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CLATHRATE ICES- RECENT RESULTS* 

By D . W. DAVIDSON and J. A. RIPMEESTER 

(Division of Chemistry, National Research Council , Ottawa, Ontario KIA oR9, Canad a ) 

ABSTRACT. The last fi ve years have seen a n increas ing interes t in cla thra te ices as a result of the discovery 
of extensive deposits of natural gas hydrates in permafrost regions. Twenty-six new clathrate hydrates have 
been identified, mainly by NMR , includ ing a te tragonal hydra te of dimethyl e ther . N -buta ne and neopentane 
have been found to be encla thrated in natura l gas hyd ra tes, the fo rmer as a gauche conformer. As a result of 
their high symmetries, encaged Ileopentane, CF., SF6, and SeF 6 exhibi t a R esing apparent-phase-change 
effect in the tempera ture range of NMR line narrowing. There is increasing evidence tha t reori entational 
jumps of water molecules a re more frequent than trans lational jumps in clathrate ices. This is certa inly so 
for e thylene oxide-d. a nd tetrahydrofuran-ds h ydrates for which two regions of proton line narrowing and 
two TI p minima have b een observed. The reorientational motions of most gues t m olecules in structure Il 
h ydrates only becom e isotropic on a time scale long enough to p ermit the cage configura tions to be averaged 
to 43m symmetry by reorientation of the water molecules. T h e orientations of the water molecules rem a in 
disordered to the lowest tempera tures. 

R ESUME. Glaces de clathrate - resultats recellts. L ' interet croi ssant pour les glaces d e clathra tes au long 
d es cinq dernieres annees, a ete la consequence de la decouverte d e gisements importa nts d'hydra tes d e gaz 
naturel dans des regions a ux 50 15 geles d e fa<;on perma nente. V ingt six nouveaux h ydra tes sous form e d e 
clathrate ont ete identifies, principalem ent par RMN, notamment un hydrate te trago na l d e dimethyl eth er. 
11 a ete trouve du N-buta ne et du Il/iopentane contenus dans des clathrates d 'hydrates de gaz naturel, le 
premier dans sa conforma tion gauche. Du fait d e leurs grandes symetries, le neop entane, CF., SF6 et SeF6 
e n cages montre un effe t de changemen t d e phase apparent d e R esing da ns le doma ine d e temperature ou il 
y a affinement de leurs raies RMN. Ceci est une preuve d e plus que les mouvem ents d e reorientation d es 
molecules d'eau sont plus frequentes que les mouvements de translation dans les glaces de clathrates. 11 en 
es t certa inement a insi p our les hyd ra tes d e d. -oxyde d 'ethylene e t de dij-tetrahydrofura ne pour lesquels on 
observe deux affinements d e raies de protons e t deux minima TIp. Les mouvements d e reorientation d e la 
plupart des molecules encagees dans d es h ydrates de structure II ne deviennent iso tropes qu 'apres une 
duree suffisamment longue pour permettre aux configurations des cages d 'a tteindre en moyenne la sym etri e 
43m par reorienta tion d es molecules d 'eau . Les orientations des molecul es d 'eau restent desordonnees aux 
pi us basses temperatures. 

Z USAMM ENFASSUNG . Clathrateise - neuere Ergebnisse. Die le tz ten funf J ahre sah en e in steigendes Interesse 
an C lathrateisen a ls Folge der Entdeckung a usgedehnter Lager von Erdgashydra te n in Dauerfros tregionen . 
26 neue Cla thrathydrate wurden bes timmt, ha uptsachlich durch m agnetische K ernresonanz, einschliesslich 
e ines te tragonalcn H ydra ts von Dimethylath er . N -Butan und Neopenta n wurden a ls C lathra teinschluss in 
Erdgashydra ten gefu nden, das erste in e iner gauche-Form. Als Folge ihrcr h oh e n Symmetrien zeigen 
eingeschlossenes Neopenta n , C F. , SF6 und SeF 6 einen R esing-Sch einphasenubergangseffekt im T emperatur
bereich der N MR-Linienverschmalerung. Es zeigt sich in zunehmendem Masse, d ass in Clathrateis 
Umorientierungssprunge von Wassermolekulen haufiger sind a ls Tra nslationssprunge. Dies ist bes timmt d el' 
Fall bei Athylenoxid-d. - und Tctra hydrofuran-ds-Hydraten , fur d ie zwei Bcreich e der Protonenlinien
verschma lerun~ und zwei Ti p-Min ima beobach tet wurden: D.ie Umorientierungsbewegung der m eiste.n 
Gas tmolekule In H yd raten der Struktur II wlrd erst Iso trop m em em Zeltraum, d er la ng genug 1St, urn dIe 
K a figkonfiguration durch Umorientierung der Wassermolekiil e zur 43m-Symme trie a uszumitteln. Die 
Ausrichtungen del' VVassermolekule bleiben b is zu den ti efsten Temperaturen ungeordnet. 

SINCE gas hydrates WCl-e admitted to the last ice conference as legitimate forms of ice there 
has been substantia l progress in some areas of their study. T here is space here only for a brief 
survey. (For infra red results, see the paper by Othen and others ( 1978) in the present 
symposium.) 

NEW HYDRATES 

Twenty-six cla thrate hydrates (Table I ) have been identified since the publication of the 
last compila tion (Davidson, 1973) . With one exception, these are cubic forms of von 
Stackelberg's structure I or structure 11. The structure formed is primarily d e termined by the 
size of the hydrate-forming molecule a nd its ability to fit into the clathrate cages of the 
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appropriate structure (F ig. r ). All the new hydra tes (Ripmeester and Davidson, 1977) are 
formed by molecules too large to occupy the 12-hedral cages which occur in both structures 
and owe their stability to almost complete occupa ncy of the l4-hedra (structure I ) or 16-hedra 
(structure II ). Ethylene sulphide is of intermediate size and may form either structure under 
suitable conditions. 

T ABLE 1. NEW CLATHRATE HYDRATES (Ripmeester a nd D avidson, 1977) 

S02F2, Cl03F 
SeF6 
CCl. 
CF31 

Hy drate-.former 

CH 3CF3, CF3CF3 , CH 3CF2CH 3 
CH 3CH ClCH 3, cyclobutane, methyl cyclopropane 
CH 3CH O *, CH 3CH 2CHO* , (CH 3lzCH CH O 
CHPCH3 

1,4-d ioxane, 1,3-dioxane, isoxazole 
isothiazole 
C2H sSH, CH 3SCH 3 
ethylene sulphide 

Hy drate type 

I 
II 
II 
II 
II 
11 
II 
II 

tetragona l 
11 
II 
11 

Method of characterizationt 

N MR 
MR 

P- Tdiagram 
P- T diagram, N MR, dielectric 
NMR 
NMR, decomposition T 
dielectric, T- C diagra m 

} P- T diagram, N MR, d ielectric 

T-C diagram, N MR, dielectric 
T-C diagram 
NMR, decomposition T 

propylene sulphide, trimethylene sulphide, tetramethylene sulphide 

I 
11 
II 

} NMR, decomposition T 

NMR, decomposition T 

* Forms a n unstable hydra te. 
t Dielectric m eans dielectric r elaxation of the gues t molecule, NMR 'H or '9F spectra of the D 20 clathra te, 

decomposition T , measurement of a n H 20 cla thrate decomposition temperature which lies a bove o°C, P- T and 
T --C diagrams, phase diagrams defining the hydrate stability conditions from pressure- tempera ture or tempera
ture-composition (thermal ana lysis) m easurements . 

STRUCTURE I 

14- HEDRON 

12-HEDRON 

STRUCTURE II 

o 
5A 

16 - HEDRON 

Fig. I. Polyhedral cages of water molecules in clathrate ices of structures I and II. Circles represent oxygen atoms and lines the 
hy drogen bonds between them. 
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C L AT HR ATE I CES-RECENT R ESU L TS 35 

T he structure II aldehyde hydrates are unstable, presuma bly because of the gradual 
conversion of a ldehyde in to gem-diol: R CHO + H 20 --+ R CH (OH)2 (Davidson a nd others, 
1976). E tha nal a nd propana l were once though t (Cohen and va n der Horst, 1938) to promote 
the formation of an unstable cubic form of ice (" ice VIII ") in aqueous solutions. As in the 
case of aceton e, this particula r " ice VIII " is a cla thra te ice. 

Of particular interest is the low-tempera ture hydrate formed by dimethyl e ther (Miller 
a nd others, 1977) . T his appears to be a tetragonal clathra te in which the ether molecules 
occupy 15-hedra l (Fig. 2) as well as 14-hedra l cages. T he size a nd shape requirem ents for 
molecules to form this structu re are so severe that the only oth er known example is bromine 
hydrate. * In contrast, 38 m olecules are now known to form structure I hydrates and 55 
molecules structure 11. 

o 
1----5 A -----1 

-y 

Fig. 2. D imethy l ether encaged in the I 4- and 15-hedron of the tetragonal structure. T he ether molecule is represented by the 
van der W ools outlines of the oxygen atom and rotating methy l groups. 

* A recen t report (Dyadin a nd Aladko, 1977) of the existence of four high hydrates ofBrz is open to question. 

https://www.cambridge.org/core/terms. https://doi.org/10.1017/S0022143000033281
Downloaded from https://www.cambridge.org/core. IP address: 80.82.77.83, on 21 Sep 2017 at 13:26:08, subject to the Cambridge Core terms of use, available at

https://www.cambridge.org/core/terms
https://doi.org/10.1017/S0022143000033281
https://www.cambridge.org/core


JOURNAL OF GLAC IOLOGY 

D EUTERON Q.UADRUPOLE COUPLING CONSTANTS 

The quadrupole coupling constants of the structure 11 D 20 hydrates of p-dioxane 
(e2 qQ/h = 217 kHz, T) = 0.10 at 63 K (Ripmeester, 1977)) and tetrahydrofuran (215 kHz, 
0. 1 I at 37 K ) are very nearly the same as for hexagonal ice (213.2 kHz, 0.100 for D in OD 
bonds parallel to c-axis, 2 I 6.4 kHz for remaining D 's, at 263 K (Waldstein and others, 1964) ; 
213.4 kHz, o. 112 for polycrystalline ice at 77 K (Edmonds a nd MacKay, 1975)) . According 
to this sensitive electric field-gradient criterion, the hydrogen-bonded OD bond lengths in the 
D 20 lattices of ice Ih and structure 11 are thus practically identical. 

THERMODYNAMIC PROPERTIES 

The degree of validity of the assumptions on which the ideal solid-solution thermodynamic 
theory of clathrate ices is based (van der Waals and Platteeuw, 1959) has proven difficult to 
define. The fundamental result tha t the J.L-potential of water in the hydrate is related to the 
degree of occupany (}i of the cages by 

J.Lh = J.Lho + k T L Vi In ( I - (}t ), ( I ) 
i = 1, 2 

where i distinguishes small and large cages, and Vi is the number of cages of type i per lattice 
water molecule, does not uniquely define the composition of hydra te in equilibrium with ice 
(J.Lh = J.Li ce) if both (), and (Jz are finite, as is common for structure I hydrates. For simple 
structure II hydrates only the large 16-hedral cages are occupied and the composition is fixed 
by 

H ere, however, (}L is so near to I that no composition has yet been measured with suffic ient 
accuracy to yield a reliable value of tlJ.L = J.Lice-J.Lho (Gough and Davidson, 1971 ). Dyadin 
and others (1976) have used this a ppa rent stoichiometry to argue that these hydrates are not 
solid solu tions. In their view the results of Glew and Rath (1966), which clearly defined a 
change in compositio n of the structure I hydrate of ethylene oxide with the activity of 
ethylene oxide in the aqueous solution from which it was prepared, may be a ttributed to 
complete occupancy of the l4-hedra together with variable occupancy of the 12-hedra. This 
position is not supported by the compositions of such structure I hydrates as those of cyclo
propane, CH2ClF, and CH 3Br, a ll of which correspond to less than complete occupancy of 
the I 4-hedra even if the I 2-hedra are empty. Nor does there appear to be a ny thermodynamic 
reason why stability should depend on the degree of occupancy of large and small cages in a 
qua litatively different way. 

Carbonnel, R osso, and collabora tors (K aloustian and others, 1976, and references given 
there) found that the hydrates formed by the relatively large molecules of m- and p-dioxane, 
isoxazole, isothiazole, CH2Clz, CH CI3 , and CCl4 are structure 11 hydra tes with only ha lf the 
16-hedra occupied. This contention, which would confound the solid-solution model, is not 
supported by composition data obtained by other workers (for summary, see Davidson a nd 
others, 1977[b] ). 

Some progress has been made in the calculation of the partition functions of encaged 
molecules. These de termine the Langmuir constants which in the solid-solution model relate 
the degree of cage occupancy to the pressure of the en cageable gas. Parrish and Prausnitz 
(1972) assumed a Kihara spherical-core potential function for the interaction between gu est 
and cage water molecules, the latter being treated as a spherical continuum. The rotational 
part of the partition function was thus taken to be the same as for the gas. This method was 
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applied to the calculation of the stability conditions of mixed hydrates, the potential para
meters being fitted to the dissociation pressures of hydra tes of single encageable components. 
Ng and Robinson (1976) obtained improved dissociation pressures of hydrates of binary gases 
by multiplying 6.fL in the Prausnitz- Parrish method by the factor I + 3(ex - I ) Y/-2 (a- I) YI 3 

where ex is a constant of the order of unity for a given binary pair andYI is the mole fraction of 
the more volatile component of the gas. This empirical correction factor, although " to be 
used only for gas mixtures", is greatest atYI = I, which suggests that the d eparture of ex from I 

in large part merely measures experimental inconsistencies between dissociation pressures 
measured for hydrates of the single- and two-component gases. 

Tester and others (1972) employed pair-wise interaction potentials b etween the g uest 
molecule and individual (isotropic) water molecules. They used Monte Carlo techniques of 
sampling these interactions at many positions and orientations of the guest molecules. A non
spherical hard-core Kihara potential was found suitable for the structure I hydrates of N z, O 2 

and CO 2 • Again the adequacy of the model could not be independently estimated because the 
experimental dissociation pressures were used to fix the Kihara interaction parameters. 

It appears that substantial progress in testing the statistical thermodynamic theory will 
require more accurate knowledge of compositions and heats of encagement. There have been 
no proper calorimetric measurements. 

MOTION OF THE WATER MOLECULES 

The reorientation of water molecules has been studied dielectrically in a considerable 
number of clathrate hydrates (Table II ). For structure II hydrates the characteristic dielectric 
behaviour (e.g. Fig . 3) is now well established. The static permittivity is given by 
EO = E0 2 + 14 goo/T, where E02 (= E ooI) is the permittivity measured (or calculated) to the 

TABLE II. R EORIENTATION OF WATER MOLECULES I N CLATHRATE HYDRATES 

'To at 233.2 K EA EA I-' 
f.Ls kcal/mol kJ /mol debyea 

Structure II 

SF6 780.0 12·3 51 0 
1,3-dioxolane 5·4 8·7 36 1.47 
1,4-dioxane 4.6 9. 1 38 0 
propylene oxide 2.0 8.0 33 2.00 
1,3-dioxane 1.7 7·7 32 2.06 
2,5-dihydrofura n 1.5 7·5 31 1.54 
telrahydrofuran 1.0 7·4 31 1.63 
isoxazole 0 .88 7. 1 30 2.90 
dimethyl ether 0.78 6.8 28 1.3 I 
acetone 0·57 6·5 27 2.88 
cyclobutanone 0·49 6·5 27 2.89 
trimethylene oxide 0.48 7.0 29 1.93 

Structure I 

xenon 330 0 
cyclopropane 310 11.4 48 0 
nitrogen 180(1200b) 0 
argon 96 (2000b) b 0 
methyl chloride 10·5<1 44<1 1.87 
ethylene oxide 0·33 7·7 32 1.90 
trimethylene oxide 0.03e 5.8 24 1.93 

T etragonal structure 

dimethyl ether 0.087e 5·9 25 I. 31 

a dipole m oment of guest. 
1) extrapolated from higher temperatures. 
e extrapolated from lower temperatures. 
d from slope o f T, versus 1/ T. 
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25 

10 

9k 30 

Fig. 3. Cole- Cole plot of the complex permittivity oJ p -dioxolle hydrate ill the water-molecule relaxation regioll . 

high-frequency side of the water-dispersion region. The shape of the complex permittivity 
locus may b e described within experimental error in terms of two discrete relaxation processes, 
the slower (by a factor of a bout two near - 60°C) contributing about twice as much to the 
permittivity as the fas ter. The "mean" reorientation times T O (given in Table II as reciprocals 
of the angular frequencies of maximum dielectri c a bsorption) are quite sensitive to the nature 
of the encaged molecule. Thus for non-pola r guest molecules like SF6 and X e the water
molecule reorienta tion times and activation energies are not much smaller than those of ice Ih 
( TO = 1420 [Ls at - 40°C, EA = 13.3 kcalJmol = 56 kJJmol) , whereas for gu est molecules 
which are ethers or ketones the reorienta tion times are three or four orders of magnitude 
smaller and the activation energies as little as half as great. J t is natura l to imagine tha t 
oxygen-bearing molecules a re able to inj ect Bjerrum defec ts of the L type into the la ttice 
through formation of occasiona l hydrogen bonds with water molecules of the cage. Indeed , 
one can make some sense of the order of the relaxation times of the structure II hydrates on the 
basis of the geometric a bility of oxygen atoms in the guest molecules to approach a nd hydrogen
bond with cage water molecules . 

It is well known that the intrinsic relaxation of ice Ih at temperatures of - 40°C a nd below 
is difficult to m easure because of the catalysing effects of impurities and lattice imperfections 
such as intercrystalline interfaces on the r elaxation ra te. The experimental problem is 
accentuated for those clathrate ices whose intrinsic relaxation is slow by the difficulty in 
growing good crystals in a sys tem in which the hydrate-forming component is only sparingly 
soluble. Such h ydrates a re normally prepared in polycrys talline form from finely powdered 
ice or by vigorous agitation and pressed into discs for dielectric study. Such samples a re 
adequate for study of the motion of the encaged molecules but not, in many cases, for study of 
the slow relaxa tion of the water lattice : the results tend to be variable and the dielectri c 
a bsorption to be broad . Nevertheless it is possible to infer that for the halogena ted hydro
carbon hydrates which have been measured, the reorienta tion rates at - 40°C are within 
about an order of magnitude of the reorientation rate in ice Ih and therefore that these guest 
speCles are much less effective than ethers in promoting orientational relaxation of the 
lattice. 
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The first information about the translational diffusion of wa ter molecules in clathra tes 
has been revealed by recent N MR studies. The second moment of the proton absorption line 
of the hydrate of perdeutera ted ethylene oxide (Fig . 4) shows two distinct regions of line 
narrowing (G arg and others, 1977) . Tha t at lower tempera ture is associa ted with r eorienta
tion of the wa ter molecules since it starts close to the temperature (indicated by the a rrow) 

4 0r-----.----------,,----------.----------.-----~ 

N 
-;;:; 3 0 
en 
:::J 

4 2 K 

/ 
D~------------.-• 

• •• • 

o 0 0 
2 
"
I
Z 

~ 2 0 
o 
~ 

o 
z 
o 
u 
w 
(f) 10 

XENON 
• • 

OL-___ L-________ L-________ ~ ________ ~_~D 

150 200 250 

Fig. 4. Proton second moments (mean-square widths if the proton N MR lines ) of a IIUlnber if structure I hy drates. 

0.4 ,------ ------------------------, 

o HI; II G 

o HI = 5.5 G 

0 .3 

0.2 

T/K 

200 

Fig. 5. Proton spin- lattice relaxation times in the rotating frame of ethy lene oxide-d, hy drate. HI is the amplitude rif the radio
frequency magnetic field. 
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where the dielectric relaxation time is IQ- 4 s, a rate just sufficient to cause line narrowing. 
T he second narrowing process, which is centred at 260 K and which ultimately reduces the 
second moment to zero, is diffusion of the water molecules. Spin-lattice relaxation time 
measurements in the rotating frame (T[ p) of the same hydrate (Fig. 5) show two minima 
corresponding to the same two motional processes (Ripmeester, 1976) . Analysis of these 
data, as well as of similar data for the structure Il hydra te of tetrahydrofuran-ds (Garg and 
others, 1974), yields the parameters given in Table Ill , where the diffusiona l activation 
parameters are of limited accuracy. For these two hydrates there is no doub t that diffusion of 
water molecules is considerably slower than reorientation, the reverse of the case in ice Ih . 

TABLE Ill. REOR [ ENTATIONAL AND TRANSLATIONAL CORRELA TION T [ MES OF WATER MOLECULES FROM TI p 

MEASUREMENTS 

C,D.O·7H 2 0 
Reorientation 

"c, 233.2 K, fLS 0·4 [" 
"c, 273.2 K, fLS 0.03 [" 
Activa tion energy: 

kcal /mole 8·[5 
kJ /mole 34· [ 

a most probable " c of a distribution. 
b from dielectric m easurements, 

Translation 

240 
5·4 

[2 
50 

C.DsO· [7H,O 
ReoriclZtation Trallslation 

0.82" 25 
0.084" 0·57 

7. 2 [ 2 

30 50 

c from TI p measure m ents of We it ha se a nd others ([97[ ) . 

Ice Ih 
Reorientatioll b TrallslationC 

[ 420 220 
2[ 2·7 

[3.2 5 [3·9 
55·7 58. [ 

For other clathrate hydrates, the onset of narrowing of the proton resonance line for the 
water molecule correlates quite well with reorientatio n, even when this is rela tively slow (e.g. 
type I Xe and cyclopropane hydrates (Fig. 4) and type II SF6 hydra te (Majid a nd others, 
1968)) . In these latter cases diffusion is almost certainly slower than in hexagonal ice in which 
diffusion appears to occur via a lattice-vacancy (Schottky-defect) mechanism. If this is also 
the dominant m echa nism in clathrate ices it is rather surprising that the slightly weaker 
hydrogen bonding and the presence of unoccupied cages do not promote faster diffusion. The 
effect of the guest molecule on the diffusion rate appears to be less than on reorientation . No 
direct measurements of diffusion coeffi cients have been reported . 

R EORIENTATION OF GUEST MOLECULES 

Much information has now accumulated from NMR and dielec tric studies of the re
orientational motions of individua l enclathrated molecules (Davidson, 1973; Coug h and 
others, 1973, 1975; Carg and others, 1974, 1975; Davidson and others, 1977 [b] ). Since these 
are perhaps of limited interest to those primarily concerned with ice, we mention here only 
certain features connected with the disorder of the water lattices. 

The reorientation rates of guest molecul es a re exceptionally fast for molecules in the solid 
state . Another characteristic feature is the presence of extremely broad distributions of Nl\'1R 
correla tion times and dielectric relaxation times. T hese generally reflect the occurrence 0f 
severa l preferred orien tations of different energy in individual cages as well as differences in 
these preferred orientations in differ ent cages. 

Although the second moments of the lH or 19F resonance lines of D zO hydra tes of gues t 
molecules containing these nuclei first begin to fall , as expected, a t temperatures near to those 
a t which the IQ kHz dielectric loss is m aximum, the fall in second moment in the great m ajority 
of cases extends over a very wide range of temperature to above 200 K , where the second 
moment frequently is still larger than that calculated for isotropic r eorienta tion of the guest 
molecules. Some examples of this residual motional anisotropy will be shown below (cf. 
F ig. 8). The only exceptions which h ave been found to this behaviour involve guest molecules 
of cubic point-group symmetries. 
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Figure 6 shows the proton second m oment of neopentane (2,2-dimethyl propa ne), a tetra
hedra l molecule, in the 16-hedra l cages of the D zS- D zO double hydra te. There is a broad 
region of line narrowing centred a t 24 K. By about 50 K the second m oment has reached the 
value expected fo r iso tropic reorientation (0.26 GZ) a nd remains unc ha nged to 200 K . Be tween 
a bou t 6 and 50 K the resonance line (cr. Fig. 7) consists of a superposition of the broad, 
structured, low-temperature component and a na rrow component 1.2 G wide, the second 
inc reasing in intensity with rise of tempera ture until it is the only component observed . T his 
is a n example of the R esing a ppa rent-phase-change effec t associa ted with a very broad distribu
tion of correla tion times (Resing, 1965). I n effect, a t a tempera ture within the tra nsition 
region , practically a ll the correla tion times lie in the ranges lying a bove and below the 
correla tion times which give com ponents of intermedia te shape. 
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Fig. 6. T emperature dependence of the /)TotOIl second moment of neopentalle-DzS double deuterohydrate. 

To understand why molecules of neopentane a ppear to be rota ting iso tropically o r no t at 
a ll , it is sufficient only to consider the tetrahedra l symmetry of this m olecule. Since the 
ro ta tional symmetry number is 12, a ny rotationa l process which excha nges the 12 energeti
cally indistinguishable orienta tions of the molecule a t any site in the cage sufficiently fast 
averages the directions of the internuclear magne tic fields in the m olecule to zero. It is 
imma teria l how m a ny distinguisha ble preferred sites in the cage a re po pulated : one will suffice. 
T he distribu tion of co rrela tion times in this case resul ts from wide differences in the correlation 
times in different cages. T his in turn can only be due to the orienta tio na l disorder of the water 
m olecules which constitute the cages a nd to a dependence ofreorien tation rate on the p ositions 
of the hydrogen a tom s in the hydrogen bonds. 

T he tempera ture d ependence of the second mom ent of en caged neopen tane may be repre
sented , wi thin the experimenta l accuracy, by correla tion times T e = IO- IZ exp (E AJR T ) 
with a Gaussian distribution of activa tion energies G(EA) = 7T- IA - 1 exp - [ (Em - E A )JA)2 
abou t a mean value Em (Garg and o thers, 1975). 

T he curve drawn for neopentane in Figure 6 was d erived from the pa rameters g iven in 
Table IV, which includes corresponding va lues for other guest molecules of tetrahedra l (CF4) 

a nd octa hedral symmetry (SF 6, SeF 6) . These also show the Resing e ffec t clearly, a lo ng with 
isotropic second m om ents a t tempera tures above the transition. There is nothing unique 
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Fig. 7. Protoll NMR line shapes of neopentane-D 2 S deuterohydrate at a Ilumber of temperatures. 

TABLE IV. REORIENTATIONAL CORRELATION TIME PARAMETERS DERIVED FROM THE R ESING EFFECT)N=HYDRATES 
OF SYMMETRICAL MOLECULES 

Guest Symmetry Nucleus observed Structure, lattice Tt* Em Em A A 
K cal /mol kJ /mol cal /mol kJ Jmol 

CF4 43m( Td ) 19F I , D2 0 & H 2 O 1 I. I 360 1.50 112 0·47 
SF6 m3m (Oh) 19F II, D2 0 & H 2 O 6·4 207 0.87 106 0·44 
SeF6 m3 112 19F II, D,O 7-7 253 1.06 105 0·44 
(C H J).C 43m IH II , D2 0 23·5 743 3. 10 280 1.'7 

* Temperature at which the second moment is half its rigid-latti ce value. 

about a log-normal representation of the distribution of correlation times, which was chosen 
for its simplicity. However, the values of A provide some idea of the relatively large spreads 
of the energies with which the molecules are held in preferred orientations in different cages. 

For less symmetrical guests, second moments appreciably exceed the isotropic values to 
above 200 K . For the four structure II deuterohydrates of Figure 8, for example, the isotropic 
second moments are 0.1 4 to 0.16 Gz (Gough and others, 1977). The case ofSF6 has already 
been considered. The second moments of the other three molecules fall to their isotropic values 
rather abruptly at temperatures between 180 and 220 K . This is the temperature range where 
the reorientation rate of the DzO molecules becomes fast enough to average out the local 
fields of the deuterons, but the direct effect of this on the proton second moment is much too 
small ( ~0.02 GZ) to account for the observed changes. The major effect is an indirect one 
due to change in the effective symmetry of the 16-hedral cage. 
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T he X-ray crysta llographic symmetry of the l6-hedral cage is 43m. This is of course a 
sp ace, a nd, a t rela tively high temperatures, a time average over the disordered orienta tions 
of the water molecules. T he drop in second m om ent to the value expected for isotropic 
rotation is due to the rapid reorienta tion of gues t m olecules in cages which themselves are 
cha nging their configurations rapidly enough (> 100 kHz) at 2 2 0 K , as a result ofreorienta
tion of D zO molecu les, to realize the fu ll time-averaged tetrahedra l symmetry. About half 
the rem aining second moment a t this temperature is contributed b y interactions with the 
deuterons of the D zO lat tice. T he disa ppearance of th is contribution as self-diffusion of D zO 
m olecules become sufficiently fas t m ay be recognized a t tempera tures near 250 K. 

T he effect of time-averaging of the cage symmetry is particu la rly well ill ustra ted by the 
deuteron resona nce spectra of deuterated guest m olecules in H 2 0 c1a thra tes. F igure 9 

o ETHYLENE OXIDE-d 4 
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15 
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100 15 0 2 00 250 

Fig 9. Effective deuterium quadrupole splitt ing f requencies (as <a2 ) ' the r. 1I1 .s. deuterium. resonance line width ill f requency 
ull its) oJ ethylene oxide-d. and tetrahy drofuran-ds hydrates. 
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illustrates the deu teron line widths of the structure I h ydrate of ethylene oxide-d4 (Ripmeester, 
1976) and the structure II hydrate of tetrahydrofuran-ds. The width parameter plotted was 
derived from the widths of quadrupole echo signals at some temperatures and from the free 
induction decay curves at others . It represents m ainly the root-mean-square value of the 
de uteron splitting frequency as represented by f(3e2qQ /4h», the direction of the principal 
component of the quadrupole coupling tensor (assumed to have cylindrical symmetry) being 
averaged over the reorientational motion of the molecule containing it. It is seen that for 
ethylene oxide-d4 the quadrupolar broadening is reduced in the temperature region where 
averaging over cage configurations occurs, but is still some kHz in magnitude after this 
averaging is complete. The average symmetry of 14-hedral cages is 42m. In the tetrahedrally 
symmetric 16-hedra l cages, on the other hand, the width of the tetrahydrofuran-ds d euteron 
resonance is less than 100 Hz at the highest temperatures and may be attributed entirely to 
intermolecular dipolar broadening. 
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Fig. 10. Low-temperature dielectric absorption in p-dioxalle hydrate. 

14 0 

p-dioxane exists exclusively in the non-dipolar chair form at low temperatures. Neverthe
less the hydrate of this molecule shows measurable dielectric absorption and dispersion (Fig. 
10) which, from the corresponden ce with the value of the nuclear relaxation time T, deter
mined by NMR , is associated with r eorientation of the dioxa ne molecule (Cough and others, 
1975) ' The charge distribution in p-dioxane is roughly representable by the opposed dipoles 
associated with the two C-O- C groups. The magnitude of the dielectric absorption, that of 
an apparent molecular dipole moment of about 0.2 de bye, may b e satisfactorily accounted for 
by the sum of the dipole moments induced in the 28 water molecules of the 16-hedral cage 
by the two ether-group moments. 
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ORIENTATIONAL DISORDER OF THE WATER MOLECULES 

The degree to which the configurational disorder of the water lattices of clathrate ices a pproaches completeness (the half-hydrogen model) is uncertain. The recent n eutron diffraction study by Hollander and ] effrey (1977) of ethylene oxide deuterohydrate at 80 K, whi le giving for the eight distinct D - O- D angles at the three crystallographically distinct water-molecule sites average values ranging from 107.4 to 115.0°, gave no evidence of departure from the half-hydrogen assumption. The observation of narrow distributions of dielectric relaxation times for the water molecules in hydrates of both structures does not distinguish between differences in the stability of different orientations at individual sites and differences between water molecules a t different sites. In both lattices it is possible to account for the distribution by differences in the rate of diffusion of Bjerrum defects a long different paths in the lattice. 
Even completely disordered la ttices will have r esidual configurational entropies somewhat sm a ller than those of ice Ih because of the increased correlations imposed by the presence of five-membered rings of water molecules. These outnumber six-membered rings by 8 : 1 in structure I and 9 : I in structure II. 

STRUCTURAL PROPE R T IES OF ENCAGED MOLECULES 

C lathrate ices may be used to advantage in various matrix-isolation studies. In particular, low-temperature NMR studies of guest molecules enclathrated in D 20 yield quite wellresolved rigid-latti ce line shapes characteristic of the arrangement of magnetic nuclei (e.g. IH , 19F) in the guest molecul es . In a hitherto largely neglected method of studying molecular geometry, powder-averaged spectra are being calculated for guest molecules containing up to eight magnetic nuclei. It has been established , for example, that I ,2-dichloroetha ne is encaged in a gauche configuration (unpublished work by S. K. Garg and J. A. Ripmees ter) . This method has proved particularly useful in pl'Oviding good line shapes for the study of methyl group tunnelling at low temperatures (cr. for example, the 2.4 K spectrum of Figure 7). Encageable CH3-containing molecules cover most of the ra nge of line shapes between the fast and slow tunnelling limits. In some cases (e.g. CH 3CD 2Br), interactions between the m ethyl group and the cage lead to distributions of tunnelling frequencies a nd to a kind of R esing effec t which again a rises from disorder of the water molecules. 

NATU R AL GAS HYDRATES 

It is now quite certain that clathrate ices of natura l gas occur in substantial quantities at rela tively shallow d epths below the Earth 's surface in northern areas which roughly coincide with the presence of permafrost (Makogon, 1974; Bily a nd Dick, 1974) . Clathrate ices thus become the onl y polymorphs of ice in addition to ordinary hexagona l ice known to exist in Nature. 
As m uch as 1.5 X [0 13 standard m 3 of natural gas in hydrate form in the Soviet Union has been estimated (Chersky and M a kogon, [970). This value may h ave been som ewhat exaggera ted because of failure to recognize the ex istence of natura l gas hydrates of two structures, of which only the form (structure I ) with the narrower stabi li ty range is likely to prove an important reservoir of gas. (The presence o f propane and isobutane promotes the stab ler structure II. ) F or Canada, present estimates , based on the conservative use of the stability conditions of structure I m ethane hydrate, are ~ [0" m3 fOI- the Mackenzie Delta region , with furth er appreciable quantities anticipated for the Arctic Archipelago a nd adjacent seas. 
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There is considera ble evidence tha t natural gas hydrates also occur in the sedimentary 

deposits on the ocean floor, a lthough it is cer tainly premature to conclude (T rofimuk and 

others, 1975) tha t they occur almost everywhere where there are such sedimentary accumula

tion in amounts w hich , in toto, conta in much more gas than the world's supply of conventional 

gas . 
Natural gas h ydra tes have a lso assumed a new importance because of the hazards their 

presence may present. A number of blow-outs of va rying severi ty have occurred in both the 

Soviet Union and Canada during the drilling of hydrate-bearing sands. 

Although the general nature of m any of the physical properties of natural-gas hydra tes 

m ay be predicted from their structures, there have been few actual m easurements of properties 

other than those rela ted to their thermodynamic sta bility. A study of the dielectric a nd NMR 

ch aracteristics of the hydrates formed by the m aj or componen ts of natural gas h as recently 

been undertaken (Davidson and others, 1977 [a] ) . 

Dielectric a bsorption from reorienting guests in the structure I hydrates formed by 

methane and ethane does not occur. The dipole moments of propane and isobuta ne in 

structure II are, however, large enough ( ~O .I debye) to give rise to finite absorption (Fig. 11 ), 
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Fig. 11. Dielectric absorption and dispersion in propane and isobutane hydrates. 
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as is that of n-butane (Fig . 12). T he la tter does not form a sta ble hydra te by itself, but does 
so in the presence of H 2S or CH 4 which sta bilize the structure 11 la ttice b y occupying some 
of the sma ll ( I 2-hedra l) cages. T he rise in loss to a peak below 2 K in Figure 12 arises fro m 
very ra pid reorientation of H 2S molecules, as is shown by independen t m easurements of H 2 S 
hydra te itself. Although the non-dipola r trans form of n-buta ne is the sta bler form in the gas, 
it is clear from the presence of dielectric a bsorption and size considerations that n-buta ne is 
encaged as a gauche isom er. 

4 0 50 6 0 

Fig. 1 2. Dielectric absorption and dispersion in n-butane-H2S double hy drate. 

PROPANE 
117 K 10 G 

Fig. 13. Proton N MR line shapes of propane and isobutal/e hy drates. 
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The N MR spectra of hydra tes of metha ne, e thane, propane, and isobutane show that the 
presence of a natural gas H 2 0 hydrate may be recognized by the superposition of a relatively 
narrow line (3 to 4 G wide) on a broad line from the water lattice, a t all temperatures between 
about 50 and 200 K (cr. Fig. 13). The narrow line due to methane persists to b elow 2 K while 
the lines from ethane in structure I and propa n e and isobutane in structure II broaden at low 
temperatures, reaching half their rigid-lattice second moments at T j = 36, 17, and 37 K, 
respectively, in the D 2 0 hydrates. The observation of sp ectra (cf. Fig. 7) clearly due to 
neopentane present in the D 2 S double deuterohydrate is the first evidence tha t neopentane is 
enclathra ted a nd therefore contributes to the stability of natural gas hydra tes of structure II. 
The relatively low Tt of neopentane (Table IV) again reflects its high symmetry. 
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DISCUSSION 

G. NOLL: What kind of interac tion have you assumed for the calcula tion of the correlation 
times of reorienta tion and diffusion derived from TI p? 

D . W. D AVIDSON: The interac tions assumed were the magnetic dipole interactions. Part of 
I I I 

these interactions contributes to each TIp process in -T = T ( . ) + T (d'ff) and 
Ip Ip reon ent Ip 1 

the reorienta tional contribution was assumed to correspond to a distribution of correlation 
times (see Garg and others, 1974; Ripmeester, 1976). 

] . B ERTIE : Which guest molecules reorient most rapidly in their cla thrate hydrate cages? 

DAVIDSON: CH4 shows hardly a ny change in second moment from its isotropic value down to 
below 1.8 K. This behaviour is likely to have been strongly affected by proton tunnelling at 
low tempera tures. 

B E RTIE : How ra pidly does H zS reorient in its clathrate hydrate? 

D AVIDSON : H zS has a reorientation rate in its hydrate that corresponds to a m aximum 
dielectric a bsorption at I MHz which recurs below 1.8 K . This makes it the dipolar guest 
m olecule with the fastest reorientation ra te as fa r as is known . 
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