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Introduction. Titan, Saturn’s icy moon, features 

nitrogen-based atmosphere, complex organic chemistry 
fueled by radiation from the sun and Saturn’s 
magnetosphere, ethane-based lakes on top of water-ice 
surface on the poles, organic dunes on the equator, and 
seasonal evaporation and precipitation of organic mass 
in a process notably similar to Earth’s hydrological 
cycle. NASA’s Cassini-Huygens mission, with the 
landing of the Huygens probe on the surface of Titan 
in 2005, revealed many similarities between Titan and 
the early Earth. Titan has since become a priority of 
NASA’s Science Mission Directorate and a key target 
for space exploration missions; in particular, the 
forthcoming Dragonfly Mission. The Dragonfly 
rotorcraft will explore the surface of Titan, searching 
and evaluating the possibilities for extinct, extant, or 
future (expectedly methanogenic) life. Traditionally, 
organic chemistry has played a limited role in such 
space exploration, as past landings took place on 
bodies predominantly made of inorganic matter (such 
as silica/alumina on Earth’s Moon, or magmatic rocks 
on Mars); however, because of the hydrocarbon-rich 
chemistry present on Titan, any exploration of the 
surface of this moon will require the substantial 
involvement of organic chemistry. 

Cassini-Huygens detected over 30 molecules in the 
atmosphere of Titan, including methane, ethane, 
butane, hydrogen cyanide, etc., which are carried by 
methane rainfall into the lakes. Under the surface 
conditions, nitrogen and methane are gases, ethane and 
propane are liquids, and other hydrocarbons are solids. 
These condensed phases exist as molecular solids, 
cocrystals and/or clathrate hydrates. It is important to 
mention that these organic molecules would not 
precipitate to the surface as phase pure materials. The 
chemical reactions would produce a broad spectrum of 
products, which would precipitate as mixtures with 
various chemical compositions. In fact, the lakes of 
Titan are an ethane-dominated mixture. Considering 
the fluctuations of the temperature on Titan, detailed 
temperature–composition phase diagrams or relevant 
materials are necessary for developing accurate surface 
models. In our research, we focus on binary and 
ternary phase diagrams of organic materials, with the 
focus on benzenes, nitriles and ethane. Accurate 
description of the phase regions demands modern 
analytical tools. In our research, we use differential 
scanning calorimetry, synchrotron X-ray powder 
diffraction, neutron powder diffraction, single crystal 

X-ray diffraction, total scattering, inelastic and 
quasielastic spectroscopy, Raman spectroscopy and 
theoretical modeling. Herein, we present out recent 
findings on the crystal structures and phase diagram of 
acetonitrile and benzene.[1] 

Results. The first step toward elucidating the 
liquid–solid temperature–composition binary phase 
diagram of benzene and acetonitrile was detailing the 
phase boundaries. Using density scanning calorimetry 
(DSC), we constructed the binary phase diagram (Fig. 
1) and discovered that pure benzene and pure 
acetonitrile wound not be the only crystalline phases 
stable under the conditions on Titan. Namely, we 
detected a peritectic reaction of liquid acetonitrile and 
solid benzene into a 1:3 acetonitrile:benzene cocrystal. 
In fact, the cocrystal would be the dominant phase of 
this binary model evaporite, crystalizing in a mixture 
with either benzene or acetonitrile.  
 

 
Fig. 1. liquid–solid temperature–composition binary 

phase diagram of benzene and acetonitrile. 
 

To obtain detailed structural data on all solid 
phases, we used powder synchrotron X-ray diffraction 
(PXRD) at the APS beamline at the Argonne National 
Laboratory, as presented in Fig. 2. Crystal structure 
solution and refinement was perfomed ab initio. The 
cocrystalline system crystalizes in the polar space 
group R3 and features a trigonal structure of benzene 
molecules self-assembled into hexagonal channels; 
these channels surround the acetonitrile molecules, 
which are in a parallel alignment with the central 3-
fold axis. (Fig. 3). This structural result is interesting 
as polar self-assemblies have potential astrobiological 
implications.  
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Fig. 2. Powder synchrotron X-ray diffraction data 
collected on a sample made of acetonitrile and benzene 

in 1-to-3 ratio.  
 

 
 

Fig. 3. Fragments of the crystal packing diagrams 
of benzene and the cocrystal schematically 

representing the peritectic phase transition. Legend: 
nitrogen in blue, carbon in grey, hydrogen in white. 

 
To study the stability of the cocrystal in a more 

representative environment for Titan, we collected 
PXRD and Raman data upon in situ contact with liquid 
ethane. The resulting PXRD patterns (Fig. 4) were 
considerably different than that of either crystal in pure 
form, which suggests the existence of mixed or non-
stoichiometric phases. This raises the question of 
whether the detection of these patterns could 
potentially serve as a signature of any previous 
presence of ethane at Titanean dry sites. Such markers 
may help the analyses of the data to be collected by 
Dragonfly. Finally, benzene and acetonitrile are two of 
the most common solvents on Earth. The fact that their 
peritectic reactivity remained unknown for over a 
century points to the vast possibilities for new 
discoveries in the field of organic solid-state 
chemistry. 

 
 

Fig. 4. Powder diffraction patterns of a system made of 
acetonitrile and benzene in a 1:3 ratio, crystallized in a 

environment saturated with liquid ethane. 
 

Summary. Here, we report the liquid–solid 
temperature–composition binary phase diagram of 
benzene and acetonitrile, which is characterized by 
incongruent melting and a peritectic phase transition of 
solid benzene and liquid acetonitrile into an unique 1:3 
acetonitrile:benzene cocrystal. The crystalline structure 
of the cocrystal was solved and refined from in situ 
PXRD data collected using synchrotron radiation. 
Under conditions relevant to the surface around the 
lakes of Titan, benzene and acetonitrile react with 
ethane and produce complicated mixture of phases. 
The results presented here highlight the potential for a 
pronounced compositional and structural diversity of 
potential minerals on Titan. 
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