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C H E M I S T R Y

Origin of sulfur allotropes on the carbonaceous asteroid 
Ryugu and implications to the sulfur chemistry in the 
interstellar medium
Mason McAnally1,2, Chaojiang Zhang1,2, Jia Wang1,2, Ashanie Herath1,2,  
Andrew M. Turner1,2, Ralf I. Kaiser1,2*

The unexpected detection of the sulfur allotropes (S8, S7, and S6) on the carbonaceous asteroid Ryugu following 
the Hayabusa2 mission has offered insights into the unconventional sulfur chemistry in space. These molecules 
can be traced to processes occurring in the early stages of the evolution of cold molecular clouds, where interstel-
lar icy mantles facilitate the formation of complex sulfur-bearing species by energetic processing. Exploiting inter-
stellar ice analogs, the present study affords compelling evidence on the production of sulfur allotropes (S8, S7, 
and S6) in sulfur-doped interstellar analog ices composed of sulfur dioxide (SO2), hydrogen sulfide (H2S), and wa-
ter (H2O) using soft photoionization reflectron time-of-flight mass spectrometry. The synthesis of these allotropes 
offers fundamental insights into their possible origin on Ryugu while also presenting a plausible mechanism for 
the sulfur depletion in cold molecular clouds. Notably, the oxidation of sulfur (-II) in hydrogen sulfide (H2S) repre-
sents the driving force in sulfur allotrope formation.

INTRODUCTION
Sophisticated analyses of returned samples from the carbonaceous 
asteroid Ryugu within the framework of the Hayabusa2 mission re-
vealed an astonishing array of sulfur-bearing species ranging from 
alkylsulfonic acids (R-SO3H with R being an alkyl group), polythionic 
acids (SO3-Sn-SO3; n = 1 to 6) to sulfur allotropes (Sn; n = 6 to 8) (1). 
The detection of sulfur allotropes with octasulfur (S8) accompanied 
by a few percent of heptasulfur (S7) and hexasulfur (S6) represents the 
first detection of large sulfur material in asteroids providing valuable 
chemical insight into formation products directly from astrophysical 
environments (1). Nguyen et al. (2) proposed a critical link between 
refractory material—such as the sulfur allotrope octasulfur (S8)—on 
the carbonaceous asteroid Ryugu and ices on dust grains which may 
facilitate the production of sulfur allotropes through exposure by ga-
lactic cosmic rays (GCRs) (Fig. 1) (3–5).

However, the current understanding of the sulfur chemistry in ices 
of molecular clouds has just scratched the surface (6–8). The unravel-
ing of the formation of sulfur allotropes (S8, S7, and S6) on the carbo-
naceous asteroid Ryugu has been elusive to date and hence requires 
laboratory experiments linking the unconventional nonequilibrium 
chemistry in low temperature ices to the origin of these sulfur allo-
tropes. The presence of these refractory allotropes on Ryugu may also 
offer key insight into the long-standing puzzle of sulfur depletion in 
dense molecular clouds, where observed gas-phase sulfur is under-
abundant by two to three orders of magnitude compared to cosmic 
ratios (9–13). The diffuse interstellar medium reveals that sulfur is 
near cosmic abundance (14, 15); however, molecular clouds such as 
TMC-1 and L183 show gas-phase depletions by up to two orders of 
magnitude (16). Astronomers have suggested that gas-grain collisions 
of ions like singly ionized sulfur (S+) result in recombination on grain 
surfaces effectively sequestering the material in neutral forms (12). 
Alternatively, gas-phase sulfur-bearing species such as sulfur dioxide 

(SO2) and carbonyl sulfide (OCS) can condense resulting in icy man-
tles of interstellar grains doped with sulfur (17–20). During the gravita-
tional collapse of a molecular cloud and transformation to star-forming 
regions, sublimation should increase observable sulfur in the gas phase. 
However, observations of protoplanetary disks consistently reveal sul-
fur depletion at temperatures above the water sublimation thresh-
old of 160 K, suggesting that sulfur may remain locked in refractory 
molecules on these grain surfaces (13)—molecules which have yet 
to be identified.

Since the organics on Ryugu partially resemble those of presolar 
grains (2), the chemical processes occurring on the icy mantles of 
grain surfaces likely represent a starting point for sulfur allotrope for-
mation. This pathway could provide insights into the mechanisms of 
sulfur depletion and illuminate the complex chemistry that shaped 
Ryugu during its earliest stages of formation. The James Webb Space 
Telescope has revealed sulfur dioxide (SO2) (20–22) as one of the 
main reservoirs of interstellar sulfur on grain surfaces. Recently, hy-
drogen sulfide (H2S) has been suggested as an additional major sulfur 
sink on grains bolstered via its detection on returned samples from 
the carbonaceous asteroid Bennu (23, 24). These molecules offer a 
chemical network for understanding sulfur chemistry in dense clouds. 
The exposure of sulfur-bearing ices to ionizing radiation afforded sev-
eral theories on the nature of the refractory sulfur material on the 
surface of grains including sulfur allotropes (Sn, n = 2 to 8) (25–27), 
polysulfanes (H2Sn, n ≥ 2) (25, 26, 28), sulfide minerals [iron(II)sul-
fide, FeS] (13), and organosulfur material such as alkylsulfonic acids 
(R-SO3H, where R is an alkyl group) (29, 30). Among these variety of 
selections, cyclic octasulfur (S8) has sparked intense interest due to its 
thermodynamic stability and high sublimation temperature (>300 K) 
(27, 31, 32). Astrochemical modeling hypothesized that octasulfur 
(S8) could represent a notable molecular component in processed in-
terstellar ices (27).

Here, we present compelling evidence on the detection of the crown 
conformer of octasulfur (S8) along with two sulfur allotropes (S6 and 
S7) synthesized by energetic processing of interstellar analog ices con-
taining sulfur dioxide (SO2) and hydrogen sulfide (H2S) under hydrous 
and anhydrous conditions in laboratory simulation experiments 
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(table S1). At temperatures relevant to ices on nanoparticles in cold 
molecular clouds and processed by proxies of GCRs, the cyclic crown 
conformer of octasulfur (S8 and D4d) (Fig. 2, a) is identified isomer 
selectively in all sulfur-bearing ices exploiting vacuum ultraviolet 
(VUV) photoionization reflectron time-of-flight mass spectrometry 
(PI-ReToF-MS) supported by isotopic analysis of sulfur. The produc-
tion of octasulfur (S8) along with two sulfur allotropes (S7 and S6) 
preferentially in hydrogen sulfide (H2S) doped ices suggests that 
these allotropes found on Ryugu likely originated from interstellar 
icy grain mantles and could represent chemical processes akin to the 
earliest stages of the Solar System.

RESULTS
Fourier transform infrared spectroscopy
Fourier transform infrared (FTIR) spectroscopy was used to monitor 
the chemical changes triggered by the energetic processing in the ices 
(SO2; SO2/H2O; SO2/H2S; H2S/H2O); FTIR spectra were collected 
before, during, and after the irradiation at 5 K (figs. S1 to S4 and 
tables S2 to S5). In the pristine ices, prominent vibrational modes of 
SO2 such as ν1 (1146 cm−1) (22), ν3 (1310–1343 cm−1) (22) in SO2, 
SO2/H2O, and SO2/H2S ices are visible. Fundamentals of H2O such as 
ν1/ν3 (3000 to 3500 cm−1) (33), ν2 (1650 cm−1) (33), and lattice modes 
(νL, 811 cm−1) (33) were found in water-containing ices (figs. S2 and 
S4), while H2S was detected via the ν3 (2596 cm−1) (34), ν1 (2557 cm−1) 
(34), and ν2 (1171 cm−1) (34) modes in the SO2/H2S (fig. S3) and H2S/
H2O (fig. S4) ices. After the energetic processing, the FTIR spectra 
were deconvoluted to assign emerging new features to the functional 
groups. Sulfur trioxide (SO3, ν3, 1388 cm−1) (35) was detected in the 
SO2 ice; S─H stretching vibration associated with polysulfanes (H2Sn, 
2488 cm−1) (36, 37) could be traced in the hydrogen sulfide ices. Mul-
tiple vibrations assigned to S═O stretching modes (1300 to 1089 cm−1) 
(38) are observed in the SO2/H2O and SO2/H2S experiments along with 
the S─O stretching mode (1049 to 806 cm−1) (38); O─H stretching 
modes are visible at (2931 to 2141 cm−1) (38). The emergence of new 
O─H stretching, S─O stretching, and S═O stretching may indicate 
the formation of inorganic acids such as H2SO3 and H2SO4. Although 

FTIR spectroscopy represents an ideal tool in the elucidation of the 
emergence of functional groups, the identification of discrete mole-
cules such as sulfanes (H2Sn; n > 2) and sulfur (S8) is problematic due 
to overlapping vibrations modes, infrared inactive vibrations, and/or 
infrared active modes outside the range of the mid-FTIR (<500 cm−1). 
Therefore, to unambiguously identify sulfur (S8), an alternative ana-
lytical approach is clearly required.

Photoionization reflectron time-of-flight mass spectrometry
PI-ReToF-MS was exploited to identify isomer-specific reaction prod-
ucts based on the desorption temperatures and adiabatic ionization 
energies (IEs) (Fig. 2 and table S6) (39, 40). The detection of sulfur 
(S8) represents the overarching goal of this project. Previous electron-
ic structure calculations in the work by Herath et al. (41) reveals six 
conformers and isomers of octasulfur (S8; Fig. 2, a to f) with IEs be-
tween 8.90 and 8.15 eV. These calculations were conducted using the 
CCSD(T)-F12b/cc-pVTZ-F12//B3LYP/aug-cc-pVTZ level of theory—
using MOLPRO 2024.1 (42, 43) and Gaussian16 (44)—which is well 
known to produce accurate and precise adiabatic IE calculations 
within an error of ± 0.05 eV and sometimes as low as 0.01 eV (45–
47). Two VUV photon energies were used (table S7). At 9.34 eV, all 
conformers and isomers of S8 (a to f) can be ionized, while at 8.75 eV, 
all species except the crown conformer a can be ionized. During 
the temperature-programmed desorption (TPD), newly formed mole-
cules that sublime, are subsequently photoionized by pulsed VUV 
light and detected via ReToF-MS. Figure 3 compiles the overall ion 
counts from mass-to-charge ratio (m/z) 1 to 400 during TPD collect-
ed at 9.34 eV. It should be highlighted that this soft photoionization 
does not produce dications, thus resulting in m/z values equivalent 
to the molecular mass of the product (unified atomic mass unit).

SO2 ice
The most intense ion counts correspond to m/z = 256 at 258 K. This 
value matches the molecular mass of S8 of m/z = 256 with eight 32S 
(Fig. 4). Considering natural isotopic abundances of sulfur, particu-
larly 33S and 34S, the number of sulfur atoms can be determined on 
the basis of the mass distribution across isotopolog channels (Fig. 5). 

Fig. 1. Proposed routes of sulfur-bearing material in the ISM. Known interstellar sulfur-bearing material exhibits connectivity between sulfur (yellow), oxygen (red), 
carbon (gray), and hydrogen (white), to form sulfur dioxide (SO2), hydrogen sulfide (H2S), and OCS. These compounds remain on interstellar grain surfaces and act as key 
precursors to larger, complex molecules via ionizing radiation. Background image courtesy NASA/JPL-Caltech. D
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S8 should exhibit m/z signal ratios at 256:258:260 of 17.6:6.3:1. In 
contrast, a molecule such as S7O2 (m/z = 256) would yield a ratio of 
22.6:7.2:1. By comparing the observed ion count values to these ref-
erence ratios, an effective isotopic ratio is determined. Our experi-
mentally derived ratio for m/z = 256:258:260 is 17.6:6.3:1 matching 
exceptionally well for S8. At 8.75 eV, these ion counts disappear, sug-
gesting that the adiabatic IE of the isomer or conformer exceeds 
8.75 eV. This confirms the presence of only the crown conformer of 
S8 (a). In addition, a smaller peak with m/z = 224 appears at 312 K 
(fig. S5). Similar to S8, heptasulfur (S7) was confirmed through iso-
topic distribution analysis of the m/z of 224 (S7):226 (S6

34S), reveal-
ing a 3.4:1 ratio close to the theoretical ratio of 3.23:1.

SO2/H2O ice
Unlike the pure SO2 ice, the SO2/H2O experiments reveal additional 
products. Sulfane (H2Sn) production is well defined in this ice (fig. S6) 
revealing signals corresponding to H2S2 (m/z = 66; IE = 9.3 eV) 
(48), H2S3 (m/z = 98; IE = 8.7 to 9.27), H2S4 (m/z = 130; IE = 6.77 
to 8.82), H2S5 (m/z = 162; IE = 8.56 to 8.71), H2S6 (m/z = 194; 
IE = 8.50 to 8.90), and H2S7 (m/z = 226; IE = 8.43 to 8.78). Similar 

to the SO2 experiment, S7 (m/z = 224) exhibits a sublimation peak at 
312 K. Three peaks are observed for S8. Peak 1 (Fig. 4) shows too few 
counts to quantify the isotopic distribution to confirm S8. Peaks 2 
and 3 depict isotopic distributions matching those of octasulfur (S8) 
with ratios at 256:258:260 of 16:6:1 for both peaks. The origin of these 
three peaks may be due to the sublimation of different products in 
the ice matrix. For instance, peak 1 shows cosublimation with H2S5 
(m/z = 162; 240 K), while peak 2 cosublimes with H2S6 (m/z = 194; 
270 K) (fig. S5). Furthermore, the disappearance of these peaks 
in the 8.75 eV experiments confirms the crown conformer of octa-
sulfur (S8) a.

H2S/H2O ice
Sulfane production is a key feature of irradiated H2S containing ices. 
Here, the formation of H2S2 (m/z = 66), H2S3 (m/z = 98), H2S4 
(m/z = 130), H2S5 (m/z = 162), H2S6 (m/z = 194), H2S7 (226 m/z), 
H2S8 (258 m/z), H2S9 (290 m/z), H2S10 (322 m/z), and H2S11 (354 m/z) 
is evident (fig. S8). In addition, sulfur molecules such as S6 (m/z = 
192) and S7 (m/z = 224) (figs. S9 and S10) were formed during the 
radiation exposure. Hexasulfur (S6) was confirmed by normalizing 

Fig. 2. Compilation of computed adiabatic IEs of S8 isomers/conformers (black solid lines), IE ranges (gray area) after error analysis, and relative energy (ΔE). 
Point groups of S8 conformers are shown. IEs are calculated with the CCSD(T)-F12b/cc-pVTZ-F12//B3LYP/aug-cc-pVTZ level of theory in (41) including zero-point vibra-
tional energy corrections. VUV photon energies at 9.34 and 8.75 eV (dashed lines) were chosen to selectively ionize subliming species during TPD.
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and subtracting the signal of H2S7 (m/z = 226) from m/z = 192, which 
is known to fragment to S6 (41). After correction, the isotopolog of 
m/z = 194 (primarily 34S32S5) was compared with m/z = 192 (32S6), 
giving a calculated ratio of 192:194 of 3.9:1, resembling the expected 
theoretical ratio of 3.7:1. Heptasulfur (S7) can be confirmed by iso-
topic distribution of the m/z of 224:226 of 3.2:1 matching the ex-
pected isotopic distribution pattern exceptionally well (3.23:1). At 
m/z = 256, two sublimation events are detected. Peak 1 (Fig. 4, H2S/
H2O) has a mass to charge distribution ratio for 256:258:260 of 12:5:1 
and hence cannot be connected to octasulfur (S8) but rather cosub-
limation or fragmentation of H2S8. Fragmentation of higher-order 
sulfanes is evidenced by the photon energy–dependent behavior of 
the mass signals (fig. S11) and has been reported previously (41). 
Upon tuning the photon energy to 8.75 eV, the signal at m/z = 258 
(H2S8) is maintained and temporally coincides with peak 1. It should 
be noted that no signal at 8.75 eV is observed for S8, suggesting that 
the signal for m/z = 258 cannot derive from S7

34S but instead from 
H2S8. The temporal overlap and the matching peak shape suggest 
that fragmentation of H2S8 could contribute to the signal in m/z = 
256 (S8

+). In contrast, peak 2 can be confirmed to be octasulfur (S8) 

given its isotopic distribution ratios of 15:6:1 for m/z = 256:258:260. 
As is the previously analyzed ices, the signal is not detected for 8.75 eV 
photons confirming the crown conformer of octasulfur (S8) a.

SO2/H2S ice
Similar to the H2S/H2O ice, two distinct peaks are observed in the 
TPD profile for m/z = 256 sublimation of octasulfur (S8). Peak 1 
(Fig. 4) originates from fragmentation of higher order sulfanes (e.g., 
H2S8) (fig. S12), while peak 2 corresponds to the sublimation of octa-
sulfur (S8). Similar to the H2S/H2O ices, fragmentation of H2S8 (fig. S13) 
is revealed by photon energy–dependent ionization. At 8.75 eV, the 
H2S8 parent ion is observed without formation of S8, and this subli-
mation of H2S8 coincides with peak 1, indicating that the fragmenta-
tion of sulfanes, e.g., H2S8, contributes to the signal in m/z = 256 at 
peak 1. In addition, peak 1 contains an isotopic distribution of 13:5:1 
suggesting enrichment of the isotopolog channels (m/z = 258 and 260) 
and thus cannot be definitively confirmed to be solely S8. Peak 2 
shows an isotopic distribution of 17:6:1 for m/z = 256:258:260 resem-
bling that of S8. At a photon energy of 9.34 eV, both peaks are visible, 
whereas at 8.75 eV, the signal disappears. Since peak 1 cannot be 

Fig. 3. PI-ReToF-MS data of the irradiated SO2 ice, SO2/H2O ice, H2S/H2O ice, and SO2/H2S ice recorded using 9.34 eV photons during TPD. Ion counts measured by 
the ReToF-MS of all recorded masses (m/z = 1 to 400) were recorded during TPD from 5 to 330 K and held until all signals returned to baseline.
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directly tied to S8 due to a mismatch in isotopic distribution to S8, only 
peak 2 can be confirmed for the crown conformer a of S8. In addition, 
a series of sulfanes from H2S2 to H2S10 (fig. S12) is detected during 
TPD along with sulfur allotropes such as S6 and S7 (fig. S14). Because 
of low counts in the S6 (m/z = 192) mass spectrum after fragmenta-
tion correction of H2S7, S6 can only be tentatively assigned.

DISCUSSION
Since we confirm the presence of octasulfur in the crown conformer 
a of S8, we can quantify the production yields and production effi-
ciency using the photoionization cross section of S8 (a) at 9.34 eV 
(3.4 ± 2.0 × 10−17 cm2) (41); the detailed process to compute the yields 
and production efficiencies is outlined in Materials and Methods. 
Each ice experiment shows varying degrees of production of cyclic 
octasulfur (a)—hereafter S8 (Table 1)—with the H2S/H2O experiment 
unexpectedly revealing the most efficient formation across all experi-
ments with a conversion yield of 8.4 ± 4.8 × 10−4 molecules eV−1. In 
contrast, the SO2/H2O ice has a yield of 3.4 ± 2.0 × 10−5 molecules 
eV−1, which suggests that the sulfur (+IV) oxidation state in sulfur 
dioxide may resist reduction in water ices to S(0) in S8. Previous 
studies have shown that sulfur dioxide may further oxidize in inter-
stellar analog ices to form sulfur trioxide (SO3) (30, 35, 49, 50) and 
sulfuric acid (H2SO4) (30, 50); likewise, reaction with water yields 

sulfurous acid (H2SO3) (50) and the sulfonic acid functional group 
(-SO3H) (30). The contrast between the S8 production in H2S/H2O 
and SO2/H2O ices specifically points to the ease for S(−II) in hydro-
gen sulfide (H2S) to oxidize to neutral sulfur such as in cyclic octa-
sulfur than the reduction of S(+IV) in sulfur dioxide (SO2).

The percentage yield of S8 in SO2/H2S ices (2.9 ± 1.7%) closely 
resembles the yield in SO2/H2O ices (1.6 ± 0.9%), whereas H2S/H2O 
ices (27.0 ± 16%) do not. Further, the addition of water in the H2S 
experiments enhances the production yield of S8 (27.0 ± 16%) over 
anhydrous conditions (3.4 ± 0.4%) (41). In the hydrous network, hy-
drogen sulfide seems to resist oxidation past neutral sulfur [S(0)], 
contrary to well-known processes occurring in water ices (51). This 
could indicate that acid formation (H2SO3 and H2SO4) likely derives 
from SO2 on icy interstellar grains rather than from H2S.

Contrary to H2S, the SO2/H2O reveals the resistance of SO2 to 
convert to S8. Recent detections from Ryugu asteroid extracts sug-
gest that the sulfonic acid functional group, as observed in polythi-
onic acids (HO3S-Sn-SO3H; n < 6) (1), may “cap” sulfur chains thus 
limiting their growth. The generation of these end groups could be a 
key factor in restricting sulfur chain growth and, consequently, S8 
production. Moreover, this indicates that SO2 is likely not a primary 
contributor to S8, but rather H2S plays a dominant role in the syn-
thesis of sulfur allotropes like S8 on interstellar grains. Thus, S8 for-
mation is highly dependent on the oxidation state of sulfur in the 

Fig. 4. TPD-ReToF-MS profiles of each sulfur-bearing ice after processing by energetic electrons (100 nA, 1 hour). Ion counts measured by the ReToF-MS of the 
256 m/z channel during TPD (5 to 330 K) with photon energies of 9.34 eV (black) and 8.75 eV (red). Once the TPD was finished at 330 K (green dashed), the temperature of 
the substrate was held until the signal returned to baseline.
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precursors in the ices and suggests the resistance of the S═O bonds 
to cleavage with higher SO2:H2S ratios suppressing the growth of 
larger sulfur allotropes.

To understand possible mechanisms through oxidation and re-
duction of H2S and SO2, respectively, we analyze the barriers and 
energetics to form sulfur allotropes in both cases. Upon interaction 
with energetic electrons, cleavage of the reagent material (SO2 or H2S) 
can produce reactive radicals along with suprathermal atoms initiating 

nonequilibrium chemical reactions (52, 53). For sulfur chain growth 
to occur, a source of sulfur atoms is required. Upon interaction with 
energetic electrons, SO2 can endoergically produce molecular oxygen 
(O2; 3Σg

−) and atomic sulfur (S; 3P) (reaction 1). This process can be 
also replaced by a two-step reaction via sulfur monoxide (SO) (reac-
tions 2 and 3), for which two oxygen atoms are cleaved step wise.

SO2 → S
(

3P
)

+O2

(

X3Σg
−
)

ΔRG = + 571 kJ mol−1 (1)

Fig. 5. TPD-ReToF-MS profiles of each sulfur-bearing ice after processing by energetic electrons (100 nA, 1 hour). Ion counts measured by the ReToF-MS using a 
photon energy of 9.34 eV. The mass channel m/z = 256 correlates to S8, and the other mass channels—m/z = 258 and 260—correspond to different isotopologs of S8. Once 
the TPD was finished at 330 K (green dashed), the temperature of the substrate was held until the signal returned to baseline.

Table 1. Calculated conversion yields of reagent material to S8 in the experiments. The percent yield of S8 was determined on the basis of the number of 
sulfur atoms within the maximum electron penetration depth of each ice mixture (see table S9). The total number of S8 molecules detected by ReToF-MS, 
combined with the radiation dose calculated using CASINO v2.42 software suite, was used to determine the conversion yield for each ice. Additional details are 
provided in the Supplementary Materials.

Ice Available sulfur atoms S8 produced  
(molecule)

Percent yield Conversion yield 
(molecule eV−1)

Reference

H2S – – 3.4 ± 0.4 6.8 ± 1.0 × 10−4 (41)

 SO2﻿ 5.8 × 1017 1.8 ± 1.0 × 1015 5.0 ± 2.9 3.2 ± 1.8 × 10−4 This work

H2S/H2O 2.8 × 1017 4.8 ± 2.7 × 1015 27 ± 16 8.4 ± 4.8 × 10−4 This work

 SO2/H2O 1.9 × 1017 1.9 ± 1.1 × 1014 1.6 ± 0.9 3.4 ± 2.0 × 10−5 This work

 SO2/H2S 7.5 × 1017 1.4 ± 0.7 × 1014 2.9 ± 1.7 2.5 ± 1.4 × 10−4 This work
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In the case of H2S, sulfur atoms can be produced similarly to re-
action 1, where both hydrogen-sulfur bonds are broken to produce 
molecular hydrogen (H2) and atomic sulfur (reaction 4) (7). Similar 
to SO2, this can be described by a two-step process where H2S loses 
one hydrogen atom to form the sulfanyl radical (SH) and again to 
produce atomic sulfur (reactions 5 and 6).

Comparing the conversion in one step shows that the formation 
of atomic sulfur in SO2 is more endoergic compared to H2S by 166 kJ 
mol−1, while the two-step process pushes this difference to 339 kJ 
mol−1 exemplifying the stability of the S═O bond. This relative dif-
ference in reaction energetics illustrates that H2S—under irradiated 
conditions—is likely favored in producing sulfur atoms over SO2. 
The necessity of sulfur atom production between SO2 and H2S cor-
relates to sulfur chain growth in the ices where H2S shows the most 
signal in all polysulfane and allotrope (S6, S7, and S8) mass channels. 
After formation of atomic sulfur, subsequent barrierless radical-
radical recombination of sulfur atoms (S; 3P) can produce disulfur 
(S2; X 3Σg

−) (reaction 7).

Disulfur being a diradical allows for subsequent radical-radical re-
combination with atomic sulfur (3P) to form trisulfur (ΔRG = −260 kJ 
mol−1) (54) (reaction 8). This reaction scheme can be repeated via 
radical-neutral addition to form tetrasulfur (S4; ΔRG = −198 kJ mol−1) 
(reaction 9) (54).

Since S3 is a singlet ground state and atomic sulfur has a triplet 
ground state, this process is governed by nonadiabatic dynamics to 
produce the ground-state singlet tetrasulfur (S4; X1A1). Both reactions 
are exoergic and, upon sulfur addition, can continue to form S5, S6, 
S7, and S8. The relative stability of these species is well known with S8 
being particularly stable and accounting for 99% of elemental sulfur 
in terrestrial environments. Thus, the absence of smaller allotropes 
(S2 to S5) could be due to relative stability of each species.

Alternatively, reactions between highly reactive, small sulfur 
molecules may produce S8. Disulfur films on a solid surface reveal 
no barrier in radical-radical recombination forming tetrasulfur (re-
action 10) (55, 56). Theoretical calculations have indicated disul-
fur self-reactions are barrierless and exoergic 96 kJ mol−1, indicating 

that small sulfur allotropes can produce larger material spontane-
ously (57, 58).

Subsequently, neutral-neutral reactions of tetrasulfur could gen-
erate octasulfur (reaction (11). Ab initio calculations show that this 
reaction is exoergic by 345 kJ mol−1 at the ωB97X-D/cc-pVTZ level 
of theory (59).

The lack of S2 and S5 in these ices are likely due to high reactivity 
of sulfur allotropes, thus if they are formed, the sulfur allotropes 
quickly undergo further nonequilibrium reactions. The relative sta-
bility of sulfur allotropes is well known, with ring conformers of S6, 
S7, and S8 being more stable than sulfur chains (60).

Once formed within the icy mantles of interstellar grains, sulfur al-
lotropes such as S6, S7, and S8 can remain in refractory form, effectively 
sequestering sulfur into the condensed phase. The condensation of gas-
eous sulfur onto interstellar grains, followed by alteration through 
GCRs, facilitates the transformation of sulfur into refractory species. 
These forms are resistant to thermal processing during the gravitational 
collapse of molecular clouds, thereby diminishing the abundance of de-
tectable gas-phase sulfur. Notably, allotropes like S8 exhibit resistance to 
sublimation at temperatures up to 300 K, supporting their role as a via-
ble mechanism for sulfur depletion in molecular clouds.

Since the organics found on Ryugu resemble those formed on 
presolar grains (2), our results detail a formation scenario where re-
fractory sulfur allotropes are formed in interstellar ices before incor-
poration into Ryugu. Thus, the inventory of Ryugu at least partially 
derives from interstellar icy mantles doped with sulfur species like 
SO2 and H2S and can be effectively reproduced via condensed-phase 
nonequilibrium chemical reactions. Although hydrogen sulfide has 
yet to be detected on grain surfaces—likely due to weak infrared 
band strengths—the chemistry from grains indicates that allotropes 
derive from H2S rather than SO2 in these hydrous environments. In 
addition, the presence of oxidized species such as sulfur trioxide 
(SO3), sulfurous acid (H2SO3), and sulfuric acid (H2SO4) in the SO2/
H2O ices but not in the H2S/H2O ices indicates that these highly 
oxidized species correlate to SO2. Moreover, these sulfur species 
could be precursors to other sulfur material found in Ryugu such as 
polythionic acids (HO3S-Sn-SO3H; n < 6). Specifically, H2SO3 and 
SO3 both correlate to the -SO3H functional group of polythionic ac-
ids. Once the addition of the -SO3H functional group occurs, the 
sulfur chain cannot proceed to sulfur ring formation (S6, S7, and S8).

Here, the unambiguous identification of the crown conformer 
(a) of octasulfur (S8) along with hexasulfur (S6) and heptasulfur (S7) 
allotropes in hydrous sulfur-doped ices establishes hydrogen sul-
fide (H2S) as the dominant source of sulfur allotropes on interstel-
lar grains. This synthesis proceeds likely via sulfur chain growth and 
possibly via reactions between small sulfur allotropes upon expo-
sure of sulfur-containing material to proxies of GCRs. The identifi-
cation of S6, S7, and S8 in various mixed ices provides compelling 
evidence for the limitations of allotrope production and reveals a 
resistance to reduction of S(+IV) in sulfur dioxide (SO2) but facile 
oxidation of S(−II) in hydrogen sulfide (H2S) in interstellar icy mantles. 
In addition, our works highlight plausible mechanistic details about 
side product formation and sulfur chain capping in interstellar ices 
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linking them to refractory material such as hexasulfur (S6), heptas-
ulfur (S7), and octasulfur (S8) as found in the carbonaceous asteroid 
Ryugu. This suggests sulfur dioxide as a likely contributor to polythi-
onic acids and hydrogen sulfide as the primary reagent in allotrope 
formation. These results link icy mantles of presolar grains to material 
found in Ryugu. Besides our Solar System, the production of higher-
order allotropes presents a plausible sulfur depletion mechanism in 
interstellar grains. Our results indicate that S6, S7, and S8 are com-
mon material in sulfur-containing ices upon exposure to irradiation, 
with S8 being the most abundant allotrope. Understanding these 
formation processes is crucial for developing a mechanistic network 
for sulfur depletion in molecular clouds and expands our funda-
mental knowledge of sulfur chemistry on interstellar grain surfaces 
with broader implications into the chemistry of small celestial bod-
ies like carbonaceous asteroids Ryugu and the earliest stages of our 
Solar System.

MATERIALS AND METHODS
All experiments used an ultrahigh vacuum (UHV) stainless steel cham-
ber held at pressures of 5 × 10−11 torr by magnetically levitated turbo 
molecular pumps (Osaka, TG1300MUCWB, TG420MCAB) backed by 
an oil-free dry scroll pump (XDS35i, Edwards). A mirror-finished silver 
substrate was attached to a cold head and cooled to 5 K by a closed-cycle 
helium refrigerator (Sumitomo Heavy Industries, RDK-415E). Reagent 
materials—SO2 (Matheson, 99.98%), H2S (Sigma-Aldrich, 99.9%), and 
water (Honeywell, high-performance liquid chromatography grade)—
were introduced through separate glass capillary arrays into the UHV 
chamber and deposited on the substrate at 5 K. The gas deposition was 
monitored using interferometry by a HeNe laser (Melles Griot, 25-
LHP-230, 632.8 nm) (61). A refractive index of each ice mixture was 
calculated on the basis of the average refractive index of each ice reagent 
SO2 (n = 1.33) (62), H2S (n = 1.41) (63), and H2O (n = 1.27) (64) and 
was exploited to calculate the ice thickness (table S1). An FTIR spec-
trometer (Thermo Fisher Scientific, Nicolet 6700) with a range of 6000 
to 500 cm−1 and a resolution of 4 cm−1 was used to determine the reagent 
ratio in the ices based on their respective band strengths (table S8).

After deposition, the ice mixtures were irradiated using 5 keV 
electrons produced from an electron gun (SPECS, EQ PU-22) scan-
ning over an area of 1.6 cm2 at 100 nA of current for 60 min. These 
doses simulate secondary electrons generated by GCRs in cold mo-
lecular clouds up to an age of 2 × 107 years (65). The average pene-
tration depth and doses per molecule of each ice can be found in 
table S9. These calculations are derived from Monte Carlo simulations 
using CASINO v2.42 software suite (66). The maximum penetration 
depth was found to be less than the ice thickness in all experiments, 
suggesting that all reactions are from the ice and the electrons do 
not interact with the silver substrate.

After irradiation, the ices were heated from 5 to 320 K at 1 K min−1 
to facilitate sublimation of material from the surface in a TPD pro-
cess. The TPD phase simulates the increase of temperature during 
molecular cloud collapse to star-forming regions (67). Subliming mol-
ecules were photoionized by pulsed VUV light (30 Hz), which was 
generated through resonant four-wave mixing schemes inside a noble 
gas jet pumped by two tunable dye lasers (Sirah, Cobra-Stretch) each 
pumped by an Nd:YAG laser (Spectra Physics, Quanta Ray Pro 250-30 
and 270-30) (68, 69). Dyes and wavelengths used in the generation 
of VUV light can be found in table S7. The VUV light was sepa-
rated from other laser light using a lithium fluoride lens in an off-axis 

geometry. Ionized molecules were detected by a dual microchannel 
plate using a reflectron time-of-flight mass spectrometer (Jordan 
TOF Products). Signals generated by the ions were amplified with a 
preamplifier (Ortec 9305) and recorded with a multichannel scaler 
(FAST ComTec, MCS6A). Each mass spectrum used an accumulation 
time of 2 min (3600 sweeps) and an arrival time accuracy of 3.2 ns. 
To quantify the amount of octasulfur produced in each ice, the reflec-
tron time-of-flight mass spectrometer was calibrated by using an 
experiment that ionizes both H2S and S8 at 10.49 eV along with the 
respective photoionization cross sections (41). For more information 
on the quantification of octasulfur, see the Supplementary Materials.

Supplementary Materials
This PDF file includes:
Supplementary Text
Tables S1 to S9
Figs. S1 to S18
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