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Clathrate hydrates are crystalline ice-like inclusion com-
pounds consisting of hydrogen-bonded water molecules that
form host cages which contain small guest molecules. Three
different crystal structural families are known; the structure
depends on the nature of the guest molecules: structure I with
space group Pm3n, structure II with space group Fd3m, and
structure H with space group P6/mmm.[! Host-guest inter-
actions play a crucial role, as hydrates are thermodynamically
stable only when guest molecules occupy the host cages to a
certain minimum level. Even for hydrate growth, the inter-
action energy and dynamics of the host and guest molecules
are also important. Hydrate formation starting from amor-
phous solid water (ASW) with enclosed guest molecules at
low temperatures is an example: H,O molecules phase-
separate from the amorphous phase to form cubic ice (Ic)
initially, then they form the appropriate hydrates with an
increase in temperature.”) The dissociation of clathrate
hydrates has also been studied, but the mechanism is still
not well understood. For instance, CH, hydrate can be stored
at atmospheric pressure below the melting point of ice
(273 K), even though this temperature is well outside the zone
of thermodynamic stability of the hydrate and allows
dissociation;P! the effect has been termed self-preservation.”!
The existence of anomalous CH, hydrate stability in the
temperature range from 240 K to 273 KP! is interesting not
only from a scientific viewpoint, but there are also practical
applications for the storage and transport of CH, and H, in
the form of solid hydrate.! Takeya etal. measured the
dissociation of structure I CH, hydrate using powder X-ray
diffraction (PXRD) and concluded that the dissociation is
controlled by the rate of gas diffusion through ice formed by
the dissociation of the CH, hydrate.! Above 230K, the
reduction in diffusion rate owing to ice sheet formation,
transformed from ice particles around dissociating hydrate,
was suggested by Shimada et al.l®! On the other hand, Kuhs
et al. reported formation of ice Ic with stacking faults (but not
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hexagonal ice, Th) resulting from CH, hydrate dissociation at
temperatures below 240 K,! and they suggested that trans-
formation from ice Ic to ice Ih upon annealing hinders gas
diffusion. These studies, based on crystal structure trans-
formation, have clarified that the dissociation of CH, hydrate
is controlled by the rate of gas diffusion through ice. One
remaining puzzle is the fact that CH,+ C,Hg, a mixed gas
hydrate of structure II, does not show preservation behavior
comparable to CH, hydrate, whereas its dissociation pressure
is lower than that of CH, hydrate at the same temperature.”!
Additionally, anomalously stable N,, O,, CO, and Ar hydrates
have also been suggested.'” Therefore, further studies are
required for developing a comprehensive understanding of
the dissociation mechanism of hydrates below 273 K. The
experimental results in this study provide not only kinetic
data using temperature-dependent PXRD, but also give new
insight into the fundamentals of hydrate dissociation and the
nature of guest-molecule adsorption on ice arising from the
interaction energy between guests and H,O molecules.

In Figure 1, the PXRD profiles for the CF, hydrate
dissociation process are shown on going from structure I
hydrate to ice as the temperature was increased from 163 to
243 K in steps of 5 K with a 20-scan time of 2.5 min. Several
diffraction peaks assigned to ice appear at 163 K, and the
peak intensities increase with temperature whereas the CF,
hydrate diffraction peak intensities decrease. This indicates
that the dissociated CF, hydrate transformed into ice. The
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Figure 1. Temperature-dependent PXRD profiles during the transforma-
tion of CF, hydrate into ice. The initial temperature (163 K) was raised
in 5 K steps up to 243 K. The PXRD profile at 183 K (insert) is used to
designate the Miller index of each diffraction peak from the hydrate
(sl), hexagonal ice (lh), and cubic ice (Ic).
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relative volume ratios for various clathrate hydrates were
measured by PXRD and were analyzed as a function of
temperature (See Figure 2). Most of the hydrates began to
dissociate between 180-200 K, even though their stability
conditions are quite different (see Table 1). For C,Hs, CH,F,,
CHEF;, Xe, and H,S hydrates (structure I), and C;Hg hydrate
(structure II), the dissociation proceeded a single step up to
around 220 K, whereas the rate of dissociation for CH,, CH;F,
CF,, and CO, hydrates (structure I) and O,, N,, Ar, and Kr
hydrates (structure IT) decreased in the temperature range
between 180K and 220 K. The dissociation rate then
increased at temperatures higher than 220 K and decreased
again above around 230 K. Below 273 K, these hydrates were
self-preserved, even though the amounts of remaining
hydrate were less than 30 %. These results, summarized in
Table 1, show that there is a correlation between the self-
preservation effect and the decomposition pressure, except in
the case of CH;F hydrate. It suggests that the hydrates with
higher decomposition pressures tend to show self-preserva-
tion phenomena.

The 180-220 K temperature range is quite consistent with
the ice transformation temperature, by which ice Ic trans-
forms into ice Th. Kuhs et al.”’! reported that the relative peak
intensity ratios of the Ih(100) and Ih(002) reflections, which
overlap with those of Ic(111), changed with temperature in
this region because of formation of ice Ic and its trans-
formation into ice Ih (see Figure 3). In the present work, ice Ic
formation was observed for all hydrate samples as the hydrate
dissociated. An early macroscopic study showed frost-like ice
formation on the dissociating CH, hydrate surface; both H,O
and CH, molecules are likely to evaporate into the surround-
ing space, but H,O molecules may condense again as frost on
the hydrate surface because the surface temperature may be
slightly lower than the controlled sample temperature owing
to the endothermic hydrate dissociation reaction.’! These
results indicate that the dissociat-
ing hydrates were covered by a
frost-like ice layer, not a dense
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Figure 2. The volume ratio V/V, of hydrates as a function of temper-
ature. V, is the initial volume, and the solid lines indicate trends.
a) Structure | hydrate, b) Structure Il hydrate.

Table 1: Properties of hydrates and guest molecules, and crystal data.”

solid ice layer as induced by a  Guest Self-preser- P,[MPa] Structure Lattice constant V T/ To [K] V [A%)/Max.
solid-solid transformation, and vation® at 273 Kl [A] at 173 K length [A]
which is composed of ice Ic in the g ° 011 sl 11.8757(3) 0.94 188/213 25.2/3.8
temperature range between 180 K CH,F o 0.2[20] sl 11.8834(3) 0.83 131/195 33.5/4.7
and 220K resulting from water CH,F, ° 0.2[21] sl 11.8981(6) 0.80 137/221 38.9/5.2
condensation. It should also be Xe . 02[22] sl 11.8797(3) 0.61 161/165 42.2/22
noted that the PXRD profiles CiHs ° 0201 sl 17.1750(4) 0.93 85/231 62.4/6.7
show a background increase (sce 1P . 03[23] sl 11.9211(7) 0.96 118/191 42.9/5.2
: : C,He . 0501 sl 11.9554(8) 0.79 90/185 45.6/5.6
Figure 3). It is known that the (o o 1201 sl 11.8794(7) 0.77 195 (Sublimation) 33.3/5.4
existence of stacking faults in ice gy o 1522 sl 17.1280(4) 0.89 116/120 34.5/2.0
Ic broaden the Ic(111) and 1c(222)  CH, o 2501 sl 11.8938(3) 0.93 91/112 28.6/4.3
reflections.'!! If the sample is a CF, A 4.21[24] sl 11.9751(9) 0.64 89/145 49.4/5.3
very fine powder (particles less AT o 10.5[25]  sli 17.1131(4) 0.95 84/ 87 27.8/1.9
than few pm in size), this also Oz o 11.9[25] sl 17.1138(11)  0.40 55/ 90 20.6/3.9
N, o 15.9[25] sli 17.1665(5) 0.62 63/ 77 21.7/3.9

broadens the peak half-widths, but

no other ice Th peak (not shown in
this 26 region), showed such peak
broadening. On the other hand,
formation of a third ice phase,
amorphous ice, which coexists met-
astably with ice Ic at least up to
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[a] The data sets are ordered according to dissociation pressure (Py) at 273 K. Taken from references
[1,20-25]. Volume and maximum length of guest molecules were calculated using the Winmoster
program.?¥ [b] The self-preservers are marked with an open circle (0) and non-self-preservers are
marked with a solid circle (®@). CF, hydrate is marked with an open triangle (2) as it showed preservation
phenomena around 200 K. [c] Py is the dissociation pressure of each hydrate at 273 K. [d] V, is the initial
volume of hydrate in the synthetic sample. [e] T,, and T, indicate the melting and boiling points of the
guest molecule, respectively.
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Figure 3. An enlarged portion of the PXRD profiles in Figure 1 for CF,
hydrate at three different temperatures. The profile for 203 K has an
increase in the background for 26 between 22-26°. See text for details.

188 K, has also been reported.!'?! Therefore, the ice formed in
this temperature region is not necessarily ice Ic. Especially
during the hydrate dissociation process, the guest molecule
may well be trapped in the newly formed ice phase and thus
support the formation of amorphous ice coexisting with ice Ic.

Where do guest molecules leaving the dissociating
hydrate go? According to earlier studies, CH,, N,, Ar, Kr,
CF,, and CO molecules, all of which form hydrates that show
self-preservation phenomena, interact only weakly with ice
ASW. For hydrofluorocarbon molecules (CH,, CHSF,
CH,F,, and CHF;), the length of the hydrogen bond between
the fluorine carbon and the H,O molecule (C—H--O)
decreases and the C—H---O interaction energy increases with
the number of fluorine (F) atoms in the molecules, according
to theoretical calculations."* The CHF; molecule most likely
orders the ice surface because of C—H:--O interaction
between H,O molecules on the ice Th(001) surface,™ whereas
for CH, and CF, the interactions with H,O molecules are
weak. Therefore, the experimental result for CH;F hydrate
suggests that relatively weak interactions (weaker than those
of CH,F, and CH;F in this series) cause the self-preservation
phenomenon because the interaction energy with H,O
molecules should reflect the thermal adsorption of molecules
on ice surfaces. In fact, H,S and Xe hydrate do not show self-
preservation, and it has been suggested that H,S adsorbs on
ice surfaces more strongly than the above molecules and that
Xe penetrates easily into ice Th.'¥! The higher decomposition
pressures shown in Table 1 should reflect the weaker inter-
action strengths of the guest with H,O molecules in general.
Therefore, these results suggest that the weaker interactions
cause self-preservation. The existence of self-preservation in a
quenched high-pressure phase of structure H hydrate, which
is stable between 460-770 MPa, was reported for the temper-
ature range 170-230 K.[') This finding is consistent with the
experimental results observed for Ar hydrate herein even
though the decomposition step above 230 K observed here
was not observed previously. Therefore, the nature of guest
molecules, not the thermodynamic stability or the crystal
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structure, determines whether self-preservation phenomena
should be expected. In turn, self-preservation is shown to
depend on the interaction strength between guest molecules
and H,0O molecules as reflected by the dissociation pressures
at 273 K.

We have shown that the observation of self-preservation
phenomena depends on the type of guest molecule; CH,,
CH;F, CF,, and CO, hydrates (structure I) and O,, N,, Ar, and
Kr hydrate (structure IT) show self-preservation phenomena,
and we conclude that interaction of guest molecules with H,O
molecules in ice play a crucial role in observing this
phenomenon, even though there is still one exception. For
the CH, + C,H, mixed gas hydrate,® we believe that C,H,
used in forming the mixed gas hydrate, may hinder the
occurrence of self-preservation phenomena because of the
interaction of C,H, with H,O molecules in ice. However, we
expect that mixed gas hydrates encaging molecules with weak
interaction with H,O molecules, such as H, and NO, should
again show self-preservation phenomena, even though H, can
probably diffuse out of the cages of the hydrate without
decomposing the lattice, at least initially."®

Experimental Section
Gas hydrate samples were synthesized from fine ice powder using a
method reported previously.”!

PXRD measurements were carried out in 6/0 step scan mode
using Cuy, radiation (A =1.5406 A) with a step width of 0.041° in the
26 range of 7.5-32.5° for a 2.0-min total scan time (40 kV, 40 mA;
BRUKER axs model D8 Advance). Powdered hydrate samples were
mounted on a 0.20-mm thick copper PXRD sample holder under a N,
atmosphere and kept below 100 K. Temperature-dependent PXRD
measurements from 153 K up to 273 K were made every 5 K under a
dry N, atmosphere to prevent vapor condensation on the sample
surface by using a low-temperature chamber (Anton Paar model TTK
450). The temperature was kept at a constant value with maximum
0.1 K temperature deviations during each PXRD measurement.
Immediately after each measurement, the temperature of the sample
was raised 5 K within 30 s. The use of rather thin samples allowed us
to control the sample temperature at specific values without any
significant waiting time before each measurement. Identification of
crystal structure and determination of the volume ratio of hydrate and
ice and unit cell parameter were done by a Rietveld method using
RIETAN-2000 program.['!
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