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1. Introduction.

This is a progress report on elucidating the behaviour of liquids, in par-
ticular water, in confined geometry on the nano- to meso-scale, and at inter-
faces. There are important measurements still to make, conclusions still to
be drawn, and above all leaps of understanding still to be made. However a
number of important features in the behaviour of these systems have recently
become clearer.

Nano-structuring of liquids and their crystals changes their Gibbs Free
Energy, and hence their dynamics. This may most readily be probed by moni-
toring the alteration of phase changes as a function of temperature, together

with changes in other parameters, particularly the confinement diameter.



Such studies may be performed by monitoring the change in the pressure (at
constant temperature) of the liquid in its own vapour (Kelvin Equation), or
by monitoring the change in the freezing/melting temperature (at constant
pressure) of a crystal in its own liquid (Gibbs-Thomson Equation).

In the latter case the melting and freezing temperatures of liquids are
modified by the changes in the volumetric Gibbs Free Energy due to nanos-
tructuring; this is related to the surface energy of the curved interface be-
tween the crystal and its own liquid. This is thus dependent on the geometry
of the interface between the crystal and its liquid. There is still discussion
on this point as to the exact geometric constants and functional forms that
are applicable for different confining geometries. Experimental evidence is
presented for the cases of cylindrical pores (SBA-15), and for pores that on
average are spherical (sol-gel). However reconciling this comparative data
with melting/freezing temperatures in each of these systems still poses a
number of questions.

It is well known that bulk brittle ice has a hexagonal stucture, while
brittle ice that forms in pores may be cubic in structure [1, 2], figures 10,
11. Adjacent surfaces appear to further alter the dynamics and structure of
confined liquids and their crystals, leading in the case of a water/ice system
to a state of enhanced rotational motion (plastic ice) just below the confined
freezing/melting transitions. This plastic ice layer appears to form at both
the ice-silica interface and the ice-vapour surface, and reversibly transforms
to brittle ice at lower temperatures. There is good evidence to suggest that
the plastic ice at a silica interface transforms to cubic ice, while the plas-

tic ice at vapour surfaces transforms to hexagonal ice. That this plastic ice



may correspond to a layer at the crystal surface is suggested by the presence
of only amorphous ice in confined systems with small dimensions (< ~3nm
diameter), whereas systems with larger dimensions (~10nm) contain brittle
cubic ice and also some hexagonal ice (if a vapour interface is present); even
larger systems (> ~30nm) contain predominately hexagonal ice. It is con-
jectured that this layer of plastic ice at vapour surfaces may be present at
the myriad of such interfaces in macroscopic systems, such as snow-packs,
glaciers and icebergs, and may be an explanation for the need for plastic
terms in the macroscopic dynamical models of these systems [3].

These results also point the way forward for a wide-range of cryoporo-
metric metrology studies of systems that are ’difficult’ for NMR, such as high
iron content clays and rocks, as well as aged concrete. Results are presented
for cryoporometric measurements on meteorite samples with a significant

metallic content, exhibiting 73 relaxation times down to 2.5us.

1.1. Samples.

The nano-structuring of liquids greatly modifies their physical properties.
Confining liquids in materials with pores, in order to study these properties,
has a long history. Because of the large surface area within these pores, plac-
ing liquids in pores also forms an excellent method of studying the properties
of liquids near surfaces (which have been shown to behave differently from
the rest of the liquid in the pore). There are many informative studies of
liquids in zeolites, sol-gel silicas and in the regular templated silicas such as
MCM-41, MCM-48. However the newer templated silicas, such as SBA-15
and SPS-1, have expanded the range of sizes available from regular templated

silicas, and studies in these have been particularly informative, their narrow



pore size distributions enabling a precise probing of liquid properties as a

function of distance from the pore surface.

1.2. Methods.

One method of studying these systems, that has been shown to be of
great importance, involves measuring the phase-change properties of liquids
in nano- to meso-pores over a wide temperature range : this reveals a wide
range of phase change behaviour in such liquids compared with that in the
bulk liquid. Most importantly these phase changes give us useful probes
into the physics that is controlling the dynamics in the confined geometry.
NMR relaxation studies provide a further method of probing the dynamics,
as does quasi-elastic neutron scattering (QENS), while neutron diffraction,
small angle neutron scattering (SANS) and neutron diffraction cryoporome-

try (NMR-C) are also powerful tools for probing the structure.

2. The thermodynamics of liquids in nano-pores.

J.W. Gibbs, J. Thomson, W. Thomson (later Lord Kelvin) and J.J.
Thomson employed thermodynamics, generalised dynamics and experimen-
tation to develop a set of equations describing the effects that a range of
variables, including geometry, have on basic properties of matter such as
vapour pressure and melting point [4, 5, 6, 7, 8, 9]. In particular there are
important behaviours that are closely related to the capillary effect, that re-
flect the change in bulk free energy caused by the curvature of an interfacial
surface under tension [10, 11].

For these systems the constant temperature variant of the Gibbs equa-

tions is the Kelvin Equation, which describes the change in vapour pressure



with radius of curvature, for a small isolated droplet of liquid in its own

vapour :
Pv VM
RT'In — = —2vy— 1

where R is the gas constant, T' the absolute temperature, P, the ambient
pressure, P, the vapour pressure 7 is the liquid surface tension at temperature
T, Vs is the molar volume of the liquid and Ry, is the Kelvin radius.

Equation 1 can also be applied to the model of a right cylindrical void
containing a hemispherical interface between a wetting liquid and its own
vapour [9], where the presence of a confining geometry requires an additional
cos(¢) term to be incorporated into the Kelvin equation to accommodate the
interaction between the absorbate and the pore walls :

P,
RTIn =2 = —29-2 cos ¢, (2)
Fy

where ¢ is the contact angle between the liquid and vapour at the pore wall.
Equation 2 describes the evaporation branch of the absorption isotherms
[12, 13, 11], since condensation is believed to occur initially as monolayers (i.e.
with cylindrical geometry in cylindrical pores), but evaporation is believed to
occur at a hemispherical interface that travels along the pore as it empties.
The constant pressure variant of the Gibbs equations is the Gibbs-Thomson
Equation, which describes the change in melting temperature with radius of
curvature for a small crystal. Consequently, the Gibbs-Thomson equation for
the melting point depression, AT,,, for a small isolated crystal of diameter x

in its own liquid may be approximated [14] as :

. 40'clT;?Lo

AT, =T =Ty(x) = A, py (3)



where : T)°° = normal melting point of bulk liquid (considered to be a crystal
of infinite size), T,,,(x) = melting point of crystals of diameter z, o, = surface
energy at the crystalline-liquid interface, AH; = bulk enthalpy of fusion (per
gram of material), p; = density of the solid.

Equation 3 can also be applied to the model of a right cylindrical void
containing a hemispherical interface between a crystal and its own liquid,

and again the presence of a confining geometry requires an additional cos(¢):

40’01T70no
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The contact angle ¢ is commonly assumed to be 0° in the Kelvin case
and 180° in the Gibbs-Thomson case [15], [16, VII - Cohesive Attraction of
Solids and Fluids pp 432-436, partially ascribed to Clairaut], [11, Eqns. 3.1,
3.2, 3.27, pp 123, 135-136, 150-156], [17, Equ. 2], [14, p 9002], [18]. the

AT, =T>X =T, (x) 08 ¢. (4)

dependance of AT, on cos ¢ has a straightforward geometric interpretation
since a spherical meniscus of radius 7, in a cylindrical capillary of radius r,
with an angle of contact ¢, has r = ry cos ¢ [11].

If, with suffixes 1. liquid, s: solid, p: pore wall, we apply the Young
equation o, = oy cos (¢) + 0,5 and the Young-Dupré equation W, = o4 +
op1 — Ops, being the reversible work required to separate unit area of the solid

from the pore wall [10, 11], we obtain an expression for the contact angle as

cos ¢ = Wps—l. (5)

Osl
The Gibbs-Thomson equation may also be written in a simpler form [19]:

kar
AT, — T
E ©)



where x is a dimension that defines the effective size of the pore and kgr is
a constant that depends on the liquid, the pore geometry and the wetting
nature of the pore walls.

More specifically [20],

AT, — kﬂ _ k‘gk‘sk’z” (7)
x xXr

where, k, is a geometric constant dependent on the interfacial shape [21],
ks = % is a constant specific to the solid crystal thermodynamic pa-
rameters, and k; = 0y — W5 is a constant specific to the two inter-surface

interaction terms of the crystal.

2.1. The geometry term in the Gibbs-Thomson equation.

The factor of ’4’, in both the Gibbs-Thomson equation (Eq. 4) and the
Kelvin equation is the manifestation of the k, term, and is only appropriate
to a hemispherical crystalline-liquid interface in cylindrical geometry. It is
currently believed that the structural geometry factor k, (at least for the
freezing branch of the isobars) is a function of the pore surface area to volume
ratio s,/v, [21, 22]. It is important to note that the k, term also applies to the
Kelvin equation and its derivatives such as the Barret, Joyner and Halenda
(BJH) analysis [23].

A version of the Gibbs-Thomson equation has been derived [21], that does
not assume AT, < T,,, and that also relates the geometric term k, to the
pore surface-area to volume ratio s,/v,. This full version has a logarithmic

form very similar to that of the Kelvin equation :

Ton()
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m
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Theoretical analysis [21, 22] suggests that for the melting event the the-
oretical ratio for kSPhere/kvnder may be either 3/2 or 2, depending on the
models used. From NMR cryoporometry calibration experiments (see Sec-
tions 4. 4.4) it would appear that the measured ratio for kfon 7 /k&. is close
to 1/2 for agreement with gas adsorption results. That the k, term also ap-
plies to the Kelvin equation may be an explanation for the above reversal of
this ratio, as these ratios are based on gas adsorption calibrations.

In Section 4.3 and the explicit neutron diffraction cryoporometry results
for the geometry term ratio for freezing-melting (Section 4.4) it appears that

the measured ratio for ATy/AT,, in cylindrical pores is close to 6/4, for

agreement with gas adsorption results, which is consistent with Eq. 8.

2.2. Second order (linearity) terms in the Gibbs-Thomson equation.

Non-linearity in the Gibbs-Thomson equation was observed in early work
when using cyclohexane as the probe liquid in sol-gel silicas [24], and was
also reported for various systems including water and benzene in mesopores
[25] and is now ascribed to a layer with enhanced rotational motion [20].

Thus for a surface layer of thickness € in a pore of diameter x

kar
AT, = .
" x — 2 (9)

However the main problem with such a simple description is that in some
systems such as cyclohexane the value for € appears to depend on the time
27 at which the magnetization decay is sampled [24], such that, for 7 > 7,
€ = 0. The explanation for this appears to again reside with the properties of

the layer with enhanced rotational motion; experimental results are discussed

10



in Section 4.2, and further results for the properties of the layer are discussed

in Section 5.

3. The application of NMR relaxation, diffusion and cryoporome-

try techniques to the study of the properties of liquids in pores.

There have been a wide range of nuclear magnetic resonance investiga-
tions into the properties of water /ice systems in confined geometry, using the

following five main techniques.

1. Measurement of changes in the line-shape of the water proton resonance
due to the magnetic susceptibility field gradients that are present in
porous systems [26, 27, 28, 29, 30, 31, 32]. In high NMR static magnetic
fields, diffusion in these gradients may dominate the NMR relaxation
of liquids in pores.

2. Measurement of changes in the 77 (longitudinal or spin-lattice), T,
(transverse or spin-spin) and 73, (rotating frame) relaxation times
which is caused by exchange of magnetisation between the liquid in
the pore and the pore wall [33, 34, 35, 36, 37, 38, 39, 27, 40, 41, 42,
43, 44, 45, 46, 47]. In low NMR static magnetic fields, this exchange of
magnetisation tends to dominate the NMR relaxation times of liquids
in pores.

3. Measurement of the variation of the amplitude of the liquid component
in the T5 relaxation curve with temperature, and the interpretation of
this in terms of the Gibbs-Thomson relationship, which is known as
NMR cryoporometry [19, 48, 49, 50, 37, 24, 51, 41, 42, 52, 22, 53, 54,
55, 56, 57].

11



4. Measurement of translational diffusion of the confined water using
pulsed magnetic field gradient or fringe magnetic field gradient tech-
niques [58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73].

5. Direct measurement of nuclear magnetization transfer between the lig-

uid in the pore and the pore wall, as a function of time [74, 64, 75, 76].

Most of these techniques are to some degree equivalent in that they mon-
itor the dynamical processes by measuring the transfer of nuclear spin mag-
netization and thus the coupling between different parts of the system being
studied. A particularly significant case is the examination of magnetisation
transfer in systems consisting of water, ice and the containing silica surfaces,
as mediated by both rotational and translational diffusion and modified by
re-orientational averaging. As a result, these techniques are highly sensi-
tive to the state of the water/ice at the silica surfaces, which may be in a
significantly different thermodynamic state to that of bulk water/ice. Both
relaxation and diffusion measurements in particular point to the existence of
mobility in water/ice systems in pores.

The prime features dominating the measured NMR relaxation are well
understood but further developments will be needed in order to relate the de-
tails in individual confined geometry systems to the basic physical processes.
The direct measurement of the magnetisation transfer is proving highly infor-
mative for the study of liquid-substrate interactions in porous media. NMR
cryoporometry is unique in not only being reliant on changes in the NMR
relaxation, but also in providing information from the Gibbs-Thomson Free
Energy in the system. NMR cryoporometry is proving invaluable for its abil-

ity to localise components of the liquids and their crystals to the interior or

12



exterior of the pores, by application of the Gibbs-Thomson equation.

4. NMR Cryoporometry : experimental.

A system consisting of water/ice in the highly regular templated SBA-
15 porous silica TLX-1-5 (F5) [77] is considered. This system consists of
cylindrical pores of about 86 A diameter on a hexagonal lattice.

An NMR pulse sequence of 90° - 7 - 180° - 7 - echo is used to monitor
the quantity of mobile liquid in the pores, at a time when the signal from
brittle ice will have decayed, but that from the liquid will be substantially
intact. If the water in the pores is all frozen, and then the system is warmed
up at a slow rate, and the NMR echo amplitude is monitored at a time of
27 = 2 ms, then for a highly over-filled sample (excess water around the
grains) the results in Fig. 1 are obtained. The step (D to C) at about -13°C
corresponds to the melting of the liquid in the pore at the Gibbs-Thomson
reduced temperature, that is, the increase in the Gibbs Free Energy due to
being confined within these pores is dynamically equivalent to a thermody-
namic temperature increase of about 13°C. There is then a plateau (C to
B) where no further liquid melts, followed by another step (B to A) at the
normal bulk melting point when the liquid outside the grains melts.

The step corresponding to the melting of the liquid in the pores may then
be differentiated and transformed, [49] to give a pore size distribution, Fig.

2.
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Intersections at :
-13.888  0.001
-12.64 0.776
0.039 0.782
0.851 1.928

>

Pore Volume :
0.776 {ml.g™}

Sample filling factor :
2.466

Bulk Melting Point :
0.314 °C

Pore Melting Point : 1

-13.264 °C

Melting Point Depr. :
13.578 K

Melted volume {ml.g"l}

L L

Temperature {°C}

Figure 1: NMR Cryoporometry melting curve for water in SBA-15 (F5) silica, at a warming
rate of 0.05C°.min~", with linear fitting to graph sections and hence extraction of phase
transitions and pore volume. Straight-line fits are made to each linear section of the data,
and their intersections are at points A to D: All the liquid is frozen below D; then from D
to C the liquid in the pores melts; on the plateau from C to B no further liquid melts; from
B to A the bulk liquid outside the grains melts: above A all the liquid is melted. Thus
knowing the mass of all the liquid in the sample (and assuming the density), the ratio of
the amplitudes B/A gives the total pore volume. The difference in temperature between
B,A and D,C gives the melting point depression in the pores [24]. Graph reproduced with

permission from Elsevier [78].
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Figure 2: Pore diameter as measured by NMR Cryoporometry using water in SBA-15,
assuming a cryoporometric constant kgp twice that appropriate to sol-gel silicas. Line:
measured data; dots: fitted Gaussian, with a peak porosity of 29 ulA=1g=! at a pore
diameter of 85.4 A and full width at half maximum (FWHM) of 13.3 A. Graph reproduced

with permission from Elsevier [78].
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4.1. NMR Cryoporometry : experimental calibration of kqr for the melting

transition.

By measuring the median of the melting point depressions for water in
sol-gel silicas with a range of pore diameters, as calibrated by gas adsorption,
and by plotting against inverse pore diameter, a reasonable straight-line fit
is obtained, see Fig. 3, from which one may deduce a value for the Gibbs-
Thomsom Coefficient ki 9 for water of about 58.2 K.nm (for the geometry
applicable to sol-gel silicas).

To obtain a correct value for kg for a brittle-ice to water transition by
NMR one must measure at a Free-Induction-Decay (FID) or echo sampling
time in excess of 1ms. For the work relating to Fig. 3, times of 4 ms to 20 ms
were used and were shown to give equivalent results. The reason that mea-
surements at shorter times give diverging results has recently become clear,
and is discussed in Section 5, where evidence that water near an interface
may enter a state with enhanced rotational motion is considered.

More recent work has returned significantly different results for kg7 when
measuring in templated silicas with cylindrical pores. This is expected, from
the different values for the geometric term k,. However it is important to
obtain experimental values for k,, and Fig. 4 shows a fit to data for three
MCM-41 type silicas (4) [79], where the melting point depression is plotted
against inverse pore diameter as measured by Ny gas adsorption using both
Kruk-Jaroniec-Sayari (KJS) and density functional theory (DFT) analyses,
and also a melting point depression for SBA-15 silica [78]. The melting point
depression for SBA-15 data was measured with the same apparatus as shown

in Fig. 2, the pore diameter being measured by Ny gas adsorption Frenkel-

16



Halsey-Hill (FHH) analysis [78]. The best-fit straight line through the origin
gives k& for water as about 140 K.nm.

The melting points for a number of the sol-gel silicas used for Fig. 3
were re-measured on the same apparatus as for the SBA-15 data, using a
27 acquisition time of between 2 ms and 10ms (mostly 4ms). For nearly
all the silicas Ny gas adsorption diameters were measured using Coulter SA
3100 instruments, and for many of the samples measurements were made
on two separate instruments; measured values were not obtained for two
of the silicas, and manufacturers’ supplied pore diameters were used. The
desorption BJH pore incremental volumes vs. pore diameter were peak fitted,
and the medians of the desorption BJH pore cumulative volumes vs. pore
diameter were also measured; both values were used to plot the measured
melting point depressions (x) (Webber and Strange, unpublished work). The
best-fit straight line through the origin gave kfon 9 for water of about 58.0
K.nm, which is in reasonable agreement with Fig. 3. Given the scatter
for both these data sets there appears to be little advantage in considering
a surface layer : the minima in the =Z?(g) errors of the best-fits are fairly
shallow.

In earlier work with only an estimate of k&% from the single SBA-15 sam-
ple [78] it was suggested that ki /kion 9% was about 2. Fig. 4 suggests that
kS kg9t~ 2,43, This is significantly different from any theoretical value,
but this may be due to the different analyses that have been applied to the
Ny gas adsorption data, or may indicate the need for more consistent melting
point data that have all been measured on the same NMR cryoporometric

instrument.
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Figure 3: Median melting point depression AT, for water in 10 different sol-gel porous
silicas, from different sources, of diameter 25 A to 500 A, as measured by an NMR 90°-7-
180°-7-Echo experiment, with a measurement time of 27 = 4 ms, plotted against inverse
nominal pore diameter x, as calibrated by gas adsorption. The slope of the best straight
line fit to the 61 measurements, through the origin, gives kgr = 58.2 K.nm. Graph

reproduced with permission from Elsevier [51].
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Figure 4: The relation of melting point depression AT, to inverse pore diameter x, for
water in various sol-gel silicas as calibrated by gas adsorption measurements (x) (data
used with permission from Lab-Tools Ltd.), compared with melting point depressions for
water in templated cylindrical pores : MCM-41 (4) [79] (data used with permission from
G.H. Findenegg) and SBA-15 (F5) (o) [78] (data used with permission from Lab-Tools
Ltd.). The dotted line has twice the slope as the fit to the sol-gel silica data.
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4.2. NMR Cryoporometry : experimental effect of measuring time on the

measured melting transition.

X Unilever A
50| + Unilever B 2
o Merck (Aldrich)
¢ Aldrich
40
L
£
|_
< 30
20
10 |
0
\\\\\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\
o 0.1 0.2

1/(x=2¢) {nm-1}

Figure 5: The melting point depression AT, for cyclohexane in various sol-gel silicas of
diameter 25 A to 500 A, as measured by an NMR 90°-7-180°-7-Echo experiment, with
a measurement time of 27 = 20 ms, plotted against inverse nominal pore diameter z, as
calibrated by gas adsorption. The slope of the best straight line fit to the 14 measurements,
through the origin, gives kg = 190.1 K.nm, assuming a surface layer term ¢ = 0.121 nm.

Graph reproduced with permission from Elsevier [80].

The presence of rotational motion is well known in solid cyclohexane,
which has a plastic phase between the brittle and liquid phases, and similar
plots for multiple pore diameter silicas, as a function of pore diameter, for
cyclohexane, such as Fig. 5, are shown to require a surface layer term ¢ to
be included in the Gibbs-Thomson equation (i.e. to obtain a straight line in

plots such as Fig. 5,) as discussed in Section 2.2. The constants required
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for these fits (Table 1) show that the measured surface layer thickness ¢ is 7

dependent [24].

2T kot €
fms} | {KA} {A}
4 2419  4.474
10 2032 3.40;
20 1901 1.21,4
40 1789  0.000

Table 1: Slope kgr of melting point depression, and surface layer ¢, for cyclohexane in

sol-gel silica, measured at time 27 [24].

Fig. 7 indicates that for cyclohexane, for measurements with 27 > 26
ms the mvalue of the pore diameter derived from eq. 9 will be independent
of 7, consistent with the standard minimum value of 7 = 20 ms, used for
many years in cryoporometric measurements on cyclohexane. Fig. 7 implies
that for the first 5.4 A there is something different about the properties of
cyclohexane within pores. This variation is now believed to be due to a
surface layer with enhanced rotational motion, whose thickness depends on

temperature, as discussed in Section 5.

4.8. NMR Cryoporometry : experimental calibration of kgr for the freezing
transition.

NMR Cryoporometry conventionally uses the equilibrium melting tran-

sition, as for many liquids in pore systems on a simple cooling the liquid

will enter a non-equilibrium super-cooled state, before finally freezing at a
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Figure 6: Measured Gibbs-Thomson coefficient kgr for cyclohexane in sol-gel silica as
a function of inverse measuring time 27 (Re-plot of data from Table 1) [24]. Graph

reproduced with permission from Lab-Tools Ltd.

temperature that does not correctly encode the Gibbs-Thomson coefficient.

Recently a multi-ramp measurement technique to also observe an equi-
librium freezing transition such as is shown in figures 8, 9 has been reported
independently by Petrov and Furo [81] and Webber et al. [82, 83].

The sample is initially cooled through the supercooling event until all the
liquid is frozen, then it is warmed until the liquid in the pores is melted,
but with the liquid around the grains remaining frozen. During a subsequent
cooling ramp, the ice around the grains serves to initiate freezing inside pores
at the true Gibbs-Thomson equilibrium freezing point. A final warming ramp
again melts the liquid in pores and then finally the liquid around the grains.
The latter event serves as a reference temperature for the bulk melting point,

helping remove zeroth order instrumentation offsets.
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Figure 7: Measured surface layer term e for cyclohexane in sol-gel silica as a function of
measuring time 27. For 27 > 26 ms, e =0 (Plot of data from Table 1). Graph reproduced

with permission from Lab-Tools Ltd.
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Figure 8: Multi-ramp NMR Cryoporometry measurements on water in 10nm nominal pore

diameter sol-gel silica, probing the freezing event as well as the melting events [82]. Graph

reproduced with permission from Elsevier [83].
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Figure 9: Multi-ramp NMR Cryoporometry measurements on water in SBA-15 silica,
probing the freezing event as well as the melting events [82]. Graph reproduced with

permission from Lab-Tools Ltd.
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This freezing event is at a lower temperature than the melting event; this
may be due to the geometry of the freezing meniscus (a hemisphere growing
into the pore) being different from the melting meniscus (which is cylindrical
in the case of cylindrical pores), though other effects may also be present
in certain materials, including the effect of restricted access in ”ink-bottle”

type pore geometry [84, 85, 86, 79].

4.4. Effects of interface geometries on freezing/melting behaviour : experi-

mental.

Measuring the freezing and melting transitions at a few warming-rates,
and then extrapolating to zero warming rate, removes any first order error,
and reduces the remaining error in the measured freezing and melting points
to second order.

For multi-ramp NMR Cryoporometry on the above SBA-15 (F5) sample
the best estimate to-date, after extrapolation to zero warming-rate, gives
ATy /AT, = 1.452+0.05. This suggests that the ratio for this pore geometry
may actually be close to 1.5; if we assume that the advancing ice freezing-
front in the cylindrical pores is spherical, while the ice melting-front geometry
is cylindrical, Eq. 8 would indeed predict such a ratio.

There is a detailed discussion of the ATy /AT, ratio, with proposed equa-
tions, and with experimental results for water, benzene, cyclohexane and cy-
clooctane in 23.7 nm and 72.9 nm pore diameter CPG silicas, provided by

Petrov and Furo [22].
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5. Water/ice at an interface : Plastic Ice.

5.1. Water/ice at a silica interface

A system consisting of water/ice in a cylindrical pore templated SBA-15
porous silica [77] has been probed using neutron diffraction, neutron diffrac-
tion cryoporometry, NMR transverse relaxation and NMR cryoporometry
techniques [2, 83, 20, 78, 87, 88].

The first clues that there were processes at work in the pores, beyond
standard Gibbs Thomson melting point depression, were given by a novel

analysis of the neutron diffraction data.

5.1.1. Structure, as determined by Neutron diffraction cryoporometry, using
a global analysis, with a fully-filled sample

Diffraction curves were measured for D,O vs. scattering vector ¢, in a
range of templated samples, as a function of temperature, and for various
filling factors; we shall discuss the measurements on the SBA-15 TLX-1-5
(F5) sample for filling factors f=1.31, 0.95 and 0.61.

Fig. 10 shows a selection of neutron scattering data sets for an over-filled
sample (i.e. with excess DyO around the grains), measured on a warming
ramp, plotting every tenth diffraction curve. At the highest temperatures
there is a broad liquid-water peak, at lower temperatures the signal shows
the hexagonal ice melting to water, and at yet lower temperatures there is
a complex inter-conversion between defective cubic ice, hexagonal ice and a
water-like component.

Neutron diffraction cryoporometry (NDC) [78] is a recently developed

technique that uses such data to present plots of the quantities of each of
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the water/ice phases in the system being studied, as amplitude plots, in a
similar manner to NMR cryoporometry (NMR-C), introduced by Strange et
al [19, 56], which in turn is a development of the gas adsorption [89, 23] and
differential scanning calorimetry (DSC) thermoporosimetry [90] techniques.

This data set was then globally fitted using the templates shown in Fig.
11 to extract the amplitudes of the water, hexagonal ice and cubic ice com-
ponents. The paper describing the NDC technique [78] concluded with the
statement that the technique needed further development so as to return
normalised amplitudes. It is believed that a reasonable approach to this
normalisation has now been developed.

The normalised measured neutron diffraction cryoporometric curves are
shown for the above components in Fig. 12. In this graph the total of
the displayed quantities for each of the three phases in the sample, water,
cubic ice and hexagonal ice, at any particular temperature, sum to unity. An
important feature is that the curve for water can be seen to have a significant
component well below the main melting event in pores,

The hexagonal ice can be seen to mainly melt at temperatures appro-
priate to bulk D50 ice (allowing for instrumental effects), indicating that it
is external to the pores, while the cubic ice melts at a lowered temperature
appropriate to the Gibbs-Thomson melting point reduction in these pores.
Thus the ice forming in these pores is mainly cubic, in accordance with pre-
vious studies on sol-gel silicas with pores < 30 nm diameter. However, a
further 10% of the hexagonal ice is also seen to form at a reduced tempera-
ture, indicating that some of the ice in the pores of the SBA-15 incorporates

a hexagonal component.
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Figure 10: The diffraction pattern for water/ice in an over-filled sample of SBA-15 silica
(F5), of 8.6nm pore diameter, as a function of temperature during a warming ramp. Graph

reproduced with permission from Institute of Physics [91].

The data clearly also shows a disordered component, that is best matched
by the water template. However a study of the actual diffraction data shows
a difference from the bulk water curves. This component exists below the
normal Gibbs-Thomson depressed temperature for D,O water in these pores,
extending a further 50 to 80K, down to around or below 200K.

As the temperature is further lowered, the amount of the disordered com-
ponent decreases, converting primarily to further cubic ice, but some clearly
also converts to hexagonal ice. As the temperature is again increased, the
crystalline ices reversibly transform back to the disordered component, in-
dicating a surprising equilibrium between the phases. The dynamics of this
disordered component was then investigate by NMR relaxation; this will be
discussed in the next section.

Fig. 12 is a complex graph, and further features will be discussed later in
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Figure 11: Neutron diffraction template curves for three ice/water phases: A) water, B)
hexagonal ice, C) defective cubic ice. Graph reproduced with permission from Elsevier

[78].

Section 5.2.2. Fig. 13 shows a normalised graph for the phase fractions for the
SBA-15 pores nearly filled with D,O (f=0.95). In this graph the total of the
displayed quantities for each of the three phases in the sample, water, cubic
ice and hexagonal ice, at any particular temperature, again sum to unity. A
very significant feature of this graph is that nearly all the water in the pores
converts to cubic ice, with only 1% hexagonal ice. It has been known for
some time that the water in pores less than about 30 nm in diameter tends
to form cubic ice, but these fractional plots are very enlightening : this data

will be discussed further in the section on partial filling.
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Figure 12: Normalised Neutron diffraction cryoporometric curves for ice/water freezing
and melting in over-filled SBA-15 (F5) templated silica (f=1.31) with a nominal pore
diameter of 86A, showing the separately resolved data for cubic ice, hexagonal ice and
water. Based on a prior non-normalised graph, reproduced with permission from Lab-

Tools Ltd. [20].

5.1.2. Dynamics, as determined by NMR transverse relaxation, for plastic
ice in a fully-filled sample.

NMR T; and T measurements were made on an over-filled sample (f=1.20),
which, below the main freezing event in the pores, showed a two component
signal, with one component being brittle ice with a T, value of around 10
s, the other consisting of a much longer exponential (Fig. 14). This longer
component had a value of T, that showed a plateau as a function of tempera-
ture of around 100 to 200 ps, becoming more brittle-ice like at around -80°C,

see Fig. 15. The amplitude of this component also decreased progressively

31



1
I
>
=
[72]
C
9
D: Total c
C: Cubic Ice -
B: Water + Plastic Ice
A: Hexagonal Ice 0.5
— - —0—
r||||||||||||||||||

-100
Temperature {C}

Figure 13: Normalised Neutron Diffraction Cryoporometry graphs of D2O water / ice
fractions in SBA-15 templated silica : Nearly filled, f=0.95, for a cooling ramp. Graph

reproduced with permission from American Institute of Physics [92].
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and reversible at low temperatures, see Fig. 16.
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Figure 14: Free Induction Decay data for HoO in SBA-15 f=1.20 at -20 C, showing brittle
and plastic ice. (Boltzmann and Q corrected). Graph reproduced with permission from

Lab-Tools Ltd. [93].

The NMR T, data for this longer relaxation component in an over-filled
sample (f=1.20) is plotted against inverse temperature as an Arrhenius graph
in Fig. 15.

The activation enthalpy for the sloping part of cooling ramp over the
temperature range 180K to 230K was determined as 4.6 kJ mole~t. This is
the is believed to be due to the on-set of rotational motion.

At higher temperatures there is the plateau that is believed to relate to
the dynamical region where rotational motion is probably still increasing, but
where, for the purposes of NMR relaxation, the effective proton separations

just average to a constant value equal to the molecular-centre separations
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Figure 15: Variation with temperature of the NMR, long 75 relaxation time component for
plastic ice in SBA-15 porous silica, shown as an Arrhenius plot, for overfilled pores with a

filling factor f = 1.20. Graph reproduced with permission from Institute of Physics [20].
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Figure 16: Amplitude of NMR signal for plastic ice in SBA-15 (F5). Maximum plastic ice
fraction to total water-ice in pore = 0.52; then, for cylindrical geometry, max fractional
thickness of plastic layer = 0.31, which for 86A pore diameter gives the maximum thickness
for the layer of plastic ice as 13A. The thickness of this surface layer of plastic ice reduces
with lowering temperature at a rate of 0.14A.K~1. Graph reproduced with permission

from Institute of Physics [20].
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[94]. There are various possible causes that need to be considered for this
factor of 10 increase in the Ty at around 200K to 220K, for the defective ice,
over that for brittle ice as discussed previously [2, 83, 20]. These may be

summarised as follows.

1. Ty relaxation in ice is due to the dipolar interaction between the pro-
tons, an increase in the actual distance between the protons will lengthen
Ty. Given the observed changes as a function of temperature in Fig. 15
it is improbable that this behaviour is due to a simple lattice expansion.

2. There may be translational diffusion, giving rise to motional narrowing.
This may be expected to contribute to the observed T,, particularly
given the large change in temperature and is the likely cause of the
rapid change in Ty in the vicinity of the melting point in the pores.
However the observed behaviour of To(T") over the range 180K to 250K
is not characteristic of a translational activation energy, as would be
expected for translational motional narrowing.

3. There may be rotational diffusion. In plastic crystals, rotation is 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 increase in Ty at the onset of

rotational motion, followed by a plateau in Ty(T") as T increases [94].

The plot of To(7T") in Fig. 15 is very similar to that for the plastic crys-
talline phases of materials such as cyclohexane, showing the form of the above
case (3) with step and plateau, followed by the rapid rise of case (2) just be-

fore melting; consequently it is suggested that this longer ice component
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is in a plastic state and that this plastic ice corresponds to the disordered
component as measured by neutron scattering.

Thus the increase in Ty in the 180K to 230K region is believed to be due
to the onset of rotational motion, while for the plateau at about 0.004 K1
the motional averaging effectively sets the proton-proton separation to be the
same as the oxygen-oxygen separation. This gives rise to a significant increase
in Ty at the onset of rotational motion, followed by a plateau in Ty(T') as
T increases [94]. If this plateau is fitted with a constant amplitude, and
this value is then subtracted from the Ty relaxation data on the Arrhenius
graph, a further straight line is obtained. It is believed that this component
represents the onset of translation motion, with a surprisingly large enthalpy
of 810 kJ mole™*.

Fig. 16 shows data for the fractional amplitude of this longer relaxation
component, with corrections for receiver non-linearity and also changes with
temperature of the Boltzmann population and NMR coil quality-factor Q.
These measurements indicate that the fraction of plastic ice in the pores
increases from about 0.05 at 170K to an extrapolated maximum of about
0.52 of the total volume at the melting point in the pores at about 260K. As
this melting point is approached these amplitude data for the longer compo-
nent also include the amplitude of any fraction with increased translational
motion, and so increases rapidly. If one assumes that the plastic ice is in
the form of a layer on the surface of cylindrical pores, then the maximum
extrapolated fractional thickness is 0.31. For 8.6 nm diameter pores this cor-
responds to a maximum layer thickness of about 1.3 nm, decreasing at about

0.014 nm.K~! as the temperature is lowered.
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Figure 17: Variation with temperature of the 77 of the NMR long 7% relaxation time com-

ponent for plastic ice in SBA-15 porous silica - f=1.20. Graph reproduced with permission
from Lab-Tools Ltd. [93]
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The NMR T relaxation behaviour (at By = 0.5T), for the longer 15
relaxation component, is plotted against inverse temperature in Fig. 17. At
low temperatures the rotational motion is minimal, and the 7T} value is long
as would be expected. As the temperature is raised the rotation increases
and 17 decreases to a minimum. With the onset of translation, just below
the melting event in the pores, motional narrowing sets in, and 7; again
increases.

Preliminary 7} measurements as a function of By have been made, but
further analyses need to be performed on the data. It would be useful to also

make 77, measurements.

5.2. Water/ice at a vapour interface

NDC, NMR-C and NMR-R measurements have also been made on partially-
filled pores, where there is also a water /ice to vapour interface. A hypothesis
that has been generated to understand both the fully-filled and partially-
filled pore NDC and NMR-C results, is that plastic ice forms at both the
ice-silica and the ice-vapour interfaces, and that as the temperature is low-
ered, the plastic ice at the ice-silica interface converts to cubic ice, whilst
the plastic-ice at the ice-vapour interface converts to hexagonal ice. This

hypothesis is now tested against the measured results.

5.2.1. Dynamics, as determined by NMR transverse relaxation, for plastic
ice in a partially-filled sample.

Early indication that the plastic ice component in partially-filled samples

was larger and/or had a longer T, were given by the data in Fig. 18, where

NMR-C measurements were performed on an un-modified sol-gel silica, a
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surface modified case of the same silica, and a partially-filled case of the
latter, Jelassi, Castricum, Bellissent-Funel, Dore, Webber and Sridi-Dorbez,
submitted. It can be seen that the signal below the main melting event in
the pore has not relaxed to zero by the sampling time of 27 = 2ms in the
case of the surface modified silica, and that this is even more significant in
the partially-filled case.

A study has been made of the T, behaviour of a partially-filled SBA-15

sample [92].
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Figure 18: NMR cryoporometry curves for fully and partially-filled samples of a porous
sol-gel silica, both with a hydrophylic surface and with a methylated hydrophobic surface
[95], showing that the NMR long T5 relaxation time component for plastic ice (below
the pore melting/freezing events) is more significant in the partially-filled hydrophobic
case, with filling factor f = 0.63. Jelassi, Castricum, Bellissent-Funel, Dore, Webber &
Sridi-Dorbez, unpublished data [93].
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Figure 19: Variation with temperature of the NMR two intermediate To relaxation time
components for ice at silica and air interfaces in SBA-15 porous silica - Arrhenius plot for
filling factor f = 1.20 (circles) and f = 0.50 (remaining curves). Graph is an extension of

prior work [92], and is reproduced with permission from Lab-Tools Ltd.

The NMR T, relaxation data for a partially-filled sample (f = 0.50),
that has ice-vapour interfaces as well as ice-silica interfaces, was found to
have a short Gaussian component (corresponding to brittle ice) and two
longer more exponential components. The T, relaxation times for the three
components were found to differ by about an order of magnitude over most
of the temperature range, and thus were cleanly separable. These relaxation
times are plotted against inverse temperature as an Arrhenius graph in Fig.
19 with fully-filled data plotted for comparison (circles).

In the lower pair of traces the water-ice system can be seen to have very
similar relaxation times to those of the water-ice system in the fully-filled
case, where there is only an ice-silica interface. Thus this 75 component is

assumed to be plastic ice with a silica boundary.
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In the upper pair of traces the water-ice system can be seen to have
relaxation times about 10 times longer than those of the water-ice system
in the fully-filled case. Thus this 75 component is assumed to be ice with
a vapour boundary. The mobility is very high, so it not completely clear if
one should consider this component as being ice. However there is clearly a
further onset of translational motion just prior to the main melting event in
the pores, and thus it is reasonable to again assume that there is a rotational
mobility in the plateau region, such that on warming the system passes from
a brittle ice state, through a plastic stage, before melting to a liquid state.

However this system needs to be more fully characterised by other tech-
niques such as Quasi-Elastic Neutron Scattering (QENS), Pulsed Field Gra-
dient NMR (PFG-NMR), as well as 77 and T3, relaxation measurements.
QENS measurements performed on Vycor with a near monolayer coverage
have been reported as showing a liquid-liquid transition [96]; however this
work suggests that it is possible that one of these states is actually a plastic

state.

5.2.2. Structure, as determined by Neutron diffraction cryoporometry, using
a global analysis, with a partially-filled sample.

Neutron scattering measurements have been performed on partially-filled
SBA-15 pores (f=0.61) [92]; the as measured data is shown in Fig. 20 [93].
A NDC analysis of this data (Fig. 21, [92]) shows that, on cooling, cubic ice
and plastic-ice initially forms, but as the temperature is lowered, the plastic
ice converts in approximately equal quantities to cubic ice and hexagonal
ice. There is slightly less hexagonal ice than cubic ic (as would be expected

for the smaller interfacial area at the ice-vapour interface compared with the
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Figure 20: The diffraction pattern for water/ice in an under-filled sample of SBA-15
silica (f = 0.61) as a function of temperature during a warming ramp. Dore & Webber,

unpublished work [93].

ice-silica interface), the layers having a maximum thickness of about 3 A.
The maximum amount of hexagonal ice in the pore seems to be about 15%
of the total pore volume.

Thus the small amount of hexagonal ice forming from the plastic ice,
in the f=0.95 study, see (Fig. 13), can be understood as the presence of a
small fraction of the pores containing vapour, giving rise to plastic ice at the
vapour surface, then converting to hexagonal ice. The slightly larger amount
of plastic ice converting to hexagonal ice in the f=1.31 study (Fig. 12) must
by this hypothesis be understood to indicate that this sample was not at
equilibrium, and that a small percentage of pores were not fully filled when

the experiment was performed.
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Figure 21: Normalised Neutron Diffraction Cryoporometry graphs of DoO water / ice
fractions in SBA-15 templated silica : partially-filled, f = 0.61. Graph reproduced with

permission from the American Institute of Physics [92].

5.2.3. Structure, as determined be Neutron diffraction, using a peak analysis,
with a partially-filled sample.

Curve fitting techniques were used to decompose the main ice peak triplet
from the set of neutron scattering measurements as per Fig. 13, i.e. on
a 'nearly filled’ sample [88]; these indicate that, following the removal of
any residual hexagonal ice scattering peaks, the remaining cubic peak be
represented not as three peaks but as five, as shown in Fig. 22.

An analysis of the variation with temperature of the peak areas of the

five fitted peaks plotted in Fig. 22 reveals that only one of the five (the
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Figure 22: The fitted profile for the main peak using five symmetric peak functions at
258K, for the main neutron scattering peak for DoO in SBA-15. Graph reproduced with

permission from Institute of Physics [88].

broad component peak 4), has a significant amplitude variation, as shown
in Fig. 23, increasing at low temperature and reversibly decreasing as the
temperature is again raised. It is worth noting that bulk amorphous ice may
be prepared with a range of densities [97, 98, 99, 100, 101] and Fig. 24 shows
a set of diffraction data from low, intermediate and high density amorphous
ice (lda, ida, hda) with Qg values ranging from 1.69 to 2.10 A= [102]. Tt
is clear that the peak 4 in Fig. 22, with a Qy value of 1.768 A=, is well
matched in peak position by an intermediate density amorphous ice, but not
in peak width.

Thus a tentative conclusion is that the disordered plastic ice component
at a silica interface at least partially converts to an intermediate density
amorphous ice, represented by fitted peak 4 of the cubic ice pattern in Fig.

22, as the temperature is lowered, and then reversibly transforms back to the
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Figure 23: The variation of peak areas with temperature, A(T), for the five fitted peaks

composing the main neutron scattering peak for DoO in SBA-15. Graph reproduced with

permission from Institute of Physics [88].

Intensity

=
o
o
o

|

Ida

Amorphous Ice at 2.4A
hda | Ice form Qo
High Density (hda) 2.10
Intermediate Density (ida) 1.77
Low Density (Ida) 1.69
SBA-15 Ice peak 4 1.77
| ida

SBA-15 Peak 4

4
Q {A™y

)]

Figure 24: Diffraction patterns for bulk low, intermediate and high density amorphous ice

(Ida, ida, hda), as well as that of peak 4 in Fig. 22, for the ice in the SBA-15 sample.

Graph reproduced with permission from Institute of Physics [88].
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disordered form as the temperature is again raised. Further evidence for this

conclusion is provided in the next section.

5.2.4. Structure, as determined by Neutron diffraction, using a radial domain
analysis.

Neutron diffraction patterns measured for the scattering from D,O par-
tially filling the pores in SPS-1 porous silica (nominal pore diameter 18 A),
is shown at a temperature where normally (in larger pores) cubic ice would
be expected (Fig. 25). The scattering intensity at 150K is also shown trans-
formed to the radial domain (Fig. 26a), which shows a pattern that is ex-

tremely similar to a pattern measured previously for low-density amorphous

ice [98] (Fig. 26b).

6. Applications and Consequences.

6.1. Relevance to NMR cryoporometry in short T, materials : meteorite ex-

ample.

There is an interest in applying the technique of NMR cryoporometry
to the study of rocks, clays and cements; in some of these environments
there is low iron and paramagnetic content, and standard NMR-C techniques
using water work well using 27 echo sampling times of 2 ms or greater. In
other environments metallic and paramagnetic components are present, 75
and T3 values are short, and there is a requirement to make measurements
at 500 ps or less. In these cases measurement using water as the probe
liquid may be examining the brittle-plastic phase transition, rather than

the brittle-liquid phase transition, thus leading to spuriously low pore-size
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Figure 25: The variation of the diffraction pattern for DO water in SPS-1 (partially filed)
as a function of temperature during a warming ramp from 100K to 295K, showing the
main ice peaks exhibit negligible cubic ice, and also showing a conversion to disordered

ice (Dore & Webber, unpublished data).
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K. Graphs reproduced with permission from Institute of Physics [87].
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Figure 27: The pore-size distributions for these meteorite samples are measurable using an
apolar liquid, but not water, due to the very short relaxation times being comparable with
the T9 of plastic ice. a) NMR spin-echo tra%*ofor an apolar liquid in meteorite ALH77307,
showing extreme shortening of T (HWHM decay time = 2.5 us in a static field Bg=0.5T)
due to high magnetic gradients from the metallic content, with associated reduction in
T5. b) NMR cryoporometry pore-size distributions, measured at short 27 times, using an
apolar liquid without a significant plastic crystal component, for three meteorite samples
: Allende, Acfer 094 and ALH77307 [92], Bland, Jackson, Coker, Cohen, Webber, Lee,
Duffy, Chater, Ardakani, McPhail, McComb8 and Benedix : Unpublished results.



measurements. Extreme examples of such short 7, and short 73 materials
are provided by meteorites [103]. Fig. 27a shows the results from applying
a spin-echo sequence for an apolar liquid in a meteoric sample, in a 0.5T
field, with the spin-echo trace revealing extreme broadening due to metallic
component induced gradients. Fig. 27b shows that preliminary pore-size
distributions can be successfully measured using NMR cryoporometry, using
an a-polar liquid in meteoric samples [92], Bland, Jackson, Coker, Cohen,
Webber, Lee, Duffy, Chater, Ardakani, McPhail, McComb8 and Benedix :
Unpublished results. The latter paper considers the chemical evolution in
meteorites over long periods and the evidence that this evolution is localised
within the meteorite bodies rather than being a global average.

In addition, the enhanced dynamics that occur in ice at interfaces com-
pared with the dynamical rates in bulk ice, as demonstrated in this discussion,
may well be relevant to this long-time scale chemical evolution in meteorites

and asteroidal bodies.

6.2. Relevance to macroscopic snow-packs in the environment.

A significant conclusion from both the NMR relaxation studies and the
neutron diffraction cryoporometric studies is that plastic ice forms at ice-
vapour interfaces, converting to hexagonal ice at low temperatures. It is
well known from the study of the bulk mechanics of sea ice, snow-packs and
glaciers, formed predominantly from hexagonal ice, that modeling must be
done with either a viscous-plastic (VP) or an elastic-viscous-plastic (EVP)
model [3]; this deduction that the ice may be in a state of enhanced rotational
motion at each of the myriad of ice-vapour interfaces in compressed snow-

packs, leading to a continual breaking and forming of the hydrogen bonds,

o1



may be relevant to these studies of ice and snow-packs in the environment

92).
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