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The structure of a new methane hydrate has been solved at 3 GPa from neutron and x-ray powder
diffraction data. It is a dihydrate in which a 3D H-bonded network of water molecules forms channels sur-
rounding the methane molecules. The network is closely related to that of ice-Ih and the methane-water
system appears to be the first in which a cage clathrate hydrate is transformed into an ice-related hydrate
(a “filled ice”).
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The existence of inclusion compounds involving water
and hydrophobic species such as common gases and hy-
drocarbon molecules has long been recognized [1]. The
majority of these compounds —known as clathrate hy-
drates — adopt one of three structures where the included
guest species occupies cages formed by H-bonded net-
works of host water molecules [2]. These structures are be-
lieved to be stabilized by repulsive interactions between the
guest and host molecules and the H-bonded host networks
have no obvious relationship with known ice structures [3].
The guest-host interactions make clathrate hydrates model
systems for the study of hydrophobic interactions relevant
to problems in biology [4] and fundamental understanding
of the water potential [5]. In addition, clathrate hydrates of
gases such as methane, oxygen, carbon dioxide, and nitro-
gen are widely found in nature. Their behavior and prop-
erties are crucial to the understanding of processes both on
Earth and in the outer solar system [6,7]. Most clathrate
hydrates require at most modest pressures (of the order of a
few hundred bar) to be stable. Work at higher pressures has
revealed new gas hydrates in the helium- and hydrogen-
water systems [8,9]. Helium hydrate and the two hydrates
of hydrogen have been termed clathrates [8,9], but do not
adopt any of the cage structures which are either observed
or predicted for clathrate hydrates [2]. Instead they have
structures related to ice-II [�H2O�6 ? H2 and �H2O�6 ? He]
[8,9] and ice-Ic �H2O ? H2� [8], and thus differ markedly
from the three widely adopted clathrate structures —in
which the guest molecules occupy distinct cages whose di-
ameters are much larger than the channels which connect
the cages together. We will refer to these latter structures
as “cage clathrates.” In the helium and hydrogen hydrates
the guest molecules occupy channels —whose diameters
do not vary markedly along their length—within a water
network which is related to a known ice structure. These
new clathrate hydrates might therefore be more accurately
termed “filled ices.”

To date there is no obvious link between the cage
clathrates and filled ices: hydrogen and helium are not
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known to form cage clathrates and — although Raman
and differential thermal analysis studies in the pressure
range 0–3 GPa have revealed evidence of high-pressure
transformations in argon, methane, neon, and nitrogen hy-
drates [10–14]—there has been no direct demonstration
of new hydrate structures in any cage-clathrate-forming
system [13]. Now, in methane hydrate (MH), we have
found structural transformations from the low-pressure
cage type-I clathrate form, MH-I [15], to two new hydrate
phases, MH-II at �1 GPa and then MH-III at �2 GPa
[16]. We show that the structure of MH-III can be viewed
as a filled ice, and thus the methane-water system links
the two classes of clathrate hydrates for the first time.

Samples of both hydrogenous (for x-ray studies) and
fully deuterated [17] (for neutron diffraction studies)
methane hydrate were produced by adsorbing methane
into ice at 250 K as described by Handa [18]. Samples
were loaded into a Merrill-Bassett diamond-anvil cell
for the x-ray studies and a Paris-Edinburgh pressure cell
[19,20] for the neutron studies at �100 K. The cells were
then sealed and warmed to room temperature. The pres-
sure was increased from the initial sealing value of
�0.5 GPa to �1.9 GPa. The deuterated samples trans-
formed readily to MH-III when increased above this
pressure, while in hydrogenous samples MH-III formed
slowly over the course of �12 h [16] at �1.9 GPa. Neu-
tron diffraction studies were carried out on the PEARL
beam line of the U.K. neutron facility, ISIS, at the Ruther-
ford Appleton Laboratory, and x-ray studies were carried
out using image-plate techniques [21] on station 9.1 at the
U.K. synchrotron source, SRS, at Daresbury Laboratory.

Figure 1 shows the diffraction patterns collected from
samples of MH-III. Density considerations imply that
MH-III has a 2:1 water-methane ratio [16]. Because the
initial MH-I has a 5.75:1 water-methane ratio, these pat-
terns are dominated by scattering from the ice VII that is
formed by the 3.75 free water molecules released for ev-
ery two in the MH-III. However, numerous peaks from
MH-III can be identified. With the exception of the two
© 2001 The American Physical Society 215501-1
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FIG. 1. Data collected from ice-VII and MH-III at 3.0 GPa
and room temperature with x-rays (upper plots) and neutrons
(lower plot). The inset reproduces the short d-spacing part of
the x-ray pattern with an expanded scale. The observed data
are shown as dots and the calculated profile as a solid line.
The tick marks denote the calculated positions of the diffraction
peaks from MH-III, ice-VII, and — in the case of the neutron
data — scattering from the sintered-diamond anvils. The arrows
in the upper plot and inset mark two additional peaks discussed
in the text.

arrowed peaks in the x-ray pattern, all peaks observed can
be indexed as MH-III, ice-VII, or sintered diamond from
the pressure cell (in the neutron case). (The arrowed peaks
do not move with pressure at the same rate as those from
ice-VII or MH-III and cannot be indexed as methane [22].
They are attributed to a further minority methane hydrate
phase.) The systematic reflection absences are consistent
with space groups Imcm and I2bm. Density considera-
tions require four methane molecules in the unit cell and so
I2bm was chosen as the initial space group because it has
the lowest symmetry fourfold site. Initially, the methane
molecules were placed as far apart as possible on 1�4, 0, 0
sites. The oxygen atoms were then found from Fourier dif-
ference maps. Further refinements could be made stable
only by fixing the oxygen atoms at x � 1�4. This implies
that the symmetry of the heavy-atom structure is Imcm.

Each oxygen atom has four neighboring oxygen atoms
at a plausible distance to be hydrogen bonds, �2.8 Å, and
space group Imcm implies that these hydrogen bonds be
disordered — four half-occupied H�D� sites around each
oxygen atom. However, a stable fit to the neutron data
could not be obtained using a proton-disordered structure
and so a number of possible proton-ordered structures were
explored. Only one maintains the b-c mirror planes of the
heavy-atom structure. This arrangement, in space group
Pmcn, has two nonequivalent water molecules. The atoms
of one type of molecule all lie in the b-c mirror plane so
that, for example, oxygen atom 1 in Fig. 2(a) donates H
bonds to atoms 10 and 6. The second type of molecule has
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its H atoms related by reflection in the b-c mirror plane,
such as oxygen atom 2 which donates H bonds to atoms 1
and 3. Fits using this structure were stable for both the neu-
tron and x-ray data, and showed a marginal improvement
of the fit to the neutron data but no improvement of the fit
to the x-ray data. Thus the evidence for a proton-ordered
structure is marginal but it cannot at present be ruled out.
Full resolution of the question of proton ordering is likely
to require neutron data from a sample composed solely of
MH-III, if a way can be found to make such a sample. (As
explained, MH-III samples made by compressing MH-I
unavoidably contain a large amount of free ice.) How-
ever, the state of proton ordering does not significantly
alter the structure and the conclusions to be drawn. The
final refinements [23] shown in Fig. 1 and the distances
in Table I were obtained using a proton-disordered struc-
ture in space group Imcm. Also included were four H�D�
atoms placed on the C site with a large thermal motion to
approximate the scattering from the presumed rotationally
disordered methane molecules. As can be seen, the quality
of the fits is good and the interatomic distances (Table I) are
plausible.

FIG. 2. The structure of (a) MH-III and (b) ice-Ih viewed per-
pendicular to their c axes. The smaller spheres are O atoms
of the water network and the lines denote H bonds. The larger
spheres in (a) are the methane molecules. MH-III is viewed ap-
proximately along its a axis and ice-Ih is viewed approximately
along a [110] direction. A given symbol with single, double,
or no prime denotes atoms related by translation along the c
axis; superscripts 1 and 2 in (a) mark related atoms displaced
along 6a.
215501-2



VOLUME 87, NUMBER 21 P H Y S I C A L R E V I E W L E T T E R S 19 NOVEMBER 2001
TABLE I. Selected bond lengths in MH-III at 3.0 GPa.

From To Length Å

C C0, C00 4.053(6)
C C1, C2 3.852(21)

O1 O10 2.811(10)
O1 O6 2.807(14)
O1 O2, O21 2.783(9)
C O4, O6, O400, O600 3.297(10)
C O2, O200 3.359(13)
C O5, O500 3.544(4)
C O1, O3, O100, O300 3.552(4)

The heavy-atom structure of MH-III is remarkably simi-
lar to that of ice-Ih when viewed along the c axes (Fig. 3).
The H-bonded water network is composed of puckered
a-b sheets of edge-sharing six-membered rings of water
molecules— such as S in Fig. 2—which are cross linked
along c. The rings form hexagonal channels running along
the c axis, and the methane molecules sit between the a-b
sheets close to the axis of these channels. At first glance
the structures look significantly different when viewed per-
pendicular to c (Fig. 2). However, closer inspection of the
rings (for example, those labeled 1, 2, 3, 4, 5, and 6 in both
structures) reveals that the difference is relatively small and
principally concerns the H bonds formed along the c axis
by oxygen atoms 2 and 5. In ice-Ih they H bond to oxygens
200 and 50. In MH-III, they bond in the opposite directions
along c to oxygens 20 and 500, while the general topology
of all the other H bonds remains the same in the two struc-
tures. The reversal of these H-bond directions (see �1� and

FIG. 3. The structure of (a) MH-III and (b) ice-Ih viewed
parallel to the their c axes. The �1� and �2� symbols show
the sense of c-axis H bonds from the puckered sheet labeled S
in Fig. 2.
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�2� in Fig. 3) means that in MH-III the frequency along
the a axis of interlinking c axis H bonds is roughly doubled
relative to the frequency in the corresponding direction in
ice-Ih and the frequency along the b axis is halved. As a
result, instead of the three intersecting channels at 60± in-
tervals perpendicular to c found in ice-Ih, MH-III has only
one channel perpendicular to c which is directed along
the a axis. The channels are much larger than those of
ice-Ih because of the halving of the interlink frequency
along b — there is no bond between oxygens 5 and 50,
for example; these channels are equivalent to two adjacent
ice-Ih channels. We can thus regard the H-bond network
of MH-III as a distortion of the ice-Ih network, where one
set of channels perpendicular to c is expanded to accom-
modate the methane molecules within the structure.

The need for this expansion is made clear by an ex-
amination of the interatomic distances. Each methane is
twelvefold coordinated and the shortest C · · · O distances
in MH-III are the six at �3.3 Å in Table I. By comparison,
if methane could occupy sites in the channels of ice-Ih then
the corresponding distances would be only �2.9 Å even
at ambient pressure [24]. To relieve this implausibly short
distance within the ice-Ih topology would require an im-
plausibly large (.10%) increase in some H bond lengths.
In MH-III, the doubling in size of the a-axis channels (see
above) and the increase of �0.4 Å in the maximum width
of the channels along c (from 5 to 50) allow closer pack-
ing of the methane molecules by displacement along b
towards the center of the a axis channels. They are then
offset from the centers of the channels running along c,
giving the zigzag arrangement of methane positions — for
example, from C0 to C to C00—visible in Fig. 3(a). This
displacement lengthens the shortest C · · · O contacts and
reduces the shortest C · · · C distance. Given that the lat-
ter (from C to C0) is close to the value found in methane
I at the same pressure [22], it appears likely that the bal-
ance between O · · · C and C · · · C repulsions determines the
location of the methanes. It should be noted here that the
O · · · C distances are much shorter than in the low-pressure
structure-I methane hydrate (by �0.5 Å). Furthermore, if
there is a C-H bond directed along the short C · · · O con-
tacts then the H · · · O distances would fall well within the
upper limit for weak C-H · · · O hydrogen bonds [25].

The distortion of the ice-Ih water network to achieve
reasonable C · · · O distances involves very little change in
the H-bond lengths (only 1% longer than in ice-Ih) but in-
stead involves distortion of the O-O-O angles. The angles
in ice-Ih (109±) are close to the ideal tetrahedral value
[3], whereas in MH-III they range between 90± and 120±.
While these differ considerably from the ideal value they
are consistent with the range of values found in the high-
pressure phases of ice— for example, ice-II exhibits a very
similar range of angles [3]. This tendency to respond to
perturbation by a change of the angles rather than of the
O · · · O distances appears to be the general response of wa-
ter networks. Densification up to 2 GPa through the vari-
ous phases of ice is also achieved largely by distortion of
215501-3
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O-O-O angles [3]. However, in MH-III, the distortion of
the angles from ideal tetrahedral values produces a water
network which is 15% less dense than ice-Ih at atmos-
pheric pressure [24]. Nevertheless, the overall density of
MH-III is within �1.0% of the mean density of a 2:1 mix-
ture of ice-VII and methane-I at 3.0 GPa [22,26]. Since
both ice-VII and methane-I have densely packed struc-
tures—methane-I is close packed [22] and ice-VII un-
dergoes no coordination changes up to at least 150 GPa
[27]— it appears that MH-III is also densely packed and
may be stable over a pressure range much wider than the
current observed range of �10 GPa [16].

The C · · · O contact distances reveal that the methane-
water repulsions in MH-III are quite strong. Whereas the
long C · · · O distances of �3.8 Å found in MH-I lie close
to the minimum in the methane-water potential as shown
in Fig. 1 of Ref. [28], the C · · · O distances of �3.3 Å
in MH-III lie well into the repulsive part, with a repul-
sive interaction energy of the order of �1 kJ mol21 [28]
at 3.0 GPa. MH-III thus provides experimental access to
a completely unexplored regime of the methane-water in-
teraction [5] and will prove to be a valuable system for
studies of dynamics and modeling to improve knowledge
of this part of the potential. The repulsive interaction in-
creases strongly with pressure and is more than doubled at
11 GPa (the highest pressure reached in this study), where
the C · · · O distances are reduced to �3.1 Å. It is clearly
now of great interest to explore this system to much higher
pressures, both to probe deeper into the repulsive region
and to establish the ultimate stability limit of the MH-III
structure.

In spite of the relatively large distortions of its water
network, MH-III has key structural features in common
with the filled-ice gas hydrates [8,9]. Like these struc-
tures, MH-III in no sense has cages, and instead the guest
molecules sit in channels within the water network with
relatively short �3.3 Å water-guest distances. MH-III can
thus be regarded as a filled ice. It is the first to be found
with an ice-Ih-related water network, and the first example
of a transformation from a cage clathrate to a filled ice.
Many other cage clathrates have been shown to have phase
transitions in the 1–2 GPa range [10–14] and it is prob-
able that these transitions also signal a change from cage
structures to channel or filled ice structures. It is likely
that this type of transformation provides a route by which
stable gas hydrates can exist at pressures above 10 GPa
[16]. However, existing evidence suggests that the struc-
tures are not the same in detail as methane hydrate and
these differences are likely to be determined by the repul-
sive part of the gas-water potentials now being opened up
to study.
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