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Molecular Evolution

5 v - R ' . o
'zfﬂpijss:.. co |
; . " : — v * ETHANE

¥

g s ) }-. FORMIC-
T i ACID

ACETO-
NITRILE

A
g,

FULLERENES ~ /

O
2
o

ACETYLENE



i Line Confusion.
& Interferometry



Mol ecul ar

Spectral cov




Some of the Known Interstellar Molecules

NH,  SiH,  CHOH CH,CHO  CH,COH CH.CH,OH .., (C1C).CN
OH CN H,S HNC H,0* CH, NH,CHOCH,NH,  HCO,CH, (CH,),0 (CH3 OH) ?
SO CO SO, HCN H,CO CHOOH CH,.N CH,CCH CH,C,CN CH,CH,CN CH§COC2H3

SO* €S NNH*CH, H,CS HC!CCNCH,NC CH,CHCN CH Eggiggsg”

SO C, HNO NH, HNCO CHNH CH,SH H(CtC),CN H.,C, ST
8

SIS S CCS HOC* HNCS NH,CN CH  CH CH,OHCHO

N[@) CP

H(C*C),CN
NS COo*
HClI  HF
Nacl SiH n-C;H-,CN
o
AICl pgp ©OCS H,D* CS sic, cH)CO T H(C*C),CN
AIF CCH KCN HCCH H.C, ~olons
AIO . MgCN X 6 rings

PN HCS HCNH " HCCNC >100 Carbon Molecules

. . HCP " : Total >150
SiN c-SICCH o+ HCCN HNCCC 11 Silicon Species As of 05/2010
NH ,§|((:)C|)-| CCP H,CN H,COH* 9 Metal Containing Molecules
CH c-SiC, HC(O)CN

C,N-
HSCN http://www.astro.uni  -koeln.de/cdms/molecules
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Detection of many
biologically relevant
species in carbonaceous
chondrites.

Origin and Formation?

In Situ mMeasurements are
Impossible for most
astronomical objects.

i« STARDUST

N Remote sensing.

Connecting the simple
chemistry of the ISM to
the complex chemistry
found in Meteorites,
IDPs, and Comets.

TABLE I
Carbon distribution in the Murchison meteorite

Form

. Interstellar grains:
Diamonds (400 ppm)
SiC (7 ppm)
Graphite (<2 ppm)
Fullerenes (> 400 ppm)
. Carbonate minerals
. Macromolecular (insoluble) carbon
. Organic compounds (soluble)

Amino acids® Amides®

Carboxylic acides © Amines®

Dicarboxylic acids b Alcohols®

Hydroxy acids ® Aldehydes and ketones P
Phosphonic acids ? Aliphatic hydrocarbons b
Sulfonic acids 4 Aromatic hydrocarbons ®
Basic N-heterocycles 2 Polar hydrocarbons ©

Purines and pyrimidines Sugar alcohols and acids ®
Pyridine carboxylic acids 2

451 ppm, °>10ppm, ©>100ppm, 9>1000 ppm




Elsila et al. 2009




QUICK & EASY DIRECTIONS |

MIX SOUP + 1 OCEAN WATER [ ]
RADIATION : HEAT,UNCOVERED IN MICROWAVABLE

OCEAN ON HIGH ABOUT 100 MILLION YEARS. CAREFULLY LEAVE IN
OCEAN FOR 3 BILLION YEARS, ALLOWING OXYGEN TO ACCUMUIATE. |

. |
SMOKER: HEAT, CIRCULATING OCCASIONALLY | ®
PROMPTLY REFRIGERATE UNUSED PORTION ON A SEPARATE PLANET. STk Sl
RECOMMEND USE BY DATE ON END OF CAN. CONDENSED

STORE UNOPENED CAN IN INTERSTELLAR SPACE.

N ut"hon Amount/serving %DV ___Amountiserving %DV
Facts
Serv. Size 1 mole
serves one planet
Calories 0.0
Fat Calories 0.0
Serving size based
on a 99
of a ul
Origin of Life
Satisfaction guaranteed. For questions or comments,
please email arthur_dent@z29.plural.z.alpha
Allow 5-6 x 10724 years for refund or reply.

JI

vV U
the complex chemistry
found In Meteorites, 0
IDPs, and Comets.

Primordial
o8 ... SOUP e

1251-108-10

|_QUlc1( MEAL IN 4. 5 BlLLlON ms'

PRIMORDIAL SOUP; FOR THE PRlMlTI\ E...
AND THE PRIMITIVE AT HEART!

A SIMPLE, SELF-ORGANIZING MEAL WITH
EVERYTHING YOU NEED TO GET YOUR LIFE
STARTED BEFORE THE ARCHAEAN PASSES BY.
GREAT FOR ALL WATERY PLANETS, SERVE HOT
WITH LOTS OF REDUCING POWER AND A
GOOD DOSE OF IONIZING RADIATION FOR
THAT UNIQUE MICROBIAL FLAVOR!

s 5
by A A

S -
-

: S =

INGREDIENTS: WATER, SILICA, IRON SULFIDE, HYDROGEN SULFIDE, CARBON DIOXIDE,
HYDROGEN, POTASSIUM CYANIDE, POTASSIUM ACETATE, FORMALDEHYDE, ADENINE,
PROLINE, ALANINE, METHANE, CARBON MONOXIDE, AMMONIA, SODIUM ARSENITE,
GLYCEROL PHOSPHATE, ACETYLENE, ACETALDEHYDE, HIGH MOLECULAR-WEIGHT PAH'S,
PYRENE, MAGNETITE, PHOSPHORIC ACID, WOLF'S TRACE MINERALS. AND NP-40.

JWB MOCK SOUP COMPANY, RALEIGH, NORTH CAROLINA JAMES_W_BROWN@EARTHLINK.NET

L

Elsila et al. 2009



le chemistry

rks were fired to simulate
ning

the end of one week they
rved that as much as 10
15% was now In the form of
organic compounds.

N Two percent formed amino acids

N Sugars, lipids, and some of the
building blocks for nucleic acids
were also formed.

) Reaction
)

amber

Methane, Ammonia,
Water, and Hydrogen




i Predictions of
precursor species
and/or new

molecules based o 0 o
Oknowno HoN-CHy~C—O-+ H — HN—-CH,~C-OH + e~
Interstellar

composition and N=C—C=C- + H — N=C—C=CH + €
proposed reaction FIG. 2 Reactions of glycine anion and cyanoacetylene anion with H atom.
mechanisms. Snow et al. (2009)

Gas-phase

1 Dominated by ion -
neutral rx.

Grain-surface

¢ E.g. H-atom addition
(blue detected in SF).
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Predictions of
precursor species
and/or new
molecules based on
oOoknowno
Interstellar

composition and
proposed reaction
mechanisms.
Gas-phase

1 Dominated by ion -
neutral rx.

Grain-surface
¢ E.g. H-atom addition

(blue detected in SF).

CH,(CH,),OH
2H

CH,CH,OH CH,CH,CHO

" i

CH,CHO CH,CHCHO

A

CH,CO

!

cyc(C,H)CO
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HOCH,CHO cyc(C,H,)CO

Z2H lEH

HOCH,CH,OH cyc(C,H,)CHOH




Observations of Ices

W33A: INVENTORY OF ICES

Silicate

Silicate

HO |

NCO
| CH,OH?
OCN NH,*HCO,?

CH,OH

10 20

Wave]ength (F’m) GGibh, Whittet et al. 2000

Schutte et al. 1098




Species | RAFGL | NGC 7538 | W33A¢ | Elias 16 | Comets
70093 IRSP
H,O 100 100 100 100 100
CO 15 12 8 25 5i 30
CO, 21 15 13 18 31 20
CH,;OH 30 4i 12 18 <3 0.3 5
CH, 3.6 2 0.4 i 1
NH; I 13° 15 ¢9 0.171.8
OCN 3.7 2 3.5 <0.5 I

109 S




Interstellar Ice Irradiation Experiments

ULTRAVIOLET PHOTONS

POLYCYCLIC
METHANOL AROMATIC

HYDROCARBON QUINONE

CARBON ; o 4 Tar,
MONOXI DE SILICATE gt ORGANIC

GRAIN REFRACTORY
MANTLE
SRt MANTLE

DI OXI DE

BernsteinSandford Allamandola, Sci. Am. 7,1999, pz




188 min UV exposure

2342 cmt - CO,
2252 cmi- -CN
2167 cmi- OCN-
2138 cm!- CO
2090 cm! - -NC

Wavelength (cm-1)

Other bands such as aromatic ketone groups
(~1685 cm?) are blended with water
features.
Pyrimidine:H20 ~ 1:20 (Nuevo et al. 2009)



s working on
erstellar ice
hoto)chemistry.

| e t o produce
nics of astrophysical interest o
. ethylene glycol (Hudson et al.

Amino Acids and lipid -like species
synthesized in ices (Dworkin et al.

2001, Bernstein et al. 2002, Munoz
Caro et al. 2002).

Nucleobases? Other prebiotic
species?

OC Ol




H. Cottin et al.| Plane tary and Space Science 47 (1999 ) 11411162

Table |

Prebiotic syntheses from cometary molecules

Cometary Maonomers Polymers
Pf'f'ﬂ'l'!i".'i-l'.-'i'".'l-'
H,0 + NH; V Pentides
z : X _ phides
HCN B Amino acids o Proteins
H,O + NH,
HCN Purines
H.O + Urea .
HC N i g Pyrimidines =  Nucleotides »  Protocell
+ P i
HCHO = Ribose (-5P)
. ickel - j i Glyeercl\$osphae o
co ez Mickel - lron (gins Fatty Acid =3 Phospholipids
Fischer-Tropsch Processes + Choline or Serine— (]iposomes)

From Oro and Cosmovicl, 1997 —courtesy of C.B. Cosmowvic.



Pyrimidine:NH;:H,0 ~ 1:2:20

Sample TIC (/12)
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Sample m/z = 282 amu

Cytosine standard m/z = 282 amu (/2)

10 15 20 25 30

Retention time (min)
(Milam, Nuevo, et al., in preparation)







