood:
although the molecule should readily form as a result of the hydrogenation of sulphur atoms
on the surfaces of interstellar dust grains (Linnartz et al. 2015) and could potentially be one
of the most abundant interstellar sulphur-bearing species, no conclusive evidence exists for
its presence within interstellar icy grain mantles (Boogert et al. 2015, McGuire 2022). This
apparent discrepancy between the ease of surface-catalysed hydrogenation reactions and the
non-detection of solid H,S in interstellar space thus warrants further investigation.

9.2.3 Reactivity of HzS Ices

As described previously, the astrochemistry of solid H.S is poorly constrained since, despite
the apparent efficiency of hydrogenation reactions on the surfaces of interstellar dust grains
(Linnartz et al. 2015), no evidence of its existence in dense interstellar clouds has been found
(Boogert et al. 2015, McGuire 2022): instead, the only sulphur-bearing species known to
exist in interstellar icy grain mantles are SO, and OCS. It is therefore possible to hypothesise
that any H>S formed within interstellar icy grain mantles is efficiently converted to SO, and
OCS as a result of its radiation chemistry with carbon- and oxygen-bearing species.
Experiments to test this hypothesis have been planned and will be carried out in the near
future.

The experimental methodology that will be employed will not only seek to understand
what radiolytic products are formed as a result of the irradiation of H2S ices mixed with CO,
CO3, O, and H20 at 20 K; but will also attempt to determine whether the structure of the ice
plays an important role in the resultant radiation chemistry. To do this, three types of ices
will be considered: (i) mixed ices formed by the co-deposition of H.S and an oxygen-bearing
species, (ii) layered ices formed as a result of the deposition of H2S followed by the oxygen-
bearing species, and (iii) inverse layered ices formed as a result of the deposition of the
oxygen-bearing species followed by H>S. Since the icy grain mantle compositions most
amenable to the hypothetical formation of H2S are not known and thus it is not known
whether H>S formation would occur in the polar or apolar layers of the icy grain mantle, on
the surface of the bare dust grain, or on a layer of H>O ice, consideration of these mixed and
layered ice structures allows H»S radiation chemistry following its formation in many of
these molecular environments to be analysed.

9.2.4 Irradiation of Sulphur-Bearing Minerals

The irradiation of various sulphur-bearing minerals by galactic cosmic rays, stellar winds,
and magnetospheric ions may also constitute an important route to the formation of sulphur-
bearing molecules in astrophysical environments. Previous work on this subject is fairly
sparse, with only a few minerals or ionic solids having been irradiated (Benninghoven 1969,
Sasaki et al. 1978, Wiens et al. 1997, Johnson et al. 1998, McCord et al. 2001b). Given that
a number of minerals (some of which contain sulphur) are thought to exist in radiation
environments on the surfaces of the icy Galilean satellites (McCord et al. 2001a, McCord et
al. 2001b) and that these moons are considered to be prime locations for the existence of
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extra-terrestrial life, there is a strong motivation to better understand the radiation-induced
decay of these minerals and the molecules that result from such a process.

An experimental project aimed at further elucidating the radiation chemistry of a
selection of mineral species has therefore been proposed and has successfully attracted
funding in the form of a Europlanet Transnational Access Project grant. The proposed
project involves the irradiation of four mineral species with either 1 MeV proton or 1 MeV
S* ion beams (or both) using the ICA set-up. The four minerals were selected on the basis of
their relevance to different astrophysical environments: epsomite and halite (MgSQOa-7H20
and NaCl) are hypothesised to be important mineral components of the surface of Europa
(McCord et al. 2001b, Fox-Powell et al. 2019), while the silicates fayalite and berthierine
(FezSiO4 and (Fe?*,Fe®*,Al)3(Si,Al).05(OH)) may be representative of interstellar silicate
dust grains (Chiar and Tielens 2006, Fogerty et al. 2016).

Due to the non-transparent nature of most of these minerals, no mid-infrared spectra
can be collected in situ during irradiation, although the formation and sublimation of volatile
molecules may be monitored in situ using quadrupole mass spectrometry. Instead, mid-
infrared and ultraviolet-visible spectra of unirradiated mineral samples together with
samples irradiated using different projectile ion fluences will be measured ex situ in
collaboration with colleagues at the INAF Osservatorio Astrofisico di Catania (ltaly), the
Université Paris-Saclay (France), and the Institute of Technical Sciences of SASA (Serbia).

9.2.5 Radiation-Induced Sulphur Isotope Fractionations

Sulphur isotopic compositions in terrestrial rocks, shales, sediments, and mineral deposits
have found use as biosignatures as they are able to trace metabolic pathways associated with
biological sulphur cycling and isotope fractionations in past and present environments, such
as sulphate reduction, sulphide oxidation, and sulphur disproportionation (Moreras-Marti et
al. 2022). The extrapolation of processes known to result in isotope fractionations (i.e., the
accumulation of a favoured isotope in the products of a chemical reaction) in terrestrial
systems to extra-terrestrial settings, such as Mars and Europa, has long been proposed.
However, in order to effectively make use of sulphur isotopes as potential biosignatures for
sulphur-cycling in extra-terrestrial environments, it is necessary to determine whether abiotic
processes in those environments also result in sulphur isotope fractionations and, if so,
quantify the magnitude of discrimination.

A number of abiotic processes are known to result in sulphur isotope fractionations.
For instance, thermochemical sulphate reduction has been demonstrated to discriminate
against the 34S and *°S isotopes and in favour of the 32S and *3S isotopes (Machel et al. 1995,
Oduro et al. 2011). Furthermore, the mass-independent fractionation of sulphur isotopes is
known to occur as a result of the gas-phase photochemistry of SO and other sulphur-bearing
gases (Ono 2017). Biomass burning has also been experimentally demonstrated to result in
small-magnitude mass-independent fractionation of sulphur isotopes (Lee et al. 2002,
Shaheen et al. 2014, Lin et al. 2018), as have large stratospheric eruptions (Crick et al. 2021).

Despite this progress in understanding the abiotic drivers of sulphur isotope
fractionations, no experimental studies have yet attempted to ascertain the potential
influence of radiation chemistry on the fractionation of sulphur isotopes. The quantification
of radiation-driven isotope fractionations is of crucial importance if the proposed use of
sulphur isotopes measured from samples collected from Europa as potential biosignatures is
to be realised. A project has thus been proposed in which an elemental sulphur layer of
known isotopic composition is irradiated by various ion and electron beams at temperatures
relevant to both the interstellar medium as well as the outer Solar System so as to determine
whether any particular isotopes are favoured for incorporation into the resulting residue.
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Accurate isotopic compositions would need to be measured ex situ by combustion in an
elemental analyser connected in continuous flow mode to an isotope ratio mass spectrometer.
Further work in which elemental sulphur layers deposited below ice layers (similarly as to
what was performed in Chapter 8) are irradiated can also be performed with the aim of
determining whether the presence of an overlaying ice (as may be the case on the surface of
Europa or on the surface of interstellar dust grains) changes the fractionation of the
irradiation process and, consequently, the isotopic composition of the resultant residue.

9.3 Proposed Upgrades to the ICA Set-Up

Although the ICA set-up in its present state is a versatile and highly useful piece of scientific
equipment, it would benefit from future upgrades and modifications that would expand its
experimental capabilities and thus allow for more complex work to be performed as well as
avoid recurrent problems associated with the current set-up. A number of proposed upgrades
to the ICA are briefly discussed below, along with a concise proposal regarding the
commissioning of an ancillary facility aimed at better simulating interstellar dust grains and
mineral surfaces.

9.3.1 Spectroscopic Range and Removal of Atmospheric Contaminants

The mid-infrared spectrophotometer currently attached to the ICA set-up is a Thermo
Nicolet Nexus 670 FTIR spectrophotometer which offers a spectral range of 4000-650 cm™*
(2.5-15.4 um) and a maximum spectral resolution of 0.5 cm™. Such a configuration allows
for the mid-infrared spectroscopy of deposited and processed astrophysical ice analogues to
be studied in detail, as has been demonstrated throughout this thesis. However, the optical
components of the spectrophotometer are not maintained under vacuum, and thus the
acquired mid-infrared spectra are susceptible to absorptions by infrared active gaseous
species in the atmosphere of variable composition, particularly H.O and CO: (see, as an
example, the spectra depicted in Figs. 8.2 and 8.5). Although absorptions by these species
may be mitigated by continually purging the MCT detector using purified dry air, it is not
possible to totally exclude them. As such, instabilities in the purge flow of the detector or
abrupt changes in the climate of the laboratory (such as changes in atmospheric humidity)
may induce large, unwanted absorptions by atmospheric H2O or CO2 which decrease the
quality of the acquired spectra and make their interpretation and quantification significantly
more challenging.

In light of this, a new Bruker Vertex 70v FTIR spectrophotometer has been purchased
and is expected to be installed in April or May 2023. The optical components of this new
spectrophotometer, as well as the pathlength leading to its associated detector, may be
readily evacuated and maintained under light vacuum (a few 1072 mbar), thus removing
atmospheric gases and excluding their absorptions from any acquired spectra. Furthermore,
this new spectrophotometer offers an extended spectral range that may be investigated: the
nominal spectral range of the spectrophotometer and its associated deuterated L-alanine
doped triglycine sulphate (DLaTGS) detector is 8000-350 cm™ (1.25-28.57 um); however,
additional optical components as well as a specialised DLaTGS detector covering the 700-
10 cm? (14.28-1000 pm) range have also been included in the design of the
spectrophotometer so as to enable studies of the far-infrared and terahertz absorption spectra
of astrophysical ice analogues to be performed.

Far-infrared and terahertz spectroscopic studies of solid ices of astrophysical relevance
allow for intermolecular bonding vibrational modes to be probed, and thus may offer
increased information on the structure of an ice before and during its processing by ionising
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radiation or thermal annealing. Such a technique may therefore yield complementary results
to those obtained from the mid-infrared spectra presented in Chapter 6, wherein differences
in the radiation chemistry and physics of amorphous and crystalline solid ices under
otherwise equivalent experimental conditions were investigated. Despite its apparent utility
in laboratory astrochemistry, far-infrared spectroscopy has only been used in a handful of
studies (Moore and Hudson 1992, Moore and Hudson 1994, Hudson and Moore 1995, Allodi
etal. 2014, loppolo et al. 2014, McGuire et al. 2016), none of which considered any sulphur-
bearing species. The installation of this new spectrophotometer thus not only offers the
opportunity for higher quality spectra to be acquired, but also opens many new avenues of
spectroscopic research at higher wavelengths.

9.3.2 Ice Temperatures

Presently, the lowest temperature at which astrophysical ice analogues can be prepared using
the ICA set-up is 20 K. In principle, the lowest temperature to which the deposition
substrates may be cooled by the Leybold Coolpower 7/25 closed-cycle helium cryostat
currently attached to the chamber is approximately 8 K, as detailed within the user manual
provided by the manufacturer. In practice, however, this is limited to 20 K due to the
proximity of the chamber side walls to the deposition substrates, which is about 80 mm at
maximum. At this proximity, the chamber side walls are able to efficiently radiate heat to
the deposition substrates such that the lowest maintainable temperature that can be reached
is 20 K. Therefore, a larger chamber is required in order to reach a lower base temperature.

At 20 K, radicals formed as a result of the radiolytic dissociation of parent molecules
are fairly mobile within the ice structure and are thus not easy to isolate, as evidenced by the
paucity of open-shell species that were spectroscopically detected throughout this thesis. At
10 K, however, radical mobility would be significantly reduced and intermediate species in
radiation chemistry would thus accumulate to a greater extent than at higher temperatures,
thus facilitating their spectroscopic identification. A further motivation behind accessing
lower base temperatures exists in the fact that quiescent molecular cores in dense interstellar
clouds may reach temperatures of around 10 K (Tafalla et al. 2002), and so the ability to
access such low temperatures would expand the range of astrophysical environments that
may be simulated. Replacing the current chamber with a larger one would not only allow for
lower base temperatures to be accessed, but would also allow for an increased number of
ports in the chamber design to which new attachments (such as an ultraviolet photon lamp
or a helium-neon laser interferometry system) could be installed. In this way, the
experimental capabilities of the ICA would also be greatly expanded.

9.3.3 Determination of Ice Thicknesses and Optical Parameters

Throughout the experiments described in this thesis, the thicknesses of the deposited ice
samples were determined on the basis of the magnitude of their mid-infrared absorptions by
using the following equation:

P,m

pNAAs

d = 2.303 x 10* x

(Eq. 9.1)

where P is the area of a characteristic mid-infrared absorption band of an ice component, m
is the molecular mass of that component, p is its density, Na is the Avogadro constant and
As is the band strength constant for the absorption band over which Eq. 9.1 is integrated.
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It is important to note, however, that the values of As quoted in the literature for various
molecular ices are often valid only for pure ices at defined temperatures. Therefore, the use
of these values in determining the thickness of a multi-component ice deposited at or
annealed to a temperature different to that for which the utilised value of As was defined will
introduce an uncertainty in the calculated thickness value that may be as high as 50%
(Kanuchova et al. 2017). It would therefore be desirable to be able to determine the thickness
of a deposited astrophysical ice analogue in a manner that is independent of its spectroscopic
absorptions.

Laser interferometry represents a technique with which the thickness of a deposited
ice may be quantified without the need to assume any physical characteristics of the ice (such
as its density or the integrated band strength constant of a particular mid-infrared absorption
feature). This technique is based on monitoring the variations in the intensity of a helium-
neon laser beam resulting from interference between laser light reflected from the surface of
the ice and from the substrate-ice interface (Fig. 9.1). These variations, measured using a
photodiode, result in the production of a fringe pattern such as those depicted in Fig. 9.2.
The number of fringes Nf- observed in this pattern is related to the thickness of the ice d as
follows (Groner et al. 1973, Goodman 1978):

_ Nga
~ 2ncos6,
(Eq.9.2)
Or alternatively as (Heavens 1955):
J= NgA
24/n? — sin 26,
(Eq. 9.3)

where / is the wavelength of the helium-neon laser in vacuo (0.6328 um), # is the refractive
index of the ice, o is the angle of reflection at the ice surface, and 61 is the angle of reflection
at the substrate-ice interface (Fig. 9.1).

r, ttr

Incident 1 112

Gold
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n2

Fig. 9.1: Optical ray diagram exhibiting the various reflection and refraction processes leading to the detected
interference of the helium-neon laser light. Image taken from Westley et al. (1998).
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Fig. 9.2: Examples of typical fringe patterns observed during laser interferometry of H,O ices deposited at
different temperatures. Image taken from Westley et al. (1998).

It is possible to observe that the only variable in Egs. 9.1 and 9.2 that is either not
defined by the geometry of the chamber set-up or by the speed of light in vacuo is the ice
refractive index z. However, this value may be either estimated or accurately calculated,
depending on whether one or two helium-neon lasers are available for use. If one laser is
available, then the refractive index may be estimated from the ratio of the maxima and
minima of the fringe pattern: more information on this may be found in the works of Berland
et al. (1994) and Westley et al. (1998). Conversely, if two laser beams are available and are
impinging on the surface of the ice at two different angles to the normal (for the sake of this
discussion, these angles shall be defined as 6, and 6p), then the refractive index of the ice
can be calculated directly. This may be done by first plotting the ice deposition time (in
seconds) against the number of fringes observed in the interferometric pattern measured by
both laser beams: these plots result in straight lines having slopes I, and lg. From this
information, the refractive index may be calculated through the following equation
(Tempelmeyer and Mills 1968, Hudson et al. 2017):

l 2
sin0g — (ﬁ) sin26,

l 2
- (1)
lg

(Eq. 9.4)
Assuming that 6, < 6.

The ability to determine the thickness of a deposited ice via interferometry not only
reduces the uncertainty with which it is associated, but also opens the possibility for a new
type of study: the measurement of integrated band strength constants As. Such values are of
paramount importance in gauging the column densities of ices observed in interstellar space,
but are known to vary considerably with temperature and ice composition. Therefore, there
exists a need for thorough and systematic quantifications of these constants for ices under
various experimental conditions. This may be achieved by simply depositing an ice and
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measuring the area of a particular mid-infrared absorption band as a function of the ice
thickness as determined through laser interferometry. Rearranging Eq. 9.1 yields:

deAAS
m

2.303 X P, =

(Eg. 9.5)

Assuming that the ice thickness is measured in centimetres. To simplify this equation, it is
possible to consider the molecular density of the ice pmol:

Pmol = %
m
(Eg. 9.6)
Substituting Eqg. 9.6 into Eq. 9.5 yields:
2.303 X P, = dAgppo
(Eq. 9.7)
Thus, a simple plot of 2.303 x P, against d yields a straight line having a slope of:
l = AsPmol
(Eq. 9.8)

From which As is easily calculable if pmor is known.

In the event that pmor 1S not known, it is desirable to be able to experimentally quantify
it. This parameter is evidently related to the density of the ice (Eq. 9.6), which may be
measured if a quartz crystal microbalance (QCM) is available either alongside a deposition
substrate or in place of one. The QCM is a microgravimetric device consisting of a quartz
acoustic resonator whose frequency may be readily measured, and which is positioned
beneath a flat surface of defined area which is typically made of a polished reflective material
such as gold. This surface may be cooled in a similar fashion to the ZnSe deposition
substrates present in the ICA, and is thus available to act as a surface onto which
astrophysical ice analogues may be condensed. The deposition of an ice onto the cold surface
of the QCM causes a damping of the resonance frequency. This frequency decrease is related
to the mass of the deposited ice M through the Sauerbrey relation (Sauerbrey 1959):

Av = —kM
(Eqg. 9.9)

where k is a constant (Hz g) which takes into account the resonant frequency of the
fundamental mode, the density and shear modulus of quartz, and the piezoelectrically active
crystal area. The thickness of the ice deposited onto the QCM may be determined via laser
interferometry as described above. As the surface area of the QCM onto which the ice was
deposited is known, the volume of the ice may be easily calculated by multiplying this
surface area by the measured thickness. The density is thus simply the ratio of the mass
deposited to the volume of the ice.

It is therefore evident that the inclusion of two helium-neon lasers (and their respective
photodiodes) as well as a QCM would greatly expand the experimental capabilities of the
ICA by allowing independent measurements of the thicknesses of deposited ices, as well as
the determination of mid-infrared integrated band strength constants, refractive indices, and
ice densities. For this reason, these upgrades should be considered to be of high priority.
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9.3.4 Quadrupole Mass Spectrometry

One notable feature of this thesis is the lack of mass spectrometric data presented. As
described in Chapter 4, the ICA is equipped with a quadrupole mass spectrometer (QMS)
which is able to provide a semi-quantitative indication of the gas-phase species within the
chamber. Such information is particularly useful during ion irradiation and thermal
annealing experiments, as it provides an important insight into the nature of those species
sputtered or desorbed as a result of these respective processes. Despite this, no data collected
by the QMS has been included in this thesis.

The reason for this is fairly mundane: during one of the major campaigns during which
a significant amount of the data presented in this thesis was collected, the QMS developed a
fault and had to be returned to the manufacturer for servicing for a number of weeks. In light
of this unfortunate happenstance, it was decided that the focus of this thesis should be the
radiation astrochemistry discerned through mid-infrared absorption spectroscopy, thus
coherently linking the results presented in each chapter of the thesis. Future studies focusing
on the nature and extent of radiation induced sputtering and desorption, as well as thermally
induced sublimation, making extensive use of the QMS are planned.

It should be noted, however, that these planned future studies will not be performed
using the Pfeiffer QME200 QMS that was initially installed to the ICA due to the fact that
this device is only able to detect fragments with a mass-to-charge ratio of up to 200 amu and
scans through this range of masses over a comparatively slow time-scale of a few minutes.
A new QMS (Pfeiffer QMG250-F3) which is able to detect fragments with a mass-to-charge
ratio of up to 300 amu and which is able to scan through this range of masses in about 2.5
seconds has very recently been installed to the ICA, and so future studies will be performed
with this instrument.

9.3.5 Improved Simulation of Astrophysical Surfaces

The final suggested improvement to the experimental astrochemistry facility at Atomki is
not an upgrade to the ICA itself, but is rather a recommendation in favour of commissioning
an ancillary instrument tasked with better simulating the surface morphologies of interstellar
dust grains and Solar System objects. The poor analogue provided by the ZnSe and metallic
deposition substrates traditionally used in most experimental astrochemistry chambers was
discussed in Section 4.4: however, recent progress has allowed for the design and
development of novel set-ups able to levitate and spectroscopically characterise interstellar
dust grain analogues in an ultrasonic trap (Mason et al. 2008, Brotton and Kaiser 2013, Dangi
and Dickerson 2021).

Ultrasonic levitation is a specific example of the more generalised concept of acoustic
levitation, in which a standing wave is generated in a gaseous medium (such as a noble gas
or dry nitrogen) via the reflection of an ultrasonic wave of known frequency produced by a
piezoelectric transducer. Given the known speed of sound in air (344 m s at 20 °C and
under atmospheric pressure), the wavelength of the standing wave may be estimated as the
ratio of this speed to the oscillatory frequency. Knowledge of this wavelength allows the
distance between the transducer and the reflector plate to be set to a specified distance within
which a known number of nodal points exist. Any solid or liquid particles coincident in space
with the standing wave are subjected to so-called acoustic radiation pressure resulting in a
hydrodynamic force that counteracts gravity, thus suspending (i.e., levitating) the particles
in the anti-nodal points of the standing wave which correspond to the pressure minima
(Wang and Lee 1998, Brandt 2001, Xie and Wei 2001). It should be noted that, in order for
a particle to be levitated in this way, it must have a maximum diameter that is smaller than
the wavelength of the ultrasonic wave.
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The main advantage of ultrasonic levitation is that solid dust particles of irregular (i.e.,
fractal) geometries and dimensions may be studied spectroscopically by incorporating the
transducer and reflector into a chamber which is first evacuated before being filled to a
desired pressure with a gaseous medium in which the standing wave is formed (Fig. 9.3).
For example, Brotton and Kaiser (2013) successfully levitated epsomite (MgSQO4-7H20) and
gypsum (CaSO4-2H>0) microparticles and studied their Raman spectroscopy both before
and after heating using a CO> laser. They found that heating efficiently abstracts H.O
molecules from the crystal structure thus producing new mineral phases in varying stages of
dehydration; most notably sanderite (MgSO4-2H20), bassanite (CaSO4-%2H.0), and
anhydrite (CaSOg4). Dangi and Dickerson (2021) used a similar set-up to demonstrate that
the Raman spectra of small particles of polystyrene show evidence of efficient amorphisation
as a result of their irradiation by ultraviolet photons, while the particles themselves undergo
visible blackening after more prolonged irradiation.

Furthermore, the chemistry in which interstellar dust grain surfaces partake as a result
of energetic processing may also be probed in the ultrasonic trap: if the gaseous medium in
which the ultrasonic standing wave is generated is not an inert gas (e.g., CO2, SO2, N20),
then gas molecules may react with the dust grain during its energetic processing via laser-
induced heating, ultraviolet photon irradiation, or ion or electron beam irradiation. The
resultant chemical changes may be studied in situ using various spectroscopic techniques, as
well as ex situ after recovery of the particulate sample. Indeed, such an experimental
methodology may lend itself to not only understanding chemical and mineralogical
processes that occur in interstellar space, but may also provide an insight into processes
occurring in terrestrial environments such as hydrothermal vents.
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Fig. 9.3: Schematic diagram of a process chamber containing an ultrasonic levitator as constructed by Brotton
and Kaiser (2013). Ultrasonic sound waves generated by the piezoelectric transducer (E) are reflected by a
concave reflector (D), thus generating a standing wave. A linear manipulator (A) allows the distance between
the transducer and reflector to be adjusted to accommodate a desired number of half-integer wavelengths. The
pressure amplitude of the standing wave is monitored by connecting the output of the piezoelectric sensor (C)
via a connector (B) to an oscilloscope. The radio frequency power to the transducer is supplied by a separate
connector (F). A support structure (G) is also included.
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By enclosing the ultrasonic levitator within a chamber, it is possible to control the
humidity of the gaseous medium in which the standing wave is generated either by using a
humidity controller or by mixing anhydrous and H>O-saturated gas in different combinations
(Schlegel et al. 2012). The introduction of H20 to the gaseous medium would allow it to
participate in chemical reactions and processes with the levitated dust particles, such as
mineral rehydration (Brotton and Kaiser 2013). Furthermore, Mason et al. (2008) noted that
H>O from humid gaseous media may actually condense onto the dust particles, thus
producing a realistic interstellar icy grain analogue. This phenomenon is the result of the
decreased temperature at the pressure minima of the standing wave, in line with Amonton’s
Law (Bauerecker and Neidhart 1998).

From an astrochemical perspective, the cooling of the gaseous medium surrounding
the levitated dust particles is highly desirable, as it allows for condensation processes and
surface interactions relevant to interstellar chemistry and planetary science to be studied at
relevant temperatures. There is, for example, a strong motivation to further characterise the
mid-infrared spectra of various ices deposited onto levitated carbonaceous dust grains, as
previous studies have suggested that these may differ in appearance to mid-infrared spectra
of ices deposited onto flat optical windows serving as deposition substrates (Mason et al.
2008). Indeed, suggestions have been made with regards to incorporating closed-cycle
helium cryostats or liquid nitrogen cooling systems into the overall design of the
experimental set-up (Brotton and Kaiser 2013, Dangi and Dickerson 2021).

Lastly, it should be noted that some unwanted processes may occur within an
ultrasonic trap, most notably microparticle coagulation and clumping (Mason et al. 2008).
The probability of clumping is a function of the frequency of the generated standing wave
and of the diameter of the particles. For instance, Mason et al. (2008) stated that the optimum
frequency for the clumping of microparticles 0.1-10 pm in diameter is about 27 kHz.
Therefore, if the oscillatory frequency of the standing wave is close to this value,
microparticles in this size range will efficiently coagulate. Fortunately, the optimum
frequency for clumping is also inversely related to the gas pressure, and so this problem may
be easily circumvented by increasing the pressure of the gas within the process chamber thus
driving the optimum clumping frequency to lower values.

The scientific advantages gained through the construction of an ultrasonic trap in more
accurately modelling interstellar dust grain and planetary surfaces are therefore significant.
The individual components of such a set-up are also commercially available and, with the
exception of the spectrophotometers, are not particularly expensive. Once constructed, the
set-up would be sufficiently versatile as to allow for studies to be conducted that may bear
relevance to other fields of research, such as atmospheric chemistry and combustion science.

9.4 Summary

In this chapter, a summative overview of the outcomes of this thesis and suggestions for
future research in this field have been provided. The chapter begins with a detailed
evaluation of the experimental results obtained and to what extent these answer the questions
that were initially posed in Chapter 1. A thorough discussion of possible future experiments
that build off the results presented throughout this thesis has also been included, with a
particular focus on further spectroscopic characterisations, radiation chemistry, and new
experiments bridging the gap between astrochemistry and isotope geochemistry. The chapter
concludes with a series of suggested upgrades to the ICA set-up which would greatly expand
its experimental capabilities, as well as a concise but detailed discussion on the
recommended commissioning of an ancillary ultrasonic trap that would allow for a more
accurate study of interstellar dust grain and planetary surfaces.
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APPENDIX A:

SRIM CALCULATION OUTPUT GRAPHS

In this appendix, the output graphs for the various SRIM calculations performed as part of this thesis
are presented. The graphs depict the ion ranges for projectile ions impacting molecular ices for the
ion irradiation experiments considered herein. Physical parameters considered in each simulation
(e.g., ice thickness, density, temperature, etc.) are provided in each figure caption.
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Fig. A.1: SRIM output graphs demonstrating the projectile ion penetration profile of a) 200 keV, b) 400 keV,
c) 750 keV, and d) 1 MeV protons impacting an amorphous CH3OH ice (p = 0.636 g cm~3) at 20 K and at an
incidence angle of 36° to the normal. These irradiations were discussed in Chapter 4.
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Fig. A.2: SRIM output graph demonstrating the projectile ion penetration profile of a 6 MeV S* ion beam
impacting an amorphous CH3OH ice (p = 0.636 g cm~3) at 20 K and at an incidence angle of 36° to the normal.
The irradiation of this ice by a 6 MeV S?* ion was discussed in Chapter 4; however, SRIM is not able to perform

calculations for multiply charged projectile ions.
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Fig. A.3: SRIM output graph demonstrating the projectile ion penetration profile of a 290 keV S* ion beam
impacting an amorphous CO; ice (p = 0.98 g cm~) at 20 K and at an incidence angle of 36° to the normal. This

irradiation was discussed in Chapter 7.
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Fig. A.4: SRIM output graph demonstrating the projectile ion penetration profile of a 290 keV S* ion beam
impacting a crystalline CO; ice (p = 1.48 g cm3) at 70 K and at an incidence angle of 36° to the normal. This
irradiation was discussed in Chapter 7.
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Fig. A.5: SRIM output graph demonstrating the projectile ion penetration profile of a 400 keV S* ion beam
impacting a CO ice (p = 0.8 g cm™) at 20 K and at an incidence angle of 36° to the normal. This irradiation
was discussed in Chapter 7.
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Fig. A.6: SRIM output graph demonstrating the projectile ion penetration profile of a 400 keV S* ion beam
impacting a crystalline Oz ice (p = 1.54 g cm~3) at 20 K and at an incidence angle of 36° to the normal. This
irradiation was discussed in Chapter 7.
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Fig. A.7: SRIM output graph demonstrating the projectile ion penetration profile of a 1 MeV He* ion beam
impacting a pure elemental sulphur layer (p = 2.07 g cm=) at 20 K and at an incidence angle of 36° to the
normal. Although this irradiation was not performed, this information is useful for the interpretation of the data
presented in Chapter 8.
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Fig. A.8: SRIM output graph demonstrating the projectile ion penetration profile of a 1 MeV He* ion beam
impacting a crystalline O ice (p = 1.54 g cm~3) of thickness 0.20 pm deposited on top of a layer of elemental
sulphur at 20 K and at an incidence angle of 36° to the normal. This irradiation was discussed in Chapter 8.
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Fig. A.9: SRIM output graph demonstrating the projectile ion penetration profile of a 1 MeV He* ion beam
impacting a CO ice (p = 0.8 g cm®) of thickness 0.20 pm deposited on top of a layer of elemental sulphur at
20 K and at an incidence angle of 36° to the normal. This irradiation was discussed in Chapter 8.
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Fig. A.10: SRIM output graph demonstrating the projectile ion penetration profile of a 1 MeV He* ion beam
impacting an amorphous CH3OH ice (p = 0.636 g cm) of thickness 1.30 um deposited on top of a layer of
elemental sulphur at 20 K and at an incidence angle of 36° to the normal. This irradiation was discussed in
Chapter 8.
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Fig. A.11: SRIM output graph demonstrating the projectile ion penetration profile of a 1 MeV He* ion beam
impacting an amorphous CO; ice (p = 0.98 g cm3) of thickness 0.07 um deposited on top of a layer of elemental
sulphur at 20 K and at an incidence angle of 36° to the normal. This irradiation was discussed in Chapter 8.
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Fig. A.12: SRIM output graph demonstrating the projectile ion penetration profile of a 1 MeV He* ion beam
impacting a crystalline COz ice (p = 1.48 g cm™) of thickness 0.05 um deposited on top of a layer of elemental
sulphur at 70 K and at an incidence angle of 36° to the normal. This irradiation was discussed in Chapter 8.
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Fig. A.13: SRIM output graph demonstrating the projectile ion penetration profile of a 1 MeV He* ion beam
impacting an amorphous H,O ice (p = 0.94 g cm~2) of thickness 1.20 pm deposited on top of a layer of elemental
sulphur at 20 K and at an incidence angle of 36° to the normal. This irradiation was discussed in Chapter 8.
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Fig. A.14: SRIM output graph demonstrating the projectile ion penetration profile of a 1 MeV He* ion beam
impacting an amorphous H20 ice (p = 0.94 g cm3) of thickness 1.00 um deposited on top of a layer of elemental
sulphur at 70 K and at an incidence angle of 36° to the normal. This irradiation was discussed in Chapter 8.
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APPENDIX B:

CASINO CALCULATION OUTPUT GRAPHS

In this appendix, the output graphs for the various CASINO calculations performed as part of this
thesis are presented. The graphs depict the penetration depths for projectile electrons impacting
molecular ices for the electron irradiation experiments considered herein. Physical parameters
considered in each simulation (e.g., ice thickness, density, temperature, etc.) are provided in each

figure caption.
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Fig. B.1: CASINO output graph demonstrating the projectile electron penetration profile of a 2 keV electron
beam impacting an amorphous (p = 0.636 g cm~3) and a crystalline (o = 0.838 g cm3) CH3;OH ice at 20 K and

at an incidence angle of 36° to the normal. These irradiations were discussed in Chapters 4 and 6.
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Fig. B.2: CASINO output graph demonstrating the projectile electron penetration profile of a 2 keV electron
beam impacting an amorphous (p = 1.263 g cm~) and a crystalline (o = 1.591 g cm~3) N,O ice at 20 K and at
an incidence angle of 36° to the normal. These irradiations were discussed in Chapter 6.
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Fig. B.3: CASINO output graph demonstrating the projectile electron penetration profile of a 2 keV electron
beam impacting a H,O ice (p = 0.94 g cm3) at 20 K and at an incidence angle of 36° to the normal. This
irradiation was discussed in Chapter 6.
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Fig. B.4: CASINO output graph demonstrating the projectile electron penetration profile of a 2 keV electron
beam impacting a HS ice (p = 1.22 g cm3) at 20 K and at an incidence angle of 36° to the normal. This
irradiation was discussed in Chapter 6.
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Fig. B.5: CASINO output graph demonstrating the projectile electron penetration profile of a 1.5 keV electron
beam impacting a SO ice (p = 1.89 g cm=) at 20 K and at an incidence angle of 36° to the normal. This
irradiation was discussed in Chapter 6.
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