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The use of mid-infrared spectroscopy to characterise the chemistry of icy interstellar and Solar System
environments will be exploited in the near future to better understand the chemical processes and
molecular inventories in various astronomical environments. This is, in part, due to observational work
made possible by the recently launched James Webb Space Telescope as well as forthcoming missions
to the outer Solar System that will observe in the mid-infrared spectroscopic region (e.g., the Jupiter Icy
Moons Explorer and the Europa Clipper missions). However, such spectroscopic characterisations are
crucially reliant upon the generation of laboratory data for comparative purposes. In this paper, we
present an extensive mid-infrared characterisation of SO, ice condensed at several cryogenic
temperatures between 20 and 100 K and thermally annealed to sublimation in an ultrahigh-vacuum
system. Our results are anticipated to be useful in confirming the detection (and possibly thermal
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history) of SO, on various Solar System bodies, such as Ceres and the icy Galilean moons of Jupiter,
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1. Introduction

Spectroscopic techniques are a primary tool in the determina-
tion of the chemical compositions of interstellar and Solar
System environments, which may in turn provide an insight
into the chemical and geophysical processes occurring there.
Rotational spectroscopy, for instance, has been effectively used
to confirm the presence of at least 270 individual molecular
structures within the gas-phase of the interstellar medium.">
In the condensed phase, however, rotational motion is restricted
and thus alternative spectroscopic methods must be utilised
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as well as in interstellar icy grain mantles.

instead. Mid-infrared transmission absorption spectroscopy has
allowed for the identification of about 20 molecules in interstellar
icy grain mantles,** while reflectance absorption spectroscopy has
been used extensively in the laboratory study of minerals and
molecular ices relevant to Solar System environments.

The recent launch of the James Webb Space Telescope offers
an unprecedented opportunity to probe the chemical composi-
tion of the icy cosmos with extremely sensitive mid-infrared
spectroscopic measurements.*” In combination with measure-
ments made by other telescopes working in this spectral range
(e.g:, the Spitzer Space Telescope and the Infrared Space Observatory),
it is anticipated that much will be revealed with regards to the
solid-phase astrochemical processes occurring in dense interstellar
clouds, circumstellar discs, icy moons and dwarf planets, comets,
and Kuiper Belt objects. Moreover, a number of forthcoming space
missions to the outer Solar System will include infrared imaging
spectrometers as part of their scientific payloads, and will thus
generate copious spectroscopic data. For instance, the jupiter Icy
Moons Explorer mission (launched 14th April 2023) contains the
MAJIS infrared imaging spectrograph which will be able to observe
the surfaces of the Jovian moon system down to a wavenumber of
about 1750 cm™!, while the MISE and E-THEMIS instruments
aboard the Europa Clipper mission to Europa (scheduled launch
10th October 2024) will provide spectroscopic data coverage over
the near-, mid-, and far-infrared ranges.

This journal is © the Owner Societies 2023
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However, in order to correctly interpret spectroscopic infor-
mation gathered by such instruments, it is necessary to have
laboratory-generated data with which to compare. To this
end, our research group has been active in characterising the
mid-infrared spectra of various molecular ices relevant to
astrochemistry, including CO,*” and 0;.® In this paper, we
build upon our previous work and present a thorough and
systematic mid-infrared characterisation of pure SO, ice depos-
ited at various cryogenic temperatures and thermally annealed
to sublimation. The need for more spectroscopic data on
sulphur-bearing astrophysical ice analogues was highlighted
in a recent review,” and is reflective of our comparatively
incomplete understanding of sulphur ice astrochemistry, par-
ticularly as it relates to solid SO,. Indeed, the detection of this
molecule in interstellar icy grain mantles is still tentative along
many lines of sight due to a lack of multiple matching infrared
absorption bands between observational and laboratory data.?

When surveying the lines of sight towards the young stellar
objects W33A and NGC-7538:IRS1, Boogert and co-workers'®
observed an infrared absorption band whose position and
profile were somewhat consistent with that of the ; mode of
solid SO, either as a pure ice or mixed with CH;OH. Recently
published data from the james Webb Space Telescope has also
suggested the presence of SO, ice in the dense cloud Chamae-
leon I along lines of sight towards the background stars NIR38
and J110621, and estimated that the contribution of SO, in this
cloud to the total sulphur budget was less than 1% of the
expected cosmic abundance.” The source of interstellar SO, ice
remains uncertain, but prevailing hypotheses posit it is either
the result of direct condensation from the gas phase'® or
the irradiative processing of refractory solids (e.g., elemental
sulphur or sulphur-based minerals) that are difficult to observe
in the infrared in contact with oxygen-bearing ices.""'* Indeed,
previous experimental work has suggested that the irradiative
processing of SO, ice using 1.5 keV electrons results in a
relatively facile conversion to infrared-inactive molecular forms
of sulphur.™

The detection of SO, on various Solar System bodies has also
proven to be somewhat contentious, due to these observations
primarily relying on ultraviolet-visible spectroscopy, which is
more ambiguous than infrared spectroscopy in categorically
assigning absorption features to particular molecular species.
For example, Hendrix et al'* 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 montmor-
illonite) intermixed with solid SO, and allotropic forms of
elemental sulphur. Such an interpretation would carry intriguing
implications for the Cererian surface and near-subsurface, as it is
suggestive of sustained geothermal activity leading to the active
outgassing of sulphur-bearing molecules. This interpretation has,
however, been met with some resistance. Firstly, none of the
infrared bands attributable to SO, was detected by the VIR spectro-
meter aboard the Dawn mission." Although such a non-detection
is not supportive of the idea of SO, ice on the surface of Ceres, it
does not necessarily exclude its presence there since these bands
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could be obscured by dark surface material or could be blended
with spectral features assigned to carbonate minerals.'® 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,"”” and would thus lead to surface
patches of SO, that are far too small to produce measurable
spectral features in global reflectance spectra.’® In light of its
inherent interest to astrobiology, future missions to Ceres
equipped with infrared spectrometers have been proposed to
better understand the surface composition of the dwarf
planet.'*?°

Solid SO, is also present within the outer Solar System,
perhaps most famously so on the surfaces of the icy Galilean
moons of Jupiter. There, SO, chemistry is most extensive on the
surface of Io which, as the most volcanically active body in the
Solar System, emits about one tonne of sulphur-bearing volca-
nic ejecta (largely in the form of SO, and elemental sulphur) per
second.>* Multiple fates exist for this volcanically-sourced SO,,
including ionisation and dissociation in the Jovian magneto-
sphere, retention in the Ionian exosphere, or condensation
onto the Ionian surface.??”>* In the case of SO, not lost to the
Jovian magnetosphere, quotidian temperature variations on Io
allow for SO, to be cycled between the surface and the exo-
sphere. During the day, when temperatures are warmer, sub-
limation of surface SO, ice populates the exosphere along with
trace quantities of SO, S,, NaCl, and KCL>®> As temperatures
drop during the night or during an eclipse, much of this
exosphere then collapses due to the condensation of the SO,
back to the surface.”® Thoroughly characterised mid-infrared
spectra of SO, at different temperatures will thus aid in further
comprehending the SO, cycle on Io.

Such spectra would also be useful in further elucidating the
distribution and chemistry of SO, on the surface of the neigh-
bouring Galilean moon Europa, where it is thought to partici-
pate in an ongoing radiation-driven process in which sulphur is
cycled between various molecular forms (including SO,, H,SO,
hydrates, and elemental sulphur) as a result of the interaction
of incident ionising radiation supplied by the giant Jovian
magnetosphere with the surface.”®*” Due to the ability of
sulphur to adopt a number of different oxidation states, the
oxides of sulphur (including SO,) are able to participate in a
rich redox chemistry.”® Many of these redox reactions are
thermally viable under cryogenic conditions such as those
expected on the surfaces of icy outer Solar System bodies*®™>*
and may thus be important drivers of chemical disequilibrium
in these environments.>*™° Therefore, confirming the detec-
tion of SO, on outer Solar System bodies of astrobiological
interest is crucial to accurately assessing the potentially life-
sustaining redox chemistry that occurs there. To date, however,
studies of the presence and distribution of SO, across the
surface of Europa have exclusively relied on ultraviolet-visible
spectroscopy’' ™ which, as previously mentioned, is not ideally
suited for the unambiguous identification of molecular species.

There therefore exists a strong motivation to produce
laboratory-generated mid-infrared spectroscopic data to support
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Tablel Summary of the major mid-infrared absorption features of SO, ice (and 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 )

This study
Reference Reference Reference Reference Reference Reference Reference Reference

Mode Assignment A B C D E F G H Amorphous Crystalline

vy 328180160 — — — — 1122 1121 1120.6 1121.5 — 1120.5
315160, - 1140.1 1140.5 1140.0 1141 1140 1140.4 — - 1140.0
328150, A, 1145.8 1142.8 1147.0 1143.0 1144 1144 1144.8 — 1147.5 1142.8
TO)
gzslﬁo2 Ay — — 1160.0 1150.0 1148 — — 1148.0 — 1149.1
LO
1(52 1)8 16,

Vs s*0' 0 — — — — — — 514.3 — — —
346160, — — 517.0 — — 517 — — — —
32810, A, 520.1 520.8 525.0 522.7 524 521 522.0 525.4 — —
(T0)
32810, A, — — 546.0 530.0 542 528 — 533.1 — —
(LO)

Vs 365160, — — — — — — 1288.8 — — —
328180160 — 1302.8 — 1302.8 — — — — — 1302.8
345160, — 1304.5 1304.0 1304.3 1304 1303 1302.8 1305.8 — 1304.8
32810, B, 1315.5 1310.8 1313.0 1310.1 1312 1310 1315.2 1316.4 — 1311.9
(10)
3281%0, B, — 1321.6 1327.0 1323.3 1324 1322 1323.2 1329.6 1323.7 1323.4
(10)
3281%0, B, — — 1358.0 1345.0 1341 1334 — — — 1342.4
(LO)

v, + 1, 2280, 1607.6 1611.3 — — — — — — 1609.7 1609.7

v+ 280, — 2433.7 — 2433.7 — 2432 2433.5 2435.5 — 2433.8
326160, 2455.8 2456.2 2457.4 2456.2 — 2455 2456.5 2456.7 2456.9 2456.7

vy + 13 2280, — — — — — — — 1850.1 — —

2u, + 13 22810, — 3584.5 — — — — — — — —

20, 346160, — 2273.9 — 2273.9 — — 2274.3 — — —
328160, 2288.4 2287.4 2288.2 2287.4 — 2287 2288.0 2289.7 — 2287.4

Reference A: Schriver-Mazzuoli et al.** for an amorphous ice at 30 K. Reference B: Schriver-Mazzuoli et al.** for a crystalline ice at 90 K. Reference C:
Anderson and Campbell®* for a crystalline ice at 20 K. Reference D: Khanna et al.>” for a crystalline ice at 90 K. Reference E: Anderson and Savoie®
for a crystalline ice at 77 K. Reference F: Giguére and Falk® for a crystalline ice at 98 K. Reference G: Barbe et al.*® for a crystalline ice at 77 K.

Reference H: Nash and Betts*® for a crystalline ice at 80 K.

the detection of SO, in observed interstellar and outer Solar System
ices. Indeed, the mid-infrared absorption spectroscopy of pure SO,
ice was studied by Schriver-Mazzuoli et al.,** who have arguably
provided the most detailed spectroscopic analysis of this ice to
date by considering the reflectance absorption spectroscopy of SO,
deposited at 11 and 30 K and thermally annealed to higher
temperatures. They found that, at 30 K, amorphous SO, ice
presents three fundamental absorption bands associated with
the symmetric stretching (v4), bending (1,), and antisymmetric
stretching (v;) modes respectively located at 1145.8, 520.1, and
1315.5 em™ " These values match fairly well (within 5 cm™ ') with
those reported by older studies (Table 1). Thermal annealing of a
low temperature amorphous SO, ice results in its crystallisation at
temperatures above 70 K, resulting in a narrowing of the stretching
mode bands and the development of band sub-structures attribu-
table to various SO, isotopologues and the LO-TO splittingT of the
3261%0, bands.**™® Other mid-infrared spectroscopic studies have

+ 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.

26280 | Phys. Chem. Chem. Phys., 2023, 25, 26278-26288

also been performed with the aim of characterising higher fre-
quency overtone and combination bands*”*® or the structure of
the SO, dimer.***°

In order to better detect the presence of SO, ice in various
astronomical environments and assess its thermal history,
systematic and quantitative laboratory studies of its mid-
infrared spectroscopy under different deposition and thermal
annealing conditions are required. Such laboratory-generated
data will not only aid in better defining the sulphur content of
the cosmos, but will also provide insights into the chemical and
geophysical conditions of various planetary-like bodies that are
of current astrobiological interest. Such work is the objective of
this paper, wherein we present an analysis of mid-infrared
spectroscopic data acquired during the thermal annealing of
pure SO, ices deposited at 20, 40, 70, and 100 K under
ultrahigh-vacuum conditions, with a particular focus on the
v, and v; fundamental modes and the v; + v; combination
mode.

2. Experimental methodology

Experimental work was carried out using the Ice Chamber for
Astrophysics-Astrochemistry (ICA); a set-up for laboratory

This journal is © the Owner Societies 2023
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astrochemistry located at the Institute for Nuclear Research
(Atomki) in Debrecen, Hungary. The set-up has been described
in detail in previous publications,”>*® and so only a brief
overview of its most salient features is provided in this paper.
The ICA is an ultrahigh-vacuum-compatible chamber with a
base pressure of a few 10~ ° mbar which is maintained by the
combined action of a turbomolecular pump and a scroll pump.
Within the centre of the chamber is a gold-coated oxygen-free
high-conductivity copper sample holder into which up to four
ZnSe deposition substrates may be mounted. The sample
holder is held in contact with the cold finger of a closed-cycle
helium cryostat which allows it to be cooled to 20 K. Tempera-
ture regulation in the range 20-300 K is achieved by setting an
equilibrium between an internal cartridge heater and the cool-
ing effect of the cryostat.

Pure SO, ices were prepared on the cooled ZnSe deposition
substrates via background deposition of SO, gas (99.8% purity,
Linde). The gas was first introduced into a pre-mixing line
before being dosed into the main chamber at a pressure of a
few 10~ ® mbar, which corresponds to an average ice thickness
growth rate of approximately 0.03 pum min~". The growth (and
subsequent thermal annealing) of the ices were monitored in situ
by Fourier-transform mid-infrared transmission absorption spectro-
scopy (spectral range = 4000-650 cm ™ *; resolution = 0.5 cm ™ *) using
a Thermo Nicolet Nexus 670 spectrophotometer and by maintaining
the infrared spectroscopic beam at normal incidence to the ice
samples. Pure SO, ices were deposited at temperatures of 20, 40, 70,
and 100 K and then thermally annealed at a rate of 2 K min~ ", with
mid-infrared spectra being acquired at successive 10 K intervals
until complete sublimation of the ice was recorded. Prior to
acquiring a mid-infrared spectrum at a given temperature, the ice
was allowed to equilibrate for up to five minutes, during which time
no isothermal changes in the appearance of the spectra were noted.
A summative list of the experiments performed in this study is
provided in Table 2.

The amount of ice deposited in a given experiment could be
assessed quantitatively via the mid-infrared spectra collected
just after deposition of the ice prior to any thermal annealing.
The molecular column density N (molecules cm™?) of a depos-
ited ice is related to the band area P (cm™ ') of a characteristic
mid-infrared absorption band as follows:

__ PIn(10)
v=" (1)

where 4, is the integrated band strength constant (cm molecule %)
of the absorption band whose area is being measured. The

Table 2 Summary of the thermally annealed SO, ices considered in this
study. Uncertainties in the thicknesses of the ices are estimated to be on
the order of £0.002 um

SO, Ice Deposition T (K) N (10" molecules cm™?) d (um)
1 20 6.25 + 0.78 0.48
2 40 5.71 + 0.72 0.44
3 70 6.34 + 0.80 0.36
4 100 5.58 + 0.70 0.31
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thickness d (um) of the deposited ice may then be calculated as:

d =102 @)
PNa

where M is the molar mass of the ice (g mol "), p is the ice density
(g em™), and N, is the Avogadro constant (6.02 x 10 molecules mol ).
In this study, we have taken A, to be 7.3 x 107 and 4.2 x
10" ecm molecule™ for the v, and v; modes, respectively; and
have taken p to be 1.395 and 1.893 g cm ™' for amorphous and
crystalline SO, ice, respectively.>>>” Uncertainties in the calcu-
lated column densities (typically £12.5%) and ice thickness (on
the order of +£0.002 pm) were determined through standard
propagation-of-error calculations that assumed a 5% measure-
ment error in the value of P and used published uncertainty
values for the values of A, and p that were used.”®*’

It should be noted that these values for A, were calculated
for amorphous SO, ices deposited at 10 K,*® while the p values
for amorphous and crystalline SO, were measured for ices
deposited at 19 and 85 K,*®°” respectively. It is, however, likely
that the values of 4, and p vary as a function of temperature.
Indeed, such variations have been systematically measured for
other ices (e.g., CH3;OH and CO) over defined temperature
ranges.ss’59 To the best of our knowledge, however, no previous
study has undertaken the systematic measurement of the 4,
and p values of SO, ice at different temperatures. In the absence
of such a study, the magnitude of the uncertainty introduced
into our column density and ice thickness measurements as a
result of using 4, and p values defined for SO, ices deposited at
temperatures that differ from those being studied is unclear;
although it is important to note that this should not affect the
spectroscopic characterisations of the major SO, absorption
bands discussed in this paper.

3. Spectroscopic results and
discussion

Spectra of amorphous and crystalline SO, ices (exemplified by
ices respectively deposited at 20 and 100 K) are shown in Fig. 1,
which clearly shows the 14 and v; fundamental modes and the
vy + v; combination mode. The v, mode, being located at about
520 cm ™! (Table 1), is beyond the spectroscopic range of our
instrumentation and thus is not considered any further in this
study. Interestingly, although very weak absorption features
attributable to the v, + v, combination mode were detected in
the spectra of both the amorphous and crystalline ices, the 214
overtone was only visible in the spectrum of the crystalline ice
(Fig. 1). Given that the most intense absorption features are
likely the most useful for astronomical detections of SO,,
the remainder of this section will be devoted to a detailed
mid-infrared spectroscopic characterisation of the v; and v;
fundamental modes and the v, + v; combination mode.

3.1. The antisymmetric stretching (v;) mode

The evolution of the SO, v; mode as a result of the thermal
annealing of ices deposited at 20, 40, 70, and 100 K is shown in

Phys. Chem. Chem. Phys., 2023, 25, 26278-26288 | 26281
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Fig. 1 Mid-infrared spectra of amorphous (lower plot) and crystalline (upper plot) SO, ices deposited at temperatures of 20 and 100 K, respectively. Note
that the spectra are vertically offset for clarity. The estimated thicknesses of the amorphous and crystalline ices were 0.48 and 0.31 um, respectively.
The insets depict the very weak 214 overtone and v4 + v, combination bands in the amorphous (lower spectra in insets) and crystalline (upper spectra in

insets) ices.

Fig. 2. Upon first inspection, it is possible to note that the ices
deposited at 20 and 40 K exhibit »; modes that are broad and
quasi-symmetric in structure, while those deposited at 70 and
100 K exhibit a number of prominent band sub-structures.
Such an observation is indicative of the greater structural order
(i.e., crystallinity) of the SO, ices deposited at the higher
temperatures.

As the ice deposited at 20 K was thermally annealed, a
number of changes were noted in the profile, peak position,
band area, and peak height of its v; mode. The apparent profile
does not vary much upon annealing to 60 K; however, upon
further warming to 70 K, the band begins to exhibit some signs
of structural ordering in the form of a distinct sub-structure at
1304.8 cm ™! attributable to the **S'°0, isotopologue (Table 1).
At 80 K, the absorbance of this sub-structure increases and
other, higher frequency sub-structures also begin to emerge
from the broad band as a result of the more extensive crystal-
lisation of the ice. In particular, two intense features at 1311.9
and 1323.4 cm ™" become visible, respectively attributed to the
325'°0, B, (TO) and the *?s'°0, B, (TO) modes.

The changes in the band profile and the emergence of these
sub-structures have a marked effect on the total band area and
peak height (defined as the height of the most intense sub-
structure) of the v; mode (Fig. 3). As the ice was annealed from
20 K, the band peak height H (dimensionless) remained fairly
constant up to a temperature of 50 K; within 1% of the original
peak height at 20 K. However, upon further thermal annealing,

26282 | Phys. Chem. Chem. Phys., 2023, 25, 26278-26288

the peak height began to increase until it peaked at 16% greater
than its original height at a temperature of 100 K. Beyond this
temperature, the peak height decreased due to sublimation
losses of the ice and, indeed, the ice had fully sublimed by a
temperature of 120 K. The band area P (cm™ '), which was
measured by integrating over the 1360-1285 cm™* wavenumber
range using a linear baseline, exhibited a somewhat different
trend: as the ice was annealed from 20 to 50 K, the band area
decreased by about 8% of its original value. It then increased to
approximately its original value as it was heated to 70 K, dipped
slightly at 80 K, and then peaked at 6% greater than its original
value at a temperature of 90 K. At higher temperatures, the
band area decreased likely due to losses to sublimation of
the ice.

Analysis of the band peak position was also carried out by
considering the wavenumber position of the peak of the broad
band in the case of amorphous SO, ices, and the peak of the
emergent **S'°0, B, (TO) mode in the case of the ices exhibit-
ing some degree of structural order (Fig. 3). When annealed
from 20 K, the v; band does not significantly vary in its
wavenumber position until a temperature of 40 K is exceeded,
after which the band red-shifts by approximately 2 cm .
Interestingly, this red-shift was only observed at temperatures
greater than 40 K but below 70 K, and the band returned to
within 0.5 cm™" of its original position upon deposition at 20 K
at higher temperatures. Our analysis would therefore seem to
suggest that, when deposited at 20 K and thermally annealed to

This journal is © the Owner Societies 2023
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Fig. 2 Thermal evolution of the SO, vs band for ices deposited at 20, 40, 70, and 100 K.

higher temperatures, SO, ice remains an amorphous solid up to
a temperature of 40 K after which the ice undergoes a structural
reorganisation to a crystalline phase which appears to be
complete by 70 K.

The v; band of the SO, ice deposited at 40 K exhibits similar
trends during its thermal annealing (Fig. 2 and 3), although a
number of subtle differences are evident. For instance, the peak
height of the band was noted to increase significantly more
rapidly during thermal annealing to 70 K compared to the
analogous thermal annealing of the ice deposited at 20 K. We
speculate that this is due to a change in the apparent band
strength which manifests as a greater peak height. Under our
experimental conditions, a change in the apparent band
strength over this temperature range is believed to be reflective
of the reduction of the number of pores in the ice structure
leading to absorption more akin to that of a perfect crystalline
solid. This decrease in ice porosity is referred to as compaction
and may be induced in astrophysical ice analogues as a result of
their thermal annealing®®®' or irradiation.®” In our experi-
ments, it is possible that the rate of pore collapse and ice
compaction as a result of thermal annealing in the SO, ice
deposited at 40 K was more rapid than that in the ice deposited
at 20 K, thus leading to a more rapid increase in the peak height
of the v; mode. Indeed, a similar observation was noted when
analysing the v, band of the SO, ices deposited at 20 and 40 K
(Fig. 4), which is consistent with this interpretation.
We emphasise that this explanation is speculative, and that

This journal is © the Owner Societies 2023

additional tests on the porosity of the deposited SO, ices are
required to confirm or refute it.

Another difference between the spectroscopic data collected
for the v; 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 is still
largely broad and featureless with a small sub-structure due to
the *!8'°0, isotopologue being recorded at approximately
1305 cm ™! (Fig. 2). However, upon thermal annealing of the
SO, ice deposited at 40 K to 70 K, the v; band presents a
structured profile with new and intense sub-structures attribu-
table to the **$'°0, B; (TO) and the **S'°0, B, (TO) modes, as
well as the *'S'°0, isotopologue, being observed. Hence, the
thermal annealing of a SO, ice to 70 K results in more extensive
crystallisation if the ice was initially deposited at 40 K com-
pared to 20 K. Beyond 70 K, the trends observed with regards to
band area and peak height of the SO, ice deposited at 40 K are
similar to those observed for the ice deposited at 20 K.

It is interesting to note that, upon thermal annealing of the
ice deposited at 40 K to 70 K, the band peak position of the SO,
v3 mode blue-shifts from 1319.4 to 1322.2 cm ™ *. The band peak
continues to blue-shift upon further thermal annealing, with a
blue-shift of 3.8 cm™" relative to its position upon deposition
being observed at 110 K (Fig. 3). This change in the position of
the v; band peak is significantly greater than those observed
during the thermal annealing of SO, ices deposited at any other
temperature which, with the exception of a red-shift of less than
2 em ! between 40 and 70 K for the ice deposited at 20 K,
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typically remained within 1 cm™" of their position upon deposi-
tion (Fig. 3). A reason for the observed blue-shift in the data for
the ice deposited at 40 K is difficult to provide with any
certainty, although it is possibly related to structural changes
occurring within the ice over a short temperature range.

Lastly, the v; modes of the ices deposited at 70 and 100 K
present profiles containing well-defined sub-structures indica-
tive of extensive structural ordering (Fig. 2). Indeed, the band
areas and peak heights for these ices follow thermal annealing
trends that are qualitatively similar to those observed in the
ices deposited at lower temperatures, although they vary to a
significantly lesser degree relative to their original values at
deposition (Fig. 3). Moreover, the peak positions did not
drastically shift, and remained within 1 cm ™" of their original
position upon deposition. The v; modes of the ices deposited
at 70 and 100 K do, however, exhibit a more evident band at
about 1303 cm™ ' attributed to the *?S'®0'°0 isotopologue,
as well as a shoulder at about 1342 cm ' due to the 3250,
B, (LO) mode.

26284 | Phys. Chem. Chem. Phys., 2023, 25, 26278-26288

3.2. The symmetric stretching (v,) mode

The evolution of the SO, v; mode during the thermal annealing
of SO, ices deposited at 20, 40, 70, and 100 K is shown in Fig. 4.
The variations in the profile of this band mirror and comple-
ment those observed with regards to the v; mode. For example,
no significant changes in the band profile, position (measured
by considering the wavenumber position of the peak of the
broad band in the case of amorphous SO,, and the peak of the
emergent *>$'°0, A (TO) mode in the case of the ices exhibiting
greater degrees of structural order), or peak height (Fig. 3 and 4)
were noted upon thermal annealing of the ice deposited at 20 K
to 60 K; however, the band area (measured by integrating over
the 1165-1120 cm ™' wavenumber range using a linear baseline)
did decrease by approximately 20% of its original value over
this temperature range. Once the ice was warmed to 70 K, the
emergence of new sub-structures attributable to the *’S'%0*°0
and **$'°0, isotopologues was observed.

A red-shift of about 2 em™" in the peak position of the v,
band was observed upon warming the ice to 70 K, and a

This journal is © the Owner Societies 2023
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Fig. 4 Thermal evolution of the SO, 1, band for ices deposited at 20, 40,

red-shift of an additional 2 cm™" was observed upon further

annealing to 80 K (Fig. 3). At 80 K, the v, band contains several
distinct sub-structures and has a peak height which is approxi-
mately 60% greater than its original value at 20 K, although the
band area has more or less recovered to its original value. Aside
from the sub-structures attributed to the *>$'#0'°0 and 3*s'°0,
isotopologues and the 3*25$'°0, A; (TO) mode, a shoulder is
present at about 1149 cm ™' due to the emergence of the **S'°0,
A; (LO) mode (Fig. 4).

Similarly to the SO, ice deposited at 20 K, the v, band of the
ice deposited at 40 K exhibits negligible changes in its apparent
profile, position, or peak height upon thermal annealing to
60 K. However, upon further warming to 70 K, the peak height
of the band increases by about 60% of its original value and the
band red-shifts by approximately 3.5 cm™ " to lower wavenum-
bers. At 70 K, a distinction between the profiles of the SO, 14
band of the ices deposited at 20 and 40 K exists in the more
pronounced appearance of the band attributed to the **S'°0,
isotopologue in the case of the latter, which is indicative of a
more structurally ordered (i.e., crystalline) ice. This observation
mirrors that made with regards to the v; mode of the 316160,
isotopologue (Fig. 2), and is further evidence of the fact that
thermally induced crystallisation in an ice is more efficient
if the initially amorphous ice was deposited at higher
temperatures.

The evolution of the band area of the v; mode of the SO, ice
deposited at 40 K as a result of its thermal annealing is

This journal is © the Owner Societies 2023
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qualitatively similar to that of the SO, ice deposited at 20 K,
with a slightly decreased area (relative to its value upon
deposition) over the 40-60 K temperature range followed by a
large increase when heated to 70 K. This increase in band area
is most probably associated with the thermally induced crystal-
lisation process taking place which is largely complete by 70 K.
The most significant decreases in the area of the »; band
occurred at temperatures greater than 100 K due to some
sublimation of the ice, with full ice desorption recorded by
120 K. These observations are consistent with those made with
regards to the v; mode.

Lastly, it is to be noted that the v; bands of the SO, ices
deposited at 70 and 100 K appeared to indicate that the ice was
in a crystalline phase throughout the thermal annealing pro-
cess, with negligible changes in the band profile, position, and
peak height being observed (Fig. 3 and 4). This is confirmed by
the fact that sub-structures attributable to the **$'°0, A; (TO)
and the *’S'°0, A, (LO) modes, as well as the **$'°0, and the
3281800 isotopologues, were clearly identifiable in both these
ices throughout thermal annealing until the ices sublimed

(Fig. 4).

3.3. The v, + v; combination mode

We have also analysed the weak v; + v; combination mode band
and its response to thermal annealing for ices deposited at 20,
40, 70, and 100 K (Fig. 5). This analysis complements our
findings with regards to the vy and v; fundamental bands.
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Fig. 5 Thermal evolution of the SO, 14 + vz band for ices deposited at 20, 40, 70, and 100 K.

At 20 K, the combination band adopts a broad structure which
is retained upon thermal annealing of the ice to 60 K. Beyond
this temperature, the band assumes a narrower profile whose
peak height more than triples compared to its original value
at 20 K, although the band position does not change by a signi-
ficant amount. A satellite band at about 2434 cm™' becomes
evident at 80 K, and is ascribed to the **s'°0, isotopologue
(Fig. 5).

The position of the v; + v; band does not shift by more than
1 em™" during the thermal processing of each of the investi-
gated ices, irrespective of the deposition temperature (Fig. 3).
It is also evident that the band area (measured by integrating
over the 2500-2420 em™ ' wavenumber range using a linear
baseline) does not change by more than 20% of its original
value during thermal annealing of the studied ices (Fig. 3).
Although a 20% change in the band area may seem significant,
it must be recalled that this combination band is a fairly weak
absorption feature and thus a 20% change in the band area
does not necessarily correspond to any significant change in
the profile of the band in absolute terms.

The descriptive parameter of the v; + v; combination band
which provides the most information on the structural changes
occurring within the ice during thermal annealing is therefore
the band peak height (Fig. 3). For amorphous SO, ices prepared
by deposition at 20 and 40 K, the greatest increases in peak
height occur over the 60-80 K range, whereas the peak height
remains fairly constant in the cases of the ices deposited at 70
and 100 K. Furthermore, it is also possible to notice differences

26286 | Phys. Chem. Chem. Phys., 2023, 25, 26278-26288

in the evolution of the satellite band at about 2434 cm™" as a
result of the thermal annealing of the ices based on the
temperature at which the ice was deposited. In the case of
the ice deposited at 20 K this band was not visible until a
temperature of 80 K had been reached, while in the case of the
ice deposited at 40 K this band was first observed at 70 K but
only fully emerged against the background at 80 K. This is
further evidence of greater structural order induced in an
amorphous SO, ice as a result of its thermal annealing if it
was initially deposited at 40 K rather than 20 K (i.e., if it was
initially deposited at a higher temperature compared to a lower
one). The *'$'°0, v, + v; combination band was present and
identifiable in the spectra of the ices deposited at 70 and 100 K
throughout the thermal annealing experiments, thus indicating
that these ices were crystalline in nature.

4. Conclusions

In this study, we have performed a thorough and systematic
mid-infrared spectroscopic analysis of the v; and v; fundamen-
tal absorption modes and the v; + v; combination mode of SO,
ices deposited at temperatures and thermally annealed under
conditions relevant to astrochemistry. Our results have demon-
strated that the ices deposited at lower temperatures (i.e.,
20 and 40 K), which are initially amorphous, undergo a ther-
mally induced structural reorganisation to a crystalline phase
over a temperature range of 40-70 K. The degree of crystallinity
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induced in thermally annealed amorphous ices is dependent
upon the initial temperature of preparation, with amorphous
ices deposited at higher temperatures undergoing more exten-
sive crystallisation as a result of thermal annealing. This was
particularly apparent in the case of the v; and v; modes of the
315'°0, isotopologue which, at 70 K, were clearly defined in the
case of the SO, ice initially deposited at 40 K but were much
broader and of lower intensity in the case of the ice initially
deposited at 20 K. SO, ices initially deposited at 70 and 100 K
appeared to be crystalline throughout the entire thermal
annealing process.

Our work is of direct relevance to the detection of SO, ice in
the cosmos and the elucidation of the thermal history of such
ices. For instance, our spectroscopic observations may prove
useful when analysing data collected by the recently launched
James Webb Space Telescope and may thus allow for secure
identifications of SO, ice in dense interstellar clouds. Moreover,
forthcoming missions within the Solar System, such as the
Jupiter Icy Moons Explorer and Europa Clipper missions to the
Jovian system, will be equipped with infrared imaging spectro-
meters which may allow for the detection of solid SO, on the
surfaces of icy moons that are presently considered to be
potential abodes of extra-terrestrial life, such as Europa and
Ganymede. Finally, we intend to follow up on this work by
performing systematic mid-infrared spectroscopic studies of
other simple inorganic sulphur-bearing molecules that are
relevant to astrochemistry, such as H,S.
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