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Atoms and molecules <0.9 nm in diameter can be incorporated in
the cages formed by hydrogen-bonded water molecules making up
the crystalline solid clathrate hydrates. For these materials crys-
tallographic structures generally fall into 3 categories, which are 2
cubic forms and a hexagonal form. A unique clathrate hydrate
structure, previously known only hypothetically, has been synthe-
sized at high pressure and recovered at 77 K and ambient pressure
in these experiments. These samples contain Xe as a guest atom
and the details of this previously unobserved structure are de-
scribed here, most notably the host-guest ratio is similar to the
cubic Xe clathrate starting material. After pressure quench recov-
ery to 1 atmosphere the structure shows considerable metastabil-
ity with increasing temperature (T <160 K) before reverting back
to the cubic form. This evidence of structural complexity in com-
positionally similar clathrate compounds indicates that the reac-
tion path may be an important determinant of the structure, and
impacts upon the structures that might be encountered in nature.

high pressure � ice � clathrate hydrate

C lathrate hydrates are crystalline inclusion compounds com-
posed of water molecules hydrogen-bonded to form cages of

several types that, when stacked together, fill 3-dimensional
space. Most hydrates belong to 3 structural families, 2 cubic
forms known as sI and sII (1), and one hexagonal form known
as sH (2–4). Species such as Ar, Kr, Xe and methane form sI or
sII hydrate, whereas sH is unique in that it requires all types of
cages (both small and large) to contain guest species for lattice
stability (5). All 3 structures, containing methane, other hydro-
carbons, H2S and CO2, O2 and N2 have been found in the
geosphere, with sI methane hydrate by far the most abundant. At
high pressures (P � 0.7 kbar) small guests (Ar, Kr, Xe, methane)
are also thought to form sH hydrate with multiple occupancy of
the largest cage in the hydrate (6–8). It has been proposed that
the high-pressure methane hydrate of sH plays a role in the outer
solar system, including formation models for Titan (9, 10).

From a global perspective, natural gas clathrate hydrates are
seen as a major energy resource, a potential climate change
material and as a geohazard. In the natural gas industry, the
prevention of gas hydrate blockages in pipelines is a major
concern. From a climate change perspective the decomposition
of natural gas hydrate can release large amounts of methane into
the atmosphere, but paradoxically hydrates also have a potential
for sequestration of anthropogenic greenhouse gases. Further-
more, clathrate hydrates have been explored for hydrogen
storage.

In standard hydrate notation (where D � dodecahedral, T �
tetrakaidecahedral, P � pentakaidecahedral, H � hexakaideca-
hedral, and E � eicosahedral; and for example 512 � 12 5-sided
faces), each of the cubic structures are made up of small and
large water cages denoted as D(512) and T(51262) for sI (D2
T6 � 46 H2O); and D(512) and H(51264) for sII (D16H8 � 136 H2O);
whereas the hexagonal form is made up of 3 cages denoted

as small, D(512), medium, D�(435663), and large, E(51268)
(D3D�2E1 � 34 H2O). Beside sI, II and H, other clathrate hydrate
structures are known, for example those of bromine, t-
butylamine and dimethyl ether. As well, several hypothetical
structures have been postulated by Jeffrey and Dyadin (1, 11),
based on known ionic or semiclathrate hydrates. However, true
clathrate hydrates include only those compounds for which there
are only weak van der Waals guest-host interactions.

For many years it was thought that hydrate structures were
predictable, phase equilibrium can be predicted based on simple
guest size-structure relationships and computational modeling.
Some structural complexity in the clathrate hydrates is by now
a well-recognized phenomenon, even to the extent that it is
sometimes impossible to predict the structure(s) that will appear
for a certain combination of guests (5). However, the observa-
tion here of 2 structurally distinct but compositionally similar
and stable hydrates increases the importance of understanding
complexity in these systems.

The low pressure form of sH hydrate is uniquely different from
the other known structures that can be made with a single guest
type in that it requires small ‘‘help gas’’ atoms or molecules to fill
the small cages, and a large guest molecule to fill the large cage.
However, at high pressure the sH phase forms for single types of
small guest species (see below for more details) (7–9), along with
the formation at still higher pressure of a nonclathrate form
related to ice Ih with guest atoms filling its open channels, this
form has been identified and called a filled ice structure (12).
These can be made by the compression of the corresponding
simple sI or sII hydrates. Apparently, this results in a recon-
struction of the crystal lattice with multiple guests filling and
stabilizing the large cage of sH.

In this study, we investigate the Xe clathrate hydrate system
and demonstrate the formation of a hydrate structure not
previously observed. As a result we now demonstrate 2 distinct
crystallographic structures with very similar guest:host ratios,
and 1 guest atom per cage, that are stable under similar
conditions of temperature and pressure. Samples of the sI form
xenon hydrate were compressed at room temperature for the in
situ characterization of the resulting high pressure sH structure.
Samples of the new phase resulted from pressure quench recov-
ery at low temperature (77 K) to atmospheric pressure. Two such
recovered samples were synthesized and studied by NMR
(NMR) and X-ray diffraction techniques, including studies of
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the ambient pressure stability with increasing temperature and
the decomposition path back to water and xenon gas. (See
Materials and Methods for details of sample synthesis and details
of the X-ray and NMR analysis).

Results
The X-ray diffraction patterns and Rietveld refinements of
lattice constants, guest occupancies (giving the water to guest
ratio), host lattice oxygen and guest atomic positions, and
displacement parameters are shown in Fig. 1A and Table 1. The
upper 2 plots, collected at ambient pressure and 40 K and at 300
K and 1.7 GPa, respectively, represent the well-known Xe sI
clathrate hydrate. The cage occupancy is refined to �80% for
both cages giving a host-to-guest ratio of 7.06:1 (this ratio is
assumed to be maintained for the fit to the sI form at higher
pressure, 1.7 GPa), the lattice constants are observed to decrease
with increasing pressure, as expected. Other details of the fit are
given in Table 1.

The data collected at 300 K and 2.0 GPa are fitted well by
parameters for sH plus �5% residual sI hydrate as determined
from diffraction intensity ratios. The initial oxygen positions for
the in situ high pressure sH fits were obtained from reference 3,
with initially 1 atom in each small cage and 2 in the large cage
(based on cage size). The fit converges nicely with an Rwp �
2.1%, we have taken this to be a good fit and the fitted
parameters are given in Table 1. At 2.0 GPa, not all of the sample
had transformed to sH. Additionally, the fitted occupancy of the
cages drops and lowers the host to guest ratio to 6.49:1, because
this sample in its low pressure sI form originally contained 7.06:1
water to guest ratio (as determined for the fits discussed above)
and that no solid Xe is observed, excess water is likely mixed with
the sH sample in the pressure chamber.

Although it is not the main thrust of this article, there has been
some discussion in the literature over the assignment of sH as the
high pressure form. Originally the structure was thought to be
closely related to, but not exactly, the sH form even though the
lattice parameters were similar (9, 13). At the time this high
pressure transformation was supported by a structure implied by
Raman spectroscopic studies (14), although they conclude that
at high pressure the structure is sH. At approximately the same
time, Sanloup et al. (15) reported loading a diamond anvil cell
(DAC) with water and Xe, and with energy dispersive X-ray
diffraction data suggested an indexing consistent with a tetrago-
nal space group. Indexing our in situ high pressure data does not
provide a possible structure that is consistent with that reported
by Sanloup. Later, Loveday et al. (8) revisited the diffraction
work and subsequently corrected the occupancy of the large
cavities of the high pressure form and showed that acceptable fits
of the low pressure sH structure to the high pressure data are in
fact achieved. This conclusion was further supported by fol-
low-on experiments of the structure of argon hydrate by Ogienko
et al. (7) Our data collected at 2.0 GPa in a DAC and reported
herein build on this later interpretation and support the evidence
indicating formation of the sH structure at high pressure.

The data obtained at 40 K after quenching the sample at 2.0
GPa to 77 K, followed by pressure release to ambient, are shown
in the bottom plot of Fig. 1 A. Fitting this data with a mixture of
the sH form, found at high pressure, and the initial sI form gives
an Rwp � 20%, thus is a poor fit, and does not adequately
reproduce the position of lowest angle (100) reflection of the
recovered form. Subsequent refinement of the lattice constants
and the peak widths modestly improves the quality of the fit with
an Rwp � 15%. However, a Le Bail fit with space group P6/mmm
produces a good result, (Rwp � 2%), but with lattice parameters,
a � 11.99Å, c � 11.51Å. Generally, the c/a ratio of the sH
structure seems to fall between 0.83 and 0.86 whether the sample
is at high pressure or not; a value of 0.96 was thought to be too
large and reinforces the notion that sH was not the correct

structure of the recovered form. Furthermore, in this case
spherical Xe atoms occupy all of the cages and we do not expect
there to be any lowering of the crystallographic symmetry driven
by cage distortion effects resulting from molecules of complex
shapes, as seen recently by Udachin et al. (16) in the sH form at

Fig. 1. X-ray diffraction data. (A) The sI form collected at 40 K; the in situ sI
form at 1.7 GPa and room temperature; sH form at 2.0 GPa and room
temperature; and the new quench-recovered HS-I form at ambient pressure
and 40 K. (B) Decomposition of the quenched HS-I structure into ice I through
the sI clathrate form.
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low temperature with cyclo-octane as a guest in the large cages.
Thus, a different but closely related structure must have been
recovered.

Dyadin’s HS-I structure (11), and Jeffrey’s related Hexago-
nal-I structure (1), which were only inferred from packing of
complete cages based on related known structures of polyalky-
lammonium salt hydrates (11) and the semiclathrate trimethyl-
amine hydrate (17) provided a strong candidate structure (we
adopt the HS-I label from here on for convenience). Subsequent
Rietveld fits used the initial oxygen atom positions from Kosya-
kov et al. (18), which were postulated based on lattice energy
calculations for the structure HS-I with the formula
D3(512)�T2(51262)�P2(51263)�40H2O (18) and, based on cage size,
only 1 Xe atom was located at the center of each cage. These
results are shown in Fig. 1. Fitting a mixture of this HS-I plus the
initial sI form provided a good overall fit with an Rwp � 4%,
resulted in good hydrogen bonded O–O distances, and a low sI
fraction of only 2%. The residual sI is likely carried all of the way
through from the initial starting material and results perhaps
from pressure gradients, and the NMR data reported below
cannot be used to determine the true phase fractions because it
only gives the relative cage occupancies with each structure. The
refinement of the guest occupancy resulted in a host to guest
ratio that is similar to the original sI starting material. (See Table
1 for further information on the fitted parameters). The Br2
�10H2O originally classified by Dyadin as HS-I was later shown
by single crystal diffraction to be a different structure, tetragonal
P42/mnn (19), and not P6/mmm as are both the HS-I and sH
forms and used in the Le Bail fit above. The same basic structure
as HS-I also has appeared in a classical molecular dynamics
simulation examining the transformation of methane clathrate
hydrate from sI to sII (20).

The structural models for both hexagonal structures are
plotted in Fig. 2. In the high pressure sH form, the large E(51268)

cages contain 2 Xe atoms located on the long axis of the cage,
and the smaller D(512) and D�(435663) cages contain 1 Xe atom
each. The hydrogen bonds between the oxygen atoms around the
waist of the large cage E(51268) in sH are shared by one edge of
the D�(435663) cage, and these bonds make-up one side of the
4-membered hydrogen-bonded ring in the structure. It is rea-
sonable to assume that these are the most strained bonds in the
sH host lattice. Breaking these bonds and inserting a layer of
water molecules changes the hexagons at the waist of the large
E (51268) cage of sH into 2 pentagons of the T (51262) cages in
HS-I. This results in the formation of 2 T (51262) cages containing
only 1 Xe atom. Furthermore, it has also been predicted by
molecular dynamics simulations that the optimum occupancy for
this E (51268) cage is 2 Xe atoms (21). This further supports a
suggestion that the repulsion of the 2 large cage Xe atoms
initiates the formation of 2 separate T (51262) cages in the
pressure quenched structure. The calculated mean Xe-Xe dis-
tance in the large cage is 4.19 Å at 40 K and 1 bar, where a
Lennard–Jones potential is used for the Xe atoms. This means
that the Xe atoms are well up on the repulsive side of the
interatomic potential. In addition, if a Xe-Xe near-neighbor
distance of 4.19 Å (21) is considered in the measured equation
of state for solid Xe (22) the effective pressure for the Xe atoms
is several kilobars and suggests that the large cages of sH may
have a tendency to tear apart, because of strong repulsive forces
between Xe atoms in the large cage, and form 2 smaller ones.
This supports the suggestion of instability of the large cages in
a high pressure sH clathrate upon recovery and that the forma-
tion of the new hexagonal structure with single occupancy cages
is possible. This does not, however, rule out the possibility that
the quenched structure could have formed as an intermediary
between sI and sH.

This HS-I Xe hydrate shows a considerable range of meta-
stability with respect to the sI cubic form at ambient pressure and
low temperature. Fig. 1B shows laboratory powder X-ray dif-
fraction (PXRD) data along with simulated patterns for ice Ih,
sI clathrate and the quench- recovered sample. The character-
istic peaks for HS-I are prominent at 2� � 30° and T � 160 K,
with the transformation starting near 150 K. By 180 K the sample
reverted to sI, before decomposing to ice I at 200 K. X-ray
diffraction analysis indicates that the HS-I form is metastable
during storage in liquid nitrogen for at least 3 months, however,
the sI Xe hydrate structure does not transform to HS-I upon
storage in liquid nitrogen. Molecular Dynamics simulations of
this new structure indicate that the lattice is stable with respect
to decomposition, at least on the timescale of the MD simulation,
this will be reported in a subsequent article on the dynamics of
this clathrate form.

Static and magic angle spinning (MAS) 129Xe NMR spectra,
Fig. 3, provide strong confirmation of the HS-I structural
analysis. 129Xe NMR chemical shifts are indicative of cage size

Table 1. Models and refined parameters for Xe clathrate

Samples parameters 0 GPa 40 K 1.7 GPa RT 2.0 GPa RT
0 GPa 40K

(Pressure-quenched)

Phase, space group,
stoichiometry

sI (Pm3�n): 2D�6T�46H2O sI (Pm3�n): 2D�6T�46H2O sH (P6/mmm): 3D�2D��1E�34H2O HS-IQ (P6/mmm): 3D�2P�2T�40H2O

Lattice, Å a � 11.857 (1) a � 11.574 (3) a � 11.759 (7), c � 10.101 (4) a � 11.987 (1), c � 11.509 (2)
Site occupancy D T D T D D� E D P T

0.80 (1) 0.82 (1) 0.80 0.82 0.74 (2) 0.69 (1) 1.64 (1) 0.80 (1) 0.87 (1) 0.79 (1)
H2O:Xe 7.06:1 7.06:1 6.49:1 6.99:1
O-O length, Å 2.71–2.77 2.65–2.70 2.65–2.78 2.69–3.00

Notes: D (512), D� (435663), T (51262), P (51263), E (51268); all samples originated from the initial 0 GPa uncompressed batch; 2.0 GPa data contains 5% sI [a � 11.43
(1) Å]; because the total amount of Xe in the system is constant and the structure does not change and guest migration between cages is unlikely, the guest to
host ratio and cage occupancies for the sI samples at 1.7 GPa are taken from the zero pressure data, this assumption results in good fits. The Uiso (Å2) for Xe in
sI are 0.01, 0.01 for D and T cages, for sH are 0.04, 0.07, 0.15 for D, D�, and E cages, and for HS-I are 0.01 0.03 0.04 for the D, P, and T cages.

 

 

 

 

 

 

 

A                                 B

Fig. 2. Structure models fitted to high pressure sH (A) and the quench-
recovered HS-I (B) form. The green shaded cage represents the 512 polyhera,
the purple shaded cages are the 435663 cage for sH; and the 512, shaded green,
and 51263, shaded purple, cages for the quenched HS-I form. The large 51268

cage of the sH form is seen to contain 2 xenon atoms and this cage is divided
into 2, each containing 1 xenon atom, in the quenched HS-I form.
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(larger shifts for smaller cages), and the chemical shift anisot-
ropy (CSA) is sensitive to cage shape. Consequently different
hydrate structures give quite distinct 129Xe spectra (23, 24). The
static spectrum of HS-I at 77 K (Fig. 3B) does not correspond to
any of the characteristic spectra of sI, sII or sH hydrates or
combinations thereof. Furthermore, although the peak near 250
ppm in the 129Xe spectra of the quenched material corresponds
to Xe in small cages it lacks the significant CSA characteristic of
Xe in the D� (435663) cage of sH, thus ruling out the possibility
that the quenched material contains sH with the other spectral
lines corresponding to double occupancy of the large cage by Xe.
A spectrum of a typical sH hydrate with Xe occupying only the
smaller cages and a large molecule in the large cage is shown for
comparison in Fig. 3A.

MAS at 153 K (Fig. 3C) removes broadening and shows
isotropic shift resonances for Xe in the different cages. There are
2 overlapping lines in the 130–150 ppm region, of which the more
shifted component corresponds to some remnant sI in the
sample. If a scaled spectrum of sI (Fig. 3D) is subtracted, the
spectrum of HS-I is revealed (Fig. 3E). The HS-I spectrum
(difference spectrum) was obtained by subtracting increasing
intensities of the sI spectrum to the extent that no distortions of
the remaining peaks or negative peaks were obtained. The
intensities in the difference spectrum may then be used to
directly estimate the relative cage occupancies. Three lines are
resolved, whose shifts are consistent with single Xe atoms in the
cages of the HS-I structure: The shift at 251 ppm corresponds to
Xe in the small D (512) cages. The line at 107 ppm has not been
seen before, falling between the shifts of Xe in the T (51262) cage
of sI (at 148 ppm) and the large H (51264) cage of sII (�79–86
ppm), and can logically be assigned to Xe in the P (51263) cages.

The third line at 135 ppm, slightly lower than the T (51262) cage
of sI, can be assigned to the T (51262) cage of HS-I.

Analysis of the static and MAS spectra reveals that Xe in the
D (512) cage has a CSA, consistent with this cage’s symmetry in
HS-I. For Xe in the P (51263) and T (51262) cages, the observation
of CSAs, which are zero or very small is also consistent with the
HS-I crystal structure, which allows, but does not require CSA.

Integrated signal intensities from Fig. 3E provide relative (but
not absolute) cage occupancies for D:T:P of 3.00:1.36:0.91 Xe.
Thus, some T and P cages must be empty, because for full
occupancy the ratio should be 3:2:2, and the small D cage is not
necessarily fully occupied. The NMR numbers are equivalent to
2.394:1.085:0.726 for comparison with the ‘‘absolute’’ X-ray
numbers given in Table 1, the 2 methods generally agree on
reduced cage occupancies.

Conclusions
We have observed and characterized using X-ray diffraction and
NMR techniques a previously unobserved form of a true clath-
rate hydrate containing only Xe atoms as guests. This previously
unobserved form was produced from an initial pressurization of
sI Xe hydrate followed by a temperature quench recovery, from
2.0 GPa at room temperature, to 77 K and ambient pressure. We
confirmed reproducibility of the material with 2 samples pro-
duced at different times. It is not known whether this form of
clathrate is produced as an intermediary between sI and the high
pressure sH, or is formed from the high pressure sH as the
sample is quench-recovered. It has, however, not been reported
from in situ experiments. Nonetheless this structure is shown to
exhibit a hexagonal crystal symmetry of the postulated HS-I
form, and has a composition very similar to the initial sI hydrate.
This hydrate is stable at atmospheric pressure up to 160 K before
decomposing to sI hydrate. Static and magic angle spinning Xe
NMR data confirm the formation of 3 cage environments
entirely consistent with the structure characterized by X-ray data
analysis and is consistent with a fairly large degree of oxygen
disorder. These data on 2 distinct clathrate hydrate samples with
similar composition further illustrate the structural complexity
in gas hydrates and indicates that thermodynamic pathways play
a critical role in the ultimate determination of hydrate structures.

Materials and Methods
Xe clathrate hydrate, sI, was first synthesized from powdered ice at the
National Research Council of Canada (NRC) Steacie Institute for Molecular
Sciences, as outlined in ref. 25. Each of the 2 samples were then quenched to
liquid nitrogen temperature and recovered at ambient pressure. This pro-
duced several cubic centimeters of pure hydrate sample that was then subdi-
vided for the various experiments reported here. One subsection of each
sample was cold loaded (at 77 K) into an indium cup and placed in a piston
cylinder large volume high pressure device. Before sealing the indium cup, it
was heated to above liquid nitrogen temperature and excess liquid nitrogen
was allowed to boil away. The indium cup was then sealed and pressurized to
0.20 (�0.05) GPa to stabilize the clathrate and then allowed to warm to 250
(�5) K before compression to 1.20 (�0.05) GPa at which point the sample was
further warmed to 287 (�5) K before further increasing the pressure to 2.0
(�0.1) GPa. The sample was then temperature quenched in liquid nitrogen
and recovered to ambient pressure. The rate of volume change at 2.0 GPa was
sensitive to temperature, indicating that the sample was close to the trans-
formation boundary.

These quench-recovered samples were then subdivided and a portion was
shipped cold (77 K) along with the sI starting samples to the Advanced Photon
Source (APS), Argonne National Laboratory for high energy X-ray scattering
studies. The second portion of the pressure quenched sample along with some
sI sample was retained at NRC for solid state NMR studies. At the APS the
samples were cold loaded into a liquid He cryostat. Again, before data
collection the samples were heated to �80 K to remove excess nitrogen from
the sample chamber. The samples were then cooled to 40 K for data collection.
These X-ray experiments were carried out at the high energy beamline located
at sector 11-ID-B, using 115 keV (� � 0.137 Å X-rays). A MAR 345 detector was
located at 700.2 mm, this distance enabled increased resolution at the expense

Fig. 3. 129Xe NMR spectra with 1H cross-polarization and decoupling. (A)
Static sH hydrate of Xe/bicyclo[2.2.2]oct-2-ene at 77K (24). (B) Static quenched
material at 77 K. (C) Quenched material at 153 K with MAS at 2.2 kHz. (D) Pure
sI Xe hydrate at 153 K with MAS at 2.2 kHz. (E) Difference spectrum c–d'HS-1.
The Str.I spectrum (D) is scaled to show the intensity subtracted from spectrum
C to give E. The shoulders on the 251 ppm line in C and E are spinning
sidebands.
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of momentum transfer range for the Rietveld analysis. Scattering data were
collected over a momentum transfer range from 0.25 to 11 Å�1. Laboratory
X-ray diffraction (XRD, Cu K�) to determine the decomposition path for the
quench-recovered form was carried out at the Center for Nanophase Materials
Sciences, Oak Ridge National Laboratory and at the National Research Council
Canada.

For the in situ measurements the unpressurized sI form of the hydrate was
cold loaded into a DAC at Stony-Brook University. These samples were loaded
under cold nitrogen gas. A small pressure of 1.7 GPa was applied to the
diamonds so that the sample could be warmed to room temperature without
hydrate decomposition. The samples were then mounted on the high energy
diffractometer at sector 1 at the APS sector 1-ID. Structural studies of the in situ
high pressure form were performed using 80.7 keV, � � 0.1537 Å X-rays. The
initial structure at 1.7 GPa is shown to be that of sI. Subsequently, data were
collected at 2.0, 2.6 and 3.5 GPa and the sample transformed to the high
pressure sH followed by decomposition into solid Xe and ice VII. The standard
Ruby florescence scale was used to determine the pressure.

Static 129Xe NMR spectra with 1H cross-polarization and decoupling were
obtained at 110.64 MHz on a Bruker DSX-400 spectrometer at the National
Ultrahigh-Field NMR Facility for Solids and the NRC NMR center at the National

Research Council of Canada. Please see the SI for details about 129Xe NMR
spectra. For spectra at 77 K, samples of the original sI Xe hydrate and the
quench-recovered material were loaded into thin-walled 5-mm glass tubes at
77 K in a bath of liquid nitrogen and transferred into the NMR probe (Morris
Instruments Inc.), which was precooled. The sample was maintained at 77 K,
using liquid nitrogen surrounding the NMR coil. A series of spectra of the
quench-recovered sample were obtained at different cross-polarization times
ranging from 0.25 ms to 15 ms. Subsequently, spectra were obtained at the
optimum cross polarization (CP) time of 3 ms. Static CP and CP/MAS spectra
were also obtained at a nominal temperature of 153 K, using a Bruker BL7 MAS
probe with 7-mm ZrO2 stretched spinners. Chemical shifts were referenced to
the gas phase at zero pressure, using Xe-quinol clathrate as the secondary
reference (isotropic chemical shift at 222ppm).
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