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Neutron powder diffraction data of deuterated clathrate hydrates of carbon dioxide and xenon were measured
in order to investigate the effects of the motion of guest molecules on the structure of the surrounding hydrogen-
bonded network. Rietveld analysis revealed that the magnitude of the thermal parameters of the host atoms
of the CQ clathrate hydrate depends strongly on the crystallographic site, while those of the Xe clathrate
hydrate do not depend on the site. The host lattice structure of the Xe clathrate hydrate may be a close
representation of the hypothetical empty clathrate hydrate, because of the simple spherical shape of the Xe
molecule. The site dependence of the thermal parameters of the host atoms i tblat@te hydrate are
attributed to the motion of the GOnolecules in the cages. The g@olecule rotates anisotropically about

the symmetry axis inside the tetrakaidecahedral cage. We suppose that the surrounding deuterium atoms are
temporarily attracted and released by the oxygen atoms of the rotatingn@l@cule and so their thermal
parameters are large. It is concluded that the interaction between the guest molecule and the surrounding host
atoms is so strong that the thermal vibrations of the host atoms are affected by the motion of the guest
molecules inside the cages.

Introduction X-ray diffraction study of ethylene oxide (EtO) clathrate hydrate

Clathrate hydratésare inclusion compounds consisting of at 243 K. The cubic unit cell of dimensiors= 12.03 A in

water molecules and a variety of guest molecules. The water SP2C€ grouPmsn contains 46 water molecules in a framework
molecules in clathrate hydrate are linked together by hydrogen of two dodecahedral and six tetrakaidecahedral cages. If the

bonds in the closest packing of polyhedral cage-like structures ¢ages are fully occupied, the composition 5SG5HO. Figure
(host lattice), which can accommodate guest molecules. The 1a,b shows the arrangements of the oxygen and deuterium atoms

host lattice of the clathrate hydrate consists of the tetrahedral ©f the dodecahedral and tetrakaidecahedral cages in the type-|
structure and has a proton-disordered arrangement as in variougleuterated clathrate hydrate. There are three crystallographically
ice polymorphs. The arrangement of protons is described by Nonequivalent oxygen atoms in sets of 6, 16, and 24 designated
the equal distribution of protons among the two possible sites as types @ Oi, and Q; k is further classified td, andk; by
on each G-O bond according to the ice rulé¢l) there is only distance from the center of the tetrakaidecahedral ¢age
one proton on each bond, and (2) there are only two protons deuterium atoms are equally distributed among the two possible
close to each oxygen nucleus. Most clathrate hydrates form onesites on each ©0 bond according to the ice rules. There are
of two distinct crystallographic structures, Stackelberg’s type-I six crystallographically nonequivalent deuterium atoms; M,
and —11,3 depending on the sizes and shapes of the guestDic, Du D, and Dy’
molecules. The host lattices, which are less stable than ice, are The crystallographic structure of the host lattice in the type-
stabilized by the van der Waals interaction between the guest|| clathrate hydrate was determined by Mak and McMullan
and host molecules. . ~ from X-ray diffraction data on the double clathrate hydrate of
McMullen and Jeffrey determined the crystallographic  tetrahydrofuran and hydrogen sulfide at 253 K. The cubic unit
structure of the host lattice in the type-I clathrate hydrate from g of dimensionsa = 17.31 A in space groupd3m contains
. - 136 water molecules in a framework of 16 dodecahedral and
* Corresponding author. Present address: Institute of Low-Temperature . . .
Science, Hokkaido University, Sapporo 060-0819, Japan. Resl-11- eight hexakaidecahedral cages. If the cages are fully occupied,
706-7142. E-mail: tomo@hhp2.lowtem.hokudai.ac.jp. the composition is &.67H0. There are three crystallographi-
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clathrate hydrate, and found that the transverse acoustic modes
of the translational lattice vibrations of these clathrate hydrates
are prominent and shifted to high frequencies in comparison
with that of the ice Ih. They concluded that the results are
attributed to a repulsive gueshost interaction. It was suggested
that strong coupling between the localized low-frequency
vibrations of the guest molecules and the acoustic phonons of
the host lattice greatly enhance the phonon-scattering process.

The low-frequency vibrations of the guest molecules can be
O; decomposed into two contributions: the localized translational
@@ Oy, , Oy, motion of the center of mass, and the rotation oscillation about
O¢ this centel’ The latter occurs for diatomic and polyatomic guest
molecules.

o,@,. D.l'.": Dck, ch
©,0,© Dy, Dy, Dix

The type-I CQ clathrate hydrate is suitable for investigation
of the guesthost interaction, since the G@olecule is simple
in shape. Using NMR spectra, Ratcliffe and Ripmeé8ter
showed that the COmolecules in the C®clathrate hydrate
occupy only the tetrakaidecahedral cage and rotate about the
symmetry axis of the cage. However, Fleyfel and Déevlifi
reached a different conclusion by infrared spectroscopy that the
CO, molecules occupied both the dodecahedral and the tetra-
kaidecahedral cages, and Ripmeester and Raf€lifeognized
that the NMR data indicates the population of the small cage
by CO, molecule. To investigate the effect of the cage structure
<100> on the motion of the guest molecules, lkeda etlaheasured
the crystal orientation dependence of Raman spectra of a single
Figure 1. Polyhedral frameworks in the type-I clathrate hydrate: (a) crystal _Of the typ_ejl Coclathrate hydrat_e. They found that the )
dodecahedral cage and (b) tetrakaidecahedral cage. scattering intensities of the peaks, which are caused by Fermi
. . resonance of the symmetric stretching mode and the overtone
cally nonequivalent oxygen atoms in sets qf 8, 32, and 96 ¢ e bending mode of the GOmolecules and the ©H
designated as typesaQ0, and Q. The deuterium atoms are g metric stretching vibrational mode, vary with variation of
equally distributed among the two possible sites on eaelDO e innyt polarization. Since the results were consistent with
bond according to the ice rules. There are six crystallographically s reqyits obtained from measurements of Raman spectra of a
nonequivalent deuterium atoms;, Dig, Dzg, Dag, D1e, and Dee” single crystal of the type-Il natural air clathrate hydrate in a

The clﬁthrathe hydrates are ahkmd chi nonzt'0|ch|ometr|c polar ice sheet? they concluded that the uniaxial molecules in
compounds, whose composition changes depending on temperg, cages rotate anisotropically and that the surrounding water
ature and pressure. The phase equilibrium and the th_ermOdy'moIecuIes are affected by the motion of the uniaxial guest
namic stability of the clathrate hydrate has been predicted by molecules

the th f der Waals and Platteélitihis th is based . . . . .
© theory ot van cer aa's and r1atie 'S Ineory 1s base Neutron powder diffraction provides information on the

on a model in which the guest molecules are dissolved or . L
adsorbed in the host water lattice as ideal solutions. However, MtoN of the guest molecqles through the spatial distribution
'of the molecules. It also gives the thermal parameters of the

there is a slight but not a negligible discrepancy between the kind of at ¢ all hically distinct sites in th
theoretically predicted and experimentally obtained dissociation ﬁan}[el g‘ 0 soms a cryst agﬁogra? |ca3/ IS |tnc sites Ic? €
pressures for most of the guest speéiddolecular dynamics ost 1atlice. Yamamuro et a. periormed neutron powder
simulations showed that the guestater interaction is the diffraction study on deuterated clathrate hydrate; of t?”ahy'
primary factor for stability of the host lattice which is unstable drofuran and acetone, and found the preferrec_i orientations for
if it is empty 912 the tetrahydrofuran and acetone molecules in the cages by
Rietveld analysis. Kuhs et &t. performed neutron powder

To investigate the mechanism of the guestter interaction ) ) . .
in the clathrate hydrate, several studies have been done. Bertiglifraction on deuterated clathrate hydrate of #éing a high-
gas-pressure cell and found the pressure dependence of the

and Jacob$“measured X-ray powder diffraction patterns and ) fth lecules for both of th
far-infrared spectra of the type-I clathrate hydrates of Xe, Et0, occupancies of the guest molecules for both of the cages.

trimethylene oxide, and cyclopropane, and found that the cubic keda et ak> measured neutron powder diffraction data of
lattice constant and the vibration energy of the translational deuterated C@clathrate hydrate. They found that the £0
lattice vibration mode of the clathrate hydrate depend on the Molecule in the tetrakaidecahedral cage rotates rapidly even at
size of the guest molecule. These results showed that the hostow temperature, while the rotational motion of the £O
lattice is distorted by the accommodation of the guest molecules. Mmolecule in the dodecahedral cage is suppressed with decreasing
Using infrared spectroscopy, Fleyfel and DeWifiound that temperature. They also obtained preliminary data on the site
the O-D antisymmetric stretching mode of the trimethylene dependence of the thermal parameters of deuterium atoms in
oxide clathrate hydrate splits into two distinct peaks, and the hostlattice. They concluded that these results might indicate
attributed the splitting to two subsets of the hydrogen bonds. the strong guesthost coupling in C@clathrate hydrate. Even
This result suggests that a strong guesater interaction in  though the conclusion reached by lkeda et*ak genuine,

the trimethylene oxide clathrate hydrate causes the dispropor-limitation of their data set as to the resolution and the sample
tionate length of the hydrogen bond in the host lattice. Tse et temperature did not allow a deeper analysis.

al.’® measured incoherent inelastic neutron scattering spectra The purpose of the present study is to investigate the thermal
of the type-I Xe clathrate hydrate and the type-ll krypton parameters of the guest and host atoms using more high-




Distortion of Host Lattice in Clathrate Hydrate J. Phys. Chem. A, Vol. 104, No. 46, 20000625

resolution powder diffractometer than before. We have measured  soF—T T T T T T T e
deuterated clathrate hydrates of £&hd Xe, both which have
the type-I structure. The Xe clathrate hydrate was studied along 50 - =
with the CQ clathrate hydrate, because comparison of these .
two would enhance any effects associated with the rotation of
the CQ molecules in the lattice.

Intensity

Experimental Section

A powder sample of deuterated Xe clathrate hydrate was
prepared in the following manner. To provide a large reaction

Zv

surface, 13 g of BO ice lh was finely ground. The powder ice

- . . L L L LT e U o T I O O R A (I
was loaded into a pressure cell and pressurized with Xe gas to 0 Lowe ot et o b
1.8 MPa at 250 K. To accelerate the hydrate formation, the o'a 1'0 1'2 1L4 1'6 1'8 2'0 2'2 v
sample temperature was cycled between 250 and 278 K. The ' ' ' d-spacing (A) ' ' '

formation “?‘te became slow after several days, probably becausie:igure 2. Neutron powder diffraction pattern of the Xe clathrate
unreacted ice was covered by the formed hydrate. To provide hygrate at 5 K. The plus marks denote the observed intensities; the
a new reaction surface, the sample was ground in a gloveboxsolid line is that calculated from the best-fit model of the Rietveld
under Xe gas at 200 K. The ground sample was loaded into therefinement. The tick marks represent the calculated peak positions for
pressure cell and pressurized with Xe gas again. The abovethe type-I clathrate hydrat@®(8n), and the curve below them represents
procedure was repeated several times in about two months the deviation between the observed and calculated intensities.
Then, the sample was keptat 251 K under a Xe gas atmospherey g g 1 Final Structural Parameters for Xe Clathrate

of 1.9 MPa for about two months to homogenize the guest Hygrate at 5 K

occupancy. From the ideal solution model and the Langmuir
constantg® the Xe occupancy (at 251 K, 1.9 MPa) was

estimated to be 1.00 for both of the cages. The composition of Host Atoms

the sample for full occupancy was e75D,0. O 0.18342(5)  0.18342(5)  0.18342(5) 1 0.462(17)
O 0.0000 0.30871(9) 0.11682(9) 1 0.533(18)
For a sample of deuterated gQlathrate hydrate, the . 0.0000 0.5000 0.2500 1 0.485(33)

powdered DO ice was pressurized with G@Qas to 2.0 MPaat  D;  0.23157(9) 0.23157(9) 0.23157(9) 0.5 1.180(44)
253 K. The sample temperature was cycled between 253 andDc«  0.0000 0.43272(19) 0.20190(17) 0.5 1.147(40)
277 K. After several days, the sample was ground in a glovebox Bkc 8-8888 8-31232(59 g-égggg(i? g-g 1-%5‘2‘(‘3‘?
under CQ gas at 200 K and pressurized withlgg)as. again. Dtik 0:06728(15) 0'.26540((12)) 0'.13872((11)) 05 1'.228((27))
The above procedure was repeated several times in about twoy,  0.11693(12) 0.22843(12) 0.15861(12) 0.5  1.168(27)
months. Then, the sample was kept at 198 K under a 2@
- Guest Atoms

atmo_sphere of 0.1 MPa for abo_ut two months. From the ideal Xe(1) 0.0000 0.2500 0.5000 1 0.850(40)
solution model and the Langmuir constafitthe CQ occupan- Xe(2) 0.0000 0.0000 0.0000 1 0.883(72)
cies (at 198 K, 0.1 MPa) were estimated to be 0.99 and 1.00
for the dodecahedral and tetrakaidecahedral cages, respectivelywere 1.74, 1.68, 1.49, 1.35, and 1.38 at 5, 70, 140, 205, and
The composition of the sample was calculated to be;CO 259 K, respectively. The fittings were quite satisfactory as shown
5.76D,0. by the deviation plot in Figure 2. The structure parameters of

Full data of neutron diffraction for refinements were measured the final model &5 K are listed in Table 1. The bond lengths
at 5, 70, 140, and 205 K for GQlathrate hydrate and at 5, 70, and bond angles of the ;D molecules were reasonably
140, 205, and 259 K for Xe clathrate hydrate. The lattice comparable with the previous studies for the EtO clathrate
constants of C@ clathrate hydrate were measured in the hydratet®
temperature range-5195 K at intervals of 10 K. The data were The solid squares in Figure 3 show the temperature depen-
collected on the high-resolution powder diffractometer (HRPD) dence of the lattice constaatof the Xe clathrate hydrate. The
installed at the ISIS pulsed neutron source at the Rutherford data are fitted to a quadratic polynomial of the form
Appleton Laboratory. The resolutiom\{/d) of this apparatus
is 0.05%38 which is much better than that of Vega (0.2%) used  a(T) (A) = 11.833+ 4.9692x 10 ° T + 1.7966x 10 ¢ T2
in the preliminary measuremerfsStructure parameters were 1
refined by the Rietveld methé¥using intensity data between @
d=0.7 and 2.3 A. The used computer program was REFINE
developed by the powder diffraction groéf.

atom X y z occupancy B (A?)

as shown by the broken line in Figure 3. (K) is the
temperature. Tha of the type-I EtO clathrate hydrate observed
by X-ray powder diffraction (open triangles) were also fitted
to a quadratic polynomiala(= 11.835+ 2.2173x 105 T +

Xe Clathrate Hydrate. Figure 2 shows the neutron diffrac- 2.2415x 10°® T?) as shown by the dotted line in Figure’B.
tion pattern of the Xe clathrate hydrate at 5 K. The plus marks  From Figure 3, it can be seen that the thermal expansion of
denote the observed intensities; the solid line was calculatedthe Xe clathrate hydrate is smaller than that of the EtO clathrate
for the best-fit model described below. The peak positions hydrate. Theoretical molecular dynamics calculations showed
calculated from the refined structure are shown by tick marks that the simulated thermal expansion of the hypothetical empty
below the diffraction pattern. clathrate hydrate (type-l) is small in comparison with the

The structure of the EtO clathrate hydrate determined by simulated thermal expansion of the EtO clathrate hyd¥ate.
neutron diffractioA was used for the initial model of the host Therefore, the present results show that the host lattice structure
lattice. The atomic coordinates for the Xe molecules were fixed of the Xe clathrate hydrate is a close representation of the
to the values at the centers of the cages. The final valugs of hypothetical empty clathrate hydrate in comparison with that

Results and Discussion
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Figure 3. Temperature dependence of the lattice constaat the

CQO; clathrate hydrate (open circles) and the Xe clathrate hydrate (solid
squares). The solid circles and open triangles show the repovieddes

of the CQ clathrate hydrafé and the EtO clathrate hydrate,
respectively.

|
LI
-o-
of the EtO clathrate hydrate. The larger thermal expansion in f_’ ®:De v, vDy

the EtO clathrate hydrate is attributed to interactions between S
the host lattice and the guest molecules. Because the frequencies

of the localized rotational and translational vibrations of the ¢~
EtO molecules in the cages are very close to those of the lattice <
acoustic mode¥’ coupling between these vibrations causes the E
increase in the thermal expansitivity in the EtO clathrate hydrate.

As shown in Figure 3, the thermal expansion of the EtO
clathrate hydrate approaches the value of the Xe clathrate
hydrate with decreasing temperature. This is attributed to a glass
transition in the EtO clathrate hydrate, because the glass
transi_tion of the EtO cla}thrate hyd_rate was obs_erved at ground 50 100 150 200 250
90 K in the heat capacity study.Since the rotational motion
of the EtO molecules are frozen in the surrounding of the frozen Temperature (K)
water molecules, the thermal expansion approaches the valuerigure 4. The B parameters of the atoms in the Xe clathrate hydrate
of the Xe clathrate hydrate. (open symbols): (a) the Xe atoms in the tetrakaidecahedral and in the

The thermal parameter is useful for clarifying the difference dodecahedral cages (circles and triangles, respectively); (b) the oxygen
of the thermal vibration of the same kind of atoms at crystal- atoms in the host lattice; (c) the deuterium atoms in the host lattice.

S - . . . The solid symbols show tH& parameters of the EtO clathrate hydréte.
lographic distinct sites. Figure 4a shows the isotropic thermal
parametersB, of the Xe atoms in the tetrakaidecahedral cage decreasing temperature. Because the atomic coordinates for the
(circles) and in the dodecahedral cage (triangles). Bhe  Xe atoms were fixed to the values at the centers of the cages in
parameters of the Xe atoms in both of the cages decrease an@ur model for the structural refinement, the Xe atom located
approach zero with decreasing temperature, which indicates aaround the center of the cage should have a Biglalue even
negligible small zero-point amplitude. The valueB®for the at low temperature. Thus, we conclude that the large amplitude
Xe atom in the tetrakaidecahedral cage is about two times largerof the thermal vibration of the Xe atom in the tetrakaidecahedral
than that in the dodecahedral cage at 259 K. The thermal cage at the high temperature is attributable to the translational
parameter of an atom is related to its root-mean-square displace-motion of the Xe molecule about the center of the cage.
ment (i) by B = 872u?. The B value for the Xe atom in the Figure 4b shows th® parameters of the oxygen atoms in
tetrakaidecahedral cage is 8.96(17 Ahis can be converted  the host lattice of the Xe clathrate hydrate. The magnitude and
into vibrational amplitude of 0.34 A. This large amplitude of the temperature dependence of Biparameter of the oxygen
the thermal vibration of Xe in the tetrakaidecahedral cage in atom do not depend on the site. TBesalues for all the sites
comparison with that in the dodecahedral cage is thought to bedecrease with decreasing temperature. Since the EtO clathrate
due to one of the following: (1) the stable position of the Xe hydrate has the type-l structure, we attempt to compare the
atom deviates from the center of the cage, or (2) the localized present results with th& parameters of the EtO clathrate
translational motion of the Xe atom at the center of the cage. hydrate. The solid symbols in Figure 4b show Biparameters
Mechanism (1) can be ruled out, because Bhparameter of of the oxygen atoms in the EtO clathrate hydrate at 80 and 243
the Xe atom in the tetrakaidecahedral cage approaches 0 withK.4° The magnitudes of thB parameters of the oxygen atoms
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hydrate at 5 K. The plus marks denote the observed intensities; the
solid line is that calculated from the best-fit model of the Rietveld

3.70 = | ] 1 | B refinement. The top and bottom rows of tick marks represent calculated

T — 1 — | ] peak positions for the type-I clathrate hydraar@n) and for the ice
(b) & :Oi 8-, . :80 Ih (P6/mmJ, respectively. The curve below them represents the
“4, A0 = ViU e deviation between the observed and calculated intensities.
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atom do not depend on the site. TBevalues for all the sites
decrease with decreasing temperature. The solid symbols in
—_ ® Figure 4c show th®& parameters of the deuterium atoms in the
i 4.4 e____e.______e__—_——e——"'?_ EtO clathrate hydrate at 80 and 243*KThe magnitudes 0B
o for the EtO clathrate hydrate are larger than those for the Xe
8 clathrate hydrate over the whole temperature range. A likely
S u explanation for this is that the larg@ values for the EtO
L 4012 o e L =] clathrate hydrate at low temperature can be attributed to the
o = distributions of the positions of the deuterium atoms caused by
orientational disorder of the localized guest molecules inside
v the cages. In contrast, the larBevalues for the EtO clathrate
4.0 = g ¥ hydrate at high temperature are caused by the thermal vibration
Viger-e -7 of deuterium atoms at the average positions. We suppose that
the deuterium atoms are temporarily attracted and released by
| | ' | I the oxygen atom of the rotating EtO molecule (i.e., €CD),
50 100 150 200 250 so theB parameters are large.
Temperature (K) CO,, Clathrate Hydrate. The diffraction patterns measured

at four temperatures revealed that the sample of €&ihrate

Figure 5. Distances of the oxygen atoms from the centers of (a) the . )
dodecahedral cage, and (b) the tetrakaidecahedral cage in the Xehydrate was a mixture of type-I clathrate hydraenn) and a

clathrate hydrate (open symbols). The solid symbols show the distancesSMall amount of ice Ih Résmmg. Therefore, multiphase
for the EtO clathrate hydrafe refinement was performed. To reduce the number of adjustable

parameters, the atomic coordinates of the ice Ih were fixed to

for the EtO clathrate hydrate are larger than those for the Xe the reported value®. The thermal parameters of the oxygen
clathrate hydrate at 80 K, while the values are almost equal atand deuterium atoms in the ice |h were fixed to the estimates
243 K. As shown in Figure 5a,b, the average distance betweenfrom the reported values at 15, 123, and 2233R% Figure 6
the centers of the cages and oxygen atoms in the host lattice inshows the neutron diffraction pattern of the £Clathrate
the EtO clathrate hydrate are almost equal to those in the Xehydrate at 5 K. The plus marks denote the observed intensities,
clathrate hydrate at 80 K. Further, the orientation of the EtO and the solid line was calculated for the best-fit model described
molecule are localized at low temperature. Therefore, the largebelow. The peak positions for the type-1 clathrate hydrate
B values for the EtO clathrate hydrate at 80 K are attributable (Pm3n) and for the ice IhP6s/mmq are shown by tick marks
to the distributions of the positions of the oxygen atoms caused below the diffraction pattern.
by orientational disorder of the localized guest molecules in  The structure of the EtO clathrate hydrate determined by
the cages. At high temperature, the distributions of the oxygen neutron diffractio was used for the initial model of the host
atom positions are small, because the motions of the EtO lattice. For the C@ molecule in the tetrakaidecahedral cage,
molecules in the cages are less restricted. The distances fronthe initial model was constructed according to the results of
the centers of the cages for all the oxygen atoms in the EtO the NMR study'® The carbon atom was fixed at the center of
clathrate hydrate are larger than those in the Xe clathrate hydratethe cage, and the molecular axis was placed atf&im the
at 243 K. This indicates that the distortions of the cages in the equatorial plane of the cage so as to point to thea@d Q
EtO clathrate hydrate from the hypothetical empty clathrate atoms of the cage; there are three equivalent orientations. For
hydrate are small. the orientation of the C®molecule in the dodecahedral cage,

Figure 4c shows thB parameters of the deuterium atoms in the following four models were tested: (A) two oxygen atoms
the host lattice of the Xe clathrate hydrate. The magnitude and of CO, point to O of the host lattice as shown by the broken
the temperature dependence of Bygarameter of the deuterium  lines in Figure 1a, (B) two oxygen atoms of g@oint to the
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TABLE 2: Final Structural Parameters for CO , Clathrate the a values do not depend on the largest van der Waals
Hydrate at 5 K diameters of the guest molecules, because the iB@ecules
atom X y z occupancy B (A?) rotate anisotropically in the cages.

Host Atoms From Figure 3, it can be seen that the thermal expansion of
O 0.18372(15) 0.18372(15) 0.18372(15) 1 2.566(62) the CQ clathrate hydrate is much larger than that of the Xe
O 0.0000 0.30996(25) 0.11416(25) 1 1.457(47)  clathrate hydrate at high temperature and approaches the value

Q. 0.0000 0.5000 0.2500 1 0.716(71)  of the Xe clathrate hydrate with decreasing temperature. This

sz 8:33833(51) c()). '33?27??73((55 j)) 8 2203 1583((45;-)) g 55 23’ .67:((1127)) may i_qdicate that the CQ:Iathrate hydrate u.ndergoes.the glass
De. 0.0000 0.38429(58) 0.16541(59) 0.5 3.55(14) transition due to freezing of the reorientational motion of the
Dw 0.0000 0.31066(32) 0.03230(39) 0.5 2.42(10)  water molecules at low temperature, even though different
Dy  0.06225(46) 0.26517(36) 0.13684(32) 0.5 3.266(95) vibrational anharmonicity may well explain the observed
D 0.10922(31) 0.23281(28) 0.15462(23) 0.5 1.830(78) pehavior of the two components. The larger thermal expansion
Guest Atoms in the CQ clathrate hydrate at high temperature is attributed to
C(1) 0.0000 0.2500 0.5000 1 39.4(1.6)  the strong interactions between the host lattice and the CO
0O(4) 0.0731 0.3006 0.4584 0167 28.8(15) o les.
O(5) 0.0000 0.3006 0.4159 0.167 28.8(1.5)
C(2) 0.0000 0.0000 0.0000 0.990 2.86(19) For the ice Ih, negative thermal expansion has been observed
O(6) 0.0000 0.0917 0.0349 0.165 12.8(1.2)  below 73 K35 The Grineisen function in the lattice with a
tetrahedral structure is negative at low temperatfibowever,
centers of the Q0; bonds, (C) two oxygen atoms of G@oint we found no evidence of negative thermal expansion in the

to the centers of the two pentagons, and (D) two oxygen atomsclathrate hydrates of CCand Xe over the temperature region
of CO, point to the centers of the &y bonds. For all the within the limits of accuracy of our measurements. These results
models, the carbon atom was fixed at the center of the cage.are consistent with the results for the EtO clathrate hyd¥ate.
The smallest values gf were obtained for model (A) over the  Unlike ice Ih, clathrate hydrates may not have a negative
whole temperature range. The atomic coordinates for the CO Grineisen function because of distortion of the tetrahedral
molecules were fixed to the values described above. The final structures in clathrate hydrates. The deviations of the valence
values ofy? were 4.99, 3.79, 3.05, and 2.40 at 5, 70, 140, and O—O—0O angles in clathrate hydrate are considerable in
205 K, respectively. The amount of the ice determined by this comparison with the ice Ih.

method was 14.8+ 0.2% of the total water content. The Figure 7 shows the distances of the oxygen atoms from the
structure parameter of the final modéBaK are listed in Table centers of the cages in the g€lathrate hydrate. From Figures

2. The bond lengths and bond angles of th®mnolecules were  5a and 7a, it can be seen that the distancedfdn the center
reasonably comparable with the present study for the Xe of the dodecahedral cage in the £€athrate hydrate is larger
clathrate hydrate and the previous studies for the EtO clathratethan that in the Xe clathrate hydrate at high temperature and
hydrate?5 approaches the value of the Xe clathrate hydrate with decreasing

The open circles in Figure 3 show the temperature dependencdemperature. For Qthe distances from the center of the
of the lattice constara of the CQ clathrate hydrate. The data dodecahedral cage in the clathrate hydrates of &@ Xe are

are fitted to a quadratic polynomial of the form approximately equal over the whole temperature range. From
Figures 5b and 7b, it can be seen that the distancedir@n

the center of the tetrakaidecahedral cage in the €&thrate
hydrate is larger than that in the Xe clathrate hydrate over the
whole temperature range, while that of,@& smaller than that

in the Xe clathrate hydrate. For,@nd Q, the distances from

> ; ) X the center of the tetrakaidecahedral cage in the clathrate hydrates
glags transition due to the freezing of the water reorientational CO, and Xe are approximately equal. These results indicate
motion. However, we found no change @fdT around 100 K. 5 the tetrakaidecahedral cage in the,@@thrate hydrate is

We conclude that the interpretation of the data in the previous jistorted along the100axis. This distortion is caused by

report was caused because they measaisgnly five selected  gpisotropic rotation of the COnolecule about th€l00axis
temperatures. The values af in the previous report are i, the tetrakaidecahedral cage.

pon;istent with the present results, as shown by the solid circles Figure 8a shows thB parameters of the carbon and oxygen
in Figure 3. atoms of the C@ molecule in the tetrakaidecahedral cage
Thea of the CQ clathrate hydrate is 0.0151 A smaller than (circles) and in the dodecahedron cage (triangle). Ehe
that of the Xe clathrate hydrate at 5 K. The difference inahe parameters of the atoms in the €@olecule are significantly
between the clathrate hydrates of £4nd Xe decreases with  |arger than those of the Xe atoms in the Xe clathrate hydrate
increasing temperature. From eqs 1 and 2, ahef the CQ (See Figure 4a). ThB values for the carbon and oxygen atoms
clathrate hydrate is equal to that of the Xe clathrate hydrate at of the CQ molecule in the dodecahedral cage are 2.86(19) and
225 K, and becomes larger than that of the Xe clathrate hydrate12.8(1.2) &, respectively, at 5 K. These can be converted into
above 225 K. The lattice constant of the clathrate hydrate vibrational amplitudes of 0.19 and 0.40 A, respectively. The
depends on the size of the guest molecule, when the guesismall vibrational amplitude for the carbon atom suggests that
molecule rotates isotropically in the cage. The Qfiblecule the carbon atom, on the average, is located at the center of the
rotates isotropically in the large cage at high temperature in dodecahedral cage. The large amplitude of the oxygen atom in
comparison with low temperatutéThe largest van der Waals  the dodecahedral cage may arise from the following: (1) the
diameters of C@ and Xe molecules are 4.7 and 4.4 A, CO, molecule rotates in the cage, and (2) the,Gfiblecule
respectively. Therefore, when the g@olecules rotate isotro-  also takes three other orientations (i.e., models (B), (C), and
pically in the cages, tha value of the CQclathrate hydrate is (D)) as metastable states. At high temperature, the large
larger than that of the Xe clathrate hydrate. At low temperature, amplitude of the thermal vibration is mainly due to mechanism

a=11.818+4.2451x 10 °T+2.1238x 10 ° T2 (2)

as shown by the solid line in Figure 3. Ikeda et%ahroposed
that the slope @dT) changes slightly around 100 K by the
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Figure 8. The B parameters of the atoms in the gOlathrate
(1), because the GOmolecule does freely rotate in the cage. hydrate: (a) the carbon and oxygen atoms in the @0lecules in the
The rotational motion of the COmolecule is frozen in the tetrakaidecahedral and the dodecahedral cages (circles and triangles,
surroundings of the frozen water molecules at low temperature. 'éSPectively); (b) the oxygen atoms in the host lattice; (c) the deuterium
Therefore, the large amplitude of the thermal vibration for the 2©°MS in the host lattice.
; g p

oxygen atom at low temperature is mainly due to mechanism Figure 8b shows th& parameters of the oxygen atoms of
(2). the water molecules in the GCclathrate hydrate. Thd3

The B parameters for the atoms in the £€@olecule in the parameters of the oxygen atoms in the Qathrate hydrate
tetrakaidecahedral cage are large in comparison with those inare significantly larger than those in the Xe clathrate hydrate
the dodecahedral cage. TBevalues for the carbon and oxygen (see Figure 4b), and the magnitude depends strongly on the site.
atoms of the C@molecule in the tetrakaidecahedral cage are TheB parameter of Qis large in comparison with those of,O
39.4(1.6) and 28.8(1.5) A respectively, at 5 K. These are and Q. The largeB parameter of Qis associated with the fact
equivalent to vibrational amplitudes of 0.71 and 0.60 A, thatthe CQ@molecule inside the tetrakaidecahedral cage rotates
respectively. The large vibrational amplitude for the carbon atom about the symmetry axis (i.e., thH&00Jaxis) of the cage,
suggests that the average position of the carbon atom may notecause the Care located around the rotational plane of the
be situated at the center of the cage, because the atomicCO, molecule. The smaB value of Q, which are also located
coordinates for the carbon atoms were fixed to the values ataround the rotational plane of the @@olecule inside the
the centers of the cages in our model for the structural tetrakaidecahedral cage, may be related to distance from the
refinement. The vibrational amplitude for the oxygen atom is rotating CQ molecule.
large over the whole temperature range, because the CO Figure 8c shows thB parameters of the deuterium atoms in
molecule in the tetrakaidecahedral cages rotates rapidly, evernthe CQ clathrate hydrate. ThB parameters of the deuterium
in the surroundings of the frozen water molecules at low atoms in the CQclathrate hydrate are significantly larger than
temperaturé? those in the Xe clathrate hydrate (see Figure 4c), and the
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