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O,, H,CO;, H,C,0, are not organic
unds



et rst-Generation Organic Compounds: Cold
siemistry in the Interstellar Medium

o Ve
¢ / ; I’I’
- A
&y
o" )




and oxygen- 16 are made late in the
s by CNO burning:










orstellar Orgs . Chemistry: Cold Nebular Syntheses

of Simple Organic Molecules

sther constitute ca. 70 % of the total mass of

adium (ISM).

: _SG, O, \ an
otal mass in the

ollectively account for ca. 1%

9 of the mass is in the form of micron-sized dust
| es consisting of graphite, PA Hs, diamond,
ilicon, carbides, silicates and carbonates

> Most of the dust in the ISM is collected in the nebular
clouds.
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Inorganic compound carbon
accounts for 20 % of the mass of carbon 1n

ree radical reaction of OH', a
dance in the ISM, with

- carbon:

Because of its high abundance and great reactivity
~ in the nebular cloud, CO is an important building
block for many interstellar compounds.



Lold Nebular Reactions with Very Low
Activation Energies

actions 1n interstellar clouds occeur
extremely cold conditions.

r these conditions
ion energies will pre

reactions with negligible
d.

ns between a positive ion and a neutral molecule
1 have negligible activation energies.

It 1s likely that these positive ion - neutral molecule
- reactions are the ones responsible for the production of
simple organics in nebular clouds.



o1 erated by electrons being knocked out of
ecules.

e energy source for the production of

tant secondary process is the formation of the Hy



‘monocation can combine with CO
which is an important building
‘en-containing organic species:



for the rich organic chemistry in

(chain growth




e important interstellar synthetic
occur in nebulae:







ferstellarsynthesis of More Complex Organics:
diow 'emperature Assembly of PAHs

I olycyclic aromatic hydrocarbons), which are organic
“molecules composed of fused benzene rings, are key molecules
in the astrochemical evolution of the interstellar medium.

Polycyclic Aromatic Hydrocarbons
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ke provide critical nucleation sites for the
ous dust particles.

napthalene (the simplest PAH) in 20

drites suggests an interstellar origin

it | as been proposed t napthalene, the prototypical
ormed in nebulae via a free radical reaction between the
dical and vinyl acetylene:

3HC=CH
¢ ‘w-l.

c



eight PAHs rings are formed
1tion of vinylacetylene to PAH radicals
itional fused rings.

reacts with vinylacetylene to form













- wave mj ected material form the exploding star
lar nebula

1s pollution by exogenous stellar material
nts of primitive chondrites, which were
0 condense form the solar nebula.

1ticists found the decay elements of short-lived
clides in the CAls (calcium-rich aluminum

(e.g. the decay products of Fe-60, which can only be formed in

supernova explosions were found in several chondrite stones)



capt -I'ed in the nebula were subjected to high
s and a high flux of UV radiation by the new

t secondary processing of most of the
1nto more complex second-

olution of the organic matter proceeded during
formation.

of radioactive nuclei within the undifferentiated

planetesimals generated enough heat to produce liquid water,

- which altered both the minerals and the organics within the
parent bodies.






second-Generation Organic Compounds formed in our
olarsystem or n the ISM: Photochemical

TS orations on icy dust grains and the surfaces of
us mitive parent bodies

matic Hydrocarbons

60




alkyl chain elongation reactions

CH, + HCOOH —»
COOH' + CH; — CH.C

CH,COOH: -




of insoluble organic matter (macromolecular species
AH islands joined by bridging alkyl groups)
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IOM in a carbonaceous chondrite



sSecond-Generation Organic Compounds formed in our
SOl arsystem or in the ISM: Hydrothermally- Driven



ic acids by oxidation of aldehydes




thermal degradation of IOM




demical Mo 1 ‘1 | ation of Interstellar Organics on the
-~ Moon and Planets

molecula;r CN material

reek mud) are complex mixtures of
1rated macromolect species containing C,H and N.

I'»a re produced by irradiating gaseous mixtures of
e and dinitrogen gas.

Thus, the tholin reaction coverts interstellar methane and
dinitrogen into a reddish-brown organic polymer.



y found on planetary surfaces that lie
eres containing dinitrogen and methane.

Interface between icy surfaces of moon
t contain dissolved organics.

ere probably forme the primordial Earth
e advent of oxygen, the Earth's atmosphere
ubstantial quantities of CH, and dinitrogen)






Primary Photodissociation
Reactions in Titan’s atmosphere

CH, + hv

N, +hv (ore)



Titan’s Atmosphere:
Primary Formation Reactions

NC+ CC — NCCC N + CH,—» HCN + H,

NCCC + CN — NCCCCN
CN+ CN — NCCN
N + CH, » HCN + H



Gas-phase synthesis of tholins

N=C—C=C—C=N

N=C—C=C—C=N

Singlet-driven
dissociative | 266 nm
polymerization

>300 nm
_—

Triplet-driven
biradical
polymerization

N=C—C=C—C=N




energetic particles
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k Polycyclic Aromatic  «  «
Hydrocarbons (PAHs)

Tholins on Titan:

A Complex mixture of
polynitriles, PAHs
and polycyanides that
rain down on the
surface



—— "Planeten”

—— "Zwergplaneten”










the surface of Venus with oxidizing magma
ersion of all organic species into carbon
be lost via photodegradation reactions)

e.g.
CHy + heat —> C(s) + 3t

2FeO(in basalt) + C(s) — CO,
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iceous Chondrites

Very primitive
meteorites that have
escaped
heating/melting and
planet formation

(stayed

J undifferentiated)

Information they
provide:

Processes in the early
Solar System

Types of nearby stars
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Meteorite

> Ungrouped

carbonaceous
chondrite

Most C-rich chondrite

(Grady et al. 2002)

= 5.8 wt% total C

= 2.6 wt% organic C

= 2% of organic C is
soluble

Organic species in TL

have been studied by

only a few groups



Pristine Material

b) sample 11h

b) sample 9a

c) sample 9¢




&bundance)

550000

500000

450000

400000

350000

300000

250000

200000

150000

622189
e T 732

20.00

40976 43.872
A I,

40.00

40.116
Adig

50.00

54.821

58.292

race of the Water Extract of 11v

Majority of the
signals correspond
to linear
monocarboxylic
acids(derived from
alkanes)

Most of C;-C,
homologous series is
present

Formic acid is the
predominant
monocarboxylic acid
(unprecedented)

Formic acid-acetic
acid ratio is 3:1
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Y N GRACIO AbUundances In

T HONACEOUS Chondrites

Tagish Lake (11i) GC-MSD LPSC 2009
Tagish Lake (11v) GC-MSD LPSC 2009

Murchison GC-FID Huang et al
2005

EET96029.20 - Huang et al
2005

GRA 95229 = Pizzarello et al
2008







( Thin section of AL1.84001)



> The PAHs are likely
ancient, first- |
generation molecules Prorantons
from the interstellar
medium that were

Jo

delivered to Mars by enzofefivoraninone  Benzolfuorantrens

meteorites or comets | H__ ‘_ ,
billions of years ago. ) Or (53'3‘5)

Benzolajpyrene  Indeno[1,2,3-c,d]pyrene Benzo[g,h,ijperylene  Dibenz[a,hjanth-acens







anic species have been detected on the surface

of Mars, the high UV/osmic ray
nce of hydrogen peroxide and
are good oxidizing agents),
ees that any deposited or exposed organics will be
xidized to CO, and water.

any organics that were delivered to Mars in the
distant past (wWhen Mars had a thicker atmosphere) and then
buried under at least a meter of soil should have survived.






11] (§)
ormula;

YH)((SO,)

ate
on the
| ca beds
of ancient oceans
should be the prime
targets in the search
or organic
compounds on Mars.

(Jarosite in Meridiani Planum)



ation interstellar methane has been detected in
1e Curiosity rover.

letime 1n the atmosphere: it is quickly photolyzed
T,
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QT O an System: Titan
PIaNeiorganica)

ithin 4934
on

showed Titz
1 Oorange smog.

\inant gas turned out
o) not CH, (4%).




vered with channels caused by lLiquid
ne flowing in the recent past.

thane have been found in the polar regions

rld where the te |
I an active methanolog
-ethane on the surface.

re and pressure conditions
al cycle as well as liquid

ethane and ethane on this exotic world form clouds and
precipitate to form lakes.

> IKthane and methane are probably released via cryovolcanoes









N, Complex
> organics

Release and
evaporation

7 Aerosol
nsation, clouds and sedimentation

precipitation

Volcanic
degassing

Methane
hydrates




1erosol precipitation is a veneer
the entire planet!

(artist’s rendition)
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Ires of the surface of Titan

» 16.2 km altitude (40 m / pixel resolution)

» Dendritic structures flowing into a dark,
flat region (drainage channels / shoreline)

- Reflectivity measurements indicate O >
bright regions are water ice












Global Ocean on
Saturn’s Moon
ENCELADUS

South polar region
with active jets

Ice crust

Global ocean

Rocky core







mic rays

probably created when cos

th the methane and

w1

acted










higher percentage of first-generation
ics than meteorites.

not occur because the interiors of
for liquid water to form.

lations of organics in comets are chemically
howing a smaller variety of structural types and
organic compounds than typically seen in
organics.
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