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Abstract
Nuclear Magnetic Resonance (NMR) cryoporometry is a technique for non-destructively
determining pore size distributions in porous media through the observation of the
depressed melting point of a confined liquid. It is suitable for measuring pore diameters in the range 2 nm – 1 µm, depending on the absorbate. Whilst NMR
cryoporometry is a pertabative measurement, the results are independent of spin
interactions at the pore surface and so can offer direct measurements of pore volume as a function of pore diameter. Pore size distributions obtained with NMR
cryoporometry have been shown to compare favourably with those from other methods such as gas adsorption, DSC thermoporosimetry, and SANS. The applications of
NMR cryoporometry include studies of silica gels, bones, cements, rocks and many
other porous materials. It is also possible to adapt the basic experiment to provide
structural resolution in spatially dependent pore size distributions, or behavioural
information about the confined liquid.
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1

Introduction

Porous materials have a multitude of roles in the natural world and are widely
used in industrial applications. They exist in a vast range of forms: everything
from biological cells to rocks, drying agents to catalysts in chemical reactors.
It is important in many applications to be able to accurately characterise the
properties of these systems, such as total porosity, pore size distribution, specific surface area, permeability, breakthrough capillary pressure, and radial
density function. It can also be important to characterise the behaviour of
liquids within porous systems by identifying diffusion and pore surface interactions.
Numerous methods currently exist for determining these properties, although
each individual method can usually probe only one or two characteristics.
These techniques range from the simplistic, such as crushing, imbibition, and
microscopy (optical or electron), to the most complex Small-Angle Neutron
Scattering (SANS) measurements requiring the use of a particle accelerator or
nuclear reactor. Pore size distributions can be obtained using gas adsorption
(usually with nitrogen) (Brunauer et al., 1938; Barrett et al., 1951), Differential Scanning Calorimetry (DSC) thermoporosimetry (Brun et al., 1977), Mercury Intrusion Porosimetry (MIP) (Ritter and Drake, 1945), SANS (Feigin and Svergun,
1987), and various Nuclear Magnetic Resonance (NMR) techniques (Watson and Chang,
1997; Barrie, 2000). Some of these methods, notably gas adsorption, DSC thermoporosimetry, and most NMR measurements, probe the surface-to-volume
(S/V ) ratio of the pore structure and assumptions have to be made about the
pore geometry to derive a characteristic length scale (radius or diameter) for
the porous matrix.
The most commonly used methods for determining pore size distributions are
gas adsorption and MIP. These produce differing distributions as mercury intrusion measurements tend to probe the diameter of pore throats rather than
the pores themselves. Often non-destructive testing is preferred and mercury
intrusion fails in this regard, the measurement process damaging the pore matrix and making it impossible to reuse the sample. Here gas adsorption, NMR,
and DSC methods all have an immediate advantage in that the samples remain
undamaged so can be measured again and recovered. All three methods rely
on placing a liquid in the pores, and the measuring the change in the thermodynamic properties caused by the resultant nano-structuring. Gas adsorption
relies on the Kelvin relationship, concerning the change in the vapour pressure caused by this effect. Both NMR cryoporometry (Strange et al., 1993)
and DSC thermoporosimetry rely on the Gibbs-Thomson equation concerning
the relationship between the characteristic pore length scale and the change
in the freezing point of the liquid, or melting point of its solid crystal, due
to confinement within the porous matrix (see section 2). However, the freez4

ing and melting behaviour of confined liquids / solids is often complex, with
the thermodynamic properties of the confined material being modified from
those of the bulk (Christenson, 2001; Overloop and van Gerven, 1993). NMR
cryoporometry has an advantage over DSC thermoporosimetry in that DSC
measures transient heat flows and thus has a minimum rate at which the measurement may be made. The NMR method returns an absolute signal that
may be measured arbitrarily slowly, or in discrete steps, to obtain improved
resolution or signal-to-noise (S/N) ratio. In terms of accuracy of results, all the
methods require interpretation and assumptions leading to possible systematic
errors. NMR cryoporometry offers the advantage of a more direct measure of
the open pore volume.

2

Theory

2.1 Thermodynamics:
development of the Gibbs-Thomson equation
J. W. Gibbs, J. Thomson, W. Thomson (later Lord Kelvin), and J. J. Thomson were the pioneers of the theory behind phase transitions for confined
materials. They employed thermodynamics, generalized dynamics, and experimentation to determine the effects that variables, including geometry, have on
basic properties of matter such as vapour pressure and melting point (Gibbs,
1906 reprinted 1961, 1928; Thomson, 1849, 1862, 1871, 1888). In particular,
they established that the shift in melting point for a small crystal relative to
the bulk melting point varies inversely with crystal size (diameter). This behaviour is closely related to the capillary effect and both reflect the change in
bulk free energy caused by the curvature of an interfacial surface under tension
(Defay et al., 1951 reprinted 1966; Gregg and Sing, 1967). Consequently, the
Gibbs-Thomson equation for the melting point depression, ∆Tm , for a small
isolated spherical crystal, of diameter x, in its own liquid, may be expressed
as
∆Tm = Tm∞ − Tm (x) =

4σsl Tm∞
,
x∆Hf ρs

(1)

as given by Jackson and McKenna (Jackson and McKenna, 1990), where Tm∞
is the bulk melting point of the solid (considered to be a crystal of infinite
size); Tm (x) is the melting point of crystals of diameter x; σ sl is the surface
energy at the crystal-liquid interface; ∆Hf is the bulk enthalpy of fusion (per
gram of material); ρs is the density of the solid. ∆Tm depends only on the
properties of the liquid, its solid, and the interfacial interaction between these
two states.
5

The specific origins of the Gibbs-Thomson equation can be found in the works
of J.J. Thomson who applied generalised dynamics to describe the effects of
curvature on the equilibrium temperature of a liquid droplet surrounded by its
own vapour (Thomson, 1888). By considering the mean Lagrangian function
L of a gas, liquid, and solid, for the evaporation of a small droplet it is possible
to show
P0
RT ln
+ RT
Pv




ρv
ρl

!

+ ψ (T ) − ∆H0 +

d∆L
= 0,
dm

(2)

where R is the gas constant; T is the absolute temperature; P0 is the ambient
pressure; Pv is the vapour pressure; ρv and ρl are the vapour and liquid densities respectively, ψ(T ) is a function of temperature; ∆H0 is the latent heat
at absolute zero; m is the mass of liquid.
A change in mass m of a small droplet will change ∆L according to
d∆L
2σlv
=
dm
Rk ρv

(3)

where Rk is the Kelvin radius. From this is it possible to obtain, by substitution
into eq. (2) under the condition of constant temperature, the Kelvin equation
(Thomson, 1871, 1888)
RT ln

VM
Pv
= −2γ
,
P0
Rk

(4)

where γ is the liquid surface tension at temperature T ; VM is the molar volume
of the liquid.
The constant pressure variant of eq. (2) gives
∆Tm =

Tm∞ d∆L
.
∆Hf dm

(5)

Substituting in eq. (3) for a solid-liquid interface gives the Gibbs-Thomson
equation (1) in the form
∆Tm =

Tm∞ 2σsl
,
∆Hf Rρs

(6)

applicable to a crystal of radius R such that x = 2R.
6

The Kelvin equation (4) applies to an isolated droplet in its own vapour.
This can further be applied to the model of a right cylindrical void containing a hemispherical interface between a completely wetting liquid and
its own vapour (Thomson, 1888) as in the condensation branch of absorption
isotherms (Gregg and Sing, 1967; Coelingh, 1938; Cohan, 1938). Analogously
the Gibbs-Thomson equation applies to a spherical crystal in its own liquid,
and by extension to a right cylindrical void containing a hemispherical interface between a non-wetting crystal and its own liquid.
The presence of a confining geometry requires additional terms to be incorporated into the Kelvin and Gibbs-Thomson equations to accommodate the
interaction between the absorbate and the pore walls. Considering first the
Kelvin equation (4), the Young equation (Defay et al., 1951 reprinted 1966;
Gregg and Sing, 1967)
σpv = σlv cos (φ) + σpl ,

(7)

indicates a cos(φ) term should be present, where φ is the contact angle between the liquid and its own vapour; σ lv , σ pv , and σ pl are the surface energies
at the liquid-vapour, pore-vapour, and pore-liquid interfaces respectively. The
Young-Dupré equation (Defay et al., 1951 reprinted 1966)
Wpl = σlv + σ pv − σpl ,

(8)

gives the reversible work necessary to separate unit area of the liquid from the
pore wall. By simple substitution we can see
Wpl = σlv [1 + cos (φ)] .

(9)

Hence for a description of a liquid drop in a cylindrical pore the Kelvin equation becomes
RT ln

Ps
VM
= −2γ
cos (φ) .
P0
Rk

(10)

For the case of coexisting solid and liquid phases in a pore the analogous set
of equations
σpl = σsl cos (φ) + σps ,

(11)

Wps = σsl + σ pl − σps ,

(12)

Wps = σsl [1 + cos (φ)] ,

(13)

and
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provide the reversible work required to separate unit area of the solid from the
pore wall, where the surface energy terms σ pl and σ ps describe the pore-liquid
and pore-solid interactions respectively. Thus for a generic crystal melting in
a cylindrical pore the Gibbs-Thomson equation (1) becomes
∆Tm = Tm∞ − Tm (x) = −

4σsl Tm∞
cos (φ) .
x∆Hf ρs

(14)

The contact angle is commonly assumed to be 0o in the liquid-vapour (Kelvin)
case and 180o in the solid-liquid (Gibbs–Thomson) case (Gregg and Sing,
1967; Jackson and McKenna, 1990; Young, 1805, 1855; Tell and Maris, 1983;
Martin et al., 2002). The cos(φ) term also has a straightforward geometric interpretation since a spherical meniscus of radius r1 , in a cylindrical capillary
of radius r, with an angle of contact φ, has r = r1 cos(φ) (Gregg and Sing,
1967).
In NMR cryoporometry experiments it is generally assumed most absorbates
will have weak interactions with the absorbent surfaces, ensuring the pore dimension is the critical parameter defining the melting point depression. However, since
Wps
−1 ,
cos (φ) =
σsl




(15)

it is clear that the contact angle will be dependent on the magnitudes of
Wps and σ sl . Notably there is evidence that in some activated carbon fibres
the melting point of the confined liquid actually increases (Watanabe et al.,
1999), suggesting the cos(φ) term has changed sign. This is discussed further
in sections 7.2 and 8.1.2.
For convenience eq. (1) can be expressed in the form
∆Tm =

kGT
,
x

(16)

where kGT is a calibration constant to be determined empirically (Strange et al.,
1993). It is important to be aware that eq. (14) applies unchanged only to right
cylindrical pores, due to the numerical constant ‘4’ being derived for this special case. In the general case, the influence of pore geometry must also be
taken into consideration. It is therefore better to express eq. (16) in the form
(Webber et al., 2007b)
∆Tm =

kGT
kg · ks · ki
=
,
x
x

(17)
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where kg is a geometric constant dependent on the interfacial shape (Webber,
2003a), ks is a constant involving parameters specific to the crystalline solid
of solid-liquid system employed such that ks = Tm∞ /∆Hf ρs , and ki is an interfacial energy term such that ki = σsl − Wps or ki = σps − σpl . Since the
geometry of the pores is determined by the constant kg , x becomes a generic
“pore size” term as opposed to a more specific dimension such as radius R,
diameter D, or slit separation TSS . Nevertheless, in order to interpret the pore
size distributions generated in NMR cryoporometry measurements, x is generally quoted as being a pore diameter unless evidence exists on the precise
form of the pore geometry indicating x should be defined otherwise. The term
kg /x relates to the surface-to-volume (S/V ) ratio of the porous matrix. In
the case of a confined liquid freezing, it has been suggested that kg /x = S/V
(Webber, 2003a; Petrov and Furo, 2006), whereas in the case of a confined
crystal melting, it has been suggested that kg /x = ∂S/∂V (Petrov and Furo,
2006). However there is still some discussion regarding the exact nature of this
relationship (Webber and Dore, 2008).
In real samples the geometry is often not perfect and so a precise value of
kg cannot be defined a priori ; the pores may well be intersecting and could
be of arbitrary or mixed geometries. Deviations from the thermodynamic
ideal may also be expected for small dimensions where the molecular features of the confined phase are comparable with the pore size (Gelb et al.,
1999; Sliwinska-Bartkowiak et al., 1999; Webber, 2000; Webber et al., 2001).
This point is discussed further in section 7.

2.2 Thermodynamics: Application to NMR

NMR has been widely used for the study of the freezing and melting behaviour
of water in pores. Overloop and van Gerven suggested that NMR was suitable for measuring gross pore volume, and for this application demonstrated
the validity of the Kelvin Equation (although the Gibbs-Thomson form was
quoted) (Overloop and van Gerven, 1993).
Strange et al. proposed a quantitative method, based on the Gibbs-Thomson
equation, which they named “NMR cryoporometry” (Strange et al., 1993).
This technique allowed the measurement of pore size distributions by differentiating and re-mapping the melting curve data using
dv
kGT dv
= 2 ·
.
dx
x
dT

(18)

The acquired NMR cryoporometry data will contain a signal intensity proportional to the integral pore fluid volume, v, that will vary as a function of
9

temperature T . At any given temperature, v will be the volume of liquid in
pores with a dimension less than or equal to x as given by eq. (16). After a
small increase in temperature dT , the total volume will increase by dv and
will then represent a volume of liquid in pores with dimension less than or
equal to x + dx. The pore size distribution dv/dx can be obtained from the
slope of the curve of v against T (Strange et al., 1993).

NMR cryoporometry is a secondary method of measuring pore size distributions since the melting point depression constant, kGT , of the absorbate must
be initially calibrated using samples with known pore dimensions. Experimentally, to obtain a calibrated pore volume, it is only necessary to assume that
the density of the absorbed liquid is independent of temperature (discussed
further in section 4.3). It is possible, with care, to calibrate all the other factors
in the NMR measurement to provide an accurate measure of the pore sizes.

Further studies of water in porous media revealed a hysteresis between the
freezing (∆Tf ) and melting (∆Tm ) cycles of the confined liquid (Overloop and van Gerven,
1993). This hysteresis may be compared to the capillary condensation measured in gas adsorption (Beurroies et al., 2004). The non-equilibrium phase
transition of a material freezing in a pore can be considered as a non-reversible
process for small temperature fluctuations due to supercooling effects (Awschalom and Warnock,
1987). Therefore, melting curves have generally been used to determine pore
size distributions, thus avoiding potential problems involving the supercooling
of the liquid absorbate. Recently it has been shown that the true depressed
freezing point can be readily determined if the excess (bulk) liquid in the sample is already in its solid phase, thus preventing nucleation-controlled freezing
(Petrov and Furo, 2006; Webber et al., 2007a).

To conduct a NMR cryoporometry measurement only a simple modification
to standard NMR apparatus is required: the inclusion of an accurate sample temperature control and measurement system. To determine a pore size
distribution it is enough to record the intensity of the liquid signal as a function of temperature. High-resolution spectrometers additionally provide spectroscopic information on the absorbed liquid (Valiullin and Furo, 2002c), although accurate NMR cryoporometry measurements can be conducted using
low-field permanent magnet (Strange et al., 1993) or electromagnet systems
(Valckenborg et al., 2002). Such magnets can be advantageous in porous media studies since susceptibility induced field gradients at the solid / liquid
interface that produce enhanced relaxation will be less significant at lower
field strengths.
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2.3 NMR Relaxation

The majority of NMR cryoporometry experiments involve proton (1 H) NMR
since an absorbate consisting of water or an organic substance is most easily
measured. The observed magnetisation will be a measure of the number of
proton spins in the liquid so if the liquid density remains constant, the signal
will be proportional to the liquid volume. Three basic techniques are available to measure the signal intensity: the free induction decay (FID) (Bloch,
1946; Hahn, 1953), individual spin echoes (Hahn, 1956), or spin echo trains
(Carr and Purcell, 1954; Meiboom and Gill, 1985). All these measurements
are governed by the spin-spin, or transverse, relaxation time T2 , the time
taken for spins to dephase in their local dipolar fields. In rigid solids T2 is
short (on the order of microseconds) whereas in liquids T2 is much longer
(ranging from milliseconds to seconds). The signal from the solid and liquid components should therefore be easily distinguishable. However some absorbates, such as cyclohexane, have a soft plastic crystal phase with a relatively long relaxation time and extra care must be taken to observe only
the liquid signal (Booth and Strange, 1998). Cyclohexane has additionally
been shown to have a complex phase diagram (Dore et al., 2004a), anomalous diffusion (Aksnes and Gjerdaker, 1999), and to exhibit critical scattering (Webber et al., 1996) when in confinement. There is also some evidence
for the existence of metastable states (Dore et al., 2004a; Mu and Malhotra,
1992) although this has not been observed in NMR measurements due to
problems associated with rapidly cooling the relatively large thermal mass of
the samples. Further, there is now evidence (Awschalom and Warnock, 1987;
Liu et al., 2006; Webber et al., 2007b) suggesting that, even for water, some
of the ice formed in a pore may be in a plastic or rotationally mobile phase
(Chezeau and Strange, 1979), with a T2 longer than in normal brittle ice.
In a perfectly homogeneous magnetic field, as is approximated by high-resolution
NMR spectrometer magnets, the FID (signal following a single radio frequency
(RF) excitation pulse, normally giving a precession of 90o) reveals the complete transverse relaxation directly. The integral intensity of the spectral peak
(derived from the Fourier transform of the FID) corresponding to the liquid
fraction of the sample is plotted as a function of temperature to generate the
so-called I(T ) curve (Schmidt et al., 1995a).
However, in low-field permanent magnet systems, the FID will be dependent
on magnetic field inhomogeneities. These cause the spins to dephase more
rapidly than if they were in a homogeneous field. If ∆B0 is the variation in
the static magnetic field strength within the sample, the time constant of the
FID signal will be strongly dependent on the spread in Larmor frequencies of
the spins γ p ∆B0 (where γ p is the gyromagnetic ratio of the protons), provided
that this time constant is less than the T2 of the liquid in the pores. Since
11

we are concerned with liquids, this condition is likely to be satisfied and the
measured relaxation time, denoted as T2 *, will be determined more by the
spectrometer system than the sample. To overcome this problem a spin echo
can be measured. By using a 90ox -τ -180oy -τ -echo pulse sequence (where τ is the
pulse spacing; x and y are the RF pulse phases) the loss in coherence of the
spins due to magnetic inhomogeneities can be overcome. The maximum height
of the spin echo at time 2τ can be assumed to be proportional to the volume
of liquid in the sample if τ is small compared to the transverse relaxation rate.
By choosing an appropriate value of τ it is often possible to observe the liquid
signal without any residual magnetisation from the frozen solid, even when
the solid is a plastic crystal.

It is well known that the measured relaxation time of liquid in confined geometry will be related to the S/V ratio of the confining pores, thus:

1
T2obs

=

1
T2bulk

+

1
T2surf

·

εS
,
V

(19)

where 1/T2obs is the observed relaxation rate, 1/T2bulk is the bulk liquid relaxation rate, 1/T2surf is the relaxation rate of molecules absorbed on the pore
surface, and ε is the thickness of the temporarily adsorbed liquid surface layer.
Normally T2bulk ≫ T2surf , so the observed relaxation rate is directly proportional to the S/V ratio. If a distribution of pore sizes is present in the sample
then a range of T2 values can be expected. The full T2 behaviour of the liquid
can be obtained by measuring an echo train using the Carr-Purcell-MeiboomGill (CPMG) sequence (Meiboom and Gill, 1985): 90ox -τ -(180o±y -τ -echo-τ -)n ,
where n is the number of acquired echo windows. Only the even echo intensities are stored to provide a decay almost independent of imperfect RF pulses
and diffusion for suitably short values of τ . The decays can be processed either using a multi-component fitting algorithm or using an inverse Laplace
transform (Butler et al., 1981) to obtain a distribution of pore sizes at each
temperature. The relaxation measurement will be influenced by pore surface
interactions and so can be used to obtain additional information during the
NMR cryoporometry experiment. Echo trains are also useful since they can be
fitted with simple exponential functions to determine a more accurate signal
intensity at time τ = 0. This provides a liquid volume that is independent
of relaxation rate variations as a function of temperature, even in complex
multi-component systems.
12

3

Experimental

3.1 Sample Preparation

In a standard NMR cryoporometry measurement the dried samples are imbibed with liquid so as to just overfill the pores. The extra liquid provides
the bulk melting point as a source of reference. Care must be taken when
choosing an absorbate. Whilst a number of organic substances have suitable
thermodynamic properties, those that sublime cannot be used in these experiments. Sublimation is revealed by a decrease of integral liquid volume during
the NMR cryoporometry experiment. Ideally something should also be known
of the interaction between absorbent and absorbate before the experiment is
conducted. Water, for example, is suited to studying very small pore diameters
(< 5 nm) whereas an organic substance may have to be used for hydrophobic
samples.
It is good practice, where possible, to seal the imbibed sample in glass tubes
under low pressure. This is important to prevent excessive evaporation of the
absorbate, particularly when using volatile liquids. For relaxation measurements the liquid should be pumped (freeze, evacuate, thaw, repeat) to remove
any dissolved oxygen since paramagnetic oxygen dissolved in the sample will
limit the observed relaxation. In a basic NMR cryoporometry experiment however, this is not always advantageous as a reduced relaxation time allows the
use of a shorter repetition delay without influencing the result. Under filled
samples are made in the same way, with the exception that the pore volume and density of the sample has to be predetermined to allow the correct
quantity of absorbate to be added. These samples are additionally left for a
few days prior to measurement to allow the absorbate to distribute evenly
throughout the porous matrix.

3.2 The NMR cryoporometry measurement

Initially the sample must be cooled to well below the depressed freezing point
of the absorbate. This is to overcome any potential supercooling effects that
would keep the absorbate in a liquid state even below the expected minimum
freezing temperature. This cooling phase can be conducted in-situ inside the
magnet and should be performed slowly to prevent the formation of metastable
states. A warming run (melting) can be conducted immediately at this point.
To conduct a porometric cooling run (freezing) the sample should be warmed
to just below the bulk melting temperature so only the absorbate in the pores
has thawed, and then cooled. In this manner the correct depressed freezing
13

point should be observed (Petrov and Furo, 2006). The NMR data can either
be collected as the temperature is continually ramped in a ‘scanning’ experiment, or acquired at set temperature intervals in a ‘stepped’ experiment.
Rapid acquisition techniques e.g. FID and single spin echoes are suited to the
former method, whereas spin echo trains are better acquired using the latter
method. NMR cryoporometry experiments can also be performed using absorbates with bulk melting points above ambient temperature (Strange et al.,
2003). This makes the experiment easier to perform and less costly without
requiring the use of cryogens.
Regardless of the acquisition technique, the NMR data will contain signal
intensity as a function of temperature; see figure 1(a). On a warming run, the
data should exhibit a pore melting step(s) and a bulk melting step. These steps
may be separated by a constant volume plateau, depending on the range of
pore sizes being measured and the kGT constant of the absorbate. The signal
intensity will be the total liquid volume in the sample at any given temperature
and this must be differentiated to provide a pore size distribution, as shown in
eq. (18); see figure 1(b). The temperature scale (x-axis) can be mapped onto
a pore size scale using eq. (16). If the mass and density of the absorbate are
known then the signal intensity (y-axis) can be converted into a calibrated
pore volume.

3.3 Calibration

Before a new absorbate can be used in a NMR cryoporometry measurement its
melting point depression constant kGT must be determined in a set of calibration experiments. Mono-dispersed porous silica gels, with known median pore
diameters determined by gas adsorption, make excellent calibration samples.
Templated silicas with narrower pore distributions and relatively large median
diameters can now be obtained such as MCM, SBA, and FSM (Webber et al.,
2007a; Schmidt et al., 1995a; Anandan and Okazaki, 2005; Dore et al., 2004b;
Akporiaye et al., 1994; Alba et al., 1996; Dosseh et al., 2003; Morishige and Kawano,
1999; Schmidt et al., 1995b; Xie et al., 2000). However, consideration must be
given to the differing pore geometries.
The melting point depression constant kGT has been determined, for example, for cyclohexane and water in a range of sol-gel silicas by plotting the
average pore melting points against inverse median pore diameter determined
from nitrogen gas adsorption. The melting points were recorded using a 20.8
MHz 1 H ‘scanning’ cryoporometer (Dore et al., 2004a). For cyclohexane the
line of best fit gives kGT = 190.1 K nm (Dore et al., 2004a); see figure 2(a).
For water, kGT = 58.2 K nm (Webber et al., 2001); see figure 2(b). Particularly note-worthy in this work is the high degree of co-linearity shown between
14
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1
Temperature

(b)

Pore size
Fig. 1. (a) An ideal NMR cryoporometry melting curve with four main features: (1)
pore melting step; (2) total pore volume plateau; (3) bulk melting step, and (4) total
liquid volume plateau. (b) The pore distribution derived from the melting curve.
Graphs reproduced with permission from Springer (Strange and Mitchell, 2006).

NMR cryoporometry and gas adsorption. In recent work, octamethylcyclotetrasiloxane was seen to have a larger melting point depression constant than
cyclohexane, potentially allowing access to pores of greater than 1 µm diameter (Vargas-Florencia et al., 2007). Naphthalene, used for super-ambient NMR
cryoporometry with a bulk melting point of Tm∞ = 354 K, was determined to
have a melting point depression constant of kGT = 181 K nm by NMR and
DSC measurements (Strange et al., 2003). Octaphenylcyclotetrasiloxane has
also been suggested for high-temperature NMR cryoporometry (Tm∞ = 473
K) although this has not yet been successfully demonstrated as a potential
absorbate (Mitchell, 2003).
Careful analysis of the melting point depression data shows the best fit is
obtained using x − 2ε rather than just x, where ε is a surface layer of absorbate with modified molecular dynamics. The precise thickness of this layer
appears to be temperature dependent (Webber et al., 2007a; Liu et al., 2006;
Petrov et al., 2007). This surface layer was observed and studied for both water (Hansen et al., 1996b; Jehng et al., 1996; Pearson and Derbyshire, 1974)
15
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Fig. 2. (a) Measurement of melting point depression for cyclohexane in a series
of sol-gel silicas from different manufacturers. The line of best fit gives kGT =
190.1 K nm for an echo time 2τ = 20 ms, and assuming a surface layer of 0.12
nm. (b) Measurement of melting point depression of water in a series of sol-gel
silicas from different manufactures. The line of best fit gives kGT = 58.2 K nm
for an echo time 2τ = 2 ms. In both graphs the calibration pore diameter was
determined by nitrogen gas adsorption. Graphs reproduced with permission from
Elsevier (Dore et al., 2004a,b).

and organic liquids (Webber, 2000; Hansen et al., 1996a). It was suggested
by Stapf and Kimmich (Stapf and Kimmich, 1995) that the surface layer may
interfere with the method of NMR cryoporometry by providing signal down to
very low temperatures, thus being misinterpreted as indicating the presence
of very small pores (Aksnes et al., 2001).
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The surface layer was believed to consist of non-frozen material and some
quasi-elastic neutron scattering data appeared to support such a view (Zanotti et al.,
2005). In NMR cryoporometry measurements using a ‘scanning’ cryoporometer, ε for cyclohexane was determined to be slightly dependent on the value
of the echo time 2τ (Webber, 2000; Strange et al., 2003). This unusual dependency is now believed to be a result of signal originating from the plastic nature
of the cyclohexane crystal. More recent NMR relaxation and neutron diffraction cryoporometry evidence (Webber and Dore, 2008) has now been obtained
(Webber et al., 2007a; Liu et al., 2006) suggesting that even for water, as the
temperature is raised, a fraction of the brittle crystal converts initially not to
liquid but to a plastic rotator-phase with a T2 of 100 to 200 µs (Liu et al.,
2006; Webber et al., 2007a,b). This lies between the T2 of the brittle ice (10
µs) and that of the liquid in the pores (typically on the order of milliseconds).
Valiullin and Furo used a magnetisation transfer experiment to further probe
the surface layer of water frozen in porous glass (Valiullin and Furo, 2002b).
By monitoring the transfer process the spin diffusion coefficient in ice was
estimated. The magnetisation transfer experiment has also been applied to
cyclohexane (Mitchell, 2003) and naphthalene (Mitchell and Strange, 2004)
but with less success as only partial magnetisation transfer was observed.
The influence of the surface layer or a plastic crystal phase can be overcome
by either using longer τ times in a single echo experiment or carefully fitting
an echo train. More serious problems arise when the molecular size of the
absorbate is a significant fraction of the pore diameter. It is then impossible
for regular crystal lattices to form. Particularly in the case of organic absorbents, at low temperature, an amorphous or plastic state may be entered
with properties similar to that of a glass. The smallest pore diameter that can
be measured with cyclohexane is 3 – 4 nm (Mitchell, 2003). Naphthalene, having approximately twice the molecular radius of cyclohexane, can only be used
to measure pore diameters greater than 6 nm (Mitchell and Strange, 2004).
Water on the other hand, has been successfully used to measure pore diameters
below 2 nm (Webber, 2000). Recent neutron scattering experiments in SPS-1
(Bagshaw and Hayman, 2001) indicated that under conditions of partial filling brittle crystalline ice does not form in pore sizes of around 1.5 nm; low
density amorphous ice being found instead (Seyed-Yazdi et al., submitted, b).

4

Practical Considerations: Post Acquisition Corrections

4.1 Boltzmann Effect
Spin-1/2 protons have two energy levels due to Zeeman energy level splitting
in a magnetic field. Since any two nuclei can be distinguished, we know from
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Maxwell-Boltzmann statistics that the ratio of spins in the upper and lower
energy states will be dependent on the absolute temperature TK . The measured net magnetisation resulting from these variations in population levels
will therefore also be temperature dependent. From the Curie Law we know
this is approximately an inverse dependence and so the signal intensity, Si,
can with good accuracy be corrected relative to the signal intensity at 0 o C
(273 K) (Webber, 2000) thus:
Si (TK )
273
=
.
Si (273 K)
TK

(20)

This will also have an effect on the power of the excitation pulse required
to fully saturate the sample. This is a minor effect in the measurement of
liquids, whereas it can be significant when measuring solids. Ideally the power
of the RF pulses should be constantly recalibrated, but this might not be
necessary if the power is such that the pulses are short enough to provide
sufficient bandwidth. Compared to the overall liquid signal amplitude this has
a negligible effect and so can generally be ignored in NMR cryoporometry
experiments.

4.2 NMR probe tuning

The receiver coil in the NMR probe will be temperature dependent due to
changes in the thermodynamic properties of the wire. The signal amplitude
will depend in part on the quality factor, Q, of the tuned circuit,
Q=

ω0 L
,
R

(21)

where ω 0 is the resonant frequency of the spins, L is the probe inductance,
and R is the probe resistance. In the case of a probe with low Q, the excitation
bandwidth will be large and there will be little need to adjust the circuit tuning
during the course of the cryoporometry experiment. However if the Q is high
then the shift in the resonant frequency of the circuit will result in a loss of
signal. The resistance term in the LCR circuit is made up of the coil resistance,
Rc , and other resistances, Rz , that are not temperature dependent. In the limit
that Rz /Rc (273 K) is small, another approximately inverse correction can be
applied, which can be expressed in Padé form (Webber, 2000)
α + β · 273
Si (TK )
=
,
Si (273 K)
α + β · TK

(22)
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where α and β are thermal coefficients of the probe wire. Modern spectrometers now often include the ability to adjust the frequency of the transmitted /
detected RF rapidly and automatically and this can be used to follow changes
in the resonance condition as a function of temperature (Mitchell, 2003).

4.3 Density

The NMR signal is proportional to the number of resonant nuclei in the liquid.
If the density of the liquid remains constant the signal is directly proportional
to the pore volume. However, it is likely that thermal expansion / contraction
will result in a change of density in the absorbate and the artificial confinement
may moderate density changes unpredictably. Since the measurements are taking place below the bulk melting point of the liquids, bulk density information must be obtained from supercooling experiments (Bellissentfunel et al.,
1986, 1989; Bosio et al., 1983; Takei et al., 2000). Information is also available
from studying liquids in pores using SANS (Newport et al., 1988) and from
the first diffraction peak using neutron or X-ray diffraction (Liu et al., 2006;
Bosio et al., 1981; Dore, 2000; Seyed-Yazdi et al., submitted). Lacking further
information it is generally assumed that the liquid density remains constant
and thus the NMR signal is directly proportional to the liquid volume at all
times.

4.4 Relaxation times

Liquids in porous media typically have complex relaxation behaviour governed by surface interactions. It can be difficult to reliably interpret NMR
cryoporometry data generated from single echo intensities. This can lead to
an unusual dependence of the melting point depression constant kGT on the
echo time 2τ (Strange et al., 2003) as discussed in section 3.3 Methods have
been suggested to overcome the difference in the relaxation time between the
pore and bulk liquids based on the acquisition of two spin echoes at any
given temperature (Webber, 2000) for use in ‘scanning’ NMR cryoporometry
measurements. Whilst such methods successfully remove single component relaxation time weighting, the complex relaxation behaviour often exhibited by
liquids in porous media can only be successfully overcome by measuring either
a FID in a homogeneous magnet or an echo train, both of which can be fitted
to provide signal intensity that is almost independent of T2 (Strange et al.,
2003).
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5

Hardware

An early NMR cryoporometry cooling system used the direct injection of liquid
nitrogen into a ‘splash-pot’ constructed as part of the probe body and positioned close to the sample (the Lindacot system) (Norris and Strange, 1969).
A heater placed in a Dewar forced droplets of liquid nitrogen into the probe.
Thus the full latent heat of evaporation of the nitrogen was available to cool
the probe and sample. The thermal mass of the ‘splash-pot’ smoothed out
sudden temperature fluctuations due to the evaporation of individual liquid
nitrogen droplets.
Most NMR system manufacturers now provide variable temperature probes
for use in any magnet geometry. The majority of these systems operate using temperature regulated gas flow and this is suitable for achieving sub- and
super-ambient sample temperatures. Dried, oxygen free nitrogen gas supply
can be cooled in liquid nitrogen, or nitrogen gas can be boiled off directly from
liquid in a Dewar. These cooling methods provide more uniform temperature
changes than the Lindacot system although they do consume more liquid nitrogen. For super-ambient temperatures it is sufficient to simply heat an air
flow. The temperature of the gas is stabilised and measured prior to being
passed over the sample and it is assumed the sample temperature matches
the gas temperature. A system now showing improved controllability utilises
thermo-electric (Peltier) cooling / heating, and good results are being obtained from such a system (Webber, 2000; Webber et al., 2007a). Some examples of low-field variable temperature probe designs can be found elsewhere
(Strange and Mitchell, 2006).
Accurately measuring the sample temperature is a fundamental problem in
NMR cryoporometry. Ideally a thermocouple would be placed in direct thermal contact with the sample. Unfortunately this will conduct noise into the
RF coil, thus ruining the measurement. Noise conduction can be overcome
by electrically insulating and earthing the thermocouple, although this requires great care to be effective (Webber, 2000). An alternative method, not
yet fully explored, is the use of an optical temperature sensor to remotely
monitor the sample temperature. These sensors are limited in their ability to
measure temperatures much below ambient, but as the technology improves
this may become a viable alternative. Current optical thermometers would
be suitable for super-ambient NMR cryoporometry measurements (Mitchell,
2003). Sensors optically monitoring the temperature dependent bandgap of a
semiconductor (GaAs) (Roland et al., 2003) are also showing some promise
and may provide the best alternative to thermocouples for direct sample temperature measurement.
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6

Validation

Early NMR cryoporometry results (Strange et al., 1993) demonstrated the
similarity of the measured pore volume distributions to those from the wellestablished nitrogen (gas) adsorption technique. The pore size distribution
measured from a sample of 20 nm median diameter silica gel imbibed with
cyclohexane can be seen in figure 3(a). This measurement was performed on a
custom 14.3 MHz 1 H ‘scanning’ cryoporometer system. The ability to resolve
multiple pore size ranges in a single sample was also demonstrated by producing a mixture of three silica gels with different median pore diameters. The
measured melting curve, again obtained with cyclohexane as the absorbate,
can be seen in figure 3(b). Figure 4 shows normalised pore size distributions
for selected porous silicas: SBA-15, sol-gel, and Controlled Pore Glass (CPG)
as measured by ‘scanning’ NMR cryoporometry at 20.8 MHz. The intrinsic
resolution of the technique is better than the fully resolved SBA-15 silica pore
size distribution with a median of 4.3 nm.
Good comparisons can be achieved on modern commercial systems without
any significant modifications. The pore size distributions for a selection of
silica gels measured using NMR cryoporometry (naphthalene; solid line) performed on a 23 MHz 1 H ‘stepped’ cryoporometer, DSC thermoporosimetry
(cyclohexane; dotted line), and gas adsorption (nitrogen; +) are shown in figure 5. The NMR cryoporometry measurement suggests a lower median pore
diameter and a broader distribution in the 20 nm silica, possibly due to the
lower resolution of the ‘stepped’ measurement at larger pore sizes. In the 10
nm sample, the NMR and DSC data showed excellent agreement, although
the gas adsorption suggested a higher median pore diameter. The NMR cryoporometry measurement indicated a significantly increased minimum pore
diameter in the 6 nm silica sample due to the large non-frozen surface layer
associated with the naphthalene preventing the smallest pores from being
measured (Mitchell and Strange, 2004). Comparisons have also been made
between NMR cryoporometry, MIP, and DSC thermoporosimetry in calcium
carbonate structures (Gane et al., 2004).
NMR cryoporometry results have also been compared to pore size distributions obtained by SANS (Webber et al., 2001). A series of sol-gel silicas having
median pore diameters ranging from 2.5 to 45.3 nm were studied using a 20.8
MHz 1 H ‘scanning’ NMR cryoporometry. Good agreement was seen between
the two techniques at large pore sizes, but a deviation was observed for smaller
pores (x < 10 nm). The authors associated this with a possible change in the
liquid thermodynamic constants as atomic dimensions are approached, altering the co-linear gas adsorption and NMR cryoporometry calibrations. However, further NMR relaxation, neutron diffraction and SANS measurements
on ordered MCM / SBA silicas indicate the presence of a plastic (rotational)
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Fig. 3. (a) Pore size distribution for sol-gel silica with a median pore diameter
of 20 nm. The solid line shows the NMR data, while the points (•) show the gas
adsorption data.
(b) Melting curve measured from a sample containing silica gels with median pore
diameters of 6, 20, and 50 nm. The absorbate was cyclohexane in both experiments. Graphs reproduced with permission from The American Physical Society
(Strange et al., 1993).

phase of ice (Liu et al., 2006) that may possibly account for this divergence
between the thermodynamic and scattering pore size distribution calibrations
at small dimensions (Webber et al., 2001; Dore et al., 2004b).
Gun’ko et al. have recently suggested better agreement can be obtained between the pore size distribution obtained in NMR cryoporometry measurements and other methods, such as N2 gas adsorption and thermally stimulated depolarisation current (TSDC) (Bucci and Fieschi, 1964) porosimetry,
by inverting the integral form of the Gibbs-Thomson equation (Gun’ko et al.,
2007b). However, this inherently forces the pore size distributions to a Gaussian shape, as in the method of using inverse Laplace transforms to interpret
22
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Fig. 4. Normalised pore size distributions for a selection of porous silicas measured using NMR cryoporometry: templated SBA-15 (Webber et al., 2007b), sol-gel
(Webber, 2000; Dore et al., 2004b), and controlled pore glass (CPG) (Webber,
2000). The resolution of the measurements is such as to fully resolve even the narrow
SBA-15 distribution. Graphs reproduced with permission from Lab-Tools Ltd.

NMR relaxometry data.

7

Advanced Techniques

7.1 Pore morphology
NMR cryoporometry can be used to obtain more information than simply
the distribution of pore dimensions in the sample, particularly when combined with other techniques. Simply by combining NMR cryoporometry, density, and imbibation measurements, the solid (silica), pore, and inter-granular
volumes and densities were accurately determined for a sol-gel silica sample
(Webber et al., 2001). We have already discussed the prediction that the freezing point of a confined liquid may be related to the S/V ratio whereas the
melting point may be related to the differential of the same. Petrov and Furo
have suggested using the difference to
. obtain a measure of the integral mean
curvature of the pores κ, since ∆Tm ∆Tf = 2κV /S (Petrov and Furo, 2006).
By comparison with known geometries, it may be possible to deduce the pore
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Fig. 5. Pore size distributions from silica gels with median pore diameters of 20
nm (top), 10 nm (middle), and 6 nm (bottom) measured using NMR cryoporometry with naphthalene as the absorbate (solid lines), DSC thermoporosimetry with
cyclohexane as the absorbate (dotted lines), and nitrogen gas adsorption (+). Data
previously presented elsewhere (Strange et al., 2003; Mitchell, 2003).

morphology.
The ability of NMR cryoporometry to probe pore morphology has been explored through the study of specially constructed porous silicon monoliths
with intersecting channel-like pores of varying cross-section (Khokhlov et al.,
2007). The presence of narrow pore throats was seen to retard homogeneous
pore freezing in these structures.
It is possible to determine pore size by studying restricted molecular diffusion in a magnetic field gradient. This is the method of NMR diffusometry
(Tanner and Stejskal, 1968; Callaghan, 1991). However, using reasonable field
gradients, this technique can only probes pores on a much larger scale than
those explored by NMR cryoporometry. The connectivity of pores can be explored by combining these measurements in a single experiment, called NMR
cryodiffusometry (Filippov and Skirda, 2000; Filippov and Vartapetyan, 1997).
By simultaneously observing the pore size distribution with NMR cryoporometry and the diffusion path lengths with NMR diffusometry, it is possible to
determine the degree of connectivity within the porous structure as a function of pore size. NMR diffusometry can also be used to determine molecular diffusion in the liquid-like surface layer (Stapf and Kimmich, 1997) or
on a pore surface by applying a monolayer coverage of liquid to a pore wall
(Kärger et al., 2005; Valiullin et al., 2005).
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7.2 Surface interactions at the solid-liquid interface

Computer modelling techniques have been applied to simulate the behaviour
of liquids in freezing in porous media (Dominguez et al., 1999) and the results
have been shown to agree with experimentation (Radhakrishnan et al., 1999).
Various pore geometries have been modeled such as cylinders (Maddox and Gubbins,
1997; Denoyel and Pellenq, 2002) and spheres (Brovchenko et al., 2000). The
effects of ordered (Radhakrishnan et al., 2002b) and disordered (Coasne et al.,
2006) pore structures have been explored, as well as the influence of excess
bulk liquid (Brovchenko and Geiger, 2002). An improved model for simulating porous silica has been suggested by Hansen et al. (Hansen et al., 1997b).
It has been shown through molecular dynamics simulations that the freezing
and melting behaviour of simple confined liquids is additionally related to
the surface tensions between the pore walls and the confined liquid / solid
(Alba-Simionesco et al., 2006). There are many other variables in the GibbsThomson equation preventing a direct measure of the surface interactions
using the freezing / melting point depression alone. However, Gun’ko et al.
have observed a variation in the chemical shift of water in the interfacial pore
surface layers depending on the strengths of hydrogen bonding. A review has
already been written on this subject (Gun’ko et al., 2005) covering studies of
water in unmodified, modified, and partially modified fumed silicas, and also
in biological systems (see section 8.5). Weakly associated interfacial water on
hydrophobic surfaces was characterised by a chemical shift of σ H = 1.1 – 1.7
ppm, whereas strongly associated water on hydrophilic surface exhibited a
much larger chemical shift of σ H = 4 – 5 ppm.
Sklari et al. studied the freezing of water in silica gels with varying surface
acidity (Sklari et al., 2001). Whilst the pore freezing was seen to depend on
the pore dimensions as expected, the surface layer of unfrozen water exhibited
a continuous change in T2 with decreasing temperature. The rate of change of
T2 with temperature was seen to depend on the surface acidity. A model was
proposed describing the structure of the water in the mobile interfacial layer
as a series of bridges between the acid sites on the silica.
The behaviour of interfacial water in silica containing adsorbed 1,3,5-trihydroxybenzene
(phloroglucinol) has been studied with variable temperature NMR spectroscopy
(Gun’ko et al., 2006a). Phloroglucinol acts as an ice-nucleator and so altered
the structure of the confined water-ice. The spectral data indicated an increase in the thickness of the interfacial amorphous ice layer with increasing
concentration of phloroglucinol. The amorphous nature of supercooled water and water-ice has been explored through simulations (Koga et al., 1998;
Brovchenko and Oleinikova, 2006) and neutron diffraction experiments (Liu et al.,
2006; Dore et al., 2002; Webber and Dore, 2004; Webber et al., 2007b; Webber and Dore,
2008; Seyed-Yazdi et al., submitted, b); see section 3.3 for additional discus25

sion and references.
Surface treatments of Ultra High Pore Volume (UHPV) silicas have been studied by low-field NMR cryoporometry (Strange et al., 2002); see figure 6. Water
was used as the absorbent to probe the porosity of untreated silica (A), and
silica treated with a hydrophilic surfactant (B) and a hydrophobic fluorine
based surfactant (C). A shift in the smallest observable pore size in sample B
was explained as a result of the smallest pores being completely filled by the
surfactant. The median pore diameter was seen to reduce, suggesting the surfactant had coated the pores with a 2.5 nm surface layer. Almost no porosity
was detected for sample C, although the authors noted that the hydrophobic
surfactant probably prevented water imbibation. Sample C was successfully
characterised by using cyclohexane as the absorbate and a similar surface
coating thickness was calculated. The change in surface interaction was not
seen to influence the NMR cryoporometry result, except for preventing water
imbibition in sample C.
The spin interaction between the absorbent and the pore walls can be studied by a combined NMR cryoporometry and NMR relaxometry experiment
(Valckenborg et al., 2002). Since the relaxometry measurement is sensitive to
the enhanced relaxation of spins close to the pore wall (Brownstein and Tarr,
1979) the difference between the two measurements can be used to differentiate pore size and relaxation effects in NMR relaxometry. This technique was
successfully used to demonstrate that sol-gel silicas from different manufacturers contain significantly varying quantities of paramagnetic impurities in the
porous matrix (Mitchell et al., 2005); see figure 7. The NMR cryoporometry
measurements, see figure 7(c), indicate the silicas have similar pore diameters
whereas the NMR relaxometry suggested the pore size distributions differed
significantly. The combined experiment showed more clearly how the relaxation measurement was dominated by the pore surface interaction.
The wetting of a pore surface has been explored as a means of determining the morphology through the study of partially saturated porous media.
Combined with line-width studies of the same sample (Allen et al., 1997),
NMR cryoporometry was used to determine the processes governing pore filling (Allen et al., 1998). A comparison was made between cyclohexane and
water in porous silica; see figure 8 (a) and (b) respectively. At low saturation
levels water was observed to form puddles on the surfaces of all the pores,
characterised by dimensions smaller than the smallest pores in the sample. As
the saturation levels increased, the puddles grew until a uniform coverage was
achieved. Cyclohexane, in contrast, was seen to preferentially fill the smallest pores first. These different mechanisms were associated with the different
surface interactions. Additional analysis incorporating magnetic susceptibility
variations was suggested as a potential method of providing information on
pore morphology (Allen et al., 2001).
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Fig. 6. NMR cryoporometry pore size distributions determined for water in three
samples of UPHV silica. A: unmodified silica, median pore diameter 15 nm. B: silica
modified with standard surfactant. C: silica modified with hydrophobic surfactant.
Data previously presented elsewhere (Strange et al., 2002).

The strengths of surface interaction of two liquids can be compared indirectly
using NMR cryoporometry by observing preferential pore filling. The preferential filling of small pores by water over decane was observed in porous sol-gel
silica (Alnaimi et al., 2004) where the polar water molecules had a stronger
surface interaction; see figure 9. The two absorbates were distinguishable in
the melting curve due to their distinctly different melting points. As the fraction of water in the sample was increased, it could be seen that the decane was
displaced from the smallest pores first. Additionally water was also observed
to displace cyclohexane (Mitchell, 2003) and a miscible alkane mixture of heptadecane and decane was seen to separate in silica gels when the heptadecane
absorbed preferentially (Mitchell et al., 2005). Valiullin and Furo also looked
at binary mixtures of nitrobenzene and n-hexane in porous glass using NMR
spectroscopy to resolve the two components (Valiullin and Furo, 2002c). They
interpreted the results as droplets of nitrobenzene forming within a pore wetting layer of n-hexane. The droplet sizes were later investigated using pulsed
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Fig. 7. Combined NMR relaxometry and NMR cryoporometry measurements for
cyclohexane in 6 nm silica gel from two different manufacturers (a) and (b) respectively. The grey-scale ranges from white (no signal) to black (maximum signal) in
both cases. The pore melting (vertical axis, repeated in (c) for clarity) is nearly
identical for both samples, whereas the relaxation times (horizontal axis) are significantly different. Graphs reproduced with permission from the Institute of Physics
(Mitchell et al., 2005).

field gradient techniques (Valiullin and Furo, 2002a).
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Fig. 8. Puddle size distributions for (a) cyclohexane and (b) water in 6 nm median
pore diameter silica gel. Graphs reproduced with permission from the American
Institute of Physics (Allen et al., 1998).

7.3 Spatially resolved pore size distributions
By constructing a variable temperature probe that fits inside a MRI scanner it
is possible to obtain the spatial variation of the pore size distribution. Whilst
the individual pores are too small to image, this combination of techniques
allows the homogeneity of a sample to be explored. This method is particularly useful when studying materials such as cement where the conditions of
manufacture may alter the distribution of pores across the sample. MRI theory will not be discussed here as there is already extensive literature covering
this subject. However, it is worthwhile mentioning that NMR cryoporometry
is perhaps most usefully combined with imaging techniques suitable for visualising short relaxation time materials such as stray field imaging (STRAFI)
(Samoilenko et al., 1988) or single point imaging (SPI) (Emid and Creyghton,
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Fig. 9. Results from NMR cryoporometry measurements of water and decane at
various ratios in 10 nm median pore diameter silica. (a) Melting curves distinctly
showing the separate decane and water fractions. (b) Pore size distributions obtained
from data shown in (a) for the decane (top) and water (bottom). As the fraction
of water increases, the decane is displaced from the smallest pores first. Graphs
reproduced with permission from the American Institute of Physics (Alnaimi et al.,
2004).

1985; Prado et al., 1997). The ability to image porosity has been considered
by Coussot (Coussot, 1998).
Demonstrations of this technique were published by Strange and Webber
(Strange and Webber, 1997), who carefully constructed a set of sol-gel silica phantoms. A one-dimensional phantom was constructed from three sol-gel
silicas of pore diameter 6, 14 and 50 nm, separated by spacers. Profiles along
the axis of the sample were obtained as a function of temperature, see figure
30

10. A pore size distribution was obtained for each point in the profile. These
measurements were obtained on a permanent magnet operating at 21.5 MHz
for 1 H. To extend the method to two dimensions a horizontal bore superconducting magnet was utilised. A phantom consisting of four tubes of silica gel
with median pore diameters 4, 6, 14, and 20 nm was imaged in cross-section
as a function of temperature and pore size distributions were obtained for
each pixel in the image; see figure 11. Another phantom was imaged in three
dimensions on the same spectrometer; this phantom consisted of a column
surrounded by a ring, the two parts having median pore diameters of 6 and
50 nm respectively. By obtaining images at different temperatures, the two regions of silica-gel could be distinguished easily; see figure 12. If enough images
were acquired as a function of temperature, it would be possible to obtain
pore size distributions on a voxel-by-voxel basis.

7.4 Novel absorbates

Aksnes and Kimtys have compared NMR cryoporometry data for benzene
(using 1 H NMR) and deuterated benzene (using 2 H NMR) in porous glass
(Aksnes and Kimtys, 2004). Both absorbates were determined to have the
same melting point depression constant of kGT = 88 K nm. In a more recent
work by the same authors (Kimtys and Aksnes, 2007) deuterated benzene and
cyclohexane were studied in CPG samples by 2 H NMR. For benzene-d6 , kGT
= 92 K nm with an echo time of 2τ = 1.2 ms (in good agreement with the
earlier study); for cyclohexane-d12 , kGT = 144 K nm with an echo time of
2τ = 48 . The melting point depressions were found to be equal to the 1 H
NMR measurements on standard benzene and cyclohexane in the same samples within experimental error. This indicated that there is negligible effect on
the proton NMR cryoporometry measurements due to signal originating from
physisorbed water and silonal protons on the surface of the glass. The phase
transitions of deuterated water in confinement have been studied by neutron
diffraction (Dore et al., 2002).
Inorganic salt hydrates can be used as the absorbate in NMR cryoporometry measurements. Zinc nitrate hexahydrate, Zn(NO3 ).6H2 O, in CPG was
determined to have a melting point depression constant kGT = 116 K nm
(Vargas-Florencia et al., 2006). Whilst this value is similar to that of organics
like benzene and cyclohexane, the hydrophilic nature of the salt makes it easier
to imbibe in some porous samples where water would conventionally be used.
The authors also noted the salts appeared to shrink on freezing, unlike water,
potentially offering another advantage in that the freezing process would not
damage delicate pore structures.
The freezing and melting of gallium (Borisov et al., 1997, 1999) and mercury
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Fig. 10. Spatially resolved pore size distributions from a one-dimensional silica
phantom (a) consisting of three regions having median pore diameters of 50, 14,
and 6 nm respectively. (b) Profile showing variation of median pore size across the
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reproduced with permission from the Institute of Physics (Strange and Webber,
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(Borisov et al., 1998) in porous glass has been studied by 71 Ga and 199 Hg NMR
respectively (Michel et al., 1999). A significant hysteresis was observed between the freezing and melting cycles for both metals. The mercury exhibited
broadened phase transitions (Kumzerov et al., 1995) and the melting / freez33
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Fig. 12. Spatially resolved NMR cryoporometry measurement of a three-dimensional phantom constructed from 6 and 50 nm median pore diameter silica. (a)
The intended shape of the different regions; (b) horizontal views of the volumes
rendered from 3D MRI data; and (c) the vertical view of the 50 nm silica volume clearly showing the hollow centre. Figure reproduced with permission from the
Institute of Physics (Strange and Webber, 1997).

ing temperatures were dependent on pore size. The gallium appeared to exhibit
a freezing point depression determined by the confining pore size, whereas the
melting phase transition was considerably narrower and did not appear to reflect the pore size distribution. The NMR Knight shift of the confined metal
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suggested it had entered an unusual liquid state (Borisov et al., 1997) and
the crystal appeared to have several possible structural phases (Borisov et al.,
1999). On some occasions the freezing of the gallium and the mercury was
seen to be an irreversible process.
Telkki et al. have used 130 Xe NMR to measure pore size distributions by dissolving xenon gas in acetonitrile absorbed in silica gels (Telkki et al., 2005b).
The behaviour of the xenon was observed as the acetonitrile was frozen. A
number of spectral lines were recorded in the 130 Xe spectra and these were associated with xenon in different environments. Two of the peaks represented
xenon in the bulk and confined liquid acetonitrile and these vanished as the
absorbate froze. The difference in intensity or chemical shift of these two peaks
could be used to provide the pore size, akin to the method of NMR cryoporometry. Another xenon peak appeared below the depressed melting point of the
confined acetonitrile and this was related to free xenon gas trapped in cavities
within the porous matrix. The chemical shift of this peak was related to the
nominal pore size and so the lineshape of this signal provided a representation of the pore size distribution. 1 H NMR cryoporometry on the acetonitrile
showed the presence of the dissolved xenon additionally decreased the melting point, altering the pore size distribution obtained (Telkki et al., 2005a).
When xenon was dissolved in absorbed cyclohexane, the peak corresponding
to xenon trapped in small pockets was not visible, suggesting the solid cyclohexane filled the entire pore structure. Therefore the 130 Xe NMR spectra also
contained information on the behaviour of the absorbate in confinement. This
technique has been applied to the study of liquid crystal in controlled pore
glass (Tallavaara et al., 2006).

8

Applications

8.1 Engineering and construction materials

8.1.1 Cement and concrete
The ability to probe the pore structures of cement based materials is of great
interest to the engineering community. When cement hydrates it forms a
porous structure of Calcium Silicate Hydrate (CSH) that exists in two phases
known as the finer and coarser products. These are thought to be laminar
structures with characteristic length scales corresponding to the space between the solid hydrate particles. The mean separation of the particles in the
finer and coarser products are thought to be on the order of 1.4 nm and 10 –
30 nm respectively, an interpretation supported by NMR relaxometry studies
(Monteilhet et al., 2006). NMR cryoporometry is a suitable probe of the ce35

ment microstructure but is less well suited to measuring the larger capillary
pores, formed by chemical shrinkage during the hydration process, generally
having pore diameters > 150 nm. Unless otherwise stated all the experiments
discussed here were conducted on white (architectural) cement due to the lower
paramagnetic ion content. It is believed this cement hydrates in the same way
as ordinary Portland cement and the products contain identical porosity.
Cement microstructure has been probed with water as the absorbate on melting (Leventis et al., 2000) and freezing (in Portland cement) (Milia et al.,
1998), and with cyclohexane as the absorbate (Filippov and Vartapetyan,
1997). Pore size distributions recorded using NMR cryoporometry and other
measurements (MIP, nitrogen gas adsorption) on a drying cement paste were
notably different (Bhattacharja et al., 1993). The MIP data showed a considerably greater volume occupied by large porosity (0.05 µm) whereas the NMR
cryoporometry data suggested there were significantly more small pores (<
0.01 µm) present. Bhattacharja et al. explained this discrepancy by saying
the mercury was unable to penetrate the small structures. Additionally the
MIP and gas adsorption measurements would be unable to probe any closed
porosity that could be observed by NMR. Conversely the NMR cryoporometry measurement could yield erroneous results if the hydration process left
the pores only partially saturated with water.
Jehng et al. have compared NMR cryoporometry and NMR relaxometry analyses of white cement paste with a water-to-cement (w/c) ratio of 0.43 (Jehng et al.,
1996); see figure 13. In both cases the free water in the cement was used
as the absorbate. Excellent agreement was observed between the two techniques for the smaller pores, where a bimodal distribution was observed. The
characteristic modal pore sizes observed were about 5.4 and 14 nm. The two
techniques disagreed about the pore distributions in the large capillary pores,
figure 13 (insert). The NMR cryoporometry data tailed off above 0.15 µm
whereas the NMR relaxometry data suggested a modal pore size of more than
0.2 µm. Valckenborg et al. also compared pore size distributions from NMR
cryoporometry and NMR relaxometry of a mortar sample using a combined
measurement (Valckenborg et al., 2002). The individual pore size distributions
obtained from the two techniques can be seen in figure 14. Whilst both techniques revealed three discrete pore sizes, the authors acknowledged that the
NMR cryoporometry results were probably more accurate since they did not
rely on a priori knowledge of the distribution. Due to the regularisation in the
Laplace inversion, the NMR relaxometry peaks were forced to be Gaussian in
shape.
By combining results from NMR cryoporometry and DSC thermoporosimetry, variations in heats of fusion and surface tension relative to the bulk constants can be determined. This method was used to analyse cement pastes
(Hansen et al., 1997a) where ∆Hf = 749 J g−1 and γ sl = 1.3 x 10−3 J m−1
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Fig. 13. Pore size distribution for a cement paste determined by NMR cryoporometry (•) and NMR relaxometry (o). Good agreement is shown at small pore sizes
but less so in the large capillary pores (insert). The absorbate was water in both
cases. Graph reproduced with permission from Elsevier (Jehng et al., 1996).

Fig. 14. Pore size distribution for a mortar sample determined by NMR cryoporometry (•) and NMR relaxometry (o). The inset shows the NMR cryoporometry melting
curve derived from single echo intensities (SEI). Graph reproduced with permission
from the Institute of Physics (Valckenborg et al., 2002).

for the confined water-ice.
Variable temperature MRI images have been used to observe the thawing of
water-ice in various cement and concrete samples. Although these studies do
not directly provide a pore size distribution they can be used to observe the homogeneity of porosity throughout the sample. The combination of Single Point
Imaging (SPI) with T1 Enhancement (SPRITE) and NMR cryoporometry has
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been demonstrated by Prado et al. (Prado et al., 1997, 1998a). Subsequently
this technique was used to observe frost damage in concrete (Prado et al.,
1998b). NMR cryoporometry melting curves were extracted from the profiles
to obtain local pore size distributions. This was seen to varying depending on
the drying conditions to which the concrete sample had been previously exposed. Additionally, concrete and mortar samples were simultaneously studied
to demonstrate the sensitivity of the measurement; see figure 15. This technique was also used to observe the variation in porosity of a partially dried
sample (Choi et al., 2000).

Fig. 15. (a) Spatially resolved profile of mortar and cement samples imaged simultaneously at 12o C. The areas indicated by the arrows were integrated as a function
of temperature to create freezing curves (b) for each material. Graphs reproduced
with permission from Elsevier (Prado et al., 1998b).

Tritt-Goc et al. (Tritt-Goc et al., 2000), Holly et al. (Holly et al., 2000), and
Boguszyska et al. (Boguszynska et al., 2005) have studied the effect of admixtures on the porosity of hydrated cement paste. In the first reference, a
combination of T1 relaxation analysis, SPI, and NMR cryoporometry were
used to observe the variation in pore structure of hydrated white cement before and after the addition of 1% superplasticizer (Tritt-Goc et al., 2000). SPI
images recorded as the hydrated cement samples were cooled showed the water freezing first in the large macro-pores (cracks) and then in the capillary
/ coarse product microstructure. The sample containing the superplasticizer
was seen to exhibit a much lower total porosity than the untreated cement; see
figure 16. Similar experiments were conducted with a nitrate based corrosion
inhibitor (Holly et al., 2000). It was demonstrated that the addition of the
inhibitor reduced the quantity of fine porosity (3 < x < 10 nm) but increased
the number of large pores (x > 10 nm). The addition of an antifreeze admixture was seen to increase the number of larger pores (5 < x < 15 nm) while
homogenising the distribution of small pores sizes (1 < x < 5 nm) in cement
cured at 278 K (Boguszynska et al., 2005). The authors concluded the use of
the antifreeze admixture did not detract from the mechanical properties of the
cement and it would improve the quality of construction in low temperature
environments.
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Fig. 16. Single point images showing the freezing of water in cement paste without
(top row) and with superplasticizer (bottom row). The inhomogeneous nature of the
samples can clearly be seen. The shift in freezing point in between the two samples
is also apparent. The grey-scale ranges from black (no signal) to white (maximum
signal). Images reproduced with permission from Elsevier (Tritt-Goc et al., 2000).

8.1.2 Carbon products
Coal is a porous form of carbon that has been examined by NMR cryoporometry (Norinaga et al., 1999) and NMR relaxometry analysis (Hayashi et al.,
2001; Odintsov et al., 1999). Water absorbed in Yallourn, Beulah Zap, and Illinois #6 coals was used to study the effect of drying on the porosity (Norinaga et al.,
1999). An irreversible decrease in porosity was observed following pre-drying
and subsequent saturation as a result of porosity collapse and then swelling.
This was most pronounced in the Yallourn coal. The pore size distributions
indicated the pores with a radius of 2 nm or more had shrunk due to the increase in volume of the solid matrix. A later variable temperature relaxation
study on the Yallourn and Beulah Zap coals (Hayashi et al., 2001) suggested
the pores were actually slit-shaped and again showed that the pore width decreased with increasing water content due to swelling. The two coals were seen
to have characteristic pore dimensions of 2 and 3 nm respectively.
The freezing of water inside single-walled carbon nanotubes (SWCNT) has
been studied by variable temperature 1 H NMR spectroscopy (Ghosh et al.,
2004). The tubes had a diameter of 1.42 nm, smaller than pores generally
measured by NMR cryoporometry in silicas. The water was seen to freeze in
two stages at temperatures of 242 K and 217 K, corresponding to water in the
core of the nanotubes and water at the pore surface respectively. Due to the
small diameter of the tubes, the mobile surface layer is a significant fraction
of the pore diameter, extending up to 0.3 nm away from the pore wall. These
studies supported the simulation work by Koga et al. (Koga et al., 2002, 2001).
A similar study has since been conducted on H2 O and D2O in single-walled
carbon nanotubes with 1.35 nm diameter (Matsuda et al., 2006). This study
also agreed with the simulation and modelling work. Recently variable tem39

perature 13 C NMR spectroscopy has been used to study the phase transitions
of palmatic acid confined in titanium nanotubes (Tang et al., 2007).
Activated carbons are a special case where depending on preparation the confined liquids may be strongly attracted to the carbon pore surface. Depending on the values of these interactions and on the pore size it is possible
to obtain an increase in the melting point of the confined frozen solid, as
was experimentally observed by DSC thermoporosimetry with benzene absorbed in activated carbon fibres (Watanabe et al., 1999). These results have
been confirmed through comparisons of experimental and simulation data
(Radhakrishnan et al., 1999) where both the freezing and melting points were
seen to increase above the bulk values. However, such results have yet to be
observed using NMR cryoporometry.
Some work has also been done on activated carbons prepared from olive stones
(Gonzalez et al., 1994). These carbons have been extensively steam treated, a
process that may coat the carbon surface with hydroxyl groups. A number of
such carbons have been studied, using both water and cyclohexane as probe
liquids. In all cases, standard melting point depressions have been observed
for these materials (figure 17a), leading to conventional pore size distributions
(figure 17b). Thus, depending on preparation history and surface state, not
all activated carbons have the same behaviour.
8.1.3 Rocks and marine sediments
NMR Cryoporometry has been applied to the study of a range of water and oilbearing porous rocks and marine sediments. It has been noticed that they tend
to show an abrupt cut off in porosity at, or just smaller than, 10 nm. They fall
into two categories depending on the large pore size distributions: some show
a further abrupt reduction in porosity at larger pore diameters (quartz silt,
fault rock and kaolin powder), and others exhibit a slower decrease suggesting
a fractal distribution of pore sizes (chalk, quartz, shale, ash, and ooze); see
figure 18. By adding spatial resolution to NMR cryoporometry measurements
of rock core porosity the heterogeneity of the sample can be examined. By
imaging the rocks at a selection of temperatures, the distribution of pores
over certain lengths scales can be observed; see figure 19.
8.1.4 Wood
The capillary pore structure in wood is generally considered to be on the 1 –
300 nm scale: an ideal range to be probed by NMR cryoporometry. Webber
has studied fresh soft and hard wood samples saturated with cyclohexane, see
figure 20 (Webber, 2003b). The soft wood was seen to contain a greater open
pore volume than the hard wood. In the soft wood, structure was observed
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Fig. 17. a) Melting point depressions ∆Tm measured for three olive stone activated carbons, showing the case of water as the probe liquid for sample AC610 and
cyclohexane for the larger pore sized samples CXV and BP71. b) Corresponding
calculated pore size distributions for the three samples, using the appropriate kGT
values as per figure 2. Graphs reproduced with permission from Lab-Tools Ltd.

from 10 nm up to about 10 µm. By contrast, the hard wood appeared to
contain fewer small pores, the lower length scale being around 30 nm.
Viel et al. used NMR cryoporometry to probe the water fraction trapped in the
small pores of an ancient, dehydrated larch wood sample (Viel et al., 2004). A
single peak was observed in the pore size distribution, centred on a diameter of
2 nm. In order to probe the much larger open porosity, the sample would need
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Fig. 18. Pore size distributions for rocks and marine sediments, showing a) fractal behaviour at large pore dimensions, b) non fractal behaviour. Graphs reproduced with permission from Lab-Tools Ltd. and the BMFFFS project (Institute of
Petroleum Engineering, Heriot-Watt University).

to be re-hydrated. These measurements were combined with spectroscopic and
mobile NMR techniques in an attempt to characterise the condition of wood
used in the construction of historic buildings.

8.1.5 Fuel cells
NMR cryoporometry has been used to study the water uptake of Nafionbased membranes, which exhibit similar properties to the membranes present
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Fig. 19. 3D MRI images obtained for water in a rock core at (a) 268 K and (b) 295
K. Grey-scale intensity relates to water signal (white: no signal; black: maximum signal). Colour-scale (white-blue: little signal; red,green, yellow: strong signal). Images
previously displayed in Report to CPMT and presented elsewhere (Strange et al.,
2002).
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Fig. 20. NMR cryoporometry on soft wood and hard wood samples measured using
cyclohexane as the absorbate. Graphs previously presented at MARWINGA project
meeting, University of Surrey, 2003 (Webber, 2003b).

in polymer electrolyte membrane fuel cells (PEMFCs) and direct ethanol fuel
cells (DEFCs) (Jeon and Kwak, 2007). In this work sulphated β-cyclodextrin
(sb-CD) was added to the Nafion to produce proton-conducting membranes.
Through a combination of Small Angle X-ray Scattering (SAXS) and 1 H NMR
cryoporometry measurements, the size of the ionic clusters in the membranes
were seen to increase with increasing sb-CD content. As the ionic cluster size
increased, the porosity of the clusters also increased, improving the efficiency
of water transport across the membrane.

8.2 Gels
1

H high-resolution NMR freezing studies of the small water fraction in dried
polymethlysiloxane xerogel revealed chemical shifts of σ H = 1.7, 3.7, and 5
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ppm. These were related to weakly associated strongly bound water, strongly
associated weakly bound water, and strongly associated strongly bound water respectively (Gun’ko et al., 2007d). NMR cryoporometry studies of the
polymethlysiloxane suggested the material has a meso- to macro-scale pore
structure with the pores being the spaces between the non-porous primary
particles. The exact pore structure varied depending on the degree of agglomeration of the particles.
Characterising aerogels is notoriously difficult since pertabative measurements
applying pressure to the structure can alter the porosity (Scherer, 1998). Nevertheless, NMR cryoporometry (with cyclohexane as the absorbate) was successfully used to determine the pore sizes in an aerogel used as a particle
collision detector on a low earth orbit spacecraft (Burchell et al., 1999). Since
the impact craters of high velocity small particles would be influenced by the
density and porosity of the aerogel, it was important to characterise the material. The aerogel was found to have pores in the 40 – 80 nm diameter range
with a median pore diameter of 59 nm.

8.3 Fixed bead reactors

Hills and Le Floc’h have studied the behaviour of water and water-ice in
beds of porous Sephadex beads containing dextran (Hills and Lefloch, 1994).
Variable temperature NMR relaxation analysis measurements were used to
identify the behaviour in saturated and unsaturated beds of saturated beads
(containing either brine or water). Sephadex beads with smaller pore sizes
and a lower concentration of dextran were also explored. A two-phase system
was observed to evolve upon freezing of the water inside the beads: water-ice
coexisted with unfrozen dextran gel.
Ren et al. have proposed a suite of NMR measurements to characterise the
porosity of a fixed reactor bed over a large range of length scales (Ren et al.,
2003). NMR cryoporometry was just one of the techniques employed: cyclohexane was frozen and then melted in the pores of catalyst pellets. An asymmetric, mono-dispersed pore size distribution was observed with a median pore
diameter of 10 nm. This was seen to vary very slightly between the fresh and
cooked pellets. 130 Xe NMR spectroscopy and NMR relaxometry were also used
to analyse the pore structure. NMR diffusion (Callaghan, 1991) and flow propagators (Mitra et al., 1992) were used to investigate the macroscale porosity
between the beads in the reactor bed.
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8.4 Medical Applications

8.4.1 Bones
NMR cryoporometry has been used, in conjunction with NMR relaxometry,
to study the porosity in trabecular bone by Fantazzini et al. using cyclohexane as the absorbate (Fantazzini et al., 2001). Pore structure differences were
observed in samples from healthy and osteoporotic bones. The bones contained a distribution of pore sizes that extended beyond the limits of NMR
cryoporometry. Consequently the signal from the bulk melting (or plastic crystal phase) appeared to overlap with the signal from the pore liquid above a
characteristic pore dimension of 40 nm. A large increase in signal was observed corresponding to pores with a mean diameter of approximately 17 nm
in the osteoporotic bone, compared to the healthy bone; see figure 21. This
confirmed the findings from the NMR relaxometry experiments, whilst able to
probe much greater pore length scales, were significantly harder to interpret
in terms of accurate pore dimensions. Evans et al. highlighted this point, suggesting NMR cryoporometry and gas adsorption as ideal calibration tools for
NMR relaxometry (Evans et al., 2005). The wide range of porosities probed
by the NMR relaxometry measurement can lead to incorrect analysis if calibrated against limited techniques such as bone histomorphometry (an optical
measurement) (Wang and Ni, 2003).

Fig. 21. Pore size distributions obtained from NMR cryoporometry measurements
on (a) healthy and (b) osteoporotic bone samples. A significant increase in the
porosity can be seen in the osteoporotic bone. Graphs reproduced with permission
from Elsevier (Fantazzini et al., 2001).

Gun’ko et al. used high-resolution 1 H NMR to probe healthy and osteoporotic
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human bone (Gun’ko et al., 2006b). As in earlier measurements, a much larger
number of mesopores (2 < x < 50 nm) and macropores ( x > 50 nm) were
observed in the damaged bone structure. The total porosity and surface area
were also found to have increased in the osteoporotic bone. The spectroscopic
study allowed the strongly bound and weakly bound water fractions to be
identified, as outlined in section 7.2. The ratio of these fractions altered depending on the bond structure and the medium filling the pores. Comparisons
were made between the bound water layers when the pores were saturated
with air, water, or chloroform-d. The chloroform-d altered the water distribution since it preferentially filled the larger pores, forcing the water into the
smaller structures. Turov et al. identified the fractions of weakly and strongly
associated water in rat tail bone tissue, and derived the occupied porosities
for these two types of water (Turov et al., 2006). The substantial fraction of
weakly associated water, σ H = 1.2 – 1.7 ppm (much lower than for bulk water), was found to reside in the smallest pores and could only be removed by
heating the bone.

8.4.2 Artificial skin
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Artificial skins are required to be permeable to water and gasses, but to exclude
unwanted organisms. A sample of artificial skin (figure 22) was shown to have
a high porosity at a small pore size of 3.9 nm. At larger pore sizes the porosity
reduced: the pore volume decreased with increasing pore diameter in such a
way as to suggest a fractal arrangement of pores.
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Fig. 22. An example pore size distribution for artificial skin, measured using cyclohexane. The large pore sizes show an approximately fractal distribution, but
the peak at 3.7 nm is unusually sharp. Graph reproduced with permission from
Lab-Tools Ltd.
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8.5 Biological systems
Melanin is deposited in some fungal cell walls and when isolated from the fungus it retains the shape of the cells resulting in hollow spheres called “ghosts”.
In a study of such melanised ghosts (Eisenman et al., 2005) atomic force, scanning electron, and transmission electron microscopy revealed that the ghosts
are covered with roughly spherical granular particles approximately 40 – 130
nm in diameter, and that the melanin is arranged in multiple concentric layers.
NMR cryoporometry indicated melanin ghosts contain pores with diameters
between 1 – 4 nm, in addition to a small number of pores with diameters near
30 nm. Binding antibodies to the melanin reduced the apparent measured volume of these pores, suggesting a mechanism for their anti-fungal properties.
Yeast cells are stable under dehydration / hydration and freeze / thaw conditions. 1 H NMR spectroscopy has been used to study the layer-by-layer freezing of endocellular water in partially hydrated yeast (Turov et al., 2005). The
water was found to exist in two states – droplets of bulk-like liquid and twodimensional surface layers – and the relative volume of these regions was seen
to be dependent on the level of hydration. Yeast cells have also been observed
to swell under prolonged exposure to water (Gun’ko et al., 2007c). Similar
behaviour was observed in wheat seeds in the same work.
The interaction of human plasma fibrinogen and fumed silica in a buffer solution was studied by variable temperature 1 H NMR spectroscopy (Rugal et al.,
2007; Gun’ko et al., 2007c,a). The proportion of structured water was seen
to decrease when the concentration of the fibrinogen and buffer solution increased. This was due to the coagulation of the fibrinogen molecules. Adding
fumed silica increased this effect further still as a result of the interaction of
the fibrinogen and silica, leading to the formation of densely packed hybrid
agglomerates of fibrinogen and silica, and conformational changes in the fibrinogen molecules. The formation of these hybrid agglomerates is important
to promoting enhanced blood clotting when fumed silica is incorporated into
tourniquet preparations.
8.6 Polymers

8.6.1 Solid structures
Porous structures with length scales suitable for investigation by NMR cryoporometry can be formed by interwoven or layered polymer molecules, such
as those in wood fibrils and potato starch (Topgaard and Soderman, 2002).
Hansen et al. have probed the distribution of water within ideal porous polymer particles (Hansen et al., 2005). The water was seen to occupy four distinct
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pore sizes (arbitrarily labeled A, B, C, and D in order of increasing pore size);
see figure 23(a). The analysis was performed using a melting point depression constant of kGT = 84 K nm and a non-frozen surface layer of 0.5 nm.
The four regions were determined to have mean pore diameters of 5, 12.4,
16.4, and 112 nm respectively. Due to experimental limitations the diameter
of region A could not be accurately determined by NMR cryoporometry and
was confirmed by nitrogen gas adsorption. By combining these results with
variable temperature NMR relaxometry measurements, it was possible to determine that pore regions A, B, and D were connected and that regions C and
D were connected. However, there did not appear to be any direct connection
between regions C and A or B. A model of the polymer pore structure was
devised based on these measurements; see figure 23(b).

Fig. 23. (a) Pore size distributions obtained from NMR cryoporometry measurements on water in polymer particles. The peaks are associated with the arbitrary
labels B, C, and D. The melting curve (IT-curve) is also shown. The smallest pore
sizes (A) were not seen in the NMR cryoporometry measurement. (b) A model of
the polymer pore structure derived from various measurements. The interconnections between the porosity regions can be seen. Graph and image reproduced with
permission from the American Chemical Society (Hansen et al., 2005).
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8.6.2 Biodegradable structures
NMR cryoporometry has been applied to the study of biodegradable polymers used in drug delivery (Petrov et al., 2006). Two distinct melting steps
were typically observed for water absorbed in the polymer. These steps were
associated with water bound in the swollen polymer/gel phase and bulk water. By observing the fraction of water present in the gel phase, the degree of
polymer swelling could be deduced. The pore structure revealed by NMR cryoporometry was too small to be resolved by the complimentary scanning electron microscopy (SEM) measurements. The samples with increased nanoscale
porosity exhibited a greater degree of swelling and improved drug release characteristics. Although this relationship between drug release and porosity was
not conclusively confirmed, the authors acknowledged that NMR cryoporometry was one of the few techniques that allowed reproducible measurements of
the smallest pores in water saturated polymeric formulations.
Polyelectrolyte multilayers (PEM) also have applications for drug delivery systems and biosensors. These multilayers are formed by alternately adsorbing
anionic and cationic polyelectrolytes onto a surface (Decher et al., 1992). In
such applications as encapsulation and controlled release of drugs, the permeability and porosity of the layers is an important factor. Consequently NMR
cryoporometry has been used to study the porous structures formed in PEM
on silica particles (Chavez and Schonhoff, 2007; Schonhoff et al., 2007). The
pores in the silica particles and the PEM were separated by fitting a sum of
Gaussian functions to the pore size distribution. Water in the PEM was observed to exist in pores with a characteristic size of 1 nm. The precise mean and
standard deviation of the pore size distribution was seen to vary depending
on the number of layers in the PEM.

8.6.3 Paper
Paper is a porous cellulose material whose properties are dependent on the
quantity of water trapped within the structure. NMR cryoporometry has
been used to study paper (Capitani et al., 1996, 1999; Furo and Daicic, 1999;
Capitani et al., 2002). In the most recent publication Capitani et al. obtained
a broad, mono-dispersed pore size distribution with the maximum pore volume occurring for pores of radius 1.4 nm (Capitani et al., 2002). Spectroscopic
methods (dipolar filtered 13 C MAS and WISE 2D 1 H – 13 C mapping) were
used to measure the distance between the liquid and solid surfaces. These
results indicated the pools of water were surrounded by solid cellulose as expected, and that the water pools had dimensions on the order of 1.5 nm in
agreement with the NMR cryoporometry result.
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8.6.4 Rubber
Standard methods of accessing rubber cross-linking density include swelling
the rubbers by absorbing a-polar liquids such as decane until no further extension can be obtained, and then measuring the fractional swelling (Flory and Rehner,
1943; Moore and Watson, 1956). NMR cryoporometry provides an independent method of directly measuring the size of such liquid droplets (and their
crystals) within the cross-linked structure of the rubbers (Strange and Webber,
1995; Nedelec et al., 2006). Figure 24 shows the increase in droplet size as a
sample of brown rubber is increasingly swollen by adding cyclohexane. This
technique has also been used to study black rubber (Strange and Webber,
1995).
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Fig. 24. NMR cryoporometry measurements of the size of cyclohexane droplets in
a brown rubber, on swelling of the rubber structure with increasing quantities of
cyclohexane (as indicated by the arrow). Graph reproduced with permission from
Lab-Tools Ltd.
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Conclusion

NMR cryoporometry is a non-destructive technique for measuring calibrated
pore volume distributions. Although it has not been widely used as a stand
alone technique, the ability to provide accurate, reproducible, and unambiguous results has seen NMR cryoporometry become a favoured tool for calibrating NMR relaxometry. NMR cryoporometry has a number of advantages
over other equivalent techniques: it can be used to analyse larger and potentially arbitrarily shaped objects (compared to the limited sample size of DSC
thermoporosimetry) and is applicable to samples in an aqueous environment
(unlike gas adsorption). Ultimately, NMR cryoporometry is at its most potent
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when combined with other measurements: NMR relaxometry, spectroscopy,
diffusion, and imaging. Together this NMR suite has the potential to probe a
great many aspects of porous absorbents and absorbates, from pore morphology, connectivity, heterogeneity, and surface interactions, to the behaviour of
binary liquids and partially saturated systems.
In this review we have highlighted the application of NMR cryoporometry to
the study of construction materials, polymers, gels, and biological systems
including human tissue. It is worth mentioning that NMR cryoporometry
has also played a role in many other studies, including the determination
of the nature of water-ice (Liu et al., 2006; Dore et al., 2004b; Webber et al.,
2007b) and cyclohexane (Dore et al., 2004a) in confinement. Through the numerous measurements of calibrated porous media like silica gels, NMR cryoporometry has helped improve the understanding of pore surface interactions and phenomena including supercooling (Awschalom and Warnock, 1987;
Seeley and Seidler, 2001) and the underlying Gibbs-Thomson shift in melting
and freezing temperatures (Petrov and Furo, 2006). Combined with powerful
new computer modelling simulations (Coasne et al., 2006; Radhakrishnan et al.,
2002a) the fundamental physics behind the behaviour of molecules in confinement is slowly being uncovered.
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