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FROM TITAN'S ATMOSPHERIC CHEMIS1
TO EXOPLANET BIOSIGNATURES:
A PHYSICAL CHEMIST'S PERSPECTIVE
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Nadia Balucani




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




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

gas inlet reactants «products»
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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

- wall collisions

- secondary collisions

- reactions of undissociated
precursors

gas inlet reactants «products»

Other problems:

- realistic composition

detector - P and T gradient of a «real
atmosphere»

- large-scale effects
(transport, deposition etc)

UV light source
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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



Vuitton et al., Icarus 2019 (Titan)
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> 600 neutral-neutral reactions
> 1000 ion-molecule reactions




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



Photochemically produced SO, in the atmosphere of
WASP-39b, Tsai et al. Nature (2023) 1100 K
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The characteristics of our experimental
technique make it unique to study bimolecular
reactions in extremely rarefied conditions
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A couple of examples:
1) Dimethyl sulfide in the atmosphere of K2-18b

2) Pyridine in the atmosphere of Titan
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Abstract

Technological progress related to astronomical observatories such as the recently launched James Webb Space
Telescope (JWST) allows searching for signs of life beyond our solar system, namely, in the form of unambiguous
biosignature gases in exoplanetary atmospheres. The tentative assignment of a 1o-2.40 spectral feature observed
with JWST in the atmosphere of exoplanet K2-18b to the biosignature gas dimethyl sulfide (DMS; sum formula
CoHgS) raised hopes that, although controversial, a second genesis had been found. Terrestrial atmospheric DMS is
exclusively stemming from marine biological activity, and no natural abiotic source has been identified—neither
on Earth nor in space. Therefore, DMS is considered a robust biosignature. Since comets possess a pristine
inventory of complex organic molecules of abiotic origin, we have searched high-resolution mass spectra collected

= I 7 ey o = o Y O S aTasTal 3 1

signatures of DMS. Previous work reported the presence of a C;HgS signal when the comet was near its equinox,
but distinction of DMS from its structural isomer ethanethiol remained elusive. Here we reassess these and evaluate
additional data. Based on differences in the electron ionization-induced fragmentation pattern of the two isomers,
we show that DMS is significantly better compatible with the observations. Deviations between expected and
observed signal intensities for DMS are <10, while for ethanethiol they are 20—40. The local abundance of DMS
relative to methanol deduced from these data is (0.13 £ 0.04)%. Our results provide the first evidence for the
existence of an abiotic synthetic pathway to DMS in pristine cometary matter and hence motivate more detailed
studies of the sulfur chemistry in such matter and its analogs. Future studies need to investigate whether or not the
resent inference of cometary DMS could provide an abiotic source of DMS in a planetary atmosphere.

Unified Astronomy Thesaurus concepts: Comet volatiles (2162); Biosignatures (2018); Mass spectrometry (2094)
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The potential energy surface of the reaction CH;SH ., + CH3SH,*
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The potential energy surface of the reaction CH;0H,,, + CH3SH,* )
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The potential energy surface of the reaction CH;SH g, + CH30H,"
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The potential energy surface of the reaction (CH;S),H"* ¢, + NH3 (o,

an alternative to dissociative electron-ion recombination
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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 CH;S + CH;
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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




. . - - only the CH;0OH,* + CH;SH is efficient
The kinetics analy5|s - radiative association is efficient only up to 20 K

—— (CH,),SH" + H,0 )
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[DME] r.‘(IIeDﬂ'fE_j":':'nuc'irh':u:
[D M S ] ra I()D MS formation
ke x [CH3;0OH] x [CH30H7 |

k(gaj X [CH3 SH] X [CH}OH}L]
ke x [CH;0H]  [CH30H]
kia) X [CH3SH] ~ [CH3S H]

DME]/[DMS] =30 + 4
CH,OH]/[CH,SH] = 31

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.
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Abstract

Among the atmospheric gases that have been proposed as possible biosignatures in exoplanetary atmospheres,
organosulfur gases are currently considered one of the more robust indicators of extant life. These gases include
dimethyl sulfide (DMS; CH3SCH,;), carbonyl sulfide (OCS), and carbon disulfide (CS,), which are predominantly
secondary metabolic products of living organisms on Earth. Here we present results that challenge this
interpretation and provide constraints on the robustness of organosulfur gases as biosignatures. Through laboratory
photochemical experiments, we show the abiotic production of organosulfur gases, including DMS, OCS, methane

thiol (CH3;SH), ethane thiol (C3H58rl‘).'€STzn'd'cﬂ'r]'] methyl sulfide (CH3CH>SCH3) via photochemistry in analog
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following set of

H,S + hy — HS - +H-
CH4 + hy — -CH; + H-
.CHs + HS - — CH;SH

CH;SH + hy — CH;S - +H-

CH;S - +CH; — CH;SCH;
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3.3. Potential Reaction Mechanisms for the Formation of DMS

Although several organosulfur gases have gamered attention
as potential biosignatures, DMS has been of particular interest
due to an absence of known false positives. However, our
experiments demonstrate an abiotic pathway to DMS. We
reactions as one possible
mechanism for DMS formation within our experiment:

(R1)
(R2)
(R3)
(R4)
(RS)



The potential energy surface of the radiative association reaction CH;S + CH;
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The potential energy surface of the radiative association reaction CH;S + CH;
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The potential energy surface of the radiative association reaction CH;S + CH;

CH,SCH, +H

+80 (+90)
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If the energy profile of the exit
channel were different, then the
reaction would form H,CS + CH,

rather than DMS

H,CS+ CH,
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1 A
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CBS (black) and CCSD(T)/aug cc-pV(Q+d)Z (red) levels of theory

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




a. Initial photolysis

hv hv
(0)

b. Favored without CO, d. With CO,

! CH 3
CH,SCH, CH,S-

-

C,H.SCH,

e. With high S

The energy profile for the CH; + CH,S 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



%

pN ‘ EUV and energetic particles

N. i’;‘j{?fl;'s‘ Sunlight induce the formation of
P//- ° .
o, \N— active forms of nitrogen

6\3(\0“ " =» :" (N(4S)I N(ZD)I NZ*I N+I NZ+)

-0
o -
/ Nitrogen Methane

CN/ON, GNTCN, CN/CN-

[intermediate mass)

UV photons induce
dissociation and ionization

Complex organics of methane
Yjphthalene /
oS 'yJI. T A very active chemistry
. 3e VO "C‘b .’.% H' :.,\O o L] . .
"V""'"’f.-'?»“, Ben:m‘ }J:~ begins, leading to organic
Poorly understood growth regime macromolecules
Large organic particles

Organichaze N, ca. 98%; CH, ca. 2%

Titan

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

The
formation of
complex
organic
molecules
starts in the

upper part
of the
atmosphere

in the gas
phase




is it possible to synthesize pyridine and

pyrimidine under the conditions of the
upper atmosphere of Titan?

J possible detection of pyridine

(m/z=80) by the lon Neutral Mass
Spectometer onboard Cassini




is Epo;sibl_e to s;'nth_esize— pyridine and
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upper atmosphere of Titan?

possible detection of pyridine
(m/z=80) by the lon Neutral Mass
Spectometer onboard Cassini
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is it possible to synthesize pyridine and
pyrimidine under the conditions of the
upper atmosphere of Titan?

A suggested mechanism:

possible detection of pyridine
(m/z=80) by the lon Neutral Mass
Spectometer onboard Cassini

Implications
for prebiotic
chemistry

1= =

Uacl

Pyrlmldmes

These reactions are feasible, but there are competing channels



Primary products | Experimental branching fraction RRKM branching
(E.=31.8 kJ/mol fraction

CcH:N +H 0.05+0.03 . p-e¢ 7-atom ring: 0.12

H-displacement with
contraction of the ring: 0.02

CcHs + HCN C.Hs + HCN: 0.79
or C,;H,N + C,H, 0.95 + 0.15 C,H,N + C,H,: 0.04

RRKM: Small dependence of BF on the available energy

the dominant channel is a ring-contraction reaction




N(?D) + C:H:N, the second step from pyridine to pyrimidine

ortho,

[
meta

addition

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

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



Conclusion:

CHEMISTRY
MATTERS

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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