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Natural gas hydrates are clathrate inclusion compounds of
water and hydrocarbons plus small amounts of other gases,
such as CO2 or H2S,[1] with the guest molecules trapped in
individual cages in the hydrate crystal lattices. Their role in
the geosphere is still under investigation, with potential
impact on the global energy supply, geohazards, and global
climate change.[2] Three structural families are known, sI, sII,
and sH, with the structure determined mainly by the largest
guest molecules present.[3] All three have been identified as
occurring naturally.[4] The detailed physical properties of
hydrates have been studied for some time. However, in many
instances recourse is taken to synthetic hydrates prepared in
the laboratory.[5, 6] Considerable difficulties arise in under-
standing a variety of relationships amongst structure, compo-
sition, and lattice parameters because of the nonstoichiomet-
ric nature of hydrates, problems in synthesizing “pure”
hydrates, and the difficulty in obtaining and handling single-
crystals of hydrates. It is becoming clear that hydrates should
be seen as minerals. That is, their structure, composition and
physical and chemical properties very much reflect the
conditions under which they are formed in nature and the
conditions to which they have been exposed after formation.
It is still a moot point as to how characteristic synthetic
hydrates are of natural hydrates, especially regarding their
morphology and physical properties.

Herein, we report structures based on single-crystal
diffraction data of hydrate samples recovered from the
Cascadia margin.[7,8] In both cases, the work reported
represents the first single-crystal diffraction analyses of
recovered natural methane and higher hydrocarbon hydrates.
As this work points out both the advantages and limitations of
such studies, it should serve as a benchmark for a variety of
other studies on clathrate hydrates as well as provide lattice
parameters that most closely reflect natural gas hydrates.

The hydrates for which structures are reported were both
recovered from the Cascadia Margin, off the shore of

Vancouver Island. One sample is associated with a cold seep
(A in Figure 1), at Integrated Ocean Drilling Program
(IODP) Site U1328. The gas is of biogenic origin, and a
variety of its properties have been reported recently.[4] The

second (B in Figure 1) is associated with an oil seep in Barkley
canyon, and the gas is of thermogenic origin.[4] Gases of
biogenic and thermogenic origins generally are of different
composition, biogenic gas being predominantly methane and
thermogenic gas generally containing hydrocarbons with two
or more carbon atoms in concentrations greater than 1%.
Hydrates formed from biogenic gas are almost exclusively sI,
whereas hydrates formed from thermogenic gas can be quite
diverse structurally with the possibility of all three common
hydrate families, sI, sII, and sH, occurring. After recovery,
both sets of samples were stored in liquid nitrogen and were
transported to the laboratory in cold, dry-shippable contain-
ers. It was a great challenge to find a hydrate single crystal of
sufficient quality for this work. Sometimes several tens of
crystals were selected and screened. The crystal on which
qualitative data were obtained was found in association with
massive gas hydrate that had not experienced dissociation.

Natural methane hydrate was found to be in the form of
cubic structure I (Figure 2, space group Pm3̄n, a=

11.857(1) =). Cubic structure I (6 T·2D·46 H2O, where T are
the tetrakaidecahedra and D the pentagonal dodecahedra)

Figure 1. The locations of the studied samples (A, associated with a
cold vent; B, associated with an oil seep); mm.y.�1 refers to the
moving rate of the Juan de Fuca plate in meters per thousand years.
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consists of columns of tetrakaidecahedra parallel to cube
edges. Formed by pairs connected through hexagonal rings,
the tetrakaidecahedral columns are closely packed, and the
rest of the space is occupied by pentagonal dodecahedra. The
latter are oriented in a pseudo-body-centered fashion where a
central pentagonal dodecahedron is turned by 908 corre-
sponding to pentagonal dodecahedra at the corners of the unit
cell.

The natural hydrate of methane, ethane, and propane was
found to be cubic structure II (Figure 3, space group Fd3̄m,
a= 17.141(1) =). Cubic structure II (8H·16 D·136H2O, where
the H are hexakaidecahedra) is built of layers of pentagonal
dodecahedral cages which alternate with layers built of
hexakaidecahedral and pentagonal dodecahedral cages.
These layers are stacked in an ABC manner in the [111]
direction. The unit cell of this structure can be considered as
diamond-like, where carbon atoms are substituted by centers
of the hexakaidecahedra.

In all cases the large cages of both cubic structures I and II
are found to be 100 % occupied with guest molecules. In the
case of the mixed hydrate of methane, ethane, and propane,
100 % occupancy of the large cage was assumed in order to

calculate partial occupancies for ethane and propane. It was
found that ethane occupied 77.6 % of the large cages and
propane 22.4%. Methane fully occupies the small cages. In
the case of natural methane hydrate, the small cages are
89.8% occupied with methane; the rest of the small cages are
vacant. All cages consist of nearly planar, hydrogen-bonded
hexagonal and pentagonal faces.

The maximum deviation from the plane is 0.161 =
observed for the pentagonal faces common to two large
cages of cubic structure I methane hydrate (0.071 = for
pentagonal faces of the small cage). The deviation from the
plane for the hexagonal face in structure II is 0.058 and 0.012
for the pentagonal faces common to the large and small cages
of cubic structure II. The hexagonal face in cubic structure I
and pentagonal faces common to the two small cages of
structure II hydrate are planar within experimental error.

In all cases, guest molecules lie off the geometrical center
of the cage and form van der Waals contacts with water
molecules. The propane guest positions are very close to those
found for a synthetic propane hydrate. Deviations between
the positions in the two crystals are less than 0.59 =. Only two
of the carbon atom positions we found in the natural hydrate
are close to those reported by Kirchner et al. ,[6] where the
propane molecule with a C�C bond length of 1.33 A and a
C-C-C angle of 1488 was constrained to lie in a special
position (Figure 4). The position of the C3 atom (the leftmost
atom of the guest molecule in Figure 4) is 0.98 = away from
the one we determined for natural hydrate and 1.48 = away
from the C3 position of synthetic propane hydrate. As for
methane in the small cage of structure II found by Kirchner
et al. , it is difficult to build a tetrahedral molecule from the
hydrogen atoms around the carbon atom. The hydrogen
positions reported in fact form a hexagonal prism around the
carbon atom with two additional hydrogen atoms in special
positions at the top and bottom of prism. Probably, the
authors were not able to move the guest molecules out of
special positions because of an incomplete data set.

We note that for the structures reported by Kirchner
et al. , although they give a good idea of the hydrate
structures, the guest positions and cage occupancies are not
well described, and the quality of the structures is not nearly

Figure 2. Structure of natural methane hydrate (only two connected D
and T cages are shown).

Figure 3. Structure of natural hydrate structure II (only three connected
D and H cages are shown).

Figure 4. Propane positions found in natural hydrate (blue) synthetic
propane hydrate (red) and synthetic propane hydrate (grey) reported
by Kirchner et al.[6]
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as good as that reported herein. Thus the oligocrystallo-
graphic approach[5] has considerable limitations as far as
structural details are concerned. The pure natural methane
hydrate and the synthetic propane hydrate structures are of
unprecedented quality, the residuals (R1) being less than
0.7%. For the natural sII hydrate, the structure is not as good
as that for natural sI hydrate, with an R1 value around 4%.
The probable reason for this situation is the presence of mixed
sets of guest molecules. We note that the bulk hydrate sample
also contained isobutane and butane,[3] which are both large
cage occupants in sII hydrate, and that the large cage also
contained methane. Thus, the unresolved contributions of
these three additional guests may well lead to the larger
residual.

Experimental Section
The initial pressure and temperature conditions for the recovered
hydrate samples can be estimated as follows: because both samples
were recovered either from the seafloor or from sediment at a shallow
depth below the seafloor, the pressure–temperature (P–T) conditions
of the seafloor can be applied. For the cold vent-field hydrate
T� 3.0 8C, P� 12.6 MPa; for hydrate associated with oil seepage
T� 3.2 8C, P� 8.6 MPa. Recovered core samples, or massive hydrate,
were handled in liquid nitrogen. The core samples were split open,
also revealing sections of massive hydrate. Single crystals of natural
hydrate samples were selected and mounted on a plastic holder under
the microscope in a dry, cold atmosphere and than placed on a
goniometer head. During these manipulations, the sample temper-
ature never was higher than �80 8C.

Propane hydrate was synthesized in a sealed tube from a mixture
of propane and degassed water in molar ratio of 1:12 (excess
propane). The mixture was cooled down until formation of solid and
then warmed up to melt about 50% of the crystals, and this procedure
was repeated several times. The tube was then left at �40 8C for six
months. Hydrate crystals of appropriate size grew on the walls of the
tube, and were handled the same way as the crystals of recovered
natural hydrate.

The X-ray diffraction data were collected with MoKa radiation
(l = 0.71073 =, 2qmax = 57.58, w scan mode) on a Bruker SMART
CCD diffractometer at 125 K. The structure was solved by direct
methods using the SHELXTL suite of programs.[9] The composition
of the gas in the hydrate structure and the fractional occupancies of
molecules in each cavity were found from the experimental X-ray
data refinement. The experimentally obtained large cage occupancy
for structure I hydrate was found to be close to 100% (depending on
isotropic thermal parameters it was (100� 2) %). For structure II
hydrate it was assumed that the large cage site occupancy was 100%,
consistent with previous knowledge. After that, refinement of site
occupancies for ethane and propane molecules was made based on
the experimentally determined electron density in the large cage. The
site occupancy of methane in the small cages was found from
structure refinement with isotropic and anisotropic thermal param-
eters.

All non-hydrogen atoms and hydrogen atoms on water and
methane were found from the electron density map. Hydrogen atoms
on ethane and propane were placed in calculated positions and
allowed to ride on the parent atoms. To resolve disorder in the large
cage of structure II hydrate, all peaks which appeared in special
positions at the beginning of the refinement were assigned to carbon
atoms. The structure was refined with fixed isotropic thermal
parameter to 0.05 and variable site occupancies allowing carbon
atom to be out of special positions. After the restriction on the carbon
atoms was removed, we found the propane molecule with a geometry
that was close to expected. Bond lengths and angles in the propane

molecule were fixed at this stage and the refinement was continued.
Then the two strongest peaks in the large cage were assigned to
ethane. Refinement was continued with fixed thermal parameters for
ethane and variable site occupancy (with the assumption that the
large cage should be 100% filled). After the site occupancy was
determined, refinement was continued with anisotropic thermal
parameters. No restraints were applied to methane in the small
cage of structure II. For structure I hydrate, only soft restraints (same
C�H and H�H distances) were applied for the methane molecules.

Natural methane hydrate (CH4·5.90H2O): cubic, space group
Pm3̄n, a= 11.857(1) =,V= 1666.8(2) =3, 1calcd = 0.950 Mgm�3, crystal
size 0.5 J 0.5 J 0.45 mm3, T= 125 K, Z= 2, GOF on F 2 = 1.28. Final R
indexes (I> 2s(I)): R1 = 0.0068, wR2 = 0.0155 (18760 total reflections,
454 unique, 79 parameters).

Natural hydrate of methane, ethane, and propane
(2CH4·0.776C2H6·0.224C3H8·17H2O): cubic, space group Fd3̄m, a=

17.141(1) =, V= 5036.2(5) =3, 1calcd = 1.071 Mgm�3, crystal size 0.5 J
0.3 J 0.25 mm3, T= 125 K, Z= 8, GOF on F 2 = 1.20. Final R indexes
(I> 2s(I)): R1 = 0.0396, wR2 = 0.1180 (14610 total reflections, 382
unique, 88 parameters).

Synthetic propane hydrate (C3H8·17H2O): cubic, space group
Fd3̄m, a= 17.166(1) =,V= 5058.3(6) =3, 1calcd = 0.920 Mgm�3, crystal
size 0.5 J 0.5 J 0.45 mm3, T= 173 K,Z= 8, GOF on F 2 = 1.125. FinalR
indexes (I> 2s(I)): R1 = 0.0134, wR2 = 0.0352 (4787 total reflections,
356 unique, 57 parameters).

Received: April 24, 2007
Revised: August 1, 2007
Published online: September 20, 2007

.Keywords: gas hydrates · host–guest systems ·
structure elucidation · X-ray diffraction

[1] K. A. Kvenvolden, Chem. Geol. 1988, 71, 41.
[2] a) R. Kleinberg, P. Brewer, Am. Sci. 2001, 89, 244; b) W. Xu, R. P.

Lowell, E. T. Peltzer, J. Geophys. Res. 2001, 106, 26413; c) W. P.
Dillon, J. W. Nealon, M. H. Taylor, M. W. Lee, R. M. Drury, C. H.
Anton,AGUmonograph 2001, 124, 211; d) G. P. Glasby,Mar. Pet.
Geol. 2003, 20, 163.

[3] G. A. Jeffrey, Comprehensive Supramolecular Chemistry (Eds.:
D. D. McNicol, F. Toda, R. Bishop), Pergamon, Oxford, 1996, p. 6.

[4] a) D. W. Davidson, S. K. Garg, S. R. Gough, Y. P. Handa, C. I.
Ratcliffe, J. A. Ripmeester, J. S. Tse, W. F. Lawson, Geochim.
Cosmochim. Acta 1986, 50, 619; b) H. Lu, I. Moudrakovski, M.
Riedel, G. Spence, R. Dutrisac, J. Ripmeester, F. Wright, S.
Dallimore, J. Geophys. Res. 2005, 110, B1040; c) H. Lu, Y.-T. Seo,
J.-W. Lee, I. Moudrakovski, J. A. Ripmeester, N. R. Chapman,
R. B. Coffin, G. Gardner, J. Pohlman, Nature 2007, 445, 303.

[5] a) K. A. Udachin, C. I. Ratcliffe, J. A. Ripmeester, J. Supramol.
Chem. 2002, 2, 405; b) K. A. Udachin, C. I. Ratcliffe, J. A.
Ripmeester, J. Phys. Chem. B 2001, 105, 4200; c) K. A. Udachin,
J. A. Ripmeester, Nature 1999, 397, 420; d) K. A. Udachin, C. I.
Ratcliffe, J. A. Ripmeester, Angew. Chem. 2001, 113, 1343;
Angew. Chem. Int. Ed. 2001, 40, 1303; e) J. A. Ripmeester, J. S.
Tse, C. I. Ratcliffe, B. M. Powell, Nature 1987, 325, 135.

[6] M. T. Kirchner, R. Boese, W. E. Billups, L. R. Norman, J. Am.
Chem. Soc. 2004, 126, 9407.

[7] a) M. Riedel, G. D. Spence, N. R. Chapman, R. D. Hyndman, J.
Geophys. Res. 2002, 107, B9, 1; b) G. D. Spence, R. Coffin, J.
Hoehne, CEOR Report, University of Victoria, 2002, 4, p. 135.

[8] a) G. D. Spence, N. R. Chapman, R. D. Hyndman, C. Cleary, Eos
2001, 82, 621; b) N. R. Chapman, J. Pohlman, R. Coffin, J.
Chanton, L. Lapham, Eos 2004, 85, 361.

[9] a) G. M. Sheldrick, Acta Crystallogr. Sect. A 1990, 46, 467;
b) G. M. Sheldrick, Acta Crystallogr. Sect. A 1993, 49(Suppl.),
C53.

Communications

8222 www.angewandte.org � 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2007, 46, 8220 –8222

http://dx.doi.org/10.1016/0009-2541(88)90104-0
http://dx.doi.org/10.1029/2001JB000420
http://dx.doi.org/10.1016/S0264-8172(03)00021-7
http://dx.doi.org/10.1016/S0264-8172(03)00021-7
http://dx.doi.org/10.1016/0016-7037(86)90110-9
http://dx.doi.org/10.1016/0016-7037(86)90110-9
http://dx.doi.org/10.1016/S1472-7862(03)00049-2
http://dx.doi.org/10.1016/S1472-7862(03)00049-2
http://dx.doi.org/10.1021/jp004389o
http://dx.doi.org/10.1002/1521-3757&TRfuge1;(20010401)113:7%3C1343::AID-ANGE1343%3E3.0.CO;2-E
http://dx.doi.org/10.1002/1521-3773&TRfuge1;(20010401)40:7%3C1303::AID-ANIE1303%3E3.0.CO;2-9
http://dx.doi.org/10.1038/325135a0
http://dx.doi.org/10.1021/ja049247c
http://dx.doi.org/10.1021/ja049247c
http://dx.doi.org/10.1029/01EO00358
http://dx.doi.org/10.1029/01EO00358
http://dx.doi.org/10.1107/S0108767390000277
http://www.angewandte.org

