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The crystal structure of tetrahydrofuran deuterate, a clathrate hydrate, has been refined from neutron powder
diffraction data at five temperatures in the range2B5 K. The thermal expansivity was shown to be greater

than that of ice  in the same range of temperatui@,(as observed in previous studies of other clathrates.

The overall effect ofT has been resolved into contributions from different geometrical parameters in the
structure. Thus, an increaseTiresults in expansion of the host-lattice framework with increases in both the
D—D and G-0 distances and out-of-plane tilting of water molecules. The greatest dependéniseeshibited

by the D-D distances and the distortion of the hexagonal faces from planarity, which is particularly pronounced

in the range 75140 K. The cage volumes show a complex dependenck drom 7 to 140 K, the volume

of the small cage decreases slightly and that of the large cage increases, and between 140 and 205 K, the
trend is reversed. The most pronounced structural changes occur in a similar redirag cfianges in guest
dynamics observed in spectroscopic and thermodynamic studies. The temperature dependences of the structure
ando(T), when considered along with the relationoqfT) to the degree of anharmonicity in bondiffgzould

be formulated to provide a sensitive test of molecular models of clathrate hydrates.

Introduction For THFH, heat capacity,® enthalpies of dissociatiérand

In recent years’ Stud|es of natura' gas hydrates have beeﬁ(USIOI‘]? and thel’ma| Conductivi&/lohave been determlned and
motivated by their potential as an energy source and haveinterpreted in terms of cor?tributions dl_Je to either the host or
dominated research interests in the class of water-based inclusiothe€ THF molecules. In addition, dynamics of THFH have been
compounds known as clathrate hydrates. However, numerousstudied directly by dielectric relaxation measureménts and
experimental and theoretical studies of tetrahydrofuran (THF) infrared}* Raman®and NMR spectroscopié8?’ These studies
hydrate and other easily synthesized clathrate hydrates have als6e€vealed a distribution of relaxation times ascribed to the
yielded information regarding the crystal structures and guest disorder of the host water molecules and characterized the
host/guestguest interactions. THF hydrate (THFH)GO- orientational motion of guest molecules as hindered rotation that
nH,O (16 < n < 17), is a structure 1l (sll) clathrate hydrate Pecomes essentially free &t~ 100 K.
that contains a large guest molecule, THF, with a permanent In the present paper, we report Rietveld refinements of
dipole. Diffraction studies of THF and other hydrates have neutron powder diffraction data on undoped THFD over an
provided models of the host structure and descriptions of the extended temperature range; 265 K. From these data, we
orientational disorder of the guest molecules. The structure of derive the thermal expansivity(T), and describe the temper-
the THFH was first determined in 1958 by X-ray powder ature dependence of the host structure. The thermal expansivity
diffraction by von Stackelberg and Meuthemd later confirmed ~ of THFH, and clathrate hydrates in general, is of scientific
by Sargent and Calve#tA more detailed structural analysis of  interest in the elucidation of the effect of guest molecules on
THF—hydrogen sulfide (S) hydrate from X-ray diffraction the thermal expansivity. From a technological perspective, the
data was carried out by Mak and McMull&iBy means of a current interest in natural gas hydrates as potential sources of
Fourier difference synthesis, they observed a spherical shell ofénergy warrants a detailed, systematic study of the structural
electron density with a radius, of 1.1 A at the center of the ~ and thermophysical properties of clathrate hydrates over wide
large cage and assigned this to the THF molecule. In a moreranges of composition, temperature, and pressure.
recent neutron-diffraction study of potassium hydroxide-doped
THF deuterate (THFD) at 5 and 80 K, Yamamuro et'al. Experimental Section

determined the crystal symmetry to be tetragonal at 5 K. Sample Preparation and MeasurementsTHED was pre-

* To whom correspondence should be addressed. Presently at the Nationapared by mixing stoichiometric amounts of THF (Aldrich,
Institute of Standards and Technology, 100 Bureau Drive, Gaithersburg, 99.999%) and deuterium oxide (Aldrich, 99.999%) and im-
MD 20899. E-mail: ille.j ist.gov. o . S ’ :

t Oak Ridgemﬁgﬁoi?;}’L:gg?;?,r@;’_’"s gov mersing the mixture in liquid nitrogen. The frozen sample was

* Japan Atomic Energy Research Institute. crushed to a powder, transferred to a thin-walled vanadium can
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H13 TABLE 1: Internal Coordinates for the THF RB, Shown in
108° Figure 1@
H16 H15
CﬂY atom vector X y
H14p1§;o10—/ﬂf’—\c FH14 010 t 0 0.871 0
ez 2N t, 0 0 0
H15 H16 cl1 t 0.827 0.271 0
t 0 0 0
H13 C12 t 0.544 —0.679 0.1
Ir:ei%l;;?nlén?pproximate conformation of THF used for the rigid-body H13 E 8.827 %.271 00
’ to 0.827 0.271 0.93
(6 cm x 1.5 cm i.d.), sealed inside with an indium-gasketed H14 E 8‘25? 82;1 _0084
lid, an_d_stored in dry ice until the experiment. The sam_ple can  nHis t 0.544 —0.679 0.1
containing~8 g of powder was mounted on the cold tip of a t 0.544 —0.679 —0.1
closed-cycle He refrigerator and data were collected on the high- H16 ty 0.544 —0.679 0.1

resolution powder diffractometer (HRPD) on the JRR-3M t2 0 0 1
research reactor at the Japan Atomic Energy Research Institute athe magnitude of translation vectorty, is 1.24 A and; is 1.097
(JAERI) in Tokai, Japan. A wavelength of 1.1635 A, calibrated A. The coordinates were calculated from the following expressions:
with a Si standard, was used. Data were collected for approxi- 0.871= 1/(2 cos 54.99), 0.827= (sin 71.858)/(2 cos 54.9%), 0.271
mately 9 h each at 7, 75, 140, 205, and 265 K with 64 detectors = (cos 71.88)/(2 cos 54.98); 0.544 = (cos 51.3)/(2 cos 54.99);
accessing 5< 260 < 165, a step size of 0.05and a counting ~ —0-679= (sin 51.3)/(2 cos 54.93); —0.84 = 1.097(sin—50").

time of 600 s per step. The temperature of the sample was
measured with a silicon diode sensor at the top of the sample 4000 -
can. The temperature gradient across the sample~wvla. | ¢
Transmission was measured through a 30 mn? slit placed ¢¢
with and without the sample and CCR for the calculation of a
Debye-Scherrer absorption correctiéhA transmittance of 0.84
was obtained for the THFD sample in a vanadium can with a
packing density of 0.5 g cnd. This value corresponds to =
0.17, whereu is the linear absorption coefficient in crhand 1000 1
r is the inner radius of the can in cm. 1

Structure Refinement. Rietveld refinement was performed 0+
with the General Structure Analysis System (GSAS) suite of 10 15 20 25
programst? Neutron scattering lengthb, were those from the 2 §/degrees
_tabula_tlon of Sear§?_ R_eflnements were performed on total Figure 2. Low-angle region of diffractograms measured at (bottom
intensity vs 2. The initial crystal structure model for the sl totop) 7, 75, 140, 205, and 265 K. Reflections from isaie indicated
host lattice was taken from Mak and McMull&rThe initial by the arrows; the first reflection at17.5 is unresolved from the
atom coordinates differ from theirs by a translatieti/g, —/s, larger clathrate hydrate reflection at that location.

—1/g) to give setting 2 for the space gro@ol3m.

The coordinates of the THF guests were determined from
plots of observed Fourier (FOBS) and difference Fourier (DIFF)
maps. The THF molecule itself was modeled as a rigid body
(RB), and its geometry was based on the structure obtained from
a refinement of high-resolution neutron powder diffraction data
on deuterated THF at 5 K. The most stable conformation of
THF, shown in Figure 1, is a twist form witl®, symmetry.

3000 -

2000

Intensity

and librational,Lis,, displacement parameters were refined in
separate trials. When released, a constrained occupancy factor
on THF refined to unity within its estimated uncertainty,
consistent with previous studiés?425 and was later held
constant at unity. A second phaseice |h, was included in

the refinement. The structure models used for ice were those
of Peterson and Le¥§at 123 and 223 K; only lattice parameters

The internal coordinates for the RB are listed in Table 1. The V¢'® refined. Thoe .welght fraction OfOZD refined to values in
xy plane of the internal coordinate system was defined to the range 915%; a value of 12% was assigned at all
coincide with the C1+010-C12 plane of the THF molecule. temperatures.
For refinement, the RB was reoriented by performing the
rotation (x/4, 0, 37/4) so that theC, axis of THF was
perpendicular to a hexagonal face of the hexakaidecahedron. Thermal Expansivity. All of the observed reflections were
The initial orientation of the RB was taken from Davids8n, accounted for by THFD andf® ice |h. Small changes in both
who suggested that the O atom of THF is more easily the positions and intensities were observed in the diffraction
accommodated when oriented toward the center of a hexagonapatterns, shown in the low-angle region in Figure 2. Refined
face. lattice parameters for these two phases are listed in Table 2.
Refinement was performed on diffractometer zero, back- The lattice parameter of THFD, plotted in Figure 3, exhibits a
ground (a 12-term Chebyshev polynomial), peak profiles nonlinear dependence dn Because@(T) is defined in terms
(Gaussian with asymmetry), lattice parameters, atom positions,of a relative increase in molar volume and because the thermal
isotropic atomic displacement parametéigd), and an isotropic expansion of THFD is isotropic, it is appropriate to characterize
RB displacement parameter. Thig, values for host-lattice O  the temperature dependence of the lattice parameter by a relation
atoms were constrained to be identical; the same constraint waf the form
applied to all D atoms. The displacement parameter for the RB
was obtained by refinement of translational and librational 1002 = (T — TY/K] + (T — TO)/K]2 (1)
matrices in the TLS formalisi#® Isotropic translationalTiso, a,

Results



6028 J. Phys. Chem. B, Vol. 107, No. 25, 2003 Jones et al.

HF1

17.07 +——————————1—
0 50 100 150 200 250 300
TK

Figure 3. Temperature dependence of the lattice parameter for THFD.
The error bars are smaller than the symbols themselves. Lattice
parameters on THF hydrate obtained from the literature are also
plotted: ©) von Stackelberg and Meuther{d) Bertie and Jacob,
(») Sargent and Calvett.

Figure 4. Relative locations of HEX and DOH cages in the unit cell

TABLE 2: Lattice Parameters for THFD and Ice | h of THFD viewed along {0.992, —0.087, 0.087]. Atoms are as

THFD DO follows: O1, black; O2, dark gray; O3, light gray. Model drawn with
T(K) ad) ad) cA) ATOMS (Shape Software).
7 17.103(2) 4.490(1) 7.315(2) o 0T 094 AP0 o \ LL
75 17.109(1) 4.490(1) 7.315(2) o) Otar
140 17.150(1) 4.495(1) 7.319(3) 9iy® "0 o "
205 17.198(2) 4.501(1) 7.332(3) o '

265 17.262(1) 4.518(1) 7.347(3) e % 4 LY

whereT, is 7 K anda, = a(T,) = 17.103 A, which leads to a
linear dependence of(T) on the differenceT — T,. The .
adjustable parametecg, c;, and the correct temperature values O 0 _ 0 o
were estimated simultaneously by generalized least sq#fzi®es. ' o8 o
Assuming standard deviations of 0.002 AdahK for a(T) and oo
T, respectively, the parameter eStimateS@Fe _0'_454(0'329) Figure 5. FOBS map of the HEX cage of THFD @ K viewed along
andc; = 0.0163(0.002), and the combined weighted sum of ang centered atlg, ¥s, 3s). Contours are drawn at 6:20.0 fm. The
squared residuals for the fit was 192. The parameter estimatesuclear density from THF lies at the broken ring of density at the center
have large standard errors but are both statistically significant. and has a maximum contour of 0.8 fm. The inner lobes of the peanut-
In contrast, the use of conventional, unweighted least sqtrares shaped contours are O3, indicated by arrows in the accompanying
neglecting the uncertainty ifi—leads to a statistically insig- ~ drawing. The outer lobes are D7 or D8.
nificant estimate forc;. As shown in Figure 3, the assumed with a maximum residual density contour of 0.5 fm. The density
functional relationship reproduces the trend in the data, but thereat the guest positions is roughly an order of magnitude lower
are insufficient data to allow meaningful estimates to be made than that at the host-atom positions; given théd)/b(O) ~
of a, as a third adjustable parameter. 1.1, the map contour levels indicate that the D sites are half-
Estimates foro(T) were obtained by differentiation of the occupied. A FOBS map of a cross section through the HEX
integrated expression in eq 1 with respecttdor example, at cage, shown in Figure 5, contains a hexagonal array of density
100, 150, and 250 K, values fo(T) are 28.1(4)x 1075, 44.4- maxima corresponding to host atoms and a small broken ring
(6) x 1078 and 77.0(1.5)x 1076 K1, respectively. For  of positive nuclear density with= 1.5 A centered at3(s, ¥s,
comparison, the respective values &diT) reported for THFH 3/g). Similar FOBS and DIFF maps through the centers of DOH
by Davidson et at? are 36x 1076, 45 x 1076, and 61x 10°° cages show no evidence of nuclear density. The 15 density
K-1 and display a weaker linear dependence Tor\Values maxima in PF1 lie in a single plane across the entire temperature
obtained from dilatomet?) at the above temperatures are 28 range; atoms in PF2 are constrained by symmetry to lie in a
x 1076, 42 x 1075, and 62x 1076 K1, Lattice parameters for  plane. In FOBS maps of HF1, the D atoms are located slightly
ice refined in this study yield aa(T) of 11.5(4)x 1075, 20.5- above and below the plane of the ring of O atoms at 7 K;
(6) x 1078, and 30(1)x 10-% K~! along thec-axis at 100, 150, conversely, at 265 K, the average position of the D atoms lie
and 250 K, respectively. Refined lattice parameters fe©@D  in a plane and the O atoms lie out of this plane. Also,Tas
ice Ih are systematically lower (by 0.6D.02 A) than values increases, the density maxima of the D atoms decrease and the
reported by Rtiger et aP! density spreads out perpendicular to the hexagon and to a lesser
Clathrate Structures. Figure 4 shows the two types of cages extent in the plane of the hexagon.
and three types of faces found in the sll framework of THFD.  Atomic coordinates for THFD are listed in Table 3; the
The hexakaidecahedral (HEX) cage comprises hexagonal facesoordinates of the host atoms agree with those reported by Mak
(HF1) with O3 atoms as vertexes and pentagonal faces (PF1)and McMullan? In both their work and the present work, the
having one O2 atom and four O3 atoms as vertexes; its H atom at the general position on the hexagonal face (D9 in
pentagonal face is shared with the dodecahedral (DOH) cagesthis work) rests out of the plane, whereas the remaining atoms
A second type of pentagonal face (PF2), present only in the lie in the plane, that is, on or close to the polyhedron edges. As
DOH cage, has atoms GD3 as vertexes and is shared by two T increases, the average-O bond distance and-©0—0 bond
DOH cages. The nuclear scattering-length density (density) in angles remain constant. However, in general th61>-D bond
FOBS maps can be assigned to each type of cage and faceangle the BD-D and O-O distances increase; the BB8
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TABLE 3: Atom Parameters for the D,O Host Lattice and 1.20
THF Guest Molecules 1 O
atom X y z f symm multipl 1101
D,0 Host Lattice o 1.00 4
7K ~
o1 g Yg Y 1 3m 8 8 0] e
02 0.2196(9) 0.2196(9)  0.2196(9) 1 m3 32 8
03 0.1822(5) 0.1822(5) 0.3719(9) 1 m 96 2 ]
D4 0.1838(13) 0.1838(13) 0.1838(3) 0.5 m3 32 a 0.80
D5 0.1618(11) 0.1618(11) 0.1618(11) 0.5 m3 32 a 1
D6 0.2046(1)  0.2046(1)  0.2700(13) 0.5 m 96 0.70 +
D7 0.1969(12) 0.1960(12) 0.3133(14) 0.5 m 96 1&~ D4-D5
D8 0.1414(8)  0.1414(8)  0.3676(15) 0.5 m 96 0.60 +——— : : . r
D9 —0.1647(10) —0.0210(9) 0.1483(9) 0.5 1 192 0 50 100 150 200 250
75K TK
01 Y Yg g Figure 6. Temperature dependence of the-D distances. Open
02 0.2187(8)  0.2187(8)  0.2187(8) symbols are the corresponding distances in FHES hydrate®
03 0.1821(4)  0.1821(4)  0.3720(7)
D4 0.1859(11) 0.1859(11) 0.1859(11) 190
D5 0.1608(9)  0.1608(9)  0.1608(9)
D6 0.2051(9)  0.2051(9)  0.2689(11)
D7 0.1946(9) 0.1946(9) 0.3126(12) 180 4
D8 0.1421(7)  0.1421(7)  0.3687(12) R e
D9 —0.1624(8) —0.0230(8) 0.1471(8) e
140 K 2170
01 Yg g g 5
02 0.2186(8) 0.2186(8) 0.2186(8) [0}
03 0.1798(4)  0.1798(4)  0.3713(8) & 160 -
D4 0.1862(11) 0.1862(11) 0.1862(11) w
D5 0.1622(10) 0.1622(10) 0.1622(10)
D6 0.2069(9)  0.2069(9)  0.2690(12) oo
D7 0.1963(10) 0.1963(10) 0.3104(13)
D8 0.1417(7)  0.1417(7)  0.3702(13) 0 %0 100 }?OK 200 230 300
D9 -0.1685(9) —0.0197(8) 0.1417(7)
205 K Figure 7. Temperature dependence of the HI) &nd PF1 4) face-
o1 Yg Yy 1y bending angles.
02 0.2207(10) 0.2207(10)  0.2207(10)
03 0.1817(6)  0.1817(6)  0.3734(10) 166
D4 0.1862(14) 0.1862(14) 0.1862(14) . F 315
D5 0.1589(11) 0.1589(11) 0.1589(11) 164 4 I
D6 0.2041(12) 0.2041(12) 0.2718(14) L 311
D7 0.1971(13) 0.1971(13) 0.3168(15) 162 + I
D8 0.1424(9)  0.1424(9)  0.3669(15) o [P
D9 —0.1677(11) —0.0223(11) 0.1454(11) S 160 - 307 i;
265 K 8 1sq | L 303 £
o1 Yy g g > 158 s >
02 0.2213(9)  0.2213(9)  0.2213(9) 156 - L 299
03 0.1795(6)  0.1795(6)  0.3732(10) ] I
D4 0.1873(13) 0.1873(13) 0.1873(13) 154 L B PYN
D5 0.1579(10) 0.1579(10) 0.1579(10)
D6 0.2047(12) 0.2047(12) 0.2741(13) 0 50 100 150 200 250
D7 0.1982(11) 0.1982(11) 0.3229(14) TIK
D8 0.1425(9)  0.1425(9)  0.3626(15) ; ;
D9 —0.1710(10) —0.0233(10) 0.1465(10) E;g_ll_{re 8. Volumes of the small{) and large M) cages as a function
THF Guest
010 0.4198 3/g 0.3302 0.0833 m 96 TABLE 4: Atomic Displacement Parameters for D,O and
Cl1 0.4315 3g 0.4036 0.1667 m 96 Libration Parameters for the THF RB
C12 0.3681 3, 0.4379 0.0833 1 192
H13 0.4814 0.4348 04289 00833 1 192 T(K) Uso©O) (A) Uisd(D) (A) Liso (deg)
H14 0.4814 0.3210 0.4289 0.0833 1 192 7 0.0172(12) 0.0148(9) 312(60)
H15 0.3633 0.3686 0.4949 0.0833 1 192 75 0.0152(11) 0.0157(11) 266(49)
H16 0.3681 0.4393 0.4379 0.0833 1 19 140 0.0232(16) 0.0179(12) 309(44)
. . . _ ) 205 0.0303(22) 0.0274(18) 321(49)
distance remains relatively constant. The 2% intersite 265 0.0404(31) 0.0348(23) 336(50)

distance, plotted in Figure 6, and the distortion of the hexagonal

face showed the greatest sensitivity to changesT.inThe relationshipVyc = 16V + 8Vag where V. is the unit cell

hexagonal face exhibits a marked distortion from planarity at volume. From 7 to 140 KV, decreases slightly anif,g

~100 K, as plotted in Figure 7. increases. Between 140 and 205 K, the trend reversgs:
The volumes of the small and large cages as defined by theincreases dramatically ands decreases. This behavior is in

O-atom positions were computed with the program VINEI.  contrast to smooth increase . with T.

The volume of the small, 20-atom cagéd) was computed by The atomic displacement parameters of the host atoms are

decomposition of the cage volume into pentagonal pyramids listed in Table 4. Refinement of a sindlis, for both O and D

defined by PF1, PF2, and the cage center at (0, 0, 0). The volumehost atoms yielded results statistically indistinguishable from

of the large, 28-atom cag&/{s) was then calculated from the their separate refinement. The value W§, for O at 265 K,
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2500 | . as a function ofT, P, or the occupancy or type of guest may
] provide additional insight as to the nature of the guésist
interactions. The temperature dependences of the structure and
] o(T), when considered along with the relation @fT) to the
g 1000 1 p . degree of anharmonicity in bondiffjcould be formulated to
U e T R N e N Y YR TR T TX N provide a sensitive test of molecular models of clathrate
] hydrates.
e M I e MRS e e e The present results show(T) of THFD to be greater than
5 w0 15 20 B ) % 3 40 45 50 that of ice h in the same temperature range and of similar
_ _ 0 magnitude as that of the clathrate hydrates of,&QCH,,33
Figure 9. Refinement results for THFD at 265 K. and ethlyene oxid& Therefore, the present results cannot be
TABLE 5: Refinement Statistics for THED interpreted in terms of the theory that .the !argq size of THF
lowers the degree of anharmonicity of its vibrations and thus

TK WR, 2 vgr(i)ét?lfes lowers a(T) of its hydrate relative to that of hydrates with
smaller guestd’ However, the standard errors énpandc;, are
4 6.05 2.34 20 of the same order of magnitude as the parameters themselves.
113 g‘_gg %g gg To obta_in_goc_)d agreement, it was necessary to assume small
205 5.82 217 31 uncertainties ifT; parameter estimates and their standard errors
265 5.67 1.88 37 depend strongly on the uncertainty assumed for the temperature.

0.0404(31) &, is similar to the value, 0.044%Areported for ~ Conclusions

THF—H,S hydrate at 250256 K2 For the RB,Tis, refined The structure of THFD has been refined over the rang26b
alone orTis, and Liso refined simultaneously yielded unstable K, and its thermal expansion has been described. Although the
refinements, bulLis, refined alone gave stable refinements and thermal expansion is isotropic, the atomic configuration of the
improved the statistics. The magnitudelg§ refined to values host is sensive to changes in temperature. Thermal expansion
in the range 437639 deg over the entire temperature range; occurs with progressive distortion of the hexagonal faces in the
this range olis, corresponds to a rms angular displacement of HEX cages. The cage volumes show a complex dependence
20°—25°. The final refinement statistics are listed in Table 5, on temperature; from 7 to 140 Ky, decreases andl/»g

and a plot of the fit at 265 K is shown in Figure 9. increases, and from 140 to 205 K, the trend is reversed. The
results of this study concur with those of spectroscopic and
Discussion calorimetric studies that show changes withn the motions

. . . of the guest molecules. Careful attention during the collection
Although disorder in clathrate hydrates precludes precise ot o\yder diffraction data to control temperature, optimize

refinements of their crystal structures from constant-wavelength statistics, and minimize background and guest-atom scattering

powder diffraction data, quantitative estimates of temperature- 5y ajjow specific correlations between structural features and
dependent changes in the host-atom structures are possible angynamical properties to be identified.

generally support conclusions drawn from spectroscopic and
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