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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?



Sulfur-bea ring sp ecies:

Simple:  H 2S, OCS,  H 2CS, CS₂, SO₂, S₈, NH₄SH

Comp lex :  CH 3SH,CH3CH2SH, CH2CHSH, HSCH2CH2SH

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?



Sulfur chemistry … and how different works this week address it

S-depletion problem
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Sulfur chemistry … and how different works this week address it

S-depletion problem S solid-state chemistry S-bearing species 
as a tracer
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S-depletion problem S-bearing species 
as a tracer
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Sulfur chemistry … and how different works this week address it

S solid-state chemistry 

S+
gas ⟶ S-precursorice

energetic processing (UV/CRs)
non-energetic processing 

(atoms/radicals)

⟶
⟶

S-bearing-product

a . k . a
M e t h y l  

M e r c a p t a n

H2S + H2/H/C ⟶ CH3SH

this work



CH3SH: the target molecule

• First CH3SH detection: 
• Sgr B2 Turner 1977; Linke+1979

• First CH2DSH detection: 
• IRAS 16293-2422 Bunn+2025​

C H 3 O H
M e t h a n o l

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

CO ⟶ HCO ⟶ H2CO ⟶ CH3O ⟶ CH3OH
+H +H +H +H

C H 3 S H
M e t h y l  M e r c ap t a n

CS ⟶ HCS ⟶ H2CS ⟶ CH3S ⟶ CH3SH
+H +H +H +H

Lamberts+18

CH 3SH  is the 
S-analog ue of  CH 3OH
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CS ⟶ HCS ⟶ H2CS ⟶ CH3S ⟶ CH3SH
+H +H +H +H

Lamberts+18

CH 3SH  is the 
S-analog ue of  CH 3OH

Beyond CS hydrogenation:

What alternative pathways lead to 
CH₃SH formation, and what do they 

reveal about sulfur chemistry in star-
forming environments?



SURFace REactions SImulation DEvice III

T = 10 – 450 K
Pbase = 1 x 10-9 mbarSURFRESIDE3

Iopollo+2011; Qasim+2020; 



SURFace REactions SImulation DEvice III

T = 10 – 450 K
Pbase = 1 x 10-9 mbarSURFRESIDE3

C + H/H2 + H2S

Ice samples prepared 
via vapor deposition

C - a t o m s
H 2 S



SURFace REactions SImulation DEvice III

T = 10 – 450 K
Pbase = 1 x 10-9 mbarSURFRESIDE3

QMS

IR spectroscopy on 
reflection mode (RAIRS)

+
Quadrupole Mass 

Spectrometry  (QMS) 
for Temperature 

Programmed Desorption 
(TPD)

Analysis

I



SURFace REactions SImulation DEvice III

T = 10 – 450 K
Pbase = 1 x 10-9 mbarSURFRESIDE3

QMS

correlation allow 
assignment of newly 

formed species in the 
ice samples

RAIRS 
+ 

TPD signal 
I



C + H + H2S: IR SPECTRA 
H2CS and CH3SH formation

H 2 C S
T h i o f o r m a l d e h y d e

C H 3 S H
M e t h y l  M e r c ap t a n



C + H + H2S: IR SPECTRA H2CS and CH3SH formation

C + H2S

+ H

+ H

+ H

+ H

This work

Lamberts 2018

C ⟶ CH4

+H

Qasim+20

Competing reaction



C + H + H2S: TPD
H2CS and CH3SH desorb at different temperatures with distinct 

fragmentation patterns

- CH3SH

- IR spectra and fragments match with NIST database 

- H2CS: 

- C + H2S
- Tdes higher than expected, might be forming a trimer or 

bigger oligomers
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H2CS and CH3SH formation in various H/H2 conditions
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Beyond CS 
hydrogenation



Prestellar core chemistry
…and where C + H 2S + H2 is relevant

Snow & McCall, 2006

van Dishoeck & Black (1989)

H2S(s) + H2 (g) + C(g)

Where

is available 
simultaneously?

H₂ is 2 - 4 x more 
abundant than H!



Prestellar core chemistry
…and where C + H 2S + H2 is relevant

Ruffle+99

At low abundances CO can 
be destroyed by He+  

and C atoms are available 
at denser regions 

chemical model of a collapsing cloud



Prestellar core chemistry
Increasing density, decreasing temperature

H2 ⟶ H2
+

 ⟶ H3
+

cr H2

Central in gas-phase reactions

H3
+ + HD ⟶ H2D+

 + H2 + 230 K
Watson+1974

Cecc arel l i+P PVI  20 14

H2S(s) + H2/H/C(g)



Silvia Spezzano
Paola Caselli

H 2/H D 
rema ins 

consta nt !

Lab Astro meeting
Ringberg Castle, Oct24



Silvia Spezzano
Paola Caselli

H 2/H D 
rema ins 

consta nt !

cvcv

So sol id -sta te 
rea ct ions wi th  H2/H D 

wouldn ’t  af fect  
D-fract iona tion!Fra nciele

Krucz kiewic z

Lab Astro meeting
Ringberg Castle, Oct24



Deuteration fractions and S-chemistry 

C H 3 S H
M e t h y l  M e r c ap t a n

CS ⟶ HCS ⟶ H2CS ⟶ CH3S ⟶ CH3SH
+H +H +H +H

Lamberts+18

Formation of CH3SH from H2CS is less efficient?

CH3SH is still locked in the ice grains?

Bunn+2025​

Connection with observations

Beyond CS hydrogenation:

C ⟶ CH2

CH2 ⟶ CH3SH

+H2

+H2S



Wrap-up
From Experiments
• C + H2S → H2CS
• C + H2S + H → H2CS and CH3SH (plus competing reactions, such as CH4)
• C + H2S + H2 → H2CS and CH3SH (plus competing reactions, such as CH4)

From observations:
• CO freeze-out + low temperatures:

• At low 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 CH3SH/CH2DSH provide clues about the chemistry 

Next steps:
• Include deuterium substitution reactions (D2S/D2) to understand in the detail the 

formation pathway of CH3SH



Organic 
Reactions with 
Carbon and 
H in 
Interstellar 
Dust

This project has received funding from the 
European Union’s Horizon 2020 research and 

innovation program under the Marie Skłodowska-
Curie grant agreement No 101153804 



SURFace REactions SImulation DEvice III

T = 10 – 450 K
Pbase = 1 x 10-9 mbar

Carbon in the 
ground state – (3P)C

SURFRESIDE3

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

Carbon Source





C + H + H2S: TPD-QMS SPECTRA 
H2CS and CH3SH desorb at different temperatures with distinct fragmentation patterns
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Which mechanisms and 
barriers are into play? C + H2 + H2S

2) “H-assisted” mechanism
 e.g. Molpecere+21, 

Ferrero+23 

C + H2O → H2CO
 

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

water

Molpeceres+21

Molpeceres+21
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