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Intercage guest correlations and guest clusters in high-pressure clathrate hydrates
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The positions of guest atoms in high-pressure hexagonal Kr clathrate hydrate have been determined. Addi-
tionally, the large cage guests of the initial cubic form show a displacement of ~0.7 A from the large cage
center and exhibit reduced cage-to-cage correlations in guest positions; similar disorder likely carries over to
the high-pressure form. Based on size and electron density maps, up to three atoms are located in the large cage
of the high-pressure hexagonal form, where two Kr atoms are 2.25 A above/below the cage center and one on

a ring with a radius 1.70 A from the cage center.
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Clathrate hydrates are inclusion compounds where water
forms a crystal lattice of cages that contain “guest” mol-
ecules or atoms.' This system is unique in that it is poten-
tially a source of hydrocarbon fuel as methane hydrate and a
storage matrix for man-made greenhouse gases such as car-
bon dioxide.? Its potential as a hydrogen storage medium in
the form of a H, clathrate form has also been described
elsewhere.’* Furthermore, entirely classes of these com-
pounds are being discovered at high-pressure where even the
overall crystallographic structures are not well understood.

Three structures have been observed naturally,5 two cubic
structures® (sI and sII), and one hexagonal (sH).”® An sH
form and other structures have been produced in situ at
higher pressures with noble gases™!® and methane!' guest
species. Each of the cubic structures are made up of small (S)
and large (L) water cages denoted as 5'2 and 5'26% for sI
(S,-L¢-46 H,0) and 5 and 5'26* for sl
(Si6-Lg- 136 H,0), while the sH form is made up of three
types of cages denoted as small, 5'2, medium, 4°5°63, and
large, 5'26% (S5-M,-L,-34 H,0). The cages are formed by
water molecules bonded to form polygons that share edges,
e.g., the large 5'%67 cage of sl is a tetrakaidecahedron con-
sisting of 12 pentagons and two hexagons.

Molecular dynamics simulations of sII Ar hydrate have
produced mean square displacements that indicate large cage
guest atoms are rattling substantially and perhaps not located
at the cage center.'> In N, clathrate, Rietveld analysis and
computer simulation indicate the guest may be off center by
almost an angstrom.!? In the low-pressure methane system,
recent attempts using maximum entropy methods (MEM)
have resulted in locating methane at the cage center'* and
often the refined structures exhibit very large anisotropic
thermal parameters.'>!® Earlier molecular dynamics simula-
tions of sII Kr hydrate have indicated that the guest might be
displaced from the large cage centers.!” Displacements from
the central positions in sI semiconductor clathrates with Si in
place of water and hydrogen containing sII clathrate have
been identified. In the Si sI clathrate this was suggested to be
the result of a strong Jahn-Teller effect.!® The objective here
is to characterize the positional correlations of guests in
neighboring cages and the geometry of clusters in large
cages of a high-pressure form by combining Rietveld diffrac-
tion methods with a direct Fourier transformation analysis.
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This study involves high-energy x-ray diffraction from
low-pressure sII and high-pressure sH krypton clathrate hy-
drate samples. This data enables both structure refinement!®
and direct Fourier transformation of the data. The latter
analysis provides directly the atom-atom correlations that are
not subject to an average crystal model,?® while the former
results in electron density difference maps. Typically in these
systems the total x-ray scattering intensity is only weakly
weighted to the guest atom correlations. This is due to the
high concentration of host atoms and the small difference in
the number of electrons between host and guest atoms. How-
ever, using heavier guest atoms enhances the relative contri-
bution of the guest to the total scattering intensity. Krypton
was chosen because of its simple structure, its higher atomic
weight (compared with argon) and because the sH large
cages are likely to be multiply occupied.

Kr hydrate samples, slI, were produced at the National
Research Council of Canada using a method outlined
previously.?! A subsection of the sample was cold loaded (77
K) into a piston cylinder assembly warmed to 250 K and
compressed to 1.8 GPa. There was no indication of transfor-
mations of residual ice I, III, or V, providing initial evidence
that the samples were pure, this was later confirmed by x-ray
diffraction. The sample was then quenched to liquid nitrogen
temperature and recovered to atmospheric pressure. Both the
quench recovered high-pressure form and the uncompressed
sII form were transported to the advanced photon source at
liquid nitrogen temperature. X-ray diffraction experiments
were performed at sector 11-ID-B, using 0.137024 A x-rays.
Both samples were then loaded into separate sample posi-
tions in a He cryostat such that the sample was not raised
above 80 K. The sample was heated to 90 K to remove any
access liquid nitrogen and then cooled to 40 K. A sample to
detector distance of 239.3 mm maximized momentum trans-
fer range for Fourier analysis, Qmax=20 A~! and Ad/d
=6% (measured using a CeO, crystalline standard), and a
detector distance of 700.2 mm provided higher resolution
data and Qmax=11 A~! and Ad/d=3%.

Figure 1 shows the measured diffraction intensity of the
data scaled to the weighted atomic form factor. Initial Ri-
etveld refinements using the sII data were made with only
the oxygen and krypton atoms included in the model.?> The
initial host atomic coordinates were taken from propane hy-
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FIG. 1. Total scattering data (higher-resolution setting) collected from the sII and quench recovered sH forms of clathrate hydrate. Data
collected at ambient pressure and low temperature for uncompressed sII clathrate hydrate are shown in (a) and data collected from the
pressure/temperature quench recovered hexagonal form, sH, are shown in (b). The atomic form factors for the clathrate material are also

shown. The y axes are plotted in electron units.

drate sIT?® and Kr atoms were positioned at the center of both
cage types at (0,0,0) and (%,%,%) for the 5'% and 5'%6° cages
respectively, and their isotropic displacements and site occu-
pancies were allowed to vary. The oxygen atom positions
were also allowed to vary along with the isotropic atomic
displacement parameters, the lattice parameters, background,
two-theta zero, and pseudo-Voigt peak shape parameters.

Figure 2 shows the radial distribution functions generated
from direct Fourier transformation of the diffraction data.?*
Simulations of the total radial distribution function? based
on the fitted model (shown in the lower curves) are used to
help interpret the measured g(r) function.?6?”

The first O-O correlation in Fig. 2(a) appears at a radial
distance of 2.78 A as expected. For the small cage the first
Kr-O distance is 3.84 A, and the large cage Kr-O distance is
4.45 A. The first intercage Kr-Kr distance is 6.09 A, con-
sistent with crystallographic small cage data. However, the
sIT model structure, with the Kr atoms confined to the cage
center, generates a g(r) with a strong intercage Kr-Kr peak
located at 7.06 A as indicated with ( *) in Fig. 2(a). This
correlation is not readily apparent in the measured data and
increasing the thermal parameter in the model does not alter
significantly the peak width. This discrepancy is also indi-
cated by the Kr-Kr correlations at greater radial distances.

To help reconcile this discrepancy and to establish the
details of the cage-to-cage guest correlations for further
analysis, the Rietveld data analysis was revisited and a dif-
ference Fourier map was calculated from the difference be-
tween the measured data and the model data without the Kr
atoms, see Fig. 3 where contours are chosen to show features
without illustrating weak intensity. Because the Kr atoms
contribute a significant fraction of the total electron density
(~39%) the difference Fourier map indicates the weighted
distribution of electron density from the Kr atoms within the
cages.

In the small cages of sII the density maps show that the
mean density of the Kr atoms is located at the cage center.
However, for the slI large cage, the electron density is lo-
cated distinctly off center (as suggested in other systems),
with a tetrahedral arrangement of positive density at 0.7 A
from the cage center. The off-center krypton density in the
Fourier difference map suggested that a fractionally occupied

split site might be a better model in the Rietveld refinement.
A split-site model with guest atoms located in the 32e posi-
tions situated along the threefold axes away from the large
cage center leads to an improved fit with anisotropic dis-
placement parameters resulting in probability ellipsoids flat-
tened like “pancakes” normal to the threefold axes, thus
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FIG. 2. Calculated and simulated radial distribution functions
for two forms of krypton clathrate hydrate. In both plots the domi-
nant atom-atom correlations contributing to each peak are given
under the curves. The structure IT low pressure from is shown in (a).
The upper plot is the experimentally determined data set and the
lower plots are the simulated data sets using the cage center model
(dashed curve) and the disordered guest site model (heavy curve).
The quench recovered high-pressure form is given in (b), with the
experimental data in the upper plot and in the lower plot are calcu-
lated data from ordered models with two and three guest atoms on
the large cage long axis (dotted and dashed respectively) and a
disordered model (bold curve) as described in the text.
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FIG. 3. (Color) This figure presents Fourier difference maps that
illustrate the electron distribution of krypton within the water cages.
The low-pressure cubic sl form is shown in (a) and the quench
recovered high-pressure hexagonal form, sH, is shown in (b). These
are given at constant electron density within the cages and at isos-
urfaces of 1.8 electrons/A> for sII and 2.0 electrons/A> for small
and medium cages and 1.2 electrons/A3 for the large cage of sH.
There appears to be some additional density near the upper and
lower rings in sH this is possibly due to the top and bottom atom.

mimicking the electron density in the Fourier difference
map. The refined site occupancy of the split site is 0.204(2)
compared to the expected 0.25 if there was one krypton atom
on average in each large cage. The refined occupation of the
small cage is also less than one, 0.877(6). Taken together, the
resulting  composition,  Krj4-Krgs-136H,0  (ideally
(S6-Lg- 136H,0), has 85.4% Kr occupancy. This model dis-
places the Kr atoms from the cage center opposite a hexago-
nal polyhedra face. Thus having established the details of the
average positional disorder within the large cage a model
could be developed to explain the correlations of the pair
distribution function and the analysis can be carried onto the
high-pressure form.

A second radial distribution function calculation using an
sII disordered model based on the split-site analysis above,
but with the large cage guest atoms randomly located on
these sites between neighboring cages gives a radial distri-
bution function with much weaker correlations between the
guest atoms, resulting in the disappearance or at least sub-
stantial broadening of the large cage Kr correlations at 7.06
and 11.02 A. This data is given as the heavy lines in the
lower plot of Fig. 2(a). This analysis thus gives reasonable
results and provides the basis for analysis below of the high-
pressure form.

The large cage, 5'%68, in the hexagonal form is roughly
“barrel-shaped” with the Fourier difference map showing a
ring of Kr density around the girdle and two other krypton
sites toward each end of the barrel shown in Fig. 3(b). The
small cages have one Kr atom located at the cage centers,
(%,%,%) and (%,%,0) for the 5'> and 4356 cage respec-
tively. For the large cage the ring shown in the figure repre-
sents the superposition of atom locations with sixfold sym-
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metry about the long axis of the cage and the cage center at
(0,0,0). Given the size of the Kr atoms relative to the cage
we expect at most three atoms per cage, one toward each end
and one located on the ring around the waist. Based on these
maps it is possible to identify the size and shape of the Kr
clusters in the large cage of a clathrate with full occupancy.
The waist ring is of ~1.70 A radius located about the long
axis of the cage and at the cage mid height. The two addi-
tional rings of Kr density are on the long axis above and
below the midplane by ~2.25 A. Recent molecular dynam-
ics simulations of free energies indicate that Kr occupancies
in the large cage could reach three but the free-energy dif-
ferences between double and triple occupancy are fairly
small.”®

For the sH Rietveld refinement a model was based on the
Fourier difference maps and the water to guest ratio was
allowed to vary from that determined from the sII refine-
ment, thus it was possible that excess water or Kr could be
present in the system in the form of crystalline ice or Kr. As
a result the total Kr content for the sH is 5.79 atoms per unit
cell (this is close to the Kr content of 5.14 determined in the
sII case) gives approximately two Kr atoms on average over
the entire structure per large cage, with the top and bottom
sites located with half occupancy along the cage axis 2.97 A
above and below the cage center, and one site 1/6 occupied
located in the equatorial plane surrounding the cage center
position (this displacement above and below the cage center
is similar to the 2.25 A found from the difference Fourier
maps). However, we emphasize here that for this Rietveld
refinement, trying to fit the smeared out electron density with
a limited number of spherical or ellipsoidal shaped densities
cannot work perfectly and thus the number of krypton atoms
per large cage in this Rietveld model is likely too low. The
upper plot of Fig. 2(b) shows the measured radial distribu-
tion functions of the sH form and the lower plots compare
the ordered and disordered models. The calculated radial dis-
tribution functions have been determined using a sH struc-
ture with one guest Kr atom at the center of the small (5'%)
and medium (435'26%) cages and multiply occupied large
cages. The ordered models have either two or three guest
atoms located on the sixfold axis of the large cage, these
radial distribution functions are given by the dotted and
dashed curves respectively. The disordered model has three
Kr atoms in the large cage, one at the top and bottom and a
third randomly placed on the ring to mimic the Fourier dif-
ference maps. Some of the atom-atom correlations are given
on the figure, but due to the number of correlations it is more
difficult to identify specific partials contributing to each of
the peaks beyond 6.5 A, however, the three peaks between
8.5 and 11 A are due to correlations involving Kr-Kr and
Kr-O correlations, with the two greater distance peaks in this
range being predominantly from Kr-Kr correlations. The cal-
culated pair distribution functions of the ordered models in-
dicate increasing intensity with two or three guests, particu-
larly at radial distances between 6.5 and 8.5 A, this is not
consistent with the measured data. It is clear that such as the
sII case, the ordered sH models tested here are not good
representations of the guest disorder in the sH large cage.
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This total scattering analysis appears to give little corre-
lation in the position or relative orientation of Kr clusters
between neighboring large cages at 40 K. The radial distri-
bution functions are well described when the guest atoms in
the large cages are placed randomly based on locations of
greater density in the Fourier difference map. While the cor-
relations between atoms in small cages is well defined, this
analysis indicates that the interaction distance with guest at-
oms in large cages may not extend beyond the immediate
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cage environment, thus lending support to previously formu-
lated models of thermal conductivity.?’
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