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Abstract

The Gibbs Thomson effect modifies the pressure and temperature at which clathrates occur, hence altering the depth
at which they occur in the sea-bed. NMR measurements as a function of temperature are being conducted for wa-
ter/ice/hydrate systems in a range of pore geometries, including templated SBA-15 silicas, controlled pore glasses and
sol-gel silicas. Rotator-phase plastic ice is shown to be present in confined geometry, and bulk tetrahydrofuran hydrate
is also shown to probably have a rotator phase. A novel NMR Cryoporometry protocol has been developed that probes
both the melting and freezing events, while avoiding the usual problem of supercooling for the freezing event. This en-
ables a detailed probing of the system for a given pore size and geometry, and exploration of the differences between the
hydrate formation and dissociation processes inside the pores. These process differences have an important effect for the
environment, as they impact on the ability of a marine hydrate system to re-form once warmed above a critical tempera-
ture. Ab-Initio Quantum-Mechanical Molecular-Dynamics calculations are also being employed to probe the dynamics of
liquids in pores at nanometric dimensions.
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1. Introduction.

There is currently great interest in naturally occur-
ring methane gas hydrates (figure 1a) as strategic en-
ergy reserve and also in the possibilities for CO2 dis-
posal in the sea-bed (as hydrate and as liquid). The pro-
cesses driving clathrate formation and dissociation in
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porous media such as marine sediments are controlled
by thermodynamics, wetting, diffusion and the perco-
lation of gas and water (1). We are studying these pro-
cesses by PVT measurements, by wide-temperature-
range NMR relaxation, by NMR Cryoporometry using
a novel protocol, by Neutron Diffraction, and by Small
Angle Neutron Scattering (SANS).

For marine hydrates the phase diagram for methane
hydrate may be re-mapped to obtain a diagram related
to depth below the sea-surface - this indicates the ex-
pected hydrate stability zone (figure 1b). However, the
sea bed is a porous medium, and the Gibbs equations
show that it is reasonable to expect a change to the
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thickness of this zone of hydrate stability, due to con-
fining geometry. We report on preliminary measure-
ments studying tetrahydrofuran (THF) liquid hydrates
at ambient pressure, as a function of temperature, com-
paring the behaviour of bulk hydrate with that con-
fined in Controlled Pore Glass (CPG). Comparison is
also made between pure water/ice systems in confined
geometry, and hydrate systems in confined geometry.

Fig. 1. a) Hydrate water cage containing gas. b) Marine hydrate
phase diagram remapped as a function of depth, showing the
expected hydrate stability zone.

2. T2 transverse relaxation times for pure
water/ice in confined geometry.

The NMR relaxation behaviour observed for the wa-
ter/ice in SBA-15 porous silica is dependent on temper-
ature, and as well as ’water-like’ and ’ice-like’ phases,
a phase with intermediate properties is observed. Pure
bulk water has a T2 relaxation time of the order of a
few seconds at the 0.5 T B0 static magnetic field used
for this relaxation work. However, in the pores of this
SBA-15 silica, the surface relaxivity reduces the T2 of
the water to about 8ms. In comparison, the bulk phase
of brittle ice has an approximately Gaussian free induc-
tion decay with a relaxation time of the order of 10µs.

The free induction decay (FID) for this sample at
∼190K is very similar to that of bulk ice, but as the
temperature is raised by 20 K to 210K some of the
brittle ice transforms to a component with a longer re-
laxation time and with a form that becomes increas-
ingly exponential. Measurement of the variation of the
T2 relaxation rate with temperature for this longer
relaxation component, as measured by Carr-Purcell-
Meiboom-Gill (CPMG) and T 2

∗ corrected FID, are
plotted in Fig. 2. Above 220 K, the shorter brittle ice
component reduces in amplitude as it converts to the
longer form, while the longer component of the FID re-
mains fairly constant in relaxation time, between 100 to
200µs, and its amplitude progressively increases with
temperature. Just below the melting temperature of
the ice in the pores, at the Gibb-Thomson lowered tem-
perature of about 260K, there is a rapid increase in

the relaxation time of the longer component. Neutron
diffraction measurements show a similar component,
as a broad peak characteristic of defective ice/water.
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Fig. 2. Variation with temperature of the long T2 relaxation
time component for plastic ice in SBA-15 porous silica.

There are three possible causes that need to be con-
sidered for this factor of 10 increase in the T2 at around
200K to 220K, for the defective ice, over that for brittle
ice; these are discussed in detail elsewhere (2).

However it can be seen that the plot of T2(T ) in fig-
ure 2 is very similar to that for the plastic phases of
materials such as cyclohexane, and it is believed that
the same processes are involved in both cases. Thus
the rapid rise in the 200 to 180 K is due to the on-
set of rotational motion, well known to give rise to a
form of motional averaging such that the actual proton
separations must be replaced by the separation of the
molecular centres. This gives rise to a significant in-
crease in T2 at the onset of rotational motion, followed
by a plateau in T2(T ) as T increases (3). Translational
motion sets in just prior to the melting event.

Consequently it is suggested that this longer ice com-
ponent is in a plastic crystalline state and that this
plastic ice corresponds to the disordered component as
measured by neutron scattering. These NMR measure-
ments will be reported in detail in a separate paper (4);
combined with the neutron data, they indicate that
there is an equilibrium state within the interfacial layer
in the pores, such that the ice changes continuously
and reversibly with temperature between a brittle cu-
bic crystalline phase (presumably located at the pore
centre) and a plastic disordered rotator phase (presum-
ably mostly located near the silica pore surface).

3. T2 relaxation times and signal amplitudes
for bulk THF hydrate.

The bulk tetrahydrofuran shows both brittle ice-like
and longer exponential relaxation T2 components, con-
verting to mostly brittle ice at around 220K. As the
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temperature is raised the amplitude of the longer com-
ponent increases, and in the 20 K below the dissociation
temperature the T2 increases to around 100 to 200 µs,
comparable with that for the plastic ice in confined ge-
ometry. Thus, although the plateau in relaxation time
is not so clear as for the case of pure water in confined
geometry, there is a suggestion that in this region the
THF hydrate may be in a rotationally mobile state,
with again translational motion becoming significant
just prior to the dissociation event.
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Fig. 3. Variation with temperature of a) the T2 of the long T2

relaxation time component, b) the amplitude of this component,
for bulk THF hydrate.

4. Novel multi-ramp NMR Cryoporometry
measurements for both pure water and THF
hydrate in confined geometry.

Liquids in confined geometry exhibit equilibrium
melting and freezing point depressions, ∆T, compared
with the normal bulk melting point, as described by
the Gibbs-Thomson relation, which may be written
simply as (5):-

∆T =
KGT

x
(1)

where KGT is a constant that depends on the liquid,
the crystal/liquid interface geometry and the wetting
nature of the pore walls. x is a dimension that defines
the effective size of the pore (6). The technique is anal-
ogous to differential scanning calorimetry, but has ad-
vantages that have been discussed previously (7; 8).

NMR Cryoporometry measurements have conven-
tionally been performed using a warming temperature
ramp. This is because, on a cooling ramp, liquids
such as water in porous media frequently exhibit a
metastable supercooling of typically 15 to 20 K, thus
often obscuring the equilibrium Gibbs-Thomson freez-
ing transition.

A novel multi-ramp Cryoporometry protocol has
been developed (figure 4), (that can also be used for
DSC), where the sample is initially cooled through
the supercooling event until all the liquid is frozen,
then warmed until the liquid in the pores melts but
the liquid around the grains remains frozen. During
a subsequent cooling ramp, the ice around the grains
serves to initiate freezing inside the pores at the true
Gibbs-Thomson equilibrium freezing point. A final
warming ramp again melts the liquid in the pores, and
then finally the liquid around the grains. The latter
event serves as a reference temperature for the bulk
melting point, helping remove instrumentation offsets.
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Fig. 4. Novel multi-ramp NMR Cryoporometry measurements
on water in 10nm pore diameter sol-gel silica, probing freezing
and melting events.

Applying this novel protocol to THF hydrate in CPG
silica, (figure 5), the initial 20 K supercooling (not
shown) now no longer obscures the equilibrium hydrate
formation event in the pores. This measurement shows
two important features : 1) the hydrate dissociation
temperature in the pores is lowered by about 2 K - not
a great amount, but this is still sufficient to correspond
to a change of marine hydrate layer thickness of about
60m; 2) of greater significance, the hydrate formation
temperature is lowered by about 7.4 K.
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The environmental impact of this difference between
hydrate formation and dissociation temperatures, is
that for a marine hydrate, a small rise in sea tempera-
ture (say 0.1 K), causing the dissociation of some hy-
drate and the release of some methane gas, is not re-
versible by an equivalent drop in sea temperature, but
instead requires a far greater temperature decrease be-
fore the hydrate will re-form.
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Fig. 5. Novel multi-ramp NMR Cryoporometry measurements
on THF hydrate in 30 nm pore diameter CPG porous silica,
probing the hydrate formation event as well as dissociation
events.

5. Current and future work.

A high pressure NMR probe has been designed for
NMR relaxation and Cryoporometry on gas hydrates,
as a function of pressure, temperature and gas loading.

Ab-Initio Quantum-MechanicalMolecular-Dynamics
studies are being conducted of liquid and gas molecules
in model porous systems (figure 6), and studies on
hydrate systems will be initiated.

Fig. 6. One time-step from a CASTEP ab-initio Quantum-Me-
chanical Molecular-Dynamical simulation, for a porous system
constructed from infinite laminar planes of silicon, with nitro-
gen introduced into the void space.
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