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Intertwined solid and gas phase interstellar chemistry

* Grains are an established
chemical catalyst in the
ISM

 They play a key role in
the production of
complex molecules

* Yet, the vast majority of
detections are
performed in the gas
phase through radio
emission

interstellar diffuse gas cloud  Diffuse cloud collapse

Star and planetary system

How does gas-phase chemistry impact
desorbed COMs and hydrocarbons?

Protoplanetary disc

Bill Saxton, NRAO/AUI/NSF 2



Carbonaceous species in the interstellar medium
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McCall 2001, the astronomer periodic table.
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Taniguchi, K., Gorai, P., & Tan, J. C. (2024). Carbon-chain chemistry in the interstellar medium. Astrophysics and Space Science, 369(4),
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* 40% of interstellar molecules discovered contain carbon, this atom is a cornerstone of organic chemistry



lonic species in the interstellar medium

50 4 I Total number of ions detected

40 -
30 -
20 -

10 -

1940 1950 1960 1970 1980 1990 2000 2010 2020 2030
Year

Total number of ions detected

http://astrochymist.org/astrochymist_ism.html



Physico-chemical processes in a gas phase medium

Ton-molecule reactions
Charge transfer AT +B — A4+ BT
Radiative association AT 4+ B — ABT + hr E fR tant
Atom transfer ABT 4+ C — AT + BC >~, nergy or heactants
Anion - neutral A~ + BC —+ AB™ + C m
Associative detachment A+ B — AB + e” .
Electronic recombination GJ
Radiative AT 4 e™ — A + hv C
Dissociative ABT + e~ — A+B Ll
Neutral-neutral reactions —
Atom transfer A + BC — AB + C m
Radiative association A+ B — AB + hr - —
e
Photoc.llenl.icz}l reactions C Energv Cl'f Prﬂd ucts
Photo-dissociation AB + hv — A+ B GJ
Photo-detachement A4 hr — A e
Neutralization O
Cation-anion reaction AT 4+ B~ — AB D_
Tonisation
Electron impact A+ e” S AT e te
Photo-ionisation A + hy s At pem

Electronic attachment
Dissociative AB 4+ e~
Radiative A+ e”

AT+B Reaction coordinate

https://keystagewiki.com/index.php/Exothermic
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Three-body reactions
Termolecular association A+-B+M —sAB+M




Detection of CH,* in a protoplanetary disk, by the JWST
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Webb Detects Crucial Carbon
L o

Molecule in Protoplanetary Disk
Jun 26, 2023 by News Staff «Previous | Next »
Evbiisheciin The vital role of a carbon molecule called methyl cation (CH3+) in
ée:ror?otmy interstellar carbon chemistry was predicted in the 1970s, but the unique

EMIS!
e capabilities of the NASA /ESA/CSA James Webb Space Telescope have finally

Tagged as made observing it possible — in a region of space where planets capable of

22520206 accommodating life could eventually form.
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Zooming in on a key organic ion
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Geppert, W. D., & Larsson, M. (2008).. Molecular Physics, 106(16-18), 2199-2226.



Investigating ion reactivity at low temperatures
i T g ¢ y , ‘,




The CRESU method

Kinetics of Reactions in Uniform Supersonic Flows (CRESU) :

Invented in Meudon in the 1980s (Rowe & Marquette) and transferred shortly
afterwards to Rennes.

Highlights of the method :
« Temperature range: 10 - 220 K

‘~ Laval nozzle e Thermalized
/\A PN * Generates isentropic flow

Carrier gas e « A chemical reactor without walls
He, ArorN2) ™ & '\“‘o/

+ traces of .53, Yo ¢ <®

reactants

&o“:j.‘

Uniform supersonic jet over several

Neck diameter dozen centimetres
3mm-5cm n=101%-10" cm-3



The “perfect” precursor for CH,*

* Acetone CH;COCHj,
* Acetonitrile CH;CN
* Bromomethane CH,;Br

* Chloromethane CH;ClI
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The ion source

Hollow cathode
discharge source
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Kinetic Measurements
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Preliminary kinetic results on CH,* with a
selection of hydrocarbons
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Reaction CH,* +CH,: branching ratios at 24.1K
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Reaction CH,* + C,H,: branching ratios at 24.1K

Branching ratio
(%)
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Reaction CH,* + C;H,: branching ratios at 24.1K

CH;"+CHy = CH,* + CH,
C,H.* + CH,
C,H" + 2H,
C,H,*+H,
C,H;*+ 2H,
C,H*+H,
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Reaction CH,*: experimental branching ratios

Branching ratios
This work 24.1K  *Measurements 298K
mass of the ionic
. Products
Reactive product (amu) Value (%) Error (%) Value (%)
CH,* +CH, —~ C,H.*+H, 29 100 100 Always promotes
growth
CH,* +C,H, — CH;*+CH, 27 46 9 46
CH;* +2H, 39 11 / 4 Promotes growth
C;H;* +H, 41 43 12 >1 in 57% of cases
CH,* +C,H, - GHy7+GH, 27 18 4
CH.*+CH, 29 47 11
C,H,* + CH, 39 16 1 No previous Promotes growth
C3Hg" +CH, 41 2 3 measurements in 17% of cases
C,H,* +2H, 1 2 1
C,H.* +H, 53 15 7

Anicich, V. G. (2003). An index of the literature for bimolecular gas phase cation-molecule reaction kinetics (No. JPL-Publ-03-19).




Conclusions

The CRESU Method:

* Unique tool to study ion reactions with large neutrals at low temperatures
down to 10 K.

Reactivity of CH;* ion:

* The methenium ion CH;* seems to equally promote growth at both high and
low temperatures.

* Another example of the synergy between theory and experimental works.
Next step :

« Branching ratios for the CH;* ion with abundant interstellar co-reactants:
Acetylene C,H,, Methanol CH;0H, Cyano-acetylene HC;N, Acetonitrile CH;CN
and Ammonia NH;.

 Method to study termolecular reactions (A* + B+ M — AB* +M), and derive an
upper limit of radiative association rates (A* + B — AB* + Photon).
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