
University of Arkansas, Fayetteville University of Arkansas, Fayetteville 

ScholarWorks@UARK ScholarWorks@UARK 

Graduate Theses and Dissertations 

1-2021 

An Experimental Study of Evaporites on Titan: Implications for An Experimental Study of Evaporites on Titan: Implications for 

Lake Composition and Future Missions Lake Composition and Future Missions 

Ellen Czaplinski 
University of Arkansas, Fayetteville 

Follow this and additional works at: https://scholarworks.uark.edu/etd 

 Part of the Biogeochemistry Commons, Cosmochemistry Commons, Environmental Chemistry 

Commons, Hydrology Commons, Organic Chemistry Commons, and the The Sun and the Solar System 

Commons 

Citation Citation 
Czaplinski, E. (2021). An Experimental Study of Evaporites on Titan: Implications for Lake Composition 
and Future Missions. Graduate Theses and Dissertations Retrieved from https://scholarworks.uark.edu/
etd/4165 

This Dissertation is brought to you for free and open access by ScholarWorks@UARK. It has been accepted for 
inclusion in Graduate Theses and Dissertations by an authorized administrator of ScholarWorks@UARK. For more 
information, please contact scholar@uark.edu. 

https://scholarworks.uark.edu/
https://scholarworks.uark.edu/etd
https://scholarworks.uark.edu/etd?utm_source=scholarworks.uark.edu%2Fetd%2F4165&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/154?utm_source=scholarworks.uark.edu%2Fetd%2F4165&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/155?utm_source=scholarworks.uark.edu%2Fetd%2F4165&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/134?utm_source=scholarworks.uark.edu%2Fetd%2F4165&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/134?utm_source=scholarworks.uark.edu%2Fetd%2F4165&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/1054?utm_source=scholarworks.uark.edu%2Fetd%2F4165&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/138?utm_source=scholarworks.uark.edu%2Fetd%2F4165&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/126?utm_source=scholarworks.uark.edu%2Fetd%2F4165&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/126?utm_source=scholarworks.uark.edu%2Fetd%2F4165&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.uark.edu/etd/4165?utm_source=scholarworks.uark.edu%2Fetd%2F4165&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.uark.edu/etd/4165?utm_source=scholarworks.uark.edu%2Fetd%2F4165&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholar@uark.edu


 

An Experimental Study of Evaporites on Titan: Implications for Lake Composition and Future 

Missions 

 

A dissertation submitted in partial fulfillment  

of the requirements for the degree of  

Doctor of Philosophy in Space and Planetary Sciences 

 

 

by 

 

 

Ellen Czaplinski 

Purdue University 

Bachelor of Science in Planetary Science, 2016 

 

 

July 2021 

 

 

 This dissertation is approved for recommendation to the Graduate Council.  

 

 

______________________________ 

Vincent Chevrier, Ph.D. 

Dissertation Director 

 

 

 

 

 

______________________________     ______________________________ 

Larry Roe, Ph.D.      Colin Heyes, Ph.D.  

Committee Member      Committee Member 

 

 

 

 

 

______________________________ 

Timothy Kral, Ph.D.  

Committee Member 

  



 

ABSTRACT 
 

Titan is the only other planetary body in the solar system with liquid on the surface. With 

a surface temperature and pressure of 89 – 94 K and 1.5 bar (N2), respectively, Titan’s lakes are 

comprised of liquid hydrocarbons, predominantly methane and ethane. Over time, Titan’s lakes 

may evaporate, leaving behind residual deposits (evaporites). The evaporation processes and 

composition of the evaporites is poorly understood. I address these outstanding questions by 

experimentally investigating the physical and spectral properties of evaporites at Titan surface 

conditions using an experimental chamber.  

Chapter 1 addresses the formation of ethylene evaporites. Ethylene evaporites form more 

quickly with pure methane, because methane readily evaporates at Titan surface conditions. 

Ethylene absorption bands at 1.630 and 2.121 μm are redshifted after evaporite formation. These 

results imply that ethylene is a good candidate for Titan’s evaporites, although they may be 

restricted to methane-dominated lakes/seas.  

Chapter 2 addresses the ability to detect the formation of the acetylene-benzene co-crystal 

using FTIR spectroscopy. The co-crystal is easily identifiable upon formation at ~135 K, as 

evidenced by drastic spectral band shifts, several new bands in the C-H stretching and 

combination bands regions, and clear morphological changes of the sample. The co-crystal is 

stable down to Titan temperatures (90 K). Studying co-crystal formation provides insights into 

co-condensation in Titan’s atmosphere, and evaporite formation and composition.  

Chapter 3 investigates the formation of evaporites with acetonitrile. Acetylene and 

acetonitrile form a co-crystal between 118 – 174 K, which is stable down to 90 K. New bands at 

1.676 µm and morphological changes to the sample confirm co-crystal formation. We observe 

new shapes to NIR absorptions that were not previously present in pure component experiments. 



 

These results have implications for astrobiologically relevant co-crystals and where nitrile 

compounds may accumulate on Titan. 

Chapter 4 addresses more complex evaporite experiments (“binary” experiments) with 

two evaporite molecules combined. Acetylene is the most prominent species in these 

experiments, and the acetylene-acetonitrile co-crystal is stable before, during, and after methane 

evaporation. These results and future binary experiments can help assess the validity of evaporite 

models, and represent a more realistic view of evaporite solutions.   
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INTRODUCTION 

1. Science Background 

 Titan is Saturn’s largest moon, the second largest moon in the solar system, and the only 

moon in the solar system with a significant atmosphere. The first spacecraft flyby of Titan was 

Pioneer 11 (1979), which confirmed Titan’s physical properties including mass, temperature, 

and atmospheric haze. After the Pioneer 11 mission, the Voyager 1 and 2 probes (1980 and 

1981, respectively) made the next Titan flybys, determining the density, composition, and 

atmospheric temperature, as well as more precise mass measurements and images of Titan’s haze 

layer (Bell, 2015). However, Titan’s thick atmospheric haze prevented direct imaging of the 

surface by Voyager 1.  

Later, in 2004, the Cassini-Huygens mission (Cassini orbiter built by the National 

Aeronautics and Space Agency (NASA) and Huygens atmospheric probe built by the European 

Space Agency, ESA) revealed Titan’s mysterious surface for the first time using RADAR 

(Elachi et al., 2004), the Imaging Science Subsystem (ISS; Porco et al., 2004), and the Visual 

and Infrared Mapping Spectrometer (VIMS; Brown et al., 2004). These radar images obtained 

from a flyby in 2006 show lakes of liquid hydrocarbons (primarily CH4 and C2H6; Stofan et al., 

2007), which marked the first discovery of vast quantities of liquid on a body in the solar system 

aside from Earth. The Huygens probe landed on Titan’s surface in 2005, highlighting the first 

landing on a surface in the outer solar system, as well as the first landing on a moon other than 

Earth’s moon. During its descent, Huygens imaged various river channels (Owen, 2005) and 

confirmed large bodies of liquid on the surface with a dynamic coastline including islands 

(Hofgartner et al., 2016). Huygens landed in a vast, dark region near the equator called Shangri-

La, which is an extensive field of dark, organic dune deposits (e.g., Malaska et al., 2016). At the 
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landing site, Huygens imaged a flat plain covered in rounded pebbles and rocks, further evidence 

that the area was once covered in liquids which eroded these rocks over time (Tomasko et al., 

2005). Cassini orbited and studied Titan from 2004 to 2017 and made 127 flybys of Titan. Each 

flyby taught us more about this unique world, including identifying vast equatorial dune fields 

(Lorenz et al., 2006; Radebaugh et al., 2008), hydrocarbon lakes and seas of liquid methane and 

ethane (Stofan et al., 2007; Brown et al., 2008; Mastrogiuseppe et al., 2014, 2016, 2018), 

numerous river channels (Owen et al., 2005; Lorenz et al., 2008) and valleys (Perron et al., 

2006), impact craters (Lorenz et al., 2007; Soderblom et al., 2010; Neish & Lorenz, 2012; Neish 

et al., 2013; Neish & Lorenz, 2014; Neish et al., 2016; Werynski et al., 2019; Hedgepeth et al., 

2020; Solomonidou et al., 2020b), and potential cryovolcanoes (Neish et al., 2006; Lopes et al., 

2007; Mitri et al., 2008), as well as a more accurate surface temperature (89 – 94 K) and pressure 

(1.5 bar; Fulchignoni et al., 2005; Jennings et al., 2009; Cottini et al., 2012). The Cassini-

Huygens mission left behind a legacy of data and one-of-a-kind discoveries that will propel Titan 

science forward for years to come.  

 In the next decade, a new Titan spacecraft will be built and launched; the Dragonfly 

rotorcraft lander (Lorenz et al., 2018; Turtle et al., 2018). Landing in the dune fields just south of 

Selk Crater (near the Huygens landing site; Lorenz et al., 2021), Dragonfly will have the 

opportunity to study the surface up close using a mass spectrometer, gamma-ray and neutron 

spectrometer, a geophysics and meteorology package, and a high resolution camera suite. 

Dragonfly will give scientists a detailed view of the composition of Titan’s surface for the first 

time. Additionally, since Dragonfly has the ability to “hop” to different locations on the surface, 

it will study a variety of geologic units and seek out potential prebiotic molecules and chemical 
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processes (Lorenz et al., 2018). The 

mission will study a variety of 

geologic units and seek out potential 

prebiotic molecules and chemical 

processes (Lorenz et al., 2018).  

From the Voyager and 

Cassini-Huygens missions, we 

learned that Titan’s atmosphere is 

surprisingly Earth-like, with a 

composition of 95% nitrogen (N2), 

4% methane (CH4), and 1% trace 

species, a surface pressure of 1.5 bar 

(Earth surface pressure is 1 bar), and 

a layered atmospheric structure 

(Figure 1). Solar radiation and 

charged particles from Saturn’s 

magnetosphere dissociate and ionize 

atmospheric N2 and CH4, allowing 

them to recombine into new 

hydrocarbons (ethane (C2H6) being 

the most prevalent (Yung et al., 

1984)), nitriles, and a plethora of 

other organic molecules that cause the atmosphere to be shrouded in a thick haze (e.g., Desai et 

Figure 1. (top) Temperature profile and atmospheric 

structure comparison between Titan and Earth. Gray, 

vertical bars show the regions examined by Cassini 
instruments and the Atacama Large 

Millimeter/submillimeter Array (ALMA) telescope. 

(bottom) Titan’s troposphere includes the methane 

“hydrological” cycle between the surface and the 

atmosphere, similar to Earth’s hydrosphere. A methane 

replenishment process is necessary to explain the 

irreversible methane loss in the thermosphere (Figure 

and caption from MacKenzie et al., 2021). 
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al., 2017; Lai et al., 2017). Titan’s organic-rich atmosphere is filled with a wealth of molecules 

that are interesting from an astrobiological perspective, and may represent processes that 

occurred on prebiotic Earth (Trainer et al., 2006; Palmer et al., 2017).  

 As these various chemical species condense from gas to solid ices and descend through 

the atmosphere towards the surface, they may also condense as ice layers onto haze particles and 

form ice clouds (Anderson et al., 2018), or fall directly to the surface in the liquid (e.g., CH4, 

C2H6) or solid (acetylene, C2H2) phase. These particles may deposit onto Titan’s dry plains, into 

the polar lakes and seas, or be transported across the surface via fluvial networks as part of 

Titan’s CH4 “hydrologic” cycle.  

 Titan’s liquids are restricted to the north and south poles in the form of lakes and seas, 

where colder temperatures and less volatile species allow for these lakes and seas to persist 

(Hayes et al., 2016). In Titan’s north pole, broad basins filled with liquid make up Kraken Mare, 

Ligeia Mare, and Punga Mare, as well as larger lakes (Jingpo and Bolsena Lacus; see Figure 2).  

Titan’s seas (mare) represent 80% of all liquid-filled surfaces by area (Hayes et al., 2008). The 

lakes (predominantly in the north) take up 12% of the surface area between 55º to 90ºN, whereas 

in the south, the small amount of lakes only take up 0.3% of the surface area in the same latitude 

range (Hayes et al., 2016). In the south lie many broad, empty depressions (Figure 2) that are 

suggested to be paleoseas that may have been filled with liquid in the past (Aharonson et al., 

2009; Hayes et al., 2011), along with the largest liquid body at the south pole, Ontario Lacus 

(Figure 3). This liquid dichotomy between the north and south poles is mainly due to orbital 

variations in the Saturn-Titan system, where the southern hemisphere summer has a 25% higher 

peak solar flux than that of the northern hemisphere summer, which may have led to a net 

transport of methane and ethane from the south to the north pole (Hayes et al., 2016). 
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Figure 2. Distribution of polar hydrologic features on Titan derived from Cassini data acquired 

through January 2015 (Cassini flyby T108). The panels on the left depict false-color Synthetic 

Aperture Radar (SAR) mosaics (gold overlying near-infrared Imaging Science Subsystem (ISS) 

maps (gray), with maria and lacus identified. The panels on the right show the morphologic 

mapping units identified by Birch et al. (2017). The relative topography of the mapped units is 

represented by the vertical arrangement of boxes in the central legend. An outline of Earth’s 

Great Lakes in North America is included for scale (Figure and caption from Hayes et al., 2016).  
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The perimeter of Ontario 

Lacus possesses “bathtub rings” of 

material (sediments) that exhibit a 

brighter signal in the 5-µm-region of 

Cassini VIMS spectral data than the 

surrounding material (Figure 3); 

these bathtub rings have been 

interpreted as evaporites (Barnes et 

al., 2009; Moriconi et al., 2010). 

Additionally, similar 5-µm-bright 

deposits were identified in  

association with a subset of some of 

the northern lakes (and empty lake 

basins; see Figures 4, 5; Barnes et 

al., 2011a). MacKenzie et al. (2014) 

mapped the global exposures of the 

5-µm-bright deposits, and found that they comprise ~1% of Titan’s surface (Figure 6). Apart 

from the polar evaporites, the largest deposits of the 5-µm bright material are near the equator at 

Hotei and Tui Regions (interpreted as low-latitude paleoseas (Moore & Howard, 2010)). 

Although we have been fortunate to discover, identify, and globally map such evaporites, Cassini 

data is ultimately limited in the extent of determining the composition of such evaporites. 

Previous studies have measured various hydrocarbon and nitrile compounds in the 5-µm region 

to shed light on which materials would be more likely to compose Titan’s evaporites. For 

Figure 3. VIMS cube CM_1575506843_1, shown in an 

orthographic projection from directly above the lake 

(74ºS, 180ºW). Subfigure (a) is a 2-μm image; (b) is a 

3-color image with red as 5 μm, green as 2 μm, and blue 

as 1.6 μm; and (c) is a unit map, with units numbered. 

Unit 1 (blue) corresponds to the uniformly dark interior 

of Ontario Lacus. Unit 2 (yellow/brown) is a less-dark, 

uniform shelf that surrounds Unit 1. Unit 3 (red) is a 

narrow, bright annulus that exists at the edge of the 

lake. Unit 4 (green) represents the area exterior to the 

lake (the Unit 3/4 border is defined by inspection, and 

is somewhat arbitrary; Figure and caption from Barnes 

et al., 2009). 
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example, Clark et al. (2010) found that the spectra of benzene (C6H6), toluene (C6H5CH3), 

cyanoacetylene (C3HN), and acetonitrile (CH3CN) all have various degrees of compatibility 

when compared to the 5-µm bright feature of Titan’s evaporites. Further, thermodynamic 

modeling studies have estimated the chemical composition of the evaporites (Cordier et al., 

2009, 2013), and the structure of deposits based on estimated composition (Cordier et al., 2016). 

However, definitive concentrations, extent, and spatial distribution of Titan’s evaporites is still 

unknown. We shed light on these unanswered questions by providing in-depth experimental 

constraints on the evaporation process, which will further our understanding of basin formation 

and evolution on Titan.   
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Figure 4. This figure shows the area south of the north-polar sea Ligeia Mare on Titan in 

orthographic projection using data from both the VIMS and RADAR instruments onboard 

Cassini. (A) The VIMS view, color-mapped with R =5 µm, G =2 µm, B = 1.3 µm. We show an 

interpreted map of the VIMS data in (B); here dark blue corresponds to areas where VIMS sees 

open liquids, yellow to those 5-lm-bright areas that we interpret to be evaporite deposits, and 

purple to dark areas that may be either wetted sediments or open lakes smaller than a single 

VIMS pixel in size. Part (C) shows the Synthetic Aperture Radar (SAR) view from Cassini’s 

RADAR instrument, with brightness signifying the radar scattering cross-section parameter σ0. 

A map from the RADAR data in (D) shows what Hayes et al. (2008) interpret to be filled lakes 

(dark blue), ‘‘partially-filled’’ lakes (light blue), dry lakebeds (light red), and dry lakebeds with 

a high level of confidence (dark red). In (E) we show a combined VIMS-RADAR view that 

allows direct intercomparison between the two datasets. In HSV (hue-saturation-value) 

colorspace, the VIMS data are used for hue and saturation, and the RADAR data are assigned 

to value (brightness). (F) An annotated version of the VIMS-RADAR combined view from part 

(C), with the location of the zoomed-in views from Fig. 2 indicated by the white boxes (Figure 

and caption from Barnes et al., 2011a).  
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Figure 5. This figure shows zoomed-in versions of various north polar lakes. Part (A) shows 

unnamed RADAR-empty lakes northwest of Uyuni Lacus that do not have evaporite deposits 

on their floors. Part (B) shows Uyuni Lacus, which does have evaporite, as does Atacama Lacus 

in part (C) and Ngami Lacus in part (H). Part (D) shows the complex around Logtak Lacus (in 

the northwest), Sevan Lacus (in the southwest), and Vänern Lacus (in the east). Vänern Lacus 

in particular is surrounded by an evaporite deposit 20 km wide. Eyre Lacus in part (E) shows 

as a dry lakebed in VIMS observations, but was not initially identified as a dry lakebed in the 

RADAR data (Hayes et al., 2008). It was, however, later shown to be a deep basin by the 

SARtopo technique (Stiles et al., 2009). Part (F) shows Lanao Lacus, determined to be a shallow 

filled lake. The 5-µm- bright spectral units in part (G) are evaporites that do not occur in steep-

walled depressions identified by RADAR as empty lakes. The southern part of part (H) shows 

what may be an area presently filled with liquid that was not filled during the T28/T29 RADAR 

passes 3 years earlier (Figure and caption from Barnes et al., 2011a).  



 

 10 

 

Figure 6. (a) Global cylindrical map of Titan as seen by Cassini VIMS using the color scheme 

of Barnes et al. (2007a): R =5 µm, G =2 µm, and B = 1.3 µm. This VIMS base map uses data 

from Cassini flybys T8 to T90. (b) Global distribution of evaporitic deposits in black as well as 

several 5-µm-bright areas that did not meet sufficient criteria (e.g. not observed twice, no data 

of high enough resolution) to be considered evaporite candidates in gray. The polygons shown 

here, created with software designed for the analysis of Barnes et al. (2008), were used to 

calculate the area covered by evaporite. While many of the new deposits identified in this study 

are located near liquid (on or near the shores or empty bottoms of polar lakes and seas), the 

existence of 5-µm-bright material in the equatorial region is evidence for the presence of large 

scale tropical seas in this area sometime in Titan’s past (Figure and caption from MacKenzie et 

al., 2014).  
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2. General Methodology 

2.1. Titan Surface Simulation Chamber Description 

All experiments in this dissertation were performed in the Arkansas Center for Space and 

Planetary Sciences Titan Surface Simulation Chamber (TSSC; Wasiak et al., 2013). This is a 

surface-atmosphere chamber that simulates Titan-relevant surface temperature (85 – 110 K) and 

pressure (1.5 bar N2 atmosphere). The TSSC is a 2 m tall vertical steel cylinder which maintains 

Titan atmospheric pressure and houses the Titan Module (TM), a steel housing that rests within 

the chamber. The Temperature Control Box (TCB; Fig. 7) is the portion of the chamber where 

the sample is analyzed and Titan temperatures are maintained. N2 gas (AirGas industrial grade, 

>99.998%) directly pressurizes the chamber and liquid nitrogen (LN2) cools the TCB and 

condenser (inside the TCB; Fig. 7) via stainless steel cooling coils. Chamber pressure is 

maintained throughout experiments using a Stra-val pressure release valve, and is monitored via 

a Matheson 63-3161 pressure gauge (0 – 60 psi). Hydrocarbons such as methane, ethane, 

ethylene, acetylene which are gaseous at standard atmospheric temperature and pressure (SATP) 

are added to the condenser via gas tubing and are condensed to liquid or solid phase inside the 

condenser. Compounds which are liquid at SATP (benzene and acetonitrile) follow a different 

protocol which is described in greater detail in Section 2.2. All gas cylinders and LN2 dewars are 

purchased through Airgas®.  

Throughout each experiment, liquid and solid samples are analyzed via temperature, 

mass change over time, optical views, and a Fourier Transform Infrared Spectrometer (FTIR; Fig 

8). A glass sample dish (15 cm diameter) is lined with Spectralon®, a fluoropolymer that has its 

highest diffuse (Lambertian) performance in the infrared, which serves as a background material 

for FTIR measurements. The sample dish is suspended by three nylon strings which connect to a 
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Sartorius Entris822 digital scale (balance), which has a data connection to the computer. To 

ensure that the electronic connections of the balance are not affected by the cold temperatures of 

the chamber, the balance is placed above the TCB inside an insulated container made from pink 

foam board insulation. A small, metal plate heater (Watlow controller) is placed under the lid of 

this insulation box to assist with maintaining temperatures inside the balance box above ~220 K. 

Eight K-type (+/- 2.2ºC) thermocouples are placed throughout the TCB and allow continuous 

recording of temperatures during experiments: two in the condenser, one near the FTIR probe, 

one in the filter, two above the sample dish, and two directly touching the mixture in the sample 

dish. These thermocouples allow precise characterization of the thermal profile in the TCB. A 

thermocouple is also placed within the balance insulation box to monitor temperatures there. The 

thermocouples are connected to a computer via an OMEGA® 8-channel USB Thermocouple 

Data Acquisition Module. A custom made LabVIEW software program reads the inputs from the 

Figure 7. Schematic cross-section view of the Titan Module (TM) and Temperature Control 

Box (TCB) showing the various components used to simulate and observe the Titan surface 

environment. The TM and all components inside it are to scale; the external gas cylinders are 

for reference only, and are not to scale (Figure from Czaplinski et al., 2019). 
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balance and thermocouple data and 

outputs this information every 

second during an experiment. We 

also have five cameras (one 

CrazyFire and four KKmoon 

brand) located at various points 

above the sample dish to maintain 

views of the sample throughout 

experiments. The cameras are 

connected to the computer via 

USB. During experiments, we 

monitor these cameras via CrazyFire software, which allows the user to capture images and 

videos during experiments (10-20, depending on the experiment). A 40-watt lightbulb is attached 

to the upper walls of the TCB to allow for manual illumination and temperature control. Spectra 

are collected using a Thermo Fisher Scientific Nicolet 6700 FTIR Spectrometer equipped with a 

white light source, CaF2 beamsplitter, and a TEC InGaAs detector (1-2.5 µm) with a spectral 

sampling of 4 cm

-1
. We use the Smart Near-IR FiberPort Accessory (Fig. 8), which connects to 

the fiber optic probe that has terminal connections (“legs”) at the top of the spectrometer and in a 

nadir orientation a few centimeters above the sample dish. The fiber optic probe is offset by ~10º 

for experiments conducted in Chapters 2-4 to avoid specular reflections. Thermo Fisher 

Scientific OMNIC™ Spectra Software is used to collect and analyze spectra from experiments. 

A background spectrum is collected before every experiments at 450 scans. Approximately 20-

40 spectra are collected per experiment, depending on experiment type.  

Figure 8. Nicolet 6700 FTIR located below the Titan 

chamber. Fiber optic “legs” connected to the top of the 

Smart NIR FiberPort accessory (middle of spectrometer) 

extend through the chamber with the single terminator 

end resting just above the sample dish. 
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2.2. Experimental Protocol  

 The first step in every experiment is to purge the chamber of any contaminants (water 

vapor, residuals from previous experiments). To do this, a chamber purge is initiated by flowing 

N2 gas through the chamber and out the main exhaust valve for 10 minutes. Next, the condenser 

is purged by itself for an additional 10 minutes. For each purge, the N2 outlet pressure is 0.5 bar. 

After the chamber is purged, a constant flow of LN2 is used to cool the chamber to the desired 

temperature (depending on which compound is being added to the condenser; see Table 1). Note 

that the duration of individual experiments is ultimately limited by the availability of LN2, as one 

dewar (180 L, 55 psi) lasts around 3-5 hours. After the purges are complete, and the LN2 is 

initiated, we then collect the background spectrum (collected before each new experiment) which 

is automatically subtracted from each sample spectrum. In tandem, we also start running the 

LabVIEW data collection, which constantly records temperatures from all eight thermocouples 

and mass data from the balance. Gases are added to the condenser at the appropriate temperature 

for 10 – 20 seconds so the compound(s) condense (liquid or gas phase), which generally takes 4 

– 5 minutes. A solenoid valve at the bottom of the condenser is then opened, which releases 

(“pours”) the condensed compound(s) into a glass filter (0.4 – 0.6 µm) before reaching the 

sample dish for analysis. The filter ensures that large amounts of solid particles do not reach the 

sample dish. This pouring process may take 2 – 8 minutes, depending on how much sample is 

present. Compounds which are in liquid phase at SATP (benzene, acetonitrile) are added to an 

Erlenmeyer flask inside a custom-built glove box (Fig. 9) which is connected to both a N2 

cylinder and the condenser/exhaust lines. N2 gas is then bubbled through the flask until saturated, 
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at which point the N2-saturated gaseous 

mixture is delivered through the condenser 

(kept as close to room temperature as possible) 

where it deposits onto the sample dish at the 

bottom of the TCB, which is cold enough for 

the sample to deposit in solid phase. We call 

this the “cold trap” method, as the compound is 

“trapped” in the coldest part of the chamber at 

that time. This deposition process generally 

takes 15 – 20 minutes for an appropriate 

amount of sample to be deposited, as 

confirmed by visual and spectral analysis. 

Each research project has its own unique 

experimental protocol that is described within 

the methods section of those corresponding chapters.  

Table 1. Summary of chemical compounds used in this project and their properties. 

Compound Formula Polarity Melting T (K) Boiling T (K) 

Methane CH4 NP –* 111.6 

Ethane C2H6 NP 89.83 184.6 

Acetylene HC≡CH NP 192.3 189.0 

Ethylene H2C=CH2 NP 104.0 169.5 

Benzene C6H6 NP 278.7 353.2 

Acetonitrile H3C–C≡N P 228.0 355.0 

*
Does not freeze under current Titan conditions (89 – 94 K, 1.5 bar N2 atmosphere) due to the 

liquid-vapor equilibrium of nitrogen at 1.5 bar and freezing point depression caused by nitrogen 

dissolution (Farnsworth et al., 2020).  

NP: nonpolar 

P: polar 

Figure 9. Custom-built glove box shown 

with connections to the exhaust system, N2 

cylinder, and condenser.   
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2.3. Experimental Datasets 

2.3.1. Dataset Types  

 Dataset outputs for each experiment include temperature as a function of experimental 

time, mass as a function of experimental time, camera photos and videos, and FTIR spectra.  

Temperature vs time plots (Fig. 10) start at room temperature (~300 K). After LN2 flow 

is initiated, the temperatures rapidly decrease, taking around 30 minutes to reach the point where 

the hydrocarbon gas is added to the condenser. Note the temperature increase/peak in T7 and T8 

(condenser thermocouples) in Figure 10a. This temperature peak is due to the fact that the gas 

being added to the condenser is relatively warmer (approximately room temperature) than the 

temperature of the condenser thermocouples (~100 K to 140 K). However, the gas quickly 

decreases temperature after condensing inside the condenser. Figure 10a shows an example 

where Titan surface temperature (~90 K) in T5 was maintained after the sample was poured onto 

the dish at ~50 minutes (denoted by temperature increase – condenser temperature, T7/8, was 

slightly warmer than the sample dish, T5). The steady increase in temperature at ~90 minutes 

indicates the LN2 dewar became empty. Figure 10b shows an example where the temperature of 

the TCB was allowed to follow a warming and cooling cycle. This is done to either conserve 

liquid nitrogen or to induce evaporation of ethane, because ethane evaporation is negligible at 

Titan surface temperatures.  

Mass vs time plots (Fig. 11) start at approximately zero because the sample dish is empty 

at the beginning of experiments (fluctuations are due to changes in temperature). The increase in 

mass at ~60 minutes is due to the sample (ethane-ethylene) being poured from the condenser to 

the sample dish. The second increase is from additional sample being poured onto the dish. Mass 
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remains relatively constant after the second pour. Error can be calculated and the mass plots can 

be corrected, if needed.  

 

 

  

Figure 10. Temperature profiles of two separate experiments showing constant temperatures 

after the sample is poured (A) compared to fluctuating temperatures after the sample is 

poured (B). Sample additions and pours are labeled. Notice how the condenser thermocouple 

temperatures peak when compounds are added to the condenser. Fluctuating temperature (B) 

conserves LN2 when running multiple experiments in a row.  

 

Figure 11. Mass profile of an experiment showing two pours of 

ethane-ethylene, followed by a relatively stable period (~20 g) after 

the second pour.  
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Optical images (Fig. 12) and videos of the sample are recorded during the pouring 

process to confirm when the sample is being poured onto the dish, as well as during regular 

intervals during the warming phase of experiments to record any changes in sample morphology. 

The angle of the cameras are sometimes altered after opening and closing the chamber, therefore 

images in subsequent chapters may look different from those shown in Fig. 12.   

FTIR spectra are recorded during every experiment as a primary source of information 

about the sample (when the sample is poured, when a certain temperature point is reached, etc.). 

The spectral range of our setup is from 1 – 2.5 µm, however, due to significant noise at longer 

wavelengths, we herein present most spectra with an upper wavelength limit of ~2.29 µm for 

clarity. Figure 13 shows the pure spectra of each compound presented in subsequent chapters: 

methane, acetylene, ethylene, ethane, benzene, and acetonitrile. Here, the spectra are stacked 

(using a feature in OMNIC™), which allows each spectrum to be easily compared at the same 

relative scale.  

 

 

Figure 12. Optical, top-down views of the sample dish showing two slightly different angles. 

(left) thermocouples can be seen touching the edge of the liquid in the dish. Notice the 

reflected light on the liquid (upper right) from the lightbulb inside the TCB. (right) different 

angle showing the FTIR probe and a thermocouple immersed in solid acetylene.  
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Figure 13. FTIR spectra of pure components presented herein. From top to bottom: methane 

has a distinct triplet feature in the C–H first overtone region from ~1.7 to 1.8 µm. Acetylene 

has absorbances at 1.55 µm and 1.93 µm (first overtone region). Ethylene has many different 

C–H stretch bands (1.6 µm to 2 µm), as well as combination bands beyond 2 µm. Ethane has 

C – H first overtone bands similar to ethylene, but starting at longer wavelengths, around 1.7 

µm. Benzene has C – H aromatic stretch bands around 1.7 µm and C – H aromatic 

combination bands from 2.1 – 2.3 µm. Acetonitrile has C – H stretch overtones around 1.7 

µm and C – N first overtone bands around 1.9 µm.  
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2.3.2. Data Curation and Repository Information  

Experimental datasets for each corresponding chapter will be individually curated via 

Zenodo. Other experimental datasets will be curated on the University of Arkansas server and 

will be provided upon reasonable request. The dataset citations for the published chapters are 

listed below.  

Chapter 1: Experimental Study of Ethylene Evaporites Under Titan Conditions 

Czaplinski, E. C., Gilbertson, W. A., Farnsworth, K. K., & Chevrier, V. F. (2021). Experimental 

Study of Ethylene Evaporites under Titan Conditions (Version 1.0) [Data set]. ACS Earth 

and Space Chemistry. Zenodo. DOI:10.5281/zenodo.4784179 

 

Chapter 2: Experimental Investigation of the Acetylene–Benzene Cocrystal on Titan 

Czaplinski, E., Yu, X., Dzurilla, K., & Chevrier, V. (2020). Experimental Investigation of the 

Acetylene-Benzene Co-Crystal on Titan [Data set]. Zenodo. 

DOI:10.5281/zenodo.4110814 
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3. Dissertation Information 

3.1. Objectives and Tasks 

The overarching science questions are as follows:  

• Which combinations of hydrocarbon or nitrile compounds form evaporites?  

• Are these evaporites readily detectable using FTIR spectroscopy?  

Objective 1. Determine to what extent the ethylene evaporite forms in liquid methane, liquid 

ethane, and liquid methane-ethane solutions.  

Task 1: Conduct laboratory experiments to determine ethylene solubility, solvent 

evaporation rates, and evaporite production. 

Objective 2. Determine if acetylene-benzene co-crystal can be detected via FTIR spectroscopy.  

Task 1: Conduct laboratory experiments to determine if the co-crystal forms and 

document how the NIR absorption bands change as a function of temperature. 

Task 2: Identify the primary absorbance features of the co-crystal in the NIR. 

Objective 3. Determine if the acetylene-acetonitrile co-crystal can be detected via FTIR 

spectroscopy. 

Task 1: Conduct laboratory experiments to determine if the co-crystal forms and 

document how the NIR absorption bands change as a function of temperature. 

Task 2: Identify the primary absorbance features of the co-crystal in the NIR. 

Objective 4. Determine how multiple evaporite compounds combined with methane and ethane 

solvents affects the formation and behavior of evaporites. 

Task 1: Conduct laboratory experiments with multiple evaporite compounds.  

Task 2: Observe how differential solubility of multiple evaporite compounds affects 

evaporite formation.  
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3.2. Dissertation Outline 

 This dissertation is divided into four chapters corresponding to four separate studies and 

four articles in various stages of the publication process. Chapter 1 was accepted and published 

in ACS Earth and Space Chemistry in 2019, and Chapter 2 was accepted and published in The 

Planetary Science Journal in 2020 (see the Chapter Publication Status section for more 

information). Each chapter contains specifically detailed information for the corresponding set of 

experiments, as well as a separate abstract, introduction, methods, results, discussion, 

implications for Titan, conclusions, acknowledgements, and references. Following the four 

research chapters, the section titled Dissertation Conclusions and Synthesis combines the 

motivation for this research study, the conclusions of the four research chapters, and further 

discusses the relevance to Titan and missions. The dissertation concludes with an Appendix, 

which includes the Primary Author Contribution Statement signed by the coauthors of each 

chapter, as well as the Primary Author Curriculum Vitae.  

3.3. Primary Author Contribution 

I certify that over 51% of the work presented in this document was completed by the 

primary author, Ellen Czaplinski. More specifically, below is the contribution I deem credible for 

the work completed. Missing percentages are awarded for intellectual contribution by coauthors 

listed within the provided research chapters. 

o Chapter 1: 80% 

o Chapter 2: 85% 

o Chapter 3: 95% 

o Chapter 4: 95% 
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Highlights: 

• Ethylene evaporites were created in the laboratory under Titan surface conditions 
• Solubility and evaporation rates were measured for three types of experiments 
• Evaporite preferentially forms with methane 
• Spectral shifts and the presence of a band at 1.666 µm confirms evaporite formation 
• Upper limit of ethylene evaporite thickness on Titan is ~9 m 

  
1. Abstract 

Titan has an abundance of lakes and seas, as confirmed by Cassini. Major components of 

these liquid bodies include methane (CH4) and ethane (C2H6); however, evidence indicates that 

minor components such as ethylene (C2H4) may also exist in the lakes. As the lake levels drop, 5 

µm-bright deposits, resembling evaporite deposits on earth, are left behind. Here, we provide 

saturation values, evaporation rates, and constraints on ethylene evaporite formation by using a 

Titan simulation chamber capable of reproducing Titan surface conditions (89−94 K, 1.5 bar N2). 

Experimental samples were analyzed using Fourier transform infrared spectroscopy, mass, and 

temperature readings. Ethylene evaporites form more quickly in a methane solvent than in an 

ethane solvent or in a mixture of methane/ethane. We measured an average evaporation rate of 

(2.8 ± 0.3) x 10

-4
 kg m

-2
 s

-1 
for methane and an average upper limit evaporation rate of < 5.5 x 
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10

-6
 kg m

-2
 s

-1 
for ethane for ethane. Additionally, we observed red shifts in ethylene absorption 

bands at 1.630 and 2.121 µm and the persistence of a methane band at 1.666 µm. 

2. Introduction 

Titan’s complex lakes of liquid methane/ethane have intrigued scientists for over a 

decade. In addition to the lakes and seas we observe today, Titan’s past details a history of 

intricate evaporation processes. The identification of probable evaporite deposits at Titan’s north 

pole, south of Ligeia Mare (Barnes et al., 2011; Hayes et al., 2008) included several “dry” 

lakebeds showing a unique signature that was bright in the 5-µm window of the Visual Infrared 

Mapping Spectrometer (VIMS). 

These 5-µm-bright regions have been extensively studied and classified as non-water ice 

materials (Barnes et al., 2005; MacKenzie and Barnes, 2016). The 5-µm-bright deposits 

discovered at Ontario Lacus, described as “bathtub rings” of low water ice condensates, may 

have been deposited in the past when lake levels were higher (Barnes et al., 2009; Cornet et al., 

2012). Although the exact composition of these 5-µm-bright regions is unknown, previous 

studies indicate they may be evaporitic in origin (Barnes et al., 2011; Cordier et al., 2016, 2013; 

MacKenzie and Barnes, 2016; MacKenzie et al., 2014). Evaporites form when dissolved solids 

precipitate out of a saturated solution as that liquid solvent evaporates. Evaporation of the 

solvent causes the solute to deposit as an evaporite either onto the surface (if all liquid has 

evaporated), or at the bottom of the saturated liquid (if not all liquid has evaporated; MacKenzie 

et al., 2014). We therefore sought to study Titan-relevant evaporite materials in the laboratory to 

better constrain the processes that may be occurring in and around Titan’s lakes. 

Recent evaporite studies have included models and theoretical work, (Cordier et al., 

2016, 2013) and some groups are also experimentally working to constrain potential solvents and 
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solutes that may be active in evaporite formation (Cable et al., 2018, 2014; Czaplinski et al., 

2018, 2017; Malaska and Hodyss, 2014; Vu et al., 2014). These previous studies have focused on 

a number of potential evaporite compounds including: C6H6/C2H6 and C2H2/NH3, and 

C2H2/C2H4. Roe et al. (2004) observed a significant increase of ethylene in Titan’s polar 

stratosphere (late southern spring time), suggesting that ethylene may be a common compound in 

Titan’s polar regions, and a possible constituent dissolved in the polar lakes (Singh et al., 2017). 

However, the high solubility values of ethylene in methane/ethane indicate that the lakes contain 

less ethylene than its saturation value (Singh et al., 2017).   

Here, we focus on ethylene (C2H4) as a potential evaporite, dissolved in liquid methane, 

ethane, and methane/ethane. The objective of this paper is to provide laboratory context for 

ethylene evaporite studies on Titan to aid in the understanding of evaporite composition, which 

is currently unknown. We note that studying a single evaporite compound (e.g. ethylene) is a 

simplification of what we presume to occur on Titan, however it is important to isolate 

evaporation rates and detection requirements of simple mixtures before studying more complex 

scenarios.  

3. Experimental Methods 

3.1. Titan Simulation Chamber  

Experiments were performed using a facility at the University of Arkansas that was 

designed to simulate surface conditions on Titan (Wasiak et al., 2013). This facility consists of 

the larger host chamber (Andromeda) with a smaller subsection (the Titan module) where the 

Temperature Control Box (TCB) sits (Figure 1). Titan-relevant temperatures (89 – 94 K) were 

produced by liquid nitrogen flow through coils located both inside and outside of the TCB, and 

inside the condenser. A 1.5 bar atmosphere was maintained via pressurized nitrogen. Once 
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adequate temperatures were reached, the sample was introduced to the condenser where it 

condensed, then exited the bottom of the condenser through a filter and remained in a sample 

dish (15 cm diameter x 2 cm deep). We collected Fourier-Transform Infrared (FTIR) spectra of 

the sample using a Nicolet® 6700 FTIR spectrometer (equipped with a TEC InGaAs® 2.6 µm 

detector and CaF2 beam-splitter) operating from 1 to 2.6 µm with a spectral sampling of 4 cm

-1
, 

spectral resolution of 0.01 cm

-1
, and connected to a fiber optic probe located above the sample 

dish. The bottom of the dish is covered by Spectralon® (from LabSphere), a fluoropolymer that 

has its highest diffuse (Lambertian) performance in the IR portion of the spectrum, which serves 

as the background for all FTIR measurements. Sample mass was continuously measured by a 

Sartorius® GE812 precision balance (precision of 0.01 g). Temperatures of the sample mixture 

and TCB were constantly monitored via eight K-type (+/- 2.2°C) thermocouples placed 

throughout (two in the condenser, two on either side of the condenser, one near the FTIR probe, 

one in the filter, one just above the sample dish, and one directly touching the mixture in the 

sample dish) and connected to a USB data acquisition module (see Fig. 1 for placement). 

3.2. Experimental Protocol 

To perform evaporite experiments, we began by purging the Titan chamber with nitrogen 

(Airgas® industrial grade, >99.998%) for 10 minutes (Singh et al., 2017) to remove any 

contaminants from previous experiments. Next, the condenser was independently purged with 

nitrogen by opening the solenoid and exhaust valves for 10 minutes (Singh et al., 2017) to 

remove any contaminants. We also maintained a pressure of 1.5 bar in the chamber with 
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nitrogen, monitored by a Matheson 63-3161 pressure gauge (0 – 60 psi). After both purges, we 

started the flow of liquid nitrogen, which cools both the TCB and condenser. We then collected a 

background FTIR spectrum of the Spectralon® on the sample dish using Omnic

TM
 FTIR 

software. Next, we started recording temperature and mass data using LabVIEW software. 

Experimental time (in minutes), which will be referenced herein, is synchronized with the 

initiation of the LabVIEW software. 

During evaporite experiments, ethylene must dissolve in the solvent mixture before it is 

introduced to the sample dish. To achieve this, we first injected the gaseous solute (Airgas® ultra 

high purity, 99.9% ethylene) into the condenser, where it condenses to liquid phase below ~104 

Figure 1. Schematic view of the Titan simulation chamber showing a cross-section of the 

Titan module, which includes the balance and temperature control box (TCB; to scale). Gas 

cylinders and feedthroughs are for reference and are not to scale. Red numbers correspond to 

the locations of different thermocouples. 1 is attached to the FTIR probe (~3 cm above 

sample), 2 is the atmospheric temperature above the sample (~2 cm), 3 and 4 are the upper 

atmosphere temperature (~15-20 cm above the sample), 5 is the sample temperature, 6 is the 

filter temperature, and 7 and 8 are the condenser temperatures. (Modified from Farnsworth et 

al., 2019). 
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K. We then introduced gaseous methane (Airgas® chemically pure grade, 99.5%), ethane 

(Airgas® chemically pure grade, 99.5%), or both into the condenser for approximately 10 

seconds, to undergo phase transition below ~113 K. For reference, at 1.5 bar, methane and 

ethane are in the liquid phase from ~123 K to 90 K and ~ 184 K to 90 K, respectively. After 

dissolving ethylene throughout a 10 minute equilibration period, (Singh et al., 2017) a solenoid 

valve was opened, allowing the mixture to exit the bottom of the condenser through a glass-

fritted filter (40-60 µm pore size). This filtering process ensures that no solid particles >40 μm in 

diameter travel through to the sample dish, and was monitored with an endoscope camera. The 

solenoid valve was closed after all the liquid exited the condenser. After the mixture was 

transferred to the sample dish, FTIR spectral measurements were acquired every ~10 minutes 

with a resolution of 4 cm

-1
 and an average of 450 scans. Titan surface temperatures (~89 K – 94 

K) were sustained after the mixture was poured onto the Spectralon® in the sample dish to 

simulate Titan’s surface temperature and pressure.  

It is important to note that our experimental setup only allows approximate abundances of 

gases to be added during the experiment, and it is not until after the experiment is finished and 

the spectra are analyzed by our spectral unmixing model that we can determine the exact 

percentages of each compound in the experiment (See Spectral Unmixing Model Section). We 

calculated band depths using the Omnic software, which outputs relative reflectance values. 

Error from these band depth measurements is from the average noise of the spectrometer, which 

was calculated by taking the standard deviation of the reflectance values from 1.45 – 1.55 µm, as 

this is a relatively “flat” portion of our experimental spectra with no absorption bands. These 

standard deviation values were inserted as error bars to each respective sample point on the band 

depth graphs. 



 

 36 

Evaporite detection required that the solvent (ethane/methane) evaporated gradually, 

leaving behind some residual solute (ethylene). For the methane experiments, we maintained 

Titan temperatures in the TCB because methane readily evaporates at Titan conditions (Luspay-

Kuti et al., 2015, 2012). However, ethane evaporation on the timescales of our experiments is 

negligible (Luspay-Kuti et al., 2015), therefore to induce ethane evaporation, the temperature of 

the sample was increased. For ethane/ethylene mixtures, we maintained Titan temperatures (~94 

K) for one experiment, and slowly warmed the sample to ~139 K for a second experiment. 

Although ethylene is in liquid phase at the warmer temperatures during the forced evaporation 

experiment, we note that this could be a local mechanism to enrich a lake in ethylene, while 

further cooling of the lake may allow ethylene to precipitate. 

3.3. Spectral Unmixing Model 

 Various spectra of the pure components (CH4, C2H6, C2H4) were recorded before use in 

these experiments (Fig. 2). The pure spectra recorded included both liquid and solid phases of 

ethylene and ethane, and the liquid phase of methane. Any compound mixture should have a 

spectrum that is some combination of the spectra of its components. We wrote a Python code to 

decompose a given spectrum into a best fit of linear combinations of pure spectra added together. 

This technique provided the weighted composition of the mixture throughout the evaporation 

process. For compound spectra (C) with i components, the Python code breaks down C into pure 

spectra (P) as follows: 

! = # + %& +'(!)!
!

 

The A and %& terms allowed for the correct of a constant offset and baseline slope, respectively. 

The spectra tended to increase in reflectance throughout the duration of an experiment, which 

lead to a vertical offset. Due to instrumental error there was also an occasional slope to the 
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baseline of the reflectance, which was corrected with a simple wavelength (&) dependent linear 

term. The mole fraction of a pure spectrum ((!) was normalized so the sum added to 100%. This 

process is similar to previous studies (Singh et al., 2017), but is an original process for these 

experiments. The reflectivity of a component was assumed to be proportional to the number of 

moles of that component, thus the mole fraction of each pure spectrum can be calculated from 

the compound spectrum. The component percentages listed in the Results section are all the mole 

fractions given by this analysis. Also listed is the goodness of fit (Table S1), which is defined by 

total chi-squared value divided by the degrees of freedom. All of our values are close to 1, which 

shows that the spectral unmixing model is doing an acceptable job. Values significantly lower 

than 1 would be a sign of over-fitting the data, and likewise values significantly larger than 1 

would be a sign of under-fitting the data. The largest final value for goodness of fit (1.37) shows 

that our model is, at worst, significant with a critical value of 2.5%. Other goodness of fit values 

all show significance with critical values of 1%. 

 We assume that this is an accurate method, as the pure spectra were recorded in both 

liquid and solid phases stable at Titan temperature and pressure in our chamber. This allowed us 

to model compound mixtures that are both liquid-liquid, as well as solid-liquid to capture the 

formation of evaporites. The only error introduced would come from the spectrometer. This error 

is largely accounted for in the %& term, and utilized in the chi-squared minimization used to find 

the best fit. 
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Figure 2. Pure spectra from each species used in this study. Black, solid ethylene; gold, liquid 

ethylene; blue, solid ethane; magenta, liquid ethane; and gray, liquid methane. 
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4. Results 

Here, we present NIR reflectance spectra for three types of example experiments: 

methane/ethylene, ethane/ethylene, and methane/ethane/ethylene. Each experiment has been 

repeated several times. Additional spectral, mass, and temperature data from repeated 

experiments can be found in supporting information. Table 1 shows fundamental vibrational 

frequencies and band assignments for these compounds of interest, as they will be referenced to 

throughout the paper. Because the edges of our wavelength range show significant noise, we 

focus on the range from ~1.3 – 2.3 µm, for clarity. 

  

Figure 3. Example of a spectrum from the unmixing model (orange) compared to an 

experimental spectrum (blue) from a methane/ethylene experiment. This was during 

the methane evaporation phase with methane and ethylene components at 57% and 

43%, respectively. Our model accurately fits highly mixed spectra, as shown.  
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Table 1. Spectral band assignments for the compounds used in this study. 

Compound Assignment Sample Condition Freq (cm-1) Freq (µm) This Study 
(µm) 

CH4 2ν3  CH4 in liquid Ar# 5991 1.669170422 1.669  
ν1/ν3 + ν2 + ν4 CH4 in liquid Ar# 5805 1.722652885 1.723 

  
CH4 liquid# 5801 1.723840717 

 
ν1 + 2ν4 CH4 in liquid Ar# 5573 1.794365692 1.796 

  
CH4 liquid# 5564 1.797268152 

C2H6 ν7 + ν10 room temp, 30 mbar^ 5948.338 1.681141858 1.688 
 

2ν1 room temp, 30 mbar^ 5901.3 1.694541881 1.697 
  

 
  

2.014 
  

 
  

2.030 

C2H4 ν5 + ν9 C2H4 in liquid Ar+ 6142.5 1.628001628 1.632 (liq) 
1.634 (sol)  

 
C2H4 at 110 K+ 6126.6 1.632226684 

 
ν9 + ν2 C2H4 in liquid Ar+ 4723.2 2.117208672 2.123 (liq) 

2.125 (sol)   
C2H4 at 110 K+ 4710.6 2.122871821 

#
From Blunt et al. (Blunt et al., 1997) 

^
From Hepp and Herman (Hepp and Herman, 2000) 

+
From Brock et al. (Brock et al., 1994) 

 

4.1. Methane and Ethylene 

For this experiment, we added 76.3% methane and 23.7% ethylene to the condenser. 

Offset reflectance FTIR spectra from these experiments are shown in Figure 4 (left). The red 

spectrum in Figure 4 represents the first spectrum of the experiment (t = 81 min), immediately 

after the mixture was poured onto the sample dish from the condenser. The black spectrum 

shows an intermediate spectrum (t = 136 min). The blue spectrum in Figure 4 represents the final 

spectrum of the experiment (t = 230 min), which ended with 2.0% methane and 98.0% ethylene. 

Throughout the experiment, the baseline reflectance increased, starting around 40% and ending 

at approximately 80%. 

Mass data for the methane/ethylene experiment shows that the sample was poured in the 

dish at ~70 minutes, reaching a maximum mass of ~11.3 grams before methane began 

evaporating after ~90 minutes (Fig. 4, right). Herein, we note that all reported mass data has been 
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corrected for a slight mass drift inherent to the balance at these extremely low temperatures 

(described in detail in Supporting Information). We report a methane evaporation rate of (2.6 ± 

0.4) x 10

-4 
kg m

-2 
s

-1 
(Table 2), which is consistent with previously reported experimental values 

on pure methane evaporation. 

 

Band depth calculations were performed on the major absorption bands of methane 

(1.669 µm, 1.723 µm, 1.796 µm) and ethylene (1.630 µm, 2.121 µm). As experiment time 

increased, the methane bands decreased in depth, while the ethylene bands increased in depth. 

The 1.669 µm methane band decreased in relative reflectance from 9.9% to 0.0%, the 1.723 µm 

methane band decreased from 11.0% to 0.3%, and the 1.796 µm methane band decreased from 

8.3% to 0.0% (Fig. 5). Ethylene bands at 1.630 µm and 2.121 µm increased in relative 

reflectance from 12.2% to 57.6%, and 9.2% to 49.7%, respectively (Fig. 5). Notice how this 

81

136

230

Figure 4. Methane/ethylene spectra, offset for clarity (left). Initial spectrum is shown in red, 

intermediate in black, and final in blue. Gray vertical bars indicate VIMS windows. Notice the 

increase in reflectance throughout the experiment. Mass data from the methane/ethylene 

experiment (right). Mass was approximately zero before the mixture was poured in the sample 

dish (~70 min), and reached a maximum mass of ~11.3 grams. Methane evaporated 

throughout the experiment, as seen by the almost immediate decrease in mass after ~90 

minutes. Colored arrows correspond with the time each spectrum was taken. 
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increase coincides with the lowest relative reflectance value of methane before reaching zero. 

Additionally, the decrease in methane band depths throughout the experiment is relatively linear 

unlike the sharp, fourfold increase observed in the ethylene band depths at ~150 minutes (Fig. 5). 

 

 

 

 

 

 

 

 

 

 

 

 

We observed red shifts of the 1.630 µm and 2.121 µm ethylene bands by 0.003 µm and 

0.004 µm, respectively (Fig. 6 A,B). Given that the spectral resolution of the spectrometer is 

0.01cm

-1
 and the 0.003 µm and 0.004 µm red shifts correspond to shifts of 11.271 cm

-1
 and 8.875 

cm

-1
, respectively, these red shifts are well within the resolvable range of the spectrometer. The 

last spectral measurement taken is shown by the blue spectrum (Fig. 4, left), and nearly matches 

the pure ethylene spectrum (Fig. 2). It is not an exact match because a band at 1.666 µm is still 

Figure 5. Methane band depths (blue) from the methane/ethylene experiment 

show a decrease in characteristic methane bands (1.669 µm, 1.723 µm, 1.796 

µm), while ethylene band depths (black) show an increase in characteristic 

ethylene bands (1.630 µm, 2.121 µm). The sudden increase of ethylene band 

depths at ~150 minutes most likely indicates saturation. Error bars are the 

same size or smaller than point markers. 
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present in the final spectrum of the experiment (Fig. 6C). This 1.666 µm band originates from 

the first overtone region of the pure methane spectrum, but does not disappear throughout the 

duration of the experiment like all other methane bands. 

4.2. Ethane and Ethylene 

 90 K Experiment: This experiment consisted of 87.9% ethane and 12.1% ethylene, 

initially. Figure 7 (left) shows the offset FTIR spectra. The first spectrum was taken immediately 

after the mixture was poured onto the sample dish (t = 95 min), and is indicated by the red 

spectrum in Figure 7. An intermediate spectrum was taken at t = 132 min. The final spectrum for 

this experiment is highlighted in blue in Figure 7 (t = 187 min) and contained 76.0% ethane, and 

A B

C
Figure 6. (A) Horizontal band shift of the 

1.630 µm ethylene signature from initial 

spectrum (red) to final spectrum (blue). 

(B) Horizontal band shift of the 2.121 µm 

ethylene signature from initial spectrum 

(red) to final spectrum (blue). (C) The 

1.666 µm band from pure methane 

remained in the sample from the 

methane/ethylene experiment. An increase 

in band depth is observed from the initial 

(red) to final (blue) spectrum.  
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24.0% ethylene. The spectrum in Figure 7 shows an approximately constant baseline reflectance 

around 35% - 40%, and minor variations in band depth.  

Figure 7 (right) shows the mass data for this experiment. This experiment included two 

pours due to nonideal chamber conditions after the first pour. The analyzed ethane/ethylene 

sample was poured onto the petri dish ~85 minutes after the start of the experiment. After the 

pour, the mass remained constant (~20 g). We report an upper limit ethane evaporation rate of < 

7.0 x 10

-6 
kg m

-2
 s

-1 
(Table 2), which is consistent with the upper limit previously reported by 

Luspay-Kuti et al. (2015).   

No red shifts of any bands are present in the spectra when comparing to the pure 

endmembers of ethane and ethylene (Fig. 2). Band depth calculations (Fig. 8) were performed on 

ethane bands (1.688 µm, 1.697 µm, 2.014 µm, and 2.030 µm) and ethylene bands (1.630 µm, 

2.121 µm). As time increased, ethylene band depths consistently increased, while ethane band 

depths remained constant throughout the experiment. The average relative reflectance values of 

the 1.688 µm, 1.697 µm, 2.014 µm, and 2.030 µm ethane bands were 4.0%, 2.3%, 3.9%, and 

2.3%, respectively (Fig. 8). The 1.630 µm ethylene band depths increased in relative reflectance 

from 1.61% to 6.59%, whereas the 2.121 µm ethylene band depths increased from 1.7% to 3.0% 

(Fig. 8).  
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132 18795

Figure 7: Ethane/ethylene spectra, offset for clarity (left). Initial spectrum is shown in red, 

intermediate in black, and final in blue. Vertical, gray bars indicate VIMS windows. Notice 

the increase in reflectance throughout the experiment. Mass data from the ethane/ethylene 90 

K experiment (right) shows two separate pours due to nonideal chamber conditions in the first 

pour: one at ~60 minutes and one at ~80 minutes. Spectral analysis only includes data after 

the second pour. Notice the relatively stable mass from ~100 minutes to the end of the 

experiment. Colored arrows correspond with the time each spectrum was taken. 

 

 

 
 

Figure 8. Ethane band depths (red) from the 90 K ethane/ethylene 

experiment show no overall change in characteristic ethane bands 

(1.688 µm, 1.697 µm, 2.014 µm, and 2.030 µm), while ethylene band 

depths (black) show an increase in characteristic ethylene bands 

(1.630 µm and 2.121 µm). 
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4.3. Forced Evaporation Experiment 

 We also performed a second ethane/ethylene experiment, but instead of maintaining Titan 

temperatures throughout the experiment, the TCB was warmed from ~92 K to ~139 K over a 

period of 94 minutes to induce evaporation of ethane. See Figure S8 for a temperature profile of 

the sample over the duration of this experiment. 

 Figure 9 shows the offset FTIR spectra for this experiment (initial spectrum in red, final 

spectrum in blue). The spectral results of this experiment show relatively constant band depths 

for the first ~120 minutes (average temperature of 104 K), then a sudden decrease in both 

species’ band depths starting at 186 minutes (118 K) and ending at 219 minutes (139 K; see Fig. 

10). Band depth measurements (Fig. 10) support these spectral results. No red shifts of bands 

were observed during this experiment. 

Figure 9. Ethane/ethylene spectra, offset for clarity. Initial 

spectrum is shown in red, intermediate in black, and final in blue. 

Vertical, gray bars indicate VIMS windows. Notice the increase in 

reflectance throughout the experiment. 
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4.4. Methane, Ethane, and Ethylene 

Protocol for this experiment included: 50.1% methane, 44.9% ethane, and 5.0% ethylene, 

initially. Offset reflectance FTIR spectra is shown in Figure 11 (left), with the first sample shown 

by the red spectrum, and final spectrum shown in blue. The spectra in Figure 11 show variation 

from the initial spectrum to the final spectrum, which was 0.2% methane, 91.9% ethane, and 

7.9% ethylene. The methane in the sample mixture evaporated in this experiment, which explains 

the percentage difference from initial to final spectrum. 

Figure 11 (right) shows the mass data for the methane/ethane/ethylene experiment. The 

methane/ethane/ethylene sample was poured into the petri dish at ~65 minutes, reaching a 

maximum mass of ~16 g. An immediate decrease in mass (70-100 minutes) to ~12 g was 

followed by a stable period (100-150 minutes). 

Figure 10. Ethane band depths (red) from the force evaporated experiment 

show constant band depths until force evaporation (~200 minutes), but 

ethylene band depths (black) began decreasing sooner, around 150 minutes.     
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Baseline reflectance slightly increased throughout the experiment, beginning at ~10% 

and ending at ~25%. The methane band depth (1.669 µm) decreased from 0.6% to 0.0% (Fig. 

12). Ethane band depths (1.688 µm, 1.697 µm, 2.014 µm, and 2.030 µm) were almost constant at 

2.7%, 1.9%, 2.9%, and 1.8% respectively (Fig. 12). Ethylene (1.630 µm and 2.121 µm) band 

depths slightly increased in relative reflectance from 3.4% to 5.3% and 26% to 3.3%, 

respectively (Fig. 12). No red shifts of bands were observed in this experiment. 

 

 

 

 

72

133

189

Figure 11. Offset reflectance spectra from the methane/ethane/ethylene experiment (left). 

The initial spectrum is shown in red, intermediate in black, and final in blue. Notice the 

disappearance of the 1.669 µm methane band throughout the experiment. Mass data from the 

methane/ethane/ethylene experiment (right) showing that the sample was poured at ~70 

minutes, followed by steady state methane evaporation and a semi-stable period of the 

ethane/ethylene mixture. Colored arrows correspond with the time each spectrum was taken.  
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Figure 12. Methane band depths (blue) from the methane/ethane/ethylene experiment show a 

decrease in the methane band (1.669 µm). Ethane band depths (red) show no significant 

change in ethane bands (1.688 µm, 1.697 µm, 2.014 µm, and 2.030 µm). Ethylene band 

depths (black) show an increase in both ethylene bands (1.630 µm and 2.121 µm).   
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Table 2. Initial/final mole fractions, sample temperature, and evaporation rates from all experiments. 

 

 
 
 

Compounds in 
Experiment 

Initial Mole 
Fraction (%) 

Avg. Sample 
Temp During 

Spectral 
Acquisition (K) 

Final Mole 
Fraction (%) 

Methane 
Evaporation Rate 

(Earth)  
(kg m-2 s-1) 

Methane 
Evaporation Rate 

(Titan)  
(kg m-2 s-1) 

Ethane 
Evaporation 
Rate (Earth) 
(kg m-2 s-1) 

Ethane 
Evaporation 
Rate (Titan) 
(kg m-2 s-1) 

CH4:C2H4 80.5:19.5 93.66 40.9:59.1 * (3.0±0.5) x 10-4 (1.1±0.2) x 10-4   

CH4:C2H4 76.3:23.7 90.43 41.0:59.0 * (2.6±0.4) x 10-4 (1.0±0.2) x 10-4   

C2H6:C2H4 87.9:12.1 93.71 76.0:24.0   <4.9 x 10-6 <1.8 x 10-6 

C2H6:C2H4 91.8:8.2 93.58 84.6:15.4   <3.5 x 10-6 <1.3 x 10-6 

C2H6:C2H4 & 65.1:34.9 109.48 &   & & 

CH4:C2H6:C2H4 18.1:64.7:17.2 95.39 8.1:76.4:15.5 (3.4±0.7) x 10-4 (1.3±0.3) x 10-4 <6.8 x 10-6 <2.5 x 10-6 

CH4:C2H6:C2H4 50.1:44.9:5.0 96.02 0.2:91.9:7.9 (2.7±0.6) x 10-4 (1.0±0.2) x 10-4 <7.0 x 10-6 <2.6 x 10-6 

CH4:C2H6:C2H4 21.8:74.7:3.5 94.37 0.2:93.5:6.3 (2.5±0.9) x 10-4 (0.9±0.3) x 10-4 <5.2 x 10-6 <1.9 x 10-6 

* Second number represents saturation value of ethylene. 
& Forced evaporation experiment: evaporation rate not relevant. 
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5. Discussion 

5.1. Evolution of Spectra 

Results for the methane/ethylene experiments are as follows: methane being the more 

volatile solvent (Luspay-Kuti et al., 2015) evaporated out of the system, leaving behind a solid 

residue of ethylene ice. Immediately after this mixture was poured onto the sample dish, the 

spectrum resembled a mixture of methane and ethylene in liquid phase. However, as additional 

spectral samples were taken, this liquid methane began evaporating, resulting in precipitation of 

solid ethylene (Fig. 5) until the only species left in the sample dish was ethylene. The band 

depths in Figure 5 show that methane values decreased from beginning of the experiment, while 

ethylene did not change until ~150 minutes. These results, along with the increase in ethylene 

band depths after 150 minutes (Fig. 5) indicate ethylene precipitation in conjunction with 

complete methane evaporation. Increasing reflectance and band depth for ethylene could also 

indicate ethylene slowly becoming the dominant species in the mixture. The overall increase of 

reflectance and red shifts, which occurred when dissolved ethylene changed to precipitated 

(solid) ethylene, suggests that the sample becomes enriched in the solid phase, which stems from 

the solvent’s evaporation. The band at 1.666 µm (Fig. 6C) is associated with pure methane. 

Initial reports of the IR absorption bands of methane describe a band at 1.666 µm as being the 

partially resolved first harmonic of the 3.33 µm band (Cooley, 1925; Ellis, 1927), the first 

overtone of the ν3 fundamental (Nelson et al., 1948), and was classified as 2ν3 (Moorhead, 1932; 

Norris and Unger, 1933). However, there are discrepancies as to whether these early studies may 

be referring to the band at 1.669 µm, which is the most apparent methane band in this study and 

has also been classified as 2ν3. In either case, our spectral results show the persistence of this 

1.666 µm methane band throughout the methane/ethylene experiment. This could mean that a 
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small amount of methane may remain in contact with the ethylene evaporite.  

In the 90 K ethane/ethylene experiment, there was no significant evaporation of ethane or 

ethylene, as shown in the spectra and band depth graphs (Figs. 7, 8). This is due to ethane’s low 

vapor pressure, which prevented it from evaporating at Titan surface conditions in our chamber 

(Luspay-Kuti et al., 2015). Stable ethane band depths confirm this interpretation. Most 

differences between the methane and ethane experiments stem from each solvent’s individual 

vapor pressure. A more significant change is seen in the ethylene band depths, as they increased 

throughout the experiment. Thus, ethylene forms evaporites slowly with ethane since ethane 

evaporates slowly. This is contrary to methane, which evaporates quickly, allowing the ethylene 

evaporite to form much quicker. 

In the methane/ethane/ethylene experiment, no ethane evaporation occurred, for the same 

reason as the ethane/ethylene experiment at Titan temperatures. Given the increased and 

relatively constant band depths of ethane, we assumed that an insignificant amount of ethane 

evaporated, which is consistent with our calculated upper limit of ethane evaporation (Table 2). 

Similar to the other experiments, ethylene band depths increased. The 1.669 µm methane band 

depth decreased to zero, which indicates complete evaporation from the sample, and no apparent 

precipitation of ethylene. 

5.2. Band Shift and Phase Change 

 One objective of studying a single compound during the evaporation process is to 

identify the transition between dissolved ethylene and solid ethylene solute/solvent interaction. 

The red shifts in this study are most clearly defined in the ethylene bands at 1.630 µm and 2.121 

µm, however we observe the band shifts throughout the ethylene spectrum. These red shifts are 

indicative of a transition from dissolved ethylene to solid ethylene, and can be explained by the 
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increased density, stronger interactions and C—H bonds, and closer packing in the solid phase 

when compared to the liquid phase (Abramczyk and Paradowska-Moszkowska, 2001). Initially, 

ethylene was dissolved in the methane mixture, but as methane evaporated, ethylene reached 

saturation. At that point, solid ethylene particles were precipitated in the sample dish to form a 

residual solid, indicated by the red shifts. This transition from dissolved to solid ethylene was not 

observed in the ethane/ethylene experiment at Titan temperatures because no significant amount 

of ethane evaporated. Therefore, ethylene remained in a binary mixture with liquid ethane so 

long as ethane did not completely evaporate. Further, we detected no transition in the 

methane/ethane/ethylene experiment either. Although methane evaporated out of the system, 

ethane was still available as a solvent in which ethylene could remain dissolved. This 

interpretation is also consistent with the fact that no residual solid formed for this experiment, 

(i.e. lack of band shifts). Given that we measured an average upper limit of ethane evaporation of 

<5.5 x 10-6 kg m-2 s-1, and modeled ethane evaporation rates on Titan are on the order of 10-8 kg 

m-2 s-1 (Tokano, 2009), given a long enough period of time, ethane may eventually evaporate 

completely and leave behind an ethylene evaporite. Alternatively, ethylene may evaporate along 

with the ethane solvent, as shown in our forced evaporation experiment. 

5.3. Solubility 

The initial mole fractions for each experiment were calculated using the analysis outlined 

in the Spectral Unmixing Model section. Given that the solubility is 56% mole fraction for 

ethylene in methane and 48% mole fraction for ethylene in ethane (Singh et al., 2017), we 

determined that each of our experiments were well within these solubility limits. The average 

mole fractions were calculated as 59.1%, 19.7%, and 9.9% in methane, ethane, and a 

methane/ethane mixtures, respectively. We note that our ethane value is significantly lower than 
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48% reported in Singh et al. (2017), which is in part due to different experimental protocols 

between solubility experiments and evaporite experiments. Combining these mole fraction 

values with the fact that large lakes on Titan may not be saturated in ethylene (Singh et al., 

2017), we are confident that the ethylene concentrations in our experiments are appropriate for 

Titan. However, we note that these experimental conditions may not be truly representative, 

because the composition of Titan’s evaporites is still unknown. In the methane/ethylene 

experiment, we calculated the mole fraction of ethylene during methane evaporation. Figure 5 

shows the final methane evaporation occurring between t = 146 and 185 minutes, since this is 

when the methane band depths decreased to 0% relative reflectance. During this process (t = 165 

minutes), the mole fraction of ethylene was measured at 59.0% mole fraction. When compared to 

56% mole fraction (Singh et al., 2017), our value of 59.0% mole fraction indicates that the 

solution may be slightly supersaturated.  

5.4. Implications for Titan’s Lakes 

On Titan, ethylene evaporite deposits would form quicker in lakes or seas dominated by 

methane. Titan’s northern lakes have been predicted to be dominated by methane during the 

current season (Luspay-Kuti et al., 2015; Mastrogiuseppe et al., 2019, 2018, 2016, 2014), 

therefore we may expect the formation of ethylene evaporites in north polar lakes after solvent 

evaporation. From this, and given the methane and ethane evaporation rates reported in this 

paper (Table 2), we calculated the time of evaporation and thickness of ethylene evaporite, 

assuming ethylene dissolution in these lakes. To determine the thickness of an ethylene evaporite 

layer deposited in one of Titan’s northern lakes (e.g. Winnipeg Lacus), we assume lake surface 

area, depth, and methane-dominated lake composition from (Mastrogiuseppe et al., 2019) 

methane evaporation rates from Table 2, and a methane density of 452 kg m-3 (Malaska et al., 



 

 55 

2017). For Winnipeg Lacus, it would take ~5 years to produce an ethylene evaporite with a gross 

total thickness of ~9 m. In the case of a methane/ethylene lake presented here, we deem an 

evaporite thickness of ~9 m to be reasonable (albeit high) owing to ethylene’s high solubility in 

methane (Singh et al., 2017; see details in Supporting Information S12). Additionally, this 

calculated thickness does not take into account erosion by wind or sublimation processes that 

may occur, and assumes that the lake is saturated in ethylene, thus at the end of the ~5 year 

timescale the evaporite would ultimately be less than 9 m thick.  

Ethane may also be volatile on timescales longer than a season (Lunine et al., 1983; 

Mousis et al., 2016). Ethylene’s approximately equal solubility in both methane and ethane 

suggests evaporite formation in methane-dominated lakes on a seasonal timescale, but possible 

evaporite formation in ethane-dominated lakes may occur on longer-than-seasonal timescales 

(i.e. Croll-Milankovich timescale). 

The VIMS 5 µm window allowed for observations of spectral units that represent water-

ice-poor material on Titan that are most likely evaporites (Barnes et al., 2011, 2009, 2005; 

MacKenzie and Barnes, 2016). According to (Clark et al., 2010) ethylene (92 K) has a band 

center at 4.90 µm, which falls in the VIMS 5 µm window range. Future experimental studies 

should extend spectral measurements to 5 µm to determine and characterize absorptions that 

occur at longer wavelengths. 

6. Conclusions 

By using a unique Titan chamber, we simulated ethylene evaporites in a Titan-like 

environment. Three types of experiments were performed: methane/ethylene, ethane/ethylene, 

and methane/ethane/ethylene. Through analysis of spectra, band depths, and temperature, we 

report that a residual evaporite deposit only formed in the methane/ethylene experiment, due to 
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near complete evaporation of methane. Ethane evaporates much slower than methane at Titan 

surface conditions, which holds true for our experiments, as no ethylene evaporite formed on the 

duration of our ethane-dominated experiments. However, these results do not preclude ethylene 

evaporites from forming in an ethane-dominated lake or sea on Titan, given longer timescales. 

Our results imply that ethylene may be a good candidate for evaporite deposits at Titan 

conditions, because ethylene is approximately equally soluble in both methane and ethane 

solutions. Ethylene evaporites may be restricted to methane-dominated lakes, however, and may 

not be easily detectable in the 1.6 µm and 2.0 µm VIMS windows. 

The recently selected New Frontiers mission, Dragonfly, may be able to constrain the 

composition of equatorially located Tui and Hotei Regiones, proposed paleo seas that contain the 

largest 5-µm-bright evaporitic features on the satellite (MacKenzie and Barnes, 2016). Dragonfly 

will land in Titan’s dune fields (Lorenz et al., 2018; Turtle et al., 2018), which likely contain 

material sourced from ancient evaporite deposits. If Tui and Hotei Regiones are indeed 

evaporitic, as previously implied (Barnes et al., 2011; MacKenzie and Barnes, 2016; MacKenzie 

et al., 2014), our work here could provide initial constraints on the genesis and processing of 

these proposed evaporites (i.e., thickness, stratification), in addition to understanding the 

evolution the dune material underwent before becoming incorporated into the dunes that will be 

sampled by Dragonfly.  
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7. Supporting Information 

7.1. Mass Analysis Code  

 The mass analysis code accomplishes two goals: measuring the evaporation rate of liquid 

components and correcting for any “drift” in the balance. The cause of the balance drift is most 

likely due to its interaction with the cold temperatures of our experiments, as the balance appears 

to slowly change its zero point over the course of an experiment. Fortunately, this scale drift can 

be modeled as an exponential increase in the mass and thus it can be easily corrected. An 

example of what our corrected mass data looks like is shown in (Fig. S1). 

 The starting point for our model is that the evaporation rate (!̇) is assumed to be directly 

proportional to the surface area (#) of the liquid. It is important to note that the constant of 

proportionality ($) will have units of kg s-1 m-2. 

!̇ = −$# 

This assumption allows us to extrapolate our model to the lakes on Titan. In our 

experiments the liquid does not take the form of a large lake, but rather that of a small puddle, 

which we will model as a spherical cap, with the given volume (') and surface area, based on its 

height (ℎ), and radius ()). 

' = *ℎ
6 (3)! + ℎ!) 

# = *	()! + ℎ!) 

The maximum height that a puddle of liquid can reach depends on various physical properties of 

the liquid, as well as its environment. This can be calculated with the following formula: 

ℎ = 123(1 − cos 8)9:  
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Here 3 is the surface tension of the liquid, 8 is the contact angle of the liquid on the surface, 9 is 

the acceleration due to gravity, and : is the density of the liquid. Because all of these variables 

are known and fixed in the laboratory setting, we can calculate the maximum height of a puddle 

of liquid.  

 With the height now being a fixed number for each experiment, we can find a 

relationship between mass and surface area. Mass (!) is a function of density and volume, while 

volume can be rewritten as a function of surface area by solving for radius. 

# = 2!
:ℎ  

This equation can be substituted into the original evaporation rate equation to create an easily 

solved differential equation, with an exponential form. 

! = !";#
!$
%&' 

This exponential decay as a function of time (<), has the multiplicative constant (!") 

representing the initial mass of the evaporating material. 

 This reduces the evaporation model down to only two parameters: the multiplicative 

constant and the exponent. The evaporation rate per unit area can be calculated from the 

exponent (=) easily: 

$ = −=:ℎ2  

The final overall fit accounts for the exponential scale drift (with initial error > and exponent ?), 

the evaporation of the liquid, and the constant mass of the evaporite material (!()). Lastly, as 

there is some amount of time in the experiment before the components are poured into the 

sample dish, a time offset is applied to the evaporating liquid and evaporite material mass of <". 

!(<) = >;*' +!";#
!$
%&('#'!) +!()(< − <") 
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7.2. Data from Additional Experiments 

7.2.1. Repeated methane/ethylene experiment:  
 

 

Figure S1. Comparison between raw balance data (blue) 
and data corrected for the gradual balance drift (black). 

Figure S2. Methane/ethylene spectra from a repeated 
experiment, offset for clarity. Initial spectrum is shown in 
red, intermediate in black, and final in blue. Notice the 
increase in reflectance throughout the experiment and 
disappearance of the methane triplet 
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Figure S3. Methane band depths (blue) from a repeated 
methane/ethylene experiment show a decrease in characteristic 
methane bands (1.669 µm, 1.723 µm, 1.796 µm), while ethylene 
band depths (black) show an increase in characteristic ethylene 
bands (1.630 µm, 2.121 µm). The sudden increase of ethylene 
band depths at ~120 minutes most likely indicates saturation. 
Error bars are the same size or smaller than point markers. 
 

Figure S4. Mass data from a repeated methane/ethylene 
experiment. Sample was poured onto the sample dish at 
~75 minutes and reached a maximum mass of ~8.8 grams. 
Methane evaporation occurred from ~87-130 minutes, 
leaving behind ~2.5 grams of ethylene evaporite.  
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7.2.2. Repeated ethane/ethylene experiment: 

 

 

Figure S5. Ethane/ethylene spectra from a repeated 
experiment, offset for clarity. Initial spectrum is shown 
in red, intermediate in black, and final in blue. Notice 
the relatively constant reflectance throughout the 
experiment, and unchanged ethane bands. 
 

Figure S6. Ethane (red) and ethylene (black) band depths 
from a repeated 90 K ethane/ethylene experiment. The 
reflectance increase in all bands around 60-70 minutes is 
attributed to ethane freezing. 
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Figure S7. Mass data from a repeated ethane/ethylene experiment. The 
sample was poured onto the sample dish at ~60 minutes. The balance 
malfunctioned during this experiment, so the mass data from 60-80 
minutes was lost. The connecting line does not represent the pour; it 
connects what was measured before and after the balance malfunction. 

Figure S8. Temperature profile from the ethane/ethylene forced 
evaporation experiment. The sample was warmed then cooled 
immediately after pouring (~100 minutes) in an attempt to 
induce evaporation gradually. Then liquid nitrogen was 
decreased, which allowed steady warming from ~120 minutes 
to the end of the experiment.  
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Figure S9. Mass data from the forced evaporated ethane/ethylene experiment. Mass was 
approximately zero before the mixture was poured at ~100 minutes, reaching a maximum 
mass of 10 grams before being force evaporated. The increase in mass from ~100 to 200 
minutes is due to fluctuations in the readings of the balance from the increase in temperature. 
Notice how quickly the mass decreases from 200 to 250 minutes, as a result of the mixture 
evaporating in the warming temperatures of the TCB. 
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7.2.3. Repeated methane/ethane/ethylene experiments: 

 
 

  

Figure S10. Methane/ethane/ethylene spectra from a repeated 
experiment, offset for clarity. Initial spectrum is shown in red, 
intermediate in black, and final in blue. Notice the relatively 
constant reflectance throughout the experiment. 

Figure S11. Methane, ethane, and ethylene band depths from 
a repeated experiment shown in blue, red, and black, 
respectively.  
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Figure S12. Mass data from a repeated methane/ethane/ethylene experiment. Evaporation of 
some methane is shown. After ~60 minutes. There were two pours in this experiment – one 
for just ethane, and one for the methane/ethylene mixture. The increase in mass at ~50 
minutes connects the beginning of the first pour to the end of the second pour, in order to 
properly analyze the balance drift.  
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Figure S13. Methane/ethane/ethylene spectra from a repeated 
experiment, offset for clarity. Initial spectrum is shown in red, 
intermediate in black, and final in blue. Notice the relatively 
constant reflectance throughout the experiment, and 
disappearance of methane bands by the final spectrum.   

Figure S14. Methane, ethane, and ethylene band depths from a 
repeated experiment shown in blue, red, and black, 
respectively. Notice the constant depths of ethane and ethylene 
bands, but the decrease in methane bands, indicating 
evaporation.  
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Compounds in 
Experiment 

Spectral 
Acquisition 
Times (min) 

STDEV of Avg. 
Sample Temperature 

Initial Goodness 
of Fit 

Final Goodness 
of Fit 

CH4:C2H4 81-199 4.82 0.91 1.37 

CH4:C2H4 81-230 3.63 1.69 1.31 

C2H6:C2H4 95-187 2.10 1.00 1.33 

C2H6:C2H4 78-164 2.37 1.19 0.99 

C2H6:C2H4 A 62-219 11.99 1.03 A 

CH4:C2H6:C2H4 76-214 6.21 0.92 1.18 

CH4:C2H6:C2H4 72-189 3.48 1.18 1.09 

CH4:C2H6:C2H4 69-167 3.36 1.26 1.09 

Table S1. Additional experimental parameters. Goodness of fit parameter described in 
Spectral Unmixing Model section of the manuscript. 

A Forced evaporation experiment 

Figure S15. Mass data from a repeated 
methane/ethane/ethylene experiment showing the 
sample was poured at ~60 minutes. Evaporation of 
some methane is shown by the decrease in mass. The 
increase in mass from ~130 - ~180 minutes is due to 
drift in the balance and is not indicative of more sample 
being added to the sample dish.  



 

 68 

7.3. Evaporite Calculations  

For Winnipeg Lacus, we calculate that it would take ~5 years to produce an ethylene 

evaporite with a thickness on the order of 9 m. This estimate is an upper limit, as we assume a 

lake depth of 50 m, and ~18% ethylene, which in reality may be quite high. Additionally, our 

assumptions do not take into account local, seasonal methane rain that would contribute to the 

methane abundance in many north polar lakes. Cordier et al. (2016) estimated the total thickness 

of an evaporite deposit containing six different solutes as 0.324 m for pure methane and 13.65 m 

for pure ethane. Their differences in evaporite thickness between methane or ethane solvents are 

attributed to the selected evaporite species being significantly more soluble in ethane than in 

methane. 
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Highlights: 

• First study of the acetylene-benzene co-crystal under Titan temperature and pressure 
• Cocrystal identified based on unique spectral bands and changes in sample morphology 
• Cocrystal is stable from 90 K to 135 K  
• 5 cm of this cocrystal could have accumulated on Titan’s surface over 1 Gyr, based on 

atmospheric production rates of these species 
 

1. Abstract 

 Acetylene and benzene are two common molecules formed in Titan’s atmosphere, and 

are likely components of the lake evaporites. It is known that these two molecules can form a 

cocrystal, a molecule with a structure that is unique from that of the component molecules. Thus, 

we sought to study this cocrystal using an experimental setup that simulates Titan surface 

conditions (90 K, 1.5 bar). Using Fourier transform infrared (FTIR) spectroscopy, we 

characterize new spectral absorptions, band shifts, and morphological sample changes associated 

with this cocrystal from 1 to 2.6 μm, which overlaps with Cassini VIMS wavelength range 

(0.35–5.1 μm). This is the first study of the resulting acetylene–benzene cocrystal under Titan-

relevant temperature and pressure. The cocrystal forms at 135 K and is stable down to 90 K. Our 

findings can be applied to the cocondensation process in Titan’s atmosphere, as well as the 
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ongoing effort to better characterize the composition and spectral properties of Titan’s lake 

evaporites. These results can also provide a stepping stone to future surface missions such as 

Dragonfly, which will closely examine relevant surface materials on Titan. 

2. Background 

 Titan has a plethora of simple and complex organic molecules that are created in the 

atmosphere by solar ultraviolet rays and energetic particles from Saturn’s magnetosphere 

interacting with atmospheric methane (CH4) and nitrogen (N2). A range of simple organics can 

be produced, including C2H6, C2H2, C2H4, C6H6, HCN, etc. (Hörst, 2017), many of which are 

able to condense or co-condense from gas to solid ices in Titan’s atmosphere and potentially 

form ice clouds (Anderson et al., 2018). These condensation (or co-condensation) byproducts 

would eventually fall to Titan’s surface in the solid phase, where they could either directly 

deposit into the polar lakes and be dissolved, or they may be transported fluvially across Titan’s 

surface via river channels, and eventually dissolve into the lakes and seas. After lake 

evaporation, these types of compounds would precipitate out from the lakes in the form of 

evaporites, as observed by Cassini RADAR (Barnes et al. 2011; Cordier et al. 2016; MacKenzie 

& Barnes 2016). However, in order to fully understand the composition of these observed 

evaporitic features, additional experimental work is needed. Previous laboratory studies have 

characterized a number of potential evaporite compounds and co-crystals such as acetylene 

(C2H2; Singh et al., 2017), ethylene (C2H4; Czaplinski et al. 2019; Singh et al. 2017) ethane-

benzene (C2H6-C6H6; Cable et al., 2014; Vu et al., 2014), acetylene-butane (C2H2-C4H10; Cable 

et al., 2019), and acetylene-ammonia (C2H2-NH3; Cable et al., 2018). 

Here, we characterize a type of evaporite compound (a co-crystal) formed with C2H2 and 

C6H6. Both C2H2 and C6H6 are relatively abundant photochemical products, with C2H2 being the 
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second most abundant hydrocarbon produced in Titan’s atmosphere, behind ethane (C2H6; Hörst, 

2017). Acetylene has been detected in Titan’s atmosphere by the infrared radiometer 

spectrometer (IRIS) on Voyager 1 (Hanel et al., 1981), telescopes such as the Infrared Space 

Observatory (ISO; Coustenis et al. 2003), Cassini’s Ion Neutral Mass Spectrometer (INMS; 

Waite et al. 2005), Cassini’s Ultraviolet Imaging Spectrometer (UVIS; Shemansky et al. 2005), 

Cassini Infrared Spectrometer (CIRS; Coustenis et al. 2007), and near Titan’s surface by the 

Huygens probe (Niemann et al., 2010). Solid acetylene ices have been observed by the Cassini 

Visual and Infrared Mapping Spectrometer (VIMS; Singh et al. 2016b). Acetylene has been 

linked to the composition of Titan’s equatorial dunes (Abplanalp et al., 2019; Lorenz et al., 

2006) and is a primary candidate for composing the evaporites that are ever present in Titan’s 

lake district (Cordier et al., 2009). Benzene was first detected at Titan by the ground based 

telescope ISO (Coustenis et al. 2003), and was also measured by Cassini/INMS (Waite et al. 

2005), UVIS (Koskinen et al., 2011), CIRS (Coustenis et al. 2007), near the surface by the 

Huygens probe (Niemann et al., 2005), and as surface ices by Huygens’ Gas Chromatograph 

Mass Spectrometer (GCMS; Niemann et al. 2005) and Cassini/VIMS (Clark et al. 2010). 

The formation of the C2H2-C6H6 co-crystal has been studied in great detail in previous 

works using infrared-ultraviolet (IR-UV) double resonance spectroscopy (Sundararajan et al. 

2002; Fujii et al. 2004; Busker et al. 2008; Böning et al. 2013; Ulrich et al. 2014). In the simplest 

structure, a hydrogen from the C2H2 molecule interacts with the π cloud from the C6H6 molecule, 

forming a C-H ••• π bond in a T-shaped arrangement (e.g., Fig. 1 from Busker et al., 2008; 

Sundararajan et al., 2002). The driving factor in the T-shaped arrangement of the C2H2-C6H6 co-

crystal is a coulombic-polarization interaction between the electron-deficient H-atom end of the 

C2H2 molecule and the electron-rich C6H6 ring (Boese et al., 2003). Strong miscibility and 
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solubility between C2H2 and C6H6 is the main force for co-crystal formation (Boese et al., 2003). 

These previously reported techniques have laid the groundwork for characterizing the co-crystal 

in the mid infrared region. Additionally, X-Ray Diffraction (XRD) and ab initio theoretical 

calculations (Sundararajan et al. 2002; Majumder et al. 2013; Maleev & Boese 2014;; Ulrich et 

al. 2014) have also given detailed structural information on the co-crystal. 

Recent studies of evaporite-relevant co-crystal formation with C2H2-C4H10 and C2H2-NH3 

mixtures underscores the importance of studying such molecules under Titan conditions (Cable 

et al., 2019, 2018). Co-crystal formation in a C2H6-C6H6 system has also been carried out at 

Titan temperatures (Cable et al. 2014; Vu et al. 2014; Maynard-Casely et al. 2016), and benzene 

has been included in the list of probable evaporite molecules (Clark et al., 2010). However, the 

formation of the C2H2-C6H6 co-crystal has not yet been tested under Titan atmospheric and 

surface conditions. Therefore, we sought to study the interactions of the acetylene-benzene 

aggregate at Titan-relevant temperatures and pressure (~89-94 K, 1.5 bar) using IR spectroscopy 

(1-2.6 µm). 

3. Experimental Methods 

To investigate interactions between acetylene and benzene, we conduct laboratory 

experiments in the Titan Surface Simulation Chamber (TSSC) located at the University of 

Arkansas (Wasiak et al., 2013). Briefly, a pressure of 1.5 bar is maintained with N2 gas and 

temperatures of 89 - 94 K are maintained with liquid nitrogen (LN2). Organic compounds are 

condensed from gas phase in a condenser, and are then poured onto a sample dish for further 

analysis. The TSSC has been used for a number of previous Titan-relevant studies (Luspay-Kuti 

et al., 2015, 2012; Singh et al., 2017). More recently, several modifications to the TSSC’s 

cooling system, fiber optics, and cameras have allowed for studies of Titan’s evaporites 
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(Czaplinski et al. 2019) and bubble formation in Titan’s lakes (Farnsworth et al., 2019). The 

specific mechanics and protocols of the TSSC are detailed in these previous studies. Relevant 

details for this set of experiments are provided below. 

Prior experimental protocol for the TSSC was designed for compounds that are gas phase 

at standard ambient temperature and pressure (SATP; e.g., CH4, C2H4, C2H6, etc.). However, 

since C6H6 is a liquid at SATP, a refined experimental protocol must be followed when 

introducing C6H6 to the TSSC. First, we restrict LN2 flow from the condenser, while LN2 cools 

the rest of the TSSC temperature control box (TCB) as normal. Inside a custom-built glovebox, 

an Erlenmeyer flask is filled with 50 mL of >99.7%, OmniSolv® Benzene (C6H6, Sigma-

Aldrich). The flask has two connections through the glovebox: one to the N2 gas (Airgas 

industrial grade, >99.998%), and the other to a valve control on the exterior of the chamber with 

“exhaust” and “condenser” outlets. Nitrogen is continuously bubbled through the C6H6-filled 

flask to the exhaust system at 20 kPa for ~5 minutes. This flow of N2 through the flask creates 

surficial bubbling of the C6H6 that is confirmed through optical images. After the flask reaches 

N2 saturation and the sample dish reaches ~223 K, we then open the solenoid valve, close the 

exhaust valve, and open the exterior condenser inlet so that the N2-C6H6 saturated mixture is 

carried through the condenser where it deposits onto the sample dish in solid phase (referred to 

here as the cold trap method). The C6H6 deposits onto the sample dish for ~15 minutes, or until 

solid C6H6 particles are seen in the TCB’s optical cameras and Fourier transform infrared 

spectroscopy (FTIR) measurements show C6H6 vibrational bands. We use a Nicolet 6700 FTIR 

spectrometer that is equipped with a TEC InGaAs 2.6 μm detector, a CaF2 beam-splitter, spectral 

range of 1 to 2.6 μm, spectral sampling of 4 cm-1, spectral resolution of 0.01 cm-1, and connected 

to a fiber optic probe located above the sample dish. After this allotted time, the N2 bubbling 
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through the Erlenmeyer flask is stopped, and the external condenser outlet is closed. We leave 

the solenoid valve open for an additional 5 minutes to prevent any blockages from the C6H6. 

Additional FTIR measurements of the pure C6H6 are made for comparisons between the 

combined mixture later. 

After the sample dish has reached 173 K, we begin flowing C2H2 (Airgas, 99.6%, acetone 

added as stabilizer) through the condenser at 50 kPa for 20 minutes, where it deposits on the 

sample dish in solid phase. Deposition is confirmed by optical TCB cameras and FTIR spectra. 

After we stop the C2H2 gas flow, the solenoid valve is left open for 5 minutes to prevent 

blockages.  

Once both compounds are deposited onto the sample dish (sample thickness on the order 

of a few mm), the LN2 flow to the condenser is turned on. Note that at this point, we are finished 

adding compounds to the condenser; the condenser LN2 flow merely contributes to the rest of the 

TCB successfully attaining Titan surface temperatures (89 – 90 K). Depending on the 

experiment, the TCB temperatures may be warmed later in the experiment in an attempt to speed 

up reaction times or, in the case of C2H2, to identify how the spectra changes with regards to 

temperature. The mole fraction for the acetylene-benzene experiment was calculated using the 

same methods reported in Czaplinski et al. (2019; see Spectral Unmixing Model section), a 

Python code that decomposes a given spectrum into a best fit of linear combinations of the pure 

spectra (taken at corresponding temperatures) added together. The mole fraction is reflected in 

the linear weights that each raw component spectrum is given in order to fit the experimental 

data. 
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4. Results 

Near-infrared (NIR) spectra of acetylene is reported first, then benzene, and lastly we 

examine the formation of the acetylene-benzene combined aggregate. For clarity, a reduced 

spectral range (1.45 to 1.96 μm for C2H2 and 1.57 to 2.33 μm for C6H6) is presented to allow for 

an enhanced view of the bands described. The full range spectra are included in the Appendix 

(Figures A1-A4). Regarding the vibrational mode and bond label columns in Tables 1-5, NIR 

absorption bands arise from overtones and combinations of the fundamental IR molecular 

vibrations often associated with hydrogen atoms. Changes in the interatomic distance or angle 

between two atoms are known as stretching or bending vibrations, respectively. The vibrational 

quantum number, v, describes the energy state of the vibrational motion the molecule, in terms of 

degrees of freedom. 

4.1. NIR Reflectance Spectra of C2H2 Ice 

Figure 1 shows NIR spectra of acetylene ice from 89 to 184 K. Vibrational modes and 

band assignments are presented in Table 1. The acetylene was deposited as a solid at 140 K, after 

which the temperature was lowered to 89 K over the course of 28 minutes, then slowly warmed 

(temperatures denoted in Fig. 1). The average temperature decrease was -1.73 degrees/minute 

with the steepest decrease in temperature being -4.61 degrees/minute. At 89 K, the acetylene 

exhibits a quadruplet feature from 1.54 – 1.55 µm (ν1 + ν3 vibrational mode), as well as two 

smaller bands around 1.931 µm (5ν4 + 3ν5 vibrational mode; Fig. 1). Significant spectral changes 

occur as the sample is slowly warmed.  

Repeated experiments show the next major change occurs at 140 K, where the quadruplet 

transforms into a single band (centered at 1.547 µm), and the 5ν4 + 3ν5 mode decreases in 

reflectance by ~13% (Fig. 1). The quadruplet band center is blue shifted to the single band by 
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0.025 - 0.026 µm from the 89 K spectrum. The last band transition in this study occurs at 184 K 

(just before acetylene’s sublimation point, 189 K, and triple point, 192 K), where the formerly 

single band at 1.547 µm disappears, leaving only the doublet with band centers at 1.521 and 

1.529 µm (Fig. 1). Minor bands at 2.135 and 2.222 µm (ν1 + ν4 + ν5 and ν3 + 2ν4, respectively) 

are presented in the Appendix (Figure A1). 

 

Figure 1. Fourier transform infrared reflectance spectra (1.45 to 1.96 μm) of C2H2 from 89 K to 
184 K. Acetylene was deposited at 140 K, the sample was cooled to 89 K, then slowly warmed 
to 184 K. Two transition phases are observed at 140 K and 184 K. 
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Table 1. Vibrational modes and band assignments of C2H2. Band centers from this study at 
various temperatures are compared to literature values at 15 K (band centers in wavenumbers 
(cm-1) are listed in brackets). 

Vibrational Mode Assignment 

Band Centers from the 

Literature1 
This Study 

λ (µm) 15 K 

[wavenumber (cm-1)] 

λ (µm) 

89 K 

λ (µm) 

140 K 

λ (µm) 

184 K 

ν1 + ν3 (sym. and asym. C-H 

stretch) 

1.552 

[6442] 

1.552 

[6440] 
… … 

ν1 + ν3(ν2 + ν3 + 2ν4) 

First overtone 

of C-H stretch 

1.545 

[6472] 
… 

1.547 

[6465] 
… 

1.549 

[6454] 

1.548 

[6457] 
… … 

1.552 

[6442] 

1.552 

[6440] 
… … 

1.555 

[6431] 

1.555 

[6432] 
… … 

1.557 

[6421] 

1.558 

[6419] 

1.558 

[6418] 
… 

ν1 + 2ν4 + ν5  

(C-H sym., trans, and cis bend) 

1.896 

[5275] 

1.895 

[5276] 

1.890 

[5291] 
… 

5ν4 + 3ν5 (trans and cis bend) 1.929 

[5183] 

1.928 

[5185] 

1.923 

[5201] 
… 

1.933 

[5174] 

1.932 

[5176] 

1.925 

[5193] 
… 

ν1 + ν4 + ν5 

(C-H sym., trans and cis bend) 2.135 

[4684] 

2.135 

[4682] 

2.133 

[4689] 
… 

2.139 

[4674] 

ν3 + 2ν4 

(C-H asym. stretch, trans bend) 

2.221 

[4502] 

2.222 

[4500] 

2.224 

[4495] 
… 
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Notes. Band centers from this study at various temperatures are compared with values from the 
literature at 15 K (band centers in wavenumbers (cm−1) are listed in brackets). 
References: 1Hudson, Ferrante, and Moore 2014 
 
4.2. NIR Reflectance Spectra of C6H6 Ice 

Figure 2 shows NIR spectra of pure benzene from 85 to 151 K from separate experiments 

where corresponding temperatures were achieved. Vibrational modes and band assignments of 

benzene are presented in Table 2. NIR benzene spectra are characterized by C-H aromatic ring 

first overtones of stretching vibrations in the 1.65 – 1.70 µm region (Fig. 2, Table 2). Various 

less reflective bands are observed from 1.70 – 2.00 µm, which lead up to the C-H aromatic ring 

combination bands from 2.14 – 2.20 µm region (Fig. 2).  

We do not observe drastic spectral changes with temperature, as with acetylene. The 

main difference among the benzene spectra is the decrease in reflectance by ~10-15% at warmer 

temperatures, possibly due to grain size differences, volumetric scattering (Singh et al., 2016a), 

or a change in thickness due to sublimation or evaporation of the sample as it is heated. 
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Figure 2. Fourier transform infrared reflectance spectra (1.57 to 2.33 μm) of C6H6 from 85 to 
151 K. Full range spectra presented in Appendix Figure A2. These spectra represent three 
separate experiments where the corresponding temperature range was achieved. Notice the 
decrease in reflectance with increasing temperature.   
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Table 2. Vibrational modes and band assignments of C6H6.  

Vibrational Mode Assignment 

Band Centers From the 

Literature  

This Study 

(85 – 151 K) 

ṽ (cm-1) λ (µm) ṽ (cm-1) λ (µm) 

ν3 (C-H aromatic stretch) 8786a 1.138 8793 1.137 

2νCH+2(νCC + ν3) (C-H aromatic 

stretch) 
8770b 1.140 8774 1.139 

ν15 + ν5 (C-H aromatic stretch) 6107c,d 1.637 6136 1.63 

ν12 + ν1 (C-H aromatic stretch) 5985c  1.671 5976 1.673 

ν15 + ν5 (C-H aromatic stretch) 5920c,e 1.689 5910 1.691 
ν15 + ν9 (C-H aromatic combination) 4655c 2.141f 4663 2.144 

ν12 + ν16 (C-H aromatic combination) 4642c 2.153f 4640 2.155 

ν16 + ν5 (C-H aromatic combination) 4615c 2.163f 4618 2.165 

ν13 + ν1 (C-H aromatic combination) 4570c 2.181f 4580 2.183 

ν13 + ν15 (C-H aromatic combination) 4532c 2.200f 4541 2.202 

ν12 + ν3 Methyl C-H combination) 4360c 2.294 4372 2.286 

ν12 + ν17 (Methyl C-H combination) 4252c 2.352 4256 2.349 
a(Reddy and Berry, 1982), gas phase 
b(Bassi et al., 1993), 300 K 
c(Kaye, 1954), no temperature noted 
dcalculated 
eobserved  
f(Reboucas and de Barros Neto, 2001), 292 K 
 
4.3. NIR Reflectance Spectra of C2H2-C6H6 Mixture 

 Figures 3 and 4 show NIR spectra of a C2H2-C6H6 mixture from 135 to 151 K and 93 to 

94 K, respectively. The benzene:acetylene %mol fraction for this experiment is 45:55. 

Assignments of new bands are presented in Tables 3 and 4. Table A1 lists the temperature at 

each time a new spectrum was recorded. In this experiment, C6H6 was deposited first, from 158 

to 132 K, then C2H2 was deposited afterward, from 168 to 150 K. The sample was cooled to 94 

K, warmed to 173 K, before cooling back to 93 K in order to characterize spectral changes with 

temperature. The 144 K spectrum (Fig. 3) was taken during C2H2 deposition (t = 0). We observe 

several new bands in the combined spectrum that are not present in either pure C2H2 or C6H6 
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spectra (Figs. 1 and 2). These bands are located from 1.569 to 1.598 µm, as well as 1.943 to 

2.122 µm (Figs. 3 and 4). We observe an increase in reflectance by up to 20% as temperature 

decreases. These reflectance changes may be due to changes in sample thickness, as more C2H2 

and/or C6H6 in the “atmosphere” above the sample dish could be condensing on the sample dish. 

 Additionally, we observe several significant frequency shifts of bands associated with the 

bare C2H2 molecule (Figs. 3 and 4, Tables 3 and 4). The largest shifts associated with C2H2 are 

observed immediately after C2H2 has been deposited on the sample dish at 135 K (t = 6). This is 

observed in the 5ν4 + 3ν5 band of C2H2 which blueshifts by 30 cm-1 upon co-crystal formation. 

When combined with C6H6, the 1.548 µm band (ν1 + ν3(ν2 + ν3 + 2ν4) mode) redshifts by 45.64 

cm-1 and the 1.925 µm bands (5ν4 + 3ν5 mode) redshifts by 26.85 cm-1 (Table 5). Note that we 

use the unit cm-1 in these shifts to compare values with ones reported in the literature. The ν1 + 

ν3(ν2 + ν3 + 2ν4) vibrational mode (quadruplet feature at 1.549 µm and 1.558 µm; see Table 1) 

blueshifts from 4.12 to 8.35 cm-1, whereas the 5ν4 + 3ν5 vibrational mode (1.932 µm) redshifts 

by up to 10.69 cm-1 in the last spectrum of the experiment (t = 168). Figure A5 shows shifts of 

the 1.558 µm band with temperature. Frequency shifts of bands associated with the bare C6H6 

molecule are characterized by a 3.60 cm-1 blueshift of the C-H aromatic ring first overtones, a 

3.58 cm-1 redshift of the ν2 mode, a 3.50 cm-1 blueshift of the ν15 + ν5 mode, and a 2.10 cm-1 

blueshift of the ν13 + ν1 mode.  

The sample shows significant optical changes after C2H2 deposition, as shown in Figure 

5. When only C6H6 is in the sample dish (Fig. 5 (a), (c)), the sample consists of separated, 

spherical, white deposits. However, after C2H2 is added to the C6H6 (Fig. 5 (b), (d)), the sample’s 

appearance changes drastically. Separate white deposits are no longer present, rather, the sample 

transforms into an ice-like phase with many new morphological features including linear 
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features, dark separation lines, flattening of the sample, and increased reflectivity. These features 

are not observed in any experiments with solely C2H2 or C6H6. Knowledge of the unique 

morphology of the co-crystal may help future Titan surface missions (i.e., Dragonfly) identify 

co-crystals with the microscopic camera of DragonCam (Lorenz et al., 2018). 

 

Figure 3. NIR reflectance spectra of pure C6H6 (blue) and C2H2 (red) compared with the C2H2-
C6H6 co-crystal (purple) from 1.48 to 2.35 µm. Co-crystal spectra are shown in order of 
increasing time from top to bottom. Only “warm” spectra are shown here (135 – 151 K). The 
sample was cooled to 94 K, warmed to 173 K, then cooled back to 93 K to characterize changes 
with temperature (“cold” spectra shown in Fig. 4). The bands denoted by arrows in the 135 K 
spectrum represent the transition to co-crystal formation, as they are neither present in pure C6H6 
nor C2H2 at similar temperatures.  
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Figure 4. NIR reflectance spectra of pure C6H6 (blue) and C2H2 (red) compared with the C2H2-
C6H6 co-crystal (purple) from 1.48 to 2.35 µm. Co-crystal spectra are shown in order of 
increasing time from top to bottom. Only “cold” spectra are shown here (89 - 96 K). The sample 
was cooled to 94 K, warmed to 173 K (“warm” spectra shown in Fig. 3), then cooled back to 93 
K to characterize changes with temperature. Notice the additional new bands (denoted by 
arrows) associated with the co-crystal that appear at these colder temperatures, when compared 
with the warmer temperatures of Figure 3.



 

 

Table 3. Band centers from pure cubic C2H2 (140 K) and pure C6H6 (151 K) compared with co-crystal bands at 135 K.  

Note. Only bands present in either the co-crystal or both the co-crystal and pure component are presented. All other bands for C2H2 
and C6H6 are listed in Tables 1 and 2. 
 
  

Molecule Vibrational Mode Assignment 
Band Center λ (µm) [wavenumber (cm-1)] 

Pure Component Co-crystal (135 K) ∆ν between Pure and Co-crystal 

Acetylene ν1 + ν3(ν2 + ν3 + 2ν4) 

First overtone of C-H stretch 

1.558 [6418] 1.557 [6421] 0.001 [3] 

(140 K) … 1.568 [6376] … 

 5ν4 + 3ν5 (Trans and cis bend) 1.923 

[5201] 

1.936 [5166] 0.011 [-35] 

1.925 
[5193] 

 … … 1.946 [5138] … 

 … … 1.971 [5072] … 

 … … 2.038 [4906] … 

Benzene ν12 + ν1 (C-H aromatic stretch) 1.673 [5976] 1.673 [5976] 0 

(151 K) ν15 + ν5 (C-H aromatic stretch) 1.693 [5908] 1.692 [5911] 0.001 [3] 

 ν15 + ν9 (C-H aromatic combination) 2.145 [4662] 2.145 [4662] 0 
 ν12 + ν16 (C-H aromatic combination) 2.155 [4640] 2.155 [4640] 0 

 ν16 + ν5 (C-H aromatic combination) 2.165 [4618] 2.165 [4618] 0 

 ν13 + ν1 (C-H aromatic combination) 2.183 [4579] 2.182 [4582] 0.001 [3] 

 ν13 + ν15 (C-H aromatic combination) 2.202 [4540] 2.201 [4543] 0.001 [3] 

 ν12 + ν17 (Methyl C-H combination) 2.350 [4256] 2.348 [4258] 0.002 [2] 
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Table 4. Band centers from pure orthorhombic C2H2 (89 K) and pure C6H6 (96 K) compared with co-crystal bands at 94 K. Only 
bands present in either the co-crystal or both the co-crystal and pure component are presented.  

Molecule Vibrational Mode Assignment 
Band Center λ (µm) [wavenumber (cm-1)]  

Pure Component Co-crystal (94 K) ∆ν between Pure and Co-crystal 
Acetylene ν1 + ν3(ν2 + ν3 + 2ν4) 

First overtone of C-H stretch 
… 1.569 [6374] … 

(89 K) … 1.585 [6306] … 
 … 1.599 [6254] … 
 ν1 + 2ν4 + ν5 

(C-H sym., trans, and cis bend) 
1.895 [5276] 1.895 [5276] 0 

  … 1.903 [5254] … 
 5ν4 + 3ν5 (Trans and cis bend) 1.928 [5185] 1.928 [5185] 0 
 1.932 [5176] 1.931 [5177] 0.001 [1] 
 … … 1.936 [5164] … 
 … … 1.946 [5137] … 
 … … 1.972 [5069] … 
 … … 2.00 [5000] … 
 … … 2.039 [4904] … 
 ν1 + ν4 + ν5 

(C-H sym., trans and cis bend) 
2.135 [4682] 2.135 [4684] 0 [2] 

 ν3 + 2ν4 
(C-H asym. stretch, trans bend) 

2.222 [4500] 2.219 [4506] 0.003 [6] 

Benzene ν12 + ν1 (C-H aromatic stretch) 1.673 [5976] 1.673 [5976]] 0 
(96 K) ν15 + ν5 (C-H aromatic stretch) 1.692 [5909] 1.692 [5910] 0 [1] 

 ν15 + ν9 (C-H aromatic combination) 2.144 [4663] 2.144 [4663] 0 
 ν12 + ν16 (C-H aromatic combination) 2.155 [4640] 2.155 [4640] 0 
 ν16 + ν5 (C-H aromatic combination) 2.165 [4617] 2.165 [4618] 0 [1] 
 ν13 + ν1 (C-H aromatic combination) 2.183 [4580] 2.182 [4582] 0.001 [2] 
 ν13 + ν15 (C-H aromatic combination) 2.202 [4541] 2.201 [4543] 0.001 [2] 
 ν12 + ν3 Methyl C-H combination) 2.286 [4374] 2.285 [4376] 0.001 [2] 
 ν12 + ν17 (Methyl C-H combination) 2.349 [4258] 2.349 [4258] 0 
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Figure 5. Top-down view of C2H2-C6H6 mixture in sample dish showing two different C2H2-
C6H6 experiments: (a) and (b) being one, and (c) and (d) being the other. Panel (a) shows the 
sample at 162 K, before C2H2 was added to the dish, panel (b) shows the sample at 140 K (t = 3), 
after C2H2 was added to the C6H6 on the dish, cooled, and warmed. Notice the difference in 
sample appearance and morphology from (a) where the sample lacks defined features, to (b) 
where distinct separations in the sample start to form. These separations appear as darker 
“cracks” on the sample surface. Panel (c) shows the sample at 162 K, before C2H2 was added to 
the dish, and panel (d) shows the sample at, 112 K, after C2H2 was added to the C6H6 on the dish. 
Notice how both panels (b) and (d) exhibit a more complex morphological structure after both 
C2H2 and C6H6 have had time to interact with each other on the dish. The white color of the 
sample is due to the Spectralon® IR reflectance material upon which the sample is deposited. 
 
5. Discussion 

5.1. C2H2 and C6H6 Spectral Changes 

The band shifts observed in the C2H2 experiments can be explained by a transition from 

an ordered, low temperature, orthorhombic form to a disordered, high temperature, cubic form of 

acetylene’s crystal structure (Schwartz et al. 1969; Preston et al. 2010; Hudson et al. 2014). At 
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the lower temperatures, the C2H2 molecules exist in a smaller volume orthorhombic structure 

where there are few thermal vibrations of the molecules. As the C2H2 is warmed to the slightly 

larger volume cubic form, the molecules become rotationally disordered, hence the weaker 

spectral signals. Previous studies on pure C2H2 (Schwartz et al. 1969; Preston et al. 2010) have 

noted these changes, however at slightly colder temperatures (133 K) than here (139 K). The 

difference in temperature may be due to differences in experimental setup or the nature of the 

sample (thin vs. thick film), which is good to be aware of when studying acetylene-bearing 

materials up close. For example, Titan’s equatorial dunes have been hypothesized to have a C2H2 

component (Lorenz et al. 2006; Lunine & Hörst 2011; Abplanalp et al. 2019). The Dragonfly 

rotorcraft (Lorenz et al., 2018) will land in Titan’s dunes and study their composition up close. 

Additionally, the presence of crystalline C2H2 in Titan’s lower stratosphere has been suggested 

(Coustenis et al., 1999; Khanna, 2005). Our measurements could be used to search for C2H2 in 

Titan’s clouds to better confirm these suggestions. 

 Changes in temperature do not drastically affect the pure C6H6 spectra, as they do with 

C2H2. The main observation here is a decrease in reflectance by ~10-15% at warmer 

temperatures. Although the spectra do not change much, knowledge of reflectance variations 

may still be useful when analyzing Titan surface data from past or future missions. 

5.2. C2H2-C6H6 Co-Crystal 

 Given the results from these experiments, we believe that the co-crystal has formed in our 

combined C2H2-C6H6 experiment (Section 3.3.) through solid-solid interactions between the two 

molecules. In this experiment, we first observe the transition from two separate molecules (C2H2 

+ C6H6) to the co-crystal when the sample is below 135 K, which is in the range where the 

orthorhombic phase of acetylene is stable. Other co-crystals formed with acetylene are stable 
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above 135 K (e.g., acetylene-butane (Cable et al., 2019), while others are only stable up to 115 K 

(acetylene-ammonia) and 120 K (acetylene-acetonitrile; Cable et al. 2018, 2020, respectively). 

This variation in stability ranges for different co-crystals are important to keep in mind for future 

co-crystal studies in both terrestrial laboratory and Titan in situ environments. While we are not 

able to investigate the exact crystal structure and orientation of the C2H2-C6H6 co-crystal with IR 

spectra alone, we assume a 1:1 ratio (benzene:acetylene 45:55 %mol fraction) formation 

mechanism consistent with the T-shaped arrangement because this is the simplest scenario.   

The spectra are characterized by additional vibrational modes from 1.569 to 1.598 µm, 

and 1.943 to 2.122 µm that are not observed in spectra from either of the individual components 

(C2H2 or C6H6). Similarly, other co-crystal studies have identified co-crystallization by 

frequency shifts and new bands using Raman spectroscopy (e.g., (Cable et al., 2019) and IR-UV 

spectra (e.g., Fujii et al. 2004).  

Previous IR spectroscopic studies of C2H2-C6H6 have reported shifts of C2H2 bands by up 

to 15.9 cm-1 (Sundararajan et al., 2002), 22 cm-1 (Böning et al., 2013; Fujii et al., 2004), and 40 

cm-1 upon formation of the co-crystal (Fujii et al. 2004; see Table 5). By comparison, redshifts 

reported here are 10.69 cm-1 and 26.85 cm-1 for the 5ν4 + 3ν5 mode, and 41.52 cm-1 and 45.64 cm-

1 for the 1.548 µm band of the ν1 + ν3(ν2 + ν3 + 2ν4) vibrational mode, which agree with literature 

values. C-H aromatic ring first overtone stretching vibrations of C6H6 (Table 2) are not shifted 

upon initial addition of C2H2, which also corresponds with what is reported in the literature (Fujii 

et al., 2004). 



 

 

Table 5. Co-crystal spectral shifts compared to literature values. Band shifts are reported in wavenumbers (cm-1) for easier 
comparison to the literature.  

Temperature 

(K) 

Previous Work 
Temperature 

(K) 

This Study 

Vibrational Mode 
Band Shifts 

(cm-1) 
Vibrational Mode 

Band Shifts 

(cm-1) 

See footnote C2H2 ν3 band (C—H stretch) -222,3 144 5ν4 + 3ν5 

Trans, and cis bending 

26.85 

Jet-cooled C2H2 C—H stretch 403 144 ν1 + ν3(ν2 + ν3 + 2ν4) 

Acetylenic C—H stretch 

41.52 

123 45.64 

12-40 ν4 of C6H6 (C—H bend) 4.41 108 C—H stretch of C6H6 -3.6 

Jet-cooled C—H stretch of C6H6 no shift within 1 

cm-1 3 

123 - 144 C—H stretch of C6H6 no shift within 

1 cm-1 

12-40 ν5 of C2H2 3.21 100 5ν4 + 3ν5 

Trans and cis bend of C2H2 

-2.68 

12-40 ν3 of C2H2 15.91 93 5ν4 + 3ν5 

Trans and cis bend of C2H2 

10.69 

13.11 

Notes. 
1Sundararajan et al. 2002 (12-40 K) 
2Böning et al. 2013 (a few Kelvin) 
3Fujii et al. 2004 (jet-cooled) 
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Furthermore, the optical images of the sample show morphological changes after C2H2 

deposition (Fig. 5) that are not present in repeated pure C2H2 or C6H6 experiments. These 

morphological differences may be explained by the change in crystal structure as C2H2 

molecules are incorporated into the C6H6. While our experimental techniques do not allow for 

microscopic measurements of the C2H2-C6H6 crystal structure, repeated observations of new 

bands, band shifts, and sample morphology changes support the claim that a new phase (i.e., a 

co-crystal) of C2H2-C6H6 has been identified under Titan-relevant conditions. Microscopic 

imaging by Dragonfly may be able to distinguish between a co-crystal-blanketed surface and a 

surface dominated by pure hydrocarbon ices by noting similar “cracked” textural features as 

observed in our experiments. The morphological changes upon co-crystal formation may allow 

for easier identification on Titan’s surface due to the increased reflectance and roughness 

observed. Furthermore, many material properties of the co-crystal might differ from simpler 

hydrocarbon ices, such as mechanical properties which could affect surface weathering and 

erosion. Further work is needed in order to characterize the mechanical properties of this new 

class of minerals on Titan.  

5.3. Relevance to Titan 

The spectral transitions observed after the solid-solid interaction between C2H2 and C6H6 

is interesting because it implies that co-crystals can form relatively easily. Past studies have 

demonstrated that it is common for acetylene co-crystals to form through solid-solid interactions 

at Titan temperatures (Cable et al. 2018; Cable et al. 2020). These results have strong 

implications for Titan’s surface, where various combinations of hydrocarbons cover the surface 

in the solid phase. One pathway to co-crystallization may be found in Titan’s equatorial sand 

seas. It is also possible for co-crystals to form as Titan’s ice clouds. Previous works have 
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identified CIRS spectral ice signatures that result from species condensing simultaneously (co-

condensation; Anderson & Samuelson 2011; Anderson et al. 2016). If C2H2 and C6H6 co-

condense as a solid on Titan haze particles (i.e., refractory organics), they may co-crystallize in 

the stratosphere at ~130 to 140 K before reaching the dune fields. However, there may be 

opportunity for a more complex co-crystal composition as the haze particles fall through the 

atmosphere, allowing accretion of more than just C2H2 and C6H6 onto the haze particles 

(Anderson et al., 2018). Future VIMS studies may be able to search for clouds composed of 

C2H2 or C6H6 depending on wavelength, altitude, and whether or not the feature is transient. 

Given that the C2H2-C6H6 co-crystal forms relatively quickly (within 5 minutes) and is stable 

under Titan conditions, it is therefore likely that this co-crystal could contribute to Titan’s 

evaporite deposits (Barnes et al. 2011; MacKenzie et al. 2014; Cordier et al. 2016). For example, 

a layer of solid C6H6 could rest at the bottom of a CH4-dominated lake with C2H2 dissolved. 

Over time, this CH4 would evaporate, leaving behind a C2H2-enriched evaporite layer which then 

interacts with the C6H6 to form the co-crystal.  

To estimate the thickness of the acetylene-benzene co-crystal deposit that may have 

accumulated on Titan’s surface over 1 Gyr, we use a net production rate of 1.08 x 1010 molecules 

m-2 s-1 for benzene (Cordier 2013; Krasnopolsky, 2009; Vuitton et al. 2008), which is the 

limiting factor when compared with the net production rate of acetylene, 1.06 x 1013 molecules 

m-2 s-1 (Vuitton et al. 2019). This equates to approximately 566 moles of benzene per m2 after 1 

Gyr. Dividing by the density of the acetylene-benzene co-crystal, 1.01 g cm-3 (123 K, Boese et 

al. 2003), and multiplying by the molar masses of acetylene and benzene, gives an approximate 

thickness of around 5 cm for the acetylene-benzene co-crystal. The net production rates for 

benzene reported in the literature varies; therefore, we view 5 cm as a rough estimate. Co-crystal 
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formation may also be kinetically hindered due to the relatively low production rates in the 

atmosphere. Given that Dragonfly’s DragonCam camera suite can examine surface materials 

down to a sand grain scale (Lorenz et al. 2017), we predict that Dragonfly may be able to detect 

the acetylene-benzene co-crystal considering the distinct morphological appearance of co-

crystals formed in our experiments, as well as others (e.g., Cable et al. 2014). Additionally, 

Dragonfly will also carry a laser-desorption ionization (LDI) mass spectrometer (DraMS) that 

could provide additional compositional information regarding the presence or absence of co-

crystals on the surface of Titan. 

6. Summary and Conclusions 

In this study, we sought to investigate the interactions of the acetylene-benzene aggregate 

at Titan-relevant temperatures and pressure (~89-94 K, 1.5 bar) using IR spectroscopy. For the 

first time under Titan conditions, we have confirmed the formation and stability of the C2H2-

C6H6 co-crystal. The co-crystal formed at 135 K and is stable at Titan surface conditions (89-94 

K, 1.5 bar). Identification of the co-crystal using FTIR spectroscopy shows band shifts and new 

bands that deviate from the individual component molecules, as well as drastic changes in 

sample morphology. 

This high resolution NIR spectra of the C2H2-C6H6 co-crystal expands upon previous 

studies of the C2H2-C6H6 co-crystal to Titan’s conditions. First, our experimental study is 

distinguished because C6H6 and C2H2 were deposited sequentially. This may represent a situation 

more applicable to Titan, where molecules like C2H2 and C6H6 could co-condense in the 

atmosphere and may comprise the lake evaporites. Our results also complement past works 

regarding co-crystal formation conducted at Titan-relevant temperatures (Cable et al., 2019, 

2018, 2014; Vu et al., 2014) and with recent modeling (Ennis et al., 2020). Experimental 
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investigations in Titan-like environments could enhance our knowledge of the complex 

chemistry that occurs in Titan’s atmosphere and give us clues to interactions that may occur at 

Titan’s lake evaporite beds. Infrared characterization of the co-crystal formation process under 

Titan’s conditions will also be important for future surface missions like Dragonfly (Lorenz et 

al., 2018; Turtle et al., 2018) or other Titan mission concepts to understand the composition of 

the evaporites. Future experimental investigations on the crystal and chemical structures of the 

C2H2-C6H6 co-crystal using techniques such as Raman spectroscopy and X-ray powder 

diffraction would be helpful to further understand this unique mineral on Titan. 
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9. Appendix 

Here, we provide the full spectral range of pure C2H2 (Fig. A1), pure C6H6 (Fig. A2), a 

temperature versus time table (Table A1) for the cocrystal experiment in the main text, the full 

spectral range of the C2H2-C6H6 cocrystal experiment in the main text (Fig. A3, A4), and band 

center shifts versus temperature (Fig. A5) for the cocrystal experiment in the main text. Spectra 

from repeat cocrystal experiment 1 (Fig. A6, A7) and repeat cocrystal experiment 2 (Fig. A8), as 

well as optical views from repeat experiment 2 (Fig. A9) are also presented. 

It should be noted that the C2H2 cylinder used in these experiments is not pure C2H2; 

rather, it is C2H2 dissolved in acetone ((CH3)2O) for stabilization purposes. While we do not 

observe any (CH3)2O bands in our “pure C2H2” experiment (Fig. 1) or the experiment presented 

in the main text (section 3.3.) due to experimental techniques using the cold trap method, it is 

possible that trace amounts of (CH3)2O were incorporated into one of the repeat experiments. 

The pure (CH3)2O spectrum is characterized by a sharp doublet centered at 1.677 and 1.694 µm, 

as well as a broad doublet at 1.732 and 1.780 µm (Fig. A10). Singh et al. (2016a) also reports an 

acetone spectrum with matching bands. These four vibrational modes are observed in our 

spectra, however, they are shifted from 0.001 – 0.004 µm when compared to pure (CH3)2O (Fig. 

A10). 
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Figure A1. Full spectral range from C2H2 experiment presented in the manuscript. 
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Figure A2. Full spectral range from C6H6 experiment presented in the manuscript. 
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Figure A3. Full spectral range from C2H2-C6H6 experiment presented in the manuscript.  
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Figure A4. Full range spectra from C2H2-C6H6 experiment presented in the manuscript showing 
co-crystal formation initiates around 135 K (red spectrum), as this is the first appearance of one 
of the new bands at 1.569 µm. 
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Figure A5. Band center shifts versus temperature for the C2H2-C6H6 
experiment presented in the manuscript.  
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Figure A6. NIR reflectance spectra from repeat experiment 1 of C2H2-C6H6 (1.5 to 1.85 µm). 
Spectra are shown in order of increasing time from top to bottom. Co-crystal formation initiated 
between 136 K and 128 K.  
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Figure A7. NIR reflectance spectra from repeat experiment 1 of C2H2-C6H6 (1.85 to 2.22 µm). 
Spectra are shown in order of increasing time from top to bottom. Co-crystal formation initiated 
between 136 K and 128 K. 
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Figure A8. (a) NIR reflectance spectra from repeat experiment 2 of C2H2-C6H6 mixture after 
both compounds have been deposited. Benzene was deposited from 214 to 176 K (not shown), 
then acetylene was deposited from 170 to 167 K. The sample was cooled to 94 K, warmed to 136 
K (red spectrum), then cooled back down to 93 K. Bands located at 1.585 to 1.780 µm, as well as 
1.943 to 2.122 µm are not observed in either of the single component spectra of C2H2 or C6H6. 
Notice the small band at 1.551 µm in the 136 K spectrum (denoted by arrow). (b,c) Zoomed 
comparison among the C2H2-C6H6 mixture (black), C2H2 (dark gray), and C6H6 (light gray) 
showing new bands from 1.585 to 1.780 µm, as well as 1.943 to 2.122 µm (c). 
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Figure A9. Top-down view of C2H2-C6H6 mixture from repeat experiment 2 in sample dish 
showing two different optical camera views: (a) and (b) being one, and (c) and (d) being the 
other. Panels (a) and (c) were taken at t = 138 and t = 139 minutes at 185 K and 184 K, 
respectively, before C2H2 was added to the dish. Panels (b) and (d) were taken at t = 257 minutes 
at 112 K, after C2H2 was added to the C6H6 on the dish. Notice the difference in sample 
appearance and morphology structure from (a) to (b) and from (c) to (d). The progressed sample 
has a more complex structure and appears to have increased in reflectance. The white color of 
the sample is due to the Spectralon® IR reflectance material upon which the sample is deposited.  
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Figure A10. Spectrum of acetone (CH3)2O taken at room temperature and pressure 
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CHAPTER 3. CHARACTERIZING THE NEAR-INFRARED SPECTRAL PROPERTIES 

OF THE ACETONITRILE-ACETYLENE CO-CRYSTAL IN TITAN-RELEVANT 

HYDROCARBON MIXTURES  

Ellen Czaplinski and Vincent Chevrier 

Arkansas Center for Space and Planetary Sciences, University of Arkansas, Fayetteville, AR 
72701, USA 
 
Keywords: NIR spectroscopy, nitriles, experimental techniques, surface ices 

Highlights: 

• Confirmed the formation and detection of the acetonitrile-acetylene co-crystal using NIR 
spectroscopy under Titan temperatures and pressure 

• Co-crystal identified based on a new band at 1.676 µm, spectral shifts, and band splitting 
• Formation temperature between 118 and 174 K, and is stable at 90 K 

1. Abstract 

Recent atmospheric observations of Titan, Saturn’s largest moon with a thick 

atmosphere, have revealed enhanced abundances of acetonitrile (CH3CN) at Titan’s north pole, 

strengthening the argument that CH3CN may be an abundant nitrile species at the surface and/or 

in Titan’s liquids. CH3CN also closely matches spectra of Titan’s surface in regions where an 

undetermined feature centered at 5.01 µm has been identified. Using an experimental Titan 

surface chamber, we conducted experiments to characterize the near-infrared spectra of CH3CN 

in solutions with methane (CH4) and ethane (C2H6), as well as characterizing the NIR spectral 

signatures of co-crystal formation between CH3CN and acetylene (C2H2). Results from this study 

show CH3CN evaporite formation with CH4, including a CH4 band at 1.666 µm which may be 

leftover gas in contact with the evaporite layer. Here, the C2H2-CH3CN co-crystal forms between 

118 and 174 K, is stable at Titan surface temperatures (~90 K), and we observe several instances 

of spectral shifts, band splitting of certain vibrational modes, and possible phase trapping of 
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C2H2. The results from this study confirm NIR detection of the co-crystal, enhancing the 

techniques that can be used to detect Titan-relevant co-crystals. The upcoming Dragonfly 

mission will explore Titan’s surface up close, and may have the opportunity to detect and 

observe these types of co-crystals in situ. 

2. Introduction 

Acetonitrile (CH3CN), a product of ion-neutral reactions induced by UV photolysis of the 

upper atmosphere, was first discovered in Titan’s atmosphere via ground-based measurements 

from the 30-m telescope operated by the Institut de Radioastronomie Millimétrique (Bézard et 

al., 1993). CH3CN has been estimated to exist as a few ppb in the upper atmosphere (Marten et 

al., 2002), and saturation ratios in the lower atmosphere may approach that required for 

condensation (60-90 km), potentially explaining a necessary sink to help model the abundances 

of the gas phase in the lower atmosphere (Ennis et al., 2017). Additional models estimate a 

constant precipitation flux of 1.27 x 107 molecules/cm2/s (Krasnopolsky, 2009; Vuitton et al., 

2008; Molina-Cuberos et al., 2002). As CH3CN molecules travel through Titan’s atmosphere, 

they may combine into ordered clusters or precipitates and fall to the surface; alternatively, they 

may aggregate during fluvial transport of condensed CH3CN deposits on Titan’s surface 

(Corrales et al., 2017). Recent abundance measurements of CH3CN in Titan’s atmosphere from 

the Atacama Large Millimeter/submillimeter Array (ALMA) show enhanced abundances at high 

latitudes, especially at the north pole (Fig. 1, Thelen et al., 2019), which is indicative of a winter 

enrichment of CH3CN, and may be advected to lower latitudes post northern winter (Thelen et 

al., 2019). 

On Titan’s surface, it has been proposed that CH3CN may comprise some of the darker 

areas of the surface, where the Cassini Visible and Infrared Mapping Spectrometer (VIMS) 
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spectra imply the surface may be akin to a wet sand (water ice, solid organics, mixture) with 

liquid methane/ethane incorporated (Clark et al., 2010). Additionally, the study by Clark et al. 

(2010) observed that the infrared spectrum of acetonitrile has the most similar shape and position 

to the 5.01 µm feature and also has similar features to the 5.05 µm feature, however slightly 

shifted.  

Recent experimental studies performed under Titan conditions have confirmed the 

existence of two co-crystals that form with CH3CN: CH3CN-C2H2 and C6H6-CH3CN (Cable et 

al., 2020; McConville et al., 2020, respectively). In the former paper, the authors identified the 

co-crystal via micro-Raman spectroscopy and suggest that the CH3CN-C2H2 co-crystal may be a 

major component of Titan’s organic geological units (e.g., labyrinth terrains – similar to karst on 

Earth) due to the differential solubility of acetonitrile and acetylene in liquid hydrocarbons 

(nonpolar C2H2 being more soluble and polar CH3CN being less soluble; Cable et al., 2020). In 

the latter, the authors report how the mole fraction of CH3CN changes with temperature and 

solved the co-crystal structure with X-ray diffraction (XRD) measurements, highlighting the 

unique compositional diversity of Tian “minerals” (McConville et al., 2020). 

Given the enhancement in CH3CN abundance over Titan’s north polar lakes/seas, the fact 

that CH3CN closely matches an important VIMS signature, and that acetonitrile is involved in at 

least two recently studied Titan-relevant co-crystals, we decided to augment these laboratory 

studies by characterizing the solubility of CH3CN in liquid CH4, C2H6, and the CH3CN-C2H2 co-

crystal stability under Titan temperature and pressure using infrared spectroscopy. 

3. Methods 

In order to investigate the formation and stability of CH3CN as an evaporite, we conduct 

laboratory experiments in the Titan Surface Simulation Chamber (TSSC; Wasiak et al., 2013). 
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The specific details and general protocol for the TSSC were provided in section 2 of the 

Introduction: General Methodology. Here, we provide relevant details for the set of experiments 

in this chapter. 

Because CH3CN is a liquid at standard ambient temperature and pressure (SATP), we 

follow the “cold trap” protocol to introduce CH3CN to the condenser (similar to the protocol for 

working with benzene in chapter 2; Czaplinski et al., 2020). Proper safety precautions should 

always be followed when working with CH3CN including wearing: a lab coat, splash goggles, 

appropriate impermeable gloves, an organic vapor respirator, and working within the glove box 

or under the fume hood with sufficient ventilation in the room. When the LN2 flow to the 

chamber is initiated, the flow to the condenser is restricted so that only the temperature control 

box (TCB) begins cooling significantly (since the condenser is located inside of the TCB, the 

condenser still cools slightly when LN2 is restricted to the TCB). Inside a custom-built glovebox, 

an Erlenmeyer flask is filled with ~100 mL of avantor™ Baker Analyzed® acetonitrile (CH3CN, 

≥99.9%). Nitrogen gas is continuously bubbled through the CH3CN-filled flask through the 

building’s exhaust system at 3 psi for ~5 minutes. This flow of N2 through the flask causes the 

CH3CN to rapidly effervesce. After the flask reaches N2 saturation and the sample dish reaches 

~183 K (any temperatures colder than acetonitrile’s melting point, 228 K), we then open the 

solenoid valve, close the exhaust valve, and open the exterior condenser inlet so that the N2-

CH3CN saturated mixture is carried through the condenser at ~6 psi where it deposits onto the 

sample dish as a solid. The CH3CN deposits onto the sample dish for ~20 minutes. Deposition is 

verified via optical cameras and FTIR measurements (Nicolet 6700 FTIR spectrometer that is 

equipped with a TEC InGaAs 2.6 μm detector, a CaF2 beam-splitter, spectral range of 1 to 2.6 

μm, spectral sampling of 4 cm-1, spectral resolution of 0.01 cm-1, connected to a fiber optic probe 
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above the sample dish). After deposition, the N2 bubbling through the Erlenmeyer flask is 

stopped, and the external condenser outlet is closed. We leave the solenoid valve open for an 

additional 5 minutes to prevent any blockages from solid CH3CN. As the chamber cools, 

additional FTIR measurements of the pure CH3CN are taken for comparison to the pure spectra 

later in the experiment. 

After the sample dish has reached 173 K, we begin flowing C2H2 (Airgas, 99.6%, acetone 

added as stabilizer) through the condenser at 50 kPa for 20 minutes, where it deposits on the 

sample dish in solid phase. Deposition is confirmed by optical TCB cameras and FTIR spectra. 

After we stop the C2H2 gas flow, the solenoid valve is left open for 5 minutes to prevent 

blockages. 

After both compounds are deposited onto the sample dish (sample thickness on the order 

of a few mm), the LN2 flow to the condenser is turned on. Note that at this point, we are finished 

adding compounds to the condenser; the condenser LN2 flow merely contributes to the rest of the 

TCB successfully attaining Titan surface temperatures (89–90 K). Depending on the experiment, 

the TCB temperatures may be warmed later in the experiment in an attempt to increase reaction 

times or, in the case of C2H2, to identify how the IR spectra changes with regards to temperature. 

The mole fraction for the acetylene– benzene experiment was calculated using the same methods 

reported in Czaplinski et al. (2019; see Spectral Unmixing Model section), a Python code (see 

Czaplinski et al., 2019) that decomposes a given spectrum into a best fit of linear combinations 

of the pure spectra (taken at corresponding temperatures) added together. The mole fraction is 

reflected in the linear weights that each raw component spectrum is given to fit the experimental 

data. 



 

 126 

4. Results 

Here, we outline three types of experiments: C2H6-CH3CN (liquid-solid), CH4-CH3CN, 

(liquid-solid) and the C2H2-CH3CN co-crystal (solid-solid). Vibrational modes and band 

assignments of pure CH3CN are presented in Table 1. 

Table 1. Vibrational modes and band assignments of CH3CN from a previous study compared 
with the band positions in this study.  

Literature band 
positionsa 

(cm-1) 

This studyb (cm-1) This studyb (µm) Band assignmenta 

4321.8 4321.1 2.314 δsCH3 + νsCH3 

4366.6 4366.9 2.290 δsCH3 + νasCH3 

4396.6 4403.7 2.271 νasCH3 + δas′CH3 

4438.6 4440.4 2.252 νasCH3 + δasCH3 

4948.3 4949.4 2.020 νsCH3 +2νsCH3 

4996.5 4999.6 2.000 νsCH3 +2ρ′CH3 

5064.2 5057.3 1.977 νsCH3 +2ρCH3 

 5070.0 1.972  

5195.2 5188.6 1.927 νsCH3 + νCN 

5252.7 5249.3 1.905 νasCH3 + νCN 

5383.4 5288.0 1.891 νas′CH3 + νCN 

5671.4 5673.4 1.762 νsCH3 +2δsCH3 

5707.6 5712.1 1.751 νsCH3 + δas′CH3+ 
δas′CH3 

 5766.4 1.734  

5831.6 5829.1 1.715 νasCH3 + νasCH3 

5953.7 5945.4 1.682 νas′CH3 + νas′CH3 

6277 5989.8 1.669 νsCH3 + νCN + νCC 

aBeć et al., 2019 (303 K) 
b100 K (9/2/2020, 16:08) 
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4.1. C2H6 - CH3CN 

In the C2H6-CH3CN (liquid-solid) experiment, we first added CH3CN to the condenser 

following the procedure described in the Methods section, then condensed liquid ethane on top 

of the solid layer of CH3CN and allowed the sample to warm to 143 K. Figure 1 shows the 

resulting spectra from this experiment. We do not observe obvious or drastic changes to the 

spectra after cooling the mixture to 93 K and then warming to 143 K (Figure 1). This is 

confirmed by band depth measurements (Figure 2) which show an average value of 3.9% 

throughout the experiment for the CH3CN band at 1.928 µm (this band was chosen, as it does not 

overlap with C2H6 C–H stretching bands in the 1.7 – 1.8 µm region). After C2H6 was condensed, 

it remained in the liquid phase throughout the duration of the experiment, as we do not observe a 

significant increase in reflectance at the coldest temperature, which aligns with the fact that C2H6 

does not freeze until ~90 K (Farnsworth et al., 2020). Figure 3 highlights the sample’s 

appearance when liquid C2H6 partially dissolves the solid CH3CN layer underneath. The two 

panel photos were taken 30 seconds apart and in that time, one can observe the perimeter of the 

liquid C2H6 layer that spreads outwards towards the upper part of the photo. 
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Figure 1. FTIR spectra of C2H6 and CH3CN from 113 K to 143 K. For comparison, a 
spectrum of pure C2H6 (liquid) at 93 K and CH3CN (solid) at 100 K are shown in blue and 
red, respectively for comparison. Experimental time increases from top to bottom. Notice how 
there are no drastic changes to the C2H6 bands throughout the experiment 
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Figure 2. Band depths of the 1.928 µm band of CH3CN showing no drastic change in band 
depth as a function of time or temperature. The lowest reflectance value of 3.263 % 
corresponds to when the sample was coldest (93 K). Temperatures ranged from 93 – 143 K 
(corresponding with Figure 1 above). 



 

 130 

 

 
 
 

4.2. CH4 - CH3CN 

In the CH4-CH3CN (liquid-solid) experiment, CH3CN was added to the condenser 

initially, following the procedure described in the Methods section, then liquid CH4 was 

condensed on top of the solid CH3CN layer at ~94 K. Temperatures within 94 – 98 K (slightly 

warmer than Titan surface temperatures) were maintained, because CH4 readily evaporates at 

these temperatures (Czaplinski et al., 2019; Farnsworth et al., 2020). Figure 4 shows the 

corresponding FTIR spectra. An enhanced view of the pure CH3CN spectrum is compared to the 

residual CH4-CH3CN spectrum after liquid CH4 had evaporated (Figure 5). Notice the subtle 

differences in spectral bands in Figure 5, most notably the band at 1.666 µm (associated with the 

first overtone region of pure CH4), which persists after all liquid CH4 has been evaporated. This 

band has been reported to persist in previous experiments with CH4 evaporites (Czaplinski et al., 

2019; Chapter 1), and in our experience with this experimental setup, is present when the 

temperature of the sample is well above the boiling point of pure CH4 (125 K; Friend et al., 

1991). 

135 K 137 K

Figure 3. Top-down view of the C2H6-CH3CN mixture in the sample dish. (A) and (B) were 
taken 30 seconds apart. Liquid C2H6 dissolved part of the solid CH3CN layer, as evidenced by 
the increase in the liquid portion from (A) to (B), indicated by the black outline.  
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Band depth calculations were performed on the CH4 triplet (1.668 µm, 1.722 µm, 1.794 

µm, respectively) which corresponds to the 2v3, v1/v3 + v2 + v4, and v1 + 2v4 vibrational modes, 

respectively (Czaplinski et al., 2019). By plotting these band depths as a function of 

experimental time, we provide secondary confirmation of complete CH4 evaporation by the end 

of the experiment, as the band depth values from all three CH4 bands decreased to a value of zero 

by 190 minutes (Figure 6).  

 

  

Figure 4. FTIR spectra from the CH4-CH3CN (liquid-solid) experiment at different 
temperatures, along with pure CH3CN at 102 K in red. Experimental time increases from top 
spectrum to second from the bottom, as characterized by the CH4 bands disappearing with 
evaporation. Notice the increase in reflectance as the sample changes from a liquid (when 
CH4 is present) to a solid (after CH4 has evaporated and only solid CH3CN is left).  
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Figure 5. Pure CH3CN (red) compared with the final (residual) 
spectrum from the CH4-CH3CN experiment. This enhanced view 
details the differences between the two spectra, most notably the 
band at 1.666 µm and three small bands just before it (denoted by 
arrows), which are associated with CH4. 

Figure 6. Band depths of the CH4 triplet (1.668, 1.722, and 1.794 
µm; 2v3, v1/v3 + v2 + v4, and v1 + 2v4 vibrational modes, 
respectively) showing complete evaporation after 196 minutes had 
elapsed.  
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4.3. CH3CN - C2H2 Co-Crystal 

Here, we present three separate experiments with C2H2 and CH3CN, where the C2H2-

CH3CN co-crystal was formed in all three via solid-solid interactions. In all three experiments, 

CH3CN was first deposited onto the sample dish, as described in the Methods section, then C2H2 

was deposited on top of the CH3CN layer. The sample was first cooled down to Titan-relevant 

temperatures, then allowed to warm up in order to observe any changes in sample morphology, 

structure, or phase.  

4.3.1. Experiment 1 

During the first experiment (Figure 7), a lower concentration of C2H2 was added, which 

resulted in very minor differences to the spectra (when compared to experiments 2 and 3). Upon 

analysis of the spectra in Figure 7, we observe the appearance of a band at 1.676 µm when the 

sample was cooled to 174 K, which is neither present in pure C2H2 nor pure CH3CN, supporting 

the claim that the co-crystal formed. Additionally, the spectra show some slight differences in 

reflectance after solid C2H2 was added to solid CH3CN (Figure 7).  

Further spectral changes of the v1 +v3 (1.552 µm) vibrational mode include splitting into a 

unique doublet when the sample is at 108 K, 151 K, and 177 K (Figure 7, second, fourth, and 

sixth spectra), and a single band centered at 1.551 µm at 97 K. These observations differ from 

pure C2H2 spectra at the same temperatures, which has only a single band when the sample is 

less than 140 K and four bands when the sample is below 97 K. Further, the 5ν4 + 3ν5 (trans and 

cis bend) vibrational mode (centered around 1.93 µm) shows band shifts and unique band 

splitting when compared with pure C2H2 and pure CH3CN. Upon cooling to 108 K, the 5ν4 + 3ν5 

mode splits into two separate bands at 1.926 and 1.932 µm. The 1.927 µm band of pure CH3CN 

blue shifts by 0.001 µm (4.44 cm-1) and the 1.932 µm band corresponds to the 1.932 µm band of 
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the 5ν4 + 3ν5 mode of pure C2H2. This doublet persists until the sample is heated to 188 K, and 

does not change shape at the orthorhombic to cubic C2H2 transition (~139 K), as the pure C2H2 

bands do. 

 

Figure 7. FTIR spectra from the first C2H2-CH3CN experiment showing a pure CH3CN spectrum 
from this experiment in red on top and pure C2H2 spectra in black and gray (From Chapter 2; 
Czaplinski et al., 2020) on the bottom (see Figure legend). Experimental time increases from top 
to bottom. Y-axis is offset for clarity. Notice the band at 1.676 µm (highlighted by gray box), 
indicating formation of the co-crystal upon cooling. 
4.3.2. Experiment 2 

The second C2H2-CH3CN experiment shows the addition of a new band at 1.676 µm 

which appeared at 118 K, upon cooling the sample. Moreover, the band depth of the 1.676 µm 

band gradually increases throughout the experiment (as the sample is warmed), relative to the 

CH3CN bands on either side of the 1.676 µm band (1.671 and 1.683 µm; νsCH3 + νCN + νCC 

and νas′CH3 + νas′CH3 and vibrational modes, respectively; Table 1). Baseline reflectance also 
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increases as the sample is warmed. In general, C2H2 bands in this experiment more closely match 

with pure C2H2 spectra, however when the sample is warmed to 151 K, the C2H2 v1 +v3 band 

splits into a doublet centered at 1.547 and 1.551 µm, unlike what is observed in pure C2H2 

(Figure 8). At warmer temperatures (~186 K), the C2H2 v1 +v3 vibrational mode maintains the 

band at 1.551 µm, while a broad doublet at 1.521/1.529 µm persists even past the boiling point 

of C2H2 (185 K). This is not observed in pure C2H2 and is further discussed in the Discussion 

section. We also observe band splitting and band shifts of the 5ν4 + 3ν5 vibrational mode, similar 

to the first co-crystal experiment above. However, in this experiment the changes were more 

drastic. The C2H2 5ν4 + 3ν5 mode splits into three distinct bands upon cooling to 101 K (Figure 

8). These bands are located at 1.925, 1.929, and 1.932 µm and show differences when compared 

to pure C2H2 and CH3CN. As the sample is warmed to 151 K, the triplet structure becomes less 

defined, then splits again when the sample was further warmed to 157 K. When warmed to 171 

K, the band splits into a doublet at 1.926 and 1.931 µm with a similar appearance to the doublet 

presented in the first co-crystal experiment. At 186 K (warming), the C2H2 begins to evaporate 

and the band ends up as a single band at 1.925 µm.  

Optical observations of the sample (Figure 9) show a noticeable difference in the co-

crystal morphology at colder temperatures (~100 K to 156 K). The sample exhibits a “fluffy”, 

bright texture at these colder temperatures (Figure 8A-D). However, when the sample is warmed 

to 160 K, the sample loses that snow-like texture, and reverts to individual accumulations of 

solid sample (Figure 8E,F). Note that we do not include a panel for 160 K in Figure 8, as we 

wanted the temperatures from Figures 8 and 9 to correspond with each other, however one can 

still observe the lack of snow-like texture in Figure 9E. Additionally, we observe a “wetting” 

effect as the sample was warmed to 185 K (Fig. 9F). This is most likely due to the sample 
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partially transitioning into the liquid phase, thus dissolving the surrounding solid portion of the 

sample (Figure 9F). 

 

Figure 8. FTIR spectra from the second CH4-CH3CN experiment showing a pure CH3CN 
spectrum from this experiment in red and pure C2H2 spectra in black and gray (From Chapter 2; 
Czaplinski et al., 2020) on the bottom; see Figure legend. Experimental time increases from top 
to bottom. Y-axis is offset for clarity. Notice the appearance of the 1.676 µm band (highlighted 
by gray box) in the 101 K spectrum, indicating formation of the co-crystal upon cooling. The 
reflectance of this feature increases as the sample is warmed. In the C2H2 v1 +v3 vibrational mode 
(1.552 µm), the band shape corresponds to the cubic structure even when the temperature of the 
sample is in the orthorhombic structural stability range (below 133 K).  
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Figure 9. Top-down view of the second C2H2-CH3CN mixture in the sample dish. The sample 
was warmed from (A)-(F). Temperatures correspond with the temperature labels in Figure 8 
above. Notice the drastic difference in sample morphology from (A)-(D) compared with (E) and 
(F). The co-crystal is stable in (A)-(D), but starts to change phase at 160 K (not pictured), 
through 185 K. 
 
4.3.3. Experiment 3 

We also observe the 1.676 µm band in the third C2H2-CH3CN experiment (Figure 10). 

This band first appears at 150 K upon cooling and changes reflectance based on temperature and 

C2H2 phase. The v1 +v3 mode is a single band from 150 K to 93 K, which differs from pure C2H2 

(a quadruplet band). The v1 +v3 mode preserves the feature at 1.551 µm while the broad doublet 

at 1.521/1.529 µm persists, which is also unlike pure C2H2. As with the second experiment, we 

observe the same unique splitting of the 5ν4 + 3ν5 vibrational mode into three bands (1.925, 

1.929, and 1.932 µm) upon cooling, which persist from 101 K until the sample reaches 171 K 

(Figure 10). The bands revert to a doublet at 1.926 and 1.931 µm when warmed to 171 K.  

Optical views of the sample (Figure 11) show that the sample maintains overall 

morphology throughout the experiment. We observe slight changes, such as an increase in solid 

clusters of the sample when panel (A) is compared with panel (D). 

100 K 146 K 152 K

156 K 171 K 185 K
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Figure 10. FTIR spectrum from the third CH4-CH3CN experiment showing pure CH3CN from 
this experiment in red and pure C2H2 spectra in black and gray (From Chapter 2; Czaplinski et 
al., 2020) on the bottom; see Figure legend. Experimental time increases from top to bottom. Y-
axis is offset for clarity. Notice the appearance of the 1.676 µm band (highlighted by gray box) 
in the 150 K spectrum, indicating formation of the co-crystal upon cooling. The reflectance of 
this feature increases as the sample is warmed. The C2H2 v1 +v3 vibrational mode (1.552 µm) 
maintains the cubic structure in warmer temperatures, just as in the second experiment.  
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Band depth measurements of the 1.676 µm co-crystal feature from all three co-crystal 

experiments are displayed in Figure 12. The color of each datapoint corresponds to the 

temperature of the sample at the corresponding time. Experiment 1 shows lower relative 

reflectance values on average when compared with experiments 2 and 3 (Figure 12). We infer 

that this is due to the lower concentrations of C2H2 and CH3CN, therefore less volume of the co-

crystal was formed in experiment 1. Experiments 2 and 3 show the same general shape from the 

beginning of the experiment to ~220 minutes, after which, the band depths in experiment 2 

sharply decrease to zero by the end of the experiment, whereas the band depths in experiment 3 

continue to increase.  

147 K 97 K

93 K 98 K

Figure 11. Top-down view of the third C2H2-CH3CN mixture in the sample dish. 
Note how the sample morphology maintains consistency even though the temperature 
was cooled from 147 K to 93 K (A)-(C). We observe an increase in solid particles on 
the dish from (A) to (D). 
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5. Discussion 

We observe the persistence of the 1.666 µm CH4 band in the CH4-C2H2 experiment. 

Although difficult to determine using solely FTIR data, we assume that this band represents 

some residual CH4 that remains in contact with the CH3CN evaporite layer. This band was first 

reported in our previous studies with ethylene (C2H4) and CH4 (Czaplinski et al., 2019; Chapter 

1), and is even present when the temperature of the sample is above the boiling point of CH4. 

Further, it is possible that a residual amount of CH4 gas remained above the sample dish after the 

Figure 12. Band depths of the 1.676 µm feature from all three co-crystal 
experiments as a function of experimental time and temperature. Band 
depths in experiment 1 are lower in relative reflectance on average, due 
to the lower amount of C2H2 in the sample. The average band depth does 
not change drastically with temperature in experiment 1. Band depths in 
experiment 2 increase as the sample is warmed to 165 K, then decrease 
to zero. Experiment 3 has almost an identical line shape to experiment 2 
until ~200 minutes, after which the band depths continue to increase as 
temperature increases to 171 K.  
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liquid CH4 evaporated (i.e., CH4 fog), as the 1.666 µm band aligns with CH4 gas. Compounds 

have different spectra depending on if they are in a gas, liquid, or solid phase, due to a decrease 

in molecular motion at lower temperatures (Harris and Bertolucci, 1978; Abramczyk and 

Paradowska-Moszkowska, 2001). This could be determined in future experiments by positioning 

a gas analyzer above the sample to detect any trace amounts of CH4 that remains above the 

sample, for example. 

Based on when the 1.676 µm feature appeared, the C2H2-CH3CN co-crystal formed 

between 174 K and 118 K during our experiments. In general, the 1.676 µm band increases as 

the sample temperature increases, to a certain point (Figure 12). Because the v1 +v3 vibration 

mode preserves the 1.551 µm feature beyond the boiling point of C2H2, and the v1 +v3 mode 

shows differences at Titan temperatures when compared with pure C2H2 (i.e., a single band in the 

co-crystal spectrum compared with a quadruplet in C2H2), this leads us to consider that phase 

trapping may have occurred in these experiments. For reference, both C2H2 and CH3CN have 

two solid phases below their melting points (193 K and 230 K, respectively), which are both 

temperature dependent. In C2H2, the high temperature cubic phase is stable from 133 to 193 K, 

while the low temperature orthorhombic phase exists below 133 K (Sugawara et al., 1952; 

Bottger et al., 1964; van Nes et al., 1979). For CH3CN, the high temperature monoclinic phase is 

stable from 217 to 230 K, while the low temperature orthorhombic phase is stable below 217 K. 

Recent experiments have indicated that the high temperature monoclinic phase of CH3CN can be 

trapped when rapidly cooled to Titan conditions (Choi et al., 2020). Based on this information 

and the results from the co-crystal experiments reported herein, we believe that the warmer cubic 

phase of C2H2 has been trapped at cooler temperatures, because all three co-crystal experiments 

show only a single band centered at 1.551µm (v1 +v3 mode), as opposed to the typical 
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orthorhombic phase of pure C2H2 at these temperatures, which has four distinct bands (e.g., 

Czaplinski et al., 2020).  

The splitting of the C2H2 5ν4 + 3ν5 mode into three distinct bands upon cooling was 

observed in both the second and third co-crystal experiments. This splitting may be due to 

alterations of lattice parameters and symmetry of the crystal structure of CH3CN (Ennis et al., 

2017). For example, broadening and merging of peaks causes a loss of band structure, sometimes 

indicating a transition to a more amorphous solid (Ennis et al., 2017). This theory is supported 

with the data from the second and third co-crystal experiments, where the 5ν4 + 3ν5 mode 

transitions from a sharp, triplet band at the coldest temperatures (101 K and 93 K, experiments 1 

and 2, respectively) to a broad, wide band (~150 K), and ultimately changes to a doublet at 171 

K (both experiments).  

 A previous study on the C2H2-CH3CN co-crystal by Cable et al. (2020) reported 

differences in band positions between the co-crystal and the pure compounds using Raman 

spectroscopy. The authors observed red and blue shifts up to 9.3 cm-1 in most prominent 

vibrational modes (Cable et al., 2020). Here, we report the most significant shifts, in the 5ν4 + 

3ν5 vibrational mode, in association with the splitting of that band into a triplet of three separate 

bands. Table 2 outlines these shifts, which range from a blue shift of 0.1 cm-1 to a red shift of 3.3 

cm-1 (values are reported in cm-1 for easier comparison to the values reported in the literature). 

These band shifts are similar in magnitude to those reported in previous studies for the same type 

of experiment (Cable et al., 2020), as well as additional Titan-relevant co-crystal studies (Vu et 

al., 2014; Cable et al., 2018; Cable et al., 2019; Czaplinski et al., 2020). 
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Table 2. Band centers from pure CH3CN (orthorhombic) and C2H2 (cubic and orthorhombic) 
compared with co-crystal band shifts. 

  Band Center (cm-1) 

Experiment Vibrational Mode 
Assignment Pure CH3CN Pure C2H2 Co-crystal 

∆v between 
pure and co-

crystal 

1 

5ν4 + 3ν5 (band 1)  5193.6 5193.8 0.2 
5ν4 + 3ν5 (band 2) 5189.6    

5ν4 + 3ν5 (band 3)  5176.8 5174.6 -2.2 

2 

5ν4 + 3ν5 (band 1)  5193.6 5193.7 0.1 

5ν4 + 3ν5 (band 2) 5188.2 5186.2 5184.9 -3.3 

5ν4 + 3ν5 (band 3)  5176.8 5177.2 0.4 

3 
5ν4 + 3ν5 (band 1)  5193.6 5193.6 0 

5ν4 + 3ν5 (band 2) 5188.0 5186.2 5184.8 -3.2 
5ν4 + 3ν5 (band 3)  5176.8 5174.5 -2.3 

 
5.1. Relevance to Titan 

Recent evaporite models predict that nitriles (in particular CH3CN) have a good 

probability for contributing to Titan’s evaporites. For example, lake-atmosphere equilibrium 

model by Cordier et al. (2009) shows that the composition of Titan’s lakes contain minor 

compounds (solutes) much lower than 1%, including CH3CN. The non-saturated lake mole 

fraction of CH3CN was calculated to be 9.89 x 10-4 at the poles (90 K), in comparison with the 

saturated lake mole fractions of CH4, 9.69 x 10-2, and C2H6, 7.64 x 10-1 (Cordier et al., 2009). 

Additional work by Cordier and colleagues found that butane (C4H10) and C2H2 are most likely 

the main components of the external layers of Titan’s evaporites (Cordier et al., 2009), and a 

further study speculates that less soluble compounds, such as CH3CN may compose the layers 

immediately under the top layer of C4H10-C2H2 (Cordier et al., 2016). Furthermore, differences 

in the RADAR loss tangent (a quantifiable way to describe a dielectric material's inherent 

dissipation of electromagnetic energy) between Ligeia Mare (north pole) and Ontario Lacus 

(south pole), observed by Mastrogiuseppe et al. (2014) and Hayes et al. (2010), respectively, 



 

 144 

could be explained by the solvation of more absorbing compounds, such as nitriles 

(Mastrogiuseppe et al., 2014).  

An unidentified absorption in the Cassini Visible and Infrared Mapping Spectrometer 

(VIMS) 5.01 µm window indicates a yet-to-be-identified compound on Titan’s surface. A study 

by Clark et al. (2010) claimed that solid CH3CN may be a candidate for this 5.01 µm feature. By 

studying the infrared spectrum of solid CH3CN (80 K) in the 5.01 µm window, the authors 

concluded that CH3CN has the best match in spectral shape and position to the 5.01 µm feature 

out of any organic compound measured in reflectance, however it was still not a perfect match 

(Clark et al., 2010). These imperfections could be due to temperature differences between the lab 

measured CH3CN (80 K) and Titan’s surface temperature near the equator (~94 K; used to 

compare to the CH3CN spectrum), which may result in slight red or blue shifting of bands. VIMS 

identified the 5.01 µm feature in several “dark” areas on Titan’s surface near the equator (58°W, 

8°S), so CH3CN may preferentially accumulate in the dark terrain, implying that liquid may have 

once existed there (or may still exist today), if the CH3CN is in the form of an evaporite. The 

future Titan rotorcraft lander, Dragonfly, may be able to investigate the dark terrain, as its 

current proposed landing site will be in the interdune material near Selk Crater (199°W, 7°N; 

Lorenz et al., 2020).  

6. Conclusions 

In summary, we report experimental results on three types of experiments with 

acetonitrile: C2H6-CH3CN, CH4-CH3CN, and the C2H2-CH3CN co-crystal. The main points from 

each experiment are summarized as follows:  

• C2H6-CH3CN: C2H6 remained in the liquid phase, as expected, and the sample was stable 

throughout the experiment. No significant changes to the spectra were observed.  
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• CH4-CH3CN: CH4 evaporated throughout the experiment, forming the CH3CN evaporite. 

However, a CH4 band at 1.666 µm remained present in the spectra after CH4 band depths 

indicate complete evaporation. We interpret this as leftover CH4 gas being in contact with 

the evaporite layer.  

• C2H2-CH3CN co-crystal: The co-crystal formed in all three experiments, as evidenced by 

a unique band at 1.676 µm. In general, this band increases band depth throughout 

experiments. Band splitting and shifting is observed in the C2H2 5ν4 + 3ν5 vibrational 

mode (~1.93 µm), which is indicative of changes to the crystal structure of the sample. 

We observed differences in the C2H2 v1 +v3 vibrational mode (1.55 µm) of the co-crystal 

compared to this mode in pure C2H2, which may be related to the phase trapping nature 

of CH3CN. Optical images of the sample confirm the observed phase changes by showing 

drastic differences in morphology between colder and warmer temperatures.  

 The results from this study are relevant to the Dragonfly mission (a rotorcraft lander) to 

Titan, which will study the surface up close in the 2030’s. Because signatures of CH3CN have 

been implied to exist in dark terrains near Titan’s equatorial dune belt, it is very likely that 

Dragonfly will have the opportunity to investigate or sample these materials up close for the first 

time to confirm these types of measurements made in the laboratory.  
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9. Appendix 

 Here, we provide mole fraction calculations for experiments in this chapter (Tables A1-

A5). We used the same methods as described in Chapter 1, Section 3.3 Spectral Unmixing 

Model. We only include values for the corresponding spectra presented in this chapter.  

 
 Table A1. Mole fractions (%) from the CH3CN-C2H6 experiment.  

 

 Table A2. Mole fractions (%) from the CH3CN-CH4 experiment. 

* values approximated based on band depth calculations 

  

Spectrum Temperature (K) CH3CN C2H6 

1 113.15 60.55 39.45 

2 93.15 85.24 14.76 

3 118.15 71.07 28.93 

4 133.15 24.89 75.11 

5 143.15 25.58 74.42 

Spectrum Temperature (K) CH3CN CH4 

1 102.15 100 0 

2 98.15 62.47 37.53 

3 94.15 63.32 36.68 

4 98.15 72.91 27.09 

5 98.15 99* 1* 



 

 150 

Table A3. Mole fractions (%) from the first C2H2-CH3CN experiment. 

 

Table A4. Mole fractions (%) from the second C2H2-CH3CN experiment. 

  

Spectrum Temperature (K) C2H2 CH3CN 

1 143.15 4.29 95.71 

2 108.15 33.58 66.42 

3 97.15 29.33 70.67 

4 151.15 47.19 52.81 

5 156.15 44.77 55.23 

6 177.15 64.65 35.35 

7 188.15 90.09 9.91 

Spectrum Temperature (K) C2H2 CH3CN 

1 155.15 8.78 91.22 

2 101.15 35.88 64.12 

3 145.15 24.98 75.02 

4 151.15 37.99 62.01 

5 157.15 32.77 67.23 

6 171.15 76.24 23.76 

7 186.15 67.8 32.2 
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Table A5. Mole fractions (%) from the third C2H2-CH3CN experiment. 

 
  

Spectrum Temperature (K) C2H2 CH3CN 

1 150.15 0 100 

2 150.15 14.67 85.33 

3 101.15 22.51 77.49 

4 93.15 23.98 76.02 

5 158.15 22.46 77.54 

6 171.15 40.11 59.89 
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CHAPTER 4. BINARY COMPOUND EVAPORITES: STABILITY WITH LIQUID 

METHANE AND ETHANE UNDER TITAN CONDITIONS 

Ellen Czaplinski and Vincent Chevrier 

Arkansas Center for Space and Planetary Sciences, University of Arkansas, Fayetteville, AR 
72701, USA 
 
Keywords: evaporites, binary mixtures, NIR spectroscopy 

Highlights: 

• Spectral band shifts and splits when multiple evaporite species are involved 
• Acetylene-acetonitrile co-crystal is stable after exposure to methane-ethane 
• Morphology changes to the sample upon warming  

1. Abstract 

 Models of Titan’s evaporite composition predict multiple evaporite species may be 

present in the deposits. Because performing experiments with ten or more evaporite compounds 

is too complex for a single experiment, we present a series of binary evaporite studies that 

include two potential Titan-relevant evaporites (acetylene-ethylene and acetylene-acetonitrile) 

combined in methane-ethane solvents. We find that these mixtures produce interesting changes 

to the spectra and morphology of the sample upon warming/cooling the sample. In particular, the 

acetylene-acetonitrile co-crystal band depths show an inverse relationship with temperature when 

compared to the methane band at 1.666 µm. We also observe a unique trend with acetylene after 

methane evaporation. The results from these experiments have implications as to observations of 

Titan’s evaporites from Cassini data, as well as what we might expect to observe in future 

missions to Titan’s surface with the Dragonfly mission.  
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2. Introduction 

On Titan, multiple hydrocarbon and/or nitrile species (on the order of 10 or more) may be 

dissolved in the methane/ethane-dominated, polar lakes and seas. As the liquid component 

(methane and/or ethane) evaporates, this may give the various species an opportunity to 

precipitate out of solution as evaporite deposits (Cordier et al., 2009; 2013; 2016). Although 

studying multiple (six or more) evaporite species (along with methane, ethane, and dissolved 

molecular nitrogen) is relatively accessible in a modeling framework, this process is too complex 

to be studied in a single experiment. Therefore, we present a simplified starting point towards 

studying these more complex mixtures within a laboratory framework; running experiments with 

two evaporite-relevant species in conjunction with the methane-ethane-nitrogen solvent 

(hereafter referred to as binary experiments). We acknowledge that this is a gross simplification 

of the probable processes occurring in Titan’s lakes and seas, however the objective of studying 

these binary experiments is to identify which compound(s) consistently dominate the spectral 

signatures across experiments. For example, modeling of Titan’s evaporite composition by 

Cordier et al. (2013, 2016) revealed that acetylene and butane consistently dominated the upper 

(surface) evaporites layer due to their high solubilities. Unsurprisingly, evaporite composition 

depends on the initial composition of dissolved liquids and the mole fraction at saturation of the 

solutes in solution (Cordier et al., 2013). Thus, species with the highest solubilities and mol 

fraction at saturation will remain dissolved in the liquid longer and ultimately dominate the 

composition of the final evaporite layer, while species with lower solubilities and mol fractions 

will be the first to precipitate out as evaporites (Cordier et al., 2013). A more recent study by 

Cable et al. (2019) confirmed the formation and presence of a co-crystal between acetylene and 

butane, providing further insight into the preferred existence and orientation of these two 
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molecules in terms of Titan’s evaporites. The same compounds that dominate the spectral 

signatures in these binary experiments may be expected to also dominate spectra involving more 

realistic, complex compositions of evaporites, especially when comparing molecules that are 

highly soluble in liquid methane/ethane (e.g., acetylene) to molecules that are barely soluble in 

these solvents (e.g., acetonitrile; Stevenson et al. 2015). 

The previous chapters herein investigated single (C2H4), binary (C2H2-C6H6), and binary 

with methane and/or ethane (C2H2-CH3CN-CH4-/C2H6) evaporites. These studies introduced 

evaporite experiments and how to analyze the data for the simplest cases. In this chapter, we 

present two types of binary evaporite experiments with both methane and ethane: C2H2-C2H4-

CH4-C2H6 and C2H2-CH3CN-CH4-C2H6. By taking this binary approach, this work can be used 

to inform Cassini Visible and Infrared Mapping Spectrometer (VIMS) data analysis of which 

spectral features may dominate and be the most identifiable in a given evaporite spectrum (e.g., 

evaporites in the equatorial basins Tui and Hotei Regions; MacKenzie et al., 2014, 2016). 

Additionally, because these organic species reach solidification temperatures in Titan’s 

atmosphere, they may form exotic organic snows, which have the opportunity to form new 

molecular minerals (i.e., co-crystals) or other crystalline solids (Cordier et al., 2016; Maynard-

Casely et al., 2018). Thus, the binary experiments presented here are essential for understanding 

how evaporite molecules behave and evolve on a molecular level when existing together as a 

layer (or layers) of evaporites.  

We began by testing C2H2-C2H4, two of the most simple hydrocarbon species on Titan 

(and relatively straightforward for testing in our laboratory setup). The C2H2-CH3CN 

experiments were slightly more complicated due to the fact that CH3CN is a liquid at SATP 

(described in detail below). Indeed, we presented an in-depth study of the C2H2-CH3CN co-
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crystal in the previous chapter, however we sought to reevaluate the C2H2-CH3CN co-crystal as a 

binary evaporite by testing the stability of the co-crystal after adding methane and ethane to the 

mixture.  

3. Methods 

In this set of experiments, we follow the same general experimental protocol, as 

described in section 2 General Methodology. Briefly, the chamber and condenser are purged 

with N2 gas, then liquid nitrogen (LN2) is flowed through the condenser and/or the temperature 

control box (TCB) to cool these portions of the chamber to Titan-relevant temperatures (89-94 

K). When the condenser is at an appropriate temperature for condensation of the compounds 

being tested, the gaseous compounds (methane, ethane, ethylene) are individually added to the 

condenser and allowed to condense for ~5 minutes.  

A different procedure (the “cold trap” method, described in section 2 General 

Methodology) is used for adding acetylene and acetonitrile to the TCB. Because acetylene’s 

liquid phase has a relatively small temperature range (189 to 193 K), this makes it extremely 

difficult to add acetylene to the condenser in the same way as the other gases (described above). 

Therefore, we use the cold trap method here, which means the condenser LN2 is restricted from 

flowing at the beginning of the experiment, while LN2 flows to the TCB as normal. When the 

temperature of the sample dish reaches ~150 K (significantly below acetylene’s melting point of 

189 K), acetylene flows through the condenser while the solenoid valve is open, which allows 

acetylene to deposit (phase change from gas to solid) onto the sample dish relatively easily. We 

also use the cold trap method for acetonitrile, however since acetonitrile is a liquid at SATP, we 

must utilize an Erlenmeyer flask filled with 100 mL of acetonitrile (connected to both the N2 

cylinder and the exhaust/condenser interchangeable connections on the chamber exterior) inside 
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of a custom built glove box (for safety because acetonitrile vaporizes quickly and is toxic upon 

inhalation). N2 is bubbled through the flask while the exhaust valve connection to the flask 

remains open, allowing the flowing N2 gas in the flask to become saturated with acetonitrile 

(~10-15 minutes). Next, the exhaust valve is closed at the same time that the condenser valve is 

opened (with solenoid valve already open), allowing the acetonitrile-nitrogen mixture to pass 

directly through the approximately room temperature condenser and deposit onto the sample dish 

(~193 K).  

From this point, we initiate LN2 flow to the condenser, and cool the TCB to Titan-

relevant surface temperatures while collecting FTIR spectra. LN2 flow to the TCB is either 

decreased or increased in order to warm or cool the temperature of the sample. Warming the 

sample speeds up evaporation of the liquid (methane and ethane), and also allows us to 

characterize the phase change of acetylene (cubic to orthorhombic phase transition at 135 K). 

We would like to note that in these experiments, the solid species are deposited first, 

followed by condensation of the liquid (methane and ethane) on top of the solid component. This 

represents a scenario not unlike that which is speculated to occur on Titan, where there is a wet 

period followed by a dry period. Specifically, the wet period is characterized by methane and/or 

ethane rains dissolving solid organics on the ground and filling topographical depressions (i.e., 

lakes), whereas the dry period is characterized by the liquid component evaporating and 

producing the evaporites (Cordier et al., 2016). Thus, the precipitation/deposition of solid 

organics is assumed to have taken place prior to the wet period.   

4. Results 

Two general categories of binary evaporite experiments were performed: acetylene-

ethylene and acetylene-acetonitrile. Within each category, the stability of the binary evaporite 
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compounds after liquid methane and/or ethane were added to the sample dish was tested. A 

summary of all experiments are reported in Table 1. 

4.1. C2H2-C2H4 Binary Experiments 

4.1.1. Experiment 1: C2H2-C2H4-CH4  

In the C2H2-C2H4-CH4 experiment, C2H2 was first added to the sample dish following the 

cold trap method described in the Methods section, then C2H4 and CH4 were sequentially 

condensed at ~137 K and ~100 K, respectively. After all species were added to the sample dish, 

Titan surface temperatures (89-94 K) were maintained in the TCB for 165 minutes, after which 

the LN2 was turned off to observe the sample as temperatures increased. Figure 1 shows the 

spectra from this experiment. When the sample is warmer (128 K and 108 K), we observe an 

additional band on the left portion of the 1.55 µm C2H2 band (v1 +v3 vibrational mode) at 1.542 

µm. This is not observed in pure C2H2 spectra.  

In general, the C2H4 bands have a comparable band depth than the C2H2 bands (Figure 2; 

13% compared to 12%, respectively), and these band depths do not vary drastically when 

temperature is altered. The band depth of the CH4 band (1.666 µm) starts at ~0.7% and decreases 

to zero by the end of the experiment, confirming complete CH4 evaporation. This 1.666 µm band 

is relatively small (less reflective) compared to the other bands in this study, however, it is the 

only measurable CH4 band in these binary experiments, because the CH4 triplet bands (1.669, 

1.723, 1.796 µm) are overlapped by both C2H6 and C2H4 bands.  

Optical views of the sample (Figures 3 and 4) show a difference in sample brightness and 

texture between warmer (~140 K) and cooler (~90 K) temperatures. At warmer temperatures, 

one can observe the light from the lightbulb reflecting off the liquid portion of the sample. In the 

last panel on each figure (Figures 3(F) and 4(F)), new crystals can be seen spread across the 
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camera view. We interpret these crystals to be excess sample that originated from the filter (just 

outside of view from the camera panels), based on additional camera views not included in 

Figures 3-4. Notice the larger crystal size of the sample in this instance (146 K, end of 

experiment after CH4 evaporation), and “fluffy,” snow-like texture. Observations of view 2 

(Figure 4(F)) show that the snow-like crystals originate at the perimeter of the sample dish 

(upper half of figure panel), but are also observed from the solid sample collapsing onto the 

center of the dish (lower right portion of figure panels in view 2). 

 
Figure 1. FTIR spectra from the C2H2-C2H4-CH4 experiment from 91 K to 140 K. Experimental 
time increases from top to bottom. C2H2 bands are labeled with “a”, the C2H4 band is labeled 
with “e=” (to denote the double bond), and the CH4 band is labeled with “m.” Note that the 
bands are only labeled on the spectrum where the compound is first introduced to avoid clutter, 
however, one can observe each of these bands in the additional spectra from the experiment. 
Notice the broad shoulder of the C2H2 v1 +v3 vibrational mode (1.55 µm region) that is only 
observed in warmer spectra (128 K and 140 K).  
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Figure 2. Band depths from the C2H2-C2H4-CH4 experiment. Here, we only show band depths 
after all three species were added to the sample dish, which corresponds to when the sample 
was warmed from 91 K to 140 K over a period of 80 minutes. C2H2 and C2H4 bands stay 
relatively constant over this temperature range, and the CH4 bands decrease to 0% due to 
evaporation.  
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Figure 3. Top-down view of the C2H2-C2H4-CH4 mixture in the sample dish (view 1). The 
sample underwent a warming and cooling cycle, as denoted by the temperatures. The black line 
in the bottom-left is a portion of the filter, which is attached directly beneath the condenser. The 
shadow of the filter can be seen covering the left half of each panel. The lower-right corner of 
each panel is where the sample exits the bottom of the filter. Notice the reflected light from the 
lightbulb that is seen in panels (A), (C), and (E; when the sample is warmer). Part of the frozen 
sample can be observed in (F), after part of the sample had fallen from the filter onto the dish 
(see explanation in text). 

 

Figure 4. Top-down view of the C2H2-C2H4-CH4 mixture in the sample dish (view 2). 
Temperatures correspond to those shown in Figure 3. The lower-right corner of each panel is 
where the sample exits the bottom of the filter. Notice the boundary in the upper part of each 
image that separates the dark and light portion of the Spectralon; this boundary corresponds to 
the extent of the liquid CH4 pour. In panel (F), the crystallized sample can be observed.  
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4.1.2. Experiment 2: C2H2-C2H4-C2H6  

In the C2H2-C2H4-C2H6 experiment, C2H2 was first added to the sample dish following 

the cold trap method, then C2H4 and C2H6 were sequentially condensed at ~126 K and 104 K, 

respectively. FTIR spectra from this experiment are shown in Figure 5. After all species were 

added to the sample dish, we subjected the sample to a warming phase, followed by a cooling 

phase, the purpose of which is to increase the rate of any C2H6 evaporation that may occur. This 

is important for these types of experiments, as we are more concerned with the evaporite species, 

as opposed to the liquid portion of the sample (CH4/C2H6). Nonetheless, the combined spectra is 

a good representation of which species are more dominant when liquid remains. The spectra 

shows splitting of C2H6 bands at 1.688 µm and 1.697 µm at 123 K and 92 K, as well as a more 

broad shape of these bands at 98 K (Fig. 5), which is different from pure C2H6. We do not 

observe the C2H2 shoulder at 1.542 µm, as we did in the previous experiment.  

C2H2 and C2H4 have comparable band depths (Figure 6) which have a twofold increase 

from ~6% at 105 K to ~12% at 92 K. C2H6 band depths increase slightly as temperature 

decreases (~1% at 105 K to ~3% at 92 K). These increases are expected, as in previous studies, 

the increase is most likely due to changes in grain size and reflectance as temperature decreases.  
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Figure 5. FTIR spectra from the C2H2-C2H4-C2H6 experiment from 92 K to 123 K. Experimental 
time increases from top to bottom. C2H2 bands are labeled with “a”, the C2H4 band is labeled 
with “e=”, and C2H6 bands are labeled with “e.” Note that the bands are only labeled on the 
spectrum where the compound is first introduced, to avoid clutter, however, one can observe 
each of these bands in the additional spectra from the experiment. Notice the splitting of the 
C2H6 doublet (1.688 µm and 1.697 µm) at 123 K, which is preserved until the final spectrum at 
98 K. This splitting of the C2H6 doublet results in wider bands by the end of the experiment.  
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4.1.3. Experiment 3: C2H2-C2H4-CH4-C2H6  

In the C2H2-C2H4-CH4-C2H6 experiment, C2H2 was added to the sample dish using the 

cold trap method, then C2H6 was condensed at 112 K and CH4 and C2H4 were co-condensed at 

~104 K. FTIR spectra from this experiment are shown in Figure 7. Notice how at 159 K, C2H2 

bands are no longer present. This is confirmed by the band depth (Figure 8), which shows a 

drastic decrease in C2H2 bands from ~7% to 0% in less than 10 K. Interestingly, this decrease in 

the C2H2 band corresponds with the CH4 band (1.666 µm) also disappearing. By the last 

spectrum, the 1.666 µm band decreases from ~1% at 90 K to 0% at 150 K. In the last hour of the 

experiment, the C2H4 band (1.631µm) decreases from ~5% at 132 K to 3% at 159 K, whereas the 

C2H6 band (1.688 µm) decreases from 2.7% at 132 K to 1.6% at 159 K (Figure 8). 

Figure 6. Band depths from the C2H2-C2H4-C2H6 experiment. Here we show 
band depths after all three species were added to the sample dish, which 
corresponds to when the sample was cooled from 120 K to 92 K over a period of 
41 minutes. C2H2 and C2H4 bands increase as temperature decreases, as 
expected. C2H6 bands also increase slightly with decreasing temperature.  
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Figure 7. FTIR spectra from the C2H2-C2H4-C2H6-CH4 experiment from 92 K to 159 K. 
Experimental time increases from top to bottom. C2H2 bands are labeled with “a”, the C2H4 band 
is labeled with “e=”, C2H6 bands are labeled with “e”, and the CH4 band is labeled with “m.” 
Note that the bands are only labeled on the spectrum where the compound is first introduced, to 
avoid clutter, however, one can observe each of these bands in the additional spectra from the 
experiment. Notice the increase in C2H2 reflectance until the 143 K spectrum, after which it 
disappears (along with the CH4 band at 1.666 μm). C2H2 bands are more reflective than C2H4 
bands throughout the experiment. 
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4.2. C2H2-CH3CN Binary Experiments  

4.2.1. Experiment 4: C2H2-CH3CN-CH4  

In the C2H2-CH3CN-CH4 experiment, CH3CN was added to the sample dish via the 

Erlenmeyer flask/cold trap method at ~192 K. C2H2 was added at ~144 K using the cold trap 

method, and CH4 was added to the sample dish at 104 K. FTIR spectra from this experiment are 

shown in Figure 9. Notice the co-crystal band at 1.676 µm (described in Chapter 3), which 

persists throughout the experiment, including before, during, and after CH4 evaporation. The 

Figure 8. Band depths from the C2H2-C2H4-C2H6-CH4 experiment. Here we show band depths 
after all four species were added to the sample dish, which corresponds to when the sample 
was warmed from 92 K to 159 K over a period of 57 minutes. C2H2 and C2H4 bands increase 
as temperature increases to ~140 minutes, after which both species’ band depths decrease 
sharply. C2H2 band depths decrease to 0% at the same temperature that CH4 band depths 
decrease to 0%. C2H6 band depths gradually decrease over the course of the warming period.  
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methane band at 1.666 µm is clearly observed and decreases throughout the experiment as CH4 

evaporates.  

Band depths of the co-crystal (1.676 µm) and CH4 (1.666 µm) are shown in Figure 10. 

Here, we see an interesting inverse (1/x; see Fig. A5) relationship between these two bands. This 

relationship is also seen in the repeat experiment, shown in the Appendix (Figure A4). From cold 

to warm temperatures, the CH4 band depth increases to a maximum of ~10% at 120 K, then 

steadily decreases as it evaporates, ending at ~1%. Alternatively, the C2H2-CH3CN co-crystal 

band consistently remains around 2.5% until CH4 evaporates, at which point the co-crystal band 

increases to a maximum value of 7.3% at 165 K, then decreases to ~1% by 184 K (Figure 10). 

This is the clearest relationship observed in the band depth data from all the binary experiments.  

 Optical views of the sample in Figures 11 and 12 show the distinct co-crystal morphology 

at 91 K. When the sample is warmed, the morphology changes after the sample reaches 152 K, 

and the solid sample appears to completely disappear above 180 K (Figure 11 (E), (F), Figure 12 

(F)), which is near the sublimation point of C2H2 (189 K).  
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Figure 9. FTIR spectra from the C2H2-CH3CN-CH4 experiment from 93 K to 184 K. 
Experimental time increases from top to bottom. C2H2 bands are labeled with “a”, the CH3CN 
bands are labeled with “ACN” (acetonitrile abbreviation), and the CH4 band is labeled with “m.” 
Note that the bands are only labeled on the bottom spectrum for clarity, however, one can 
observe each of these bands in the additional spectra from the experiment. Notice the increase in 
reflectance of the CH4 band until 153 K when it decreases due to evaporation. The co-crystal 
band shows the inverse of the CH4 band trend, in that reflectance stays relatively constant until 
134 K, after which it increases in reflectance to be greater than the two bands on either side of it.  
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Figure 10. Band depths from the C2H2-CH3CN-CH4 experiment. Here we show band depths 
of the C2H2-CH3CN co-crystal band (1.676 µm) and the CH4 band (1.666 µm) after all three 
species were added to the sample dish, which corresponds to when the sample was warmed 
from 91 K to 184 K over a period of 204 minutes. There is a clear inverse relationship 
between these two bands. As temperature increases, the CH4 band depth sharply increases to 
~10% at 120 K, then steadily decreases to 1% at 180 K during evaporation. The opposite 
trend is observed in the co-crystal band, as it remains at ~2.5% until the CH4 begins 
decreasing, then peaks at 7.3% (165 K) before decreasing to ~1% by 184 K.  
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Figure 11. Top-down view of the C2H2-CH3CN-CH4 experiment in the sample dish (view 1). 
The sample underwent a cooling and warming cycle, as denoted by the temperatures, which 
closely represent those shown in the spectra of Figure 9. The shadow of the filter can be seen 
covering the left half of each panel. The lower-right corner of each panel is where the sample 
exits the bottom of the filter. Notice the difference in texture between 91 K (B) and when the 
sample is at warmer temperatures ((C)-(F)). The morphology of the co-crystal appears to lose 
structure and completely disappears when the sample is ≥180 K, which is near the sublimation 
point of C2H2 (189 K).  

 
Figure 12. Top-down view of the C2H2-CH3CN-CH4 mixture in the sample dish (view 2). 
Temperatures correspond to those shown in Figure 11, except for panel (E; we were not able to 
collect a photo of view 2 at that temperature). The lower-right corner of each panel is where the 
sample exits the bottom of the filter. Notice the liquid-solid boundary in panels (E) and (F). The 
white light source from the FTIR probe can be seen in the upper central part of panels (E) and 
(F). The co-crystal texture change is observed when comparing cooler ((B)) to warmer ((C) and 
(D)) panels. The co-crystal has mostly sublimated by panels (E) and (F), corresponding with the 
band depths in Figure 10.  
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4.2.2. Experiment 5: C2H2-CH3CN-CH4-C2H6  

In the C2H2-CH3CN-CH4-C2H6 experiment, CH3CN was added to the sample dish via the 

Erlenmeyer flask/cold trap method at ~160 K. C2H2 was added at ~173 K using the cold trap 

method. CH4 was added to the sample dish at 115 K, and C2H6 at 157 K. FTIR spectra from this 

experiment are shown in Figure 13. Notice the co-crystal band at 1.676 µm, which persists 

throughout the experiment, including before, during, and after CH4 evaporation. C2H6 bands 

appear to evaporate, as well, due to the warmer temperatures during part of the experiment 

(warming the sample forces the C2H6 to evaporate; see Czaplinski et al., 2019; Chapter 1), after 

which, C2H2 appears to dominate the last sample spectrum.  

Band depths show a U-like shape with C2H6 dominating at ~6.5% at the coldest 

temperatures, while the C2H2-CH3CN co-crystal band (1.676 µm) dominates at 7% when the 

sample is warmest. From 92 K to 160 K, CH4 bands increase, from ~0.3% to 1.5%, respectively.  

 Optical views of the sample (Figures 15, 16) show the co-crystal morphology at 113 K, 

and partial melting of the sample at 156 K, as evidenced by the reflected light from the light 

bulb. After the sample was cooled back down to Titan temperatures (92 K), the large, fluffy, 

snow-like crystals can be observed in the panel (E) of both camera views.   
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Figure 13. FTIR spectra from the C2H2-CH3CN-CH4-C2H6 experiment from 93 K to 159 K. 
Experimental time increases from top to bottom. C2H2 bands are labeled with “a”, the CH3CN 
bands are labeled with “ACN”, the CH4 band is labeled with “m”, and C2H6 bands are labeled 
with “e.” Notice how the C2H6 band depths drastically decrease from top to bottom, indicating 
evaporation. C2H2 bands dominate the remaining spectra, in this case. The co-crystal band (1.676 
µm) is clearly not as prominent as it was in the previous experiment (Figure 9).  
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Figure 14. Band depths from the C2H2-CH3CN-C2H6-CH4 experiment. Here we show band 
depths of C2H6 (1.693 µm), the C2H2-CH3CN co-crystal band (1.676 µm), and the CH4 band 
(1.666 µm) after all four species were added to the sample dish, which corresponds to when the 
sample was cooled from 160 K to 93 K over a period of 44 min. Notice the opposite trend of 
C2H6 and the co-crystal band, where C2H6 has a greater band depth at ~90 K (6.5%) and C2H2 
has a greater band depth at 160 K (7.2%). The CH4 band decreases from 1.5% to 0.3% as the 
sample is cooled.  
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Figure 15. Top-down view of the C2H2-CH3CN-CH4-C2H6 mixture in the sample dish (view 1). 
The sample underwent a cooling and warming cycle, as denoted by the temperatures, which 
closely represent those shown in the spectra from Figure 13. The shadow of the filter can be 
seen covering the left half of each panel. The lower-right corner of each panel is where the 
sample exits the bottom of the filter. Notice the difference in texture between 113 K (B), (C) 
and when the sample is at warmer temperatures ((D)-(E)). The morphology of the co-crystal 
appears to lose structure at these warmer temperatures. Reflected light from the lightbulb is 
observed on the right side of panel (D), when the sample has melted. Distinct, snow-like 
crystals formed prior to panel (E), and are enhanced at the coldest temperatures (92 K) 
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Figure 16. Top-down view of the C2H2-CH3CN-CH4-C2H6 mixture in the sample dish (view 
2). Temperatures correspond to those shown in Figure 15. The lower-right corner of each 
panel is where the sample exits the bottom of the filter. The white light source from the FTIR 
probe is most clearly seen in the upper central part of panel (D). The co-crystal texture change 
is observed when comparing cooler ((B) and (C)) to warmer ((A) and (D)) panels. The fluffy, 
snow-like crystals are observed in panel (E), after cooling the sample back down to Titan 
temperatures.  
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Table 1. Summary of binary evaporite experiments  

 
 
5. Discussion 

5.1. Highlights from each Experiment 

Experiment 1 shows the only occurrence of the broad shoulder at 1.542 µm. This band is 

associated with the v1 +v3 vibrational mode of C2H2 and is seen when the sample is at 128 K and 

140 K. C2H2 undergoes a crystal structure phase change around 139 K (Czaplinski et al., 2020). 

We interpret that the 1.542 µm band is most likely due to this phase change and may represent a 

metastable state of the molecule. When the 128 K spectrum in Figure 1 was taken (one spectrum 

takes 6 minutes to acquire), it is likely that because the sample was cooled relatively quickly, the 

 Important Notes 

Exp. Compounds 
Temperature 

Range  
(K) 

Spectra Band Depths Camera Views 

1 C2H2, C2H4, CH4 91 - 143 
1.542 µm C2H2 

band – C2H4 
dominant 

C2H2/C2H4 
constant – CH4 

decreases to zero 

Large, snow-
like crystals at 

warmer 
temperatures 

2 C2H2, C2H4, C2H6 92 – 135 Splitting of C2H6 
bands 

Increase with 
decreasing 
temperature 

n/a 

3 
C2H2, C2H4, CH4, 

C2H6 
92 - 159 C2H2 disappears 

with CH4 

Decrease with 
increasing 

temperature 
n/a 

4 C2H2, CH3CN, CH4 91 – 184 

Co-crystal band 
persists before, 
during, and after 

CH4 

Clear, inverse 
relationship 

Co-crystal 
morphology at 
Titan temps 

5 
C2H2, CH3CN, 

CH4, C2H6 
92 - 160 

Co-crystal band 
persists before, 
during, and after 

adding liquid 
C2H6/CH4 – C2H6 

evaporation 

C2H2 dominates 
after C2H6 

evaporation 

Large, snow-
like crystals at 

warmer 
temperatures 
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first minute or so of spectral acquisition was when C2H2 was in the high temperature cubic phase 

and then phase transition to orthorhombic C2H2 occurred in the later portion of spectral 

acquisition (i.e., the molecule had not fully transitioned to the next phase when the spectrum was 

taken). This can be avoided by holding the sample at a certain temperature point long enough for 

the sample to equilibrize, however, this is not possible to do with our setup upon cooling the 

sample. The band depths are as expected; evaporite species stay relatively constant, while CH4 

evaporates throughout the duration of the experiment. The fluffy, snow-like texture of the sample 

at the end of the experiment is most likely a result of thermal expansion as the sample warms. 

We assume there was some excess sample in the filter, which, during expansion, began building 

up, then collapsed onto the dish (imagine a drinking glass that has been overfilled with liquid). 

This expansion may also be related to the C2H2 phase change – the higher temperature, cubic 

phase has larger spacing between molecules (e.g., Vu et al., 2020).  

In experiment 2, the slight changes to the C2H6 spectra (mainly the double at 1.688 and 

1.693 µm) align well with C2H4 bands that overlap with this C2H6 doublet. It is interesting to 

view a spectrum of this mixture in which C2H6 is not saturated, as it allows us to see which 

portions of the spectrum the evaporite species are most apparent. We note additional 

observations, such as the C2H6 bands appearing broader (i.e., not as sharp), due to the lack of 

saturation. Both evaporite species have almost identical band depths throughout the experiment, 

which increase with decreasing temperature. We also see this trend in the C2H6 bands, however 

at lower band depths than C2H2 and C2H4. The close match of C2H2 and C2H4 band depths may 

be related to their almost equal solubility in C2H6 (Singh et al., 2017), hence, band depth is 

highly dependent on initial concentration of the solute(s)/solvent(s). 

Experiment 3 combined all four species: C2H2-C2H4-CH4-C2H6. Here, the main 
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observation is the clear disappearance of C2H2 in the spectra which corresponds with complete 

CH4 evaporation (however, a repeated experiment showed the opposite trend between C2H2 and 

CH4; Figs. A1, A2). The band depth and reflectance data also confirm this, as can be seen by the 

drastic decrease in C2H2 band depths which correspond to the decrease in CH4 band depths (less 

C2H2 added to the dish initially). We interpret that the disappearance of C2H2 in the spectra may 

be related to evaporation of the solvent (CH4-C2H6). C2H2 has a high solubility in CH4 (Singh et 

al., 2017), and increases by a factor of 3 when dissolved in C2H6 (Glein and Shock, 2013). 

Additionally, geochemical modeling work by Glein and Shock (2013) indicate that the solubility 

of C2H2 may respond to changes in the composition of the solvent (i.e., the solvent composition 

changed after CH4 evaporated). All of these factors combined may contribute to the decrease in 

C2H2 band depths in this experiment.  

In Experiment 4, the co-crystal band at 1.676 µm is stable throughout the entire 

experiment. We observe an interesting inverse relationship between the CH4 band and the co-

crystal band; CH4 is prominent at lower temperatures, whereas the co-crystal band is more 

prominent at higher temperatures. We interpret this as the evaporation of CH4 allows the co-

crystal band to become more prominent and increase in reflectance. This relationship also may 

be a function of temperature. We also see this same relationship in a repeated experiment 

presented in the Appendix (Figure A4). Additionally, we would like to point out that the extent 

of the liquid portion of the sample does not always reach all the way out to where the FTIR 

probe white light footprint is located (this can be observed in Figure 12 (F). The FTIR probe 

location only represents one portion of the sample in time, and not the entire dish. This is 

important to note, as evaporite processes (and evaporation in general) is often location 

dependent; meaning that evaporation in one location does not equate to the same degree of 
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evaporation in a different location on the other side of the sample dish (or lake, in the case of 

Titan). This will be important to keep in mind if future missions to Titan (i.e., Dragonfly) 

encounter evaporite deposits. This is also why we include the optical views of the sample, as 

they can help interpret the general processes occurring in an experiment, while the FTIR probe 

gives more accurate information, but only for a minimized point of view, because it is a fiber 

optic probe. A hyperspectal camera would be needed to cover the entire surface area of the 

sample dish. Camera views from this experiment confirm the co-crystal formation morphology 

of the C2H2-CH3CN co-crystal (outlined in Chapter 3). 

Experiment 5 combined the C2H2-CH3CN co-crystal with both CH4 and C2H6. Here, 

because the sample was kept at warmer temperatures, this allowed a majority of the C2H6 to 

evaporate, revealing what the spectrum may look like in a scenario where C2H6 is depleted. Here, 

C2H2 is the most prevalent species when C2H6 is no longer dominant. The co-crystal band 

persists throughout the experiment. The uncommon shape of the band depth relationships may be 

from the fact that the sample was warmed and cooled several times in order to properly add all 

four components to the dish. As more species are introduced, the experimental procedure 

becomes more complicated and more difficult to reproduce. We once again observed the fluffy, 

snow-like texture of the solid components (the co-crystal), assumed to be due to lattice 

expansion as the solid increases in temperature. 

5.2. Relevance to Titan’s Evaporites 

As predicted from thermodynamic modeling of Cordier et al. (2013, 2016), C2H2 is 

indeed the most prominent evaporite species (as evidenced by the band depths) in the majority of 

our experiments. However, this is an expected result, as our experiments simulate a situation that 

assumes an evaporite layer (i.e., the solid portion of the sample) is already present before liquid 
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deposition and secondary evaporation (a dry period followed by a wet period). We chose to 

model our experiments this way, due to the difficulties in condensing C2H2 as a liquid (small 

temperature range as a liquid; 189 to 193 K), therefore requiring us to utilize the cold trap 

method. Nonetheless, we are still able to study acetylene’s reactivity and ability to form a co-

crystal even with the cold trap method.  

Additionally, C2H2 forms many different co-crystals with Titan-relevant molecules 

(Kirchner, Bläser, and Boese, 2010; Cable et al., 2018, 2019, 2020; Maynard-Casely et al., 

2018), so it will be important for future Titan missions to distinguish between the pure C2H2 

spectral signatures and that of the co-crystal. These distinctions will be highly dependent on the 

wavelength range utilized. For example, the NIR spectral region excites overtone and 

combination bands, while the MIR excites the fundamental vibrations of molecules, which are 

generally much deeper absorptions than in the NIR. 

Regarding the 5-µm-bright signature that is strongest in Titan’s equatorial Tui and Hotei 

Regios (MacKenzie and Barnes, 2016), our set of experiments provide new insights as to the 

complexity surrounding this signature. MacKenzie and Barnes (2016) point out that a signature 

that is highly reflective in one wavelength range may not necessarily show the same trends in 

other wavelength ranges. For example, in our study we focus on the NIR, where C2H2 plays a 

prominent role in our evaporite spectra. However, a previous spectral survey of organic 

compounds in the 5 µm region (Clark et al. 2010) showed that CH3CN most closely resembles an 

uncharacterized feature at 5.01 µm. This highlights the need for future studies of experimental 

evaporites that include a wider wavelength range (specifically, the MIR). Additionally, 

MacKenzie and Barnes (2016) indicate that not all 5-µm-bright terrains possess a certain feature 

at 4.92 µm, and the locations that do have this feature may not always appear in all observations 
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of Titan’s surface. This transience may be explained by differences in grain size or even phase 

changes that may occur on Titan’s surface. As seen in several of our binary evaporite 

experiments with C2H2, at warmer temperatures the crystal shape completely changes, expanding 

into snow-like ice crystals. These crystals may cause longer optical path lengths and higher 

reflectance of the corresponding compound. Indeed, the process of solids precipitating from 

evaporating saturated liquids may create crystals with long optical path lengths and deep 

absorption features (Barnes et al., 2011). Additionally, our experiments highlight how multiple 

sample compositions of various concentrations can still produce an evaporite deposit – alluding 

to an instance on Titan where not every evaporite deposit has the same ratio and concentration of 

compounds, therefore, only certain compounds/phases of these compounds/concentrations may 

be creating the 5-µm-bright signature. This was suggested in MacKenzie et al. (2016), where the 

authors note that material variability such as grain size differences may cause the difference in 

signals between Tui and Hotei Regios.  

Clearly, different and additional processes are at play on Titan when compared to our 

laboratory experiments. Sintering (a process whereby porosity is removed from compacted 

particles/grains, decreasing the volume of the system) could create larger grain sizes of certain 

compounds and redefine how the compound behaves/interacts with other organics (i.e., co-

crystals). Winds on Titan may introduce additional mixing of liquids in Titan’s lakes and seas. 

Precipitation would indeed complicate the evaporation process by introducing additional solvent 

(e.g., CH4) to the system during evaporation, causing precipitation of solids to become re-

dissolved and potentially recrystallize after a second (or third, etc.) round of evaporation. 

Infiltration of liquids from surrounding channels into a lake may introduce additional 

solutes/sediments or even more solvent. For example, Ligeia Mare (north pole) does not show a 
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bright feature at 4.92 µm, whereas Kraken Mare (north pole, further south from Ligeia) does 

MacKenzie et al., 2016). This dichotomy could be due to Ligeia’s watershed introducing 

different solutes (or different amounts of solutes) into Ligeia Mare when compared to Kraken 

Mare (MacKenzie et al., 2016).  

6. Conclusions 

 To conclude this evaporite study, we ran a set of binary evaporite experiments that 

include two candidate evaporite species (along with methane and ethane) in order to work 

towards replicating a more accurate scenario as to what may occur in Titan’s evaporitic 

environments. Acetylene-ethylene-methane-ethane experiments show an interesting relationship 

between acetylene and methane after methane evaporation where acetylene band depths also 

decreased. However, a repeat experiment showed the opposite trend in acetylene. Clearly, initial 

concentrations of each species are an important factor here. Acetylene-acetonitrile-methane-

ethane experiments show that the acetylene-acetonitrile co-crystal still forms and is stable when 

exposed to methane and ethane. Many spectral band shifts/splits and changes to the sample 

morphology (such as differing crystal structure and size) are noted across all experiments. These 

experiments emphasize the importance of expanding the wavelength range, compounds studied, 

and external environmental factors for future, multi-species evaporite studies in order to 

maximize relevance with Cassini VIMS spectral comparison.  
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9. Appendix  

 Here, we show repeated experiments for C2H2-C2H4-CH4-C2H6 (Fig. A1, A2) and C2H2-

CH3CN-CH4 (Fig. A3, A4). Notice how in the C2H2-C2H4-CH4-C2H6 experiment, the C2H2 band 

depths increase after CH4 evaporation, which is opposite of the trend from figure 8 in the main 

text. In the C2H2-CH3CN-CH4 experiment, we observe a similar inverse relationship between the 

CH4 and C2H2-CH3CN co-crystal band depths.  

 
Figure A1. FTIR spectra from the repeated C2H2-C2H4-CH4-C2H6 experiment.  
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Figure A2. Band depths from the repeated C2H2-C2H4-CH4-C2H6 experiment. Notice how the 
C2H2 band depths (gray) increase after CH4 evaporation.  
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Figure A3. FTIR spectra from the repeated C2H2-CH3CN-CH4 experiment from 93 – 158 K. 
Experimental time increases from top to bottom. C2H2 bands are labeled with “a”, the CH3CN 
bands are labeled with “ACN” (acetonitrile abbreviation), and the CH4 band is labeled with “m.” 
Note that the bands are only labeled on the spectrum where the compound is first introduced, to 
avoid clutter, however, one can observe each of these bands in the additional spectra from the 
experiment. 
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Figure A4. Band depths from the repeated C2H2-CH3CN-CH4 experiment. Notice the inverse 
relationship between the co-crystal band (1.676 µm) and the CH4 band (1.666 µm).  
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Figure A5. Plot of the band depth of the 1.676 µm C2H2-CH3CN co-crystal band and the 1.666 
µm CH4 band from 98 – 165 K in the C2H2-CH3CN-CH4 experiment showing an approximately 
inverse relationship between the two bands.  
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DISSERTATION CONCLUSIONS AND SYNTHESIS 

This dissertation was motivated by the discovery of 5-µm-bright sediments in filled and 

empty basins at the north pole (Barnes et al., 2011a), the dry equatorial deposits of Tui and Hotei 

Regios (MacKenzie et al., 2014), and the “bathtub” rings along the perimeter of Ontario Lacus 

(Barnes et al., 2009; Moriconi et al., 2010). The 5-µm-bright deposits in all three locations have 

been interpreted as evaporitic in origin. Over the last decade, many experimental efforts have 

attempted to answer fundamental questions associated with the discovery of evaporites on Titan, 

such as: What is the specific identity of the organic evaporites? Why do only certain regions 

show the 5-µm-bright signature? A new type of molecular mineral called a co-crystal, which is a 

unique crystalline structure of two or more species in a set stoichiometric ratio (Cable et al., 

2014, 2018, 2019, 2020; Czaplinski et al., 2020; Maynard-Casely et al., 2018; McConville et al., 

2020; Vu et al., 2014) may be the key to understanding these questions regarding Titan’s 

evaporites, as they can potentially be a hydrocarbon reservoir. Additionally, some co-crystal 

compositions may be the dominant form of certain molecules such as benzene (Cable et al., 

2014). Co-crystals require a specific ratio of molecules and specific formation temperatures, 

which can in part explain why certain regions/areas on Titan exhibit the 5-µm-bright feature, 

while others do not.  

Our experimental Titan chamber provides a unique, in situ surface environment that is in 

direct contact with a large atmosphere, promoting atmosphere-dominated kinetics due to the 

large atmospheric volume compared to a smaller liquid volume. This differs from other 

laboratory facilities that utilize a liquid-dominated experimental design (e.g., Cable et al., 2014; 

Engle et al., 2020). Liquid exchange with the atmosphere would be a dominant process occurring 

on Titan, and our chamber allows for these types of interactions due to the large relative 
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atmospheric portion. Further, we are able to directly measure mass change over time via the 

balance, as well as taking in situ FTIR spectra at a fixed point within the TCB. On the other 

hand, the fact that all of our instruments are located in situ (a finite amount of space in the TCB) 

makes sample modifications inaccessible, as the chamber must be entirely taken apart, opened, 

and closed any time changes are desired; a process that takes a week for simple changes and 

longer depending on the modifications being made. Easier accessibility may be desired in the 

case of certain types of experiments where the researcher(s) wish to remove a sample for 

analysis outside of the chamber (e.g., external tholins analysis; Nna-Mvondo et al., 2015). 

Nevertheless, the current setup remains desirable for experiments focusing on liquid processes 

(Farnsworth et al., 2020) and evaporite formation from a liquid solution (Czaplinski et al., 2019; 

2020).  

1. Summary of Results 

1.1. Chapter 1 

 In Chapter 1, we investigated the ability of evaporites to form in liquid methane, ethane, 

and methane-ethane solvents. Ethylene was directly dissolved into the solvent inside of the 

condenser, allowing the dissolved solution to be studied on the sample dish.  

In the methane-ethylene experiment, nearly all methane evaporated by the end of the 

experiment, leaving behind a residual ethylene evaporite. We can clearly track the methane 

evaporation via all three dataset types: spectra (methane triplet disappeared), mass vs. time plot 

(mass decreased as methane evaporated), and band depth measurements (methane bands 

decrease while ethylene bands increase). Additionally we note the persistence of a methane band 

at 1.666 µm, potentially representing trapped in the evaporite layer or evaporated methane in the 

atmosphere between the FTIR probe and the sample. Ethylene bands show a noticeable shift 
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upon changing phase from dissolved liquid to evaporated solid.  

The ethane-ethylene 90 K experiment showed no drastic changes in spectra, mass, or 

band depths, as ethane is not volatile (does not readily evaporate due to its vapor pressure) as 

methane does under these conditions. Therefore, we then force-evaporated ethane-ethylene via 

warming the sample to show what the evaporite may look like if ethane were to evaporate under 

Titan conditions. However, due to ethylene’s high solubility in ethane, both species disappeared 

by the end of the experiment.  

The methane-ethane-ethylene experiment showed methane evaporation, as expected, 

leaving behind ethane-ethylene spectra. Band depths of ethane and ethylene were stable after 

complete methane evaporation. No evaporite was formed in this experiment.  

By utilizing a spectral unmixing model, we determined the solubility (agrees with 

previously reported values), methane and ethane evaporation rates (which closely align with 

previously reported values), and the mole fraction at saturation (for the methane-ethylene 

experiment), which was slightly higher than previous values, indicating supersaturation. 

Assuming ethylene saturation, we also calculated the time of evaporation (~5 years) and 

thickness (upper limit of 9 m) of an ethylene evaporite deposit in a methane-dominated north 

polar lake on Titan. Ethylene may be a probable candidate for evaporites on Titan, owing to its 

high solubility and simple molecular structure.  

1.2. Chapter 2 

Taking advantage of acetylene’s ease of forming co-crystals (Kirchner et al., 2010) 

chapter 2 determined to what extent the acetylene-benzene co-crystal is detectable using FTIR 

spectroscopy. Both acetylene and benzene are relatively abundant photochemical products in 

Titan’s atmosphere, therefore we would expect that they also may be dominant species at the 
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surface, as well. Here, we utilized two new experimental methods to introduce benzene and 

acetylene to the sample dish: the Erlenmeyer flask/glove box method, and the cold trap method. 

These new methods were used due to complications of working with a liquid (benzene) and 

species with a small amount of time in the liquid range (acetylene).  

 We report pure spectra of acetylene ice, showing the cubic to orthorhombic phase 

transition occurring around 139 K, as well as pure benzene ice, which does not change phase 

within the temperature range of these experiments (~85 K to 185 K). We note that the acetylene 

cylinder contained acetone as a stabilizer, therefore, the cold trap method helped ensure that no 

acetone made its way to the sample dish.  

 We show spectra in both cold (93 – 94 K) and warm (135 – 151 K) temperature ranges, 

(as temperature drastically affects how the acetylene behaves), as well as its spectral properties 

under Titan-relevant conditions. The most prominent evidence of the co-crystal formation is the 

appearance of new spectral bands from 1.569 to 1.598 µm and 1.943 to 2.122 µm. These bands 

are more clearly visible in the spectra taken under colder temperatures, as the colder sample 

reflects light differently compared to the warmer sample. Additionally, several bands shift upon 

co-crystal formation, and we observe drastic changes to the sample morphology (more structure 

to the sample) upon co-crystal formation.  

These results can potentially be applied to the search for acetylene in Titan’s clouds, as 

portions of the atmosphere are within the range of the acetylene phase change. Under Titan 

conditions, we report a slightly warmer acetylene phase change (139 K) compared to previous 

studies (133 K), possibly a result of different experimental setups. Solid-solid interactions are a 

proven path to co-crystal formation, as noted here and in previous co-crystal studies (Cable et al., 

2018; 2020). The IR spectral shifts observed here match closely to previous studies of the 
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acetylene-benzene co-crystal, although at different wavelengths. Experimental limitations 

preclude us from determining the crystal structure or mechanical properties of the co-crystal on a 

microscopic scale, however this will be an important aspect of future co-crystal studies. 

Familiarization of the morphological changes upon co-crystal formation will be important for 

when Dragonfly images and studies Titan’s surface in situ. We verify that co-crystals form 

relatively easily under the right conditions (and even a range of temperatures/concentrations). On 

Titan, co-crystallization may be possible in the stratosphere (~130 – 140 K), introducing the 

plausibility of co-crystals in Titan’s equatorial dune fields, as well as co-crystals with more than 

two species. We provide a rough estimation on the thickness of the acetylene-benzene co-crystal 

that may have accumulated on Titan’s surface over 1 Gyr: ~5 cm. 

1.3. Chapter 3 

In Chapter 3, we introduced evaporite experiments with a compound that has enrichments 

near Titan’s north pole, acetonitrile (CH3CN). Nitriles are organic compounds with a CN group, 

and they represent an important group of molecules on Titan, due to their association with 

prebiotic processes. Acetonitrile may be associated with dark regions on Titan’s surface and is a 

prime candidate for matching the 5-µm-bright features discussed earlier. It is known that 

acetylene and acetonitrile form a co-crystal under Titan conditions and is detectable via Raman 

spectroscopy (Cable et al., 2020), therefore we sought to test co-crystal identification with FTIR 

spectroscopy. Because acetonitrile is a liquid at room temperature, we utilized the glove 

box/Erlenmeyer flask method (and the cold trap method for acetylene) again to introduce both 

species to the sample dish. 

 We started with straightforward experiments of combining acetonitrile with ethane and 

methane separately. Acetonitrile bands are easily detectable in both solvents, and a residual 
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spectrum was produced after methane evaporation. We observed several differences in this 

residual spectrum due to small methane gas bands being present. As expected, ethane bands were 

stable at Titan temperatures and even with warming the sample.  

 We then performed three experiments in which the acetylene-acetonitrile co-crystal 

formed. In all three experiments, a new band appeared at 1.676 µm that is neither seen in pure 

acetylene nor pure acetonitrile. We also observed band shifts and band splitting, as well as 

drastic changes to sample morphology upon co-crystal formation. Band depths of the 1.676 µm 

co-crystal band show that they increase as the sample warms.  

 The co-crystal formed between 174 K and 118 K and we believe that phase trapping may 

have occurred during these experiments due to changes in some of the acetylene bands. Band 

shifts observed are similar in magnitude to previous Raman studies (Cable et al., 2020). Nitriles 

may contribute to differences in RADAR signal between Ligeia Mare (north pole) and Ontario 

Lacus (south pole), as well as the unidentified 5.01 µm absorption in Cassini VIMS data. This 

set of experiments is important for understanding some of the minute spectral differences that 

occur upon co-crystal formation, providing constraints for when Dragonfly studies the surface in 

the 2030’s. 

1.4. Chapter 4 

Here, we further complicate our evaporite experiments by studying “binary” samples 

(two evaporite species mixed with methane and ethane solvents) in order to proceed towards 

giving a more accurate view of Titan’s evaporitic processes. In reality, Titan’s lakes may have 6 

or more species of minor concentrations, which drastically complicates the evaporite picture. 

Even the binary experiments are a vast oversimplification, however the goal is to determine 

which species consistently dominate the spectral signatures. We tested acetylene and ethylene, 
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two simple hydrocarbon species, combined with methane and ethane, followed by the acetylene-

acetonitrile co-crystal combined with methane and ethane. The cold trap method was used for 

adding acetylene, while the glove box/Erlenmeyer flask method was used to add acetonitrile. 

Then methane and ethane were condensed in the condenser and poured as a liquid on top of the 

solid sample.  

 We began by running an acetylene-ethylene-methane experiment, where methane 

evaporated and left behind a deposit of acetylene and ethylene. Camera views show the 

differences in sample morphology as the sample was cooled and warmed. Next, we tested 

acetylene-ethylene-ethane, where the spectra showed splitting of some ethane bands and clear 

signatures of acetylene and ethylene. Lastly, we combined all four species for an acetylene-

ethylene-methane-ethane experiment. Here, we tracked spectral differences as methane 

evaporated, and acetylene bands also disappeared after methane evaporation.  

 The next set of experiments started with acetylene-acetonitrile-methane, showing that the 

co-crystal was stable after adding methane and after evaporation. The band depths of the co-

crystal and methane bands show an interested inverse relationship as a function of temperature. 

Camera views also confirm co-crystal formation. The last experiment combined all four species: 

acetylene-acetonitrile-methane-ethane. We warmed and cooled the sample to force evaporate 

some ethane, which produced interesting spectra that clearly shows acetylene after ethane 

evaporation. Camera views also show ice crystals expanding as temperature increases.  

 These experiments simulate a situation that begins with a dry period (solid is deposited 

on the dish) followed by a wet period (liquid methane and ethane are condensed on top of the 

solid) due to experimental limitations. We show the difficulty in distinguishing between pure 

acetylene and the co-crystal, as well as the need to perform these types of experiments in the 
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mid-infrared range to compare with VIMS results. These experiments also show how differences 

in concentration can drastically affect the spectra, which can be related to Titan where only 

certain regions show the bright signature. Different geological processes on Titan may also affect 

the evaporites such as sintering, winds, and grain sizes.  

2. Potential Evaporite Studies with Future Titan Missions 

The Cassini mission gave us a glimpse as to the spatial extent and variability of Titan’s 

evaporite deposits. The Cassini Radar (RADAR) and Visible and Infrared Mapping spectrometer 

(VIMS) were integral in identifying and characterizing the evaporites. RADAR gives 

topographical and geographical context and identified dry and partially filled lakes (Hayes et al., 

2008; Barnes et al., 2011), which are still referenced as prime examples of Titan’s evaporites. 

RADAR data can be taken in either Synthetic Aperture RADAR (SAR) or high altitude 

Synthetic Aperture RADAR (HiSAR), which spatially coincide with the 5-µm-bright spectral 

unit identified by VIMS (MacKenzie et al., 2014). Additionally, some 5-µm-bright material also 

correspond with lake shorelines as viewed by RADAR, illustrating the advantage of utilizing 

both instruments to study the evaporites (MacKenzie et al., 2014). Although Cassini unveiled a 

multitude of Titan’s geological secrets, many post-Cassini mission concepts have been proposed 

since the mid 2000’s to re-visit Titan so we can delve deeper into understanding its history.  

In 2006, the Titan Prebiotic Explorer (TiPEx) was proposed, which consisted of an 

orbiter, a hot air balloon (Montgolfière), and surface investigations (Elliott et al., 2007). The 

orbiter would provide global observations of Titan’s atmosphere and surface with instruments 

such as a radar imager/altimeter, NIR imaging spectrometer, and radio science (Elliott et al., 

2007). The Montgolfière would use waste heat from its energy source, Multi-Mission 

Radioisotopic Thermoelectric Generators (MMRTG), to float in Titan’s dense atmosphere while 
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drifting with the prevailing winds as it changed altitudes. Instruments on the Montgolfière, such 

as a NIR spectrometer, gas chromatograph mass spectrometer (GCMS), and subsurface sounder 

would give enhanced views of the surface from 10 km altitude. Surface investigations would be 

carried out via a harpoon system attached to the Montgolfière gondola. The harpoon (including 

sampler) would be dropped to the surface where it would collect a sample to be winched back up 

to the gondola for further study via the science instruments. Using this method would allow for 

investigations of the surface chemistry, including the search for prebiotic molecules. With the 

use of a sample microscope imager and NIR spectrometer, this mission concept could in theory 

collect a sample of an evaporite (or co-crystals) and determine their organic composition. 

Also utilizing the Montgolfière concept in 2007 was the Titan Explorer Flagship (Lorenz 

et al., 2008). The mission architecture consisted of an aero-captured orbiter, a Montgolfière 

balloon, and a lander. The orbiter would provide in situ measurements of the ionosphere, 

mapping of the surface at 1700 km, and would assume a near polar orbit capable of altimetric 

mapping of the polar lakes/seas. Similar to TiPEx, the Titan Explorer Flagship Montgolfière 

would achieve neutral buoyancy at ~10 km altitude, enabling a high resolution surface survey 

with descents improving image resolution/spectra. The lander element would address the surface 

chemistry and internal structure with an instrument package including a sampling arm with a 

microscope camera, spectral measurements, fluorescence detection, and a chemical analyzer. The 

orbiter’s polar orbit would give ample opportunities to characterize Titan’s evaporites via 

remotely sensed data, and given the instruments of the lander and capability for collecting 

samples, the lander may also be able to study the chemical makeup of evaporite-related 

materials, depending on its equatorial landing site. 

Later, in 2009, the Titan Saturn System Mission (TSSM) concept was proposed (Reh and 
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Elliott, 2010), which used similar elements from the Titan Explorer mission. Mission 

architecture included a Cassini-like orbiter with 6 instruments, a Montgolfière equipped with an 

imaging spectrometer (1 – 5.6 µm) and visual imaging system for detailed geomorphology, as 

well as a lake lander which would chemically analyze the lakes via isotopic measurements, 

provide context images of the lakes, and characterize their physical properties. Here, the lake 

lander would be key in providing a detailed story of the evaporites. A 5-hour descent to the 

surface would allow imaging from above, as well as atmospheric measurements, followed by 3 – 

4 hours of lake measurements after landing. A lake lander such as this one could give the highest 

scientific output for studying Titan’s evaporites (and compositional variation of the lakes) up 

close, given the abundance of evaporites in Titan’s northern lake district.  

The next Titan mission concept came in 2010, Aerial Vehicle for In-situ and Airborne 

Titan Reconnaissance (AVIATR), and moved away from including a Montgolfière as the aerial 

unit (Barnes et al., 2012). Instead, the main element for AVIATR is an airplane that would fly 

continuously in the atmosphere, providing global mapping and imaging capabilities. This 

mission concept is more focused, as it is constrained to accomplishing the best and most 

appropriate science that can be carried out from an airplane, while leaving other science 

objectives open for platforms that are better suited for addressing them (Barnes et al., 2012). 

AVIATR would be able to explore from pole-to-pole, furthering our understanding of the surface 

and lower atmosphere. Having no latitudinal restrictions, AVIATR would study the polar 

lakes/seas, methane hydrology, equatorial dunes, mountains, winds, atmospheric structure, 

clouds, rain, haze, and also identify potential landing sites of interest for future missions. 

Instruments include two NIR cameras, one NIR spectrometer, a RADAR altimeter, an 

atmospheric structure suite, a haze sensor, and a raindrop detector. While AVIATR could 
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potentially give a complete (remotely sensed) picture of Titan’s evaporites at both poles (and the 

equator), no landing element means that no direct samples could be taken for compositional 

analysis. However, a future follow-up lander mission to the evaporites could ground-truth the 

data collected by AVIATR.  

Also in 2010, the Titan Mare Explorer (TiME) was selected for a Phase A study in the 

2010 Discovery missions solicitation (Stofan et al., 2013). The mare explorer is a capsule that 

would land in Ligeia Mare, Titan’s second largest northern sea. The capsule would drift with the 

wind and waves, allowing for detailed liquid compositional measurements, imaging and sonar 

surveys, as well as meteorological observations. The main objectives would be to measure the 

sea chemistry, sea depth, constrain marine processes, determine sea surface meteorology, and 

constrain prebiotic chemistry in the sea (Stofan et al., 2013). These objectives would be 

completed using instruments such as a mass spectrometer, camera suite, and 

meteorology/physical properties packages. Over time, the capsule may float to the shoreline, 

causing it to “beach,” where the mission would continue to monitor shoreline processes. Here, 

the capsule may encounter evaporative processes, however on a slower scale than a lake lander 

would monitor at a lake shoreline. Nonetheless, the scientific output from TiME would give the 

most detailed compositional analysis of one of Titan’s largest lakes, informing us greatly about 

what potential evaporite compounds are present, as well as their spatial variability as the 

capsule drifts towards the shoreline. A logical follow-up mission to TiME would be some sort of 

Titan submarine to explore the depths of Titan’s seas. 

In the 2017 New Frontiers Program Solicitation, two Titan missions concepts were 

submitted: Oceanus and Dragonfly. Oceanus is an orbiter concept that would investigate specific 

features that were identified by Cassini, such as potential cryovolcanic features, impacts, and 
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other tectonic processes (Sotin et al., 2017). Oceanus would have the capability to study Titan’s 

surface through the 5 µm window at 25 m/pixel, and would also characterize the habitability of 

the surface using an instrument suite including: an IR camera, a radar altimeter, and a mass 

spectrometer. Although Oceanus would investigate the surface chemistry and geology from 

orbit, there would be no in situ element to give a closer look at any evaporites. 

Dragonfly, on the other hand, is a quadcopter that will land directly in the equatorial dune 

fields and has the capability to fly or “hop” to locations up to 60 km away from its landing site to 

scout out areas of high scientific interest (Lorenz et al., 2018). Dragonfly combines elements of 

the previously proposed aerial and lander units, as it can provide atmospheric measurements 

during flight, and directly sample in situ material when it is on the surface. However, Dragonfly 

will be restricted in latitude to areas that allow for direct to Earth communication (DTE), 

meaning that it will not have the opportunity to fly to the polar lakes/seas for compositional 

measurements. Though, the equatorial evaporite deposits (e.g., Tui and Hotei Regios), as well as 

theoretical crater lake deposits (S. Birch, personal comm.) may provide an opportunity for 

sampling. Further, co-crystals may not be restricted to regions around filled lakes/seas, so it is 

entirely possible for Dragonfly to collect in situ co-crystalline material for analysis, as well. 

Dragonfly’s payload includes a laser-desorption ionization (LDI) mass spectrometer, a gamma-

ray and neutron spectrometer, and a camera suite with UV source (detects organics via 

fluorescence). Combined, sample analysis using these instruments will give a detailed 

understanding and identification of Titan’s surface organics as a whole. 

In the next decade, at least two Titan mission concept white papers have already been 

suggested in regards to the 2023-2032 decadal survey. First, a New Frontiers Titan Orbiter 

(Barnes et al., 2020) to compliment Dragonfly has been proposed. This orbiter would give a 
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global view of Titan’s energy, geophysics, and atmosphere, as well as the surface by using 

instruments such as RADAR, a NIR laser for altimetry, a wide angle NIR camera for weather 

imaging, gravity tracking, and a NIR camera/SAR for surface imaging. No in situ opportunities 

would permit close-up studies of the evaporites. However, a flagship orbiter with probes (Nixon 

et al., 2020) has also been proposed, with key goals of permitting global, multi-spectral 

surface/subsurface mapping, temporal atmospheric measurements, and in situ measurements of 

the polar regions. The orbiter would achieve elliptical polar orbit and give global coverage with 

instruments such as: VIS/NIR cameras/spectrometers, a sub mm sounder, a multi-stage mass 

spectrometer, an aerosol mass spectrometer, and a plasma/electric field probe. Two probes would 

land in Titan’s northern seas to measure compositional differences between Kraken and Ligeia 

Maria with instruments such as a color camera, a surface science package, and a mass 

spectrometer. Again, these landed probes would give extremely high resolution information as to 

the compositional variability and structure of Titan’s seas, which directly relate to evaporite 

studies.  

3. Future Work 

Future experiments should focus on increasing our knowledge of evaporite candidates by 

testing additional systems including: C2H4-C6H6, C2H6-C6H6, additional nitrile experiments with 

CH3CN, acrylonitrile (CH2CHCN), and cyanoacetylene (C3HN), as well as incorporating butane 

(C4H10) and propane (C3H8) into experiments. A solubility study of CH3CN and toluene (C7H8) 

in CH4 and C2H6 solvents, as well as determining the solubility of multiple species (i.e., binary 

experiments) would also be beneficial. Further, being able to model these evaporite experiments 

will give a better understanding of the dynamic processes at play during evaporite formation 

and/or co-crystal formation, and can potentially shed light on topics such as spatial extent of 
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evaporites, thickness of an evaporite layer, and how much of a particular evaporite may have 

accumulated on Titan’s surface.  

When Dragonfly lands on Titan’s surface in the next decade, there is a high chance that 

the mission encounters either evaporite deposits or co-crystals at some point in the mission. 

Therefore, the results from this study (and from future evaporite studies) will be of high 

importance for interpreting the discoveries of Dragonfly with regards to surface evaporite 

deposits, furthering our understanding of the fascinating chemical evolution that Titan’s solid 

organics undergo.  
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