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ABSTRACT: The major reservoir of sulfur in dense interstellar clouds is still C
largely unknown, although a growing body of evidence suggests that it may exist in
a refractory form (i.e., as minerals or allotropes of the element). Therefore, it is
possible that the irradiation of sulfur-free interstellar ices on top of sulfur-rich e

.
refractory grain components by cosmic rays or stellar winds may result in the / 0 I

LIPS S-Products?

formation of simple inorganic sulfur molecules that could be readily detected by
ground- or space-borne telescopes. In this study, we have irradiated neat ices of O,,

CO, CO,, and H,0 on top of layers of allotropic sulfur at 20 K using 1 MeV He"* O W > P s-Poorice
ions as a mimic of space radiation. Experiments with CO, and H,O ices were also * Rl S-Rich Grain
repeated at 70 K to provide data obtained under conditions more relevant to icy “ ZnSe Substrate

bodies in the outer solar system for comparative purposes. We have found

qualitative mid-infrared spectroscopic evidence for the synthesis of SO,, CS,, OCS,

and H,SO, hydrates, but not H,S, in our experiments and have quantified the efficiency of their formation by calculating the G-value
(i.e., the number of molecules formed per 100 eV of energy deposited) for each ice-refractory system. Overall, SO, and CS, are the
most commonly observed products in our experiments, although the highest G-value was that for H,SO, hydrates formed as a result
of the irradiation of H,O ice on top of sulfur at 70 K. An important outcome of our study is that our experimental results are
consistent with recent observational surveys that suggest SO, formation in interstellar ices proceeds primarily via an “energetic” route
involving radiolytic processes, while OCS forms as a result of “nonenergetic” processes such as atom or radical addition reactions.

KEYWORDS: astrochemistry, radiation chemistry, sulfur, interstellar ices, laboratory experiments, infrared spectroscopy

1. INTRODUCTION reservoirs should be sought. More recently, sulfur-bearing
salts such as NH,SH have been suggested to be a potential sink
for interstellar sulfur.'>"*

Ruffle et al.® proposed that a potential major sink of gas-
phase sulfur during the evolution of diffuse interstellar clouds
into denser structures is the Coulomb-enhanced freeze-out of
S* ions onto negatively charged dust grains. Although the
subsequent chemical reactions in which grain-adsorbed sulfur
atoms are still somewhat speculative, it is conceivable that
atom addition reactions may proceed to yield various
allotropes. Indeed, evidence for the reaction of sulfur atoms
to yield S, and thence S,, allotropes can be found in previous

The astrochemistry of sulfur has long posed problems to the
scientific community.1 In interstellar media, for instance, it is
known that the observable abundance of sulfur in diffuse
regions largely aligns with its expected cosmic abundance, but
that it is depleted by about two orders of magnitude within
dense molecular clouds.””” The principal drivers and
mechanisms behind this so-called sulfur depletion problem
are not fully understood, though a number of previous
experimental and computational studies have suggested various
reservoirs that may accommodate this missing sulfur. For
instance, modeling efforts by Laas and Caselli® suggested that
organosulfur molecules embedded within interstellar icy grain

mantles could account for a large percentage of sulfur. Other Received: Feb_r“ary 3, 2025
studies have proposed gas-phase atoms as the dominant sulfur Revised: APrfl 23, 2025
species, which could be converted to H,S by surface-catalyzed Accepted:  April 29, 2025

9,10 Published: May 7, 2025

reactions on dust grains or ice surfaces.” However, the as-yet
nondetection of solid H,S within dense molecular clouds'""?
seems to suggest that other potential interstellar sulfur

© 2025 The Authors. Published b
Ameericl;n %ﬁemlilcaissgcietz https://doi.org/10.1021/acsearthspacechem.5c00036
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experimental studies.”>”'® Comprehensive studies by Shingle-

decker et al.'” that incorporated both cosmic ray-induced
chemistry and fast, nondiffusive radical combination reactions
of the type previously described by Garrod et al.” have also
demonstrated that sulfur chemistry in interstellar icy grain
mantles could produce large quantities of Sg. These theoretical
results have been corroborated by experimental studies that
have shown that the processing of astrophysical ice analogs
containing simple inorganic sulfur-bearing molecules by ions,
electrons, or ultraviolet photons results in the formation of
refractory sulfur-rich residues, which likely include large
allotropes.”' ~*’

Although the observation of sulfur allotropes on interstellar
dust grains is very challenging due to their low absorbances
across the mid-infrared range,” their possible existence in such
environs is perhaps reinforced by their detection in asteroid
162173 Ryugu and comet 67P/Churyumov-Gerasimenko.””*’
An alternative possible sink for the depletion of interstellar
sulfur is its inclusion in mineral phases, primarily as metal
sulfides. Such minerals are thought to be among the earliest
synthesized in the history of mineralogical evolution and,
indeed, so-called GEMSs (silicate glass with embedded metal
and sulfides) have been detected in interstellar dust grains
found preserved in chondritic meteorites.”’ Moreover,
observations of (post)asymptotic giant branch stars have
revealed a high abundance of sulfide minerals, particularly
those of iron and magnesium.’”*> Work by Kama et al.** has
also suggested that such minerals could account for a large
majority (>80%) of the sulfur in protoplanetary disks around
young stars.

Either way, the results of these recent studies suggest that a
considerable fraction of the missing interstellar sulfur could be
locked away as refractory solid components of dust grains (i.e.,
allotropes or minerals). Such an implication is important, as
this sulfur may interact chemically with an overlying ice mantle
to produce new molecules. This is especially true when galactic
cosmic rays interact with interstellar icy grain mantles, since
such an injection of energy is known to lead to the formation
of a plethora of new species, some of which may be complex
organic molecules that are relevant to the emergence of
life.>>=>’ Previous laboratory work has demonstrated that the
irradiation of interstellar ice analogs on top of carbon-rich
grain analogs leads to the formation of a number of carbon-
bearing inorganic molecules, most prominently CO and CO,.
For instance, Mennella et al>® demonstrated that the
irradiation of H,O ice on top of hydrogenated carbon grains
simulating interstellar dust particles using 30 keV He" ions
resulted in the synthesis of both CO and CO,. This result was
echoed by Raut et al,*” who observed the formation of CO,
after the 100 keV proton irradiation of H,O ice on amorphous
carbon. Gomis and Strazzulla®® went on to demonstrate that
the synthesis of CO and CO, in this manner does not depend
on the chemical nature of the underlying residue, so long as it
is carbon-rich. Finally, the studies of Mennella et al.*' and
Fulvio et al.** showed that this chemistry could also be
induced by ultraviolet photons, as well as ions.

Given that sulfur may be an important component of
refractory interstellar grains, either as allotropes or minerals,
and in light of the results of kprevious analogous studies making
use of refractory carbon,” " it occurred to us that the
interaction of galactic cosmic rays with icy material on top of
sulfur-rich dust grains may lead to the synthesis of new
molecules at the ice-refractory interface, which may be

1228

detectable by ground- or space-borne observatories and
telescopes. This idea is reinforced by the recent work of
Ferrari et al,*’ which revealed that the fragmentation of Sq
under simulated astrophysical conditions is facile, thus further
hinting at a potentially important role for allotropic sulfur in
interstellar sulfur chemistry. At present, only two sulfur-bearing
molecules have been either definitively or tentatively detected
within interstellar icy grain mantles: OCS and SO,.'"'* Indeed,
it is possible that this mechanism of refractory sulfur
volatilization is an important contributor to the presence of
sulfur-bearing molecules in interstellar ices, and that such
molecules may represent the starting point for a relatively rich
subsequent organic chemistry leading to ever more complex
sulfur molecules.”*~*

In this study, we probed the formation of sulfur-bearing
molecules of interest to interstellar chemistry as a result of the
cosmic ray irradiation of sulfur-free ices on top of sulfur-rich
dust grains. Specifically, we have irradiated neat ices of O,, CO,
CO,, and H,0 on top of allotropic sulfur at 20 K using 1 MeV
He" ions as mimics of galactic cosmic rays. In the case of CO,
and H,O ices deposited on top of sulfur, experiments were also
performed at 70 K to allow for a comparison of the radiation-
induced sulfur chemistry occurring under interstellar con-
ditions to that occurring on the surfaces of higher-temperature
outer solar system objects. Sulfur-bearing radiolytic products
have been identified through mid-infrared absorption spec-
troscopy, and their formation efliciencies have been quantified
through the so-called G-value, which is a measurement of the
number of molecules formed per 100 eV of energy dosed into
the irradiated target. We note that several related but
somewhat distinct definitions exist for the G-value; however,
we have followed the example of a number of previous studies
that define it by considering the total energy dosed into both
the adsorbate and the adsorbent materials,” > which, in our
case, correspond to the icy material and the underlying
refractory sulfur. Finally, our results are discussed in the
context of their applicability to sulfur astrochemistry and the
detection of various sulfur molecules in interstellar and, to a
lesser extent, outer solar system environments.

2. METHODOLOGY

Experiments were carried out using the Ice Chamber for
Astrophysics-Astrochemistry (ICA), a laboratory setup for
radiation astrochemistry studies located at the HUN-REN
Institute for Nuclear Research (Atomki) in Debrecen,
Hungary. This setup has been described in detail in previous
publications,”*** and so, only the most salient features will be
described here. The ICA (Figure 1) is an ultrahigh-vacuum
stainless-steel chamber with an operational base pressure of a
few 107° mbar. Within the center of the chamber is a gold-
coated, oxygen-free, high-conductivity copper sample holder
into which up to four infrared-transparent ZnSe substrates may
be mounted. The sample holder and deposition substrates may
be cooled to 20 K by virtue of being held in thermal contact
with the coldfinger of a closed-cycle helium cryostat; however,
the temperature of the sample holder and the substrates may
be regulated within the 20—300 K range by establishing an
equilibrium between the cooling effect of the cryostat and the
warming induced by an internal cartridge heater.

Sulfur-rich interstellar grain analogs were prepared by first
cooling the sample holder and substrates down to 20 K (or 70
K if simulating outer solar system objects) and then rotating
them to face the nozzle of a commercial effusive evaporator

https://doi.org/10.1021/acsearthspacechem.5c00036
ACS Earth Space Chem. 2025, 9, 1227-1242
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Figure 1. Simplified top-view schematic diagram of the ICA setup.
Sulfur layers were prepared onto the cooled ZnSe substrates by
rotating them to directly face the nozzle of an effusive evaporator,
after which they were rotated back to face an incident mid-infrared
spectroscopic beam. Ices were prepared on top of the sulfurous layers
through the background condensation of dosed gases and vapors.
Irradiation with 1 MeV He" jons was performed using the
arrangement shown here, with ijons impacting the targets at an
angle of 36° to the surface normal. All mid-infrared spectra were
acquired in transmission mode by using an external mercury—
cadmium—telluride (MCT) detector.

(Createc OLED-40-10-WK-SHM) that had been fitted to the
ICA and which had been preloaded with a few grams of
pharmaceutical-grade sulfur. The exact allotropic composition
of this sulfur is not known, but is likely to be dominated by
cyclic Sg molecules, due to the known stability of this
structure.”® The sulfur was subsequently warmed to 78 + 3
°C and allowed to equilibrate at this temperature for a few
minutes, before opening the shutter in front of the evaporator’s
nozzle to allow for the deposition of the sulfur on the ZnSe
substrates. Sulfur layers were deposited to a thickness of
approximately 4 um (determined through interferometric
methods), after which the shutter was closed and the sample
holder rotated to face an incident mid-infrared spectroscopic
beam. At this point, a background spectrum was acquired to be
used as a reference when collecting subsequent mid-infrared
absorption spectra.

Interstellar ice analogs composed of neat O,, CO, CO,, or
H,O were prepared on top of the sulfur layers by dosing gases
or vapors from liquids into the main chamber though a fine
regulating needle valve, which allowed for the background
deposition of the ices. In the case of the O,, CO, and CO,
experiments, gases from lecture bottles were used as supplied
without any further purification (O, and CO, purity =
99.995%; CO purity = 99.97%; all supplied by Linde), whereas
in the case of the H,O experiments, vapor was extracted from a
deionized water sample that had been degassed through several
iterations of the freeze—pump—thaw cycle. The deposition of
the interstellar ice analogs could be followed in situ using
Fourier-Transform mid-infrared transmission absorption spec-
troscopy over the 4000—650 cm™" range, which allowed for a
quantitative assessment of the amount of icy material that was
deposited. The column density N (molecules cm™) of a
deposited ice is related to the integrated absorbance S (cm™)
of one of its characteristic mid-infrared absorption bands as

N = In(10)~>-

4, (1)
where A, is the so-called integrated strength constant (cm
molecule™) of that band. The constant factor 1n(10) is
included in eq 1 to allow for the relation of S, which is
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measured on an absorbance scale, to A,, which is measured on
an optical depth scale. The column density of a deposited ice is
related to its thickness i (um) as

h=10""M
PN, 2)

where M is the molar mass of the ice (g mol™), p is the ice
density (g cm™), and N, is the Avogadro constant (6.02 X
10* molecules mol™"). The constant 10* is included in eq 2 to
express h in units of ym.

A list of the integrated band strength constants and densities
used to quantify the molecular column densities and
thicknesses of the astrophysical ice analogs considered in this
study is given in Table 1. Of course, eqs 1 and 2 cannot be

Table 1. Absorption Band Strength Constants (A,) and
Densities (p) of the Interstellar Ice Analogs and Sulfur-Rich
Grain Analogs Considered in This Study

absorption
band A, p
107"

molecule cm™ cm molecule™ g cm™

S 2.07

0, 1.54

co 2139 (1) L1 0.88

Co, 2343 (u3) 7.6 0.98 at 20 K, 1.48 at 70 K
H,0 ~3250 (v,) 20.0 093

“Integrated band strength constants taken from the work of Gerakines
et al.%? YDensities of Sgy O, CO, CO,, and H,O respectively taken
from the works of Greenwood and Earnshaw,*® Freiman and _]odl,64
Luna et :111.,65 Satorre et al,*® and Narten et al”’

used to quantify the column density and thickness of the O,
ice, since this species is infrared-inactive due to it being a
homonuclear diatomic molecule. Instead, we assumed that the
deposition rate of O, is similar to that of CO based on the
similarities in the geometries, molecular masses, and chamber
pumping speeds of these 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 solid O, (Table 1).

Once deposited to a satisfactory thickness, the interstellar
and outer solar system ice analogs prepared on top of sulfur-
rich grain analogs were exposed to a 1 MeV He" ion beam
supplied by a 2 MV Tandetron accelerator,””*® with incident
ions impacting the ices at an angle of 36° to the surface
normal. The choice to use 1 MeV He" ions in this study was
motivated by two factors: first, such ions are a known
component of galactic cosmic rays””" and are thus relevant to
astrochemistry. Second, calculations performed with the
Stopping and Ranging of Ions in Matter (SRIM) software®!
revealed that in every case, the penetration range of these ions
was less than the combined thickness of the ice and sulfur-rich
grain analog (R, < 3.4 pum), and thus, the neutralized ions
came to rest in the sulfur layer. By making use of helium ions,
any chemical modifications of the sulfur layer as a result of its
reaction with the implanted particle could be precluded due to
the inert nature of the neutral helium atom. Overall, ices were
irradiated to a total fluence of 10'° jons cm ™2, with several mid-
infrared absorption spectra being acquired at preselected
fluence intervals. Spectra were acquired as an average 128

https://doi.org/10.1021/acsearthspacechem.5c00036
ACS Earth Space Chem. 2025, 9, 1227-1242
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coadded scans and at a resolution of 1 cm™". A summary of the
experiments performed is provided in Table 2.

Table 2. Summary of the Experiments Performed in This
Study, Including Information on the Column Densities (N)
and Thicknesses (h) of the Interstellar Ice Analogs
Deposited on Top of Sulfur, as well as the Maximum
Penetration Range (R,,.,) of 1 MeV He" Ions into the
Combined Thickness of the Ice and Sulfur-Rich Grain
Analog”

N h R,.x
experiment interstellar ice analog 10'7 molecules cm™  pm K
1 0O, at 20 K 5.79 0.20 29

2 CO at 20 K 3.78 0.20 3.0

3 CO, at 20 K 0.94 0.07 3.0

4 CO, at 70 K 1.01 0.05 2.9

S H,O at 20 K 37.32 1.20 33

6 H,O at 70 K 31.10 1.00 3.1

“Note that the temperature at which a particular ice-refractory system
was irradiated was the same as the temperature at which it was

prepared

3. RESULTS AND DISCUSSION

3.1. O, Ice on Top of Sulfur. The irradiation of a neat O,
interstellar ice analog on top of a sulfur-rich layer at 20 K
resulted in the formation of SO,, as was determined by the
appearance of two mid-infrared absorption features at about

1335 and 1150 cm™' (Figure 2). The bands have been
T T T T T T T
O,ontopofS, h=0.2um, T=20K
as deposited
+4.9 x 10'2 He*/cm? (v5) Oy
+4.2 x 10" He*/cm? so
010 - +1.0 x 10" He*/em? : 4
+5.0 x 10" He'/cm? /
§ +1.0 x 105 He*/cm? \ i
E (vi+vs) Oy
a
9 0.05 B
<
sl Lldams
0.00 g L e
1 1 1 - 1 1 1 1
2200 2000 1800 1600 1400 1200 1000 800

Wavenumber (cm™)

Figure 2. Mid-infrared absorption spectra acquired during the
irradiation of a neat O, ice (h = 0.2 ym) on top of a layer of
allotropic sulfur (h ~ 4 pm) at 20 K using 1 MeV He" ions. A
spectrum of pristine, unirradiated (1:6) SO,:0, mixed ice is also
included for comparison. Spectra are vertically offset from one
another in the interest of clarity. Oscillations in the spectra at lower
wavenumbers are likely the result of changes in the ice thickness due
to ion-induced sputtering of volatile material.

respectively attributed to the asymmetric and symmetric
stretching modes of SO, on the basis of the excellent
agreement of their wavenumber positions with those of a
reference SO,:0, (1:6) ice mixture, as well as their exhibiting
the expected SO, spectral profile in which the intensity of the
asymmetric stretching mode is greater than that of the
symmetric stretching mode.”® By making use of an integrated
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band strength constant of 1.47 X 10™'7 cm molecule™ for the
asymmetric stretching mode,’” the column density of SO,
could be tracked throughout the irradiation experiment
(Figure 3). SO, formation was observed to begin after a

Fluence (10%° eV cm?)
0 2 4 6 8 10

T T T T T

120 B

100 + B

60 E

40 .

S0, Column Density (10" molecules cm)

0 T T T T T
0 2 4 6 8 10

Fluence (10 ions cm™2)

Figure 3. Column density of SO, measured during the irradiation of
neat O, ice (h = 0.2 um) on top of a layer of allotropic sulfur (h ~ 4
pum) at 20 K using 1 MeV He" ions. The red curve represents an
exponential fit to the data (* > 0.999), while the blue line represents a
linear trend (r* > 0.999) fitted to the initial points of the exponential
curve, from which a G-value of 0.0457 + 0.0004 molecules per 100 eV
was calculated.

fluence of 4.2 X 10" jons cm™? had been delivered, and its
measured column density could be fitted by an exponential
growth function that plateaued at a value of about 1.2 X 10'¢
molecules cm™. By fitting a linear trend line to the initial
points of this exponential growth curve (Figure 3), where the
only process likely contributing to the abundance of SO, in the
ice is its own radiolytic formation, we could compute a G-value
of 0.0457 + 0.0004 molecules per 100 eV.

A number of reactions may contribute to the synthesis of
SO, in this experiment and, although it is not possible to
confirm with any certainty the dominance of one reaction
relative to another, it is possible to speculate on the most likely
processes contributing to SO, formation. For instance, it is
possible that the reaction of a sulfur allotrope S, with
electronically excited O, could lead to the formation of a
cyclic intermediate structure in which one sulfur atom is
covalently bonded to the two oxygen atoms, as discussed
previously by Mayer.”” This sulfur atom then splits off from the
intermediate to yield SO, and S,_,. Although low-temperature
solid-phase studies on the addition of atomic or molecular
oxygen to allotropic sulfur are generally lacking, previous
atmospheric chemistry studies concerned with analogous gas-
phase reactions have determined that such reactions are
kinetically favorable,”" and thus, it is conceivable that they
would also proceed under our experimental conditions. Matrix
isolation spectroscopic chemiluminescence studies by Long
and Pimentel”” also demonstrated that electronically excited
sulfur atoms may undergo an insertion-type reaction with
molecular oxygen to directly yield SO,. This reaction is
believed to proceed with a near-zero activation energy barrier
at temperatures between 10 and 40 K.”>”
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Oxygen atoms that are formed as a result of the radiolytic
dissociation of O, away from the ice-refractory interface may
undergo atom addition reactions with O, to yield Oj. Indeed,
both the asymmetric stretching and combination (v; + vs)
modes of O; were detected in acquired mid-infrared
absorption spectra of the irradiated ice at 1040 and 2110
em™,"* respectively (Figure 2). The chemistry of O, formation
in irradiated ices that are initially rich in O, has been well
documented by previous studies,””””" and so will not be
discussed in greater detail here.

3.2. CO Ice on Top of Sulfur. The irradiation of a CO
interstellar ice analog on top of a sulfur-rich layer resulted in
the formation of several new products, as evidenced by the
appearance of many new absorption features in the acquired
mid-infrared absorption spectra (Figures 4 and $). Many of
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Figure 4. Mid-infrared absorption spectra acquired during the
irradiation of neat CO ice (h = 0.2 um) on top of a layer of
allotropic sulfur (h ~ 4 um) at 20 K using 1 MeV He" ions,
illustrating the radiolytic synthesis of various oxocarbon molecules in
the ice.
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Figure S. Mid-infrared absorption spectra acquired during the
irradiation of a neat CO ice (h = 0.2 um) on top of a layer of

allotropic sulfur (h ~ 4 ym) at 20 K using 1 MeV He" ions. Spectra
are vertically offset from one another in the interest of clarity.
Oscillations in the spectra at lower wavenumbers are likely the result
of changes in the ice thickness due to ion-induced sputtering of
volatile material.
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these new absorption features were clustered in the 2400—
2000 cm ™! wavenumber range and are associated with the C=
O bond stretching modes of various oxocarbon molecules
(Table 3).°°7% The radiolytic synthesis of these oxocarbon

Table 3. Oxocarbon Molecules Detected after the
Irradiation of CO Ice on Top of a Sulfur-Rich Layer at 20
Ka

radiolytic product molecule

mid-infrared band position

formula name (em™)
2CO, carbon dioxide 2346
BCO, carbon dioxide 2281
C;0 tricarbon monoxide 2247
C40, tricarbon dioxide (carbon 2242
suboxide)
Cs0,  pentacarbon dioxide 2211
C,0, tricarbon dioxide (carbon 2193
suboxide)
2Co carbon monoxide 2138
C,0,  heptacarbon dioxide 2122
CO pentacarbon monoxide 2106
BCO  carbon monoxide 2092
c'®o carbon monoxide 2088

“Band a551§nments were made on the basis of those made by previous
studies.”

species in irradiated CO-rich interstellar ice analogs has been
well documented by previous studies and is believed to
proceed through carbon atom addition reactions. In this
scheme, electronically excited CO first reacts with ground-state
CO to yield CO, and atomic carbon, which may then add to
various C,O species in the ice to yield C,,,0 products.””** It
is also possible for two oxocarbon molecules C,O and C,,O to
combine to yield a cumulene dioxide C,,,0,°”** Tt is
interesting to note that our results suggest that oxygen atoms
are not yielded as part of the mechanistic chemistry occurring
during the irradiation of CO ice on top of allotropic sulfur.
This is evidenced by the lack of O; or any oxygenated sulfur
molecule such as SO, in this experiment, whose synthesis
would require the radlolgrtlc liberation and subsequent reaction
of oxygen atoms.”"”*~’

The only detected sulfur-bearing product was CS,, which
was 1dent1ﬁed via the appearance of its v; mode at 1509 cm™!
(Figure 5).% 1t should be noted that the exact wavenumber
position of this band has been reported to vary somewhat
depending on the composition of the molecular ice: for
instance, Sivaraman®’ measured its position to be 1511 cm™" in
a mixed CS,:CO, ice deposited at 85 K, while Ferrante et al.*’
measured it to be 1524 cm™ for CS, produced as a result of
the irradiation of a H,S:CO mixed ice using 800 keV protons
at 10 K. The chemical reactions responsible for the synthesis of
CS, are somewhat challenging to determine, since literature
studies on the formation of this molecule in astrophy51cal ice
analogs are relatively sparse. Ferrante et al.* proposed that
CS, could result from the stepwise reaction of CO with two
sulfur atoms, which would sequentially yield OCS and OCS,.
This latter molecule is unstable and thus would dissociate to
CS, and atomic oxygen.

However, this reaction mechanism is at odds with the
nondetection of the OCS in our experiment (Figure S).
Moreover, the reaction between atomic sulfur and OCS could

https://doi.org/10.1021/acsearthspacechem.5c00036
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also conceivably yield CS and S,, as discussed by Ikeda et al.,**

thereby reducing the formation efficiency of CS,. The presence
of mobile oxygen atoms within the ice matrix should also have
resulted in the synthesis of highly oxygenated products, such as
O;, which were not detected. Instead, we speculate that an
alternative pathway toward CS, may rely on the abundance of
free carbon atoms within the irradiated CO ice: these atoms
could abstract a sulfur atom from an allotrope of sulfur S, to
yield CS which, being unstable, could then abstract a second
sulfur atom to yield the CS, product. To the best of our
knowledge, the reaction between carbon atoms and sulfur-
containing molecules has not yet been experimentally
investigated in the solid phase; however, previous gas-phase
work by Deeyamulla and Husain®” showed that carbon atoms
may abstract sulfur atoms from various simple inorganic sulfur
molecules.

By making use of an integrated band strength constant of 9.1
X 107" cm molecule™ for the asymmetric stretching mode of
CS,,” its column density could be quantified as a function of
fluence. As can be seen in Figure 5, CS, is unambiguously
detectable in acquired mid-infrared spectra at fluences greater
than 10'* ions cm™, and its column density was found to grow
in a linear fashion with increasing ion fluence (Figure 6). The
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Figure 6. Column density of CS, measured during the irradiation of
neat CO ice (h = 0.2 um) on top of a layer of allotropic sulfur (h ~ 4
um) at 20 K using 1 MeV He" ions. The blue line represents a linear
trend fitted to the data (+* > 0.94) from which a G-value of (6.66 +
0.50) X 10~* molecules per 100 eV was calculated.

overall abundance of CS, yielded is low when compared to the
abundance of SO, produced during the analogous irradiation
of O, ice on allotropic sulfur (Figure 3). As such, it is likely
that the data in Figure 6 represent the earliest fluence points at
which CS, synthesis occurs within the irradiated ice, and at
which any other chemical processes that could impact the
abundance of CS, within the ice are negligible. Therefore, a
linear trend line could be fitted to the entire data set so as to
calculate a G-value of (6.66 + 0.50) X 10™* molecules per 100
eV.

3.3. CO, Ice on Top of Sulfur. The irradiation of CO, ice
on top of allotropic sulfur was performed at two temperatures
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(ie,, 20 and 70 K) to allow for a comparison of the possible
chemistry occurring within dense molecular clouds in the
interstellar medium to that on the surfaces of cold outer solar
system objects. At 20 K, the irradiation resulted in the
formation of a number of new product molecules (Figure 7),

T T T T T T T
CO, ontop of S, h=0.07 um, T=20K
as deposited
+4.8 x 10'2 He"/cm?
13 + 2
co +5.1x 1014 He‘/cm2
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5005 / .
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Figure 7. Mid-infrared absorption spectra acquired during the
irradiation of neat CO, ice (h = 0.07 ym) on top of a layer of
allotropic sulfur (h ~ 4 ym) at 20 K using 1 MeV He" ions. Spectra
are vertically offset from one another in the interest of clarity.

including those known to be yielded as a result of the radiolytic
processing of solid CO,, such as CO, CO; and 03.90_93
Moreover, the absorption features of both SO, and CS, were
detected in mid-infrared spectra acquired during irradiation.
The radiation chemistry leading to the formation of all of these
molecules is very rich, and multiple reaction pathways may
contribute to the formation of common molecules. The
irradiation of CO, results in the homolytic dissociation of one
C=O0 bond, yielding CO and atomic oxygen as radiolytic
products.”* The addition of this oxygen atom to a parent CO,
molecule may yield the CO; product, while the combination of
free oxygen atoms may sequentially yield O, and O,.”

We propose that there are at least three reaction pathways
through which SO, can be produced. Two of these routes are
identical to those proposed to account for the formation of
SO, as a result of the irradiation of O, ice on top of allotropic
sulfur, namely, the insertion-type reaction of electronically
excited sulfur atoms into O, molecules generated via the
combination of radiolytically derived oxygen atoms, and the
addition of O, to allotropic sulfur S, to yield a cyclic
intermediate that decomposes to yield SO, and S,_;. The third
possible route involves the reaction of CO, with a sulfur atom
to yield CO and SO,” prior to the oxidation of the latter
species to yield SO,.”"* On the other hand, the most likely
reaction sequence leading to the formation of CS, is analogous
to that proposed by Hawkins et al.”® and Ferrante et al,™ in
which CO sequentially abstracts two atoms of sulfur from an
allotropic structure to yield OCS and OCS,, after which this
latter species dissociates to CS, and atomic oxygen.”’
However, as was demonstrated by Ferrante et al,*® OCS is
not particularly stable when processed by ionizing radiation
and therefore may not accumulate within the ice, hence
explaining its nondetection in the experiment performed at 20
K. Aside from the reaction with sulfur to yield OCS,,**”° OCS
may react with atomic oxygen to yield CO and SO,”*™'% thus
further contributing to the production of SO, via the rapid

https://doi.org/10.1021/acsearthspacechem.5c00036
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Figure 8. Column density of SO, (left panel) and CS, (right panel) measured during the irradiation of neat CO, ice (h = 0.07 ym) on top of a
layer of allotropic sulfur (h &~ 4 ym) at 20 K using 1 MeV He" ions. Note than an exponential curve could not be fitted to the SO, data, and thus,
the blue line represents a linear trend fitted to the first four data points (+* > 0.90) from which a G-value of 0.0078 + 0.0014 molecules per 100 eV
was calculated. Conversely, an exponential curve could be fitted to the CS, data (red curve; r* > 0.95), to which a linear trend (blue line; * > 0.99)
could be fitted to its initial points. From this linear trend, a G-value of (5.89 + 0.13) X 10™* molecules per 100 eV was calculated.

oxidation of the SO intermediate.””®® It should also be noted

that OCS, need not necessarily dissociate to CS, and atomic
oxygen, but may also dissociate to CO and S,.'”" Although S,
is a volatile sulfur allotrope,'®> and thus represents one
outcome of the volatilization of the deposited sulfur layer, its
formation could not be confirmed through mid-infrared
spectroscopy due to it being a homonuclear diatomic molecule
and thus infrared-inactive.

The column densities of both SO, and CS, were measured
as a function of fluence throughout the 20 K experiment
(Figure 8). Interestingly, the column density of SO, steadily
increased until a fluence of 6 X 10' ions cm™ had been
delivered, after which point it began to decrease. Such a trend
was also observed for the non-sulfur-bearing radiolytic
products, whose absorption bands all began to decrease in
intensity at higher fluences (Figure 7). CS, was first observed
in the irradiated ice after a fluence of about 10'* ions cm™* had
been delivered and, in contrast to the trends observed for the
other products of this irradiation, its column density steadily
increased before plateauing at about 2.7 X 10'* molecules cm™
by the end of the experiment (Figure 8). G-values for the SO,
and CS, products were calculated to be 0.0078 + 0.0014 and
(5.89 + 0.13)X10™* molecules per 100 eV, respectively. The
reason for the apparent decline in the column densities of all
radiolytic products other than CS, at higher fluences is difficult
to explain; however, a likely contributor to this observation was
ice sputtering, which has been described in detail for CO, ices
bombarded by ions at low temperatures (i.e., <25 K).'” It is
also possible to speculate that the greater relative abundances
of CS, within the ice at higher fluences allowed for the
consumption of volatile ice components in the formation of
carbon—sulfur polymers that could not be detected using mid-
infrared absorption spectroscopy. Indeed, prior research has
documented the efficient formation of such complex polymeric
structures after the irradiation of CS, and that these polymers
exhibit very weak or difficult-to-observe absorptions over mid-
infrared wavelengths.'**~'*°

The spectroscopic results of the 1 MeV He" ion irradiation
of CO, ice on top of sulfur at 20 K (Figure 7) contrast strongly
with those of the analogous experiment performed at 70 K
(Figure 9). Perhaps the most evident difference is that at this
higher temperature, the irradiation of the ice results in higher
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Figure 9. Mid-infrared absorption spectra acquired during the
irradiation of neat CO, ice (h = 0.05 ym) on top of a layer of
allotropic sulfur (h ~ 4 ym) at 70 K using 1 MeV He" ions. Spectra
are vertically offset from one another in the interest of clarity.

abundances of the sulfur-bearing products SO, and CS,, whose
column densities were found to increase with higher fluences
(Figure 10). Moreover, OCS was detected through the
appearance of a broad absorption band centered at 2031
em™! in acquired mid-infrared spectra (Figure 9), attributable
to its v3 mode. The position of the peak of this broad band is
known to shift by up to 30 cm™ based upon the composition
of the ice;*>***” however, our observation is in good
agreement with that reported by Sivaraman,®” who observed
it at 2035 cm™" after the irradiation of a CO,:CS, mixed ice at
85 K, and is in reasonable agreement with that reported by
Ferrante et al.,*® who observed it at 2019 cm™" for a neat OCS
ice prepared at 10 K and subsequently warmed to 25 K. It is to
be further noted that the position of this OCS absorption
feature is in close proximity to the v, mode of COj; however,
these two bands may be distinguished from each other on the
basis of their full-widths at half-maxima,*® since the CO; v,
mode is known to present as a relatively narrow band. Indeed,
in our experiment, the OCS absorption band at 2031 cm™" had

a significantly larger full-width at half-maximum of 11 cm™}
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Figure 10. Column density of SO, (left panel), CS, (center panel), and OCS (right panel) measured during the irradiation of neat CO, ice (h =
0.05 um) on top of a layer of allotropic sulfur (h =~ 4 ym) at 70 K using 1 MeV He" ions. Note that a G-value of 0.0104 + 0.0003 molecules per
100 eV was calculated for SO, by fitting a linear trend line (blue line; r* > 0.99) to the initial seven data points. A G-value of (9.99 + 0.19) x 107*
molecules per 100 eV was calculated for CS, by fitting a linear trend line (blue line; r* > 0.997) to the entire data set. Lastly, an exponential curve
could be fitted to the OCS data (red curve; r* > 0.92), to which a linear trend line (blue line; r* > 0.999) could be fitted to its initial points. From
this linear trend, a G-value of (0.89 + 0.01) X 10™* molecules per 100 eV was calculated.

compared to the more modest 4 cm™" for the CO; band at
204S cm™" (Figure 9).

Interestingly, although the irradiation of CO, ice on top of
sulfur at 70 K led to higher abundances of sulfur-bearing
products (i.e, SO,, CS,, and OCS) compared to the analogous
experiment at 20 K, abundances of nonsulfur-bearing products
(i, CO, CO;, and O;) were generally lower (Figures 7 and
9). Given that the initial abundances of both CO, ice and
allotropic sulfur were similar across both experiments (Table
2), the difference in these results must stem from the different
reaction pathways being favored at these two temperatures.
Since radicals are known to be more mobile within solid
matrices at higher temperatures, it is likely that large sulfur
atoms released from the underlying layer of allotropic sulfur as
a result of its irradiation can migrate further into the overlying
ice layer at 70 K than they could have done at 20 K. Indeed,
the increased mobility of sulfur atoms in an ice matrix at higher
temperatures has already been demonstrated in previous
studies."””'%® Therefore, the comparatively higher concen-
tration of sulfur atoms intermixed with CO, ice could
conceivably promote the reaction leading to SO and CO,
which then produces SO, upon oxidation of the SO.”"** Some
tentative evidence for the enhancement of this reaction lies in
the appearance of the SO, symmetric stretching mode which,
unlike in the analogous 20 K experiment, appears to be split
into a double-peaked structure with peaks at 1046 and 1036
cm™ (Figure 9). We speculate that this double-peaked
structure is the result of contributions from the symmetric
stretchin% modes of SO, (at 1046 cm™) and of SO (at 1036
em™).”71% Although SO is generally an unstable species that
is typically rapidly oxidized to SO,, it is possible that the
productivity of the sulfur chemistry occurring in our 70 K
irradiation experiment allows for the sustained production of
this radical and thus its tentative spectroscopic detection.
Moreover, the higher concentration of sulfur atoms within the
irradiated CO, ice would also compete more efficiently for
oxygen atoms and CO molecules, which would have the net
effect of reducing the abundance of these species and, by
extension, of both O; and COj; within the irradiated ice.

The column densities of SO,, CS,, and OCS were tracked
throughout the 70 K irradiation experiment (Figure 10). In the
case of SO,, it was apparent that the column density initially
increased linearly as a function of fluence; however, beginning
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at a fluence of approximately 9 X 10" ions cm ™, the gradient
of this linear trend decreased. As such, the G-value, which was
found to be 0.0104 + 0.0003 molecules per 100 eV, was
calculated by fitting a trend line to the initial higher gradient
linear data points at the earliest fluences. The evolution of the
CS, column density was linear throughout the irradiation
experiment (Figure 10) and, indeed, was qualitatively similar
to the accumulation of CS, observed during the irradiation of
neat CO ice on top of sulfur at 20 K (Figure 6). The G-value
for this product, which was calculated to be (9.99 + 0.19) X
10™* molecules per 100 eV, was therefore found by fitting a
linear trend line to the entire data set. Finally, the column
density of OCS was measured by making use of an integrated
band strength constant of 1.5 X 107'® cm molecule™ for the
asymmetric stretching mode''’ and was found to follow a
general exponential growth trend, albeit at low abundances
(Figure 10). This is perhaps reflective of the comparative
radiolytic instability of the OCS, which precludes it from
accumulating within the ice during irradiation. By fitting a
linear trend line to the initial points of this exponential growth
curve, where radiolytic formation is likely the only process
contributing to the abundance of OCS, a G-value of (0.89 +
0.01) X 10~* molecules per 100 eV could be calculated.

3.4. H,0 Ice on Top of Sulfur. The mid-infrared spectra
acquired during the irradiation of H,O ice on top of allotropic
sulfur at 20 K are shown in Figure 11. It is possible to note that
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 centered at 2863 cm™, which has
been attributed to the formation of H,0,.""'~""* Furthermore,
two small absorption features at 3696 and 3721 cm™" that were
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 OH
dangling bonds that exist in microporous H,O ice at low
temperatures, and their disappearance is evidence of the ice
havin% undergone a process of radiation-induced compac-
tion.""~""7 A particularly interesting result of this experiment
is the fact that no sulfur-bearing products could be identified
during irradiation. Comparisons with the results of previous
studies are somewhat challenging, since most previous
experimental work was performed with the aim of character-
izing radiation-induced sulfur chemistry on the surfaces of the

https://doi.org/10.1021/acsearthspacechem.5c00036
ACS Earth Space Chem. 2025, 9, 1227-1242


https://pubs.acs.org/doi/10.1021/acsearthspacechem.5c00036?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.5c00036?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.5c00036?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.5c00036?fig=fig10&ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.5c00036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Earth and Space Chemistry

http://pubs.acs.org/journal/aesccq

H,OontopofS, h=12um
T=20K 4
—— as deposited

+5.6 x 10'2 He*/cm?
+51x 10" He'/lem? ]
+1.0 x 10" He*/cm?
+5.2 x 10" He'/cm?
+1.0 x 10'° He*/cm?

0.8

Absorbance
o
>

o
'S

0.2 /\
0.0 N\ /\_
1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™")

Figure 11. Mid-infrared absorption spectra acquired during the
irradiation of neat H,O ice (h = 1.2 ym) on top of a layer of allotropic
sulfur (h ® 4 pm) at 20 K using 1 MeV He" ions. Spectra are
vertically offset from one another in the interest of clarity.
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Figure 12. Mid-infrared absorption spectra acquired during the
irradiation of neat H,O ice (h = 1.0 um) on top of a layer of allotropic
sulfur (h ® 4 pum) at 70 K using 1 MeV He" ions. Spectra are
vertically offset from one another in the interest of clarity.

icy Galilean moons of Jupiter and thus was carried out at
higher temperatures.

Indeed, to the best of our knowledge, the only experiment
performed at a comparable temperature to that of the present
experiment is that of Kafiuchova et al,,''® who investigated the
30 keV He" ion irradiation of a mixed H,0:S0, (1:2) ice at 16
K. Their work demonstrated that the irradiation of this ice
resulted in the formation of H,SO, and its monohydrate and
tetrahydrate forms, as inferred from mid-infrared absorption
bands at 1105 and 1070 cm™" that were respectively attributed
to the presence of HSO,™ and SO,>” ions, as well as the broad
H,0" band centered at about 1730 cm™. This result contrasts
strongly with that presented in Figure 11, where no such mid-
infrared absorption bands could be identified. The reason for
this difference may, however, be fairly mundane: it is likely that
the sulfur chemistry occurring in the experiment of Kanuchova
et al'"® occurred to a greater extent due to the more
homogeneous mixing of the SO, and H,O components of their
ice, thus allowing for sulfur product formation to occur
uniformly throughout the ice. This was not the case in the
present experiment, where the radiolytic formation of sulfur-
bearing products could only occur at the ice-refractory
interface and its immediate environs and was likely limited
by the low mobilities of sulfur atoms at 20 K.'%”'%®

The 1 MeV He" ion irradiation of H,O ice on top of a layer
of allotropic sulfur was also performed at 70 K, and, in this
case, spectroscopic evidence for the radiation-induced
formation of H,SO, and its monohydrate and tetrahydrate
forms could be identified (Figure 12). In particular, absorption
features at 1139, 1107, and 1060 cm™' were observed and
could be respectively associated with the formation of H,SO,,
HSO,”, and SO,*~ within the irradiated ice.''*™"** Although
the microporous structure of H,O ice, which has been
previously described as a facilitator of radical and molecule
mobility throughout the ice matrix, is known to vary with ice
temperature,' > ~''7"*1"12% e do not believe that this was the
main driver behind the difference in the chemical productiv-
ities of our experiments conducted at 20 and 70 K. This is due
to the fact that absorption bands associated with OH dangling
bonds were initially detected in spectra of the H,O ices
acquired before irradiation at both these temperatures, but
quickly disappeared during irradiation due to ice compaction
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and micropore destruction, even as the abundances of the acid
hydrate products continued to increase. Moreover, bands
associated with the OH dangling bonds were more intense in
the 20 K ice compared with the 70 K ice, indicating a reduced
porosity in the ice prepared at the higher temperature.
Nevertheless, more extensive sulfur chemistry was observed
in the H,O ice irradiated on top of sulfur at 70 K, thus
indicating that the dominant driver of this chemistry is more
likely to be the greater thermally driven mobility of radicals
and molecules in the 70 K ice; particularly of large sulfur atoms
released from the underlying layer of allotropic sulfur which
would then migrate further into the ice structure and tri&ger
more extensive chemistry at this higher temperature.'””'"® A
similar argument was made to explain the enhanced formation
of sulfur-bearing products as a result of the irradiation of CO,
ice on top of sulfur at 70 K compared with 20 K.

The reactions leading to the formation of these acid hydrate
products were described in detail by Della Guardia and
Johnston,'** who highlighted the important role played by OH
radicals and H,SO,, a lower oxoacid of sulfur whose
astrochemical importance was expounded upon more recently
by Gébi et al.'** In this reaction network (shown in Scheme
1), OH radicals produced from the radiolytic dissociation of
H,O0 react with atomic sulfur to yield H,SO,, which then
dissociates to H* and HSO,”. The anion is subsequently
neutralized via a charge exchange reaction with OH, before a
subsequent reaction with OH oxidizes it to HSO;™. Another
round of neutralization via charge exchange followed by
oxidation mediated by the reaction with OH radicals yields
HSO,™. At this point, HSO,™ may react in three different ways
to yield H,SO,, the monohydrate acid, or the tetrahydrate acid.
The H,SO, product is formed as a result of the simple
combination reaction between H* and HSO,”, while the
monohydrate is formed via the combination reaction between
H;0" and HSO,. Finally, the tetrahydrate is produced in a
two-step process in which HSO,™ first dissociates to H* and
SO,*, after which two H;0" ions and two neutral H,0O
molecules associate with the SO,*~ anion.

The integrated absorbances of the bands related to the acid
hydrate products were not easy to measure in the mid-infrared
spectra acquired during irradiation, and thus, we have made
use of so-called difference spectra in order to facilitate these
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Scheme 1. Reaction Network Proposed by Della Guardia

and Johnston'** Leading to the Formation of H,SO, and Its
Monohydrate and Tetrahydrate Forms after the Irradiation
of H,0 Ice on Top of Sulfur at 70 K Using 1 MeV He" Ions
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measurements. Difference spectra were produced by subtract-
ing the spectrum acquired at zero fluence from all spectra
subsequently acquired during irradiation, as shown in the inset
of Figure 12. Furthermore, in measuring the column densities
of the acid hydrate products, we have followed the example of
Ding et al.'"*® and have integrated over all acid hydrate
absorption bands across the 1350—760 cm™' wavenumber
range, making use of a band strength constant of 1.3 X 1077
cm molecule™. The total abundance of the acid hydrate
products increased in an exponential-like fashion (Figure 13),
and by fitting a linear trend line to the initial points of the
fitted curve, a G-value of 0.4163 + 0.0031 molecules per 100
eV could be calculated.
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Figure 13. Total column density of acid hydrates (ie., H,SO,-nH,0;
n =0, 1, 4) measured during the irradiation of neat H,O ice (h = 1.0
um) on top of a layer of allotropic sulfur (h ~ 4 ym) at 70 K using 1
MeV He" ions. The red curve represents an exponential fit to the data
(* > 0.97), while the blue line represents a linear trend (r* > 0.999)
fitted to the initial points of the exponential curve, from which a G-
value of 0.4163 + 0.0031 molecules per 100 eV was calculated.
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4. ASTROCHEMICAL IMPLICATIONS AND
CONCLUSIONS

In this study, we investigated whether simple inorganic sulfur-
bearing molecules that could be detected by ground- or space-
borne telescopes can be formed in interstellar ices (and, to a
lesser extent, outer solar system ices) as a result of the
irradiation of sulfur-free icy material on top of sulfur-rich dust
grains. Our experiments have demonstrated that several such
molecules can be formed in this way, including SO,, CS,, OCS,
and H,SO, hydrates. One particularly noteworthy result of our
experiments performed with H,O ice was the nondetection of
H,S among the radiolytic products. Indeed, the identification
of this molecule in interstellar icy grain mantles has thus far
also eluded observational astronomers. This is perhaps
counterintuitive, as surface-catalyzed hydrogen atom addition
reactions are known to be a feasible route toward the
formation of simple molecules in dense molecular clouds,"*®
and so the hydrogenation of grain-adsorbed sulfur atoms could
in principle offer a route toward interstellar H,S. Although past
theoretical studies have suggested that this hydrogenation
reaction is accompanied by very high energy barriers when
sulfur is adsorbed on a platinum surface, it is important to
note that, to the best of our knowledge, this reaction route has
not been studied either theoretically or experimentally using
surfaces that are more relevant to astrochemistry and so its
possible contribution to interstellar H,S is unknown. Recent
studies have demonstrated that H,S is very likely to undergo
chemical desorption (also sometimes referred to as “reactive
desorption”) as a result of its formation via hydrogen atom
addition to HS radicals,””®'*’ which may account for its
nondetection in interstellar icy grain mantles but its positive
detection in the gas-phase within interstellar media."**~"** In
any case, our results suggest that the possible formation and
retention of H,S in the ice phase as a result of the cosmic ray
or stellar wind irradiation of H,O ice on allotropic sulfur is not
efficient, and thus, alternative strategies to explain its
hypothesized presence in icy astrophysical environments
must be sought.

As can be noted in Figure 14 and Table 4, the most
commonly observed sulfur-bearing products in our experi-
ments were SO, and CS,. Comparing the G-values of these
molecules, it is possible to note two distinct trends: first, SO, is
in general more readily produced than CS, as demonstrated by
its higher G-values, and second, the irradiation of a given ice on
top of sulfur at 70 K is more productive than the analogous
irradiation at 20 K, most likely due to the higher mobilities of
radiolytically derived radicals at higher temperatures. Given
that SO, and CS, were observed in experiments performed at
both 20 and 70 K, our results therefore indicate that the
irradiation of volatile ices on top of allotropic sulfur is a
plausible strategy toward the synthesis of these molecules in
both interstellar icy grain mantles as well as on the surfaces of
icy outer solar system bodies. Therefore, it may be worthwhile
for future observational studies to search for spectroscopic
evidence of CS, in astrophysical ices, such as in interstellar icy
grain mantles where it may coexist alongside the already
detected SO,.' "

Another result of interest was the comparatively low G-value
of OCS, which was only detected after the irradiation of CO,
ice on sulfur at 70 K. The fact that OCS could not be detected
in our experiments conducted at the more interstellar-relevant
temperature of 20 K suggests that the cosmic ray irradiation of
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Figure 14. Calculated G-values for the sulfur-bearing products
observed as a result of irradiating different ices on top of allotropic
sulfur using 1 MeV He" ions. Note that circles represent data points
acquired at 20 K, while diamonds represent those acquired at 70 K.
Information about error bars can be found in Table 4.

Table 4. G-Values Calculated for the Sulfur-Bearing
Products Observed as a Result of Irradiating Different Neat
Ices on Top of Allotropic Sulfur Using 1 MeV He" Ions

G-values (molecules per 100 eV) for sulfur products

H,SO0,
ice SO, CS, 0OCs hydrates
O, ice at 0.0457 +

20 K 0.0004
CO ice at (6.66 + 0.50)
20 K x 107*
CO, ice at  0.0078 + (5.89 + 0.13)
20 K 0.0014 x 107*
CO, ice at  0.0104 + (9.99 + 0.19)  (0.89 +
70 K 0.0003 x 107+ 0.01)x107*
H,O0 ice at
20K
H,O ice at 0.4163 +
70 K 0.0031

volatile ices on top of allotropic sulfur is not a major
contributor toward the formation of this species, strongly
contrasting with the apparent ease with which SO, is formed in
this way. This result complements the recent observational
surveys of SO, and OCS toward protostellar regions carried
out by Santos et al,'”” who measured a weak correlation
between the gas-phase column densities of these two sulfur-
bearing molecules. This was interpreted as the result of these
two molecules having different formation chemistries during
distinct interstellar cloud evolutionary phases. Indeed, in that
and subsequent studies, Santos et al.">*"** proposed that solid
SO, is likely formed as a result of the energetic processing (e.g.,
by galactic cosmic rays) during the low-density phase of
interstellar molecular clouds when the surface-catalyzed
formation of oxygen-rich molecules (e.g, H,O, O, and
CO,) is a dominant process.135’136 Conversely, the formation
of OCS was proposed to occur after the catastrophic freeze-out
of gas-phase CO as a result of a neutral-neutral reaction
between CO molecules and HS radicals to yield HSCO as an
intermediate species, which, upon hydrogenation, dissociates
to OCS and H,."**"*”'*¥ The notion of SO, in interstellar ices
forming primarily via an “energetic” route and OCS forming
via a “nonenergetic” route is not only in agreement with our
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present findings, but also with the experimentally demon-
strated radiolytic instability of OCS in interstellar ice
analogs. #5719

The production of H,SO, hydrates as a result of the
irradiation of H,O ice on top of sulfur at 70 K was found to
have the highest calculated G-value (Figure 14 and Table 4),
thus highlighting this reaction as an especially productive one.
The result of this experiment is in line with those of several
previous studies; for instance, early studies by Donaldson and
Johnston'** and Johnston and Donaldson'*" investigated the
irradiation of colloidal suspensions of elemental sulfur in
deaerated H,O and found evidence for the solubilization of the
sulfur and the subsequent formation of H,SO,. The
mechanism behind this chemistry was later described by
Della Guardia and Johnston'*® (Scheme 1). Perhaps the first
work to consider the irradiation of H,0:Sg mixtures in
astrophysical ice analogs was that conducted by Carlson,'*
who investigated the chemical evolution of Sy that was mixed
with liquid H,O and subsequently frozen prior to irradiation.
Their work demonstrated that not only is H,SO, efficiently
formed by solid-phase radiation chemistry, but that this
synthesis is in fact more efficient at 77 K (which is similar to
our 70 K irradiation temperature) than at 195 K. Taken
together, these results indicate that sulfur allotropes are likely
to play a pivotal role in the chemistry of cold outer solar
system bodies whose surfaces are characterized by temper-
atures of circa 70 K, such as Jupiter’s moon Europa.'*’

Indeed, on the surface of Europa, allotropic sulfur is thought
to be the second-most abundant reservoir of the element,
behind H,SO, hydrates.'*”'** Given that the surface of Europa
is also dominated by H,O ice, our results suggest that the
irradiation of this ice on top of deposits of allotropic sulfur
could represent a possible route toward the formation of
H,SO, hydrates and thus could contribute to the so-called
radiolytic sulfur c?rcle taking place on Europa’s sur-
face 119120125142, 144,145,146 10 ¢hould be noted, however,
that the current prevailing hypothesis as to the major source of
H,SO, hydrates on Europa is the implantation of energetic
sulfur ions from the giant Jovian magnetosphere, >>" #4514
which would not only explain the surface abundance of the
acid hydrates observed but also their “bulls eye”-like
distribution and enhanced presence on the trailing hemi-
sphere,''#12013015315% gugtematic laboratory work by Ding et
al."*® has strengthened this hypothesis by demonstrating that
the implantation of sulfur ions with kinetic energies of 35—200
keV into H,O ice at 80 K results in the production of H,SO,
with increasing efficiencies at higher ion energies. Sulfur ion
implantations into other ices have also been studied both
experimentally and theoretically,'*""*>'*571%> and work by
Mifsud et al."””"'** demonstrated that the implantation of 400
keV sulfur ions into O, ice at 20 K results in the production of
SO,; this result echoes our present finding with regard to the
irradiation of O, ice on top of allotropic sulfur at the same
temperature.

In conclusion, our experiments have demonstrated that the
irradiation of astrophysical ice analogs on top of refractory
sulfur using 1 MeV He" ion beams (used as a mimic of space
radiation) results in the formation of various simple inorganic
molecules, including SO,, CS,, OCS, and H,SO, hydrates, but
notably not H,S. The formation of these species from different
ices on top of sulfur has been characterized by quantifying their
respective G-values, and reactions leading to their radiolytic
synthesis have been suggested. We emphasize that further work
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is required to definitively identify the specific reactions leading
to the sulfur-bearing products observed in our experiments,
including further work on the possible contribution of ion-
mediated reactions compared with the neutral—neutral
reactions proposed herein. Our results have demonstrated
that SO, and CS, are the most commonly observed products
among the different ices considered, but that the formation of
H,SO, hydrates as a result of the irradiation of H,O ice on
sulfur at 70 K is associated with the highest G-value. Finally, we
have discussed the astrochemical implications of our work in
detail and propose that CS, is a good candidate molecule for
future identification in astrophysical ices by observational
surveys. Furthermore, we have provided experimental evidence
that SO, in interstellar ices could be primarily formed via
energetic mechanisms while OCS is more likely formed as a
result of nonenergetic processes, in agreement with recently
published results from experimental and observational studies.

B AUTHOR INFORMATION

Corresponding Authors

Duncan V. Mifsud — Centre for Astrophysics and Planetary
Science, School of Physics and Astronomy, University of Kent,
Canterbury CT2 7NH, United Kingdom; HUN-REN
Institute for Nuclear Research (Atomki), Debrecen H-4026,
Hungary; ® orcid.org/0000-0002-0379-354X;
Email: mifsud.duncan@atomki.hu

Nigel J. Mason — Centre for Astrophysics and Planetary
Science, School of Physics and Astronomy, University of Kent,
Canterbury CT2 7NH, United Kingdom; HUN-REN
Institute for Nuclear Research (Atomki), Debrecen H-4026,
Hungary; Email: nj.mason@kent.ac.uk

Authors

Zuzana Kanuchova — Astronomical Institute, Slovak Academy
of Sciences, Tatranskd Lomnica SK-059 60, Slovakia

Olivier Auriacombe — Department of Microtechnology and
Nanoscience, Chalmers University of Technology, Géteborg
412 96, Sweden

Péter Herczku — HUN-REN Institute for Nuclear Research
(Atomki), Debrecen H-4026, Hungary; © orcid.org/0000-
0002-1046-1375

Danna Qasim — Southwest Research Institute, San Antonio,
Texas 78238, United States

Sandor T. S. Kovacs — HUN-REN Institute for Nuclear
Research (Atomki), Debrecen H-4026, Hungary

Richdrd Riacz — HUN-REN Institute for Nuclear Research
(Atomki), Debrecen H-4026, Hungary

Béla Sulik — HUN-REN Institute for Nuclear Research
(Atomki), Debrecen H-4026, Hungary

Zoltan Juhisz — HUN-REN Institute for Nuclear Research
(Atomki), Debrecen H-4026, Hungary

Istvin Rajta — HUN-REN Institute for Nuclear Research
(Atomki), Debrecen H-4026, Hungary

Istvan Vajda — HUN-REN Institute for Nuclear Research
(Atomki), Debrecen H-4026, Hungary

Sandor Biri — HUN-REN Institute for Nuclear Research
(Atomki), Debrecen H-4026, Hungary

Robert W. McCullough — Department of Physics and
Astronomy, School of Mathematics and Physics, Queen’s
University Belfast, Belfast BT7 1NN, United Kingdom

Sergio Ioppolo — Centre for Interstellar Catalysis, Department
of Physics and Astronomy, Aarhus University, Aarhus DK-
8000, Denmark; ©® orcid.org/0000-0002-2271-1781

Ujjwal Raut — Southwest Research Institute, San Antonio,
Texas 78238, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsearthspacechem.5c00036

Author Contributions

Duncan V. Mifsud: conceptualization, methodology, valida-
tion, formal analysis, investigation, data curation, writing-
(original draft), writing (review and editing), visualization,
project administration; Zuzana Kanuchova: formal analysis,
data curation, writing (review and editing); Olivier Auria-
combe: conceptualization, resources, writing (review and
editing), funding acquisition; Péter Herczku: methodology,
validation, investigation, writing (review and editing); Danna
Qasim: conceptualization, visualization, writing (review and
editing), project administration; Sandor T. S. Kovacs:
methodology, validation, investigation, writing (review and
editing); Richard Racz: methodology, validation, investigation,
writing (review and editing); Béla Sulik: methodology,
validation, investigation, writing (review and editing); Zoltan
Juhasz: methodology, validation, investigation, writing (review
and editing); Istvan Rajta: resources, writing (review and
editing); Istvan Vajda: resources, writing (review and editing);
Sandor Biri: resources, writing (review and editing); Robert W.
McCullough: writing (review and editing), supervision; Sergio
Ioppolo: resources, writing (review and editing), supervision,
project administration, funding acquisition; Ujjwal Raut:
visualization, writing (review and editing); Nigel J. Mason:
resources, writing (review and editing), supervision, project
administration, funding acquisition.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This article is dedicated to the memory of our dear friend and
colleague Harold Linnartz (1965-2023), who is sorely missed
by the team and the wider research community. The authors
acknowledge support from the Europlanet 2024 RI, which has
been funded by the European Union’s Horizon 2020 Research
Innovation Program under grant agreement no. 871149. The
main components of the ICA setup were purchased using
funds obtained from the Royal Society through grants
UF130409, RGF/EA/180306, and URF/R/191018. Further
developments of the installation were supported in part by the
Eotvos Lorand Research Network through grants ELKH IF-2/
2019 and ELKH IF-5/2020. This work has also received
support from the European Union and the State of Hungary;
cofinanced by the European Regional Development Fund
through grant GINOP-2.3.3-15-2016-00005. Support has also
been received from the Research, Development, and
Innovation Fund of Hungary through grant nos. K128621
and ADVANCED-151196. This paper is also based on work
from the COST Actions CA20129 “MultIChem” and
CA22133 “PLANETS”, supported by COST (European
Cooperation in Science and Technology). Duncan V. Mifsud
is the grateful recipient of a University of Kent Vice-
Chancellor’s Research Scholarship. The research of Zuzana
Kanuchova is supported by the Slovak Grant Agency for
Science (grant no. 2/0059/22). Danna Qasim acknowledges
the “joint” effort from SwRI and STScl. Support for
programme no. 4810 was provided through a grant from the
STScI under NASA contract no. NASS5-03127. Danna Qasim

https://doi.org/10.1021/acsearthspacechem.5c00036
ACS Earth Space Chem. 2025, 9, 1227-1242


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Duncan+V.+Mifsud"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0379-354X
mailto:mifsud.duncan@atomki.hu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nigel+J.+Mason"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:n.j.mason@kent.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zuzana+Kan%CC%8Cuchova%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Olivier+Auriacombe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pe%CC%81ter+Herczku"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1046-1375
https://orcid.org/0000-0002-1046-1375
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Danna+Qasim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sa%CC%81ndor+T.+S.+Kova%CC%81cs"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richa%CC%81rd+Ra%CC%81cz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Be%CC%81la+Sulik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zolta%CC%81n+Juha%CC%81sz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Istva%CC%81n+Rajta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Istva%CC%81n+Vajda"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sa%CC%81ndor+Biri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+W.+McCullough"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sergio+Ioppolo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2271-1781
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ujjwal+Raut"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.5c00036?ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.5c00036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Earth and Space Chemistry

http://pubs.acs.org/journal/aesccq

would also like to extend her deepest gratitude to Harold
Linnartz for his invaluable guidance as her Ph.D. supervisor.
Zoltén Juhédsz is grateful for the support of the Hungarian
Academy of Sciences through the Jdnos Bolyai Research
Scholarship. Robert W. McCullough is the grateful recipient of
an honorary visiting scholar post at Queen’s University Belfast.
Sergio Ioppolo acknowledges support from the Danish
National Research Foundation through the Centre of
Excellence “InterCat” (grant agreement no. DNRF150), as
well as from the Royal Society.

B REFERENCES

(1) Mifsud, D. V.; Kanuchova, Z.; Herczku, P.; Ioppolo, S.; Juhdsz,
Z.; Kovics, S. T. S.; Mason, N. J.; McCullough, R. W,; Sulik, B.; et al.
Sulfur Ice Astrochemistry: A Review of Laboratory Studies. Space Sci.
Rev. 2021, 217, 14.

(2) Geballe, T. R;; et al. New Infrared Absorption Features due to
Solid Phase Molecules Containing Sulfur in W33A. Astron. Astrophys.
1985, 146, L6.

(3) Tieftrunk, A.; et al. SO and H,S in Low Density Molecular
Clouds. Astron. Astrophys. 1994, 289, 579.

(4) Palumbo, M. E,; et al. Solid Carbonyl Sulfide (OCS) in W33A.
Astrophysical Journal 1995, 449, 674.

(5) Boogert, A. C. A; et al. Infrared Observations and Laboratory
Simulations of Interstellar CH, and SO,. Astron. Astrophys. 1997, 317,
929.

(6) Ruffle, D. P.; et al. The Sulfur Depletion Problem. Mon. Not. R.
Astron. Soc. 1999, 306, 691.

(7) Jenkins, E. B. A Unified Representation of Gas-Phase Element
Depletions in the Interstellar Medium. Astrophysical Journal 2009,
700, 1299.

(8) Laas, J. C.; Caselli, P. Modeling Sulfur Depletion in Interstellar
Clouds. Astron. Astrophys. 2019, 624, A108.

(9) Vidal, T. H. G; et al. On the Reservoir of Sulphur in Dark
Clouds: Chemistry and Elemental Abundance Reconciled. Mon. Not.
R. Astron. Soc. 2017, 469, 435.

(10) Navarro-Almaida, D.; et al. Gas Phase Elemental Abundances in
Molecular Clouds (GEMS)-II. On the Quest for the Sulfur Reservoir
in Molecular Clouds: the H,S Case. Astron. Astrophys. 2020, 637, A39.

(11) Boogert, A. C. A; et al. Observations of the Icy Universe.
Annual Review of Astronomy and Astrophysics 2018, 53, 541.

(12) McClure, M. K; et al. An Ice Age JWST Inventory of Dense
Molecular Clouds Ices. Nature Astronomy 2023, 7, 431.

(13) Altwegg, K; et al. Abundant Ammonium Hydrosulfide
Embedded in Cometary Dust Grains. Mon. Not. R. Astron. Soc.
2022, 516, 3900.

(14) Slavicinska, K; et al. Ammonium Hydrosulfide (NH,SH) as a
Potentially Significant Sulfur Sink in Interstellar Ices. Astron.
Astrophys. 2025, 693, A146.

(15) Gunning, H. E.; Strausz, O. P. The Reactions of Sulfur Atoms.
Adv. Photochem. 1966, 4, 143.

(16) Brom, J. M.; Lepak, E. J. Afterglow from the Photodissociation
of OCS in an Argon Matrix at 4 K. Chem. Phys. Lett. 1976, 41, 185.

(17) Smardzewski, R. R. Chemiluminescent Matrix Reactions of
Atomic Oxygen, Sulfur, and O (*°P) + H,S. J. Chem. Phys. 1978, 68,
2878.

(18) Lee, Y. P.; Pimentel, G. C. Chemiluminescence of S, in Solid
Argon. J. Chem. Phys. 1979, 70, 692.

(19) Shingledecker, C. N.; et al. The Effects of Cosmic-Ray-Driven
Radiation Chemistry and Nondiffusive Bulk Reactions. Astrophysical
Journal 2020, 888, 52.

(20) Garrod, R. T.; et al. Formation of Complex Organic Molecules
in Hot Molecular Cores Through Nondiffusive Grain-Surface and Ice-
Mantle Chemistry. Astrophysical Journal Supplement Series 2022, 259,
1.

(21) Cazaux, S.; et al. Photoprocessing of H,S on Dust Grains:
Building S Chains in Translucent Clouds and Comets. Astron.
Astrophys. 2022, 657, A100.

1239

(22) Carrascosa, H.; et al. Formation and Desorption of Sulfur
Chains (H,S, and S,) in Cometary Ice: Effects of Ice Composition
and Temperature. Mon. Not. R. Astron. Soc. 2024, 533, 967.

(23) Garozzo, M; et al. The Fate of S-Bearing Species after Ion
Irradiation of Interstellar Icy Grain Mantles. Astron. Astrophys. 2010,
509, A67.

(24) Gomis, O.; Strazzulla, G. Ion Irradiation Studies of H,O Ice on
Top of Sulfurous Solid Residues and its Relevance to the Galilean
Satellites. Icarus 2008, 194, 146.

(25) Strazzulla, G.; et al. The Origin of Sulfur-Bearing Species on the
Surfaces of Icy Satellites. Adv. Space Res. 2009, 43, 1442.

(26) Mahjoub, A.; et al. Production of Sulfur Allotropes in Electron
Irradiated Jupiter Trojans Ice Analogs. Astrophysical Journal 2017,
846, 148.

(27) Mifsud, D. V.; Herczku, P.; Ricz, R.; Rahul, K. K.; Kovacs, S. T.
S.; Juhész, Z.; Sulik, B.; Biri, S.; McCullough, R. W.; Kanuchova, Z.;
Toppolo, S.; Hailey, P. A; Mason, N. J; et al. Energetic Electron
Irradiations of Amorphous and Crystalline Sulfur-Bearing Astrochem-
ical Ices. Front. Chem. 2022, 10, 1003163.

(28) Trofimov, B. A; et al. Vibrations of the S—S Bond in Elemental
Sulfur and Organic Polysulfides: A Structural Guide. Journal of Sulfur
Chemistry 2009, 30, 518.

(29) Aponte, J. C.; Dworkin, J. P.; Glavin, D. P.; Elsila, J. E.; Parker,
E. T,; McLain, H. L; Naraoka, H,; Okazaki, R,; Takano, Y;
Tachibana, S.; Dong, G.; Zeichner, S. S.; Eiler, J. M.; Yurimoto, H.;
Nakamura, T.; Yabuta, H,; Terui, F.; Noguchi, T.; Sakamoto, K;
Yada, T.; Nishimura, M.; Nakato, A.; Miyazaki, A.; Yogata, K; Abe,
M.; Okada, T.; Usui, T.; Yoshikawa, M.; Saiki, T.; Tanaka, S.;
Nakazawa, S.; Tsuda, Y.; Watanabe, S. i.; et al. PAHs, Hydrocarbons,
and Dimethylsulfides in Asteroid Ryugu Samples A0106 and C0107
and the Orgueil (CI1) Meteorite. Earth, Planets, and Space 2023, 75,
28.

(30) Calmonte, U.; et al. Sulfur-Bearing Species in the Coma of
Comet 67P/Churyumov-Gerasimenko. Mon. Not. R. Astron. Soc.
2016, 462, S253.

(31) Hazen, R. M; et al. Mineral Evolution. Am. Mineral. 2008, 93,
1693.

(32) Hony, S.; et al. The Carrier of the 30 ym Emission Feature in
Evolved Stars: A Simple Model Using Magnesium Sulfide. Astron.
Astrophys. 2002, 390, 533.

(33) Hony, S.; et al. The Detection of Iron Sulfides in Planetary
Nebulae. Astron. Astrophys. 2002, 393, L103.

(34) Kama, M,; et al. Abundant Refractory Sulfur in Protoplanetary
Disks. Astrophysical Journal 2019, 88S, 114.

(35) Oberg, K. I. Photochemistry and Astrochemistry: Photo-
chemical Pathways to Interstellar Complex Organic Molecules. Chem.
Rev. 2016, 116, 9631.

(36) Arumainayagam, C. R.; et al. Extraterrestrial Prebiotic
Molecules: Photochemistry vs. Radiation Chemistry of Interstellar
Ices. Chem. Soc. Rev. 2019, 48, 2293.

(37) Herbst, E.; Garrod, R. T. Synthetic Approaches to Complex
Organic Molecules in the Cold Interstellar Medium. Frontiers in
Astronomy and Space Sciences 2022, 8, No. 789428.

(38) Mennella, V.; et al. Formation of CO and CO, Molecules by
Ion Irradiation of Water Ice-Covered Hydrogenated Carbon Grains.
Astrophysical Journal 2004, 615, 1073.

(39) Raut, U; et al. Radiation Synthesis of Carbon Dioxide in Ice-
Coated Carbon: Implications for Interstellar Grains and Icy Moons.
Astrophysical Journal 2012, 752, 159.

(40) Gomis, O.; Strazzulla, G. CO, Production by Ion Irradiation of
H,0 on Top of Carbonaceous Materials and its Relevance to the
Galilean Satellites. Icarus 2008, 177, 570.

(41) Mennella, V.; et al. Synthesis of CO and CO, Molecules by UV
Irradiation of Water Ice-Covered Hydrogenated Carbon Grains.
Astrophysical Journal 2006, 643, 923.

(42) Fulvio, D.; et al. Photosynthesis of Carbon Dioxide from
Carbon Surfaces Coated with Oxygen: Implications for Interstellar
Molecular Clouds and the Outer Solar System. Astrophysical Journal
Letters 2012, 752, L33.

https://doi.org/10.1021/acsearthspacechem.5c00036
ACS Earth Space Chem. 2025, 9, 1227-1242


https://doi.org/10.1007/s11214-021-00792-0
https://doi.org/10.1086/176088
https://doi.org/10.1046/j.1365-8711.1999.02562.x
https://doi.org/10.1088/0004-637X/700/2/1299
https://doi.org/10.1088/0004-637X/700/2/1299
https://doi.org/10.1051/0004-6361/201834446
https://doi.org/10.1051/0004-6361/201834446
https://doi.org/10.1093/mnras/stx828
https://doi.org/10.1093/mnras/stx828
https://doi.org/10.1051/0004-6361/201937180
https://doi.org/10.1051/0004-6361/201937180
https://doi.org/10.1051/0004-6361/201937180
https://doi.org/10.1146/annurev-astro-082214-122348
https://doi.org/10.1038/s41550-022-01875-w
https://doi.org/10.1038/s41550-022-01875-w
https://doi.org/10.1093/mnras/stac2440
https://doi.org/10.1093/mnras/stac2440
https://doi.org/10.1051/0004-6361/202451383
https://doi.org/10.1051/0004-6361/202451383
https://doi.org/10.1002/9780470133347.ch6
https://doi.org/10.1016/0009-2614(76)85280-3
https://doi.org/10.1016/0009-2614(76)85280-3
https://doi.org/10.1063/1.436085
https://doi.org/10.1063/1.436085
https://doi.org/10.1063/1.437497
https://doi.org/10.1063/1.437497
https://doi.org/10.3847/1538-4357/ab5360
https://doi.org/10.3847/1538-4357/ab5360
https://doi.org/10.3847/1538-4365/ac3131
https://doi.org/10.3847/1538-4365/ac3131
https://doi.org/10.3847/1538-4365/ac3131
https://doi.org/10.1051/0004-6361/202141861
https://doi.org/10.1051/0004-6361/202141861
https://doi.org/10.1093/mnras/stae1768
https://doi.org/10.1093/mnras/stae1768
https://doi.org/10.1093/mnras/stae1768
https://doi.org/10.1051/0004-6361/200913040
https://doi.org/10.1051/0004-6361/200913040
https://doi.org/10.1016/j.icarus.2007.09.015
https://doi.org/10.1016/j.icarus.2007.09.015
https://doi.org/10.1016/j.icarus.2007.09.015
https://doi.org/10.1016/j.asr.2009.01.007
https://doi.org/10.1016/j.asr.2009.01.007
https://doi.org/10.3847/1538-4357/aa85e0
https://doi.org/10.3847/1538-4357/aa85e0
https://doi.org/10.3389/fchem.2022.1003163
https://doi.org/10.3389/fchem.2022.1003163
https://doi.org/10.3389/fchem.2022.1003163
https://doi.org/10.1080/17415990902998579
https://doi.org/10.1080/17415990902998579
https://doi.org/10.1186/s40623-022-01758-4
https://doi.org/10.1186/s40623-022-01758-4
https://doi.org/10.1186/s40623-022-01758-4
https://doi.org/10.1093/mnras/stw2601
https://doi.org/10.1093/mnras/stw2601
https://doi.org/10.2138/am.2008.2955
https://doi.org/10.1051/0004-6361:20020603
https://doi.org/10.1051/0004-6361:20020603
https://doi.org/10.1051/0004-6361:20021260
https://doi.org/10.1051/0004-6361:20021260
https://doi.org/10.3847/1538-4357/ab45f8
https://doi.org/10.3847/1538-4357/ab45f8
https://doi.org/10.1021/acs.chemrev.5b00694?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.5b00694?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7CS00443E
https://doi.org/10.1039/C7CS00443E
https://doi.org/10.1039/C7CS00443E
https://doi.org/10.3389/fspas.2021.789428
https://doi.org/10.3389/fspas.2021.789428
https://doi.org/10.1086/424685
https://doi.org/10.1086/424685
https://doi.org/10.1088/0004-637X/752/2/159
https://doi.org/10.1088/0004-637X/752/2/159
https://doi.org/10.1016/j.icarus.2005.04.003
https://doi.org/10.1016/j.icarus.2005.04.003
https://doi.org/10.1016/j.icarus.2005.04.003
https://doi.org/10.1086/502965
https://doi.org/10.1086/502965
https://doi.org/10.1088/2041-8205/752/2/L33
https://doi.org/10.1088/2041-8205/752/2/L33
https://doi.org/10.1088/2041-8205/752/2/L33
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.5c00036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Earth and Space Chemistry

http://pubs.acs.org/journal/aesccq

(43) Ferrari, P.; Berden, G.; Redlich, B.; Waters, L. B. F. M.; Bakker,
J. M,; et al. Laboratory Infrared Spectra and Fragmentation Chemistry
of Sulfur Allotropes. Nat. Commun. 2024, 15, 5928.

(44) Yamada, M,; et al. A Comprehensive Investigation on the
Formation of Organosulfur Molecules in Dark Clouds via Neutral-
Neutral Reactions. Astron. Astrophys. 2002, 39S, 1031.

(45) Moore, M. H,; et al. The Radiolysis of SO, and H,S in Water
Ice: Implications for the Icy Jovian Satellites. Icarus 2007, 189, 409.

(46) Ferrante, R. F.; et al. Formation of Interstellar OCS: Radiation
Chemistry and IR Spectra of Precursor Ices. Astrophysical Journal
2008, 684, 1210.

(47) Wang, J.; et al. Formation of Thioformic Acid (HCOSH): The
Simplest Thioacid in Interstellar Ice Analogs. J. Phys. Chem. A 2022,
126, 9699.

(48) Santos, J. C.; et al. Formation of S-Bearing Complex Organic
Molecules in Interstellar Clouds via Ice Reactions with C,H,, HS, and
Atomic H. ACS Earth and Space Chemistry 2024, 8, 1646.

(49) Caffrey, J. M.; Allen, A. O. Radiolysis of Pentane Adsorbed on
Mineral Solids. J. Phys. Chem. 1958, 62, 33.

(50) Sutherland, J. W.; Allen, A. O. Radiolysis of Pentane in the
Adsorbed State. J. Am. Chem. Soc. 1961, 83, 1040.

(51) Hentz, R. R. Radiation-Induced Reactions of Isopropylbenzene
on Silica-Alumina. J. Phys. Chem. 1964, 68, 2889.

(52) Rabe, J. G.; et al. Radiolysis and Energy Transfer in the
Adsorbed State. J. Phys. Chem. 1966, 70, 1098.

(53) LaVerne, J. A.; Tandon, L. H, Production in the Radiolysis of
Water on UO, and Other Oxides. J. Phys. Chem. B 2003, 107, 13623.

(54) Herczku, P.; Mifsud, D. V.; Ioppolo, S.; Juhasz, Z.; Kantuchov4,
Z.; Kovécs, S. T. S.; Traspas Muinfa, A.; Hailey, P. A.; Rajta, I; Vajda,
L; Mason, N. J.; McCullough, R. W,; Paripés, B.; Sulik, B.; et al. The
Ice Chamber for Astrophysics-Astrochemistry (ICA): A New
Experimental Facility for Ion Impact Studies of Astrophysical Ice
Analogs. Rev. Sci. Instrum. 2021, 92, No. 084501.

(55) Mifsud, D. V.; Juhdsz, Z.; Herczku, P.; Kovéics, S. T. S,
Toppolo, S.; Kanuchovd, Z.; Czentye, M.; Hailey, P. A.; Muifia, A. T.;
Mason, N. J,; McCullough, R. W,; Paripds, B.; Sulik, B.; et al. Electron
Irradiation and Thermal Chemistry Studies of Interstellar and
Planetary Ice Analogs at the ICA Astrochemistry Facility. Eur. Phys.
J. D 2021, 75, 182.

(56) Meyer, B. Elemental Sulfur. Chem. Rev. 1976, 76, 367.

(57) Rajta, L; et al. Accelerator Characterization of the New Ion
Beam Facility at MTA Atomki in Debrecen, Hungary. Nuclear
Instruments and Methods in Physics Research A 2018, 880, 125.

(58) Biri, S.; Vajda, . K.; Hajdu, P.; Racz, R.; Csik, A.; Kormény, Z.;
Perduk, Z.; Kocsis, F.; Rajta, L; et al. The Atomki Accelerator Center.
Eur. Phys. ]. Plus 2021, 136, 247.

(59) Simpson, J. A. Elemental and Isotopic Composition of the
Galactic Cosmic Rays. Annual Review of Nuclear and Particle Science
1983, 33, 323.

(60) Mewaldt, R. A. Galactic Cosmic Ray Composition and Energy
Spectra. Adv. Space Res. 1994, 14, 737.

(61) Ziegler, J. F.; et al. SRIM — The Stopping and Range of Ions in
Matter. Nuclear Instruments and Methods in Physics Research B 2010,
268, 1818.

(62) Gerakines, P. A,; et al. The Infrared Band Strengths of H,0,
CO, and CO, in Laboratory Simulations of Astrophysical Ice
Mixtures. Astron. Astrophys. 1995, 296, 810.

(63) Greenwood, N. N.; Earnshaw, A. “Sulfur.” In: Chemistry of the
Elements, pp 645—746. Butterworth-Heinemann, 1997.

(64) Freiman, Y. A; Jodl, H. J. Solid Oxygen. Phys. Rep. 2004, 401,
1.

(65) Luna, R; et al. Density and Refractive Index of Carbon
Monoxide Ice at Different Temperatures. Astrophysical Journal 2022,
935, 134. )

(66) Satorre, MA; et al. Density of CH,, N,, and CO, Ices at
Different Temperatures of Deposition. Planetary and Space Science
2008, 56, 1748.

1240

(67) Narten, A. H,; et al. Diffraction Pattern and Structure of
Amorphous Solid Water at 10 and 77 K. J. Chem. Phys. 1976, 64,
1106.

(68) Mifsud, D. V.; et al. A Systematic Mid-Infrared Spectroscopic
Study of Thermally Processed SO, Ices. Phys. Chem. Chem. Phys.
2023, 25, 26278.

(69) Garozzo, M.; et al. H-Implantation in SO, and CO, Ices.
Planetary and Space Science 2008, 56, 1300.

(70) Mayer, R. Organic Chemistry of Sulfur, pp 33—69. Springer,
1977.

(71) Hills, A. J; et al. Kinetics of the Reactions of Diatomic Sulfur
with Atomic Oxygen, Molecular Oxygen, Ozone, Nitrous Oxide,
Nitric Oxide, and Nitrogen Dioxide. J. Phys. Chem. 1987, 91, 1199.

(72) Long, S. R.; Pimentel, G. C. Chemiluminescent Reactions of
Sulfur (°P,) Atoms in Cryogenic Matrices: $S+O, — SO, (a’B)). J.
Chem. Phys. 1977, 66, 2219.

(73) Lotnik, S. V.; Kazakov, V. P. Chemiluminescence in Cryogenic
Matrices. Russ. Chem. Rev. 1989, $8, 337.

(74) Chaabouni, H.; et al. Infrared Spectroscopy of Neat Solid
Ozone and That of Ozone in Interaction with Amorphous and
Crystalline Water Ice. J. Phys. Chem. A 2000, 104, 6962.

(75) Bennett, C. J.; Kaiser, R. L Laboratory Studies on the
Formation of Ozone on Icy Satellites and on Interstellar and
Cometary Ices. Astrophysical Journal 2005, 635, 1362.

(76) Sivaraman, B.; et al. Temperature-Dependent Formation of
Ozone in Solid Oxygen by S keV Electron Irradiation and
Implications for Solar System Ices. Astrophysical Journal 2007, 669,
1414.

(77) Ennis, C. P.; et al. On the Formation of Ozone in Oxygen-Rich
Solar System Ices via Ionizing Radiation. Phys. Chem. Chem. Phys.
2011, 13, 9469.

(78) Sivaraman, B.; Raja Sekhar, B. N.; Fulvio, D.; Hunniford, A.;
McCullough, B.; Palumbo, M. E.; Mason, N.; et al. Ozone and
Carbon Trioxide Synthesis by Low Energy Ion Implantation onto
Solid Carbon Dioxide and Implications to Astrochemistry. J. Chem.
Phys. 2013, 139, No. 074706.

(79) Mifsud, D. V.; et al. Ozone Production in Electron Irradiated
CO,:0, Ices. Phys. Chem. Chem. Phys. 2022, 24, 18169.

(80) Trottier, A.; Brooks, R. L. Carbon-Chain Oxides in Proton-
Irradiated CO Ice Films. Astrophysical Journal 2004, 612, 1214.

(81) Loeffler, M. J.; et al. CO, Synthesis in Solid CO by Lyman-a
Photons and 200 keV Protons. Astron. Astrophys. 2008, 43S, 587.

(82) Palumbo, M. E.; et al. Detection of C;O in the Low-Mass
Protostar Elias 18. Astrophysical Journal 2008, 685, 1033.

(83) Jamieson, C. S.; et al. Understanding the Kinetics and
Dynamics of Radiation-Induced Reaction Pathways in Carbon
Monoxide Ice at 10 K. Astrophysical Journal Supplement Series 2006,
163, 184.

(84) Bennett, C. J.; et al. Mechanistical Studies on the Formation of
Carbon Dioxide in Extraterrestrial Carbon Monoxide Ice Analog
Samples. Phys. Chem. Chem. Phys. 2009, 11, 4210.

(85) Rolfes, T. R.; et al. The Chemiluminescent Reaction of Oxygen
Atoms with Sulfur Monoxide at Low Pressures. J. Phys. Chem. 1968,
69, 849.

(86) Jiménez-Escobar, A.; et al. Sulfur Depletion in Dense Clouds
and Circumstellar Regions: Organic Products Made from UV
Photoprocessing of Realistic Ice Analogs Containing H,S. Mon. Not.
R. Astron. Soc. 2014, 443, 343.

(87) Sivaraman, B. Electron Irradiation of Carbon Dioxide-Carbon
Disulfide Ice Analog and its Implication on the Identification of
Carbon Disulfide on Moon. Journal of Chemical Sciences 2016, 128,
159.

(88) Ikeda, A.; et al. Photodissociation Dynamics of OCS And CS,
Adsorbed on Water Ice Films at 193 nm. Journal of Photochemistry and
Photobiology A 2008, 195, 330.

(89) Deeyamulla, M. P.; Husain, D. Kinetic Studies of Atomic
Carbon, C[2p2(3PJ)], with Small Sulfur-Containing Molecules by
Time-Resolved Atomic Resonance Absorption Spectroscopy in the

https://doi.org/10.1021/acsearthspacechem.5c00036
ACS Earth Space Chem. 2025, 9, 1227-1242


https://doi.org/10.1038/s41467-024-50303-2
https://doi.org/10.1038/s41467-024-50303-2
https://doi.org/10.1051/0004-6361:20021328
https://doi.org/10.1051/0004-6361:20021328
https://doi.org/10.1051/0004-6361:20021328
https://doi.org/10.1016/j.icarus.2007.01.018
https://doi.org/10.1016/j.icarus.2007.01.018
https://doi.org/10.1086/590362
https://doi.org/10.1086/590362
https://doi.org/10.1021/acs.jpca.2c06860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.2c06860?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.4c00150?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.4c00150?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.4c00150?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j150559a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j150559a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01466a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01466a007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100792a024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100792a024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100876a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100876a022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp035381s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp035381s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/5.0050930
https://doi.org/10.1063/5.0050930
https://doi.org/10.1063/5.0050930
https://doi.org/10.1063/5.0050930
https://doi.org/10.1140/epjd/s10053-021-00192-7
https://doi.org/10.1140/epjd/s10053-021-00192-7
https://doi.org/10.1140/epjd/s10053-021-00192-7
https://doi.org/10.1021/cr60301a003?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.nima.2017.10.073
https://doi.org/10.1016/j.nima.2017.10.073
https://doi.org/10.1140/epjp/s13360-021-01219-z
https://doi.org/10.1146/annurev.ns.33.120183.001543
https://doi.org/10.1146/annurev.ns.33.120183.001543
https://doi.org/10.1016/0273-1177(94)90536-3
https://doi.org/10.1016/0273-1177(94)90536-3
https://doi.org/10.1016/j.nimb.2010.02.091
https://doi.org/10.1016/j.nimb.2010.02.091
https://doi.org/10.48550/arXiv.astro-ph/9409076
https://doi.org/10.48550/arXiv.astro-ph/9409076
https://doi.org/10.48550/arXiv.astro-ph/9409076
https://doi.org/10.1016/j.physrep.2004.06.002
https://doi.org/10.3847/1538-4357/ac8001
https://doi.org/10.3847/1538-4357/ac8001
https://doi.org/10.1016/j.pss.2008.07.015
https://doi.org/10.1016/j.pss.2008.07.015
https://doi.org/10.1063/1.432298
https://doi.org/10.1063/1.432298
https://doi.org/10.1039/D3CP03196A
https://doi.org/10.1039/D3CP03196A
https://doi.org/10.1016/j.pss.2008.05.002
https://doi.org/10.1021/j100289a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100289a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100289a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.434140
https://doi.org/10.1063/1.434140
https://doi.org/10.1070/RC1989v058n04ABEH003444
https://doi.org/10.1070/RC1989v058n04ABEH003444
https://doi.org/10.1021/jp0008290?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0008290?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0008290?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1086/497618
https://doi.org/10.1086/497618
https://doi.org/10.1086/497618
https://doi.org/10.1086/521216
https://doi.org/10.1086/521216
https://doi.org/10.1086/521216
https://doi.org/10.1039/c1cp20434c
https://doi.org/10.1039/c1cp20434c
https://doi.org/10.1063/1.4818166
https://doi.org/10.1063/1.4818166
https://doi.org/10.1063/1.4818166
https://doi.org/10.1039/D2CP01535H
https://doi.org/10.1039/D2CP01535H
https://doi.org/10.1086/422680
https://doi.org/10.1086/422680
https://doi.org/10.1051/0004-6361:20042256
https://doi.org/10.1051/0004-6361:20042256
https://doi.org/10.1086/591017
https://doi.org/10.1086/591017
https://doi.org/10.1086/499245
https://doi.org/10.1086/499245
https://doi.org/10.1086/499245
https://doi.org/10.1039/b901220f
https://doi.org/10.1039/b901220f
https://doi.org/10.1039/b901220f
https://doi.org/10.1021/j100887a024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100887a024?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/mnras/stu1100
https://doi.org/10.1093/mnras/stu1100
https://doi.org/10.1093/mnras/stu1100
https://doi.org/10.1007/s12039-015-0996-6
https://doi.org/10.1007/s12039-015-0996-6
https://doi.org/10.1007/s12039-015-0996-6
https://doi.org/10.1016/j.jphotochem.2007.10.023
https://doi.org/10.1016/j.jphotochem.2007.10.023
https://doi.org/10.1016/j.jphotochem.2006.04.038
https://doi.org/10.1016/j.jphotochem.2006.04.038
https://doi.org/10.1016/j.jphotochem.2006.04.038
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.5c00036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Earth and Space Chemistry

http://pubs.acs.org/journal/aesccq

Vacuum Ultra-Violet. Journal of Photochemistry and Photobiology A
2006, 184, 347.

(90) Martin-Doménech, R ; et al. UV Photoprocessing of CO, Ice: A
Complete Quantification of Photochemistry and Photon-Induced
Desorption Processes. Astron. Astrophys. 2015, 584, Al4.

(91) Mifsud, D. V,; et al. Mid-IR and VUV Spectroscopic
Characterization of Thermally Processed and Electron Irradiated
CO, Astrophysical Ice Analogs. J. Mol. Spectrosc. 2022, 385,
No. 111599.

(92) Pilling, S.; et al. Chemical Evolution of CO, Ices Under
Processing by Ionizing Radiation: Characterization of Nonobserved
Species and Chemical Equilibrium Phase with the Employment of
PROCODA Code. Astrophysical Journal 2022, 925, 147.

(93) Pilling, S.; et al. Mapping the Evolution of Pure CO, Ices
Irradiated by Ions, UV, and Electrons Using the Upgraded
PROCODA Code (Employing an Effective Rate Constant Ordering
by Thermochemistry Data). Adv. Space Res. 2023, 71, 5466.

(94) Bennett, C. J.; et al. Mechanistical Studies on the Formation
and Destruction of Carbon Monoxide (CO), Carbon Dioxide (CO,),
and Carbon Trioxide (COj;) in Interstellar Ice Analog Samples. Phys.
Chem. Chem. Phys. 2010, 12, 4032.

(95) Froese, R. D. J.; Goddard, J. D. Ab Initio Studies of the Lowest
Singlet and Triplet Potential Energy Surfaces of CO,S. Mol. Phys.
1993, 79, 685.

(96) Hawkins, M.; et al. Photochemistry of Low-Temperature
Matrixes Containing Carbonyl Sulfide: Reactions of Sulfur Atoms
with the Phosphorus Trihalides Phosphorus Trifluoride (PF;) and
Phosphorus Trichloride (PCl;) and the Hydrocarbons Methane,
Ethene, and Ethyne. J. Phys. Chem. 198S, 89, 3326.

(97) Lo, W. J; et al. Isomers of OCS,: IR Absorption Spectra of
OSCS and O(CS,) in Solid Ar. J. Chem. Phys. 2004, 121, 12371.

(98) Jones, P. R.; Taube, H. Photochemical Studies on Ozone with
Carbon Disulfide and with Carbonyl Sulfide in Low-Temperature
Matrices. J. Phys. Chem. 1973, 77, 1007.

(99) Hsu, D. S. Y,; et al. Dynamics of Reactions of O (°P) Atoms
with CS, CS,, and OCS. Chem. Phys. 1979, 44, 143.

(100) Chen, X.; et al. Internal Energy Distributions of the SO(X*Z")
Product from the O(*P)+OCS Reaction. Chem. Phys. Lett. 1995, 247,
313.

(101) van Veen, N,; et al. The Adiabatic and Diabatic Reactions of
S('D) Atoms with OCS: Internal State Distribution of the S,
Products. J. Chem. Phys. 1983, 79, 4295.

(102) Moore, M. H,; et al. Vaporization of Ices Containing S, —
Implications for Comets. Icarus 1988, 74, 399.

(103) Mejia, C.; et al. Radiolysis and Sputtering of Carbon Dioxide
Ice Induced by Swift Ti, Ni, and Xe Ions. Nuclear Instruments and
Methods in Physics Research B 2018, 365, 477.

(104) Cataldo, F. On the Photopolymerization of Carbon Disulfide.
Inorg. Chim. Acta 1995, 232, 27.

(105) Cataldo, F.; Heymann, D. Carbon Disulfide Sonopolymer: A
Comparison with Other Carbon Disulfide Polymers. European Journal
of Solid State and Inorganic Chemistry 1998, 35, 619.

(106) Cataldo, F. On the Radiopolymerization of Carbon Disulfide.
Radiat. Phys. Chem. 2000, S8, 217.

(107) Khriachtchev, L.; et al. Low-Temperature Thermolumines-
cence in Solid Argon: Short-Range Mobility of Atoms. J. Chem. Phys.
1999, 111, 1650.

(108) Kiljunen, T.; et al. Electronic Structure and Short-Range
Recombination Dynamics of S, in Solid Argon. J. Chem. Phys. 2000,
112, 7475.

(109) Hopkins, A. G.; Brown, C. W. Infrared Spectrum of Sulfur
Monoxide. J. Chem. Phys. 1975, 62, 2511.

(110) Hudgins, D. M.; et al. Mid- and Far-Infrared Spectroscopy of
Ices: Optical Constants and Integrated Absorbances. Astrophysical
Journal Supplement Series 1993, 86, 713.

(111) Gigueére, P. A.; Harvey, K. B. An Infrared Study of Hydrogen
Bonding in Solid H,0, and H,0:H,0, Mixtures. J. Mol. Spectrosc.
1959, 3, 36.

1241

(112) Moore, M. H.; Hudson, R. L. IR Detection of H,0, at 80 K in
Ton-Irradiated Laboratory Ices Relevant to Europa. Icarus 2000, 14S,
282.

(113) Loeffler, M. J.; Hudson, R. L. Descent Without Modification?
The Thermal Chemistry of H,0, on Europa and Other Icy Worlds.
Astrobiology 2018, 15, 453.

(114) Mifsud, D. V.; Hailey, P. A;; Herczku, P.; Juhdsz, Z.; Kovécs, S.
T. S; Sulik, B,; Ioppolo, S.; Kanuchovd, Z.; McCullough, R. W,;
Paripas, B.; Mason, N. J; et al. Laboratory Experiments on the
Radiation Astrochemistry of Water Ice Phases. European Physical
Journal D 2022, 76, 87.

(115) Baragiola, R. A. Water Ice on Outer Solar System Surfaces:
Basic Properties and Radiation Effects. Planetary and Space Science
2003, 51, 953.

(116) Palumbo, M. E. Formation of Compact Solid Water After Ion
Irradiation at 15 K. Astron. Astrophys. 2006, 453, 903.

(117) Boduch, P.; et al. Radiation Effects in Astrophysical Ices.
Journal of Physics Conference Series 2015, 629, No. 012008.

(118) Kanuchov4, Z.; et al. Thermal and Energetic Processing of
Astrophysical Ice Analogs Rich in SO,. Astron. Astrophys. 2017, 604,
A68.

(119) Loeffler, M. J.; et al. Radiolysis of Sulfuric Acid, Sulfuric Acid
Monohydrate, and Sulfuric Acid Tetrahydrate and its Relevance to
Europa. Icarus 2011, 215, 370.

(120) Loeffler, M. J; et al. Thermal Regeneration of Sulfuric Acid
Hydrates After Irradiation. Icarus 2012, 219, 561.

(121) Bossa, J. B.; et al. Thermal Collapse of Porous Interstellar Ice.
Astron. Astrophys. 2012, 545, A82.

(122) Isokoski, K; et al. Porosity and Thermal Collapse Measure-
ments of H,O, CH;0H, CO,, and H,0:CO, Ices. Phys. Chem. Chem.
Phys. 2014, 16, 3456.

(123) Della Guardia, R. A.; Johnston, F. J. Radiation-Induced
Reaction of Sulfur and Water. Radiat. Res. 1980, 84, 259.

(124) Gobj, S.; et al. Successive Hydrogenation of SO and SO, in
Solid para-H,: Formation of Elusive Small Oxoacids of Sulfur. ACS
Earth and Space Chemistry 2021, S, 1180.

(125) Ding, J. J.; et al. Implantation of Multiply Charged Sulfur Ions
in Water Ice. Icarus 2013, 226, 860.

(126) Linnartz, H.; et al. Atom Addition Reactions in Interstellar Ice
Analogs. Int. Rev. Phys. Chem. 2015, 34, 20S.

(127) Michaelides, A;; Hu, P. Hydrogenation of S to H,S on
Pt(111): A First-Principles Study. J. Chem. Phys. 2001, 115, 8570.

(128) Oba, Y,; et al. An Infrared Measurement of Chemical
Desorption from Interstellar Ice Analogs. Nature Astronomy 2018, 2,
228.

(129) Oba, Y; et al. Physico-Chemical Behavior of Hydrogen
Sulfide Induced by Reactions with H and D Atoms on Different
Types of Ice Surfaces at Low Temperature. Astrophysical Journal
2019, 874, 124.

(130) Thaddeus, P.; et al. Interstellar Hydrogen Sulfide.
Astrophysical Journal 1972, 176, L73.

(131) Ukita, N.; et al. Hydrogen Sulfide in a Circumstellar Envelope.
Astron. Astrophys. 1983, 121, 15.

(132) Minh, Y. C; et al. Detection of Interstellar Hydrogen Sulfide
in Cold, Dark Clouds. Astrophysical Journal 1989, 345, L63.

(133) Santos, J. C; et al. SO, and OCS Toward High-Mass
Protostars: A Comparative Study of Ice and Gas. Astron. Astrophys.
2024, 689, A248.

(134) Santos, J. C.; et al. Fromation of Carbonyl Sulfide (OCS) via
SH Radicals in Interstellar CO-Rich Ice Under Dense Cloud
Conditions. Astron. Astrophys. 2024, 690, A24.

(135) Ioppolo, S.; et al. Laboratory Evidence for Efficient Water
Formation in Interstellar Ices. Astrophysical Journal 2008, 686, 1474.

(136) Ioppolo, S.; et al. Surface Formation of CO, Ice at Low
Temperatures. Mon. Not. R. Astron. Soc. 2011, 413, 2281.

(137) Adriaens, D.; et al. Computational Study of Carbonyl Sulfide
Formation on Model Interstellar Dust Grains. J. Phys. Chem. C 2010,
114, 1892.

https://doi.org/10.1021/acsearthspacechem.5c00036
ACS Earth Space Chem. 2025, 9, 1227-1242


https://doi.org/10.1016/j.jphotochem.2006.04.038
https://doi.org/10.1051/0004-6361/201526003
https://doi.org/10.1051/0004-6361/201526003
https://doi.org/10.1051/0004-6361/201526003
https://doi.org/10.1016/j.jms.2022.111599
https://doi.org/10.1016/j.jms.2022.111599
https://doi.org/10.1016/j.jms.2022.111599
https://doi.org/10.3847/1538-4357/ac3d8a
https://doi.org/10.3847/1538-4357/ac3d8a
https://doi.org/10.3847/1538-4357/ac3d8a
https://doi.org/10.3847/1538-4357/ac3d8a
https://doi.org/10.1016/j.asr.2023.02.002
https://doi.org/10.1016/j.asr.2023.02.002
https://doi.org/10.1016/j.asr.2023.02.002
https://doi.org/10.1016/j.asr.2023.02.002
https://doi.org/10.1039/b917162b
https://doi.org/10.1039/b917162b
https://doi.org/10.1039/b917162b
https://doi.org/10.1080/00268979300101541
https://doi.org/10.1080/00268979300101541
https://doi.org/10.1021/j100261a034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100261a034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100261a034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100261a034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100261a034?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.1822919
https://doi.org/10.1063/1.1822919
https://doi.org/10.1021/j100627a008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100627a008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100627a008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0301-0104(79)80114-7
https://doi.org/10.1016/0301-0104(79)80114-7
https://doi.org/10.1016/S0009-2614(95)01265-6
https://doi.org/10.1016/S0009-2614(95)01265-6
https://doi.org/10.1063/1.446356
https://doi.org/10.1063/1.446356
https://doi.org/10.1063/1.446356
https://doi.org/10.1016/0019-1035(88)90111-X
https://doi.org/10.1016/0019-1035(88)90111-X
https://doi.org/10.1016/j.nimb.2015.09.039
https://doi.org/10.1016/j.nimb.2015.09.039
https://doi.org/10.1016/0020-1693(94)04362-Y
https://doi.org/10.1016/S0992-4361(99)80003-4
https://doi.org/10.1016/S0992-4361(99)80003-4
https://doi.org/10.1016/S0969-806X(99)00463-6
https://doi.org/10.1063/1.479424
https://doi.org/10.1063/1.479424
https://doi.org/10.1063/1.481345
https://doi.org/10.1063/1.481345
https://doi.org/10.1063/1.430738
https://doi.org/10.1063/1.430738
https://doi.org/10.1086/191796
https://doi.org/10.1086/191796
https://doi.org/10.1016/0022-2852(59)90005-0
https://doi.org/10.1016/0022-2852(59)90005-0
https://doi.org/10.1006/icar.1999.6325
https://doi.org/10.1006/icar.1999.6325
https://doi.org/10.1089/ast.2014.1195
https://doi.org/10.1089/ast.2014.1195
https://doi.org/10.1140/epjd/s10053-022-00416-4
https://doi.org/10.1140/epjd/s10053-022-00416-4
https://doi.org/10.1016/j.pss.2003.05.007
https://doi.org/10.1016/j.pss.2003.05.007
https://doi.org/10.1051/0004-6361:20042382
https://doi.org/10.1051/0004-6361:20042382
https://doi.org/10.1088/1742-6596/629/1/012008
https://doi.org/10.1051/0004-6361/201730711
https://doi.org/10.1051/0004-6361/201730711
https://doi.org/10.1016/j.icarus.2011.06.008
https://doi.org/10.1016/j.icarus.2011.06.008
https://doi.org/10.1016/j.icarus.2011.06.008
https://doi.org/10.1016/j.icarus.2012.03.023
https://doi.org/10.1016/j.icarus.2012.03.023
https://doi.org/10.1051/0004-6361/201219340
https://doi.org/10.1039/c3cp54481h
https://doi.org/10.1039/c3cp54481h
https://doi.org/10.2307/3575297
https://doi.org/10.2307/3575297
https://doi.org/10.1021/acsearthspacechem.1c00043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsearthspacechem.1c00043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.icarus.2013.07.002
https://doi.org/10.1016/j.icarus.2013.07.002
https://doi.org/10.1080/0144235X.2015.1046679
https://doi.org/10.1080/0144235X.2015.1046679
https://doi.org/10.1063/1.1410390
https://doi.org/10.1063/1.1410390
https://doi.org/10.1038/s41550-018-0380-9
https://doi.org/10.1038/s41550-018-0380-9
https://doi.org/10.3847/1538-4357/ab0961
https://doi.org/10.3847/1538-4357/ab0961
https://doi.org/10.3847/1538-4357/ab0961
https://doi.org/10.1086/181023
https://doi.org/10.1086/185553
https://doi.org/10.1086/185553
https://doi.org/10.1051/0004-6361/202450736
https://doi.org/10.1051/0004-6361/202450736
https://doi.org/10.1051/0004-6361/202451368
https://doi.org/10.1051/0004-6361/202451368
https://doi.org/10.1051/0004-6361/202451368
https://doi.org/10.1086/591506
https://doi.org/10.1086/591506
https://doi.org/10.1111/j.1365-2966.2011.18306.x
https://doi.org/10.1111/j.1365-2966.2011.18306.x
https://doi.org/10.1021/jp9083212?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9083212?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.5c00036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Earth and Space Chemistry

http://pubs.acs.org/journal/aesccq

(138) Nguyen, T.; et al. Successive H-Atom Addition to Solid OCS
on Compact Amorphous Solid Water. Astrophysical Journal 2021, 922,
146.

(139) Maity, S.; Kaiser, R. L Electron Irradiation of Carbon
Disulfide-Oxygen Ices: Toward the Formation of Sulfur-Bearing
Molecules in Interstellar Ices. Astrophysical Journal 2013, 773, 184.

(140) Donaldson, G. W.; Johnston, F. J. Radiolysis of Colloidal
Sulfur. J. Phys. Chem. 1968, 72, 3552.

(141) Johnston, F. J.; Donaldson, G. W. Radiolysis of Colloidal
Sulfur. Mechanism for Solubilization. J. Phys. Chem. 1971, 75, 756.

(142) Carlson, R. W,; et al. Sulfuric Acid Production on Europa: The
Radiolysis of Sulfur in Water Ice. Icarus 2002, 157, 456.

(143) Ashkenazy, Y. Heliyon 2019, S, No. e01908.

(144) Carlson, R. W., Europa’s Surface Composition. In: Europa, pp
283—328. Eds: Pappalardo, R. T.; McKinnon, W.B.; Khurana, K.. The
University of Arizona Press, 2009.

(145) Carlson, R. W.; et al. Sulfuric Acid on Europa and the
Radiolytic Sulfur Cycle. Science 1999, 286, 97.

(146) Carlson, R. W,; et al. Distribution of Hdyrate on Europa:
Further Evidence for Sulfuric Acid Hydrate. Icarus 2005, 177, 461.

(147) Strazzulla, G.; et al. Hydrate Sulfuric Acid After Sulfur
Implantation in Water Ice. Icarus 2007, 192, 623.

(148) Li, J; Li, C. Sulfur Chemistry on the Surface of Europa. Icarus
2023, 394, No. 115438.

(149) Cassidy, T.; et al. Radiolysis and Photolysis of Icy Satellite
Surfaces: Experiments and Theory. Space Science Reviews 2010, 153,
299.

(150) Dalton, J. B.; et al. Exogenic Controls on Sulfuric Acid
Hydrate Production at the Surface of Europa. Planetary and Space
Science 2013, 77, 4S.

(151) Mifsud, D. V.; Kanuchova, Z.; Herczku, P.; Juhasz, Z.; Kovécs,
S. T. S.; Lakatos, G.; Rahul, K. K;; Récz, R.; Sulik, B.; Biri, S.; Rajta, L;
Vajda, L; Ioppolo, S.; McCullough, R. W.; Mason, N. J.; et al. Sulfur
Ion Implantations into Condensed CO,: Implications for Europa.
Geophys. Res. Lett. 2022, 49, No. €2022GL100698.

(152) Mifsud, D. V.; et al. Sulfur Ion Implantation into O,, CO, and
CO, Ices: Implications for the Formation of Sulfur-Bearing Molecules
in the Kuiper Belt. Icarus 2024, 411, No. 115926.

(153) Hendrix, A. R; et al. Europa’s Disk-Resolved Ultraviolet
Spectra: Relationships with Plasma Flux and Surface Terrains. Icarus
2011, 212, 736.

(154) Becker, T. M.; et al. Mid-Ultraviolet Hubble Observations of
Europa and the Global Surface Distribution of SO,. Planetary Science
Journal 2022, 3, 129.

(155) Lv, X. Y; et al. Sulfur Implantation in CO and CO, Ices. Mon.
Not. R. Astron. Soc. 2014, 438, 922.

(156) Lv, X. Y; et al. Thermal and Energetic Processing of
Ammonia and Carbon Dioxide Bearing Solid Mixtures. Phys. Chem.
Chem. Phys. 2014, 16, 3433.

(157) Boduch, P.; et al. Ion Processing of Ices and the Origin of SO,
and Oj; on the Icy Surfaces of the Icy Jovian Satellites. Icarus 2016,
277, 424.

(158) Anders, C.; Urbassek, H. M. Energetic Sulfur Ion Impacts into
Cometary Ice Surfaces: A Molecular Dynamics Study. Mon. Not. R.
Astron. Soc. 2019, 482, 2374.

(159) Anders, C.; Urbassek, H. M. High-Energy Ion Impacts into
the Sulfur-Bearing Ice Surface of Europa: An Atomistic Study of
Chemical Transformations. Astron. Astrophys. 2019, 625, A140.

(160) Ruf, A.; et al. Organosulfur Compounds Formed by Sulfur Ion
Bombardment of Astrophysical Ice Analogs: Implications for Moons,
Comets, and Kuiper Belt Objects. Astrophysical Journal Letters 2019,
885, LA0.

(161) Ruf, A,; et al. Sulfur Ion Irradiation Experiments Simulating
Space Weathering of Solar System Body Surfaces: Organosulfur
Compound Formation. Astron. Astrophys. 2021, 655, A74.

(162) Bouquet, A.; et al. Sulfur Implantation into Water Ice with
Propane: Implications for Organic Chemistry on the Surface of
Europa. Planetary Science Journal 2024, 5, 102.

1242

https://doi.org/10.1021/acsearthspacechem.5c00036
ACS Earth Space Chem. 2025, 9, 1227-1242


https://doi.org/10.3847/1538-4357/ac2238
https://doi.org/10.3847/1538-4357/ac2238
https://doi.org/10.1088/0004-637X/773/2/184
https://doi.org/10.1088/0004-637X/773/2/184
https://doi.org/10.1088/0004-637X/773/2/184
https://doi.org/10.1021/j100856a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100856a033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100676a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100676a005?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1006/icar.2002.6858
https://doi.org/10.1006/icar.2002.6858
https://doi.org/10.1126/science.286.5437.97
https://doi.org/10.1126/science.286.5437.97
https://doi.org/10.1016/j.icarus.2005.03.026
https://doi.org/10.1016/j.icarus.2005.03.026
https://doi.org/10.1016/j.icarus.2007.08.004
https://doi.org/10.1016/j.icarus.2007.08.004
https://doi.org/10.1016/j.icarus.2023.115438
https://doi.org/10.1007/s11214-009-9625-3
https://doi.org/10.1007/s11214-009-9625-3
https://doi.org/10.1016/j.pss.2012.05.013
https://doi.org/10.1016/j.pss.2012.05.013
https://doi.org/10.1029/2022GL100698
https://doi.org/10.1029/2022GL100698
https://doi.org/10.1016/j.icarus.2023.115926
https://doi.org/10.1016/j.icarus.2023.115926
https://doi.org/10.1016/j.icarus.2023.115926
https://doi.org/10.1016/j.icarus.2011.01.023
https://doi.org/10.1016/j.icarus.2011.01.023
https://doi.org/10.3847/PSJ/ac69eb
https://doi.org/10.3847/PSJ/ac69eb
https://doi.org/10.1093/mnras/stt2004
https://doi.org/10.1039/C3CP54027H
https://doi.org/10.1039/C3CP54027H
https://doi.org/10.1016/j.icarus.2016.05.026
https://doi.org/10.1016/j.icarus.2016.05.026
https://doi.org/10.1093/mnras/sty2770
https://doi.org/10.1093/mnras/sty2770
https://doi.org/10.1051/0004-6361/201935367
https://doi.org/10.1051/0004-6361/201935367
https://doi.org/10.1051/0004-6361/201935367
https://doi.org/10.3847/2041-8213/ab4e9f
https://doi.org/10.3847/2041-8213/ab4e9f
https://doi.org/10.3847/2041-8213/ab4e9f
https://doi.org/10.1051/0004-6361/202141190
https://doi.org/10.1051/0004-6361/202141190
https://doi.org/10.1051/0004-6361/202141190
https://doi.org/10.3847/PSJ/ad3204
https://doi.org/10.3847/PSJ/ad3204
https://doi.org/10.3847/PSJ/ad3204
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.5c00036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

