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Saturn’s moon Titan
The only other body in the solar system with 
liquids on its surface (CH4 and C2H6) 

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 CH4 and N2) 
Presumed key molecule in prebiotic chemistry

Cassini radar  
imaging of surface

Huygens’ 
 landing site

J. D. Sutherland, Angew. Chem. Int. Ed, 55, 104-121, 2016 
Oro, J. Nature, 191, 1193-1194, 1961
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Saturn’s moon Titan

HCN is expected to condense into aerosols, which 
drop down onto the surface.  
No HCN has been detected on the surface. 
Instead, unidentified reaction products have 
been observed

Cassini radar  
imaging of surface

Huygen’s 
 landing site

N

C

H What is the fate of Titan’s HCN? 

What chemistry is possible? 
….could prebiotic processes go on?

M.Rahm, J. I. Lunine, D. A. Usher, D. Shalloway, PNAS, 113, 8121-8126, 2016



Limits of Chemistry 
and requirements for dynamic processes 
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Dynamic processes require reversible 
thermodynamics, and allowed 
kinetics (time scales) 

Weak dispersion interactions and 
=NH…H- hydrogen bonds on Titan 
may take up the role of stronger 
OH…H- hydrogen bonds and covalent 
bonds on Earth.  

Available energy sources and 
catalysis may change the situation



Polymers 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.  

Mamajanov et al., J. Chem. Phys., 130, 134503, 2009 
de la Fuente et al., Polym. Degrad. Stab, 110,241-251, 2010 

He et al., J. Phys. Chem. A, 116, 4751-4759, 2012 
Ferris, J. P, Science, 203, 1135-1136, 1979
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A Computational Study
Removes some ambiguity (well defined materials can be studied)  
Ordered materials are unlikely on Earth, but more likely on 
Titan (kinetic control) 
Density Functional Theory (DFT) used to calculate energies and 
properties of different materials  
Structure search algorithms used to predict possible materials 
from the H,C,N stoichiometry. 

HCN
kinetic product

(favored by low temperature)

thermodynamic product 
(favored by high temperature)

En
er

gy



Structure Prediction  

Yanming, M., et al., Comput. Phys. Commun. 183, 2063-2070, 2012
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Generation of random structures 

Local optimization

List geometric structure 
parameters

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

Local Optimization

Converged or not?
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Particle-Swarm Optimization (PSO) algorithm



Structure Searching  

Global Energy  
Minimum

Target Connectivity 
(Local Energy Minima)

PES Search

Random 
Structures 

= Trial  
Structure

3D networks  
or as a physicist put it: 
 “Nitrogen-doped cubic gauche 
structure of carbon hydride” 

“2D” sheets 

“1D” polymers 
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Polyimine (pI)
ca 75% 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 polymer, its 
polymorphs, properties, and their potential 
chemical function on the surface of Titan

He et al., J. Phys. Chem. A, 116, 4751-4759, 2012 
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Radii of the Elements 
Density cutoff is 0.001 e Bohr-3 
Radii given in Ångström (1 Å = 1.8897 Bohr) 
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In Press!
Just out NOW!



Polymorphs of Polyimine
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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 pI is 
thermodynamically reversible, even at 90K.  
Polymerization of acetylene is irreversible. 

 
 
Polymorph: 

ΔEa  
kcal/mol  

N=C-C=N 
dihedral angle (°) 

1. HCN (g) 17.8  - 
2. HCN (s) 9.6  - 
3. pI 3-fold helix 1.7  110 
4. pI 4-fold helix 2.4  68 
5. pI 5-fold helix 4.5  39 
6. pI 6-fold helix 2.1  26 
7. pI wave  0.0  ~3b 
8. pI planar 0.8  0 
a Energy per unit of HCN are from periodic HSE06 calculations.  
bAverage value for all N=C-C=N dihedral angles in the unit cell.  
	
	
 
 
Polymorph: 

ΔEa  
kcal/mol  

Band Gap 
(eV) 

N=C-C=N 
dihedral angle (°) 

1. HCN (g) 17.8  - - 
2. HCN (s) 9.6  - - 
3. pI 3-fold helix 1.7  4.5 110 
4. pI 4-fold helix 2.4  4.3 68 
5. pI 5-fold helix 4.5  3.8 39 
6. pI 6-fold helix 2.1  3.5 26 
7. pI wave  0.0  2.2 ~3b 
8. pI planar 0.8  1.5 0 
a Energy per unit of HCN are from periodic HSE06 calculations.  
bAverage value for all N=C-C=N dihedral angles in the unit cell.  
	
	

Dynamic ground state geometry 

∆H90K = -5.4 kcal/mol
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Crystal Packing

3* 3-fold stacking 4* 4-fold stacking 6* 6-fold stacking

7* Stacked waves

 4.9  Å

Carbon Nitrogen Hydrogen

Low temperature may allow for more ordered structures, with 
characteristic properties  
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Fig. 15b), or a feature-poor red slope (for medium to low-albedo
organics), or a very dark and flat spectrum18,21.
Assessing the material responsible for the blue slope is a major

challenge and also a prerequisite for a secure identification of the
1,540 nm band. If this band is indeed mostly due to water ice, an
intimate mixing of this ice with a material displaying a strong
‘infrared-blue’ absorption would explain the absence of the weaker
H2O bands at 1.04 and 1.25 mm in the surface spectrum, as demon-
strated for several dark icy satellites, where these bands are hidden by
the presence of an organic component (but neutral or reddish).
Decreasing the water-ice grain size alone cannot suppress the 1.04-
and 1.25-mm bands and at the same time maintain the apparent blue
slope that is produced by large-grained water ice (considering only
the continuum absorption between the infrared bands). To hide these
weak water bands efficiently, the mixture would need to be ice and a
material having a stronger and decreasing-with-wavelength infrared
absorption.

Haze particle size
The haze particles in Titan’s atmosphere have long been known to
produce both high linear polarization and strong forward scattering.
This has been taken to imply that the particles are aggregates of small
‘monomers’ in open structures. The amount of linear polarization
constrains the size of the small dimension (monomer radius) while
the forward scattering or wavelength dependence of extinction
optical depth determines the overall size of the particle or the number
of monomers constituting the aggregate.
The DISR instrument measured the degree of linear polarization

of scattered sunlight by measuring a vertical strip of sky in two bands
centred at 492 and 934 nm. Some 50 measurements of this type were
collected during the Titan descent. For the small monomer sizes
expected, the direction of polarization would be perpendicular to
the scattering plane and reach a maximum near 908 scattering
angle at an azimuth opposite to the Sun, and would have a maximum
electric field vector in the horizontal direction. We eliminated
any polarization measurements made by the DISR that did not
have this character, assuming that they were not made at the desired
azimuth.

Several polarization measurements showing the expected beha-
viour in Titan’s atmosphere were obtained. A gradual rise to a
maximum near a scattering angle of 908 was observed, followed by
a decrease on the other side of this peak. The solar aureole camera
made several of these measurements at different times through the
descent that show a smooth decrease in polarization with increasing
optical depth into the atmosphere (Fig. 16). Figure 16a shows a
maximum degree of linear polarization of about 60% at altitudes
above 120 km in the 934-nm channel. Below, we show that the
optical depth at 934 nm is a few tenths at this location in the
descent. Comparisons of this degree of polarization with model
computations for different-sized fractal aggregate particles produced
by binary cluster collision aggregation indicate that the radii of the
monomers comprising the aggregate particles is near 0.05 mm, almost
independent of the number of monomers in the particle.

Haze optical depth and vertical distribution
Before the Huygens probe descent, several workers considered the
possibility that the haze in Titan’s atmosphere clears below an

Figure 14 | Derivation of methane mole fraction. Lamp-only downward-
looking spectrum from altitude of 21m (black data points). The red line with
three-sigma error bars indicate absolute reflectivity in methane windows
estimated from infrared measurements. This spectrum is compared to three
models: 3% (blue), 5% (green), and 7% (red)methanemole fractions. These
models make use of surface reflectivity at seven wavelengths (shown in inset
by the blue points; I/F is the ratio of the intensity to the solar flux divided by
p) and linearly interpolated between. From the lamp-on infrared spectra, a
lamp-only spectrum at 21m (representing the spectrum observed by DLIS
in the absence of solar illumination) was obtained as follows. First, the
reflectivity in regions of negligible methane absorption (at 840, 940, 1070,
1280 and 1,500–1,600 nm) was estimated by the ratio of mean upward
intensity (measured by DLIS) to mean downward intensity (measured by
ULIS). The mean upward intensity is the average measured over the seven
low-altitude DLIS spectra showing no contribution from the lamp (734 to
53m). The mean downward intensity was obtained by averaging the
strongest intensity with the weakest intensity. This average gives reasonable
approximation of the downward flux divided by p. The ratio of the mean
upward intensity to the mean downward intensity gives reflectivity. Two
corrections were required in this analysis: correction for the spatial
response of the ULIS diffuser and correction for the solar illumination in the
DLIS 21-m spectrum. The correction for diffuser response ranged from 15%
(840 nm) to 25% (1,550 nm), assuming a haze optical depth of ,2 at
938 nm. The contribution of solar illumination in the DLIS spectrum at
21mwas eliminated by subtracting the average of the DLIS spectra at 85 and
109m where the lamp contribution was negligible. The difference spectrum
was then divided by the spectral response of the lamp and scaled by a
constant to match the continuum reflectivities inferred previously,
producing the lamp-only spectrum at 21m.

Figure 13 | Spectral comparison of bright highlands and dark
lowlands. Spectra of the dendritic river highlands and lakebed lowlands
areas are compared. To restrict the influence of the atmosphere, only spectra
recorded at the same nadir angle are selected. The solid and dashed curves
are the average spectra associated with the two spectral pixels outlined in
white near the areas marked ‘A’ (dendritic highlands, solid) and ‘B’ (dark
lakebed, dashed), respectively in Fig. 12. The two pixels bordering ‘C’ in
Fig. 12 yield a spectrum intermediate to the ‘A’ and ‘B’ spectra. The spectra
have been corrected for albedo by dividing by the total intensity to
emphasize the difference in slope. Not shown here is that the reflectivity of
the dendritic area (‘A’) is higher than that of the lakebed area (‘B’) at all
wavelengths by roughly a factor of two. The asterisks denote the methane
windows taken for the reddening ratio in Fig. 12.

ARTICLES NATURE|Vol 438|8 December 2005

772

N=C-C=N dihedral angle
0 20 40 60 80 100 120

1.5

2.0

2.5

3.0

3.5

4.0

4.5

B
an

d 
ga

p 
(e

V)

480 560 640 720 800 880 960
0.0

0.2

0.4

0.6

0.8

1.0

Wavelength (nm)

R
el

at
iv

e 
in

te
ns

ity
Light Absorption

pI can absorb photons in a region of relative transparency on Titan 

Could this allow for photochemistry, and covalent bond making and 
breaking, despite cryogenic conditions? 
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Catalytic Activity?

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

The pI 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 
chemical transformations.   
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Densities of considered structures are 
1.2-1.4 g cm-3, considerably higher than 
that of Titan’s seas (0.4-0.7 g cm-3).  
The polymers will be solid 
Defects and lacunae, copolymerization 
or heterodispersion with 
polyacetylene could reduce density.  
If we are after dynamic chemistry, the 
most promising regions are likely shore 
regions. 
Definite material identification is not 
possible with remote sensing.  
We have considered “normal 
chemistry”. Dynamic chemical 
processes ongoing on Titan are likely 
to rely on extremely weak 
interactions. 

Detection on Titan

Strength of interaction

C
he

m
ic

al
 R

el
ev

an
ce

>11.3 eV

less-relevant

fundamental

governing

µeV meV eV

pr
im

ar
y 

(e
.g

. C
-C

)

Li
m

it 
of

 c
he

m
is

tr
y

(>
 C

O
 b

on
d 

en
er

gy
)

Earth (298 K) 

Titan (90 K)

ve
ry

 w
ea

k
(e

.g
. C

H
4…

C
H

4 )

se
co

nd
ar

y
(e

.g
 =

N
…

H
-N

)



Computational evaluation of other HCN-based polymers 
Prediction of detection characteristics 
Identification of key reaction steps for their formation 
(considering tunneling, excited states) 
Catalysis, synthesis

Future Research
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Formation of polyimine (pI, and other 
polymers) may explain the lack of HCN on the 
surface of Titan.  
Dynamic insertion and removal of HCN from pI 
is thermodynamically 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.  
pI may be photochemically and catalytically 
active 
HCN-based materials are good model 
materials for exploring structure function 
relationships.

Conclusions 

M.Rahm, J. I. Lunine, D. A. Usher, D. Shalloway, PNAS, 113, 8121-8126, 2016
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Titan is a natural laboratory for exploring the 
possibility of prebiotic chemistry 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 
accumulate at the bottom, the seas may not be 
very interesting, chemically.  
The most dynamical regions are likely to be 
shore regions.   
Submarine to Kraken Mare is being considered. 
If you want insane media attention (as a 
chemist) drop whatever you do, and pursue 
planetary science.

M.Rahm, J. I. Lunine, D. A. Usher, D. Shalloway, PNAS, 113, 8121-8126, 2016

Final Thoughts
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Thank you! 

Questions?  


