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Abstract

The Cassini spacecraft entered orbit around Saturn on July 1,
2004, beginning an extensive exploration of the planet along
with its rings and moons. In January of 2005 the Huygens
probe will enter the dense atmosphere of Titan, the most
intriguing of Saturn's many moons, where it will analyze the
complex array of organic compounds expected to be present.
Compared to Mars, where organic molecules that may have
survived the present harsh conditions have proven elusive,
Titan is expected to be a treasure trove of molecules that play a
crucial role in chemistry at the threshold of life. This
presentation will summarize what we know about Titan, what we
expect to learn from the Cassini-Huygens mission, and
planning for future exploration of this astrobiology hot spot.
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Tell me before |
blast you into
orbit — do you
have any
evidence of life
beneath your
sun baked
surface?
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Titan

A natural satellite of Saturn, discovered in 1655 by Dutch
scientist Christiaan Huygens.

The second-largest moon in the solar system.

One of a triad of moons with bulk densities of 1.8 g/cm3,
and radii ~ 2500 km (Ganymede, Callisto, and Titan)
Titan is distinguished by having a very dense nitrogen
atmosphere—four times denser than Earth’s.

For the purpose of
this talk Titan will
be granted
honorary status as
a small planet.




Pressure, bar

Titan’s Atmosphere

* Mostly molecular
nitrogen atmosphere,
with an admixture (2-
10%) of methane

Tholin Haze

Temperature /

 Temperatures are very
low (95 K surface, 70 K at
50 km), so that methane
condenses out in the
troposphere.
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* Methane in the
stratosphere is broken
apart by ultraviolet
photons from the Sun;
makes C, and higher
hydrocarbons




Beyond Cassini-Huygens: The
Astrobiological Potential of Titan

Titan has a dense atmosphere that is marginally
oxidizing

Methane and nitrogen: source materials of biological
interest

Varied sources of energy: UV, particle, impacts,
release of bond energy in surface polymerization of
organic molecules

A solid surface on which organics are accessible
Large spatial and temporal scales

Presence of liquid water at particular times and in
limited places



Inference of Ethane-Methane
Oceans/Lakes on Titan

 Between 100-600 meters of
liquid C,Hg has been
deposited over time—and
could be one component of a
ternary methane-ethane-
nitrogen ocean.

 Such an ocean would be both
the source (methane) and sink
(ethane) of the methane
photolytic cycle.

e Titan’s surface, hidden from
the cameras of Voyagers 1
and 2, ought to be covered to
a large extent by liquid
hydrocarbons.

Hydrocarbons and nitriles
deposited over time

600 meters
100
propane 20
hydrogen cyanide 20
cyanoacetylene 2
cyanogen 0.8
carbon dioxide 0.02

ethane
acetylene



Snapshots of of Cometary Impact with Velocity
of 7 km/s and Impact Angle of 45-

Three upper panels show
the first second of an
impact, when all the melt
is produced under shock
R BRSO R compression.

The distribution of material is color-keyed: the atmosphere is yellow,
both the surface ice and the comet are gray, and the molten material is
green. T T

T T

Lower panel shows the situation at
the end of the modeling: the
transient cavity is not far from its
maximum volume, but continues to
grow at longer times because of
Titan’s low gravity. Black arrow
shows ejected surface material
slowly falling into the melt layer
inside the crater.

—=1D

~B ul 5 10 15

Impacts mix organic surface layers with subsurface ice and create

astrobiological “hot spots” that persist for thousands of years at elevated
temperatures.



Laboratory Studies of The Organic Chemistry of
Titan: The Titan Tholin Project

Simulated Titan Chemistry
-electrical discharge and VUV
o Spectroscopic characterization
 Separation and analysis
Structural chemistry
-general aspects of polymer structure
-functional group analysis
Reactivity
-Introduction of oxygen



Synthesizing and Analyzing Tholin Analogs

Small Tholin Generator
- Air-free isolation in dry glove box
- Tholin generated at 77K to 300K

Large Tholin Generator
- Walls of reactor cooled
- Large quantities of tholin

produced I
Gas Mix

[ =»Pump

Tholins



Synthesizing and Analyzing Tholin Analogs

Photochemical Tholin Generator

» Effects on % fixed nitrogen
« VUV photolysis at 118 or 140 nm and 104-200
nm via synchrotron radiation at ALS

QCM film thickness monitors

Sample deposition
substrates

window || ‘/ I
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ESI FT-ICR Studies of Tholin Composition

Representative high resolution ESI FT-ICR spectrum of a 2%
CH, in N, tholin run. Simple and regular patterns are seen in
3500 — the molecular weight distribution of the compounds in regularly

. spaced clusters
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(General formulae of C,H,N, were obtained by accurate mass measurements)



Arbitrary Intensity

“Fresh” Tholin Sample
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Arbitrary Intensity

Exposure to Oxygen and Water Leads to
Incorporation of Oxygen
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Fragmentation Studies
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Organic Evolution on Titan
Nitriles, hydrocarbons

+
liquid water
4
carboxylic acids
4
amino acids
g Titan has
enantio-enfichment An (_)rganic—rich, redox-neutral
environment
o « Multiple sources of energy
pepﬂdes » Long spatial and temporal scales

e Transient episodes of liquid water



Chirality

A chiral molecule is one that is not superimposable on its
mirror image.

Significant enantiomeric excess is considered to be a necessary
condition for the origin of life... but when does it occur in the
evolution from abiotic organic chemistry to biochemistry?



Stereochemical specificity
as a signpost of advanced
organic chemistry

J

Serine Enantiomers

A number of compelling arguments are made in the literature that the
complex chemical systems required for life must be enantiomerically
pure (a.k.a. homochiral).

Another stereochemical sign of the evolution of organic chemistry
toward life might be preferred structural orientations in polymers, i.e.
“tacticity”.

In general, a bias toward preferred isomers and a non-random
molecular weight distribution would suggest evolution from abiotic
organic chemistry toward biochemistry; enantiomeric and tactic
selection would be a stronger indicator of that evolution.

Stereochemistry is the touchstone of our effort but not the entire
scope—we are developing a general suite of analysis tools for
planetary organics.



Return to Titan: 207??
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Possible simple chiral photoproducts which might be formed on Titan
(Brack and Spach, 1987, Biosystems 20, 95)

3-Methylhexane C,
2,3-Dimethylpentane C,
1,2-Dimethylcyclopropane (trans,l) C;
3-Methyl-1 pentene Ce
pentyne Cs
3-Methyl-4-yne 1 pentene (allyl acetylene) C¢H;
3-Methylcyclobutene C
2-Amino-butane C
-butene C
-butyne C

Methyl ethylene imine (aziridine) C,
2-Methylbutyronitrile C
butenonitrile C
butynonitrile C
2-Amino-proprionitrile (precursor of alanine) C

2 222222
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Current Methods of Chiral Discrimination

Chiroptical- polarimetry, circular dichroism
Simple, general
Poor sensitivity

NMR
Complicated, requires specific derivatization or shift
reagent, poor throughput

Chromatographic methods-LC, GC, etc
Simple, general, sensitive
Difficult to interpret complex, unknown mixtures

1 a 15713. DL-Phenylalanine
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Determination of Enantiomeric Excess

Approach 1

Sample />

Liquid/Gas
Chromatography
(Chiral Separation)

—* Spectrometer

Approach 2

Mass

(MS")

Goal: Build a detector that
responds only when there is an
enantiomeric excess

Sample —
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Chromatography
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Piezoelectric Detection: Methodology

Quartz plate

Electrode

The quartz crystal microbalance (QCM) is capable of
measuring mass changes in the nanogram range.
QCM'’s are piezoelectric devices fabricated of a thin
plate of quartz, with gold electrodes on each side. The
addition of mass to the QCM leads to a change in its
resonant frequency. A chemically selective film applied
to the surface creates a chemical detector.



Piezoelectric Detection: Monolayer Synthesis

Self-assembled monolayers are used as the sensing layer to
achieve a rapid response. The chiral selectors in these
monolayers are also used in chromatography for chiral separation.

QCM __ Au electrode .
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L-valine t-butyl amide is coupled to a 16-mercaptohexadecanoic
acid monolayer on the gold electrodes of a QCM.



Piezoelectric Detection: QCM Data
Methyl-(R)-lactate
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Response of a 15 MHz QCM exposed to methyl lactate vapor. Concentrations
are 16, 32, 64, 128,and 256 ppm for each successive exposure.



Piezoelectric Detection: Experimental

A dual crystal QCM is used, with the second,
uncoated crystal used as a reference. The
outputs of the two crystals are mixed, and the
difference frequency is monitored. The crystals
are set in a gas flow cell for introduction of the

analyte.
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