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Saturn's moon Titan

* The only other body in the solar system with
liquids on its surface (CHs and C2Hs)

* Thick hazy atmosphere, 1.5 atm @ surface.
nitrogen bearing organics.

*  No liquid water (and no oxygen)

*  Surface temperature of 90-94K

* HCN exists in ample amounts in the atmosphere

£, (formed from CHs and N2)
Cassini radar . o . Huygens’
imaging of surface * Presuwmed key molecule in prebiotic chemistry landing site
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J. 0. Sutherland, Angew. Chewm. Int. Ed, 55 104-121, 2016
Oro, J. Nature, 191, 1193-1194 1961



Saturn's moon Titan

* HCON is expected o condense into aerosols, which
drop down onto the surface.

T * No HCN has been detected on the surface.
el Instead, unidentified reaction produets have
- - been observed

What is the fate of Titans HCN?

csihi radar : : : Huygen'
imaging of surface Whaf ChQWIIS‘lTY S posslble'.’ Iand‘i,a;"s?’te

..could prebiotic processes go on?

M.Rahw, J. I. Lunine, 0. A. Usher, . Shalloway, PNAS, 112 8121-8126, 2016



Limits of Chewmistry
and requirements for dynawic processes

Earth and Titan are very different!

thermodynawics, and allowed
kinetics (time scales)
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Polywers of HCN

Proposed component of “Tholins” on Titan

Polymerized HCN is poorly understood.
The structure of polymerized HCN is controversial.

Hydrolysis of polymeric HCN results in the formation of
amino acids and nucleobases and, possibly routes to

polypeptides. "
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de la Fuente et al., Polym. Degrad. Stab, 110241251, 2010
He et al., J. Phys. Chewm. A, 116, 4751-4759, 2012
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A Computational Study

Rewmoves some ambiguity (well defined materials can be studied)

Ordered materials are unlikely on Earth, but more likely on
Titan (kinetic control)

Pensity Functional Theory (PFT) used to calculate energies and
properties of different materials

Structure search algorithms used to predict possible materials
from the H,CN stoichiometry.

Energy

kinetic product
(favored by low temperature)

thermodynamic product
(favored by high temperature)
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Structure Prediction

Generation of random structures

!

Local optimization

v

List geometric structure
parameters

'

Generate new structures, using
an algorithm, e.g. PSO

;

Local Optimization

!

Converged or not?

lyes

STOP

Yanming, M., et al., Comput. Phys. Commun. 183 2063-2070, 2012
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Polyimine (pl)

ca 79% of polymeric HCN has been attributed to
polyimine (multinuclear and multidimensional
NMR spectroscopy).

Reaction outcomes are dependent on reaction
conditions, and this assignment remains
controversial.

On Earth, HCN polymerizes to an disordered
material. On Titan, kinetic control may allow
for more well defined materials.

We have chosen to focus on this one polywer; its
polymorphs, properties, and their potential
chewical function on the surface of Titan

He et al., J. Phys. Chem. A, 116, 4751-4759, 2012
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CHEMISTRY
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Polymorphs of Polyimine
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Pynawic ground state geometry

Infinite chains and 20-mer models have been
calculated to study the properties of possible

polymorphs.

The identified lowest energy polymorph has a
wave-like conformation

Polymerization of HCN(s) into pl is
thermodynawically reversible, even at 90K.

Polymerization of acetylene is irreversible.

e ] AE*® N=C-C=N
N g N Polymorph: kcal/mol  dihedral angle (°
\ﬂ/ HCN(SL 1. gCNr?g) 17.8 o ©
NH \\ 2. HCN (s) 9.6 -
L In i n+1 3. pl 3-fold helix 1.7 110
AHQOK = -5 4 kcal/mol 4. pl 4-fold hel?x 2.4 68
5. pl 5-fold helix 4.5 39
6. pl 6-fold helix 2.1 26
I_pI wave 0.0 ~3° |
8. pl planar 0.8 0

* Energy per unit of HCN are from periodic HSE06 calculations.
®Average value for all N=C-C=N dihedral angles in the unit cell.



Crystal Packing

* Low ftemperature may allow for wmore ordered structures, with
characteristic properties

3* 3-fold stacking 4* 4-fold stacking 6* 6-fold stacking
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Relative intensity

Light Absorption

Huygens observation of photon flux at Titan Surface

Calculated range of pl’s light absorption &
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Electronic Structure

Frontier Orbitals of Molecular 20-mer
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Dipole Moment

> pl-based

lamella

The ability of some polywmorphs to generate
electric fields by the alignment of =NH groups
may give rise to materials capable of catalysis
via electrostatic preorganization.

The pl backbone can give rise to structures
reminiscent of ‘oxyanion holes” catalytic sites
in some enzymes.

Photon absorption may synergize with such
structures, allowing for more selective
chewmical transformations.



Detection on Titan

Pensities of considered structures are
1.2-14 g em?, considerably higher than
that of Titan's seas (04-0.7 g em™®).

The polywers will be solid

Defects and lacunae, copolymerization
or heterodispersion with
polyacetylene could reduce density.

>
very weak
secondary
(e.g =N--H-N)
(e.g. C-C)

(e.g. CH4-CHa4)
| primary

If we are after dynamic chemistry, the  fundamental
most promising regions are likely shore
regions.

governing

Pefinite material identification is not
possible with remote sensing.

Chemical Relevance

Limit of chemistry
(> CO bond energy)

We have considered “normal oss.relevant
chemistry”. Dynamic chewmical

processes ongoing on Titan are likely

to rely on extremely weak pev mev eV
ihfel’ac‘l’ion S, Strength of interaction

>11.3 eV



Future Research

Computational evalvation of other HCN-based polymers
Prediction of detection characteristics

ldentification of key reaction steps for their formation
(considering tunneling, excited states)

Catalysis, synthesis
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Conclusions

Formation of polyimine (pl, and other
polywmers) may explain the lack of HCN on the
surface of Titan.

Pynawic insertion and removal of HCN from pl
is thermodynawmically allowed, even at 94K.

Inter and intra-molecular hydrogen bonds
may drive the formation of ordered
structures.

Primary photon absorption is predicted in
regions of relative transparent on Titan.

pl may be photochewically and catalytically
active

HCN-based materials are good model

materials for exploring structure function

relationships. L n R P
AHQOK = -5.4 kcal/mol

M.Rahw, J. 1. Lunine, 0. A. Usher, 0. Shalloway, PNAS, 113 8121-8126, 2016



Final Thoughts

Titan is a natural laboratory for exploring the
possibility of prebiotic chewmistry without
water (and thus limits of life). However...

The solubility of anything is near-zero at 90K.
Unless materials are floating on the surface, or
accumvulate at the bottom, the seas may not be
very interesting, chewmically.

The most dynawical regions are likely to be
shore regions.

Subwmarine to Kraken Mare is being considered.

If you want insane media attention (as a
chewmist) drop whatever you do, and pursue
planetary science.

M.Rahw, J. 1. Lunine, 0. A. Usher, 0. Shalloway, PNAS, 113 8121-8126, 2016
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Thank you!

Questions?




