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ABSTRACT: Geminal dithiols�organic molecules bearing two thiol groups on the
same carbon atom�are versatile synthons in organic and atmospheric chemistry,
exhibiting significantly greater stability than their oxygen analogues. Here, we report
the first formation of the smallest geminal dithiol, methanedithiol (CH2(SH)2), and
its structural isomer, methyl hydrodisulfide (CH3SSH), in low-temperature model
interstellar ices composed of methane and hydrogen sulfide via energetic electron
irradiation, simulating secondary electrons generated by galactic cosmic rays. Both
isomers were identified in the gas phase using isomer-selective vacuum ultraviolet
(VUV) photoionization reflectron time-of-flight mass spectrometry (PI-ReToF-MS),
guided by quantum chemically computed adiabatic ionization energies, and confirmed through isotopic labeling and ultraviolet
photolysis studies. These results not only demonstrate that methanedithiol and methyl hydrodisulfide can form on ice-coated
interstellar nanoparticles and represent promising candidates for future astronomical detection, but they also provide fundamental
insights into the nonequilibrium synthesis of geminal dithiols in extraterrestrial environments.

Langmuir’s concept of isovalency highlights the remarkable
similarities in chemical reactivity of atoms and molecular

entities sharing the same number of valence electrons.1 Oxygen
and sulfur�both group VI nonmetals with ns2np4 config-
urations�play central roles in terrestrial atmospheric chem-
istry and biochemistry.2,3 While oxygen exists primarily as
diatomic molecular oxygen (O2) and triatomic ozone (O3),
sulfur exhibits extensive catenation, forming a rich variety of
solid allotropes, with octasulfur (S8) as the most stable form.4

The significantly larger atomic radius of sulfur (88 pm)
compared to oxygen (48 pm), combined with differences in
the energies of bonding and nonbonding orbitals along with
energetically accessible d-orbitals for sulfur, leads to notable
deviations from isovalent predictions.5−7

Similar to Langmuir and isovalency, Erlenmeyer is attributed
with his own rule. This heuristic states that geminal diols�
carbon centers bearing two hydroxyl groups�are unstable.
However, recent studies have reported the formation of such
geminal diols in low-temperature interstellar ice analogues
(Figure 1).8 In contrast, sulfur analogues, geminal dithiols
(gem-dithiols), are substantially more stable and widely
employed as versatile synthons in organic and atmospheric
chemistry.9 Since Cairns et al.’s first preparative synthesis of
gem-dithiols including methanedithiol (CH2(SH)2, 1) via
aldehyde and ketone reactions with pressurized hydrogen
sulfide (H2S), their potential role in astrochemical processes
has remained largely unexplored.10 Meanwhile, the interstellar
medium (ISM) hosts a nonthermal sulfur chemistry that

produces complex organosulfur molecules, following the first
sulfuretted species, carbon monosulfide (CS), detected in
1971.11−13 Additionally, methane has now been confirmed in
interstellar ices via infrared observations from the James Webb
Space Telescope (JWST), while hydrogen sulfide is inferred
from astrochemical models and cometary detections.14−17

These discoveries underscore the potential value for exploring
sulfur analogues of geminal diols under astrochemical
conditions.
Herein, we report the first formation of the simplest geminal

dithiol, methanedithiol (CH2(SH)2, 1), and its structural
isomer methyl hydrodisulfide (CH3SSH, 2), in low-temper-
ature methane−hydrogen sulfide (CH4−H2S) ices exposed to
energetic electrons as proxies of galactic cosmic rays (GCRs).
Quantum chemical computations on gas phase molecules
provide adiabatic ionization energies (IEs) and relative
energies of CH4S2 isomers, guiding isomer-selective identi-
fication via vacuum ultraviolet (VUV) photoionization during
temperature-programmed desorption (TPD).
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Comparison with the isovalent oxygen analogues, meth-
anediol (CH2(OH)2) and methyl peroxide (CH3OOH),
highlights fundamental divergence in stability and energetics
between isovalent species. It is worth noting that the synthesis
of methyl hydrodisulfide (2) was reported by Böhme and
Zinner,18 and a convenient preparative method for 2 and 2-d1
was later developed by Bauder and co-workers, who also
performed their microwave and infrared spectroscopic
characterization.19,20 In the present study, we focus on the
bottom-up formation of methanedithiol (1) and methyl
hydrodisulfide (2) in low-temperature interstellar analog ices
composed of methane and hydrogen sulfide upon energetic
electron irradiation, followed by their isomer-selective
identification in the gas phase during TPD. These results
demonstrate that methanedithiol (1) and methyl hydro-
disulfide (2) can form on ice-coated interstellar nanoparticles,
with both disulfide molecules appearing to be promising
targets for future astronomical detection in hot molecular cores
such as Sagittarius B2 (Sgr B2). Furthermore, in combination
with isotopic labeling experiments, this work provides

fundamental insights into the nonequilibrium formation
pathways of geminal dithiols in deep space.
The experiments were carried out in an ultrahigh vacuum

chamber operating at pressures of a few 10−11 Torr.21,22 Gas
mixtures of hydrogen sulfide (H2S) and methane (CH4) with a
H2S:CH4 ratio of 3:7 were deposited onto a polished silver
substrate cooled to 5 K, resulting in a CH4:H2S ratio of 0.2 ±
0.1:1.23 The ice thicknesses were determined to be 1100 ± 200
nm using laser interferometry.7 The deposited ices were
irradiated with 5 keV electrons at 5 K with a current of 100 nA
for 60 min, corresponding to effective doses of 7.3 ± 0.3 eV
molecule−1 for methane and 15.6 ± 0.3 eV molecule−1 for
hydrogen sulfide.23 Fourier transform infrared (FTIR) spectra
were recorded to characterize the deposited ices of methane
and hydrogen sulfide (CH4−H2S), before, during, and after
electron irradiation at 5 K at a resolution of 4 cm−1. Infrared
absorption features observed in pristine and irradiated
methane−hydrogen sulfide ices have been reported previ-
ously.23 Briefly, ethane (C2H6) formation was evident via
multiple fundamental vibrations at 2974 cm−1 (v1), 2960 cm−1

Figure 1. (a) Comparison of calculated molecular structures, relative energies (ΔE), and adiabatic ionization energies (IEs) of CH4S2 and CH4O2
isomers.8 Bond lengths are indicated in pm and bond angles in degrees. Structural parameters are omitted where redundant. (b) Computed IEs
(solid black line) of CH4S2 isomers and the photon energies (colored dashed lines) utilized for the ReToF-MS experiments (Tables S1 and S2). IE
ranges are corrected for thermal and Stark effects by −0.03 eV and combined uncertainty ranges of −0.05/+0.03 eV.8 Uncertainty range is
indicated in gray.
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(v10), 2881 cm−1 (v5), 1462 cm−1 (v11), and the v8 + v11 mode
at 2939 cm−1.24 The absorption at 1437 cm−1 was assigned to
ethene (C2H4, v12).

24 Carbon disulfide (CS2) was identified via
its prominent asymmetric stretch v3, at 1513 cm−1.25

The main IR features of methyl hydrodisulfide (2) were
reported to include the CH3 stretching at 2930 cm−1 and CH3
deformation at 1437 and 1419 cm−1.19 However, the CH3
stretching overlaps with the v8 + v11 mode of ethane (C2H6) at
2939 cm−1, while the CH3 deformation feature coincides with
the v12 mode of ethene (C2H4) at 1437 cm−1. Additional
absorption at 1429 cm−1 and 1414 cm−1 can be attributed to
asymmetric CH3 deformation vibrations of CH3−S− groups
and/or CH2 deformation vibrations of CH2−S− groups.23,26

In particular, the absorption at 1414 cm−1 may also originate
from methyl hydrodisulfide (2). The new absorption feature at
2495 cm−1 shouldering to the symmetric/asymmetric S−H
stretching modes of hydrogen sulfide, can be assigned to
polysulfanes (H2Sn; n > 2).17 Due to the overlapping infrared
absorption features of molecules in the irradiated ices,
unambiguous identification of 1 and 2 cannot be achieved
via infrared spectroscopy alone. Moreover, the low product
abundances formed under the relatively low-dose irradiation
conditions make the unambiguous identification of CH4S2
isomers challenging. Thereby, the need for a more sensitive,
isomer-selective analytical technique is essential.
Single photon ionization (PI) of subliming molecules,

coupled with the detection of the ions utilizing reflectron
time-of-flight mass spectrometry (ReToF-MS), represents a
valuable tool to identify structural isomers of molecules formed
during the exposure of astrophysical model ices to proxies of
GCRs in the TPD phase.21,27 Following irradiation, the ices
were warmed from 5 to 330 K at a heating rate of 1 K min−1.
During this process, subliming species were photoionized in
the gas phase using pulsed (30 Hz) VUV photoionization,
separated by their mass-to-charge ratios with a reflectron time-
of-flight mass spectrometer, and detected using a microchannel
plate detector. Each mass spectrum was obtained by
integrating 3600 sweeps, corresponding to an integration
time of 2 min. The PI-ReToF-MS requires accurate knowledge
of the IEs of the structural isomers of interest (Figure 1a).
Three conformers of the geminal dithiol (1) were identified at
the CCSD(T)-F12/cc-pVTZ-F12 level of theory as imple-
mented in the MOLPRO 2025.1 program.28−32 The methyl
hydrodisulfide isomer (CH3SSH, 2)�also known as methyl
hydrogen disulfide or methyldisulfane�is thermodynamically
favored by some 23 kJ mol−1 compared to the three
conformers 1a, 1b, and 1c of methanedithiol (CH2(SH)2).
Such a finding differs from the oxygen analogue, which
energetically favors two conformers of methanediol
(CH2(OH)2) by 267 kJ mol−1 (3a) and 257 kJ mol−1 (3b)
compared to the methyl peroxide isomer (CH3OOH, 4).8

Only one conformer of the geminal dithiol cation exists, the 1c
form. The cations of the remaining conformers exhibit
imaginary frequencies; following the corresponding coordi-
nates downhill for each cation produces the 1c cation
structure. The neutral geometries of conformers 1a and 1b
are nearly degenerate in energy, but they are distinctly
separated into their own minimum energy wells. These data
guide the selection of the experimental photon energies: VUV
photon energies of 10.49 and 9.34 eV can ionize both isomers
1 and 2. Photon energy of 8.75 eV can selectively ionize isomer
2 (IE = 8.56−8.64 eV), but not 1 (IE = 8.80−8.91 eV) (Table
S1). At 8.17 eV, which is below the IEs of 1 and 2, neither of

the two isomers can be ionized. Figure 1b compiles the
adiabatic IEs and the photon energies utilized in the
experiments.
The sublimation profile of m/z = 80 observed at 9.34 eV

with an onset sublimation temperature of 121 K and a peak at
163 K is shown in Figure 2a. Possible molecular species that

can bear a mass-to-charge ratio (m/z) of 80 in these ices
containing only carbon−hydrogen-sulfur are CH4S2+, C4S+,
and C6H8

+. To confirm the molecular formula of this ion
signal, the natural isotopic distribution ratio among the sulfur
isotopes 32S and 34S was utilized. The expected ion counts at
m/z = 82 for CH4

32S34S were predicted utilizing the ion signal
at m/z = 80 (CH4

32S2+). This expected integrated signal of m/
z = 82 versus 80 of 9% matches well with the signal observed
of 11 ± 2% (Figure 2a). Thereby, the ion signal observed at m/
z = 80 at 9.34 eV peaking at 163 K is originating from species
carrying two sulfur atoms: CH4S2. This signal collected at 9.34
eV was compared to ion counts collected at photon energies of
8.75 and 8.17 eV. When the photon energy was lowered to
8.75 eV, the integrated signal counts dropped from 70 820 ±
400 to 310 ± 100. Figure 2b compares the expected isotopic
contribution at m/z = 82 (CH4

32S34S+) to the signal observed
at m/z = 82 at 8.75 eV, confirming that the molecular carrier
contains two sulfur atoms�CH4S2�for the sublimation event
peaking at 169 K, but not for the sublimation event with a peak

Figure 2. 32S/34S ratio comparisons for the two-sulfur system�
CH4S2 (m/z = 80)�in irradiated CH4−H2S ices at photon energies
of (a) 9.34 eV, (b) 8.34 eV, and (c) 8.17 eV in high dose irradiation
experiments.
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sublimation temperature of 280 K. No ion signal was observed
at 8.17 eV (Figure 2c). These results suggest that ion signal
observed at 8.75 eV can be linked to isomer 2 subliming at 163
K. Since the absolute photoionization cross sections of 1 versus
2 are unknown, no conclusion can be made at this stage if the
drop of ion counts from 9.34 to 8.75 eV is the result of 1 or
originates from the reduced photoionization cross section of 2.
Therefore, the photoionization experiments provide compel-
ling evidence for 2, but not (yet) of 1.
To evaluate the potential presence of 1, isomer-selective

photolysis experiments were carried out. The ultraviolet (UV)
spectra of both isomers were calculated at the TD-B3LYP/aug-
cc-pVTZ level of theory using the Gaussian 16 program
(Figure S1).33−38 Calculated spectra revealed that UV bands
below 259 nm overlap significantly among the two isomers,
whereas isomer 2 can be selectively photolyzed at 282 nm. For
the photolysis experiments, methane-hydrogen sulfide ices
were first exposed to energetic electrons to synthesize CH4S2
isomer(s), and subsequently subjected to UV photolysis at 282

nm to selectively photolyze and hence destroy isomer 2. The
resulting changes in the TPD profiles of m/z = 80 at 9.34 and
8.75 eV can be used to identify any remaining contributions
from isomer 1: a complete loss of the m/z = 80 signal in the
TPD profile at 8.75 eV after photolysis indicates the
destruction of isomer 2, whereas persistence of the signal at
9.34 eV requires deconvolution of contributions from both
isomers. Figure 3 compares the m/z = 80 ion signal from
irradiated ices with and without 282 nm photolysis. Three
sublimation events (peaks I, II, and III) were identified at 9.34
eV, whereas two sublimation events (peaks I and III) were
observed at 8.75 eV, both assigned to species with the
molecular formula CH4S2. At 8.75 eV, the signal intensity of
peak III decreased after 4 h of photolysis (Figure 3d) and
disappeared after 12 h (Figure 3e), indicating selective
destruction consistent with isomer 2. In contrast, peak II
observed only at 9.34 eV showed no measurable change upon
12 h of photolysis (Figures 3a and 3b). Since isomer 1 cannot
be photolyzed at 282 nm, its persistence indicates that peak II

Figure 3. Deconvoluted ion signals at m/z = 80 recorded during TPD of irradiated CH4−H2S ices. Ion signal for irradiation-only ice observed at
9.34 eV (a) and 8.75 eV (c). Irradiation followed by photolysis at 282 nm for 12 h, recorded at 9.34 eV (b). TPD signal after photolysis at 282 nm
for 4 h (d) and 12 h (e), recorded at 8.75 eV. The sublimation events are deconvoluted into peaks I−VII. The sublimation signals between 180−
330 K in panels (a) and (b) are shown in magnified view. The green and violet shaded regions indicate sublimation events corresponding to
isomers 1 and 2, respectively.
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is assigned to 1. Note that peak I remained even after
photolysis and the deconvoluted peaks between 200 and 330 K
are labeled IV through VIII; these weak peaks may be
attributed to the fragments of higher mass species. A blank
experiment without irradiation was conducted at 10.49 eV
under otherwise identical conditions; no sublimation event was
observed at m/z = 80,23 confirming that the ion signal
responsible for these molecules is caused by the energetic
electron irradiation of processed ices. All detected mass
channels of ion signals and their proposed molecular formulas
are summarized in Table S3.
Having provided evidence for the formation of methanedi-

thiol (1) and methyl hydrodisulfide (2) in irradiated
methane−hydrogen sulfide ices, we now consider their
potential formation pathways. Previous laboratory studies
have demonstrated the formation of disulfane (HSSH) and
methanethiol (CH3SH) in electron-irradiated hydrogen sulfide
and methane−hydrogen sulfide ices, respectively.17,23 Meth-
anedithiol (1) may form either via insertion of an electronically
excited sulfur atom (S(1D)) into the C−H bond of
methanethiol (reaction 1) or through methylene (CH2)
insertion into the S−S bond of disulfane (reaction 2) (Figure
S2). In contrast, methyl hydrodisulfide (2) could form through
sulfur atom insertion into the C−S or S−H bond of
methanethiol (reaction 3) or via methylene insertion into the
S−H bond of disulfane (reaction 4). The insertion reactions
leading to 1 and 2 are expected to be barrierless for
electronically excited sulfur atoms and for electronically excited
singlet carbene. This behavior is analogous to the oxygen
system, in which methanediol (3) and methyl peroxide (4) are
formed barrierlessly via insertion of excited oxygen atom
(O(1D)) into the C−H and C−O bonds of methanol
(CH3OH), releasing 626 and 359 kJ mol−1, respectively.8

1CH SH S CH (SH) ( )3 2 2+ (1)

1HSSH CH CH (SH) ( )2 2 2+ (2)

2CH SH S CH SSH( )3 3+ (3)

2HSSH CH CH SSH( )2 3+ (4)

To further elucidate the formation mechanisms, additional
low dose irradiation experiments were conducted at 10.49 eV
using CH4−H2S ice and isotopically labeled ice mixtures
(CH4−D2S and CD4−H2S). In the low dose CH4−H2S ice
experiment, the TPD profile of m/z = 80 exhibits three
sublimation events peaking at 85 K, 140 K (peak VIII), and
181 K (peak IX) (Figure 4a). The weak feature at 85 K was
attributed to detector saturation caused by intense H2S
desorption. In contrast, high dose experiments at 9.34 eV
exhibit a broad sublimation event peaking at 163 K (Figure 2).
Integrated intensity ratios of m/z = 82 to m/z = 80 for peaks
VIII and IX are 10% ± 2% and 19% ± 2%, respectively. Only
peak VIII matches the natural isotopic abundance ratio of
32S:34S (9%) and is therefore assigned to CH4S2 isomers,
whereas peak IX at 180 K likely arises from fragment ions of
higher mass species formed via dissociative photoionization at
10.49 eV. Accordingly, only peak VIII is used for isotopic
analysis in deuterated ice mixtures.
In the irradiated CD4−H2S ice, TPD profiles of m/z = 82,

83, and 84 all exhibit peak VIII, whereas no corresponding
signal is observed at m/z = 80 (Figure 4b). The m/z = 82
signal (CH2D2S2+) is assigned to 1-d2 and/or 2-d2, formed via

insertion of methylene-d2 (CD2) into the S−H bonds of
disulfane or sulfur atom insertion into methanethiol-d2
(HCD2SH) (Figure S3). Mass shifts of 3 amu (m/z = 83)
and 4 amu (m/z = 84) indicate the formation of CHD3S2 and
CD4S2 species, respectively. The m/z = 83 signal is assigned to
1-d3 and/or 2-d3 arising from sulfur atom insertion into C−D
bonds of methanethiol-d3 (CD3SH), while the m/z = 84
feature is attributed to 1-d4 and/or 2-d4 formed via sulfur atom
insertion into C−S or S−D bonds of methanethiol-d4
(CD3SD). Among these mass channels, the strongest signal
is observed at m/z = 83, indicating preferential formation of
methanethiol-d3 (CD3SH) in the CD4−H2S system. Similar
behavior is observed in the irradiated CH4−D2S ice (Figure
4c), where TPD profiles of m/z = 80, 81, and 82 all display
peak VIII. The CH4S2 isomers at m/z = 80 can form through
two successive sulfur atom insertions into methane (Figure
S4). Sulfur insertion into the C−H, C−S, or S−D bonds of
methanethiol-d1 (CH3SD) produces 1-d1 and/or 2-d1,
contributing to the m/z = 81 signal. The insertion of
methylene into disulfane-d2 (DSSD) or sulfur insertion into
methanethiol-d2 (CH2DSD) yields 1-d2 and/or 2-d2 detected
at m/z = 82. The dominant intensity at m/z = 81 indicates that
methanethiol-d1 (CH2DSH) is formed preferentially in the
CH4−D2S ice. Overall, isotopic substitution experiments

Figure 4. (a) TPD profiles for CH4S2 (m/z = 80) under low dose
irradiation and photoionization at 10.49 eV. TPD profile for m/z = 80
in CH4−H2S ice is compared to the signal observed at m/z = 82 and
the expected signal for CH4

32S34S. Isotopic mass shifts are observed in
the TPD profiles of the deuterated ice mixtures (b) CD4−H2S and (c)
CH4−D2S.
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support the formation pathways involving sequential sulfur
atom insertion and methylene insertion processes mediated by
methanethiol and disulfane intermediates. The dominant
partially deuterated products further indicate that sulfur
insertion into methanethiol is a major pathway leading to
isomers 1 and 2 (Figure 5).

In conclusion, we present the first formation of the simplest
geminal dithiol molecule, methanedithiol (1), together with its
isomer methyl hydrodisulfide (2), in low-temperature model
interstellar ices composed of methane and hydrogen sulfide.
The ice mixtures were exposed to energetic electrons,
simulating the secondary electrons produced in tracks of
GCRs on the lifetime of a typical cold molecular cloud of a few
107 years.39 These molecules were identified in the gas phase
using VUV photoionization time-of-flight mass spectrometry
combined with UV photolysis. Deuterium-labeled ice mixtures
provide mechanistic evidence for the preferred formation
routes leading to 1 and 2 as the barrierless radical−radical
recombination of methyl and sulfanyl radicals followed by S
atom insertion processes, in these low-temperature ices.
Although thermodynamically most stable structures differ
between oxygen and sulfur analogues in CH4O2 and CH4S2
systems, the observation of both isomers 1 and 2 in the gas
phase resembles the oxygen analogues, methanediol (3) and
methyl peroxide (4).8 The low temperature of 5 K and
ultrahigh vacuum conditions of 10−11 Torr utilized here can be
extrapolated to extraterrestrial interstellar cloud environments,
explicitly from the surface of interstellar dust grains in dense
molecular clouds to star-forming regions. Even the low dose
experiments carried out with exposure doses as low as 0.16 ±
0.04 eV molecule−1 for methane and 0.28 ± 0.04 eV

molecule−1 for hydrogen sulfide, amounting to 1−10% of
total GCR exposure to interstellar ices over a lifetime in a cold
molecular cloud,39 the formation of these molecules is
observed. Once formed, these molecules can sublime into
the gas phase during the warm-up phase of star-forming
regions. Most recently, Merino and co-workers computation-
ally characterized the structures, spectroscopy, and energies of
CH4S2 isomers as astrochemically relevant sulfur-bearing
molecules,40 motivated by the sulfur depletion problem in
the ISM.41,42 Earlier theoretical studies also reported the low-
temperature spectroscopic predictions for methyl hydro-
disulfide,43 and the reactivity of alkyl hydropersulfides with
hydrogen sulfide.44 Notably, methanethiol (CH3SH) has been
observed toward the Sgr B2 molecular cloud45 and multiple
star-forming regions such as the hot cores Orion KL46 and
G327.3−0.647 and that isomers 1 and 2 are only a sulfur-atom
insertion step away from methanethiol. Given that the
microwave and infrared spectra of methyl hydrodisulfide (2)
have been previously measured19,20 and that isomers 1 and 2
possess relatively large dipole moments of up to 2.0 D40 and
1.796 D,20 respectively, methanedithiol (1) and methyl
hydrodisulfide (2) represent promising targets for future
astronomical searches in these interstellar environments
using telescopes such as the Atacama Large Millimeter/
submillimeter Array (ALMA) and the James Webb Space
Telescope (JWST). Alternatively, these simple organosulfur
molecules may serve not only as potential reservoirs of the
missing sulfur40 but also as precursors to complex sulfur-
containing molecules such as dithioformic acid (HC(S)SH),
recently detected toward the hot corino NGC 1333 IRAS
4A2,48 highlighting nonequilibrium pathways that drive the
emergence of increasingly complex sulfur chemistry in
extraterrestrial environments and shedding light to the sulfur
depletion problem.
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