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Revisiting History? the Greenberg’s group (1977)

Courtesy Lou Allamandola (08/2019)
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ISM

Prebiotic chemistry and more…



Molecules detected in the ISM gas (2010)

Organic molecules dominate

Inorganic molecules with heavy
atoms are mostly « circumstellar »

Grains as refractory minerals, covalent bonds,
out of the gas phase and of chemistry (surfaces)

Limited complexity due to the nature of gas
phase reactions as compared to solid phase ones

Fast decrease in abundances of large species



In an H-rich medium, atoms like O, C, N will easily make
simple hydrides like H2O, CH4, NH3 and in presence of cold

surfaces give ICES (Oort and van de Hulst, BAN, 1946)

Gas phase ion-molecule reactions (and others) will provide
for CO and its derivatives (HCO, H2CO…)  and go to  ICES

Interstellar Ices

Observed (much later!) toward embedded infrared souces
(protostars) within collapsing molecular clouds, forming
disks, stars, planets and debris (asteroids, comets,dust)



Ices: the most abundant and universal molecular material

Whittet et al (1996)

First detection for (solid) CH4 and solid CO2?



‘…The total abundance (predominantly in the solid phase) is 1 to 4% of total CO
(predominantly gaseous). This high fraction of CH4 in the solid quggests that it
Is made on the grains… ’ (Oort and Van de Hulst hydrides)

‘…This detection of solid CO2 is a confirmation of the presence of 
UV irradiation of these ices… ’

although for CH4…and for CO2…



Dust grain: a simple view

1010

→ Surface and solid-state - bulk chemistry

~ 0.1 µm
T ≈ 10/40 K

Adapted from Greenberg’s model (1974) by Meinert et al., Phys Life Rev (2011)
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MICMOC: Matière Interstellaire et Cométaire, Molécules 
Organiques Complexes



Schematics of the MICMOC experiment

• Duration : 24 to 96h

•Monitoring of the quality 
of the mixture and its 
photochemical evolution  
by FT-IR (astro-observable)
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VUV irradiation of H2CO at 15 K: molecules identified in the infrared





The organic residue at 300 K

• totally soluble in usual solvents (water, methanol)

• 50 to 300 µg in each experiment (1 week to 1 month)

•Macromolecular material (Danger et al., GCA, 2013) as free   
molecules up to 4000 uma in the soluble part

Microscope (visible) X60 (P. Modica, IAS)

1 mm



19
19

In-situ analyses

Infrared 

Ex-situ analyses

Mass spectrometryGC-MS

LD or SIMS
TOF

Orbitrap
FT-ICR

Functionnal
groups

IAS, Orsay
PIIM, Marseille

Specific molecules
Comparison with SOM

in meteorites

CBM, Orléans
ICN, Nice

Amino-acids,
Enatiomleric excesses

(UV-CPL)

SOLEIL
ICN, Nice

IPNO, Orsay

Molecules,
Structure

FT-IR GC-MS

sans hydrolyse
acide

GC x GC
TOFMS

avec hydrolyse
acide

PIIM, Marseille
LPG, Grenoble

Helmoltz Inst, Munchen

Moeécules,
Structure

The « new » tools of Astrochemistry: analytical chemistry

A scientific/technical interdiscilinary challenge



Detection of numerous amino acids (chiral molecules)
in the acid hydrolysis of organic residues

Munoz-Caro et al, 2003,
see also Bernstein et al, 2003, Nuevo et al,2006, 2008, Meinert et al, 2012
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20 amino acids
(up to 6 C atoms)

+
6 di-amino acids

+
~ 10 ‘unknown’ species

GCxGC-MS of the organic residue

Meinert et al, 2012

Targeted search for amino acids

Sample

Standart



ChemPlusChem 2012, 77, 186 – 191

N-(2-Aminoethyl)glycine and D,L-2,4-diamino-
butyric acid  may be involved in PNA prior to RNA
world.

Targeted Molecules search: amino acids



• Important intermediates/precursors

Hydantoin

Follow-up work
è Analogue of soluble organic matter (SOM) of meteorites (carbonaceous 
chondrites) and comets (ROSETTA)? Precursor of insoluble organic matter 
(IOM) ? (de Marcellus et al, MNRAS, 2017)
è Search for sugars

Numerous «prebiotic» molecules

• About 30 amino and di-amino acids

N-(2-aminoethyl)glycine
PNA

Meinert et al., ChemPlusChem, 77, 186 (2012)

de Marcellus et al., Astrobiology, 11, 847 (2011)

(Formation of poly-
and oligo-peptides)

Nielsen, OLEB (1993)



Targeted molecules: glycolaldehyde and glyceraldehyde

de Marcellus, Meinert et al, PNAS, 112 , 965 (2015)



Aldehydes identified into the residues

From Ices2PAHs – Annapolis – 13-17 September 2015 



Meinert et al, Science, 352 (2016)

Detection of ribose in organic residues





Formose-like autocatalytic reaction ?

Aldopentoses :
threose, arabinose, lyxose) è different nucleic acids

formaldehyde

aldotetroses

GlyceraldehydeGlycolaldehyde

Dihydroxyacetone

Non-directed and natural reaction (MIS, comets)
as proposed by the MICMOC simulation







Molecule detections from COSAC experiment (GC- MS on board Philae

Goesman et al, Science, July 2015

Note: most (if not all) of these molecules are present in our residues (or similar ones)



Low depletion of phosphorus in ISM leads to the detection of phosphine (PH3) in 61p



Enantiomeric excesses produced in some amino acids by 
irradiation of IS ices analogues with UV – CPL light from
the synchrotron SOLEIL 

IR-CPL observed in many protostellar regions such as Orion-KL
(see Kwon et al, 2016, 2018

Link with e.e’s observed in meteorites?  (Meierhenrich et al, 2015



Comparaison SOM in the lab/meteorites as « Paris »?

?

« Paris »
Carbonaceous chondites CM2.7/.8Laboratory

Amino acids and hydrocarbons
Martins et al, 2015Amino acids distribution as a tracer of aqueous alteration

(Modica, Martins et al, ApJ 2019



Non-targeted searches:
VHRMS (orbitrap) analyses of soluble organic residues

Danger et al., 2013, 2016, GCA, 118 , 184; 189, 184,    Schmitt-Kopplin et al, 2010, Murchison

Negative ESI mode = [M-H]- analysis
Molecules with proton donor chemical functions (e.g. carboxylic acid –COOH)

up to 4000 uma! 





Processus dans le MIS? Photo/thermochemie des glaces

Micro IR Spectroscopie sur la ligne 
SMIS-SOLEIL



BiochemistryPrebiotic chemistry

2- Free low entropy energy (UV-Vis photons, Pascal, 2017) + liquid water

Only in specific environment

Origin of life

A search for the origin of life

Prebiotic chemistry: How form complex structures in molecular terms or chemical networks.
How can evolve these chemical networks toward biochemical network
(chemical evolution, selectivity, replication…).

3- Self-organization of organic matter and emergence of far from equilibrium
chemical systems (minimal life?)

Chemical evolution and selectivity

Pascal R., J.Syst.Chem., 3 (2012) 3

Pross et al., Open Biology, 3 (2013) 120190

Pross A., J.Syst.Chem., 2 (2011) 1-14

1- Building blocks from extraterrestrial and planetary reservoir.

From G. Danger, HDR, 2017

Molecular replicators and networks



MICMOC-LE
far from equilibrium chemistry

A semi-open 
reactor for prebiotic chemical evolution

in a « natural » environment
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MICMOC-LE is a systemic (holistic) experimental approach

toward the exponential build-up of chemical replicators (DKS stability)

allowing for a strong chemical selectivity imposed by the environment,

a proto - Darwinian evolution at the chemical level

possibility to work backwards at each step (reductionist approach)

Ultimate goals

to define a phase space-like conditions for emergence of true prebiotic
and biochemical systems that will apply to primitive Earth, Mars, icy
satellites, exoplanets…and define: 

Habitability at the emergence of life = Chemicability for self-replication



…and in 2018:

As early as 1967 (!) with the Spiegelman’s monster…



Determinism and  contingency

ASTROCHEMISTRY

ASTROBIOLOGY

COSMOCHEMISTRY

Prebiotic chemistry and more…



Thank You !


