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Abstract

NMR Pulsed field gradient measurements of the restrained diffusion of confined fluids constitute an efficient method to probe the local
geometry in porous media. In most practical cases, the diffusion decay, when limited to its principal part, can be considered as Gaussian
leading to an apparent diffusion coefficient. The evolution of the latter as a function of the diffusion interval yields average information
on the surface/volume ratio of porosities and on the tortuosity of the network. In this paper, we investigate porous model systems of
packed spheres (polystyrene and glass) with known mean diameter and polydispersity, and, in addition, a real porous polystyrene mate-
rial. Applying an Inverse Laplace Transformation in the second dimension reveals an evolution of the apparent diffusion coefficient as a
function of the resonance frequency. This evolution is related to a similar evolution of the transverse relaxation time T2. These results
clearly show that each resonance frequency in the water proton spectrum corresponds to a particular magnetic environment produced by
a given pore geometry in the porous media. This is due to the presence of local field gradients induced by magnetic susceptibility differ-
ences at the liquid/solid interface and to slow exchange rates between different pores as compared to the frequency differences in the
spectrum. This interpretation is nicely confirmed by a series of two-dimensional exchange experiments.
� 2008 Elsevier Inc. All rights reserved.
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1. Introduction

NMR Pulsed field gradient experiments have become an
efficient method for investigating the translational displace-
ments of molecular entities bearing nuclear spins, in partic-
ular those due to self-diffusion. This is accomplished by
probing the self-diffusion phenomenon. When no spatial
limits hamper the motion of molecules, free diffusion pre-
vails. Conversely, in a confined structure, the diffusion of
fluid molecules is restrained and may reveal the size and
shape of the local geometry. This property has been
exploited for years in order to characterize the structure
1090-7807/$ - see front matter � 2008 Elsevier Inc. All rights reserved.
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of porous media [1]. On the other hand, by using well cho-
sen experimental conditions, the diffusion measurements in
a porous structure can lead to the so called ‘‘diffusive dif-
fraction phenomenon” [2]. It takes the form of a small
oscillation in the q space representation (related to the mag-
netization decay as a function of the area of gradient
pulses) showing maxima at q values corresponding to char-
acteristic dimensions of the system. We have recently inves-
tigated this effect on model systems of closely packed
spheres and on a real porous polymer material. This was
done by using different NMR sequences based on classical
B0 gradients (gradient of the static magnetic field) and the
alternative approach which uses radiofrequency field B1

gradients [3]. By selecting different model systems of poly-
styrene and glass spheres with controlled size and poly-dis-
persity (size distribution), we specifically investigated the
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effect of structural disorder and internal magnetic field gra-
dients on the diffraction pattern [4]. When the experimental
observation is limited to the main part of magnetization
decay, the latter can be considered, to a first approxima-
tion, as a simple Gaussian decay. It means that the distri-
bution of molecular displacements can still be considered
as Gaussian even in the presence of geometrical restriction.
Hence an apparent diffusion coefficient Dapp can be deter-
mined using the Stesjkal and Tanner’s equation. The
decrease of Dapp as a function of the diffusion interval
(i.e. the time elapsed between the two gradient pulses)
can be interpreted in terms of structural characteristics of
the porous medium: e.g. the surface/volume ratio S/V at
short diffusion intervals and the tortuosity a when a pla-
teau is reached at long diffusion intervals [5–7]. This meth-
odology has been employed here for the model samples of
packed spheres of polystyrene and silica glass and for the
real porous material already studied by diffusive diffraction
[4]. This is now a common approach for obtaining an aver-
age information on the porous structure although it does
not provide any indication on the structural heterogeneity.
The line broadening of the 1H NMR spectrum can have at
least two origins: a possible contribution could be a modi-
fication of chemical shift due to electrostatic interaction
with the polymer, but the main effect certainly results from
internal field gradients produced by susceptibility differ-
ences at the liquid/solid interface. By using the Inverse
Laplace Transform (ILT) of 2D diffusion data obtained
with the PFGSTE_BP experiment (Bipolar version of the
Pulsed Field Gradient Stimulated Echo Experiment), we
show that a distribution of the apparent diffusion coeffi-
cient can be resolved in the frequency domain and related
to the T2 relaxation time distribution. These results are
confirmed by 2D exchange measurements and correlated
to the structural characteristics of the systems showing
the relationship between the spreading of resonance fre-
quencies and the distribution of pore geometries.

2. Results and discussion

2.1. Apparent diffusion coefficient as a function of the

material average structure

1H NMR spectra of bead samples made of polystyrene
and glass silica spheres embedded with water were first
recorded using a 5 mm probe for high resolution measure-
ments. A narrow line of about 14 Hz was obtained with
polystyrene spheres indicative of a very weak interaction
between this material and water and the small magnetic
susceptibility difference Dv at the liquid/solid interface
(v = (B/l0H) � 1, with B the magnetic induction and H

the applied magnetic field). The low value of Dv, in that
case is due to the intrinsic properties of both compounds
and to the geometrical characteristics of the porous struc-
ture made of highly spherical smooth surfaces. On the con-
trary, with glass spheres, the high value of Dv between silica
and water produces a line of about 2000 Hz width using the
same conditions for the sample preparation and NMR
experiments. Such a high value of Dv hampers the measure-
ment of molecular diffusion as it produces local field gradi-
ents (denoted g0 hereafter) which interfere with applied
gradients (denoted g hereafter) during the encoding and
decoding period of diffusion experiments [3]. In such a sit-
uation, the simple STE sequence cannot be used because
the major part of the signal is lost and the diffusion pattern
is modified due to the cross term gg0 [8,9]. Hence, diffusion
measurements were carried out with the PFGSTE_BP
experiment where the influence of local gradients is limited
by the use of bipolar gradients pulses separated by a 180�
RF pulse instead of a simple gradient pulse [10]. This pro-
cedure refocuses the spreading effect of local gradients but
does not affect the encoding effect of applied gradient as its
polarity is inverted after the 180 pulse. However, this
implies that the same local gradient value is felt by nuclear
spins during the two gradient pulses. As a consequence the
efficiency of the process strongly depends on the scale at
which local gradient changes in intensity and direction
depending on the porous structure. The evolution of the
ratio Dapp/D0 (D0 corresponding to free diffusion at
25 �C) as a function of the diffusion interval D are shown
in Fig. 1 for the polystyrene and the glass sphere samples.
As expected in the context of restricted diffusion, the start-
ing value is less than 1 and decreases for larger diffusion
intervals. At long diffusion times the ratio reaches a limit
characterizing the tortuosity a defined by
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t!1
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a
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Due to the higher diameter particles, longer diffusion inter-
vals are needed to reach this tortuosity regime in the glass
sphere system. The important signal loss due to longitudi-
nal relaxation is responsible for the higher scattering of
experimental Dapp coefficients. At short diffusion intervals,
Sen and Mitra [5] showed that the initial decay is directly
related to the surface/volume ratio (S/V) of the porosities.
We used the mathematical expression of Latour et al. [11]
which interpolates between both regimes at short and long
diffusion intervals:
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where h, a fitting variable, has the dimension of time.
Several examples of the determination of the S/V ratio
for the pore space of various glass bead packs and rocks
using this approach have been published previously
[11,12]. We determined, from a fit to experimental data,
the parameters S/V, a and h. A mean particle diameter
was evaluated using the expression d = 6(1// � 1)/(S/V)
[11]. The different numerical results obtained for both
systems of packed spheres are gathered in Table 1 and



Table 1
Parameters determined from the analysis of the evolution curve
Dapp/D0 vs D

Surface/volume
ratio S/V (lm�1)

Parameter
h (s)

Diameter
d (lm)

Tortuosity a

Polystyrene
spheres

1.04 0.0043 9.4 (9.1a) 1.53 (1.61c)

Glass
spheres

0.31 0.16 31.5 (31a) 1.59 (1.61c)

Polystyrene
porous
polymer

0.66 0.052 9.1 (5–15b) 2.1 (2.0d)

a, S/V and h were determined from a fit to experimental data according to
the mathematical expression of Latour et al. (Eq. (2)). In parenthesis are
given the values (a) determined from laser diffraction measurements; (b)
evaluated from SEM images; (c) theoretical; (d) determined from capillary
measurements.

Fig. 1. Evolutions of the ratio Dapp/D0 (D0 corresponding to free diffusion
at 25 �C) as a function of the diffusion interval D obtained for beads of
polystyrene and glass sphere systems and the polystyrene porous material.
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show a close agreement with known particle diameters.
The tortuosity parameters of 1.5 and 1.6 obtained for
the polystyrene and glass spheres are consistent with
the theoretical value of 1.61. The latter was calculated
using the simple relation a = 1/(1 � /) with a porosity
value / = 0.38 (where we assumed that the spherical par-
ticles adopt, in the cylindrical tube, a closely packed
arrangement with a random compactness [11]).

And indeed, applying the same approach to the por-
ous polymer material, the polystyrene di-vinyl benzene
(synthesized by inverse emulsion), we obtain a value
of 2.1 for a, very close to the value of 2.0 determined
by an independent capillarity measurement. Assuming
cavities with spherical shapes, we determined a mean
pore size of 9.1 lm consistent with SEM images given
in reference [3]. However, this result is slightly higher
than the value determined from the analysis of the dif-
fusive diffraction pattern obtained by the B1 gradient
method [3]. It has been shown that this is due to the
influence of internal gradients which lead, in that case,
to an underestimation of Dapp measured by B0 gradient
experiments.
2.2. Apparent diffusion coefficient distribution as a function
of the structural heterogeneity

A porous material is generally heterogeneous and usu-
ally involves a large distribution of pore sizes. Intuitively,
each pore may contribute to the total spectrum with a
weight proportional to its elementary volume and to the
corresponding population. Consequently, the diffusion
curve built by taking the total spectrum area is the sum
of the different contributions of pores of different sizes. A
similar situation occurs for relaxation data, especially T2

measurements, for which multi-component analysis or
Inverse Laplace Transformation (ILT) are well established
methods to access the size distribution of pores in different
materials [13,14]. More recently, the use of the ILT has
been extended in 2 and 3 dimensions producing T1/T2/D

correlation and exchange data. These methods have pro-
vided new possibilities to resolve complex mixtures, for
example the separation and quantification of water/oil
ratio in rocks, even using low field spectrometers [15–18].

Another consequence of the structural heterogeneity is
the spreading of frequencies which mainly results from
the distribution of magnetic susceptibility differences at
the liquid/solid interface. Thus, each frequency can be
assigned to a particular local geometry, provided that the
exchange between different sites is sufficiently slow as com-
pared with the frequency differences. We show here that
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both effects can be visualized in the same experiment, giv-
ing a direct access to individual NMR parameters without
the need of any deconvolution. This is remarkably shown
in the 2D maps (D vs resonance frequency) of Fig. 2
obtained for the glass spheres system. In the case of poly-
styrene spheres, the phenomenon was not observed because
the linewidth is very small. At a short diffusion interval,
D = 15 ms, chosen at the beginning of the restricted diffu-
sion regime (see Fig. 1), the two-dimensional correlation
peak is clearly tilted revealing a net distribution of apparent
diffusion coefficients between �1300 and �1600� 10�12

m2 s�1. The reproducibility of this result was verified
paying special attention to the phase stability during the
whole diffusion experiment. Moreover, it cannot be a
numerical artifact arising from the ILT transform because
variations of the diffusion coefficients can also be observed
using a classical least squares analysis (with one or two
Gaussian components). These results nicely demonstrate
that, at short diffusion intervals, the water molecules are
more or less confined in different local geometries, each
of them producing one D value and one resonance fre-
quency. This leads to a spreading in both dimensions
related to the pore size distribution in the material. The
smallest pores (denoted A) give rise to the lowest apparent
diffusion coefficients. The corresponding NMR signals are
relatively weak and located at the more shifted part (at low
field) of the spectrum due to the influence of larger local
field gradients. When D is increased, the confinement is
gradually lost and the molecules have time to exchange
between different structural environments (cavities). As a
consequence, the distribution of diffusion coefficient is
gradually damped. At D = 400 ms which falls in the tortu-
osity regime (see Fig. 1), the 2D correlation peak is almost
horizontal providing a unique value for Dapp whatever the
resonance frequency. The evolution curves of Dapp as a
function of D obtained at three different resonance frequen-
cies of the 1H spectrum are shown in Fig. 3. Although there
is a greater dispersion of Dapp data (because a peak height,
Fig. 2. Two-dimensional maps (resonance frequency, diffusion) obtained on
(acquisition dimension) and inverse Laplace transform of the second dimensi
D = 15 ms and D = 400 ms. The gradient pulse length was d = 2.4 ms.
measured at a given frequency, is much more noisy than
the total spectrum area) different slopes at short D can be
seen for the three positions A, B and C. From a fit to exper-
imental data we obtain the corresponding sphere diameters
dA = 26 lm, dB = 38 lm and dC = 61 lm, which are consis-
tent with the range of particles diameters as measured by
Laser Diffraction [4].

The same phenomenon was observed in the porous
polymer sample. A superposition of 2D maps obtained
with three different values of the diffusion interval D is
shown in Fig. 4. Again, a distribution of the apparent dif-
fusion coefficient Dapp is clearly seen at D = 11 ms and is
gradually damped for increasing D values. The range of dif-
fusion coefficients (between �800 and 1500 � 10�12 m2 s�1)
is larger than in the previous case, and a slight tilt remains
even at 500 ms. This confirms the more complex structure
of this porous network as compared with the packed sphere
system [3,4]. The fit of the evolution of the ratio Dapp/D0 vs
D for two frequencies A and B at both sides of the spectrum
(Fig. 5) yields a range of cavity dimensions between 4 lm
(B) and 24 lm (A), in agreement with the SEM images of
the surface [3]. The distribution of the local geometry as
a function of the resonance frequency is also confirmed
by T2 measurements using the CPMG experiment. This is
shown in the 2D (frequency, T2) map presented in Fig. 6
obtained after an Inverse Laplace transform with respect
to the evolution time s in the CPMG experiment. As for
diffusion measurements, a strongly tilted correlation peak
is obtained revealing a wide T2 distribution between 3
and 18 ms. In agreement with diffusion experiments, the
low field part of the spectrum corresponds to the smaller
pores which give rise to the shortest relaxation times.

2.3. Exchange measurements as a function of the structural

heterogeneity

To investigate the effect of the structural heterogeneity
on the 1H NMR spectrum, another possibility consists in
the glass spheres system by Fourier transform of the first dimension
on (evolution according to diffusion) for two different diffusion intervals



Fig. 3. Evolution of the ratio Dapp/D0 as a function of the diffusion
interval D obtained at 3 different resonance frequencies on the 1H
spectrum (denoted A, B and C in Fig. 2).

Fig. 4. Superposition of two-dimensional maps (resonance frequency,
diffusion) obtained on the polystyrene porous material for three different
diffusion intervals D = 11 ms and D = 70 ms and D = 500 ms.

Fig. 5. Evolution of the ratio Dapp/D0 as a function of the diffusion
interval D obtained at 2 different resonance frequencies of the 1H spectrum
(denoted by A and B on Fig. 4).

Fig. 6. Two-dimensional map (resonance frequency, T2 relaxation time)
obtained on the polystyrene material by Fourier transform of the first
dimension (acquisition dimension) and inverse Laplace transform of the
second dimension (evolution according to transverse relaxation) of the
CPMG experiment. A is a conversion parameter given by the mathemat-
ical expression A = 1/(D d2c2 10�10) (with c = 26.75 � 107 rad T�1 s�1).
Using arbitrary values d = 1.2 ms and D = 0.18 s for the calculation we
obtained A = 0.54.
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probing possible changes of the environment experienced
by individual spins. In early works, Callaghan et al.
reported the observation of exchange of water molecules
in a porous media using T2 �T2 correlation and 2D ILT
treatment [19]. The two-dimensional EXSY (Exchange
Spectroscopy) sequence is also a well known method for
monitoring exchange phenomena between different sites
[20,21]. It requires the existence of different resonance
frequencies for the exchanging sites and a frequency differ-
ence Dm larger than the exchange rate. While this NMR
sequence has been widely used to study chemical or confor-
mational exchange processes, its application to the study of
a liquid in a porous material has not been really exploited,
at least to the best of our knowledge. In a recent work
Knagge et al. have reported the use of hyper hyperpolar-
ized Xenon to characterize the pore shape and exchange
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phenomena in a porous silicon system [22]. They benefited
of the strong sensitivity of Xenon chemical shift toward its
structural environment which leads to well separated lines
for the different sites. Although this feature does not pre-
vail here (continuous spectrum), we can nevertheless hope
to observe exchange phenomena between different regions
since the latter are characterized by different chemical shifts
produced by different internal gradients.

2.4. Glass sphere system

The exchange data obtained for the crude material with
mixing times tm = 5 ms and 1 s are shown in Fig. 7. For
mixing times up to 15 ms, the two dimensional peak is
almost diagonal. It means that within such a small time
interval, the exchange of water molecules between two dif-
ferent structural environments (i.e. two cavities) has a low
probability because the mean square displacement �r of
molecules is smaller than the particles size of 31 lm. �r
was estimated to be less than 12 lm for tm = 15 ms. This
value was calculated within the assumption of a Gaussian
distribution of displacements, using the simple equation
Fig. 7. Two dimensional exchange data of water in the packed glass sphere

Fig. 8. (a) Superposition of 1D cross sections obtained for the glass sphere sys
m1 = mR in the F1 dimension. The k arrow indicates the effect of exchange where
curves constructed from the intensity measured at six different frequencies m2 =
The k arrow indicates signal growth due to exchange whereas the T1 arrow in
�r ¼
ffiffiffiffiffiffiffiffiffiffi
6D0t
p

with D0 = 1.9 � 10�9 m2 s�1 at 290 K. As tm is
increased, a gradual modification of the two dimensional
pattern is observed leading to a more rectangular correla-
tion peak. This result definitely demonstrates that the dif-
ferent parts of the proton spectrum arise from different
regions in which molecules can exchange within a time
scale of a hundred milliseconds. The superposition of 1D
cross sections obtained for different mixing times and taken
at a specific frequency m1 = mR in the F1 dimension is shown
in Fig. 8a. The dynamics of exchange can be evaluated
from the build-up curves corresponding to six off-diagonal
m2 = mA to mE and to the diagonal position m1 = mR (Fig. 8b).
While the intensity always decreases at the diagonal posi-
tion R, the intensity increases, reaches a maximum and
then decreases as a function of the mixing time at non diag-
onal positions A–E. The increase is due to the exchange
between region R and regions A–E (which involve different
geometries) while the decreasing part is essentially gov-
erned by T1 relaxation. Under the assumption of two sites,
the intensity of the exchange peak in an EXSY experiment
is proportional to the term 1

2
½1þ expð�2ktmÞ� expð�tmR1Þ

for the diagonal peaks and 1
2
½1� expð�2ktmÞ� expð�tmR1Þ
system (crude fraction) obtained with mixing times tm = 5 ms and 1 s.

tem (see Fig. 7) at different mixing times and taken at a specific frequency
as the T1 arrow indicates the effect of longitudinal relaxation. (b) Build-up
mA to mE (off diagonal contribution) and m1 = mR (diagonal contribution).

dicates signal decrease due to longitudinal relaxation.
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for the off diagonal peaks, where k is the exchange rate and
R1 = 1/T1 the longitudinal relaxation rate. In the present
case, a given site can exchange with a number of other sites
of different geometries. Thus, a cross-peak may result from
different contributions due to direct or relayed pathways.
In such a situation, the relaxation matrix formalism can
Table 2
(i) Exchange time constant k�1 obtained, for the crude and sifted fractions
of glass spheres, by measuring the initial slope of the build up curves for
six different chemical shifts m2 = mA–mE for a given cross section located at
m1 = mR (which corresponds to the intensity maximum in the normal 1D
spectrum—see Fig. 8

Crude fraction (r � 30%) Sifted fraction (r � 18%)

k�1 (ms) d (lm) k�1 (ms) d (lm)

E 158 46 362 69
D 101 36 125 41
C 48 25 60 28
B 29 20 35 21
A 19 16 20 16

(ii) Corresponding values of the mean square displacement calculated
using the relation given in the text.

Fig. 9. Two dimensional exchange data of water in the polystyrene

Fig. 10. (a) 1D 1H spectrum obtained on the porous polystyrene material (b) B
frequencies m2 = mA to mG (off-diagonal contribution) and m1 = mR (diagonal co
be used to account for the whole evolution curves. It is
however more convenient to limit the data analysis to short
mixing times in such a way that any cross-peak can be consid-
ered as arising from a unique direct pathway. The intensity
variation as a function of tm is, to a first approximation, lin-
ear and given by the simple relation (I/I0 � k tm). I0 is the
equilibrium magnetization, an estimation of which is given
by the diagonal peak measured at the shortest mixing time.
k�1 is determined from the initial slope of the build up
curves for the crude and sifted fractions of glass spheres.
The corresponding values of the mean square displacement
were also calculated using the relation given above
(�r ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
6D0tm

p
Þ and gathered in Table 2. These results show

first that the extent of exchange rates between 3 and 50 Hz
is smaller than the differences in resonance frequency of the
various sites confirming the slow exchange regime and the
inhomogeneous character of the 1H spectrum. Second, the
lowest distance which can be determined is similar for both
systems and close to the mean radius of the spherical par-
ticles. Third, it can be noticed that the mean displacement
of water molecules starting from a given magnetic environ-
ments (for example R) to reach another magnetic environ-
porous material obtained for mixing times tm = 1.5 ms and 1 s.

uild-up curves constructed from the intensity measured at seven different
ntribution).
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ment (for example A,B. . .E) is higher in the sifted fraction.
This observation is presumably related to the probability of
finding two different geometrical environments at a short
distance from each other. This probability is expected to
be higher in the crude fraction because it is less ordered.

2.5. Polystyrene porous material

Two-dimensional exchange experiments were also per-
formed on the embedded polystyrene porous material. As
seen in Fig. 9, the shape of the two-dimensional correlation
peak is again function of the mixing time due to an increase
of the exchange phenomenon. However, even at the short-
est achievable value tm = 1.3 ms (which corresponds to a
mean squared displacement of ca. 5 lm), the pattern is
not completely diagonal. This result shows, in agreement
with diffusion data, that at least a small fraction of the
water molecules can move to another geometrical environ-
ment within a very short time. It confirms the higher heter-
ogeneity of this system (observed in the SEM images [3]) at
the level of the pore size. The build-up curves correspond-
ing to seven different chemical shifts m2 = mA to mG on a
given cross section located at m1 = mR (which corresponds
to the maximum intensity in the normal 1D spectrum)
are shown in Fig. 10. Mean square displacements in the
range 8–134 lm were determined from the determination
of the initial slopes. The lowest distance is again in agree-
ment with the pore dimensions estimated from the SEM
images. However, it cannot be directly related to the mean
pore-to-pore distance in this material because of the
exchange phenomenon seen at short times. The latter could
be ascribed to intra-pore displacements.

3. Conclusion

In this paper the restricted diffusion phenomenon has
been investigated in different porous media including
model systems of calibrated closely packed sphere particles
(of polystyrene or glass) and a polystyrene porous material.
Using a conventional approach, we were able to determine,
for the different samples, average structural parameters
(surface/volume ratio and the tortuosity). The use of the
Inverse Laplace transform in the second dimension of the
diffusion experiment reveals, for short values of the diffu-
sion interval D, a clear dependency of the diffusion coeffi-
cient as a function of the resonance frequency. This
dependency which is gradually damped as D increases is
shown to be related to the pore size distribution. This is
confirmed by the observation of a similar distribution of
T2 relaxation times measured by CPMG. Two-dimensional
exchange experiments have been carried out to monitor the
exchange dynamics of molecules in these different porous
media. A quantitative analysis of the two-dimensional cor-
relation pattern has been used to derive characteristic dis-
tances for the exchange phenomena taking place in these
systems. These results are consistent with diffusion mea-
surements and are in agreement with the known dimen-
sions and the structural heterogeneity (determined
experimentally or theoretically). All these data definitely
demonstrate that each resonance frequency in the water
proton spectrum corresponds to a particular magnetic
environment produced by a given pore geometry in the
porous media. This spreading of resonances is due to (i)
local field gradients induced by magnetic susceptibility dif-
ference at the liquid/solid interface and (ii) exchange
between different pores at rates lower than the frequency
differences in the spectrum.

4. Experimental section

All experiments were carried at 290 K on a 9.4T Bruker
Wide Bore spectrometer (proton resonance frequency of
400.13 MHz) equipped (for diffusion experiments) with a
standard Bruker micro2.5 imaging system capable of deliv-
ering a maximum gradient strength of 100 G cm�1 in each
of the three directions. This latter equipment was employed
with the z-gradient for diffusion experiments. We used two
different bird cage coils (10 mm and 25 in diameter) pro-
ducing 90� pulses of 10.5 and 21.4 ls, respectively. Diffu-
sion measurements were performed using the 11 intervals
PFGSTE_BP sequence [10] in order to minimize T2 atten-
uation and background gradient effects due to magnetic
susceptibility differences between water and the polymer
matrix. The pulsed field gradient length d was set to values
in the range 2–6 ms and the diffusion intervals D was varied
between 4 and 900 ms. d was kept constant for the whole
series of measurements performed on a given sample with
different diffusion intervals D. The q space encoding was
achieved by incrementing linearly the gradient amplitude
between 2% and 95% in 32 steps. The gradient strength
was calibrated with water and octanol.

Models systems of packed sphere particles were prepared
with calibrated spheres controlled by laser diffraction: (i)
polystyrene spheres purchased from Merck S.A. (mean
diameter 9.1 lm) with a weak size distribution (dispersion
r � 14%) (ii) glass spheres provided by Malvern S.A.
(31 lm, dispersion r � 30%) (iii) a second fraction of glass
spheres with less dispersion (31 lm, r � 18%) produced
by a sifting procedure. The dispersion r is defined as the
ratio, expressed in percentage, of the diameter standard
deviation over the mean diameter. As described in reference
[4], the spheres were first washed three times and filled with
deionised water, then introduced in standard NMR tubes
(inner diameter of 9 mm), and centrifuged during 20 min
to achieve random loose packing. Porous samples of
cross-linked polystyrene were obtained by an inverse phase
emulsion process (PolyHipe) using a mixture of styrene and
divinylbenzene. An opened porosity of 72% was determined
both by Helium picnometry and weighting. The SEM
images presented in reference [3] revealed a heterogeneous
porous structure with a complex network of more or less
spherical cavities with dimensions in the range 5–15 lm
and connected by smaller channels. Mercury intrusion
porosimetry measurements gave an estimation of their
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mean size around 3 micrometers. Cylindrical samples with
dimensions (/ = 4 mm, h = 18 mm) and (/ = 23 mm
h = 25 mm) were prepared for 10 mm, and 25 mm NMR
sample tubes, respectively. The porous structure was
embedded by total immersion in water while maintained
at a reduced pressure until the disappearance of air bubbles
(about 1 h). After this procedure, the cylinders were system-
atically dried outside and weighted to control the filling fac-
tor before analysis. The samples were then inserted in NMR
sample tubes especially reduced in their length and carefully
locked with a cap and parafilm in order to minimize the
desorption phenomenon. The homogeneity of water con-
centration through the sample was evaluated by 3D gradi-
ent echo imaging. This method being strongly sensitive to
magnetic susceptibility differences, any air bubble would
appear as characteristic black and light spots in the
image. To further control the stability of the system, a 1D
spectrum and a standard diffusion experiment were per-
formed at the beginning and at the end of each series of
experiments. Thereby, it was seen that a loss of a few per-
cent of the water content had no detectable consequences
on NMR results.

The diffusion curves built from the area of the whole
spectrum were fitted using a least squared fitting procedure
according to the Stesjkal and Tanner’s equation [23]. A sec-
ond minor Gaussian component was also added when nec-
essary to account for the end of the attenuation. However,
the values of Dapp where systematically extracted from the
first component corresponding to the initial decay. Two
dimensional (frequency, diffusion) maps were generated
by applying a Fourier transform in the first dimension
and an Inverse Laplace transform in the second dimension.
ILT was carried out by using the module MAXENT
(entropy maximisation) in the GIFA software [24].

Two-dimensional homonuclear EXSY (EXchange Spec-
troscopY) measurements were carried out with a 5 mm
standard probe on both glass sphere systems (the crude
and the sifted materials with dispersions of 30% and 18%,
respectively) and the polystyrene material, using mixing
times in the range 1.3 ms–2 s.
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