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In my group, we used a combined experimental and theoretical chemistry 
approach to investigate bimolecular reactions that are of relevance to 
astrochemistry and cosmochemistry toward prebiotic chemistry 
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Common approaches: bulk experiments
- very interesting insights into the global chemistry
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What we do not do:

•  we do not try to simulate the atmosphere of a planet or a portion of it
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What we do not do:

•  we do not try to simulate the atmosphere of a planet or a portion of it

detector

UV light source

gas inlet

exhaust

reactants «products»

- wall collisions
- secondary collisions
- reactions of undissociated 

precursors

Other problems:
- realistic composition
- P and T gradient of a «real 

atmosphere»
- large-scale effects 

(transport, deposition etc)



Credit: Sarah Horst
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What we do:
•  we investigate single bimolecular reactions to derive rate coefficients 

and product branching fractions to be included in photochemical models 
that explicitly consider both physical and chemical parameters

Credit: Sarah Horst
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Vuitton et al., Icarus 2019 (Titan)

> 600 neutral-neutral reactions
> 1000 ion-molecule reactions



Photochemically produced SO2 in the atmosphere of 
WASP-39b, Tsai et al. Nature (2023)         1100 K
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Potential energy surface of 
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> 1000 neutral-neutral reactions

Photochemically produced SO2 in the atmosphere of 
WASP-39b, Tsai et al. Nature (2023)         1100 K

reactants

products

intermediates

at 1100 K, the two channels open up, 
but they both account for less than 10%

Although a simple Arrhenius 
estimate would suggest a 

branching fraction of 7-8% for the 
CH3SH + H and CH2SH + H2

channels at 1100 K, those 
products were not observed at 
collision energies > 35 kJ/mol Potential energy surface of 

S(1D) + CH4



The characteristics of our experimental 
technique make it unique to study bimolecular 

reactions in extremely rarefied conditions



The characteristics of our experimental 
technique make it unique to study bimolecular 

reactions in extremely rarefied conditions

Computational and 
theoretical chemistry

Our computational methods 
have been validated by the 

comparison with experimental 
results for almost two decades



A couple of examples:

1) Dimethyl sulfide in the atmosphere of K2-18b

2) Pyridine in the atmosphere of Titan



Credit: A. Smith, N. Madhusudhan (University of Cambridge)

DMS

DMDS







Suggested by Sanz-Novo:
CH3(ice) + CH3S(ice)→CH3SCH3(ice)

CH3SH(gas) + CH3SH2
+

(gas)

CH3OH(gas) + CH3SH2
+

(gas)

What we have done:
CH3(gas) + CH3S(gas)→CH3SCH3(gas)+hv 
CH3SH(gas) + CH3SH2

+
(gas)

CH3OH(gas) + CH3SH2
+

(gas)

CH3SH(gas) + CH3OH2
+

(gas)

DOI: 10.1051/0004-6361/202555216



The potential energy surface of the reaction CH3SH(gas) + CH3SH2
+

(gas) 

It cannot occur in 
low T environments

CBS (black) and CCSD(T)/aug cc-pV(Q+d)Z (red) levels of theory

reactants products



The potential energy surface of the reaction CH3OH(gas) + CH3SH2
+

(gas) 

This reaction is NOT 
efficient at T < 200 K

CBS (black) and CCSD(T)/aug cc-pV(Q+d)Z (red) levels of theory



The potential energy surface of the reaction CH3SH(gas) + CH3OH2
+

(gas) 

Finally this reaction is efficient 
also at very low T

There are two competing 
pathways

CBS (black) and CCSD(T)/aug cc-pV(Q+d)Z (red) levels of theory



The potential energy surface of the reaction (CH3S)2H+
(gas) + NH3 (gas) 

Therefore, the sequence 
CH3OH2

+ + CH3SH 
(CH3)2SH+ + NH3 

can account for DMS formation 
also in cold regions (T < 100 K) of 

the interstellar medium

an alternative to dissociative electron-ion recombination



Radiative association reactions

R + OH

hv

ROH



Radiative association reactions

R + OH

hv

ROH

At high pressure, 
collisional 

stabilization is 
common, while at 
low pressure the 

spontaneous 
emission of a 

photon is the only 
stabilizing process



The potential energy surface of the radiative association reaction CH3S + CH3

CBS (black) and CCSD(T)/aug cc-pV(Q+d)Z (red) levels of theory

The energy profile has the right shape. It remains to be seen if the 
spontaneous emission is faster than the backdissociation to reactants



The kinetics analysis
- only the CH3OH2

+ + CH3SH is efficient
- radiative association is efficient only up to 20 K
 

CH3OH(gas) + CH3SH2
+

(gas)

CH3SH(gas) + CH3OH2
+

(gas)

Radiative 
association

CH3SHCH3
+

(gas) + 
NH3 (gas)



The reaction between methanethiol and protonated methanol is a compelling 
candidate to explain the formation of DMS in the galactic center molecular cloud 
G+0.693-0.027.

[DME]/[DMS] = 30  4
[CH3OH]/[CH3SH]  31







The potential energy surface of the radiative association reaction CH3S + CH3

CBS (black) and CCSD(T)/aug cc-pV(Q+d)Z (red) levels of theory
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The potential energy surface of the radiative association reaction CH3S + CH3

CBS (black) and CCSD(T)/aug cc-pV(Q+d)Z (red) levels of theory

This channel is 
impeded by a 

barrier which is 

above the total 
energy



The potential energy surface of the radiative association reaction CH3S + CH3

In high pressure conditions, three-body collisions or collisional stabilization will 
favor DMS formation – no radiative association needed

CBS (black) and CCSD(T)/aug cc-pV(Q+d)Z (red) levels of theory

If the energy profile of the exit 
channel were different, then the 
reaction would form H2CS + CH4 

rather than DMS



The energy profile for the CH3 + CH3S reaction nicely aligns with this 
speculation, confirming that DMS can be formed in the presence of 

methane and hydrogen sulfide in an exoplanetary atmosphere.



A couple of examples:

1) Dimethyl sulfide in the atmosphere of K2-18b

2) Pyridine in the atmosphere of Titan



EUV  and energetic particles 
induce the formation of 
active forms of nitrogen 

(N(4S), N(2D), N2*, N+, N2
+)

UV photons induce 
dissociation and ionization 

of methane

Cassini

A very active chemistry 
begins, leading to organic 

macromolecules

The 
formation of 

complex 
organic 

molecules 
starts in the 
upper part 

of the 
atmosphere 
in the gas 

phase

C. A. Nixon, ACS Earth Space Chem. 2024, 8, 3, 406–456

N2 ca. 98%; CH4 ca. 2%



is it possible to synthesize pyridine and 
pyrimidine under the conditions of the 

upper atmosphere of Titan? 

possible detection of pyridine 
(m/z=80) by the Ion Neutral Mass 

Spectometer onboard Cassini
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0000000

is it possible to synthesize pyridine and 
pyrimidine under the conditions of the 

upper atmosphere of Titan? 

possible detection of pyridine 
(m/z=80) by the Ion Neutral Mass 

Spectometer onboard Cassini

Implications 
for prebiotic 
chemistry

+ N(2D)

- CH

+ N(2D)

- CH

A suggested mechanism: 

These reactions are feasible, but there are competing channels 



Primary products Experimental branching fraction 
(Ec=31.8 kJ/mol)

RRKM branching 
fraction

C6H5N + H 0.05  0.03 7-atom ring: 0.12

H-displacement with 
contraction of the ring: 0.02

C5H5 + HCN 
or C4H4N + C2H2 0.95  0.15

C5H5 + HCN: 0.79

C4H4N + C2H2: 0.04

the dominant channel is a ring-contraction reaction

N(2D) +
+ HCN

RRKM: Small dependence of BF on the available energy



It does not work either: also in this 
case, the dominant channel is a ring 
contraction reaction

N(2D) + C5H5N, the second step from pyridine to pyrimidine

P. Recio et al., 2021
L. Mancini et al., 2024



Conclusion:

Don't oversimplify, don't approximate, don't neglect 
correct chemical patterns: if your chemistry is wrong, 

your physical insights will be wrong too.

for your attention
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