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The first experimental formation of thiocarbonic acid (H,CSs) is presented in this work from low-
temperature interstellar ice analogs composed of hydrogen sulfide (H,S) and carbon disulfide (CS,)
exposed to electron irradiation simulating the impact of galactic cosmic rays (GCRs) on interstellar ices.
The recent attention brought to sulfur-bearing molecules, as well as the recent detection of carbonic
acid (H,COs) in the interstellar medium (ISM), invites the study of the interstellar detection of the sulfur
counterpart, thiocarbonic acid. However, the interstellar formation pathways of thiocarbonic acid have
remained elusive. In this work, thiocarbonic acid was identified in the gas phase during the temperature
programmed desorption (TPD) using isomer-selective single photoionization reflectron time-of-flight
mass spectrometry (PI-ReToF-MS), suggesting that the hitherto astronomically unobserved thiocarbonic
acid represents a promising candidate for future astronomical searches. The formation of H,CSs isomers
was investigated through additional isotopically labeled experiments and the formation mechanisms
through quantum chemical studies. These findings unravel a key reaction pathway to thiocarbonic acid
and represent a first step toward its possible formation and detection in the ISM, shedding light on the

rsc.li/pccp missing sulfur problem.

Introduction

Sulfur is the 10" most common element in the universe, with
an abundance of some 10 > with respect to elemental
hydrogen,' and is one of the six principal elements of life
besides hydrogen, carbon, nitrogen, oxygen, and phosphorus.
As such, sulfur represents a key, fundamental element to the
laboratory astrophysics and astrochemistry communities." ™ To
date, roughly 350 unique interstellar and circumstellar mole-
cules have been identified including 47 sulfur-bearing mole-
cules. Nearly a quarter of those (12) have been discovered
within the last two years (Fig. 1).* In addition, the so-called
sulfur depletion problem has raised many questions as to this
element’s fate in the interstellar medium (ISM). While diffuse
clouds contain the same elemental sulfur proportions as their
cosmic abundance,® the situation is quite distinct in dense
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regions. Carbon monosulfide (CS), sulfur monoxide (SO), and
hydrogen disulfide (H,S) have been detected in the gas phase in
dense molecular clouds,” but these sulfur-bearing molecules
account for only 1% of the cosmic abundance of sulfur. The rest
cannot be attributed to atomic sulfur.® This leads to the unan-
swered question of where ‘missing’ sulfur remains: the sulfur
depletion problem. The same kind of irregularity has been
reported in the solid phase—ices on interstellar nanoparticles
(grains) in molecular clouds—as the only two molecules that have
been conclusively detected under such circumstances are sulfur
dioxide (SO,)” and carbonyl sulfide (OCS);® these account for less
than 5% of the predicted sulfur abundance." Other sulfur sinks
almost certainly are waiting to be identified.

Even though H,S is thought to be the main sulfur reservoir
according to astrochemical models, it has not been detected in
interstellar ices.” However, H,S has been identified in recent
James Webb Space Telescope (JWST) surveys,'® as well as
toward protostars such as IRAS 16293-2422,"" in Uranus’
atmosphere,’* and in comets such as IRAS-Araki-Alcock,™
Austin," and 67-P/Churyumov-Gerasimenko.'® On the other
hand, carbon disulfide (CS,) has been detected toward several
sources, such as the sub-Neptune exoplanet TOI 270d,"® comet
122P/de Vico," and in Venus’ atmosphere.'® Additionally,
previous studies have shown that OCS, which again is one of
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Fig. 1 Key classes of sulfur-bearing molecules identified in the ISM. The colors correspond to the following elements: hydrogen (white), carbon (gray),
nitrogen (blue), oxygen (red), sulfur (yellow), silicon (mint), magnesium (green) and sodium (purple).

the two sulfur-bearing molecules detected in interstellar ices,
can be formed within irradiated CS,-O, ices.'® Thus, the
investigation of the sulfur chemistry in CS,-containing inter-
stellar ices represents a vital step for understanding the con-
tributions that sulfur has in astrochemistry.

With the recent detection of carbonic acid (H,CO3) toward the
Galactic center molecular cloud G+0.693-0.027,>° along with the
known molecules discussed above containing C-S bonds, a
sensible astrochemical target is the sulfur derivative of carbonic
acid: thiocarbonic acid (H,CS3, 1). Furthermore, the carbonic acid
(H,CO;)-thiocarbonic acid (H,CS;) pair could represent the 31%
pair, whose oxygen and sulfur analogs have been detected in the
interstellar medium (Fig. 2). Sulfur counterparts of oxygenated
molecules exhibit properties that are noticeably different stem-
ming from the electronegativity difference between sulfur (y(S) =
2.64)*" and oxygen (7(O) = 3.61),”" and the fact that the calculated
radii of the sulfur atom (87 pm)? is larger than that of the oxygen
atom (47 pm);>* consequently, S-H bonds are less polarized than
O-H ones, and are weaker hydrogen bond donors.>* Even though
properties can be different between those two atoms, their
reactivity remains similar as they both belong to the chalcogen
family. Indeed, a previous study by Wang et al. revealed that
replacing CO-H,O precursors with CO-H,S yielded the sulfur
counterpart of formic acid.** Similar to the proposed formation
pathways of thioformic acid** and carbonic acid in interstellar
ices analogs,”*° the interstellar formation pathway of thiocarbo-
nic acid (1) may proceed within icy interstellar grains through the
simple sulfur-bearing precursors H,S and CS,. H,S can undergo
homolytic cleavage under electron irradiation—proxies of galactic
cosmic rays (GCRs)*’—and lead to the formation of atomic

This journal is © the Owner Societies 2025

hydrogen (H) plus a mercapto (SH) radical (eqn (1)); the suprather-
mal hydrogen atom can add to the C—S bond on either a sulfur
atom in CS, forming the mercaptothioxo radical (HSCS) (eqn (2));
the barrier to the addition of 6 k] mol™* can be overcome by the
excess kinetic energy of the suprathermal hydrogen atom;*® and
the thiocarbonic acid (1) could then form via the radical-radical
recombination between the SH and HSCS radicals (eqn (3)).

H,S - H+SH A,G=+378 k] mol™* 1)
H+CS, - HSCS A,G=—65 k] mol™* (2)
SH + HSCS — H,CS; A,G=-280 kj mol™"  (3)

After H-S bond rupture in H,S via eqn (1), an alternative
reaction pathway leading to the formation of thiocarbonic acid is
shown in eqn (2) and (3'). However, reaction (2') is 45 kJ mol *
less exoergic than reaction (2), indicating a less favorable route.
A previous study from Zheng and Kaiser on the formation of
carbonic acid revealed the detection of the HOCO radical, but
not the HOCOMX004F: radical.® Although Gattow and Krebs,
and Jiaxuan have reported the transient formation of thiocarbo-
nic acid (1) in aqueous solution from BaCS;/HCI*® as well as
from liquid CS, in a mixture of solvents,*® laboratory experi-
ments have thus far failed to detect thiocarbonic acid (1) in ice
analogs under astrochemical conditions.

SH + CS, - HSCSS A,G = —22 k] mol ! (2
H + HSCSS — H,CS; AG=-323 kI mol™" (3

Here we present for the first time the preparation of thiocar-
bonic acid (1) in interstellar ice analogs composed of hydrogen
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Fig. 2 Key classes of oxygen/sulfur pair molecules identified in the ISM. The colors correspond to the following elements: hydrogen (white), carbon

(gray), nitrogen (blue), oxygen (red), sulfur (yellow), and silicon (mint).

sulfide and carbon disulfide. Electron irradiation was applied to
the ice mixtures at a low temperature of 5 K, simulating the effect
of GCRs on icy grains in a cold molecular cloud over some 10°
years.”” While heated from 5 to 330 K during the temperature
program desorption (TPD) phase, thiocarbonic acid (1) was
detected in the gas phase through isomer-specific vacuum ultra-
violet (VUV) photoionization coupled with reflectron time-of-
flight mass spectrometry (PI-ReToF-MS).*" These results suggest
that thiocarbonic acid (1) represents a suitable candidate for gas-
phase searches through radio telescopes such as the Atacama
Large Millimeter/submillimeter Array (ALMA). Additionally, our
findings reveal a key formation pathway of thiocarbonic acid (1),
thus enhancing our fundamental understanding of the sulfur
chemistry within ices of cold molecular clouds. These findings
not only help us better understand the sulfur depletion problem,
but also provide insights into the interstellar formation of
complex organic chemistry via non-equilibrium chemistry, espe-
cially the synthesis of sulfur-bearing molecules in deep space.

Methods

Experimental section

The experiments were conducted in an ultra-high vacuum (UHV)
stainless steel main chamber at a pressure of a few 10! Torr
achieved by turbomolecular pumps (Osaka, TG1300MUCWB and
TG420MCAB), which are backed by a dry scroll pump (XDS35i,
BOC Edwards).** The chemical samples used for the experiments
were hydrogen sulfide (H,S, Sigma-Aldrich, >99.5%), hydrogen
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sulfide-d, (D,S, Sigma-Aldrich, 97 atom% D), liquid carbon dis-
ulfide (CS,, Sigma-Aldrich, >99.9%), and carbon disulfide-"*C
(**CS,, Sigma-Aldrich, 99 atom% '*C). The carbon disulfide
sample was stored in a borosilicate vial and underwent several
freeze-pump-thaw cycles to remove residual atmospheric gases.
The hydrogen sulfide and carbon disulfide were premixed in a
separate UHV chamber at a ratio of (3.8 £ 0.5):1 for H,S: CS,.
A polished silver substrate was mounted on an oxygen-free copper
cold finger and was cooled down to 5 K using a closed-cycle
helium refrigerator (Sumitomo Heavy Industries, RDK-415E).>*
The premixed gas was then introduced into the main chamber at
a pressure of 5 x 10~% Torr via a glass capillary array and
deposited onto the substrate that can be rotated and translated
vertically. During deposition, the ice growth was monitored in situ
via laser interferometry with a helium-neon laser (Melles Griot; 25-
LHP-230) operating at 632.8 nm.”* The ice thickness was calcu-
lated based on the refractive index (n) of amorphous hydrogen
sulfide (n = 1.41 4 0.02) at 19 K** and that of carbon disulfide (1 =
1.78 £ 0.02) at 10 K. The latter was determined using two
methods: the Lorentz-Lorentz equation (n = 1.78 4+ 0.02)*® and
the thermo-optic coefficient (n = 1.77 + 0.02).>® According to the
concentration-weighted average refractive index (n = 1.49 + 0.02)
and the ice composition, the deposition ice thickness was deter-
mined to be 850 + 50 nm (Table S1). Based on the densities
of hydrogen sulfide (1.1 g cm ®)*?® and carbon disulfide
(1.54 g cm™?),*° the average penetration depth of electrons in
H,S-CS, ice was calculated to be 290 + 50 nm using Monte
Carlo simulations with the CASINO v2.48 software suite.’” The
ice thickness (850 + 50 nm) is significantly greater than the
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average penetration depth, effectively preventing electron-initiated
interactions between the ice and the silver substrate. The relative
concentrations of the reactants in the ices were measured using a
Fourier transform infrared (FTIR) spectrometer (Thermo Nicolet
6700, 4 cm ™" resolution) in the range of 6000-500 cm ™. Specifically,
the integrated infrared absorption bands of hydrogen sulfide at
2546 cm ™ (14, 1.12 x 10~ cm molecule *)*® and carbon disulfide
at 1499 cm™* (13, 9.13 x 10~ cm molecule *)* were used.

After deposition, the ice mixtures were subjected to electron
irradiation (SPECS, EQ PU-22, 5 keV) at a current of 20 + 1 nA
for 10 minutes over an area of 160 mm? at an incidence angle of
70°. The irradiation conditions correspond to doses up to 0.25 eV
molecule " for hydrogen sulfide and up to 1.0 eV molecule " for
carbon disulfide, simulating secondary electrons generated
along the tracks of GCRs in cold molecular clouds aged (1.0 +
0.3) x 10° years.”” To monitor changes in chemical composition,
FTIR spectra were recorded before, during, and after the irradia-
tion. Post-irradiation analysis of the subliming products from
the ice mixtures was carried out using single photon vacuum
ultraviolet photoionization coupled with reflectron time-of-flight
mass spectrometry (PI-ReToF-MS). This technique enabled
the isomer selective, sensitive detection of the chemical species
released during the temperature-programmed desorption (TPD)
phase. The irradiated ice samples were gradually heated from
5 K to 330 K at a rate of 1 K min~". The subliming species were
photoionized 2 mm above the ice surface using a pulsed VUV
light source (30 Hz). The VUV photons at 10.49, 9.34, 8.90, 8.81,
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8.66, and 8.17 eV were generated through four-wave mixing
(FWM) using two synchronized pulsed laser beams, which were
produced by two dye lasers (Sirah, Cobra-Stretch) pumped by two
Nd:YAG (neodymium-doped yttrium aluminum garnet) lasers
(Spectra-Physics, Quanta Ray Pro 250-30 and 270-30, 30 Hz)."!
The 10.49 eV photons were produced using the triple third
harmonic (wyyy = 3w; w4, 355 nm) of the Nd:YAG laser.
The remaining photon energies were produced by a difference
in FWM (wyuy = 201 — ®,) in pulsed jets of xenon or krypton gas
as a nonlinear medium (Table S2). The VUV photons were
separated from lower energy fundamentals using a biconvex
lithium fluoride lens (Korth Kristalle, R, = R, = 131 mm) in an
off-axis geometry. Each recorded TPD profile was corrected for
fluctuations in the VUV flux. The resulting ions were extracted
within a reflectron time-of-flight mass spectrometer (Jordan TOF
Products, Inc.) and detected with a dual microchannel plate
(MCP) detector in the chevron configuration. Ion signals were
amplified with a preamplifier (Ortec, 9305) and recorded using a
multichannel scaler (FAST ComTec, MCS6A). For each mass
spectrum, the accumulation time of ion signals was 2 min
(3600 sweeps) with an ion arrival time accuracy of 3.2 ns.*?
Additional blank experiment with unirradiated H,S-CS, ice was
performed at 10.49 eV.

Computational section

Adiabatic ionization energies and relative stabilities of distinct
H,CS; isomers were computed exploiting MOLPRO 2022.1
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IR spectrum of pristine (black) and irradiated (red) H,S—CS; ice at 5 K. Detailed assignments are listed in Table S3. The inserted figure shows the
, revealing a broader signal after irradiation.
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quantum chemistry software*>™** and coupled cluster singles
and doubles with perturbative triple excitations with the F12
correction (CCSD(T)-F12)** conjoined to the correlation-
consistent polarized valence triple-zeta basis set tailored for
F12 methods (cc-pVTZ-F12).*® For the dimers and transition
states, the geometries were optimized within the Gaussian 16
software®” with density functional theory (DFT) via ®B97XD*®
alongside the augmented correlation-consistent polarized
valence triple-zeta basis set (aug-cc-pVTZ).*® From these geo-
metries, CCSD(T)-F12b/cc-pVTZ-F12**® single point energies
were computed within MOLPRO 2022.1 quantum chemistry
software.*>** The method used to optimize the geometry also
provides the zero-point vibrational energy (ZPVE) corrections,
which are added to the coupled cluster energies. Adiabatic
ionization energies (IEs) are determined by differences between
the respective energies of the optimized neutral isomers and
the cations. The IEs employ error analysis, which takes into
account the computational uncertainty of +0.04 ev*® and a
correction of —0.03 eV, caused by the electric-field-induced
Stark effect.”® The same adiabatic approach was employed for
computations of the relative energies for the related isomers/
conformers.

Results and discussion
Infrared spectroscopy

Fourier-transform infrared (FTIR) spectroscopy is utilized to
observe the emergence of functional groups of complex organic
molecules during the radiation exposure of the hydrogen sulfide
(H,S) and carbon disulfide (CS,) ices. Fig. 3 displays the FTIR
spectra before (black) and after (red) the irradiation of the H,S-
CS, ices along with their respective assignments. Prior to the
irradiation, all absorption bands in the spectrum can be
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attributed to hydrogen sulfide and carbon disulfide, such as the
S-H stretching modes (v (v; and v3), 2546 cm™ ) and bending
mode (v,, 1166 cm ") of hydrogen sulfide’>*" as well as the SCS
antisymmetric stretching mode (v;, 1499 cm™') of carbon
disulfide.>*™>* Key features are also associated with combination
bands. For example, the band at 2153 cm ™", present prior to the
irradiation, can be attributed to a combination of carbon disulfide
modes, as noted by previous studies. Plyer reports that the v; + v;
combination band should appear at around 2160 cm™ " in gas-
phase CS,,>* which is close to 2153 cm ™" observed in the H,5-CS,
spectrum in the ices. Following irradiation, only a small, new
absorption feature was observed in the 2530-2200 cm™ "' region
with a slight increase in band intensity (Fig. 3).

FTIR spectra before (black) and after (red) the irradiation of
isotopically-labeled ices (H,S-'*CS, and D,S-CS,) were also
performed. Prior to the irradiation of the isotopic H,S-'*CS,
ice, all absorption bands in the spectrum can be attributed to
hydrogen sulfide and isotopic carbon disulfide (Fig. S1). Similar
to the non-isotopic ice, S-H stretching modes (v; (v; and v;3),
2546 = 5 cm ') and bending mode (v,, 1166 + 5 cm™ ') of
hydrogen sulfide are present.’®>' Regarding isotopic carbon
disulfide, the strong SCS antisymmetric stretching vibration
(vs, 1460 cm™ ") has shifted by 39 cm ™" toward a low frequency,
which is consistent with the **CS, spectrum reported in previous
literature.>® Prior to the irradiation of the isotopic D,S-CS, ice,
all absorption bands in the spectrum can be attributed to
deuterium sulfide, residual hydrogen sulfide, and carbon dis-
ulfide (Fig. S1). The SCS antisymmetric stretching mode appears
at the same frequency (v3, 1499 + 5 cm™ ') as the non-isotopic
ice, and new peaks corresponding to deuterium sulfide are
observed. For example, the S-H/S-D stretching modes (vs (v;
and v;)) shift from 2546 cm ™ for residual hydrogen sulfide to
1847 cm™ ! for deuterium sulfide, which is consistent with what
has been reported previously.>' Following the irradiation, only a

Table 1 Adiabatic ionization energies (IEs) and relative energies (Rel. E) of H,CSs isomers (m/z = 110) were computed at the CCSD(T)-F12/cc-pVTZ-F12
level of theory. The IE ranges are corrected for the combined error limits of & 0.04 eV and the thermal and Stark effects by —0.03 eV

Isomer Structure Rel. E (kJ mol ) IE (eV)

IE range with error (eV) IE range corrected with Stark effect (eV)

‘\g{" 1 8.88
Q ‘1 f 0 8.87
‘{x} 8 8.78
2 HSSC(= S)H ;‘ 12 8.97

W 38 8.52
S ; 51 8.00

19328 | Phys. Chem. Chem. Phys., 2025, 27,19324-19337

1 HSC(= S)SH

3 HSCHSS

4 H,CS; (ring)

8.84-8.92 8.81-8.89
8.83-8.91 8.80-8.88
8.74-8.82 8.71-8.79
8.93-9.01 8.90-8.98
8.46-8.54 8.43-8.51
7.96-8.04 7.93-8.01
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slight increase in intensity in the 2530-2200 cm " region for

H,S-'3CS, is observed. Table S3 shows the IR absorption features
of the pristine and irradiated H,S-CS,, H,S-"*CS, and D,S-CS,
ices. Given that experiments are conducted at low-dose irradia-
tion (20 nA, 10 min) and the absorption features of the formed
organics overlap, FTIR spectroscopy alone cannot uniquely
detect complex compounds such as thiocarbonic acid (1), a more

,S (m/z = 34)

Blank 10.49 eV
S, (m/z = 76) an €

300
250 =
200 &
ALY
100
50

b
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CS, (m/z=T76)

sensitive and isomer-specific technique is necessary to investigate
the reaction products and the mechanism pathway.

Mass spectrometry

The PI-ReToF-MS approach was utilized to identify the subliming
products of the irradiated hydrogen sulfide-carbon disulfide ices.
PI-ReToF-MS represents an isomer-selective detection technique
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Fig. 5 PI-ReToF-MS spectra recorded during the TPD of hydrogen sulfide—carbon disulfide ices: unirradiated (blank) H,S—CS, ice recorded at 10.49 eV
(a), the irradiated H,S—-CS; ice recorded at 10.49 (b), 9.34 (c), 8.90 (e), and 8.81 eV (f), and the irradiated D,S-CS; ice recorded at 9.34 eV (d).
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the sublimation peaks Il (219 K) and Il (285 K).

based on the desorption temperature of the molecules and their
ability to ionize, which occurs only when the photon energy is
higher than the adiabatic ionization energy (IE) of products.*’
This requires the knowledge of the IEs of isomers of H,CS;
(Table 1). These data account for distinct isomers and conformers;
they are also corrected for the thermal and Stark effect, which can
reduce effective IEs by up to 0.03 eV. These isomers can be
distinguished in separate experiments exploiting tunable VUV
photons. Six VUV photon energies at 10.49, 9.34, 8.90, 8.81,
8.66, and 8.17 eV were selected to distinguish the four isomers
(1,2, 3, and 4) (Fig. 4). Photons at 10.49 and 9.34 eV are capable of
ionizing all isomers if present. At 8.90 eV, only isomers 1 (IE =
8.71-8.89 eV), 3 (IE = 8.43-8.51 V) and 4 (IE = 7.93-8.01 eV) are
ionizable. A photon of a reduced energy of 8.66 eV was chosen to
ionize isomers 3 and 4 if formed. However, neither thiocarbonic

19330 | Phys. Chem. Chem. Phys., 2025, 27,19324-19337

acid (1) nor isomer 2 would be detected in the experiments with
this photon energy. Likewise, 8.17 €V would only ionize isomer 4.

The PI-ReToF-MS data from the irradiated hydrogen sulfide-
carbon disulfide ices are compiled in Fig. 5 and analyzed to
extract the TPD profiles of the mass of interest m/z = 110 for
H,CS;" (Fig. 6). The TPD profile of m/z = 110 at 10.49 eV reveals
sublimation events at 130 K (Peak I), 219 K (Peak II), and 285 K
(Peak III) (Fig. 6a). A blank experiment was conducted without
exposing the ices to electron irradiation; the remaining para-
meters remained unchanged (Fig. 5a). The signal at m/z = 110
for the blank experiment reveals a sublimation event at 130 K,
but no sublimation event was detected at 219 K or at 285 K,
indicating that Peak I results from the saturation of the
detector upon CS, sublimation (Fig. S2) and Peaks II and III
are caused by the electron irradiation of the ice mixtures.
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In the irradiated ices, the signal at m/z = 110 can be assigned
to molecules with the molecular formulae CoH,, CsHgS, CgH1,4
and/or H,CS;. Since the *S isotope contributes about 4.2% of
the sulfur isotopic composition, the presence of a signal in the
200-240 K temperature range in the TPD profile at m/z = 112 for
H,S-CS, ice at 9.34 eV (Fig. S3) reveals the presence of at least
one sulfur atom in the molecular formulae. Isotopically labeled
reactants were exploited to fully assign the molecular formula.
The experiment performed at 9.34 eV using fully deuterated
ices D,S-CS, shows a shift by 2 amu and hence a TPD profile at
m/z = 112; this TPD matches the TPD profile of m/z = 110 for
H,S-CS, ice (Fig. 7) in the 200-240 K temperature range (Peak
II). This finding indicates the presence of exactly two hydrogen
atoms in the produced molecule. Another experiment at 9.34 eV
using carbon-13 isotopically labeled ice (H,S-'*CS,) shows an
isotopic mass shift by 1 amu in the TPD profile at m/z = 111
yielding a similar desorption pattern for Peak II; this finding
accounts for the presence of only one carbon atom (Fig. 7).
These results confirm the assignment of the sublimation event
peaking at 219 K (Peak II) to the molecular formula H,CS;.

Having identified H,CS; isomer(s) as a carrier of the sub-
limation event at m/z = 110 for H,S-CS, ices, we are elucidating
now the nature of the isomer by tuning the VUV energy (Fig. 4).
At 8.90 eV, the TPD profile at m/z = 110 (H,CS5") still shows the
sublimation event at 219 K (Fig. 6¢), indicating that Peak II is
not associated with isomer 2. The photon energy was further

This journal is © the Owner Societies 2025

reduced to 8.66 eV, for which no ion signal was detected at
m/z = 110 (Fig. 6d), showing the absence of isomer 3 and 4
formation. Therefore, this selective identification reveals that
Peak II at m/z = 110 (H,CS;") corresponds solely to thiocarbonic
acid (1). Note that isomer 1 is the most stable isomer among all
H,CS; isomers.

Finally, we are exploring the nature of sublimation event III;
this might be caused by the sublimation of dimers of thiocar-
bonic acid (220 amu); their dissociative photoionization could
result in a signal at m/z = 110.>® IEs were calculated for dimer
structures focusing on two of the three most stable ones (1a-1a
and 1b-1b as dimers 1a-la and 1b-la have the same IEs
(Table S4)) and the least stable dimer structure we found (1c-
1c), in order to investigate dimer formation and detection with
regard to their stability.”® The results are compiled in Table 2
and Fig. 8: 1a-1a (IE = 7.86-7.94 eV; AE = 1 k] mol ), 1b-1b (IE =
8.86-8.94 eV; AE = 0 k] mol %), and 1c-1c (IE = 8.25-8.33 eV;
AE =14 k] mol ). At m/z = 220, a signal is collected at photon
energies of 10.49, 9.34, 8.90, 8.81, or 8.66 eV for the sublimation
event in the temperature range of 240-300 K; this range
matches Peak III at m/z = 110 (Fig. 9 and Fig. S4). However, at
8.17 eV, where only dimer 1a-1a can be ionized if present, no
sublimation event is detected in the TPD profile of m/z = 220
(Fig. S4d), revealing dimer 1la-1a is not formed. At 8.66 and
8.81 eV, dimer 1c-1c (IE = 8.25-8.33 eV) can be ionized if
present. The TPD signal of m/z = 220 for these two VUV photon
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Table 2 Dissociative ionization energies (dissociation |Es) of thiocarbonic acid dimers (H4C,Se) (top) and their adiabatic ionization energies (IEs) and
relative energies (Rel. E) (bottom) were computed at the CCSD(T)-F12/cc-pVTZ-F12 + ZPVE(wB97XD/aug-cc-pVTZ) level of theory. The calculated
energies were corrected for the combined error limits of + 0.04 eV and the thermal and Stark effects by —0.03 eV

1Es of three dimers of isomer 1: m/z = 220, H,C,S¢

Conformer Structure Dissociation IE (eV) IE range with error (eV) Corrected IE with Stark effect (eV)
1a* ct “\‘1" 9.10 9.06-9.14 9.03-9.11
<
1b* cc &‘j\f 9.08 9.04-9.12 9.01-9.09

1c” tt ‘{&? 9.02 8.98-9.06 8.95-9.03

Dissociative ionization energies of thiocarbonic acid dimers leading to isomer 1 (H,CS;) cations: m/z = 110, H,CS;"

Conformer Structure Rel. E (k] mol™ ") IE (eV) IE range with error (eV) Corrected IE with Stark effect (eV)
la-la ct-ct L{‘ ‘}t 1 7.93 7.89-7.97 7.86-7.94
R -0

1b-1b ce-ce “{ )‘0 0 8.93 8.89-8.97 8.86-8.94

I b
lc-lc tt-tt ,,{ q 14 8.32 8.28-8.36 8.25-8.33

¢
Y

energies shows a weak sublimation event (Fig. S4d). These calculated dissociative IEs of the corresponding dimers exceed
findings indicate that the sublimation event at m/z = 220 from  8.90 eV (Table 2 and Fig. 8). Therefore, Peak III accounts for the
240 to 300 K corresponds to the sublimation of H,CS; dimer 1¢-  dissociative photoionization of the sublimed dimer 1c-1c and/
lc. Considering that this sublimation event happens at a or other possible dimer structures or even larger oligomers in
similar temperature to Peak III, the latter might result from which one monomer can dissociate more easily.

dissociative photoionization of the sublimed dimers. Although Recent literature reported that carbamic acid dimers sub-
a sublimation event at 285 K in the TPD profile of m/z =110 is  limate 35 K higher than the monomers.’” This trend is also
detected during experiments at 8.90 eV and 8.81 eV (Fig. 6), the supported in our system, where sublimation of thiocarbonic

" 8.17 8.90
1¢ 1b1
1 mz=110 | j Th
IE=8.71-889eV H,CS; | |
2E;, = 1kJ mol I |
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Fig. 8 Computed ionization energies (IEs; solid black lines) of thiocarbonic acid (1; H,CS3) conformers (top) and their corresponding dimers (bottom) along
with error limits (Table 2). The conformers marked with an asterisk are formed upon dissociative sublimation of their corresponding dimers. Conformers of
thiocarbonic acid and their corresponding dimers are represented on the left, along with their relative energies and ionization energies. VUV photon
energies (dashed lines) at 10.49, 9.34, 8.90, 8.81, 8.66, and 8.17 eV were used to selectively ionize the subliming molecules during the TPD process.
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acid dimers commences 66 K higher than the monomers. The
additional temperature difference can be rationalized in terms

Carbon disulfide Hydrogen sulfide
m/z=76 m/z =34
+H -H

Carbon disulfide derived radical Mercapto radical

miz=T77 m/z =33

Thiocarbonic acid

m/z=110

Scheme 1 Proposed formation pathway of thiocarbonic acid (1) from
hydrogen sulfide and carbon disulfide.

This journal is © the Owner Societies 2025

of a polymer layer generated during the radiation exposure of
the exposed ices. This, in turn, increases the sublimation
temperature.

Discussion

Having provided compelling evidence for the formation of
thiocarbonic acid (1) under astrochemical conditions, we now
focus on its potential formation pathway based on gas phase
computational studies. The results were applied to our con-
densed phase experiment, keeping in mind that energies might
slightly differ due to molecular interactions. However, sulfur,
being a weaker hydrogen bond donor compared to oxygen,>
sulfur-containing ices are less organized in the condensed
phase and energy values may be consequently closer to gas
phase calculations. Similar to the formation of carbonic acid
(H,CO;) from processed H,0-CO, ice analogs,>® the formation
pathway for thiocarbonic acid (1) in irradiated hydrogen sul-
fide-carbon disulfide ices is proposed in Scheme 1. First,
hydrogen sulfide is radiolyzed to a mercapto radical (SH) by
the loss of a hydrogen atom (H) through an endoergic reaction
requiring 378 k] mol~".>* This energy can be supplied with the
energetic electrons during irradiation. Then, the addition of H
onto carbon disulfide at the sulfur site leads to the formation of
a mercaptothioxo radical (HSCS) (radical 1 in Fig. 10A) after
passing an entrance barrier of 6 k] mol™ ' calculated at the
CCSD(T)-F12/cc-pVTZ-F12 level of theory. The reaction leading
to radical 1 is exoergic by 65 k] mol ! (addition [1], Fig. 10A).

The barrierless radical-radical recombination of the mer-
capto radical and radical 1 leads to the formation of thiocar-
bonic acid (1) via an exoergic reaction by 280 kJ mol " (addition
[2], Fig. 10A). Since the overall mechanism pathway is endoergic
by 33 kJ mol ', irradiation of H,S-CS, ice by mimicking GCRs
is critical for the formation of thiocarbonic acid (1). This
pathway leading to thiocarbonic acid (1) can be compared to
a potential pathway to undetected isomer 2 as proposed in
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Fig. 10B. The formation of isomer 2 also starts with the for-
mation of a mercapto radical, followed by the addition of H onto
carbon disulfide, leading to the HC(S)S radical (radical 2). The
reaction to form the HC(S)S radical has an activation energy of
36 k] mol™* and is exoergic by 94 k] mol ' (addition [1],
Fig. 10B). The barrierless radical-radical recombination of the
mercapto radical and radical 2 leads to isomer 2 through an
exoergic reaction by 239 k] mol " (addition [2], Fig. 10B). Overall,
the formation of isomer 2 is endoergic by 45 k] mol™". Radical 2
is thermodynamically more stable than radical 1 and its for-
mation is more exoergic than that of radical 1. However, the
smaller entrance barrier for addition [1] indicates the preferen-
tial formation of radical 1, which forms isomer 1. The activation
energy from radical 1 to form radical 2 was calculated to be as
high as 117 kJ mol™ " (Fig. S5), which indicates that the inter-
conversion is unlikely to proceed. Additionally, the formation of
isomer 2 is endoergic by 12 kJ mol ! more than that of isomer 1,
suggesting the preferential formation of thiocarbonic acid (1) in
irradiated hydrogen sulfide-carbon disulfide ices.

19334 | Phys. Chem. Chem. Phys., 2025, 27,19324-19337

Conclusion

Our results present the first experimental study of the for-
mation of thiocarbonic acid (1) in interstellar ice analogs
composed of hydrogen sulfide (H,S) and carbon disulfide
(CS,). The ice mixtures were exposed to electron irradiation
simulating the impact of GCRs on interstellar ices. Laboratory
analysis using PI-ReToF-MS, combined with computational
studies, provides insights into the formation pathway of thio-
carbonic acid (1) through the barrierless radical-radical recom-
bination of mercaptothioxo (HSCS) and mercapto (SH) radicals.
Thiocarbonic acid (1) was identified in the gas phase isomer
selectively during the TPD process in the form of monomers
and dimers. These results highlight the unique ability of PI-
ReToF-MS to identify complex sulfur-containing molecules in
laboratory simulation experiments.

Although thiocarbonic acid (1) has not been detected via
astronomical observation, both the reactants H,S and CS,
have been observed in the gas phase of various interstellar
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environments."'”'® Before being released into the gas phase in
star forming regions, these species are likely present in inter-
stellar ices and subjected to ionizing sources such as GCRs,
leading to the formation of thiocarbonic acid (1). Once formed,
thiocarbonic acid (1) may react with other species adsorbed on
the ice mantle, contributing to the formation of more complex
sulfur-bearing molecules and playing a crucial role in sulfur
depletion observed in ISM.* During protostar formation, the
warming of these ices can lead to the desorption of thiocarbonic
acid (1) into the gas phase, making its detection possible via
radio telescopes such as the Atacama Large Millimeter/submilli-
meter Array (ALMA). To the best of our knowledge, no experi-
mental measurement of the rotational spectrum of thiocarbonic
acid (1) has been reported. Therefore, a crucial next step toward
its potential identification in the ISM would be producing such
spectroscopic data.

Future experiments could explore the formation of other
carbonic acid related molecules containing both oxygen and
sulfur atoms, such as carbonothioic acid (HSC(O)OH) and
carbonodithioic acid (HSC(O)SH), using ice mixtures contain-
ing H,0 and OCS. Since H,0 is a major component of icy dust
grains and OCS is one of the two S-bearing molecules detected
in the solid phase,® such studies could provide valuable
insights into the sulfur depletion problem.?
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