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Abstract. The structure I clathrate hydrate of  carbon monoxide has been studied using dielectric 
measurements  and 13C N M R  spectroscopy. Broad, weak dielectric absorption curves with maxima at 
2 .2-3.8 K yield E a = 0.14 kJ mol 1 for the average Arrhenius activation energy associated with the 
reorientation of the low polarity guest. Except for HzS this represents the fastest reorienting polar guest 
known among the clathrate hydrates. The low temperature dielectric absorption curves can best be fitted 
with a Cole -Davidson  asymmetric distribution of relaxation times and activation energies (with 0 = 0.06 
at 4 x 106 Hz), which at l07 Hz has been resolved into a double symmetric distribution of discrete 
relaxation times for CO in the small and large cages. The cross-polarization magic angle spinning 
~3C N M R  spectra indicate identical chemical shifts for CO in the small and large cages, in contrast to 
other hydrates. The static spectra show that the CO molecules undergo anisotropic reorientation in the 
large cages and that there is still considerable mobility at 77 K. One possible model for the anisotropic 
motion has the CO rapidly moving among sites over each of the 14 faces of  the cage with the CO axis 
orientated towards the cage centre. The cage occupancy ratio at 220 K, 0s/0 L = 1.11, indicates slightly 
greater preference of  CO for the small cage. 
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1. Introduction 

In a recent note we reported the preparation and characterization of the clathrate 
hydrate of carbon monoxide [ 1]. X-ray diffraction in conjunction with dielectric and 
13C N M R  results firmly established that the CO hydrate forms a structure I cubic 
hydrate. This is in marked contrast to other very small but non-polar guest 
molecules which form structure II cubic hydrates [2-5], including 02 and N2 which 
are of similar size to CO. 

Structure I and II clathrate hydrates both consist of a host lattice of hydrogen 
bonded water molecules which form cages around the guest molecules [43, 46]. The 
structure I unit cell contains 46 H20 molecules forming 2 12-hedral cages and 6 
14-hedral cages, whereas the structure II unit cell contains 136 H20 molecules 
forming 16 12-hedral cages and 8 16-hedral cages. There is therefore a greater ratio 
of  small to large cages in structure II. The small cages of structure I and the large 
cages of structure II have cubic symmetry and are thus virtually spherical cavities, 
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whereas the small cages of structure II and in particular the large cages of structure 
I are not spherical. 

Bar-Nun et al. [6] have probably produced CO hydrate in the laboratory on a 
previous occasion, while studying the trapping and release of gases by ice under 
conditions similar to those experienced in space. CO hydrate is thought to be a 
constituent of cometary nuclei and may be present on the satellites of the outer 
planets [6-14]. 

In this paper we present a more detailed analysis of our dielectric and 13C NMR 
studies of CO hydrate, with particular emphasis on the dynamics of the CO 
molecules and their occupancy of the small and large cages. The dipole moment and 
the direction of the principal axis of the unique component of the ~3C chemical shift 
tensor must be coincident with the CO bond axis. Thus the dielectric and ~3C NMR 
studies can provide information which relates directly to the reorientation of the 
bond. Furthermore, previous NMR studies of other structure I hydrates [ 15-17] 
have clearly shown that guest molecules possessing a unique axis undergo an- 
isotropic motion in the large 14-hedral cage, which has a roughly oblate spheroidal 
shape. On account of the small size of CO one would expect considerably more 
reorientational freedom and a much higher occupancy of the small 12-hedral cages 
than for larger guest molecules. 

2. Experimental 

The preparation of the samples has been described previously [1]. The sample for 
the 13C NMR study was prepared from gas enriched to 50% in 13CO (from MSD 
Isotopes Ltd.). 

For the dielectric experiments samples of the hydrate were pressed at about 
1.1 kbar, in a die immersed in liquid nitrogen, into the form of 1.905 cm diameter 
discs. Dielectric measurements were made at frequencies in the range 103-5 × 10 4 Hz 
on a General Radio 1615-A capacitance bridge, and in the range 103-107 Hz on a 
Hewlett-Packard 4275A Multi-Frequency LCR meter, and at temperatures between 
1.7-150 K. Frequencies of the applied electric field across the sample were checked 
during the course of the measurements on a Hewlett-Packard 5223L electronic 
counter, and with the timebase of a Tektronix type 564B storage oscilloscope. Other 
details of the apparatus and cryogenic system have been given previously [18]. 

13CNMR spectra were obtained at 45.3 MHz on a Bruker CXP-180 pulse 
spectrometer. IH-13C cross-polarization (CP) spectra were obtained with a CP time 
of 5 ms [19]. Bloch decay spectra (no CP) were obtained using phase cycling. Magic 
angle spinning (MAS) CP spectra were obtained using a Chemagnetics variable 
temperature probe. The sample was packed into a Delrin spinner at liquid nitrogen 
temperatures and the spinner was then loaded into the pre-cooled probe. The 
temperature was maintained in the range 143-153 K throughout the MAS experi- 
ment and the spinning rate was 2.2 kHz. Spectra of the static sample were obtained 
at 77 K and above using a modified Bruker CP probe. The sample for the latter 
experiment was sealed into a thick-walled small-diameter glass tube, in order to allow 
measurements at temperatures as high as 220 K, where considerable pressure 
build-up occurs, due to dissociation of the hydrate. High-power proton decoupling 
was used during the data acquisition period for all the spectra. 
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3. Results and Discussion 

3.1. DIELECTRIC MEASUREMENTS 

Example  plots  o f  the dielectric loss factor  e" versus t empera ture  T (or  1/T) are 
shown in Figures 1 -3 .  Two  regions of  dielectric absorp t ion  occur: (i) above  

150 K, f rom the relaxat ion of  the host  water  molecules; and (ii) below -,~30 K,  
f rom ca rbon  monoxide  in the clathrate  cages. The  latter absorp t ion  is very much  
weaker  because o f  the small dipole m o m e n t  of  CO (abou t  0.13 Debye  in the gas 
phase  [20]). Relevant  da ta  are given in Table  I. Here  we shall be concerned 
principally with the CO relaxation. 

The  reciprocal  t empera ture  dependence o f  e" suggests that  there is a wide 
distr ibution of  relaxat ion times and act ivat ion barriers  for  dipole or ientat ion [21] 
for which there is ample  evidence f rom other  dielectric and N M R  studies of  
clathrate  hydrates  [22]. A relaxation process characterized by a single t ime constant  
for  the exponential  decay of  the or ientat ion polar izat ion would exhibit much  
nar rower  and symmetr ic  absorp t ion  curves (fl = l) (Figure  2). The  distr ibutions 
arise as a result o f  the frozen-in orientat ional  disorder  of  the host  water  molecules 
which produces  a distr ibution of  slightly different cages. 

In  order  to gain fur ther  in format ion  on the nature  of  the clathrate  dielectric 
absorpt ion,  calculations were made  of  the loss factor  f rom different distr ibution 
models.  Both  symmetr ic  ( C o l e - C o l e  [23]; Equa t ion  (1), F u o s s - K i r k w o o d  [24]; 
Equa t ion  (2)) and asymmetr ic  ( C o l e - D a v i d s o n  [25]; Equat ion  (3)) functions were 
employed  in the analyses. In  Equat ions  ( 1 ) - ( 3 )  

AE cos(~rc/2) 
e " =  0~<ct < 1 (1) 

2(cosh((1 - ct) In 090 + sin(~rc/2)}; 

e" = e"ax{cosh(fl In ogt)}-x; 0 < fl ~< 1 (2) 

e" = Ae{cos°[arctan(o~t)]} sin[0 arctan(~ot)]; 0 < 0 ~< 1 (3) 

Table I. Apparent dielectric absorption and dispersion data of carbon 
monoxide clathrate hydrate at low temperatures. 

Frequency (Hz) 

4 × 105 10 6 4 × 106 10 7 

aTma x 2.2+0.3 2.6+0.2 3.3___0.3 3.8+0.4 
beta x 0.112 0.0123 0.0164 0.0310 
CAe - ~> 0.035 ~> 0.034 >~ 0.050 
d#(Debye) 0.08 0.09 0.09 0.10 

a Temperature of maximum dielectric loss factor (See Ref. [1] for 
dielectric absorption curves at 4 x 10 5 and 10 6 Hz). 
b At 10 7 Hz residual inductance from the leads and electrode may 
contribute appreciably to the error on the value of e". 
c Low limit values owing to the fact that the dielectric dispersion is not 
complete at 1.7 K. 
d From the slope of the E' versus lIT plots. 
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Ae = c o - c ~ ,  is the' difference between the low and high frequency limits of the 
relative dielectric permittivity, i.e. the ampli tude of  the dielectric dispersion, and e, 
fl, and 0 are the distribution parameters which tend to e = 1, fl = 0, and 0 = 1 as 
the Debye limit for a single relaxation time is approached. The latter condition 
also specifies that the maximum loss factor is emax = AE/2. At a certain temperature 
the relaxation time (z) is determined by the activation barrier (E~) and the pre- 
exponential factor (%): z = r0 exp(Ea/RT). 

A plot of  the logarithm of the frequency at which the maximum dielectric loss 
occurs versus reciprocal temperature should be linear and the Arrhenius activation 
energy can be obtained from the slope. In the present case the uncertainty in the 
peak position, owing to the width and asymmetry of  the dielectric absorption, leads 
to an average activation barrier of  0.14 kJ mol-1 between the limiting values of  0.09 
and 0.54 kJ mol - I .  This barrier compares with an estimate of  ~<0.210 kJ tool -1 for 
hydrogen sulfide clathrate hydrate whose dielectric loss maxima have not been 
observed, but lie below 2 K at 1 MHz [22]. The activation energy for carbon 
monoxide in the clathrate hydrate is also appreciably less than those for C O - N E -  
Ar quadrupole glasses [26] (e.g., Ea = 0.906 kJ mo1-1 for COo.loN2(o.2o)Aro.7o and 
1.92 kJ mol-1 for COo.3oN2(o.3o ) Aro.4o), solid a-phase CO [27] (E~ --6.13 kJ mol -~) 
and CO-f l -quinol  clathrate [28] (E a = 4.6 kJ mo l -  1). There is, however, uncertainty 
as to the exact nature of  the relaxation process in the glass and pure solid. 

Trial values of ~, to, and Ea were used to generate the curve of best fit to the 
experimental loss data. It was found that the dielectric absorption at 4 × l 0  6 Hz is 
best described by a Cole-Davidson distribution model, with 0 = 0.06 (Figure 2). 
This suggests a changing distribution of relaxation times, and more than one 
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Fig. 2. Observed ((3) and calculated low temperature dielectric absorption at 4 x 10 6 Hz of carbon 
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(E~ = 0.14 kJ mol -  L). 
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Fig. 3. Observed ( • ) and calculated ( -  - - )  low temperature dielectric absorption at 107 Hz of carbon 
monoxide clathrate hydrate. The top curve is the sum of the two component absorption curves. 
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independent relaxation process. Furthermore, the asymmetry of the peaks is 
consistent with a distribution of energy barriers. A skewing of the dielectric 
absorption towards low temperatures has been observed for other clathrate hydrates, 
viz., dimethyl ether and tetrahydrofuran [29, 30]. A Bud6 [31, 32] type of analysis in 
terms of a weighted amplitude of dielectric dispersion was therefore applied to 
the l07 Hz CO hydrate data (Figure 3). In Equation (4) C is the weighting factor 

( CZ AEc°ri '] ' l  + a~zz2 ] ' e" = ~ 2 C,- = 1 (4) 

which reflects the contribution of each discrete relaxation process to the overall 
dielectric absorption. The C value also has a dependence on the concentration (X) 
of relaxing dipole moment components (#): 

C = Xi#2 / ~  Xi~. (5) 

In the case of structure I CO hydrate the limiting ratio of the number of guest 
molecules in the 12- and 14-hedral cages is expected to be close to 1 : 3 (A ratio of 
1 : 2.7 is in fact obtained from the analysis of the 13C NMR results at 220 K, though 
some decomposition was evident at this temperature (see below)). Consequently, if 
the same dipole moment component, e.g. along the C--O axis, is involved in the 
relaxation in both types of cages, then Cs/CL = 1/3. Evidence which suggests that 
the observed relaxation is predominantly from reorientation modes about axes 
perpendicular to the C--O bond, e.g. head-to-tail flips, comes from estimates of the 
electric dipole moment, Values of / t ,  from ~' versus 1/T (inset, Figure 1) and a 
simple Langevin-Debye model of orientation polarization [33], yield Ft ~ 0.10 D for 
a structure I clathrate of composition CO.53H20. Application of the Onsager 
equation [34], which considers additional polarization from reaction and cavity 
fields, affords # ,-, 0.13 D. These dipole moment values are similar to those observed 
for carbon monoxide gas and a-solid [20, 27]. In order to account for the lower 
than expected intensity on the low temperature side of the absorption, a wide 
distribution of relaxation times about a mean value, ~, must be considered. Also, a 
larger relaxing component of the CO dipole in line with the applied field in the 
12-hedron would increase the loss. In the calculation it is assumed that there are 
equal contributions of # for CO reorientation in the small (S) and large (L) cages. 

Other factors which tend to broaden the absorption are: (i) a temperature 
distribution across the sample, and (ii) the tail end of very low temperature 
absorptions such as from localized excitation modes often observed in amorphous 
and semi-crystalline materials [35]. Furthermore, the high temperature dielectric 
absorption, from the dipolar relaxation of the host water lattice (Figure 1), 
accounts for the extra loss on the high temperature side of the guest absorption. 

A t  10 7 Hz the experimental dielectric loss factor as a function of reciprocal 
temperature can be described by the equation; 

Aes cos(as re/2) ( ~ t t  
2{cosh(( 1 - ~s)ln OaZs) + sin(asTz/2)} 

A£ L cos(o~ L 7~/2) 
+ (6) 

2{cosh((1 - aL)ln tOZL) + sin(aL1r/2)} 
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for a symmetrical distribution of  discrete relaxation times; S and L refer to the small 
and large cages which, for these calculations, are considered to be completely 
occupied. The optimum values in the above equation are: Acs = 0.052, as = 0.45, 
Z o s = 2 . 1 1 × 1 0 - 1 ° s ,  E~s=0 .18kJmo1-1 ,  AeL=0.154, CtL=0.59, Z0L=7.10× 
10-- 1~ S and E,L = 0.09 kJ mol -  1. Figure 3 shows the calculated dielectric absorption 
at 10 7 n z  resolved into two component absorptions arising from the relaxation of 
CO in the two types of cages. 

3.2. 13c NMR RESULTS 

Spectra are shown in Figures 4-7.  The magic angle spinning spectrum shown in 
Figure 4 (see also Figure 1 of  Ref. [1]) shows only a single line, which is quite 
symmetric (see inset) at the isotropic shift position. This result, which implies 
identical chemical shifts for ~3CO in the small and large cages, is rather surprising 
in that 13CH4 in the small cage of its structure I hydrate has its resonance situated 
2.4 ppm downfield from that in the large cage [36]. Distinct shifts have also been 
observed for other magnetic nuclei for a number of guest species occupying different 
cages [17, 22]. Why CO hydrate should be different in this respect is not immedi- 

ppm , '  c- 

q 

- o  

100 ppm 
t I 

Fig. 4. CP/MAS 13C NMR spectrum of ~3CO clathrate hydrate obtained at ~ 153 K. Spinning rate 
2.2 kHz. Spinning side-bands are indicated by asterisks (*) and the signal from the delrin spinner is 
marked. 
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220K 

b) 

d) 

210K 

50 ppm 
I J 

Fig. 5. Static 13C NMR spectra of 13CO clathrate hydrate at 210 and 220 K, with and without IH 
cross-polarization. (a), (c) Bloch decay spectra; (b), (d) CP spectra scaled for comparison with the Bloch 
decay spectra. 

ately apparent, and as yet there is no model to describe the effect of the cage size 
on the shift observed for other species. (One might speculate, however, that the 
unusual behaviour of CO has to do with the fact that the C atom is involved in a 
triple bond and is already very much deshielded.) 

The fact that the 13CO can be detected by cross-polarization from 1H to 13C helps 
to establish that the sample is the hydrate of CO, since the technique relies upon the 
1H-13C dipolar coupling, which would be averaged to zero by isotropic motion in 
the liquid or gas phases, and which would not be present in a physical mixture of 
ice and solid CO. (Although CO would not even be solid at the temperature 
studied.) 

At the higher temperatures (>  200 K) 13CO, which was not present in the form of 
hydrate, was also detected in the simple Bloch decay experiments. These spectra 
(Figures 5a, c) show a much-increased intensity at the isotropic shift position when 
compared with the CP spectra (Figures 5b, d) at the same temperature. The 
increased intensity is presumably due to CO gas since the boiling point of liquid CO 
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100 ppm 
I I 

Static CP ~3C NMR spectra of ~3CO clathrate hydrate from 77 to 220 K. Fig. 6. 

is 82 K. Note also the significant increase in the intensity of the gas component 
between 210 and 220 K which indicates increased dissociation of the hydrate. 

Figure 6 shows the static CP spectra of 13CO hydrate as a function of tempera- 
ture. An important feature of the line shapes is that they show structure and 
anisotropy, even at 77 K. As the temperature increases the line shape narrows 
progressively and features become much clearer at the highest temperature, in much 
the same way as has been observed previously for other hydrates [15-17]. It has 
been found that in the range 200--270 K, depending on the nature of the guest, the 
water molecules of the cages begin to undergo rapid reorientation. The proton 
disorder, which is frozen-in at lower temperatures, is then averaged out and all the 
small or large cages effectively become identical. The line shape is no longer 
broadened on account of the distribution of slightly different cages which are 
present at lower temperatures. This situation has more or less been attained at 
220 K in the CO hydrate. 

The line shape at 220 K (Figure 6) very clearly shows an anisotropic axial 13C 
tensor with an isotropic component superimposed. Since the CP spectra show only 
the solid material, these two components must correspond to ~3CO in the large 
(anisotropic) and small (isotropic) cages of structure I. Figure 7 shows a reasonably 
successful attempt to simulate the 220 K line shape: an anisotropic line shape, 
generated from well-known line shape functions [37], and a single frequency line at 
the isotropic position were added and then broadened with a Lorentzian function of 
14.81 ppm half-width. A chemical shift anisotropy Aa = -56.97 ppm and a ratio of 
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220K 

50 ppm 
I I 

Fig. 7. Simulation of the static 13C CP NMR spectrum of I3CO clathrate hydrate at 220 K. Solid 
line = simulation; dotted line = experimental. 

anisotropic : isotropic components  of  1 : 0.37 were found to give the most  reasonable 
agreement. In structure I hydrates there are three times as many  large cages as small 
cages and thus the cage occupancy ratio 0 s/0L = 1.11 indicates slightly greater prefer- 
ence for the small cage, under the conditions prevalent in the sealed tube at 220 K. 

We have previously attempted to rationalise the observed order parameter  S 
(given as  Affave/Ao'static , the ratio of  the averaged to static chemical shift an- 
isotropies) for guests in the large cage of structure I in terms of motion of  the guest. 
In the case of  13CO a definite value of  Ao-static is not yet known: the experimental 
results of  Beeler et al. [38] on solid CO in the 15-20 K range gave Aa = 353 ppm, 
but their ab initio calculations produced values in the 420-450 ppm range. The 
experimental results of  Gibson et al. [39] at 4.2 K gave Atr = 365 + 20 ppm. These 
authors judged that librational motion was still partially averaging the shift tensor 
and by attempting to take this motion into account they estimated A~rstatic = 
4 0 6 +  30ppm.  A recent ab initio calculation using the 4-31 G basis set gave 
Aa = 427.48 ppm [40]. Consequently we shall use a value Aa = 420 ppm to calculate 
S and thus compare this with values for other structure I hydrates. The order 
parameter  at 220 K is then S = -0 .136.  This places CO among the most mobile 
guest species so far observed in the structure I large cage, as might have been 
anticipated; only O 2 S  , D 2 S e  and CD3F (for which S =  +0.064, +0.065 and 
_+0.110 respectively [15-17]) have smaller order parameters. We can further 
emphasize this mobility by comparison with the results for the hydrate of  CO2, 
which is a much longer molecule. Regardless of  the exact value of AO'static for 13CO 
it is clearly considerably larger than that for 13CO2 (Aa = 334 ppm) [16] and yet at 
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220 K the motionally averaged tensor for CO hydrate ( - 5 7  ppm) is significantly 
smaller than for CO2 hydrate ( - 101 ppm). Similarly the line shape at 77 K shows 
that the CO molecule still has a great deal of orientational mobility, even though 
the line is now broadened by the distribution of different cage configurations 
brought about by the freezing-in of proton disorder. On the other hand, the motion 
of CO2 in its hydrate at 77 K is much more constricted (see Figure 2 of Ref. [16]) 
and the line width is approaching that of a static CO2 molecule. Previously we 
calculated the effects of Gaussian distributions in the value of Aa to simulate the 
effects of the distribution of cages at low temperature; see Figure 5 of Ref. [16]. At 
77 K the CO2 line shape corresponds most closely to a distribution with a 
half-width in Aa of about 0.8 of Aastatic centred at Affstatic. Inspection of the same 
array of simulated line shapes suggests that CO hydrate at 77 K would be simulated 
reasonably well by a much narrower distribution with a half-width in Aa of about 
0.2 Ao'static centred around Aa equal to about -0 .25  AO'static. 

For CO: hydrate we presented one possible motional model for the high 
temperature regime, in which the CO2 axis reorientates about the short (polar) axis 
of the large cage over a range of angles fl out of the equatorial plane. The resulting 
expression for the averaged chemical shift anisotropy (Equation 5 of Ref. [16]) was 

AGav e = 0.5(1 - cos flmax -- COS 2 flmax) AtYstatic- 

If this model can be applied to CO hydrate then the value of flmax calculated using 
S = - 0 . 1 3 6  is 43 ° , compared to 31 ° for CO2. While the value for CO2 seems 
reasonable, as discussed in [16], the angle for CO is surprisingly low: based on bond 
lengths for CO and CO2 [41] and van der Waals radii in common use [42] their van 
der Waals lengths are 4.38 and 5.12 ~, respectively. This assumes that the van der 
Waals radius for the C of CO is the same as the half-thickness of an aromatic ring 
[42]. The radii from the cage centre to oxygen atoms of the cage have been given 
by Davidson [43] and, after subtracting the van der Waals radius of oxygen, the van 
der Waals radii of the large structure I cage range between 2.66 and 3.25 ,~. Since 
the short axis of the cage passes through faces of the cage rather than the oxygens 
at the corners it is likely that the van der Waals cage diameter along this axis is 
a little less than the smallest radius to oxygen, i.e., less than 2 x 2.66 = 5.32/~. 
CO2 would have difficulty fitting along this short axis of the cage whereas CO 
would have no trouble at all. (Incidentally the van der Waals diameter of the 
small cage of structure I is 5.02/~, which is a little too small for COa but ample 
for CO). 

It is worth investigating whether a different description might better explain the 
CO case, since the model discussed above, which seemed to be adequate for CO2, 
is by no means unique. Description of the location and motion of molecules within 
a cage is at best tentative because there is not enough information available. One 
line of thought suggests that guest species might spend most of their time close to 
the walls of the cage rather than in the centre, possibly moving around very rapidly 
among several sites of marginally lower potential energy. (Experimental activation 
energies are generally very low for guest species as we have seen for CO hydrate 
from the dielectric results.) An alternative model may be developed based on the 
assumption that such sites exist at each face of the structure I large cage and that 
the CO molecule spends most of its time distributed among these sites, with its axis 
pointed roughly in the direction of the cage centre. There will then be two sites 
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(corresponding to the six-sided faces of  the cage) where CO is oriented directly 
along the short cage axis and 12 sites (corresponding to the five-sided faces) where 
the CO is oriented at the angle fl relative to the short axis of  the cage. 

The chemical shift of  the 13C nucleus is described by a second rank tensor a, 
where the molecule is oriented along the z axis. The tensor components in a new 
coordinate frame where the short axis of the cage is along the z axis can then be 
determined from 

O'' = R(~, ~, ~))o'R- l((x,/~, ~) 

where R(e, t ,  7) are Euler angle rotation matrices [ 16, 44, 45]. Since the tensor for 
CO is also axial (by symmetry) 7 can be set to zero. 

In the case of  very rapid reorientation among several sites j the resultant chemical 
shift tensor is given by the population weighted average of  the chemical shift tensors 
aj for each site: 

1 j~_nej2.. ' 
G ,t = - -  G j .  

n j = l  

From the resulting tensor one can obtain the averaged chemical shift anisotropy 
and thus an expression for the order parameter S. Working through the mathema- 
tics with the assumption that all 14 sites have equal populations in the new model 
for CO hydrate then gives 

9 cos z fl - 2 
S -  

7 

where, from the definition of  the Euler angles, fl is the angle between the short axis 
of  the cage and the 12 CO positions which are off-axis. Substitution of  the 
experimental value of S then gives fl = 70.0 °. (Note that an error of  _ 30 ppm in the 
estimate of  A0"static for CO gives rise to an error of only +0.7 ° in the value of  ft.) 
This is remarkably close to the average angle between the short axis and the line 
joining the centre of  the cage to the centre of  a pentagonal face: 68.4 °. If  one adopts 
a similar model for CO2 hydrate but with zero population of the 2 sites on the short 
axis of the cage the resulting expression is S = (3 c o s 2 f l -  1)/2 from which 
fl = 68.7 °. The coincidence is again remarkable, though it is of  no surprise that both 
molecules orientate with their axes close to the centre. It must be emphasized again, 
however, that the new model is no more unique than the previous one. 

In conclusion, the dielectric studies have shown that CO is one of the fastest 
reorienting polar guests known in the clathrate hydrates, with an average 
E a = 0.14 kJ tool -1, giving rise to maxima in the dielectric loss factor in the low 
temperature range 2.2-3.8 K. The results can be interpreted in terms of  distribu- 
tions of relaxation times of guests in both the small and large cages, the distribution 
arising from the frozen-in disorder of the water molecule orientations. These 
conclusions are supported by the 13C N M R  results which show that CO occupies 
both cages, undergoing rapid reorientation even at 77 K. 

Lineshapes with residual chemical shift anisotropy indicate anisotropic motion of  
CO in the large cage, and a feasible model has been presented for motion in the high 
temperature regime where the water reorientations are rapid. The cage occupancy 
ratio at 220 K, 0S/0L = 1.11 shows that CO has a slightly greater preference for the 
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small cage, though the Langmuir constant for the large cage of structure I must still 
be large enough to ensure that this structure is formed rather than structure II 
which has a greater ratio of small to large cages. (Typical occupancy ratios for 
structure I hydrates of Xe and C H  4 a r e  0.73 and 0.916, respectively [4, 36].) 
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