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Abstract

Hydrocarbons such as methane and ethane are present in many
solar system objects, including comets, moons and planets. The
interaction of these hydrocarbons with water ice at low temper-
atures could lead to the formation of inclusion compounds, such
as clathrate hydrates (water based host cages trapping hydrocar-
bons guest molecules), modifying their retention, stability and
therefore evolution. The occurrence of =clathrate hydrates on
solar system surfaces could be established by remote sensing of
their spectroscopic signatures. In this study, we measure and
analyse ethane clathrate hydrate spectra recorded in the temper-
ature range from 5.3 to 160K, covering most of the temperature
range of interest for solar system objects. Specific infrared band
signatures are identified for the ethane encaged guest. We pro-
vide evidence that ethane clathrate hydrate outcrops can be de-
tected by remote sensing on the surface of planetary bodies.

1. Introduction

Hydrocarbons are present in many solar system objects. The
most abundant hydrocarbons species include gaseous methane
or ethane present in the atmosphere of giant planets (e.g. Melin
et al.|[2020; Guerlet et al.[[2009; [Sada et al.|[1996; Tokunaga
et al||1973)), satellites atmospheres (Cours et al.|[2020; Lom-
bardo et al. 2019; Niemann et al.[[2010), comets (Villanueva
et al.| 2011} [Crovisier et al.|[2004; Mumma et al.| 2001, [2000),
in the liquid =phase on Titan (Farnsworth et al.|22019; (Clark
et al.[|2010; |Cordier et al.|2009; |Lunine and Atreyal[2008)), solid
=phase on Pluto and Triton (DeMeo et al.[2010), or Kuiper Belt
objects (Brown et al.|2007). The coexistence of hydrocarbons
with water ice at low temperatures in some of these environ-
ments =raises the question about their ability to form clathrate
hydrates. Clathrate hydrates are made of a 3-dimensional water-
molecule connected network, linked via hydrogen bonds. To
be stabilized, the clathrate network hosts cavities encapsulating
guest molecules ("clathrate” meaning closure). Small molecules
can be trapped in two main =crystalline clathrate hydrate cubic
structures named type I and type II. The type I structure’s unit
cell (e.g.[Sloan and Koh|2007) is made of two dodecahedral (5
water cages and six larger cages containing twelve pentagonal
and two hexagonal faces (5'26) per unit cell. Another structure,
the type II structure, possesses sixteen dodecahedral (5') cages
for eight large cages with twelve pentagonal and four hexagonal
faces (5'26%) per unit cell. =For each structure, the cage’s num-
ber ratio and the filling ratio with guest molecules influence the
spectroscopic signatures of the trapped molecules.

When the guests are relatively volatile species, like hydrocar-
bons such as methane and ethane, clathrate hydrates will modify

their retention time scales in solar system bodies, and also mod-
ify their release conditions. =The hydrate term is sometimes
used as a semantic shortcut to designate clathrate hydrates but
must not be confused neither with hydrates nor with ice mixtures
where a molecule is interacting with water ice and not necessar-
ily mediated via an ordered crystalline cage.

Many models do include clathrate hydrates in the evolution
or geophysical structure of solar system bodies, (e.g. (Combe
et al.||2019; Marounina et al.|[2018}; [Castillo-Rogez et al.|2018};
Fu et al[2017;|Luspay-Kuti et al.[2016;|Marboeuf et al.[2012). A
better understanding of clathrate kinetics and their spectroscopic
signatures is needed to continue addressing constraints on these
clathrate hydrate models. A prerequisite for the identification of
clathrate hydrates in the solar system is a thorough characterisa-
tion of the vibrational spectroscopic signatures in the infrared, or
the specific spectral fingerprints, and their evolution with the ice
structure and temperature. For small guest molecules, clathrate
hydrates can crystallise in two different cubic structures (I and
1), that will affect the filling of the ice cages and therefore the
interactions and spectroscopy of the trapped species. Methane is
the main hydrocarbon found in cold solar system environments
=(e.g.|Glein and Zolotov|2020; Guzman-Marmolejo and Segural
2015}, and citations above). Dedicated experiments (Dartois et al.
2010; Dartois and Schmitt|2009; [Dartois and Debofile]2008, and
references therein) have recorded the clathrate hydrate infrared
signatures in the 4K to 140K range, in the 2-4 um (5000-2500
cm™!) range covering the fundamental stretching modes as well
as the strongest combinations/overtones.

In addition to methane, ethane has been detected =on Titan
and contributes to the hydrocarbon cycle (Brown et al.| 2008}
Mousis and Schmitt|2008; Barth and Toon![2006; |Griffith et al.
200065 [Lunine et al.||1983)). In some instances, such as the sur-
face of Titan, the lower abundance of the ethane hydrocarbon
with respect to methane can be compensated by ethane’s lower
vapour pressure, or its liquid state, and could favour the ethane
inclusion in the formation of clathrate hydrates. Missions target-
ing Titan, such as Dragonfly should better =constrain the surface
and lower atmosphere conditions (e.g. Turtle et al.[2020; Voosen
2019; |Lorenz et al.[2018)). In this article we explore the infrared
spectra of the ethane clathrate hydrate in the 5.3-160K range,
and provide the spectroscopic signature and band frequencies of
the guest ethane trapped molecules.

2. Experiments

To form the ethane clathrate hydrate we followed a previously
proven protocol in evacuated cryogenic cells (Dartois et al.[2010;
Dartois and Schmitt|[2009; [Dartois and Deboflle|/2008)). The cell
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Fig. 1.

Baseline corrected ethane clathrate hydrate transmittance spectrum recorded at 5.3K. Note the imperfect cancelation of the Fabry-Perot

fringes in the space between the ZnSe windows, leading to small waves observed superimposed on the =spectrum (e.g. in the 2500-1700 cm™
interval). Scattering effects deform the water ice bands because of imperfect film surface roughness once clathration is achieved.
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Fig. 2. Temperature-dependent infrared spectra of the ethane clathrate in the fundamental modes regions. The crystalline pure ethane spectrum
of |Hudson et al.| (2014) recorded at 15K is shown above. The infrared spectrum of an H,O:C,Hg (20:1) ice mixture from the Cosmic Ice
Laboratory (Hudson et al., https://science.gsfc.nasa.gov/691/cosmicice/spectra.html), recorded at 20K, is shown above. The ethane:oxirane (7:3)
mixed clathrate spectrum from |Richardson et al.| (1985) recorded at 90K is also shown. It is baseline corrected, and oxirane features are labelled
with asterisks for clarity. Tentative assignments of the implied vibrational modes are given (see text for details). Spectra are offset for clarity.

was built around two ZnSe windows facing each other, for in-
frared transmission analysis, sealed to an oxygen-free high ther-
mal conductivity (OFHC), gold coated, copper closed cell. It
was thermally coupled to a cold finger whose temperature can
be lowered using a liquid He transfer, balanced by a surrounding
Minco polyimide thermofoil heater, =which maintains a con-
stant temperature. A high vacuum evacuated cryostat (P <
10~"mbar) surrounded the cell. Gases were injected =into the
cell (or evacuated) with a stainless steel injection tube brazed at
the bottom of the cell. In these experiments, a water ice film was
formed first, by injecting water vapour =into the cell maintained
just below the water ice freezing point, forming an Ih ice. De-
ionized water was used. Several freeze-pump-thaw degassing
cycles were applied to remove any dissolved gases. The cell tem-
perature was then lowered to 267 K for the clathrate formation.

The cell was pressurised with ethane gas at about 25 bars. This
{pressure,temperature} couple is well above the stability curve
for ethane clathrate hydrate, which is about 3.5 bars at 267 K.
The system was kept under pressure =for approximately fifteen
days, much above the expected diffusion kinetics time scale. If
one assumes a typical diffusion coefficient around 10~'?m?/h at
267K (e.g.Falenty et al.|2013|, and references therein), in fifteen
days the diffusion pervaded ~20um. The deposited water ice
film thickness was several microns thick (the film deposited on
each face of the cell is about 3+1um thick), thus fully penetrated
by diffusion by the ethane gas to make the clathrate. The tem-
perature was then progressively lowered (at a rate of ~1K/min)
while evacuating the ethane gas. During this operation, we main-
tained the system just below the sublimation/vaporisation curve



Optical depth + offset

4300
Wavenumber (cm™)

4200 4100

Optical depth + offset

0.06

0.04

0.02

3900

3800
Wavenumber (cm’™)

Fig. 3. Temperature dependent infrared spectra of the ethane clathrate in the combination/overtone regions. The crystalline pure ethane spectrum
of [Hudson et al.| (2014) recorded at 15K is shown above. The pure ethane spectrum recorded in the cell at 77K is shown above too. Tentative
assignments of the implied vibrational modes are given (see text for details). Spectra are offset for clarity.
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Fig. 4. Temperature dependent positions for selected transitions (circles), =with their tentative vibrational assignments, given in Table [1} The

ethane centroid vibrational positions for an ethane:oxirane (7:3) mixed clathrate spectrum from [Richardson et al.| (1983) recorded at 90K, are
shown with green diamonds. Oxirane is known to form and induce a clathrate hydrate type I structure, helping to confirm the structure formed and
also assign the C,H vibrational bands in this mixed oxirane clathrate hydrate.

of pure ethane, and above the ethane clathrate hydrate expected
stability curve (Roberts et al.|1940).

When the system was at a temperature sufficiently low
enough so that the kinetics of the clathrate destabilisation be-
comes very long (typically below 100 K), the system was fully
evacuated while the temperature continued to be lowered to its
minimum of about 5.3K. The infrared spectra were then recorded
with steps of 20K, which allowed us to follow the evolution of

the spectral signatures, up to the clathrate hydrate rapid disso-
ciation occurring above 160 K over an hour under our experi-
mental conditions. (In between each temperature stabilised step,
the temperature was raised at a rate of ~1K/min, allowing for
proper thermalisation of the clathrate hydrate.) The spectra were
recorded with a Bruker Fourier transform infrared spectrome-
ter covering the 5000-700 cm™! spectral range at a resolution of



0.5 cm™!, with a globar source, KBr beamsplitter and an HgCdTe
detector cooled with liquid Nj.

3. Results

The ethane clathrate hydrate transmittance spectrum, at 5.3K, af-
ter baseline correction, is shown in Fig[T} The ethane clathrate
hydrate bands in the infrared recorded from 5.3 to 160K are
shown in Fig[] for the fundamental vibrational modes range
(3000-2700 and 1500-1100 cm™'), and in Fig for the combina-
tions/overtones (4470-3600 cm™'). These spectra are compared
to the spectra of pure ethane ice recorded in the same cell at
77K, =crystalline ethane recorded at 15K (Hudson et al.[2014),
and an amorphous H,O:C;Hg (20:1) ice mixture from the Cos-
mic Ice Laboratory[] in the fundamental modes regions. A spec-
trum of an ethane:oxirane (7:3) mixed clathrate from Richard-
son et al.| (1985) recorded at 90K, is shown above the spectra in
the mid-infrared. The oxirane vibrational mode contribution is
identified with asterisks. Oxirane is known to form and induce
a clathrate hydrate type I structure. Its clathrate type I and II
spectral positions are well known, helping to confirm the struc-
ture formed and thus assign the vibrational spectrum for other
guests trapped in mixed oxirane =clathrate hydrates. A tentative
attribution of the vibrational modes and combinations/overtones
is over-plotted on these figures. The assignments are based on
the gas phase rovibrational analysis presented by Hepp and Her-
man| (2000, [1999bal [1998); [Hepp et al.| (1997)), and assumes a
bathochromic shift (a few wavenumbers for fundamental vibra-
tions and up to ten to twenty for the combination modes regions)
induced by the ethane clathration in a clathrate hydrate large
cage (see Table[T). We also report the band position evolution
as a function of temperature in Fig[]for selected intense transi-
tions, and compare these band transitions with positions from the
ethane:oxirane mixed clathrate spectrum from |[Richardson et al.
(1985)) for the mid-infrared modes.

4. Discussion

Pure ethane clathrate hydrate is expected to form a type I
clathrate hydrate. =The positions of the ethane bands in our ex-
periment, when compared to the Richardson et al.| (1985) mixed
ethane:oxirane band positions (shown with green diamond in
FigH) coincide well with the expected type I clathrate hydrate
positions.  Richardson et al.| (1985) however point toward
unusual relative intensities of the oxirane band intensities in
this experiment, requiring further analysis. It may suggest that
the presence of ethane in this mixed clathrate may deform the
structure more than for smaller guest species. Peak positions
and tentative assignments are reported in Table |I| for the two
measured extreme temperatures, 5.3 and 160 K, respectively.

The main outcome of this study is that the formation of an
ethane clathrate hydrate gives rise to a recorded very unique
band pattern, distinct from the other observed features for ethane
in other possible phases. In particular the band splitting in the
fundamental v; degenerate mode region around 2970 cm™!
(already observed by Richardson et al.| (1985))), with a splitting
amplitude of a bit more than 10 cm™') is characteristic of the
ethane clathrate hydrate, and not observed in other pure ethane
or mixed ethane/water ice phases. In the combinations/overtone
near infrared region, many bands observed in the pattern are also
characteristic (in particular the ~4400, 4320, 4170, 3980 cm™!

combinations modes splittings). They are clearly distinctive
from the other possible solid ethane or ethane simple hydrate
phases, pointing toward the uniqueness of the identification of a
clathrate hydrate through the observation of these modes.

In planetary environments such as Jupiter, Saturn and its
satellite Titan, Pluto and other TNOs, as well as comets, ethane
is less abundant than methane. When type I clathrate hydrate
formers are mixed, they may induce the formation of a type II
hydrate, under specific ratios. |Subramanian et al.| (2000) report
that in mixed methane and ethane clathrate hydrate studied by
Raman spectroscopy, both type I formers taken individually,
formed a type II clathrate hydrate under specific composition
ranges, typically starting above 72 to 75% of methane. =The
structure will go back to type I clathrate hydrate when ethane
becomes a trace species, above the upper bound of 95% methane
in these experiments. The mixed methane/ethane clathrate hy-
drate is metastable in some cases =as shown by, e.g., [Takeya
et al.| (2003). [Takeya et al.|(2005) measured the lattice constants
of mixed methane and ethane clathrate hydrate at 113 K as a
function of CH4 gas content. The mixed system forms the type
IT clathrate hydrate for about 60 to 80% methane content and
type I above and below, with values close to the pure methane
hydrate lattice parameters of type I at high methane content.
=Type I and type II mixed methane+ethane clathrate hydrates
can coexist. The type II has been shown to be a metastable
kinetically favoured stage during some mixed clathrate hydrate
nucleation experiments, with a slow transformation into sl, the
type I being the stable phase to long time scales (Kida et al.
2010; |Ohno et al.|[2009; Murshed and Kuhs|[2009). In both
type I and II clathrates, the ethane molecules occupies the large
cage (the 5'262 in type I and 5'26* in type II), as ethane is too
large to fit into the small cage. The proportions at which this
change occurs will vary with the formation temperature of the
clathrate hydrate because of the difference in fugacity of these
two species. The ratio of small to large cages in each unit of the
two clathrate ice structures favours type I when only the large
cages are filled. The band positions are expected to shift by a
few wavenumbers in between type I and type II clathrate hydrate
large cages, being about 4 cm™' redder for type II with respect
to type I in the stretching modes, based on Raman spectroscopy
(Subramanian et al.|2000). Apart from the shift specific to each
clathrate hydrate structure, the pattern observed in the present
experiments should be representative. =Several splittings for
some vibrational modes/combinations, distinct from the known
crystalline phase splittings, characteristic of ethane trapped in
the large cages of a clathrate hydrate of type I (or II with an
expected moderate shift) should be actively searched for to
establish such clathrate hydrates occurence.

=Saturn’s moon Titan, with an atmospheric temperature in
the 70-180K range (Horst[2017; [Niemann et al.|[2010; McKay
et al.[[1989), hosts conditions for hydrocarbon rains, and, with a
surface temperature around 90K, harbours liquid hydrocarbons,
including methane and ethane lakes (e.g. [Mastrogiuseppe et al.
2019; Hayes et al.|2008} |Stofan et al.[|2007). The stability zone
for the formation of methane and ethane clathrate hydrate falls in
this temperature range (Kalousovd and Sotin|2020; [Tobie et al.
2009; Lunine and Atreyal2008;|Thomas et al.|2008,[2007; Atreya
et al.|2006} |Osegovic and Max|2005). [Vu et al.| (2020) recently
showed that the kinetics of formation at low temperature of an
ethane clathrate hydrate is kinetically possible under Titan con-
ditions, using Raman spectroscopy. These authors report that

! Hudson et al., https://science.gsfc.nasa.gov/691/cosmicice/spectra.html with a surface temperature of 90K, a full clathration of ice in



contact with ethane will occur in about four (Earth) years, i.e.
within a time scale shorter than Titan’s seasons =(winter and
summer solstices are separated by about 15 years, directly re-
lated to Saturn’s orbital period of slightly more than 29 years).
An alternative formation at the surface invoked in this study is
the contact of ethane rain directly on exposed ice slabs, a situa-
tion for which the clathrate hydrate kinetics is more difficult to
estimate. However, for such exposed fields, the spectroscopic
signatures obtained by remote sensing are directly accessible,
and would provide constraints on =clathrates occurrence. In Ti-
tan’s lakes, the density of liquid ethane being higher than liq-
uid methane (e.g., about 462.7 kg/m> (melting line) and 662.8
kg/m? (melting line) at 100K for methane and ethane, respec-
tively (Younglove and Ely||{1987)), a methane/ethane phase sep-
aration should occur. =The full nitrogen, methane and ethane
system must be investigated under Titan conditions (e.g. [Hanley
2017). At the bottom of these lakes, ethane may therefore be
in direct contact with an ice bedrock like the one observed else-
where on Titan (e.g. Griffith et al.[2019), but residing well below
the lake’s surface. =Additionally, if the temperature at the bot-
tom of the lakes is higher than the surface temperature, the for-
mation kinetics should be thermally enhanced. |Vu et al.| (2020)
consider the domain of formation at greater depths if ethane per-
colates deeper through the surface, with corresponding higher
temperatures and favourable formation kinetics, but hardly ac-
cessible to spectroscopic means. Many experiments following
the cage evolution and spectral signatures of clathrate hydrates
are performed using Raman spectroscopy. =In the spectral range
considered here, if both Raman and infrared spectrometers can
be integrated in space probes that would land on solar system ob-
jects, and perform an analysis of the local field, a vast majority
of the spectroscopic information is still obtained using infrared
only remote sensing by space probes using on-board spectrom-
eters. An outcrop on the surface of icy bodies, or a terrain re-
cently exposed when there is a space probe fly-by may allow for
the identification of clathrate hydrates by infrared spectroscopic
means. Such a direct spectroscopic detection would consider-
ably anchor our view on the geophysical evolution of these ob-
jects.

5. Conclusion

We measured the temperature dependence, in the 5.3 to 160 K
range, of the near and mid-infrared spectral signatures of ethane
trapped in a type I clathrate hydrate structure, identified by com-
parison to literature spectra of mixed oxirane:ethane clathrate
hydrate. The =ethane molecule occupies the large cages of
the ice crystal structure formed by the host water molecules.
The large number of individual transitions observed in the
fundamental modes of vibration and the numerous combina-
tions/harmonics represent distinctive spectroscopic fingerprints
that will allow remote identification if ethane is present in a
clathrate hydrate in solar system ices. Further experiments are
foreseen to explore the type I and II clathrate hydrate differences
in the infrared over a large range of temperatures. When ethane
occupies the large cage of type I or II clathrate hydrates, only a
mild shift of about four wavenumbers between ethane bands in
each structure is expected, =and, apart from a shift of such mag-
nitude, the measured spectra in this study will be similar to those
of both structures. These signatures can be used to analyse plan-
etary remote sensing data and may be used for future proposed
missions exploring the icy worlds of the solar system, in partic-
ular, ones targeting Saturn’s moon Titan, such as the Dragonfly
mission.
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Table 1. Observed clathrate hydrate ethane positions and tentative assignments

oLy (cm™ 1)

Tentative assignments”

1_/gus (Cm_l )b

60K 53K
44237203
44167 +0.3
44138 +03 44073
4397.0 ve + V10 4414.44
4387.3
322‘3‘:3 Vs + vy 437767
4334503 43291
4322.6+03 43187 ve + V10 4342.56
43077
4295.6 +0.3
42857
4276 8 Vi + Ve 4293 40
4268.7
4251.6 Yo+ Vs 4274.633
4184.9
j}gg:g i?:(s) jgg:i Vi + 1 4179.835, 4177.523
4130903  4124.8 +0.3 Ve + Vi1 + Via 4145.67
41101
4101.6 £0.5
4092.9
40777 Ve + V1L + Vi 4098.2209
4074503  4067.6 Vs + vz 4086.20
3985.5 1.0 gggg:g Vs +ve (994.11+2985.39)¢
30420410 39337
3924.3
3875.4 Vs +vs (994.11+2895.67)¢
3783.0 £0.3 Vs + Ve (2985.39+821.72)¢
37740 42.0 37677 Yo + V10 (821.72+2968.69)°
3752.4 0.5
37262
37100 2.0 370027 Vs + v (2895.67+821.72)¢
3656.5
3648.0¢
2083703 29788
2069.8 0.8  2968.3 Vi 2985.39
2040.8 03  2937.0 Ve + V1L, V1 2053.8, 2954.0
20148 <08 29119 ve + V11 2930.705
2883303 28791 vs 2895.67
2846.97 0.6 2847.5 Vo + Vo + Vi 2860
2827.6 404 28268 Ve + V11 284413069
2741003  2739.1 Vs + Ve 2753326
d
2653.2° £0.5 ggié:g Vg + V12 2665.1512
2367005 23650 Vs + Ve 2368.59
14622 0.5 1461.6 Ve 1472.03
1388.0 ?
1372205 13721 ve 1379.163
1302.4 ?
1194.1 ?

@ At 5.3K, unless stated, positions uncertainties for the strongest bands are of the order of +0.2 cm™!. » Tentative assignments are
based on gas phase positions from Hepp and Herman| (2000), and references therein, assuming a redshift induced by the clathrate
encaging. ¢ estimated assignment from the sum of fundamental modes positions. ¢ broad, possibly double.
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