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ABSTRACT

Context. Clathrate hydrates could provide a sink for highly volatile molecules, thus modifying the release and chemical cycling time
scales for gases in icy bodies in the solar system (planets, satellites, comets), as well as for interstellar ice mantles.

Aims. By providing an infrared spectroscopic identification for the carbon dioxide clathrate hydrate, CO, being an important con-
stituent of ices in interstellar (ISM) and planetary media, we examine its astrophysical presence or absence.

Methods. A carbon dioxide clathrate crystal is produced in an infrared transmitting moderate pressure closed cell. Using FTIR spec-
troscopy, the stretching modes (v3>CO,,"*CO,,"0CO) and accidental resonances combinations ('*CO,,"*CO, , *OCO v; + v; Fermi
resonance dyad and 2v, + v; Fermi resonance triad) falling in the 5100-2200 cm™' (1.96—4.43 um) range, and their temperature
behaviour from 150 K down to 5.6 K are investigated.

Results. Combination modes clearly show the two distinct cages expected for type I carbon dioxide clathrate hydrate, and we identify
them. The forbidden antisymmetric stretching-mode overtone (2v3), activated in the carbon dioxide simple hydrate, is absent in the
clathrate hydrate. Combining these distinct spectroscopic profiles will provide a constraint to determine the importance of carbon
dioxide clathrate hydrates observationally.

Conclusions. We spectroscopically identify the carbon dioxide clathrate hydrate. A direct detection via (near-)infrared probes or
telescopic observations is needed to understand whether clathrate formation is ubiquitous, given the widespread occurrence of carbon

dioxide and water ice in astrophysics, or whether it is present only very locally in a few objects.

Key words. line: profiles — comets: general — solar system: general — ISM: dust, extinction — ISM: lines and bands —

line: identification

1. Introduction

Clathrate hydrates are icelike compounds with an H-bonded
water ice network hosting guest molecules. Carbon dioxide
clathrate hydrate has been investigated for its ability to be epi-
taxially grown in so-called type I or type II structures (Fleyfel &
Devlin 1991). These two structures differ in the size and num-
ber of water cages, hence in the potential interaction between
the encaged CO, and the water cage. As a consequence, the car-
bon dioxide main antisymmetric (v3) and bending (v,) vibration
modes provide a unique pattern for identifying which structure
is formed.

This cage-compound phase deserves to be investigated in as-
trophysics because carbon dioxide is the dominant constituent
of the Martian atmosphere and seasonaly condenses in large
amounts at high latitudes. Water is a minor constituent of the
atmosphere and water ice is also detected in small amounts both
as clouds and in the seasonal CO,-rich condensates. However
both polar caps are mostly composed of water ice, and very
large ice expanses are also detected as permafrost just be-
low a dust layer of some tens centimetres (e.g. Boynton et al.
2002; Barr & Milkovich 2008; Tamparri et al. 2008; Demidov
et al. 2008; Mouginot et al. 2009). Since the first study by
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services, Biblioplanets, and ISI Web of knowledge databases

Miller & Smythe (1970), these observations have raised inter-
est in examining the CO,-H,0O system thermodynamics in de-
tail (e.g. Longhi 2005). In particular, under current Martian con-
ditions, pure carbon dioxide solid and clathrate hydrate phases
can coexist at the surface at high latitudes and possibly also
with liquid CO; in specific conditions at some depth (e.g.
Longhi 2006). The kinetics of carbon dioxide clathrate hydrate
formation (Schmitt 1986; Schmitt et al. 2003; Circone et al.
2003; Genov 2003) and the thermodynamic stability curves (e.g.
Lunine & Stevenson 1985; Fray et al. 2009) are, in addition to
the spectroscopic characterisation we focus on in this article, key
aspects needed to understand its formation conditions.

Carbon dioxide is also a significant constituent of comets.
It has been directly observed in the gas phase in four comets
(Colangeli et al. 1999; Combes et al. 1988; Crovisier et al.
1997; Feaga et al. 2007) and is also infered from the CO
Cameron excited band resulting from the photodestruction of
CO;, molecules (Weaver et al. 1994; Feldman et al. 1997). It
has also been detected at the surface of several satellites such
as the Jovian Europa, Ganymede, and Callisto, Saturn’s lapetus,
Phoebe, and Hyperion, the Uranian Ariel, Umbriel, and Titania,
and Neptune’s Triton (e.g. Brown et al. 2006; Buratti et al. 2005;
Clark et al. 2005; Hibbitts et al. 2000; Hibbitts et al. 2003;
Quirico et al. 1999). Farther away in dense ISM clouds, car-
bon dioxide represents in interstellar ice mantles, remarkably, al-
most always about one fifth of the water ice mantle content (e.g.
de Graauw et al. 1996; Pontoppidan et al. 2008). Given the large
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panel of astrophysical objects where CO; is a major species, the
spectroscopic identification of possible CO; clathrate hydrate on
these objects is interesting beause of its strong implication in the
formation conditions of these compounds, their inventory, and
their equilibrium and exchange with the gas phase. In this arti-
cle we study the spectroscopic signature in the near infrared of
the type I carbon dioxide clathrate hydrate between 5.6 K and
150 K.

2. Experiments

An evacuable closed cell was used, with two ZnSe windows
for infrared transmission analysis, as described in our previous
clathrate hydrate experiments (Dartois & Deboffie 2008). The
cell was thermally coupled to a liquid He-transfer cold finger,
placed in a high-vacuum, evacuated cryostat (P < 1077 mbar).
A stainless steel injection tube for gases entrance or evacuation
was sealed at the bottom of the cell and ended with a four-port
injector inside.

The formation of the carbon dioxide clathrate hydrate fol-
lows a procedure previously described for methane clathrate hy-
drate (Dartois & Deboflle 2008) in which the ice film is formed
first and pressurised with carbon dioxide gas during approxi-
mately two days in a region of the (P, T') diagram above the
equilibrium curve for carbon dioxide clathrate hydrate (20 bars,
255 K). Then the temperature is decreased while progressively
evacuating the excess CO;, taking care to maintain the system
just below the vaporisation or sublimation curves of the CO,
phase diagram to avoid both the decomposition of the clathrate
and condensation of some CO; ice. FTIR spectra were recorded
with a Bruker IFS 66v at a resolution of 0.5 cm™', with a tung-
sten filament source, KBr beamsplitter and an HgCdTe detector
cooled with liquid N,. Several experiments were conducted in
order to produce carbon dioxide clathrate samples with differ-
ent thicknesses to maximise the absorptions in each region of
the spectrum. Among these experiments, we selected the best
experimental set of spectra recorded between 150 K to 5.6 K.

3. Results
3.1. Carbon dioxide clathrate hydrate identification

The formation of carbon dioxide clathrate hydrate is checked
and identified via the v3 vibration mode. Fleyfel & Devlin (1991)
have grown epitaxially CO, clathrate hydrates on the previously
grown, structure I or II clathrate hydrates of other molecules and
recorded their spectra in the main infrared transitions. The ab-
sorption band positions observed in our experiments, shown in
Fig. 1, at 2280 and 2271 cm™!, closely follow their type I 13CO,
clathrate FTIR spectrum for molecules trapped in the small and
large cages, respectively. The main isotopomer transitions at ap-
proximately 2335 and 2347 cm™! are saturated in our spectra.
The very weak shoulder seen around 2320 cm~! at 13 K in Fig. 2
of Fleyfel & Devlin develops in our low-temperature spectra into
an individual band that we attribute to '®O-substituted carbon
dioxide, based on shifts measured in the gas phase (Rothman
1986). The second band, expected at a slightly higher wavenum-
ber for C'30'°0 trapped in the second cage type, can be hardly
seen in our spectra because of the strong overlap with the satu-
rated main CO, bands (Fig. 1). A large band better seen above
2355 cm™! is present and corresponds to the 3v; harmonic of the
water ice libration mode.
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Fig. 1. Temperature-dependent spectrum in the '2?CO, and *CO, v; an-
tisymmetric, stretching-mode, vibrational region for the clathrate hy-
drate formed. Spectra are shifted vertically for clarity.
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Fig. 2. Temperature-dependent spectra of carbon dioxide clathrate hy-
drate in the region of the v; + v3 Fermi resonance combination modes.
Spectra are shifted vertically for clarity.

3.2. Near-infrared spectra of carbon dioxide clathrate hydrate

The CO, clathrate hydrate, near-infrared spectra covering the
strongest combination transitions in the 5100-3550 cm™! range
are presented in Figs. 2 and 3, i.e. covering the v; +v3 and 2v; +v3
Fermi resonances. The weak '>CO, and '8OCO transitions in the
first Fermi resonance range were tentatively assigned, based on
natural isotopomer abundances and on the shift of the bands for
the gas phase species (Rothman 1986). We adopted the same
notation, assigning the Fermi resonance ranking (FRi where
i = 1,2,3...) index starting from the highest level of the reso-
nance. The v; + v3 FR2 13CO, transitions are not detected in the
present experiments, and only an expected position is given. It
may partly stem from the onset of the strong absorption wing
from the water ice network, removed by the adopted contin-
uum, but the intensity ratio of the Fermi dyad for this isotope
nevertheless seems very different from the main isotope equiva-
lent transitions. An additional absorption was observed at about
3714 cm™!. Among the questions to address about the origin of
this band, this may imply an interaction of the CO, v3 mode with
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Fig. 3. Temperature-dependent spectra of carbon dioxide clathrate hy-
drate in the 2v; + v; Fermi resonance combination modes absorption
range. Spectra are shifted vertically for clarity.

the water ice libration harmonic as seen at shorter wavenumbers.
A transition associated with, e.g., CO, double occupancy for the
same cages is very unlikely, given the large size of this molecule
with respect to type I clathrate cages. From 150 K to 5.6 K, we
observe the spectral clarification associated to the sharpening of
the individual enclathrated CO, bands, accompanied by an in-
tensity increase and a shift towards slightly lower frequencies.
For the 13CO, v; mode, the integrated absorbance increases by a
factor of about 3 between 150 K and 5.6 K, betraying the polaris-
ability induced by the cages on the asymmetric stretching mode,
a characteristic encountered in various degrees in clathrate hy-
drates.

We summarise the observed positions at 5.6 K for the carbon
dioxide, type I clathrate hydrate in Table 1, and compare them to
three other phases: CO; in the gas phase, in its pure solid phase,
and CO; as a simple hydrate when mixed at low temperature in
amorphous H,O ice. In addition to the band splitting induced
by the trapping of CO, in the two different cages of the type I
clathrate hydrate structure, a fundamental difference between the
clathrate hydrate and the simple hydrate spectra is the absence
of activation of the 2v3 mode in clathrate hydrate, while a strong
4678 cm~! band is observed when the hydrate is formed (e.g.
Fig. 3 of Bernstein et al. 2005).

3.3. Phase diagrams

Pure CO; ice forms a peculiar thermodynamical pair with its
clathrate hydrate form. Indeed, contrary to most other clathrate-
forming molecules, the sublimation vapor pressure curve for
pure CO; ice (Giauque & Egan 1937; Fray & Schmitt 2009)
lies just above the dissociation pressure curve of CO, clathrate
hydrate in equilibrium with CO, gas + H,O ice. The different
low-temperature extrapolations of these curves place the solid
CO,/H,0 ice/CO;, clathrate/CO, gas quadruple point between
120 and 135 K (Miller & Smythe 1970; Longhi 2005). The
crossing of the curves is more probably around 131 + 2 K. Our
estimate is 130.2 K using Clausius-Clapeyron laws based on the
first experimental determinations of these curves (Giauque &
Egan 1937; Miller & Smythe 1970) as explained in the caption
of Fig. 4. A more accurate determination based on compilations

10°- B
107"+
102

10° -

P(bar)

10.4 L Giauque & Egan 1937 _|

.............. Andersson et al. 2004
—————— Galvez et al. 2007 —

10° -

O O O O Miller & Smythe 1970

Fray, Marboeuf & Schmitt 2009  _|

10° 4

T S O S S R
100 120 140 160 180

| 200
T(K)

Fig. 4. Phase diagram for CO, displaying the CO, sublimation curve
(black line, Giauque & Egan 1937) and clathrate hydrate measurements
(big squares, Miller & Smythe 1970). Extrapolating the clathrate equi-
librium experimental measurements with a Clausius-Clapeyron equa-
tion (small squares), we find the quadruple point at 130.2 K. A recent
compilation of CO, clahrate hydrate dissociation pressures completed
with measurements in the 170-190 K range by Fray et al. (2009)
and extrapolated using a Clausius-Clapeyron equation is also displayed
(dashed line) and leads to 132.5 K for the quadruple point. The mean
value for the quadrupole point is indicated by a diamond. Two carbon
dioxide adsorption equilibrium curves on crystalline ice surfaces, for
50% of the site coverage, based on measurements by Andersson et al.
(2004) (thick dotted line) and Galvez et al. (2007) (dot-dashed line) are
added to show the difficulty of phase determination from pressure mea-
surements in this temperature range.

and critical reviews of the ice vapor pressures (Fray & Schmitt
2009) and clathrate hydrate dissociation pressures (Fray et al.
2009) leads to a value of 132.5 + 1 K.

4. Discussion
4.1. CO, clathrate in the solar system
Mars

The proximity of the stability fields of the pure CO; ice and its
clathrate hydrate phases makes predicting their occurrence a dif-
ficult task in the context of the Martian surface where seasonal
variations in surface temperature and atmospheric pressure can
induce local and seasonal formation and decomposition of CO,
clathrate hydrate (e.g. Longhi 2006; Schmitt et al. 2003). To add
to the complexity of the situation, the adsorption energy for CO,
on crystalline ice is rather high (Ex/k ~ 2553 K, Andersson
et al. 2004; Ex/k ~ 2394 K, Galvez et al. 2007). Then, if
cold water ice particles are present in clouds or on the surface
and their size distribution is dominated by very small particles
displaying a high surface-to-volume ratio, CO, adsorption may
compete with the two previous phases mentioned. Considering
these thermodynamical proximities, together with the kinetics
behaviour of carbon dioxide interaction with ice (e.g. Schmitt
1986; Adamson & Jones 1971), a spectroscopic discrimination
is therefore an essential resource for distinguishing which phase
actually occurs.

Outer solar system

Carbon dioxide is also present on many solar system icy bod-
ies. The pure ice form is observed in the near-infrared from the
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Table 1. Carbon dioxide: gas, pure solid, hydrate, and clathrate hydrate transitions.

Gas © Crystal*  Hydrate ® Clathrate ©
Assigned (4-21K)  (15K) (5.6K)
transitions CO, H,O/CO, =5 Type I
y(em™') v(m™) v(m™) y(cm™)
v3(13CO,) 2283.488 2282.6 2278 { 2271.3
2280.2

v3(180CO) 2332.113 - - { 2319.5
2330

vy ¢ 2349.143  2343.1 2341 { 2335
2347

First Fermi resonance

Vi +v3 mro(BCO,)° 3527.737 3514 exp. at ~3505

vi +v3 mra(80CO)° 3571.141 3563 3550

Vi + V3 Fr2 3612.842 3599.1 3592 { 3589.7
3596

vi +v3 mr1(PCO,)° 3632911 36324 3613

vi + v3 mr1(BBOCO)° 3675.134  3667.3 3651.9

Vi + V3 FRI 3714.783  3708.0 3702 { 3692.7
3703.4

First v3 overtone

2vs 4678 -

Second Fermi resonance

2vi + V3 Fr3 4853.623  4830.5 4827 { 4819.7
4825.6

2vi + V3 Fr2 4977.835 4971.2 4962 { 4950.2
4962.2

2vi + V3 Fr1 5099.660  5086.6 5083 { 5066.2
5075.3

* Mid-infrared : pure CO, spectrum measured at 4 K in April 1996 with the same spectrometer; Near-infrared spectra at 21 K and assignments
from Quirico & Schmitt (1997); ® from Bernstein et al. (2005); ¢ position accuracy is estimated to better than 0.5 cm™', line positions in italics have

higher uncertainties due to line blending, weakness, or saturation effects; d

clathrate antisymmetric stretching-mode assignments for the v3('2CO,)

based on Fleyfel & Devlin (1991); © transitions are assigned based on Rothman (1986).

second Fermi resonances on the surface of some satellites (on
Ariel, Umbriel, Titania; Grundy et al. 2006, on Triton; Quirico
et al. 1999) where the observed H,O ice is crystalline. Mid-
infrared reflectance spectra of the antisymmetric CO; stretching
mode display blue-shifted bands with respect to pure CO, on
Ganymede, Callisto (Hibbitts et al. 2000; McCord et al. 1998),
Phoebe, Iapetus, and Hyperion (Buratti et al. 2005; Clark et al.
2005), which could be explained by the formation of hydrates
(or complexes), e.g. Chaban et al. (2007) or by CO, physisorbed
on refractory solids (such as minerals, e.g. Hibbitts & Szanyi
2007). On Triton the position and shape of the bands are consis-
tent with pure CO; ice, although very small shifts remain unex-
plained (Quirico et al. 1999).

4.2. CO, clathrate in the Interstellar Medium

Although water ice largely dominates interstellar ice abun-
dances, it is immediately followed by CO, with a fairly constant
CO,/H,O0 ratio around 20%. In the interstellar medium, infrared
observations have shown that CO, is either segregated from the
H, O ice mantles in the highest temperature, evolved protostellar
envelopes (e.g. Keane et al. 2001), forming a molecular com-
plex with methanol (e.g. Dartois et al. 1999; Ehrenfreund et al.
1999), or intermixed with H,O as a hydrate (e.g Gerakines et al.
1999; Pontoppidan et al. 2008, and references therein). However

it may be possible that in some situations part of the CO, may be
trapped in a clathrate hydrate structure. Only spectroscopic evi-
dence in the fundamental bands may allow identification of this
phase. However, up to now the numerous infrared observations
of CO; in interstellar ice mantles do not display the characteris-
tic double profile expected for clathrates.

4.3. Detecting clathrates

FTIR spectra of the type I carbon dioxide clathrate hydrate were
recorded in the near to mid-infrared in the 5.6 to 150 K range.
Characteristic double-peak profiles are observed, attributed to
the same transition, but for CO, trapped in the two cage types,
small and large, of the structure I clathrate hydrate. Based on
these spectroscopic profiles and on the positions of the two com-
ponents, the occurrence of CO, clathrate hydrate can be firmly
constrained by remote spectroscopy of icy bodies either in the
solar system or in the interstellar medium.

Reflectance (transmission) spectroscopy of icy surfaces of
planets, satellites, or comets with spectral resolutions above
about one thousand in the near(mid-)infrared would allow proper
separation of the cages’ distinct transitions. Such direct remote
observations may result, however difficult to succeed. Clathrates
may escape detection by being buried under the very upper sur-
face layers, for stability reasons. A focus on thermodynamically
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favourable zones, or recently exposed (by e.g. an impact) sur-
faces, or else sublimating surfaces should be performed. This
difficulty of observing clathrates has probably motivated ther-
modynamic approaches to determining their presence, as well as
studies dedicated to their impact on the elemental or molecular
abundance release. However, if such conditions for their forma-
tion and stability must be met, they should not be overused and
stringent constraints fulfilled, such as their unambiguous spec-
troscopic detection.

In the light of expected cages occupancies, hence band dou-
bling, no direct evidence of carbon dioxide clathrate hydrate has
been reported so far in astrophysical objects, including our so-
lar system. Therefore, as many different physical interactions
are possible between CO, (and many other molecules) and wa-
ter ice, not necessarily involving the formation of a crystallo-
graphic system such as clathrate hydrates, it is important to be
able to directly constrain the abundances and state of the various
phases of CO; in astrophysical media by spectroscopic means.
This should help in understanding whether clathrate hydrates are
widely present in astrophysical media or only locally in a few ob-
jects, whether its formation is ubiquitous given the widespread
occurrence of carbon dioxide and water ice in astrophysical ob-
jects.
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