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Astrophysical ices as a source of molecular diversity




Methanol CH;0H

An abondant source of reduces carbon in
interstellar and cometary ices

Volatile Organic Compounds




agtochemistry:» Principle of the VAHIIA device NR

Mo gl Recovery and analysis of VOC by GC-MS ANR-12-JS08-0001
2012-2015

Vacuum chamber (10° mbar)

Ice formation in simulated conditions

Abou Mrad et al., Anal. Chem., 2014, 86, 8391



Methanol CH,OH

Analysis with the VAHIIA system

1.8 4 — 3720 pmol of MeOH, total irradiation time of 77 h 30 min
—— 20 pmol of MeOH at 20 K, before irradiation
— 300K

Absorbance

L~

|
1000 500

0.0
! I ! | ! | ! I ! |

4000 3500 3000 2500 2000 1500

1

Wavenumbers (cm”

Infrared spectroscopy at 20K:

Non ambiguous Identification of CH,, CO, CO, & formaldehyde

Abou Mrad et al., MNRAS, 2016, 458,1234



Methanol CH,OH

Analysis with the VAHIIA system — products identified

~ A ~ Ve
o .(" ( 0 ) @) G Q OH OH C;
Carbon monoxide /\OH k PN HO/V \/\OH )]\O/ )\
Cco .
Carbon d?oxide Ethanol A?)etaldehyde Dimethylether Glycolaldehyde Propan-1-ol Methyl acetate  Propan-2-ol OH
Q o
CH,0 I OH
Formaldehyde )]\0,4 ko/ CHs  Ho ™~ A0 OO )k OH
HCOOH Acetic acid Methyl formate ~ Ethane Ethylene glycol Propionaldehyde Dimethoxymethane — Acetone Glycerol
Formic acid b /N /
CH ) , e
Methane 35 molecules identified

.

Butyraldehyde

Butan-1-ol

( OH o)
P NG N W

2-methyl-1-propanol

2-butanol

@) O
WO \)I\ \)J\O/

Methyl propionate

2-butanone

Gerakines et al., A&A, 1996, 312, 289
Oberg et al., A&A, 2009, 504, 891

Henderson et al., ApJ, 2015, 800, 66
Maity et al., PCCP, 2015, 17, 3081
Kaiser, Angew. Chem., 2015, 54, 195

Ethyl acetate

/\T/\OH )Ok/\ \/j;o\ )\/\OH

2-methyl-1-butanol 2-pentanone Methyl butyrate 3-methyl-1-butanol
0]
I
NN v H
X0 O
OH
Pentanal 3-methyl-2-butanol  2-2-dimethyl propanol  2-methyl butyraldehyde

J
~
Cs

Cs

0
/ﬁ<\0 )\)\ e e e W MO

2,2-dimethyl butanal 4-methyl-2-pentanone Hexanal

2-methyl pentanal

Abou Mrad et al., MNRAS, 2016, 458,1234



Complex ices

Impact of the ice composition on VOC
abundances detected in the gas phase

Impact

Volatile Organic Compounds

Variation




Complex ices

Impact of the ice composition on VOC
abundances detected in the gas phase

Abou Mrad et al., Ap], 2017, 846, 124
VOC example: Acetaldehyde

VOC recovery dfter ice irradiation
and warming up to 300K

2 3
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=S methanol
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8 N 3 3 3 Q
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L

Ice formed at 20K and irradiated at 121 nm during 24h
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Abundance of acetaldehyde

Ice compoistion
at 20K

in the gas phase

Complex ices

Impact of the ice composition on VOC
abundances detected in the gas phase

Abou Mrad et al., Ap], 2017, 846, 124
VOC example: Acetaldehyde

- .

- S VOC recovery after ice irradiation
( { ! and warming up to 300K

Reference

—
uoindaj1ap aand SN0OJshpD

Pure 10:5

methanol H20:CH30H
CH;OH E) CH;"+HCO * » CH;CHO

A2UN130D3U

Ice formed at 20K and irradiated at 121 nm during 24h
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Abundance of acetaldehyde

Ice compoistion
at 20K

in the gas phase

Complex ices

Impact of the ice composition on VOC
abundances detected in the gas phase

Abou Mrad et al., Ap], 2017, 846, 124
VOC example: Acetaldehyde

—-——

e S VOC recovery after ice irradiation
( { ] and warming up to 300K
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Ice formed at 20K and irradiated at 121 nm during 24h
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Abundance of acetaldehyde

Ice compoistion
at 20K

in the gas phase

Complex ices

Impact of the ice composition on VOC
abundances detected in the gas phase

Abou Mrad et al., Ap], 2017, 846, 124
VOC example: Acetaldehyde

VOC recovery dfter ice irradiation

{ and warming up to 300K
Q
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Ice formed at 20K and irradiated at 121 nm during 24h
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Complex ices

Impact of the ice composition on VOC
abundances detected in the gas phase

Abou Mrad et al., Ap], 2017, 846, 124
VOC example: Acetaldehyde

VOC recovery dfter ice irradiation
{ and warming up to 300K
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Complex ices

Impact of the ice composition on VOC
abundances detected in the gas phase

Abou Mrad et al., Ap], 2017, 846, 124
VOC example: Acetaldehyde

VOC recovery dfter ice irradiation
{ and warming up to 300K

) Q)
2 8
5 g
% § Reference E
g5 3
o Q
3 W :
S oo Q
o )
o ~
c 1)
© c Q
B < am T~ 3
= 7 \ 3
2 : !

Z.- > ~ — - 7
S Pure 10:5 5:1
= o methanol H20:CH30H CH30H:NH3 -
QD 1)
2 CH;OH E) CH," + HCO * =) CH,CHO S
€ w \ ]\ J =
S S Y ! S.
S . <
g NH, NH,

Ice formed at 20K and irradiated at 121 nm during 24h
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Abundance of acetaldehyde

Ice compoistion
at 20K

in the gas phase

Complex ices

Impact of the ice composition on VOC
abundances detected in the gas phase

Abou Mrad et al., Ap], 2017, 846, 124
VOC example: Acetaldehyde

VOC recovery dfter ice irradiation
{ and warming up to 300K
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Ice formed at 20K and irradiated at 121 nm during 24h



Evolution of interstellar icy grains

Toward the formation of complex organic matter in interplanetary bodies

Projet VAHIIA

Volatil Organic Compounds
(voC)

Interstaller ices
H,0, CH;OH, NH,,
CO,, CH,0... Refractory

compounds

High energy processes
Heating Alterations
> >

Refractory organic residue

High energy processes

Heating
>




Evolution of interstellar icy grains

Toward the formation of complex organic matter in interplanetary bodies

Interstaller ices
H,0, CH,OH, NH,,
CO,, CH,0...

Projet VAHIIA

Volatil Organic Compounds
(voC)

Refractory

compounds ( PI’OjEt RAHIIA h

High energy processes
Heating AIteratlons

\ Refractory organic residue )

High energy processes

Heating
>

ANR RAHIIA_SSOM (2016-2021)

Chemistry in concentrated
environment
> 185 K

Reactivity in absence of
water

Formation of
« macromolecules »
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Most abundant molecules

Residue

Absorbance

N

Organic residue from ice processing

I g I L I L I ) I ' ] . ] g I g I
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FT-IR analysis of an organic residue
coming from a H,0:CH;OH:NH;ice

http://piim.univ-amu.fr/Projet-RAHIIA

\NR
ANR-16-CE29-0015
2016-2021



Organic residue from ice processing: untargeted analyses

400.0 J A
300.0 -
200.0 -
100.0 -
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Absolute Intensity (x10°)

0.2 1

00 i

—71Iir r - r - - 1 1 1
100 200 300 400 500
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FT-Orbitrap Analysis in Negative ESI mode = [M-H]- analysis
Molecules with proton donnor chemical functions (e.g. carboxylic acid -COOH)
(H,O/NH,/CH,OH =3/1/1)

Danger et al., Geochim.Cosmochim.Acta, 2013, 118 , 184-201



VHRMS (orbitrap) analyses of organic residues (H,O/NH,/CH,OH =3/1/1)

Exact mass: 141.1128

Mass Defect vs Exact Mass (MDVM) Mass Defect: 141.1128-141= 0.1128

Mass Defect
Mass Defect

:. . .:"::-_.;f‘_'l / C E

1900 1800

12CH,OH:NH4:H,0 1:1:3 13CH,OH:NH3:H,0 1:1:3

From an ice uniquely formed of H,0:CH;OH:NH,
VUV + warming

0 100 200 300 400 500 1800

2000 0 100 200 300 400 500

Thousand of molecules with masses
up to 4,000 Da -> macromolecules

Complex and rich chemistry

Important molecular diversity

Danger et al., Geochim.Cosmochim.Acta, 2013, 118 , 184-201

1900 2000



From soluble to insoluble matters

A scenario from extraterrestrial ices to soluble and insoluble materials

Residue (soluble)

300 K

IR spectrum

0.25

0.20 4

Absorbance
e o
2 @

e

=)

a
!

0.00 -

-0.05 T T T T T T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

de Marcellus et al., MNRAS, 2017, 464, 114



From soluble to insoluble matters

A scenario from extraterrestrial ices to soluble and insoluble materials

UV Residue irradiated

, (insoluble)

—> Residue (soluble)

Residue (soluble)
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de Marcellus et al., MNRAS, 2017, 464, 114




From soluble to insoluble matters

A scenario from extraterrestrial ices to soluble and insoluble materials

UV Residue irradiated . :
) Irradiated residue
(insoluble) )
H.O (insoluble)
. — : —ip ]
Residue (soluble) Residue (soluble) 14h
300 K 300 K 300 K
0.25
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§o.15 o 041 g
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de Marcellus et al., MNRAS, 2017, 464, 114




Impact of the ice composition on residue composition

A
8.0
7.5
7.0
§ 6.5 lﬁ
6.0
5.5
5.0
0.4 0.6 0.8 1.0 1.2 1.4 1.6 0.15 0.20 0.25 0.30 0.35 0.40
N/C o/C
DBE vs N/C DBE vs O/C
@ Fraction of NH; increases in the ice = more nitrogen in residues
radical and
@ Fraction of H,O increases in the ice = more nitrogen and oxygen depletion in residues | thermal
reactivities
® Over irradiation of residue at 300K = oxygen depletions in the soluble part of residues

23
Fresneau et al., Ap], 2017, 837, 168




Follow the evolution of organic matter using laboratory

experiments from volatile organics to organic residues

'\ GC-MS

analyses :
y = We could quantify « the consequences » of

this solid phase chemistry in the gaseous
phase.

/
Chemistry in concentrated

environment
> 185 K

Reactivity in absence of
water

Formation of
« macromolecules »

aselyd seo
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