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PLANETARY SCIENCE

Complex organosulfur molecules on comet 67P:
Evidence from the ROSINA measurements and insights
from laboratory simulations

Ahmed Mahjoub'?*, Kathrin Altwegg®, Michael J. Poston®, Martin Rubin?, Robert Hodyss’,
Mathieu Choukroun’, Bethany L. Ehimann®, Nora Hanni?, Michael E. Brown®, Jordana Blacksberg’,
John M. Eiler’, Kevin P. Hand’

The ROSINA (Rosetta Orbiter Spectrometer for lon and Neutral Analysis) instrument aboard the Rosetta mission
revolutionized our understanding of cometary material composition. One of Rosetta’s key findings is the com-
plexity of the composition of comet 67P/Churyumov-Gerasimenko. Here, we used ROSINA data to analyze dust
particles that were volatilized during a dust event in September 2016 and report the detection of large organo-
sulfur species and an increase in the abundances of sulfurous species previously detected in the coma. Our data
support the presence of complex sulfur-bearing organics on the surface of the comet. In addition, we conducted
laboratory simulations that show that this material may have formed from chemical reactions that were initiated
by the irradiation of mixed ices containing H,S. Our findings highlight the importance of sulfur chemistry in
cometary and precometary materials and the possibility of characterizing organosulfur materials in other
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comets and small icy bodies using the James Webb Space Telescope.

INTRODUCTION

The Rosetta mission's visit to the comet 67P revealed a remarkable
diversity of organic molecules in the comet’s materials (I). During
the Rosetta mission, organics were detected by the remote sensing
instrument VIRTIS (Visible and Infrared Thermal Imaging Spec-
trometer) (2) as well as in situ instruments, including ROSINA
(Rosetta Orbiter Spectrometer for Ion and Neutral Analysis) (3),
Ptolemy (4), and COSAC (Cometary Sampling and Composition
experiment) (5). ROSINA measurements substantially improved
our understanding of the complex organic chemistry in the come-
tary materials, and ROSINA measurements during enhanced dust
emission events offered insights into the composition of the semi-
volatile phases of the comet 67P. These phases can be regarded as a
bridge between the gas phase composition of the comet coma and
the nonvolatile refractory organics. Measurements from such events
have already proven to be very informative, leading to the detection
of complex organic molecules (6), the detection of ammonium salts
(7), and, more recently, the detection of high abundance of ammo-
nium hydrosulfide salt NH," SH™ (8).

Reactions on the surfaces of icy grains are believed to play a
pivotal role in the chemistry of dense molecular clouds and solar
nebulae (9). These reactions are mainly initiated by ultraviolet
(UV) photons (either external or from the young star) or by bom-
bardment by energetic particles. Hence, analysis of the cometary
materials could enhance our understanding of this grain-surface
photo- and radiolytic chemistry. Laboratory simulations of this
chemical processing are needed to decipher the link between com-
etary molecules detected by Rosetta and the reservoirs from which
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comets are formed. Growing evidence suggests that H,S was a
highly abundant molecule in the presolar nebula (8, 10). The
Rosetta mission to comet 67P demonstrated that H,S is the fifth
most abundant molecule in the coma after H,O, CO, CO,, and
O, (10). A recently published analysis of ROSINA-DFMS
(Double Focusing Mass Spectrometer) data during multiple dust
events shows a very high abundance of NH; and H,S, believed to
result from the decomposition of ammonium hydrosulfide (8).
During some of these dust events, H,S and NH; were more abun-
dant than even water (8). Despite the importance of H,S and the
potential of sulfur chemistry to considerably affect the chemical re-
activity in mixed ices, little has been published exploring this chem-
istry. We recently demonstrated that H,S could markedly affect the
chemistry (11, 12) and spectroscopy (13, 14) of mixed ices relevant
to small icy bodies—particularly Kuiper belt objects (KBOs) and
Jupiter Trojans (15). Sulfur chemistry could also play an important
role in prebiotic chemistry and abiotic synthesis of biomolecules
such as amino acids (16).

Here, we discuss data from Rosetta/ROSINA measurements ob-
tained during an event of enhanced dust impacts into the instru-
ment and interpret these data as showing the presence of large
organosulfur molecules with low volatility embedded in the dust
grains in comet 67P. We also report laboratory simulations of
organic chemistry initiated by irradiation of simple ice mixtures
with and without H,S. This laboratory work shows that sulfur dom-
inates the chemistry when H,S is included and points toward a pos-
sible ice-chemistry origin of the diversity of sulfur-bearing species
detected in the cometary material.

RESULTS

The dust event

In the last few weeks of the mission before landing on the comet,
Rosetta flew elliptical orbits with the pericenter altitude gradually
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lowered (and the apocenter altitude increased, keeping the size of
the ellipse constant). On 5 September 2016, around 22:00 UTC,
the spacecraft reached its closest distance from the comet, 3.9 km
from the comet center (approximately 1.9 km above the surface).
Shortly before that, Rosetta was most probably hit by a chunk of
ice and dust, showing high-density gas peaks for more than 3
hours in the vicinity of the ROSINA-COPS [COmetary Pressure
Sensor; more details about ROSINA instruments can be found in
the study by Balsiger et al. (17)] nude gauge with its field of view
of 340°. Around 19:00 UTC, the nude gauge was saturated. The
COPS ram gauge, measuring ram pressure and pointing toward
the comet, showed large pressure spikes around 18:00 UTC, most
likely dust-ice grains entering the equilibrium chamber and subli-
mating inside the gauge. The ROSINA-DFMS also registered the
event. The data from the ROSINA-COPS were very reproducible,
suggesting very stable outgassing before the dust event took place
around 18:00 UTC. During the event, the total density, as measured
by ROSINA-COPS, increased by about one order of magnitude;
shortly after 20:00 UTC, the density returned to normal values.
More details about the dust event are given in the references (7, 18).

ROSINA measurements of sulfur-rich organics

Figure 1 shows the abundances of various sulfur-bearing molecules
before and after the dust event. Samples of mass spectra from which
these abundances were determined are given in the Supplementary
Materials (figs. S2 to S6). Abundances are given in arbitrary units
but corrected for instrumental effects (mass-dependent sensitivity).

The ROSINA-DEMS instrument had previously detected multiple
sulfurous molecules in the undisturbed coma of comet 67P, as re-
ported by Calmonte et al. (19); ROSINA's high mass resolution
enabled precise molecular assignments. However, during the dust
event (on 5 September 2016), ROSINA-DFMS measured an in-
crease by a factor between 10 and 100 for many of these molecules,
compared to the abundance just before the event around 17:00. S,,
S3, and H,S increased in abundance by a factor of 100, 10, and 100,
respectively. Sulfur dioxide (SO,) also increased by about two
orders of magnitude. SO has an abundance during the event com-
parable to that of SO,; however, its abundance right before the event
could not be determined because of corruption of the spectrum.
Carbonyl sulfide (COS) and carbon disulfide (CS,) are the only
species that did not increase during the dust event. These molecules
are much more volatile than the other S species considered here,
which could explain the depletion of these two molecules.
Hereafter, we focus on the plethora of sulfurous molecules that
are not detected in the undisturbed coma but detected by the
ROSINA-DFMS instrument during the dust event that establish
the presence of semivolatile organo-sulfurous molecules on the
surface of comet 67P. These are mainly heavy molecules (or frag-
ments due to dissociation of larger molecules) that are not volatile
enough to be detected in the gas phase. Their detectability was en-
hanced during the dust event because of volatilization upon impact
with the Rosetta spacecraft and sublimation inside ROSINA, which
was warmer than the comet. During the dust event, particles entered
the instrument's ion source at 273 K (18). Semivolatile molecules

C,H_S-bearing species

_ 1000 a5 B e | A
3. 100 g:, % IDNm (DN - | 17:XX m"
\(_ﬁ/ a 5 E‘,:"q, & w v
0 o 2] ™ - )
(O] 5] T wn, run % » T T o M 0|
o 10 (%) o I.,Uﬂxzzﬂm S gﬂw mmu Eno @ vaw‘:’:)‘, T
3 3 ™ o O T o~
% (IJ ﬁ"u = Iw gnv) o In g L% Iv 'nno I“‘o
he) 1 = RS - z’u g“ =
g 0 o
0T
o 041 o
< I
oo il | kil WLTLLE L
i C H_OS-and CH NS-bearing species
—~ - " o B 18:xx B
S 002 3 . 7 |
[} [}
& 2 N o, e o ) n o %
» n T Y% > 2 e O [o 1] - B
3 2213885 03229%5822,28858,
c 1 ow o E 5% TS rizZgesunTg=S
= @ o, 3] B by o o I, o © o I,
3 T o < o
c
S 01
Q0
<
0.01
m/z —>

Fig. 1. Sulfur-bearing species detected by ROSINA (Rosetta Orbiter Spectrometer for lon and Neutral Analysis)-DFMS (Double Focusing Mass Spectrometer)
before and during the dust event on 5 September 2016, ~2 km above the nucleus surface. 17:xx denotes measurements made before the dust impact between
17:15 and 17:55 UTC (depending on mass), and 18:xx denotes measurements during the dust impact (18:09 to 18:50). (A) C,H,,,S, bearing species,n=0to4;,m=01t0 6, /=
1to 2. (B) C,H,,O/S- and CH,NS-bearing species,n=0to 3;m =010 6, /=1 to 2. Species are ordered by mass/charge ratio (m/z) but not spaced accordingly (x axis not
linear). The value, pre-event, for SO could not be derived as the spectrum is corrupted. Abundances are given in arbitrary units (a.u.) but corrected for instrumental effects
(mass-dependent sensitivity). Caution: During the impact, coma background densities decreased over the 40 min needed to cover the mass range. Higher masses are

therefore underestimated compared to low masses.
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sublimated slowly over the course of many hours at this
temperature.

Detected S-bearing species can be categorized into three fami-
lies: C,H,,,S;-bearing molecules with elemental abundances (n = 0
to4;m=0to6,/=1and2),C,H,OS(n=0to3;m=0to6,/=1to
2) and CH,)NS (n =1 to 2). Among the C,H,,S; family, only CH,S
and C,H,S had previously been detected in the coma (19). During
the dust event, more complex species with up to four carbon atoms
were identified. For n = 1 (one carbon atom) detected species are
CS, CHS, CH,S, CH;S, CH,S, and CHsS. CH,S had previously
been detected in the coma and was assigned as methanethiol
(CH;SH) because the fragments and protonated species expected
from impact ionization (CH;S and CH3SH,) were also detected.
CH,S could be assigned to thioformaldehyde, which could exist
in the cometary material as a monomer or as a result of dissociation
of a larger polymer (thioformaldehyde is known to be unstable at
room temperature and to quickly polymerize). This interpretation
is supported by the detection of the thioformaldehyde dimer
(2¢CH,S) in the n = 2 family (see Fig. 1).

For C,H,,S; with n and/or [ greater than 1, species containing up
to four carbon atoms were observed with notable abundances, while
in the undisturbed coma, only C,HS, was observed. These species
could be products of dissociation of larger polymers that are not
stable at T = 273 K, and some of them could also be products of
fragmentation by electron impact inside the mass spectrometer.
For the family C,H,,0;S, only COS has been detected in the undis-
turbed coma. During the dust event, multiple species were detected
within this family. Most of these species contain only one oxygen
atom (C,H,,0S) with up to three carbon atoms. These species re-
semble hydrocarbons substituted with an OS group. Each of these
species could correspond to a large variety of isomers, and their
fragmentation patterns are complex; therefore, it is hard to disen-
tangle the parent molecules from the daughter species produced
by dissociative reactions. Another important result from the
ROSINA data is the detection of CH, NS in the coma of comet
67P. While NS was tentatively detected by Calmonte et al. (19),
CHNS and CH,NS are the first species containing C, N, and S
atoms to be detected.

Laboratory simulations

The ROSINA-DEMS data recorded during the dust event and pre-
sented above indicate a sulfur chemistry more complex and diverse
than previously anticipated from the measurements in the undis-
turbed coma (19). The variety of sulfur-bearing molecules detected
in the cometary material by the ROSINA instrument is believed to
be a result of ice chemistry involving H,S (20). To investigate the
effect of H,S on this chemistry, we performed electron irradiation
experiments on ice mixtures with and without H,S. Details about
the protocols and apparatus used for this laboratory simulation
are summarized in Materials and Methods below. Briefly, the
setup is a high-vacuum stainless steel chamber that reaches a pres-
sure of approximately 1 x 107° torr. The ices were deposited on a
gold substrate attached to the cold finger of a helium cryostat using a
gas manifold to prepare gas mixtures. An electron gun was mounted
on the chamber perpendicular to the substrate, and a Faraday cup
was used to monitor the electron beam current. The chemical evo-
lution of the samples was monitored using a Fourier transform in-
frared (FTIR) spectrometer.

Mahjoub et al., Sci. Adv. 9, eadh0394 (2023) 7 June 2023

Two ice samples “without sulfur” CH;OH:NH3:H,O (3:3:1) and
"with sulfur” CH;OH:NH;:H,S:H,O (3:3:3:1) were deposited under
vacuum at T'= 50 K and irradiated with a 10-keV electron gun. Both
samples were irradiated for 20 hours with a beam current of 0.5 pA
corresponding to a total fluence of electron energy ~2 x 10*' eV
cm ™2, After irradiation, both samples were warmed up to 120 K
at a rate of 0.5 K min~" and held there for one additional hour
under continued electron irradiation. Both samples were then
warmed to room temperature at a rate of 0.5 K min~". The gases
sublimating from the irradiated ices were detected with a Stanford
Research System RGA (Residual Gas Analyzer) 200 quadrupole
mass spectrometer, operated with 70-eV electron impact ionization
and mass resolution <0.5 amu. The refractory thin films remaining
after warming to room temperature were characterized by infrared
(IR) spectroscopy. The ice mixtures presented here are depleted in
water compared to the composition of comets and protoplanetary
disks and interstellar ices. This was necessary to increase the detect-
ability of minor irradiation products that would otherwise be hard
to detect at very low abundances. A separate test was conducted with
a more representative mixture of CH;OH:NH;:H,S:H,O
(10:1:1:100), and the results presented and discussed in the Supple-
mentary Materials.

Our laboratory simulations investigate the sulfur chemistry trig-
gered by energetic processing of ice grains in the presolar nebula.
According to Ciesla and Sandford (21), these grains are exposed
to temperatures ranging from 30 K to approximately 120 K, based
on their dynamical evolution. We conducted our irradiation exper-
iment under temperatures within this range. Our working pressure
is also relevant to the outer solar nebula, estimated to be <10° bar
(22). To initiate the radiolytic chemistry, we used 10-keV electrons.
At this electron energy, the penetration depth is approximately 2.6
pum (into water ice), which is close to the thickness of our ice films
(~2 um) and ensures that most of the beam energy is deposited in
the film. The total fluence received by irradiated samples is ~2 x
10*! eV cm ™2, corresponding to a dose of 600 eV/16 amu. This ir-
radiation dose is scalable to an irradiation time in the presolar
nebula between 3.7 and 37 million years (Ma) (see details in Mate-
rials and Methods). It is worth noting that UV (23), x-ray (24), and
ion (25) irradiations, among other sources, likely played a role in the
processing of icy grains in the presolar nebula. We intend to carry
out further studies to compare the impact of different energy
sources on the sulfur chemistry.

Figure 2 shows a comparison between the mass spectra at T' =
275 K of species desorbed from the “with sulfur” and the
“without sulfur” irradiated ices. The two spectra are quite different
especially at high mass/charge ratio (m/z), indicating the important
role of sulfur chemistry. The spectrum of the “with sulfur” sample
displays multiple additional peaks clearly undetected in the sample
“without sulfur.” This implies that these species are sulfur-bearing
molecules. These additional peaks dominate the mass spectrum of
the “with sulfur” sample, indicating a very rich sulfur chemistry.
This was confirmed by IR spectroscopy of the residues left at
room temperature, as discussed later. Note that the mass resolution
of our mass spectrometer is much lower than the ROSINA-DFMS
instrument and could not resolve the different species that might
contribute to the signal at each m/z. The assignment of peaks dis-
played in Fig. 2 is limited to species confirmed by IR spectroscopy
(11) or by Temperature Programmed Desorption (TPD) verifica-
tion of fragmentation patterns (12).
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Fig. 2. Comparison between mass spectra of species desorbed from "with sulfur” (blue) and “"without sulfur” (red) irradiated ice mixtures in the laboratory
experiments. Both spectra are recorded at T = 275 K, and both samples received similar irradiation doses. m/z, mass/charge ratio.
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Fig. 3. Comparison between the infrared (IR) spectra of "without sulfur” residue (red spectrum) and “with sulfur” residue samples (blue spectrum). Both samples
were produced by irradiating ice films with a 10-keV electron beam for 20 hours at 50 K. This irradiation time is equivalent to a total fluence of 2 x 102" eV cm™2. Initial ices
are made of CH3OH:NH3:H,S:H,0 (3:3:3:1) (“with sulfur”) and CH30H:NH3:H,0 (3:3:1) (“without sulfur”). a.u., arbitrary units.
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Table 1. List of sulfur-bearing species detected by ROSINA (Rosetta
Orbiter Spectrometer for lon and Neutral Analysis)-DFMS (Double
Focusing Mass Spectrometer) instrument with abundance > 1
arbitrary units (a.u.) compared to detections in mass spectra from the
laboratory experiment. Because of the fragmentation inside the ROSINA-
DFMS instrument, many of the species detected could be fragments of
larger parent molecules (see discussion in the ROSINA data paragraph). m/
z, mass/charge ratio

Detection by Detection in Detection by Detection in
ROSINA laboratory ROSINA laboratory
(abundance (abundance
>1 a.u.) >1 a.u.)
CS (m/z 44) Confirmed CH,S; (m/z 78) Assignment
by IR cannot be
confirmed
CSH (m/z 45) Assignment CH,S, (m/z 80) Assignment
cannot be cannot be
confirmed confirmed
CH,S (m/z 46) Assignment CoHgS, (Mm/z 94) Confirmed
cannot be by TPD
confirmed
CH3S (m/z 47) Confirmed by S3 (m/z 96) Confirmed
fragment by TPD
patterns
CH,S (m/z 48) Confirmed by SO (m/z 48) Confirmed
fragment by IR
patterns
C,H,S (m/z 58) Assignment CHNS (m/z 59) Confirmed by
cannot be comparison
confirmed with NIST data
C,H3S (m/z 59) Assignment COS (m/z 60) Confirmed
cannot be by IR
confirmed
C,H,4S (m/z 60) Assignment CH40S (m/z 64) Assignment
cannot be cannot be
confirmed confirmed
C,HsS (m/z 61) Assignment SO, (m/z 64) Confirmed
cannot be by IR
confirmed
S, (m/z 64) Confirmed C,H40S (m/z 61) Assignment
by TPD cannot be
confirmed
C3HsS (m/z 73) Assignment CH,0,S (m/z 78) Assignment
cannot be cannot be
confirmed confirmed
CS, (m/z 76) Confirmed C3HgOS (m/z 90) Assignment
by IR cannot be
confirmed
CHS, (m/z 77) Assignment
cannot be
confirmed

We focus our comparison of the mass spectra between the
ROSINA data and the laboratory measurements on S-bearing
species with an abundance >1 a.u. (~'/59 the abundance of H,S)
(Table 1). For all these species, a peak was observed in the mass
spectrum of the laboratory “with sulfur” sample, but the assignment
could not be confirmed for all of them. In the Supplementary Ma-
terials, we discuss the possible contributors of each peak based on

Mahjoub et al., Sci. Adv. 9, eadh0394 (2023) 7 June 2023

the National Institute of Standards and Technology (NIST) data-
base for mass spectra of sulfur-bearing molecules. Many of the mol-
ecules, such as COS, SO,, CS, and CS, (11), have previously been
confirmed in the IR spectrum of the irradiated ice mixtures.
Sulfur allotropes have also been confirmed by TPD measurements
(12). Among the 25 species detected by ROSINA and listed in
Table 1, we are able to confirm the production of 11 molecules in
our laboratory simulation. The species C,H,,S (1 = 2 to 5) are prob-
ably fragments of C,H,S, that was previously detected, and it is
likely that these species contributed to the mass spectrum, but we
cannot confirm the detection of these species. Although we cannot
firmly confirm the production of all sulfurous species detected by
ROSINA, our laboratory work can reproduce the three families of S-
bearing molecules found in comet 67P (see Fig. 1).

At room temperature, organic residues remained on the gold
substrates for both samples. These organic refractory materials are
proposed as analogs of the refractory organics in cometary materi-
als. The COSIMA (COmetary Secondary Mass Analyzer) instru-
ment has provided insight into the characterization of refractory
organics in particles from comet 67P, revealing the detection of
high-molecular weight organic matter (26). In addition, the detec-
tion of sulfur atoms (as well as possibly S, and S; allotropes) in these
particles has also been confirmed by COSIMA (27). However, it has
been challenging to determine the source of sulfur, as it could have
been derived from either organics, minerals, or a combination of
both. The semivolatile organics such the one detected by Hénni
et al. (6) and the S-bearing molecules reported here are believed
to be a link between the gas phase and the refractory organics in
comet 67P as measured by COSIMA. Consequently, we also char-
acterized the residues produced in our laboratory samples “with
sulfur” and” without sulfur” using IR spectroscopy (Fig. 3; table
S1 summarizes all bands observed in both samples with tentative
assignments to particular vibrational modes).

Comparison between these two spectra shows a clear difference
over the entire spectrum, suggesting a marked change in the chem-
ical composition of the residue when H,S participates in the reac-
tion chemistry. The strong NH and OH bands at 3200 and 3300
cm™" as well as the CN and CO bands around 1600 and 2200
cm™" were clearly decreased in the “with sulfur” sample compared
to the “without sulfur” sample; the same decrease is also observed
for bands around 3000 cm™', assigned to CH stretching modes. For
example, the C=0 absorption band at 1660 cm™" is three times
deeper in the “without sulfur” sample, while the broad band
between 3000 and 3200 cm™" is two times deeper. The shape of
this band around 3100 cm™" is also different between the two
samples, with the center shifted to higher wave numbers by 110
cm™! in the "with sulfur” residue. The decrease of CO, CN, CH,,
NH,, and OH strongly implies a depression of carbon-, nitrogen-
and oxygen-containing compounds in the residue when H,S is
added to the ice composition.

A clear difference between the two spectra is the strong band at
2057 cm™" in the “with sulfur” sample that is totally absent in the
“without sulfur” sample. This band is correlated to sulfur and could
be tentatively assigned to the N=C=S group. This band may be a
good probe for the sulfur residue, although COj; also has a weak ab-
sorption feature at this wavelength. In the fingerprint region, the
“with sulfur” residue displays strong bands between 500 and 700
cm™" and between 1000 and 1500 cm™", which are not observed
in the "without sulfur” sample. These absorption features are
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assigned to sulfur containing CS, SO, and SS vibrational modes. A
group of these features is compatible with polymers of CH,S (thio-
formaldehyde): Bands at 670, 986, 1247, and 1446 cm ™" are compat-
ible with the strongest bands of CH,S dimer and trimer (28). Also,
weak bands observed at 477 and 876 cm™" are in good agreement
with symmetric and asymmetric SS stretching modes in H,S,
species as measured by IR spectroscopy for H,S; and H,S, (29).
The vibrational modes SS and CS usually result in weak absorption
bands below 900 cm™! (30).

The magnitude of the observed bands in the spectrum of the
"with sulfur” sample suggests that molecules/functional groups
rich in sulfur dominate the composition of the residue “with
sulfur.” One hypothesis to explain the impact of H,S on the chem-
istry of the ice samples is the difference in dissociation energies
among H,S, water, and methanol. The dissociation energy of the
SH bond in H,S [376.2 kJ/mol (31)] is substantially lower than
those of the OH bond for water [492.6 kJ/mol (31)] or methanol
(463 kJ/mol). The rapid dissociation of H,S compared to methanol
and water will produce a high concentration of radical HS and free
sulfur atoms compared to the concentrations of OH and O pro-
duced by dissociation of water and methanol. These reactive
sulfur-bearing radicals, present at high concentration quickly after
the beginning of irradiation, will react with CO and CH; and CH,
radicals produced by dissociation of methanol. This could affect the
chemistry in the ice films and enhance the production of molecules
rich in CS, OS and SS bonds.

DISCUSSIONS

These results show that the effect of H,S on the refractory residue is
important and should be considered in the characterization of
organic heteropolymers in small icy bodies and interstellar icy
grains. The similarity between the large, low-volatility sulfur-con-
taining molecules detected in the 67P cometary dust grains and
those produced in our laboratory experiments suggests that H,S
ice chemistry is likely responsible for the observed species.
However, it is worth noting that other pathways could also contrib-
ute to the formation of organosulfur compounds in both the diffuse
interstellar medium and the solar nebula. For instance, laboratory
simulations have shown that a variety of sulfur-bearing organic
compounds are formed by sulfur ion bombardment of astrophysical
ices containing carbon, oxygen, and nitrogen sources (32, 33). The
residue from these experiments contained more than 9000 mole-
cules, and 12% of them contain sulfur atoms. The range of masses
detected in those studies is m/z > 147 Da, which preclude their com-
parison to the sulfurous species detected by ROSINA-DFMS during
the dust event in the range m/z < 100 Da.

Our work supports the hypothesis that organosulfur residues
could be an important reservoir for sulfur in molecular clouds
(23). The abundance of gaseous sulfur in dense clouds and circum-
stellar regions is only a small fraction (0.3 to 0.1%) of its cosmic
abundance, a discrepancy that is known as The Sulfur Depletion
Puzzle (34, 35), while in diffuse clouds, the sulfur abundance
agrees with the cosmic abundance (36). The fact that sulfur-con-
taining organic heteropolymers are not volatile means that they
cannot be detected with ground-based submillimeter telescopic ob-
servations. While a paucity of production rates for sulfur residues
have hindered evaluation of the S sink in the modeling of the hot
molecular cores (37), the results from ion irradiation experiments
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(25), this work, and recent gas-grain astrochemical modeling (37)
indicate that organosulfur molecules made of CNOH atoms
mixed with S could be the main sink for sulfur in the dense
clouds. We also suggest that organic sulfurous species should be
considered in accounting for some of the 89 + 8% of elemental
sulfur in refractory form, estimated for disks from the accretion-
contaminated photospheres of stars, in addition to a hypothesized
sulfide mineral sink (38).

Tracing organosulfur molecules in meteoritic materials also
points to a potential key role for H,S ice. Recent samples returned
by the Hayabusa-2 mission from asteroid Ryugu have revealed the
presence of a wide range of sulfur-bearing species (39). Molecules
containing CHS, CHOS, and CHONS functional groups have been
detected in the soluble organic matter, and the estimated total sulfur
bulk composition is approximately 3.3 weight %, corresponding to a
C/S ratio of ~1.15. Organosulfur molecules have also been detected
in the insoluble organic matter of Murchison and Allende meteor-
ites, even though the chemistry creating these species is not known
(40). A carbon-rich clast with exceptionally high sulfur was found in
a carbonaceous chondrite meteorite and may have originated from a
comet containing H,S ice (41), and Vacher et al. (42) identified
sulfur isotope anomalies in unique minerals within a primitive car-
bonaceous chondrite, which they hypothesized may have resulted
from UV irradiation of H,S ice in the solar nebula, subsequently
incorporated into the parent asteroid of the meteorite.

The James Webb Space Telescope (JWST) is expected to substan-
tially increase our understanding of the chemistry of the solar
system (43) including comets (44), asteroids (45), and KBOs. The
large wavelength coverage of 0.6 to 28.5 um and the high sensitivity
(10x to 100x that of current facilities) will help reveal the compo-
sition of a considerable number of small icy bodies and the similar-
ities and differences between their compositions. This in turn will
enable the evaluation of hypotheses about the formation and evolu-
tion of the solar system. Sulfur chemistry is particularly interesting
in this context and could provide a rich source of knowledge about
the formation and evolution of the solar system. For example, Wong
and Brown (46) demonstrated that the sublimation line of H,S is
located within the belt of primordial planetesimals. Therefore,
these objects would have been divided into two groups: those that
retained H,S for enough time to develop a sulfur-containing
organic crust and those that did not. The clear effect of adding
HS,S to the irradiation chemistry of mixed ices of simple molecules
and the very pronounced difference between the spectra of “with
sulfur” and “without sulfur” residue samples (Fig. 3) open an op-
portunity to distinguish H,S retention in a wide range of small
icy bodies. The high resolving power of the MIRI (Mid-infrared In-
strument) of JWST (2200 < A\/AX < 3500) will enable detailed char-
acterization of the surface composition. The NIRSpec (Near
Infrared Spectrograph) instrument with its 0.6- to 5.0-pum spectral
range and its high resolving power will provide access to measure-
ments of the interesting 3.2-um region as well as the 1.8-um feature
that is present only in the “with sulfur” sample (14). All these ab-
sorption features provide a fingerprint of the sulfur chemistry that
make it highly discernable from other materials expected in comets
and other small icy bodies surfaces such as water ice and minerals.

In conclusion, the fate of sulfur in the building blocks of the solar
system and its incorporation into various small bodies is still not
fully understood. However, it holds the potential to provide
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answers regarding the origin and evolution of these small bodies
and test the links between them.

MATERIALS AND METHODS

Laboratory simulations

Electron irradiation experiments were carried out in the Ocean
Worlds Lab (http://oceanworldslab.jpl.nasa.gov). A detailed de-
scription of the facilities and the capabilities of this laboratory can
be found in (47). The experimental setup consists of a high-vacuum
stainless steel chamber pumped by a Varian Turbo pump and
backed by oil-free pumps (pressure after overnight pumping
about 1 x 107° torr). The ices were vapor-deposited on a substrate
attached to the cold finger of a closed-cycle helium cryostat (ARS
model DE-204). An attached gas manifold was used to prepare
gas mixtures before deposition. The ice films were grown by
leaking the gas mixture onto the mirror substrate at a controlled
rate through capillary tubes just above the sample, forming ices
on the substrate, which was held at 50 K. Two different ice mixtures
are considered in this study, and they were made from two different
gas mixtures: “without sulfur” CH;OH:NH;:H,O (3:3:1) and “with
sulfur” CH3;0H:NH;:H,S:H,O (3:3:3:1). The composition of the ice
films could be slightly different because of the different sticking ef-
ficiency of each type of molecule in the mixture.

High-energy electrons (10 keV) were directed at the ice with a
typical beam current of 0.5 pA. All studied ices were subjected to
the same fluence of electron energy ~2 x 10*' eV cm™>. Radiation
fluences were scaled to the outer solar system based on the electron
flux at 1 au, which was deduced from values given by Bennett et al.
(48). We found that the total fluence received by our ice samples
corresponds to a time scale of 0.2 Ma for an object at 5 au and 1.8
Ma at 15 au. This energy could also be scaled to energy received by
icy grains in presolar nebula using the cosmic ray flux as reported by
Yeghikyan (49). We found an irradiation time between 3.7 and 37
Ma depending on the density of the nebula. The processes simulated
here are processes in the presolar nebula.

After irradiation for 20 hours at 50 K, samples were warmed to
120 K at a rate of 0.5 K min~" and held there for one additional hour
under continued electron irradiation. After the electron irradiation
was concluded, the samples were warmed at a rate of 0.5 K min™" to
300 K. The resulting residue films were characterized at room tem-
perature by specular reflectance spectroscopy, using an FTIR
spectrometer.

ROSINA-DFMS data analysis

Details on data analysis methods for ROSINA-DFMS are given in
(3, 19). ROSINA-DEMS steps through integer masses with an inte-
gration time of 20 s per mass. The neutral molecules are ionized by
45-eV electrons, which leads to parent ions as well as fragment ions.
The detector has two times 512 anodes, which register the incoming
ions. The peak shape on the detector can be described very well by a
double Gaussian, whereby the second Gaussian has a width about
three times the width of the first one and the amplitude is <10% of
the peak amplitude. For small peaks, the smaller Gaussian is often
not seen. The width is not dependent on the location on the detector
as long as it is relatively close to the center. This means that if we
have several peaks, we can use the same width for all of them. Once
species have been identified, we also know their exact masses. This
allows the disentanglement of even several masses close together
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with high confidence. Figures S2 to S6 show five representative
spectra for CHNS (m/z 59), C3HgS (m/z 62), S, (m/z 64), C3HgOS
(m/z78), and S; (m/z 96). Given are spectra from before the impact
(blue) and after the impact (black). Because at that time, the pres-
sure inside the ion source of ROSINA-DFMS was still changing
rapidly, peak heights cannot easily be compared between masses.
An example for the Gaussian fits is given in fig. S1 for m/z = 59
where we fit five masses, all with the same width. In this case, the
second Gaussian is mostly unimportant as it affects only the tails of
the peaks. From such fits, we obtain the peak heights and the peak
areas. For the other spectra, we do not plot the fits for readability
reasons. In the present analysis, we use peak height in arbitrary
units and correct them for the mass (energy)—dependent sensitivity
of the instrument.
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