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How do molecules form in astrophysical
environments, and what can they tell us about
the physical and chemical conditions of the

regions where they are detected?
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\ Sulfur-bearing species:

Slmple st, OCS, H2CS, CS,, SO,, Sg, NH,4SH
Comp|eXZ CH3SH,CH3CH28H, CH2CHSH, HSCHzCstH
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Su If" r Che m iSt ry ... and how different works this week address it

S solid-state chemistry
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Std ratio ~ Std ratio
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energetic processing (UV/CRs)
non-energetic processing
(atoms/radicals)
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S-bearing-product

this work

H,S + H,/H/C — CH,SH

a.k.a
Methyl
Mercaptan



CH,SH: the target molecule

b
ao-%
* First CH,SH detection: » ‘
 Sgr B2 Turner 1977; Linke+1979 CH,SH

Methyl Mercaptan

* First CH,DSH detection: +H +H +H +H
e |RAS 16293-2422 Bunn+2025 CS — HCS — H,CS — CH3S — CH,SH

Lamberts+18

CH,;SH is the
S-analogue of CH;0OH

L)
.o

CH;OH
Methanol

+H +H +H +H

CO — HCO — H,CO — CH;0 — CH;O0H

Watanabe+02; Fuchs+09; Chuang+16, 17;
Fedoseev+17; Santos+22



CH,SH: the target molecule
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* First CH;SH detection: .
* Sgr B2 Turner 1977; Linke+1979 CH,SH
Methyl Mercaptan
* First CH,DSH detection: +H +H +H +H
* IRAS 16293-2422 Bunn+2025 R\ A G s (e,
Lamberts+18
CH;SH is the
S-analogue of CH;0OH
Beyond CS hydrogenation: .
W
What alternative pathways lead to “
CH3SH formation, and what do they -
reveal about sulfur chemistry in star- Vet ermel
forming environments? +H +H +H +H

CO — HCO — H,CO — CH;0 — CH;O0H

Watanabe+02; Fuchs+09; Chuang+16, 17;
Fedoseev+17; Santos+22



3 T=10-450K
Poase = 1 X 107 mbar

SURFace REactions SImulation DEvice III

lopollo+2011; Qasim+2020;



3 T=10-450K
Poase = 1 X 107 mbar

SURFace REactions SImulation DEvice III

C-atoms

C+ H/H,+ H,S

Ice samples prepared
via vapor deposition




3 T=10-450K
Poase = 1 X 107 mbar

Analysis

QMS

1]

@)

SURFace REactions SImulation DEvice III

— =

IR SOURCE

RAIRS
DETECTOR

IR spectroscopy on
reflection mode (RAIRS)

N
Quadrupole Mass
Spectrometry (QMS)
for Temperature
Programmed Desorption

(TPD)




3 T=10-450K
Poase = 1 X 107 mbar

SURFace REactions SImulation DEvice III

Absorbance

Wavenumber (cm™)

RAIRS

+

TPD signal

desorption rate (ML/K)

1 +

Temperature (K)

correlation allow
assignment of newly
formed species in the
ice samples




C+H+H,S: IR SPECTRA

H,CS and CH,SH formation
2 3 Wavelength (um)
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CH,SH
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CH3;SH i CH, 3
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o
]
= l
o 0-002 ZC
3 H,CS *
< i’ H2+CS
H,CS
Thioforrﬁoldehyde 0.000
H,S
|
1600 1200 800

Wavenumber (cm™)



C+H+H,S: IR SPECTRA +.csoncrstiformaor

Competing reaction

+H
C — CH,
Qasim+20
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c + H+ st: TPD

H,CS and CH,SH desorb at different temperatures with distinct

- CH3SH

fragmentation patterns

- IR spectra and fragments match with NIST database

- H,CS:

- C+st

- T4es Nigher than expected, might be forming a trimer or

bigger oligomers



C + H/H, + H,S: IR SPECTRA

H,CS and CH,;SH formation in various H/H, conditions
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H,CS and CH,;SH formation in various H/H, conditions
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C+H/H,+H,S

H,CS and CH,SH formation with different efticiencies

*Normalized to the N(H_CS) for C+H_S@35 K Conftributes to CH4 formation
I CH SH +H, +H,
1.0 | EB#EHCcs ] C—CH,— CH,
' ' Lamberts+2022
% 0.8
¢ CH
= —
C+H,S — H,CS 5o s CH;
| CH, = CH,SH
the absence or with very =
low H/H>, H.CS dominates e 04 formation of CHsSH
2 predominates
0.2
0.0

C+ HZS (@35K) C+ HZS + (tranceH)) C+ HZS + H

C+HS+HMH,
2

2

Experiment

Less H/H, >  More H/H,




C+H/H,+H,S

H,CS and CH,SH formation with different efticiencies

*Normalized to the N(H_CS) for C+H_S@35 K Conftributes to CH4 formation
I CH SH +H, +H,
1.0 | EB#EHCcs ] C—CH,— CH,
' ' Lamberts+2022
% 0.8
¢ CH
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C+H,S — H,CS o s CH;
| CH, = CH,SH
the absence or with very =
low H/H>, H.CS dominates e 04 formation of CHsSH
2 predominates
0.2
Beyond CS
- hydrogenation

C+ HZS (@35K) C+ HZS + (tranceH)) C+ HZS + H

C+HS+HMH,
2

2

Experiment

Less H/H, >  More H/H,




Prestellar core chemistry

..and where C + H,S + H, is relevant

y - g e —— =
Diffuse Diffuse Translucent Dense

Hy5() + Ha g) +.Cpg)

is available
simultaneously?

Snow & McCall, 2006
van Dishoeck & Black (1989)

H,is 2 -4 x more
abundant than H!



Prestellar core chemistry

..and where C + H,S + H, is relevant

chemical model of a collapsing cloud

At low abundances CO can
be destroyed by He*
and C atoms are available
at denser regions

N
HHHHH

time (yrs) time (yrs)

Ruffle+99



Prestellar core chemistry
' Increasing density, decreasing Tempgro’rure

€<—————(CO0 freeze—out | dark—cloud

deuteration zone | | 2™

cosmic-ray induced
UV photons

H,D*, D,HY, D5', ?

Ceccarelli+PPVI 2014

outer edge

cr +H'2’ .

Central in gas-phase reactions

H,*+ HD — H,D*+ H,+ 230 K
Watson+1974



Lab Astro meeting

, remains
Ringberg Castle, Oct24 constant!
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Lab Astro meeting

Ringberg Castle, Oct24
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reactions with H,/HD |
wouldn't affect
D-fractionation!



Connection with observations

Deuteration fractions and S-chemistry

»
0.5

»

CH3;SH
Methyl Mercaptan

+H +H +H +H

CS — HCS — H,CS — CH,S — CH,SH

Lamberts+18

Beyond CS hydrogenation:

+H,

C —> CH,
CH, > CH,SH

Table 2
Column Density Ratios of CH,DSH Compared with H,CS, CH;0OH, and
H,CO toward IRAS 16293—-2422 B
Value (%)

IRAS 16293-2422 B L1544

Ratio

CH,DSH/CH;SH 55 + 0.5 N/A

HDCS/H,CS 100 + 14 11.6 + 1.8
H,CS/CH,SH 273 + 7.71 2760.0 (lower limit)
HDCS/CH,DSH 50 + 11 N/A
CH,DOH/CH;0H 7.1 £ 2.0 215 £+ 54
HDCO/H,CO 68 + 1.2 35 + 2.2
H,CO/CH;O0H 19.0 + 5.4 2823 + 177.2
HDCO/CH,DOH 18.3 + 5.18 464 + 12

Bunn+2025

Formation of CH;SH from H,CS is less efficient?
CH3SH is still locked in the ice grains?



Wrap-up

From Experiments

* ROERH.S > H,CS

* C+H,S+H-> H,CSand CH;SH (plus competing reactions, such as CH,)
* C+H,S+H, > H,CSand CH;SH (plus competing reactions, such as CH,)

From observations:

 CO freeze-out + low temperatures:
 Atlow abundances CO can be destroyed by He* and C atoms are available at denser
regions (Ruffle+99)
 Deuterium enrichment in gas and solid phases
* Deuteration fractions of CH,SH/CH,DSH provide clues about the chemistry

Next steps:

* Include deuterium substitution reactions (D,S/D,) to understand in the detail the S
formation pathway of CH,SH e —
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3 T=10-450K
Poase = 1 X 107 mbar

SURFace REactions SImulation DEvice III

= ) =

Carbon Source ’

PG top plate

™ filament

T-_PG shielding
tube
™.,

~contacts

: e
' ™ base plate

"
h
\\
\
-y

N
K“‘i\

— Ta parts

Main parts of the SUKO-A assembly

\ (©,) c,

Schematic effusion of highly reactive C, carbon

Carbon in the
ground state — (3P)C

Commercial design MBE SUKO-A;
Krasnokutski & Huisken 2014; Albar+17



intensity (A)

C + H,S (22.06.02) C +H,S + H (22.06.03) C +H,S + H, (22.09.20)
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C +H +H,S: TPD-QMS SPECTRA

H,CS and CH,SH desorb at different temperatures with distinct fragmentation patterns
' | ' | ' | ' | ' | ' | | ' | ' | ' |
H CS H,S+C - [l 152K (C + H,S + H)
2 I H.CS (SpectraBase)
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AU (kJ/mol)

2) “H-assisted” mechanism

e.g. Molpecere+21,
Ferrero+23

3C-(H,0) —> 3HCOH

C+H>0
O ¢ Internal

-50 \ / Water !
/ Assisted!
‘\‘\‘3C-(H20)/ P

~100 —t
3COH™H30™

-150 (H,0)

-200

—250 A

Molpeceres+21

i
Pt
‘s
4 e
/7 = L
7 i ———
- ——
i’ T
Y el
===
=

3HCOH-(H,0)

Which mechanisms and
barriers are into play?

150 1

100 A

Ul
o

AU (kJ/mol)
o

|

[a |
o Ul
o o

—150 1

Intersystem
Crossing

C +H,0 > H,CO

'HCOH — 'H2CO

A
-

IHCOH-(H50) ™.

A

Internal

Water
Assisted |

~
1\
N 3\
R

1H,CO-(H,0)

proceeds barrierless due to a catalytic effect
provided by the H-bonded networks from

---‘L‘-‘

C+H,+H,S

This work: This work:
Internal isomerization Water Assisted
(mechanism 1) (mechanism 2)

Molpeceres+21
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