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Diffusion processes in unsaturated porous media studied with Nuclear 
Magnetic Resonance techniques 

 

Abstract 
Unsaturated porous media form two-phase systems consisting of the liquid and its 

vapor. Molecular exchange between the two phases defines an effective diffusion 
coefficient which substantially deviates from the bulk value of the liquid. The objective 
of the present thesis is to study self-diffusion under such conditions by varying both 
the filling degree of the porous medium and the diffusion time. The main experimental 
tool was a combination of two different NMR field gradient diffusometry techniques. 
For comparison, diffusion in a porous medium was modeled with the aid of Monte 
Carlo simulations. 

The NMR diffusometry techniques under consideration were the pulsed gradient 
stimulated echo (PGStE) method, the fringe field stimulated echo (FFStE) method, and 
the magnetization grid rotating frame imaging (MAGROFI) method. As liquids, water 
and cyclohexane were chosen as representatives of polar and nonpolar species. The 
porous glasses examined were Vycor with a mean pore size of 4 nm and VitraPor#5, 
with a pore size ranging from 1 to 1,6 µm. 

It is shown that water or cyclohexane in Vycor, show opposite tendencies as a 
function of the filling degree. Upon reduction of the filling degree of cyclohexane in 
VitraPor#5, the effective diffusion coefficient increases by a factor of up to ten times  
the value in the bulk liquid due to the vapor phase contribution. On the other hand, 
the effective diffusion coefficient of water first decreases and then increases when the 
filling degree is reduced. The different dependences on the filling factor for polar and 
non-polar adsorbate species are attributed to different effective tortuosities 
represented by different exponents in Archie’s law anticipated in the two-phase 
exchange theory presented. 

Using a combination of the FFStE and the MAGROFI technique permits one to 
cover four decades of the diffusion time from 100 µs to 1 s. The time dependences 
acquired in this way were compared with Monte Carlo simulations of a model 
structure in a time window of eight decades, from 125 ps up to 12.5 ms. As far as the 
accessible time ranges overlap, the diffusion behavior was found to be qualitatively 
equivalent. The contribution of the vapor phase to the effective diffusivity is shown to 
be particularly efficient on a diffusion time scale corresponding to root mean squared 
displacements of the order of the pore dimension. 

NMR microscopy of VitraPor#5 partially filled with water or cyclohexane reveals 
heterogeneous distributions of the liquid on a length scale much longer than the pore 
dimension. This is attributed to the spatial variation of the granular microstructure 
visible in electron micrographs. As a consequence of the inhomogeneous filling degree, 
the effective transverse relaxation time varies, which in turn leads to NMR imaging 
contrasts. The NMR methods employed, that is, a combination of FFStE and 
MAGROFI diffusometry, provide effective diffusion coefficients not affected by spatial 
variations of the transverse relaxation time, in contrast to the PGStE method: The 
FFStE and MAGROFI techniques render the effective diffusion coefficient averaged 
over the whole sample irrespective of the local relaxation time. 
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1 Introduction 
 

Molecular dynamics in geometrical restrictions is being studied in a wide range of 
physical applications. Nuclear magnetic resonance (NMR) is a powerful branch of 
spectroscopy providing noninvasive tools widely used to study the properties of fluids 
within the porous structure or to characterize the structure of a porous material. 

It is well known that diffusion of fluids taking place in porous structure has a 
time-dependent behavior in contrast to that of the same liquid in bulk, that is, the 
diffusion coefficient, the measurable quantity which parameterizes the displacements 
of the molecules, decreases with time. This fact can be studied experimentally to 
determine structural parameters like pore size, tortuosity of the porous matrix and 
specific surface area. NMR diffusometry techniques provide the information about the 
mean-square displacement of the molecules through the NMR signals. 

The situation changes dramatically when the pores are partially filled with the 
liquids. In unsaturated porous systems, there are two phases coexisting, the liquid 
and its vapor phase. The NMR signal of such a system is normally entirely dominated 
by the magnetization of the liquid phase. The reason is that the density of the vapor 
phase under normal conditions is three orders of magnitude less than that of the 
same species in the liquid phase. Nevertheless, NMR diffusometry studies of porous 
materials unsaturated with water suggested an enhancement of the effective self-
diffusion coefficients relative to the bulk liquid phase [1-5]. This is attributed to the 
fast molecular exchange between the liquid and the vapor phase. 

The bulk diffusivity at room temperature in the gas phase is four orders of 
magnitude larger than in the liquid phase whereas the spin density is three orders of 
magnitude smaller. Fast exchange between the two phases on the time scale of the 
experiment thus leads to an average water diffusivity enhanced by the vapor whereas 
the NMR signal is dominated by the liquid phase. 

D’Orazio et al. [2] have investigated the contribution of the vapor phase to the 
effective water diffusion coefficient in unsaturated porous glasses with pore 
dimensions ranging from 47 nm  to 240 nm . The self diffusion coefficient was found to 
increase when the filling factor (volume of the liquid relative to the total pore space 
volume) was reduced. A simple model explaining this tendency was suggested. The 
basis is fast (relative to the NMR time scale) exchange between liquid and vapor. 

It was found that, polar and non-polar solvents in incompletely filled porous silica 
glasses show partially opposite tendencies with respect to translational diffusion [5,6]. 
As typical examples we have chosen water (polar) and cyclohexane (nonpolar). The 
finding was that the effective water diffusivity tends to increase with filling degree, 
whereas the average cyclohexane diffusion coefficient decreases. Taking into account 
Knudsen diffusion in the vapor phase, the data could be well explained on the basis of 
a two-phase exchange model. 

The systems under examination are porous silica glasses namely, Vycor porous 
glass with a nominal mean pore size of 4 nm (± 0.6 nm) and VitraPor#5 with a pore 
size between 1.0 µm and 1.6 µm. The methods used for the investigation are the 
Pulsed Gradient Stimulated Echo (PGStE), the Fringe Field Stimulated Echo (FFStE) 
and the Magnetization Grid Rotating Frame Imaging (MAGROFI) techniques, which 
will be described below. 

The time-dependence of the diffusion coefficient of fluids in saturated and 
unsaturated porous glasses is of particular interest since it provides information on 
the topological constraints, the tortuosity of the pore space and the exchange 
dynamics between the phases. On the other hand, the increase of the diffusion 
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coefficients for shorts diffusion times, indicates the approach to the time scale of 
liquid/vapor exchange and to the length scale where the tortuosity of the pore space 
and of the two phase distribution does no longer matter. 

A detailed analysis of the exchange and geometrical restriction conditions in 
unsaturated porous glasses was done. For that, we focus on the ability of the FFStE 
and MAGROFI techniques to sweep a wide time scale. The total time range to be 
covered with these techniques was four orders of magnitude from 100 µs to 1 s. 

A porous media is a system which can imply spatially fluctuating heterogeneities 
of the local pore size, the local magnetic susceptibility, the local transverse relaxation 
time of the fluid, the local diffusion coefficient and other properties, posses a 
correlation length which is usually assumed to be of a few pore sizes. 

With the aid of NMR imaging experiments, it was possible to observe 
heterogeneities on the distribution of the liquid along the VitraPor silica glass, in a 
length scale approaching the dimension of the sample [7,8]. On the other hand, 
scanning electron micrograph images suggest slightly different pore sizes, porosity 
and tortuosity from one region to another. The consequence is a heterogeneous 
distribution of the filling factor over the sample which leads to a heterogeneous 
distribution of the transverse relaxation time 2T  on a length scale approaching the 

dimension of the sample. The conclusion is that the correlation length is much larger 
than a few pore sizes, that is, in the order of millimeters in the case of VitraPor#5. 

Monte Carlo simulations were performed and have been a useful tool for studying 
diffusion under geometrical restriction for very short times which cannot be reached 
with conventional NMR diffusometry techniques. The random walk, takes place within 
the free space of a spherical-grain pack structure. The coexisting phases in 
unsaturated porous systems are also simulated, that is, the liquid is distributed in a 
layer on the pore wall and in the remainder space the particles move as molecules in 
the vapor phase. Both, experimental and computational results were compared. 

 
 

2 Theoretical background 
 
2.1 Diffusion 
 

Migration of particles due to their thermal energy is caused by stochastic motion 
which is a consequence of Brownian motions. This is commonly called diffusion 
process. Diffusion can be studied via a phenomenological approach based on Fick’s 
law and their mathematical solutions. 

From the combination of the first Fick’s law with the law of matter conservation 
the second Fick’s law is deduced, which is also called the diffusion equation 

 

 2( , ) ( , )p t D p t
t

∂ = ∇
∂
r r  (1) 

 
where ( , )p tr , commonly known as the propagator, is the probability density of 

finding a particle at position r  at time t  and D  is the diffusion coefficient. For 
ordinary isotropic unrestricted diffusion, D  is a scalar constant. 
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For free particles, that means, no geometrical restrictions, the solution of Eq. (1) 
with the initial condition ( ,0) ( )p δ=r r  and the boundary condition ( ,t) 0p →∞ →r  
is the normalized Gaussian function 

 

 
2

2

1( , ) exp
(4 ) 4

p t
Dt Dtζπ

 
= − 

 

rr  (2) 

 
where 1, 2,3ζ =  is the spatial dimensionality. 

The physical quantity measurable in NMR diffusometry experiments or in 
numerical simulations is the mean-square displacement of the particles. This is also 
called the second moment and is the width of the Gaussian function at half the 
maximum height in Eq. (2). For ordinary diffusion in three dimensions it is 

 

 2 2 ( , ) 2p t d Dtζ= ∫r r r r =  (3) 

 
Molecules diffusing under geometrical restriction, for example in a porous system, 

imply a different boundary condition which states that no flow is allowed to cross the 
pore surface. In this case, the propagator adopts a shape depending on the time. For 
the short and long time limits, the propagator is Gaussian. But when the root-mean-
square displacement is comparable with the mean pore dimension of the porous 
system, the propagator gets a non-Gaussian shape. In this case Eq. (3) is no longer 
valid but the diffusion coefficient becomes time-dependent and the diffusion 
coefficient is written as 

 

 2( ) ( ) / 2D t r t tζ=  (4) 

 
Deviation from Gaussian shape occurs also when the diffusion takes place in a 

non Euclidean space, for example for the so called anomalous diffusion, where the 
mean square-displacement is often given by 
 

 2 tκα=r  (5) 

 
where α  is a constant and κ  is an exponent which will define three different regimes 
of diffusivity. For ordinary unrestricted diffusion the exponent is 1κ = , and 

2 Dα ζ= . It is call “subdiffusive behavior” when 0 1κ< < , and 1κ > , corresponds to 
“superdiffusive behavior”. 
 
 
2.2 The two-phase exchange model in NMR diffusometry 
 

In completely filled pore spaces, the transport properties are predominantly 
affected by the geometrical restriction, i.e. the tortuosity [9,10], and the interaction 
with the surface. According to Archie’s law, the effective diffusion coefficient in the 

pore space D , is reduced by a factor m
tΦ  relative to its bulk value, 0D  [11,12]: 
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 0
m
tD D= Φ . (6) 

 
The quantity 0 /t tV VΦ =  represents the total porosity of the sample, where tV  is 

the total volume including the matrix and the pore space, 0V  is the pore space volume 

and m  is an empirical exponent. 
 
 

 
 

Figure 1: Schematic representation of the porous matrix partially filled with an adsorbate liquid. 
 
 

In an unsaturated porous sample with polar inner surfaces,  polar and non-polar 
adsorbates such as liquid water and cyclohexane, respectively, tend to be distributed 
in a different way in the pore space and depends also on the imbibing degree 
[2,11,13]. In any case, the remainder of the pore volume is filled by air saturated with 
the respective vapor phase. The liquid and the vapor phases form two interpenetrating 
systems of different geometries and porosities (see Fig. 1). The effective porosities are 

/l l tV VΦ =  and ( )0 /v l tV V VΦ = −  for the liquid and vapor phases, respectively (the 

subscript l stands for liquid and v for vapor). 
Assuming Archie’s law again the reduced diffusion coefficient in the liquid phase 

can be written in the form [5] 
 

 ,0 ,0 ,0
0

l

l l l l

m
m m m ml

l l l t l t l
VD D D f D
V
 

= Φ = Φ = Φ 
 

, (7) 

 
where 0lf V V=  is the filling factor and lm  is again an empirical exponent specific 

for the liquid phase and depends both on the sample geometry and the wetting 
properties of the liquid. The diffusion coefficient in bulk liquid is designated by ,0lD . 

Eq. (7) thus links the porosity effective for the liquid phase, lΦ , to the sample 

porosity, t l vΦ = Φ +Φ . 

Diffusion in the vapor phase is governed by collisions among the diffusing 
molecules themselves or with pore walls. The term “wall” may refer both to liquid-
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vapor interfaces and to inner surfaces of the solid matrix. Taking Knudsen diffusion 
into account, the effective vapor diffusion coefficient inside a porous system can be 
derived by adding the diffusion resistances associated with these two types of 
collisions, i.e. molecule-wall and molecule-molecule [14]: 

 

 
1 1 1

v K ED D D
= +  (8) 

 

KD  and ED  are the Knudsen and Einstein diffusivities, respectively. 

Anticipating Archie’s law again, the quantities KD  and ED  can be represented in 

terms of effective tortuosity factors as above, in order to relate the diffusivities in 
reduced pore spaces and in “bulk”. The results are 
 

 ( ) v,v ,
,01 KK mm

K t KD f D= Φ −  (9) 

 
and 
 

 ( ) v,v,
v,01 .EE mm

E tD f D= Φ −  (10) 

 
The diffusivities in the vapor phase are given by ,0vD  and ,0KD  in the Einstein and 

Knudsen diffusion limits, respectively. The exponents v,Km  and v,Em  account for 

tortuosity effects in the Knudsen and Einstein regimes, respectively. 
Assuming that wetting liquids are distributed at the pore walls in the form of a 

hollow cylinder, the reference Knudsen diffusion coefficient can thus be written as 
[2,14] 

 

 ( ) ( )
1
2

,0
0

81 1
3

B
K

k TD f d f
Mπ

= −  (11) 

 
where d represents the mean pore diameter, Bk  is the Boltzmann constant, T  is the 

absolute temperature and 0M  is the molecular mass. Note that this dependence may 

be different for different chemical species such as water and cyclohexane due to their 
different wetting properties. 

The understanding of the evolution of the magnetization with time makes possible 
the study of the diffusion process of the molecules. The stimulated echo arising after 
three RF pulses in the presence of the pulsed gradient as shown in Fig. 2, serves to 
follow the evolution of the magnetization. This method implies three time intervals: an 
encoding interval, a diffusion interval and a detection interval. Below, we anticipate 
that diffusion, relaxation, and exchange effects can be neglected during the encoding 
and detection intervals, but are simultaneously effective in the “diffusion interval”. 

In the encoding interval, magnetization components , ( , )z lM z t  and ,v ( , )zM z t  

modulated along the field gradient direction, i.e. the z axis, are produced, where the 
subscript  l  stands for “liquid” and v  for “vapor”. The evolution of these components 
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under the influence of relaxation, diffusion and inter-phase exchange during the 
evolution interval ∆  can be described in the frame of a two region model [15,17]. 

The formalism is based on the Bloch/McConnell equations [20,21] supplemented 
by a “Torrey term” [22] in order to account for diffusion along the gradient direction: 

 

 

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

2
, , , 0, , ,v

2
1, v

2
,v ,v ,v 0,v ,v ,

v 2
1,v v

, , , , ,
;

, , , , ,
.

z l z l z l l z l z
l

l l

z z z z z l

l

dM z t d M z t M z t M M z t M z t
D

dt dz T

dM z t d M z t M z t M M z t M z t
D

dt dz T

τ τ

τ τ

−
= − − +

−
= − − +

 (12) 

 
These relations will be called “Bloch/Torrey/McConnell equations” (BTC). 1.lT  and 

1,vT  are the longitudinal relaxation times of nuclear spins in the respective phases in 

the absence of exchange. 0,lM  and 0,vM  are the equilibrium magnetizations in the 

liquid and vapor phases, respectively. The mean lifetimes the adsorbate molecules 
spend in the liquid and vapor phases are denominated by lτ  and vτ , respectively. 

Analogously we allocate self-diffusion coefficients lD  and vD  to the two fluid phases. 

Note that these diffusivities are reduced relative to their bulk values, ,0lD  and ,0vD , 

respectively, as a consequence of the pore space confinement. This reduction is due to 
both the different tortuosities of the liquid and vapor sub-pore spaces, and to surface 
roughness. The latter can be important especially in the Knudsen diffusion regime [9]. 

As a strong simplification, the BTC equations anticipate that both phases are 
spread uniformly to the entire pore space. That is, mutual exchange between the two 
phases can occur at any position z without prior need to diffuse to an interface. 
However, it will be shown that nevertheless reasonable results for the description of 
the experimental phenomena come out. 

The first terms on the right hand side of Eqs. (12), describe molecular transport 
inside the individual phase as in the conventional Bloch/Torrey equations [22]. The 
second terms are accounting for longitudinal relaxation in the absence of exchange. 
The other terms on the right-hand sides represent molecular inter-phase exchange 
rates. 

The mean lifetimes lτ  and vτ  are effective quantities. They are determined by the 

extensions of the two phase regions and the molecular mobilities therein. Additional 
transport resistances at the interfaces may also play a role. The mean lifetimes are 
related to the relative number (mass fraction) of molecules in the i-th phase region, 

ip , by 

 

 ( )
v

         ,  vi
i

l

p i lτ
τ τ

= =
+

 (13) 

 
in a similar way as described in Refs. [15] and [17].  

The mass fractions can be expressed as a function of the respective mass 
densities as follows: 
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( ) ( ) v

v

  and 1 ,
1 /l l

l

fp p p
f f ρ ρ

= = −
+ −

 (14) 

 
where lρ  and vρ  are the mass densities in the liquid and vapor phase, respectively. 

0V  represents the total pore volume, lV  is the volume of the liquid phase, and 

0/lf V V=  is the filling factor. 

The general solution of BTC equations which can provide us the amplitude of the 
stimulated echo, has a generally complicated form (see Ref. [6]). However, it can be 
simplified in some experimental limits to be described in the following. 
 
 
a) The general liquid/vapor exchange limit 
 

For vapor/liquid phase systems we have  
 

 
v

v

1,v 1,

;   
;   
.

<<
>>
>>

l

l

l

p p
D D
T T

 (15) 

 
Under such conditions the procedure presented in Ref. [23] leads to stimulated 

echo amplitudes obeying 
 

 
( )
( )

2 v v
2

v v

,
exp

,0 1
STE

l
STE l

A k p Dk D
A k k p Dτ

 ∆  
= − + ∆  +  

 (16) 

 
Here k Gγ δ=  represents the “wave number” of the modulated magnetization that 

is produced by gradient pulses of strength G , and duration δ  and γ  is the 
gyromagnetic ratio of the nuclei. The relaxation term has been discarded in the above 
expression because in experiments with constant intervals but variable gradient 
strength it does not affect the echo attenuation curve apart from a constant reduction 
factor. The same expression was obtained by Kärger for the attenuation of the Hahn 
echo using a different approach [15,17]. An interesting feature of Eq. (16) is that the 
mean life time, lτ , the molecules spend in the liquid phase can be determined on this 

basis. 
Eq. (16) suggests that no effective diffusion coefficient can be defined since the 

term in parentheses depends on the wave-number as a parameter varied in the 
experiments. However, for small gradient pulse areas complying with the limit 

2
v v 1lk p Dτ <<  one may define v veff lD D p D= +  as an effective diffusivity with some 

similarity to the fast-exchange version described below. Inserting Eqs (7) and (8) in 
this expression for the diffusion coefficient effective in the low wave-number limit 
gives 

 

 K
,0 v

l lm m E
eff t l

K E

D DD f D p
D D

= Φ +
+

. (17) 
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The initial part of echo attenuation curves can be thus fitted by the mono-

exponential decay function 
 

 ( ) ( ) { }2 2
v v, / ,0 exp         for      1STE STE eff lA k A k k D k p Dτ∆ = − ∆ << . (18) 

 
The general liquid/vapor exchange limit implies two more limits concerning the 

exchange rates relative to the experimental time scale. The exchange dynamics is 
specified by the mean residence times in the liquid and vapor phase, τ l  and τ v , 
respectively. The experimental time scale is given by the interval ∆  in the pulse 
sequence shown in Fig. 1. 
 
 
b) The slow liquid/vapor exchange limit (    and   l vτ τ>> ∆ >> ∆ ) 
 

In the slow exchange limit that is when molecular exchange can be neglected on 
the time scale of the experiment, the attenuation of the amplitude of the stimulated 
echo by diffusion is characterized by a superposition of two exponentials 
corresponding to the two phases: 
 

 
( )
( )

2 2
v

v

,
,0

lD k D kSTE
l

STE

A k
p e p e

A k
− ∆ − ∆∆

= +  (19) 

 
The diffusion coefficients lD  and vD  in the liquid and vapor phase, respectively, 

are reduced due to the pore space confinement (see Eqs (7) and (8)). Due to the fact 
that the number of spins in the vapor phase is usually much smaller than in the 
liquid phase, v lp p<< , the only component that will contribute to the signal is the 

liquid component and no contribution from the vapor phase is expected to be 
perceptible in this limit. 
 
 
c) The fast liquid/vapor exchange limit (    and   l vτ τ<< ∆ << ∆ ) 
 

This limit was treated in the literature many times [1-5] and corresponds to large 
diffusion paths during ∆  [17]. The amplitude of the stimulated echo is thus 
attenuated by diffusive displacements according to 

 

 
( )
( )

2,
,0

effD kSTE

STE

A k
e

A k
− ∆∆

=  (20) 

 
In this case, the effective diffusivity, effD , that characterizes the decay, is the 

weighted average between the diffusion coefficients in the two phases, i.e., 
 

 eff l l v vD p D p D= + .  (21) 
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The coefficients lD  and vD  are given by Eqs. (7) and (8), respectively, and are 

reduced relative to the bulk values due to the pore space confinement. 
 
 
 

3 Experimental techniques, methods and samples 
 

The most popular principle of NMR diffusion measurements is based on the 
attenuation of spin echoes due to incomplete refocusing of coherences as a 
consequence of incoherent molecular displacements during the pulse sequence. Echo 
attenuation on these grounds arises in the presence of pulsed or steady gradients of 
the main magnetic flux density 0B . Typical examples are the Hahn and the 

stimulated echo [16-18]. On the other hand, there are methods employing gradients of 
the amplitude of the radio frequency flux density 1B . In the follow we describe the 

three methods used to measure diffusion coefficient employing 0B  or 1B  gradients. 

 
 
3.1 The pulsed gradient stimulated echo (PGStE) technique 
 

The principle of PGStE diffusometry is very well described in the literature [16-18]. 
The pulse sequence is indicated in Figure 2. 

 
 

 
 

Figure 2: Schematic radio frequency (RF) and field gradient pulse sequence for the stimulated-echo variant 
of NMR diffusometry. In the present study, G represents the variable homogeneous field gradient applied 
along the z axis. 

 
 
Here pulsed field gradient are used in the coherence free-evolution intervals. The 

width of the gradient pulses is δ , the interval between them is ∆  (measured from 
middle to middle). The echo attenuation factor is given by 

 

 ( )
1 2

2 2 2 1
3 2 1

2

0
D G T TA A e e e

τ τ
γ δ δ − −− ∆−=  (22) 

 
For δ  intervals comparable with ∆ , the effective diffusion time is defined by  

1
3difft δ= ∆ −  (compare Table 19.1 in Ref. [16]). 

For the suppression of base-line offsets and undesired signals, the following phase 
cycles was used: 
 

 

/ 2π / 2π / 2π

1τ

G ∆
δ δ stimulated echo

1τ2τ

G

time
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First RF pulse  x   –x   –y   y 
Second RF pulse  x    x    x    x 
Third RF pulse  x    x    x    x 

 
The shortest diffusion time that can be probed is determined by the gradient pulse 

length, δ  (which should be as long as possible to achieve a strong attenuation of the 
echo) and the length of the encoding interval, 1τ  (which should be as short as possible 

to avoid strong transverse relaxation losses). Since always 1τ δ> , there are two 

conflicting conditions, and a compromise must be sought. This problem arises 
especially with the samples of the present study where transverse relaxation times 
tend to be short while spin-lattice relaxation is slow. This holds especially for low 
filling degrees [24]. 
 
 
3.2 The fringe-field stimulated echo (FFStE) technique 
 

The principle of FFStE diffusometry is also well documented in the literature 16-
18. The RF pulse sequence is the same as in the PGStE variant. The only difference is 
the use of steady and much stronger gradients instead of pulsed gradients (see Fig. 3). 

 
 

 
 

Figure 3: Schematic radio frequency (RF) and steady field gradient sequence for the stimulated-echo variant 
of NMR diffusometry. In the present study, G represents the variable homogeneous field gradient applied 
along the z axis. 

 
 
The echo attenuation factor is given by 
 

 ( )
1 2

2 2 2 2
1 1 23 2 1

2

0
D G T TA A e e e

τ τ
γ τ τ τ − −− +=  (23) 

 
For the suppression of base-line offsets and undesired signals, the following phase 

cycle was used: 
 
First RF pulse  x    x   –x   –x    x    x   –x   –x 
Second RF pulse  y   –y    x   –x    x   –x    y   –y 
Third RF pulse  y   –y    x   –x    x   –x    y   –y 
 
The RF pulse width was 1.8 µs so that 1 mm thick slices of the sample were 

excited in a fringe field gradient of 22 T/m. 

 

/ 2π / 2π / 2π

1τ

stimulated echo

1τ2τ

steady gradient

time
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For 2τ  intervals comparable with 1τ , again, the diffusion time is defined by  
2

1 23difft constτ τ≡ + =  (compare Table 19.1 in Ref. [16]). The influence of transverse 

and longitudinal relaxation can be accounted for either by employing one of the 
diverse self-compensating pulse sequences reported in the literature [24-26] or by 
measuring the relaxation times separately and dividing the stimulated-echo amplitude 
by the corresponding factors. Since a well-defined diffusion time is of interest in the 
present study, we have preferred the latter measuring protocol. 
 
 
3.3 The magnetization grid rotating frame imaging (MAGROFI) technique 
 

The MAGROFI technique is based on gradients of the amplitude of radio frequency 
pulses [27,28]. With this technique, a non-equilibrium magnetization distribution is 
first prepared in the form of a “helix” or – with respect to a certain component – as a 
magnetization “grid” (or “grating”). Translational diffusion then tends to level the 
magnetization distribution during the diffusion time. This leveling process of the 
magnetization grid can be monitored by rendering the magnetization profile along the 
gradient direction in the form of a one-dimensional image. 

The pulse sequence of a MAGROFI experiment is indicated in Figure 4. Four 
intervals can be distinguished: preparation of the magnetization grid, diffusion 
interval, compensation interval and imaging of the grid. 

 
 

 
 

Figure 4: Practical RF gradient pulse scheme of the MAGROFI experiment used in the present study. The 
preparation pulse is incremented in subsequent transients from a starting value of 180µs  in 32 steps of  

20µsrτ =  each. The magnetization grid produced by the preparation pulse is read after the diffusing 

interval by a rapid rotating frame imaging technique. The compensation pulse stretches the magnetization 
grid effectively imaged so that the wavelength of the modulation wave length is always constant 
independent of the preparation pulse length. 

 
 

2τ

1τ 3τ

magnetization grid

preparation diffusion compensation
acquisition

time

AQ

FT
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A compensation RF pulse prior to the reading pulse is employed and is varied in 
the same way as the preparation pulse. The grid image rendered in this way thus has 
always the same wavelength (see Fig. 4), and the evaluation of diffusion coefficients 
can be focused on the region of interest. The compensation pulse makes up for the 
variable part of the preparation pulse before the grid is imaged using the rapid 
rotating frame imaging method [28,29]. This method consists of a series of short 1B  

gradient pulses with narrow intervals in between permitting the stroboscopic 
acquisition of data points of the pseudo FID (see Fig. 4). Thus the whole information 
needed for the Fourier transform evaluation of the magnetization grid can be recorded 
in one transient of the pulse train. 

In a typical MAGROFI diffusion experiment, the signal is recorded as a function of 
the grid wavelength λ  (or wave-number 2 /k π λ= ). The wavelength is given by  

 

 [ ]1 1( ) 2 / ( )x G xλ π γ τ=  [24] 

 
and depends on the width (and amplitude) of the preparation pulse. That is, the width 
(or the amplitude) of the preparation RF pulse is incremented in subsequent 
experiments [27]. After the interval 2τ , the grid is rendered as an image, and the 

magnitude of the magnetization is measured at the desired position. From such data, 
the diffusion coefficient is evaluated according to 
 

 [ ] [ ]
2

2 2
1 1 2 1( )

1 0 1 1( , ) cos ( ) D G x TA x A B x e e
τ

γ τ ττ γ τ
−

−= . [25] 

 
Diffusive displacements during the preparation and imaging intervals (see Fig. 4) 

can be neglected if the RF pulses are much shorter than the diffusion interval. 
Otherwise, a formalism analogous to the well-known Stejskal/Tanner treatment for 
finite field gradient pulses [16-18] may be employed. In this case, the effective 
diffusion time is again defined by 1 1

1 2 33 3difft constτ τ τ≡ + + = . 

 
 
3.4 NMR microscopy techniques 

 
NMR micrographs were recorded using the standard three- (3DFT) or two-

dimensional (2DFT) Fourier transform imaging techniques, which are based on Hahn 
echo pulse sequences (see Ref [16] for details). Cross sectional images are rendered in 
Figs 9(a) and 9(b). All parameters of the sample preparation and of the image 
acquisition are given in Ref. [8]. 
 
 
3.5 Numerical simulation methods 
 

Monte Carlo simulations of translational diffusion were performed with particles 
moving with random walks through a geometrical restriction caused by a model 
structure as shown in Fig. 5. In order to obtain an unsaturated system, the liquid 
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phase was chosen to be distributed in a layer of constant thickness attached to the 
matrix wall. 
 

 
 

Figure 5: Spherical-grain pack structure used for Monte Carlo simulations. The porous space is divided in 
the two regions which represent the liquid phase (blue) and the vapor phase (white). 
 
 

The numerical simulation provides the mean-square-displacement of the particles 
which in combination with Eq. (4) permits the evaluation of the time-dependent 
diffusion coefficient. The initial positions of the particles were chosen to be randomly 
distributed. Since the density of the liquid phase is three orders of magnitude larger 
than in the vapor phase, practically the whole signal detectable in our NMR 
experiments originates from the liquid phase. Then, for each of the times, only those 
particles residing in the liquid phase contribute to the computation of the mean 
square displacement (but possibly have been subject to displacements in the vapor 
phase areas before). Diffusion coefficients in the vapor phase of four orders of 
magnitude larger than in the liquid phase imply step lengths in the vapor phase 100 
times larger than in the liquid phase. 

When a particle reaches the liquid-vapor interface, the probability per unit time (= 
step time) to escape from the liquid phase to the vapor phase was assumed to be 

0.01l vP→ = . Likewise the probability per unit time that a particle enters the liquid 

coming from the vapor phase was taken as 0.99v lP→ = . As a third exchange 

mechanism, adsorption and desorption at the solid matrix walls was considered. The 
corresponding probabilities per unit time were assumed to be 0.9adsP =  and 

0.1desP = , respectively. The simulations were done in a range of time as wide as eight 

orders of magnitude, from the shortest time step of 125 ps to the maximum reached 
time of 12.5 ms, which corresponds to 100,000,000 steps of the walking particles. 
 
 
3.6 Instruments and samples preparation 
 

The NMR experiments were performed at 20°C on a Bruker DSX 400 NMR 
spectrometer equipped with a microscopy gradient unit, and on a Bruker DPX 400 
modified for solid state NMR, both with a proton resonance frequency of 400 MHz. 
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The maximum strength of the gradient pulses both for imaging and pulsed gradient 
diffusometry was 1 T/m.  

The probe for the FFStE experiments carried out at the DPX 400 magnet was 
tuned to 375 MHz at a field gradient of 22 T/m at a position 15.6 cm below the center 
of the magnet. 

In order to produce favorable 1B  gradients for the MAGROFI experiments, the RF 

coil of an ordinary probehead of the system was replaced by a conic coil. Note that the 
same coil was used for detection and rotating frame imaging. 

Two porous silica glasses, Vycor VPQ#7930 (see Fig. 6 left) and VitraPor#5 (see 
Fig. 6 right), purchased from ROBU Glasfilter-Geräte GmbH, Germany and Corning 
Ltd respectively have been studied. The pore sizes and porosities are 4.0 ± 0.6 nm 
and 0.28 for Vycor and 1.0 ± 0.6 µm and 0.28 for VitraPor#5. The samples were 
pretreated as suggested by the manufacturer. This includes 30 minutes of boiling in 
30 % H2O2, then washed with distilled water and left in vacuum for 24 hours at 95 oC. 
After that, the samples are considered to be dry with a nominal filling factor of 0f = . 

 
 

   
 

Figure 6: Electron micrographs of Vycor porous glass (left) with a nominal mean pore size of 4 nm (± 0.6 
nm) and VitraPor#5 (right) with a pore size between 1.0 µm and 1.6 µm. 

 
 
As typical representatives of polar and non-polar species, water and cyclohexane 

were chosen to fill the porous glasses. 
The samples where partially filled with the solvents with the aid of two different 

methods. The first is called the desorption mode, in which the sample is filled with the 
aid of the bulk-to-bulk method resulting in a filling factor 1. Then, the sample is left 
inside a glove bag, with a dry nitrogen atmosphere in order to avoid any undesired 
contamination by water from the air humidity, and consequently, the liquid is 
partially evaporated until the desired filling degree is reached. The liquid content 
reached by this procedure is determined by weighing the sample. Finally the sample 
is placed in a sealed container with practically no empty space to avoid further 
evaporation of the liquid. 

The second method was the adsorption mode. In this case the empty sample is 
placed in a saturated atmosphere, so the sample is filled due to the condensation of 
vapor on the pore walls. When the desired filling degree is reached, the samples were 
sealed in a sample container with practically no empty space that would allow for 
further evaporation. Extended annealing of the samples did not perceptibly affect the 
heterogeneous distribution of the liquid in the samples. 
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4 Experimental and theoretical results 
 
4.1 Effective diffusion coefficient as a function of the filling factor and the vapor 

phase contribution in unsaturated porous media. 
 
The data were recorded with the PGStE technique described above (see Fig. 2). The 

measurements were carried out with a diffusion interval 200 ms∆ = , and gradient 

pulse widths 250µsδ =  both for water and cyclohexane. 
As an example figure 7(a) shows typical echo attenuation curves for water in Vycor 

recorded for different filling factors. The decays can be described by a single 
exponential functions indicating fast exchange between the liquid and vapor phases.  
The effective diffusion coefficients were evaluated by fitting Eq. (20) to the attenuation 
data. The typical echo attenuation curves of Cyclohexane in VitraPor#5 are shown in 
Fig. 7(b). The decays obviously cannot be described by mono-exponential functions. 
The conclusion is that the fast exchange limit does not apply in contrast to the case of 
Vycor. 

The decay curves can however be described on the basis of Eq. (16) by assuming 
the general liquid-vapor exchange model given above. Fits of this formalism to the 
experimental data are represented by the solid lines in Fig. 7(b). Based on Eq. (18), 
effective diffusion coefficients can be evaluated from the “initial” part of the 
attenuation curve (dashed lines) corresponding to the low wave-number limit, 

2
v v 1lk p Dτ << . 

 

  
 
 

Figure 7: Echo attenuation curves for water in Vycor (a) and cyclohexane in VitraPor#5 (b) for different 
degrees of filling f. For the case of Vycor sample all data can well be represented by mono-exponential 
decays (solid lines) indicating the fast-exchange limit anticipated in the two-phase exchange model theory, 
whereas for the case of VitraPor#5, the experimental data are well reproduced by theoretical curves (solid 

lines) calculated on the basis of Eq.(16). The fitting parameters were the mean residence time lτ  in the 

liquid phase and the exponents in Archie’s law. 
 
 
The effective diffusion coefficients measured for water and cyclohexane in Vycor as 

a function of the filling factor (see Fig. 8(a) and 8(b)), remarkably indicate an opposite 
tendency for the two solvent species. Similarly, in figures 8(c) and 8(d) the results of 
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water and cyclohexane in VitraPor#5 are plotted showing also an opposite tendency. 
The water diffusion coefficient increases with increasing filling factor. This is in 
contrast to the cyclohexane diffusion coefficient which decreases with increasing 
filling factor. The different dependencies found for water and cyclohexane are 
attributed to the different vapor pressures and the different surface interactions these 
two adsorbate species are subject to. The surface interaction is implied in the 
Knudsen term in Eq. (8) which turned out to be important especially for water. 

The deviation of the experimental data from the theoretical curve below the filling 
factor of about 0.3, is attributed to traces of residual water that could not be removed 
with the procedure described above. That is, water traces contribute to the NMR 
signal relatively more and more at such low degrees of filling and gradually grow in 
influence. Proton NMR spectroscopy of Vycor samples with low cyclohexane filling 
factor show a water line apart from that of cyclohexane indeed. 

 
 

  
 

  
 
Figure 8: Effective diffusion coefficients of Cyclohexane (a) and water (b) in Vycor as a function of the filling 
factor. The lines have been calculated with the fast-exchange formula given at Eq. (21) for the parameters 
given in the (ref. [5]) and the values of the exponent ,v Km  indicated in the plot. In (c) and (d) the effective 

diffusion coefficients of Cyclohexane and water in VitraPor#5 as a function of the filling factor have been 
evaluated from the attenuation curves by fitting the mono-exponential function (see Eq. (18)) with the 
effective diffusion coefficient 

v veff lD D p D= +  to the initial (low wave-number) section. The solid lines 

represent fits of Eq. (17) to the data. 
 
 
The contribution of the vapor phase to the effective diffusion as a function of the 

filling degree is clearly demonstrated. In the case of cyclohexane in VitraPor#5, the 
values of the effective diffusion coefficient exceed the bulk value by a factor of 10 for 
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low filling factors. In the case of water in VitraPor#5, it is clear that the vapor starts to 
contribute to the effective diffusion for filling factors below 0.3. 

 
 

4.2 NMR imaging experiments 
 

NMR imaging experiments were performed to understand the distribution of a 
liquid within a porous system when it is partially filled. In unsaturated porous 
samples the liquids tend to be distributed in layers on the pore walls and may also 
form puddles in the interstices and where grains approach each other [13,30]. 
However, on a length scale much larger than the pore size, it is always assumed that 
the liquid is homogeneously distributed over the sample when the thermal 
equilibrium is reached. 

Figs. 9(a) and (b) show images recorded with NMR imaging techniques of 
VitraPor#5 partially filled with water and cyclohexane respectively (see Refs. [7,8] for 
details). As can be observed, they show a heterogeneous distribution of liquid across 
the sample. “Spots” (green and red) of different dimension and shape are located at 
different positions. The figures show that, for a given porous sample, the position, 
dimension and shape of the spots are always the same, independent of the filled 
liquids and the filling procedure, that is, adsorption or desorption mode. Moreover 
these spots were stable over long periods of time (weeks) and under temperature 
variation. 

 
 

     
 

Figure 9: Transverse cross-section of the VitraPor#5 sample partially filled with water (a) and cyclohexane 
(b). The image corresponds to a filling factor of 0.60 and was filled with the desorption mode. 

 
 
The above observations lead us to the conclusion that the heterogeneous 

distribution of water and cyclohexane in partially filled VitraPor#5 sample arises due 
to the sample heterogeneity. This heterogeneity can be associated with different pore 
sizes, porosity and tortuosity at different positions in the sample. Taking into account 
the fact that the images are 2T  weighted, longer 2T  can be associated to regions of 

higher intensities, possibly due to higher filling factors. 
It is often assumed that the correlation length of a porous structure is in the order 

of a few pore sizes. The fact that it was possible to visualize microscopic 
heterogeneities in the structure of the sample partially filled with liquids indicates 
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correlation lengths much longer than a few pore sizes. This indication is confirmed by 
electron-micrographs of VitraPor#5 recorded from different regions over the sample. A 
slight difference in the granular microstructure was observed between the regions 
were the spots are located (green and red) and the rest (blue) [8]. This suggests 
different pore sizes, porosity and tortuosity between the two regions. 

We conclude that this produces a heterogeneous distribution of the filling factors 
(higher in the spots), which is conditioned by the local microstructure of the sample, 
and leads to a strongly 2T  weighted images. 

Any NMR diffusometry technique should therefore be particularly insensitive to 
spatial variations of the transverse relaxation time 2T . In the Ref. [8] it is shown that 

diffusion experiments by using PGStE technique are affected by this phenomenon. 
For long encoding times, 1τ  (see figure 2), only those spins residing in the regions 

with long 2T  (spots) contribute to the NMR signal, and hence, the measured diffusion 

coefficient corresponds to that sub-ensemble. On the other hand, when 01 →τ  more 
and more sub-ensembles contribute to the signal and the diffusion coefficient 
corresponds to an average of all regions. In this limit PGStE data approach to the 
value measured with the MAGROFI technique which is practically insensitive to the 
spatial variation of the transverse relaxation. However, in the experiments, the 
encoding time cannot approach to zero due to the presence of gradient pulses and 
eventually eddy currents. 

Diffusion coefficients versus the filling factor were also studied with these two 
techniques observing a deviation as mentioned above (see Ref. 7). 

In the next section it will be shown that the MAGROFI technique is suitable for 
measuring the whole sample due to the weak influence of 2T  effects on the NMR 

signal. 
 

 
4.3 Time-dependent diffusion coefficient 
 

Taking advantage of the ability of the FFStE and MAGROFI techniques to cover a 
wide range of the diffusion time, that is, four orders of magnitude from 100 µs to 1 s 
[19], the time dependence of the diffusion coefficient in the VitraPor#5 porous glass 
unsaturated with water was measured. The time dependence of the self-diffusion 
coefficient of fluids in saturated and unsaturated porous media is of particular 
interest since it provides information on the topological constraints, the tortuosity of 
the pore space and the exchange dynamics between the phases. 

With the combination of these two techniques, the effective diffusion coefficient of 
water in VitraPor#5 was measured for different filling factors. The saturated sample 
was measured and compared with bulk water (Fig. 10(a)). As expected, bulk water 
does not depend on the time whereas the diffusion coefficient in the saturated porous 
sample decreases with increasing time and finally reaches a plateau. For short times, 
it is close to the bulk value since only a small portion of the ensemble (those particles 
close to the wall), feels the presence of the restrictions. 
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Figure 10: Effective diffusion coefficient recorded with FFStE technique between 100 µs and 10 ms and 
MAGROFI technique between 10 ms and 1 s. (a) saturated and bulk water and (b) three different filling 
factors. 
 
 

For unsaturated porous samples (Fig. 10(b)), the diffusion coefficient shows the 
same behavior as in the case of the saturated sample but the absolute value of the 
diffusivity is increased as a consequence of the vapor phase contribution. The time 
dependence of the diffusion coefficient of water in partially filled porous glass reflects 
the obstruction by the pore space tortuosity. 

 
 

  
 
 

Figure 11: Effective diffusion coefficients versus diffusion time obtained from the Monte Carlo simulation 
for different filling factors. (a) Simulated values for 0adsP =  and 1desP = . (b) Same as (a) but 0.9adsP =  and 

0.1desP = . 
 
 
Figures 11(a) and (b) show the results of Monte Carlo simulations based on the 

two-dimensional grain model structure rendered in Fig. 5 with (b) and without (a) 
adsorption at the pore walls. At very shorts times, when the vapor had no influence 
on the diffusion coefficient, and only a very small part of the ensemble feels the 
presence of the geometrical restriction, the diffusion coefficient starts from a value 

close to the bulk liquid value, chosen to be 9 22.0 10 m s−×  (see Fig. 11). Then, the 
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vapor phase starts to contribute to the diffusion coefficient which increases with time. 
The geometrical restrictions start to influence when the diffusion coefficient passes a 
maximum value to finally reach a plateau. 

Comparing figures 10(b) and 11, we observe a qualitative tendency of the time 
dependence to be reproduced by the simulations in the common regime. However, the 
absolute values are significantly different. A better coincidence of the data appears for 
data simulated at lower filling degrees (see Fig. 12). The reason for the quantitative 
discrepancies must be sought in the simplicity of the (two-dimensional) model 
structure in Fig. 5. In particular, the model does not take into account the 
heterogeneities detected in the microscopy experiments. 
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Figure 12: Comparison between experimental (circles) and simulated (solid lines) results of the diffusion 
coefficient as a function of time. On the common time window (100 µs to 10 ms) a better coincidence 
between them is observed for lower filling factors in the case of the simulated results. 
 
 
5 Discussion and conclusions 

 
Molecular diffusion of liquids partially filling porous silica glasses was studied as a 

function of the filling factor. Water and cyclohexane were chosen as typical polar and 
nonpolar liquids to fill the pore spaces of Vycor and VitraPor silica glasses. The study 
was performed by using NMR diffusometry techniques. A general ‘‘two-phase 
exchange model’’ has been developed. The experimental results, of the diffusion 
coefficient as a function of the filling factor, obtained with the PGStE technique could 
be analyzed into ‘‘fast’’ and ‘‘general’’ molecular exchange limits between the liquid 
and vapor phases. The different nature of the polar and nonpolar liquids in partially 
filled porous material leads to different tendencies of the diffusion coefficient as a 
function of the filling factor. Diffusion in partially filled pore systems is influenced by 
displacements in the coexisting vapor phase although NMR signals tend to be 
dominated by the liquid phase. The vapor contribution to the diffusivity is detected via 
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the enhancement of the effective diffusion coefficient. This enhancement becomes 
more effective at higher filling factors in the case of cyclohexane compared to water. 

The extent to which the vapor phase can contribute to the effective diffusion 
process depends on the exchange time scale and the restrictions by the pore walls, 
therefore, it is of interest to study the diffusivity of the liquid in time scale as wide as 
possible. With the combination of two different gradient NMR diffusometry 
techniques, namely FFStE and MAGROFI, it was possible to study the diffusion 
coefficient on a time scale of four orders of magnitude. 

Both with the FFStE and MAGROFI techniques, no special hardware such as 
pulsed gradient units and gradient coils are needed. 1B  gradient techniques are not 

susceptible to artifacts by 0B  field inhomogeneities caused by magnetic susceptibility 

distributions or simply imperfect shimming. 
The heterogeneous distribution of liquids in partially filled porous glasses was 

examined using MRI and NMR diffusometry techniques. It was found that slight 
differences in the porosity and pore size, due to a different compactness and grain size 
distribution throughout the sample, may lead to heterogeneities in the spin density 
(or filling factor) and thus, in the transverse relaxation time 2T . The correlation length 

of the heterogeneous distribution of the porous structure exceeds by far the pore 
diameters as could be directly seen in electron-micrograph images. This allowed us to 
detect this heterogeneity by MRI in porous samples with 1µm pore dimension. 

The consequence for diffusion measurements with the PGStE technique is that 
only a sub-ensemble of spins with longer 2T  contributes to the NMR signal. In 

contrast to this, the FFStE and MAGROFI techniques were found to be suitable to 
study self-diffusion coefficients in partially porous media for low filling factors since 
there is no measurable attenuation on the NMR signal due to heterogeneities in the 
distribution of 2T , and then the whole sample can be studied. 

Good approximations have been achieved between numerical simulations and 
experimental results in the common time window, although lower filling factors had to 
be considered in the case of the simulation results. The reason could be due to the 
simplicity of the (two-dimensional) model structure in Fig. 5. In particular, the model 
does not take into account the heterogeneities detected in the microscopy 
experiments. 
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2 Zusammenfassung 
 

 
Ungesättigte poröse Medien bilden ein Zwei-Phasen-Systeme, das aus der 

Flüssigkeit und deren Dampfphase besteht. Molekularer Austausch zwischen den 
beiden Phasen führt zu einem effektiven Diffusionskoeffizienten, der wesentlich von 
dem der Flüssigkeit alleine abweicht. Das Ziel der vorliegenden Doktorarbeit bestand 
darin, Selbstdiffusion unter Variation des Füllfaktors des porösen Mediums und der 
Diffusionszeit zu untersuchen. Eine Kombination aus zwei verschiedenen  „NMR field 
gradient diffusometry techniques“ wurde eingesetzt. Zum Vergleich wurden 
Diffusionsprozesse in einem porösen Medium mithilfe von Monte Carlo Simulationen 
nachgeahmt.  

Die angewandten NMR-Techniken bestanden in der „pulsed gradient stimulated 
echo (PGStE)“ Methode, der „fringe field stimulated echo (FFStE)“ Technik und der 
„magnetization grid rotating frame imaging (MAGROFI)“ Methode. Als polare 
Flüssigkeit wurde Wasser, als unpolares Gegenstück Zyklohexan verwendet. Die 
untersuchten porösen Gläser waren Vycor mit einer mittleren Porengröße von 4nm und 
VitraPor mit einer einer Porengröße von 1,0-1,6 µm.  

Es zeigte sich, dass Wasser und Zyklohexan in Vycor gegensätzliche 
Abhängigkeiten vom Füllfaktor zeigen. Durch eine Reduktion des Füllgrades bei 
Zyklohexan in VitraPor steigt der effektive Diffusionskoeffizient aufgrund der Beiträge 
der Gasphase bis zum zehnfachen des „bulk“ Wertes an. Bei Wasser hingegen 
verringert sich der effektive Diffusionskoeffizient zuerst und steigt dann mit 
abnehmendem Füllfaktor wieder an. Die verschiedenen Abhängigkeiten vom Füllfaktor 
für polare und unpolare adsorbierte Flüssigkeiten hängen mit unterschiedlichen 
Tortuositäten zusammen, denen durch verschiedene Exponenten im Gesetz von Archie 
Rechnung getragen wird und die von der hier vorgestellten Zwei-Phasen-Austausch 
Theorie vorhergesagt werden. 

Verwendet man eine Kombination der FFStE und MAGROFI Technik, so kann 
man über vier Dekaden Diffusionszeit von 100 µs bis zu 1s messen. Die 
Zeitabhängigkeiten, die man auf diese Weise erhält, werden mit geeigneten Monte 
Carlo Simulationen in einem Zeitfenster von acht Dekaden, 125 ps – 12,5 ms, 
verglichen. Dort wo die Zeitfenster überlappen, ist das Diffusionsverhalten qualitativ 
äquivalent. Der Beitrag der Gasphase zum effektiven Diffusionskoeffizienten ist 
besonders wirksam auf einer Diffusionszeitskala, die zur Wurzel des mittleren 
Verschiebungsquadrats im Größenbereich der Porendimension passt. 

NMR Mikroskopie von teilweise mit Wasser oder Zyklohexan gefülltem VitraPor 
zeigt eine inhomogene Verteilung der Flüssigkeiten auf einem Längenbereich, der die 
Dimension der Porengröße übersteigt. Ursache dafür sind unterschiedliche 
Porengrößen, die mit einem Elektronenmikroskop sichtbar gemacht werden können. 
Aufgrund des inhomogenen Füllfaktors kommt es zu einer Variation der transversalen 
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Relaxationszeit und damit zu Bildkontrasten. Die beiden NMR Methoden FFStE und 
MAGROFI liefern effektive Diffusionskoeffizienten, die nicht von einer Variation der 
transversalen Relaxationszeit beeinflusst werden, ganz im Gegensatz zur PGStE 
Methode: Die FFStE und die MAGROFI Technik liefern über die gesamte Probe 
hinweg gemittelte effektive Diffusionskoeffizienten, unabhängig von der 
Relaxationszeit. 
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The contribution of the vapor phase to the effective diffusion coefficient of solvents in a partially
filled nanoporous silica glass~Vycor! was investigated with the aid of nuclear magnetic resonance
diffusometry. Water and cyclohexane as polar and nonpolar adsorbate species show opposite
dependencies on the filling factor. The effective diffusion coefficient of water increases with the
filling factor, whereas that of cyclohexane decreases. A ‘‘two-phase fast-exchange model theory’’ is
presented accounting for these phenomena. In the vapor phase, both Knudsen and ordinary Einstein
diffusion were considered. The different dependencies on the filling factor for polar and nonpolar
adsorbate species are attributed to different effective tortuosities represented by different exponents
in Archie’s law anticipated in the model theory. The fast exchange feature stipulates that the pore
size is small enough. ©2003 American Institute of Physics.@DOI: 10.1063/1.1618214#
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I. INTRODUCTION

It is known that water diffusion in materials partiall
filled with water tends to be enhanced by displacement
the vapor phase, whereas the nuclear magnetic reson
~NMR! signal is totally dominated by the liquid phase.1–4

The diffusivity in the gas phase is four orders of magnitu
larger than in the liquid phase whereas the spin densit
three orders of magnitude smaller. Exchange between
two phases on the time scale of the experiment thus lead
an effective water diffusivity enhanced by the vapor wh
the liquid phase is responsible for most of the signal. E
hancements up to a factor of 10 above the bulk value w
observed4 in spite of the confinement in the pore space~nor-
mally giving rise to the opposite tendency5!. Vapor phase
enhancement was directly proven in silica fineparticle po
ders by varying the accessible volume by compression of
initially loosely packed powder by a factor up to 7. Th
effective diffusivity was correspondingly diminished un
the bulk water diffusion coefficient was reached with t
strongest densification.3

D’Orazio et al.2 have investigated the contribution of th
vapor phase to the effective diffusion coefficient of water
partially saturated porous glasses with pore dimensions r
ing from 47 to 240 nm. A progressive increase of the se
diffusion coefficient was observed with reduced filling fact
A simple model that explains the dependence of the m
sured effective diffusion coefficient on the filling degree w
10350021-9606/2003/119(19)/10358/5/$20.00
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also introduced. The theoretical model takes into account
fast ~relative to the NMR time scale! exchange between liq
uid and vapor phase in the partially filled sample.

The contribution of the vapor phase to the effective d
fusion coefficient was also studied for a nonpolar solve
namely, hexane partially filling a porous glass.6 The mea-
surements indicate a dependence of the diffusion coeffic
on diffusion times. This observation was again interpreted
molecular exchange between the liquid and vapor phase

In the present study we focus in more detail on the d
ferent behavior of polar and nonpolar solvents in partia
filled nanoporous silica glasses. As typical examples we h
chosen water and cyclohexane in Vycor with a nominal p
diameter of 4 nm. The most conspicuous observation is
the dependence of the effective water and cyclohexane
fusivities on the degree of filling show just opposite tende
cies. It will be shown that this finding can be explained
the basis of a two-phase fast-exchange model. The rol
Knudsen diffusion will also be considered.

II. THE TWO-PHASE FAST-EXCHANGE MODEL

In an unsaturated porous sample with polar inner s
faces, the liquid and the vapor phase form two interpenet
ing systems of different geometry and porosity. A polar a
sorbate such as liquid water tends to be distributed
adsorption layers on polar pore walls. The layer thickn
depends on the degree of imbibing.2,7,8 On the other hand,
cyclohexane as a nonpolar species is expected to fill
8 © 2003 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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smaller pores at first and then the bigger ones.8 In both cases,
the remainder of the pore volume is filled by air satura
with the respective vapor phase.

In the fast-exchange limit the stimulated echo~STE! is
attenuated by diffusive displacements according to

ASTE}e2Deff~gG!2d2D. ~1!

The effective diffusivity,Deff , is the average between th
two subregions, i.e.,

Deff5plDl1pvDv . ~2!

The quantitiespl andpv are the mass fractions of molecule
in the liquid and vapor phases, respectively. The diffus
coefficients in the two phases,Dl andDv , are reduced rela
tive to the bulk valuesDl ,0 and Dv,0 , respectively. This re-
duction of the diffusion coefficient can be due to both t
tortuosities of the liquid and vapor subpore spaces, and
surface roughness. The latter can be important especial
the Knudsen diffusion regime.9

The mass fractions in the liquid and vapor phase can
expressed as a function of the respective densities as foll

pl5
1

11S V0

Vl
21D rv

r l

5
f

f 1~12 f !~rv /r l !
; pv51

2pl , ~3!

where r l and rv are the mass densities in the liquid a
vapor phase, respectively.V0 represents the total pore vo
ume,Vl is the volume of the liquid phase, andf 5Vl /V0 is
the filling factor.

In completely filled pore spaces, the transport proper
are predominantly affected by the geometrical restriction~the
tortuosity!.5 The effective diffusion coefficient in the por
space,D, is then reduced by a factorF t

m relative to its bulk
value,D0 ~Archie’s law!.7,10 HereF t5V0 /Vt represents the
porosity of the sample.Vt is the total volume including the
matrix and the pore space, andm is an empirical exponent.

In the case of partially filled porous samples the situat
is more complicated since we then have two interpenetra
pore systems of different effective porositiesF l5Vl /Vt and
Fv5(V02Vl)/Vt for the liquid and vapor phases, respe
tively. Assuming Archie’s law again7,10 for the reduced dif-
fusion coefficient one can write for the liquid region the e
pression,

Dl5~F l !
mlDl ,05F t

mlS Vl

V0
D ml

Dl ,05F t
ml f mlDl ,0 . ~4!

The porosity that is effective for the liquid phase,F l , has
been expressed as a function of the sample porosityF t

5F l1Fv . The exponentml depends both on the samp
geometry and the wetting properties of the liquid. It can
determined from diffusion data for completely filled sample
that is a filling factorf 51. The diffusion coefficient in bulk
liquid is designated byDl ,0 .

Diffusion in the vapor phase is governed by molecu
collisions and by collisions with the pore walls. The ter
‘‘wall’’ may refer to the liquid–vapor interface or to inne
surfaces of the solid matrix. Taking into account Knuds
Downloaded 30 Oct 2003 to 134.60.246.151. Redistribution subject to A
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diffusion, the effective vapor diffusion coefficient inside
porous system can be derived by adding the diffusion re
tances associated with these two types of collisio
~molecule–wall and molecule–molecule!11

1

Dv
5

1

DK
1

1

DE
, ~5!

whereDK andDE are the Knudsen and Einstein diffusivitie
respectively. Note thatDv approachesDK in the Knudsen
limit DK!DE , so that molecule–wall collisions dominate.
becomes equal toDE in the Einstein diffusion regimeDK

@DE , where molecule–molecule collisions prevail.
Using Archie’s law, the quantitiesDK and DE can be

represented in terms of tortuosity factors as above. This
counts for the differences between the diffusivities in po
spaces relative to the bulk behavior. The results are

DK5~Fv!mv,KDK,05F t
mv,KS 12

Vl

V0
D mv,K

DK,0

5F t
mv,K~12 f !mv,KDK,0 ~6!

and

DE5~Fv!mv,EDv,05F t
mv,ES 12

Vl

V0
D mv,E

Dv,0

5F t
mv,E~12 f !mv,EDv,0 . ~7!

The diffusivities in the bulk vapor phase are given byDv,0

and DK,0 in the Einstein and Knudsen diffusion limits, re
spectively. The exponentsmv,K and mv,E account for tortu-
osity effects in the Knudsen and Einstein regimes, resp
tively, and can be determined with the aid of bulk diffusio
data. Recent investigations of ethane in beds of NaX zeo
revealed different tortuosity factors in the Knudsen and E
stein regimes.11 The exponentsmv,K and mv,E may conse-
quently also deviate from each other.

In Eq. ~6!, DK,05(2a/3)A8kBT/pM0 represents the
reference Knudsen diffusion coefficient,2 where kB is the
Boltzmann constant,T is the absolute temperature,M0 is the
molecular mass, anda is the size of the vapor-phase do
mains. The last quantity is related to the pore dimension
also to the pore shape and the thermodynamic and chem
properties of the molecular species.

As a crude approximation, a cylindrical pore geome
can be assumed.2,11 For wetting liquids, the size of the vapo
phase domains can then be expressed as a function o
filling factor as 2a5d(12 f )1/2, where d represents the
mean pore diameter. The reference Knudsen diffusion c
ficient can thus be expressed as

DK,0~ f !5
1

3
d~12 f !1/2A8kBT

pM0
. ~8!

Note that this dependence may be different for differe
chemical species such as water and cyclohexane due to
different wetting properties. The effective diffusion coef
cient, Eq.~2!, for the fast-exchange limit between two phas
in a porous medium can thus be expressed as
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Deff~ f !5
1

f 1~12 f !
rv

r l

H F t
ml f ml11Dl ,0

1~12 f !
rv

r l
F 1

F t
mv,E~12 f !mv,EDv,0

1
1

F t
mv,K~12 f !mv,KDK,0~ f !G21J , ~9!

where the reference Knudsen diffusion coefficient,DK,0( f ),
is given by Eq.~8!. The first term in Eq.~9! represents the
contribution of the liquid phase to the effective diffusio
coefficient, whereas the second term is accounting for
vapor phase contribution.

III. EXPERIMENT

A. Samples

Vycor porous glass VPQ #7930 was purchased fr
Corning Ltd. It consists of 96% SiO2. The nominal mean
pore size isd54 nm ~60.6 nm!. The porosity is specified a
F t50.28. The specific surface area is 250 m2/g. Electron
micrographs recorded in our lab with a Hitachi S-5200 m
croscope suggest somewhat larger pores@see Fig. 1~a!#.

The samples were pretreated as suggested by the m
facturer. This includes 60 min of boiling in 30% H2O2. The
samples were then washed with distilled water and left
vacuum for 24 h at 95 °C. After that, the samples are con
ered to be dry with a nominal filling factor of 0. The solven
were then filled into the porous glass with the aid of t
bulk-to-bulk method resulting in a filling factor 1. Sample
partially filled with water were obtained by evaporation
open air over varying periods. In the case of cyclohexa
evaporation was performed in a glove bag in a dry nitrog
atmosphere in order to avoid any replacement of cycloh
ane by water from the air humidity. The solvent conte
reached by this procedure is determined by weighing. T
samples were placed in a sealed container with practically
empty space that would allow for further evaporation. A
experiments were done only after about 1 h permitting
fluid to equilibrate with respect to phase distributions. Af
this annealing period no changes were perceptible
longer.

The adsorbate fluids, water and cyclohexane, were c
sen as typical representatives of polar~wetting! and nonpolar
~nonwetting! species. The water was demineralize
N-cyclohexane was purchased from Fluka Chemika, G
many. The equilibrium vapor pressure of cyclohexane
room temperature is about four times larger than that of
ter; the surface tension is three times smaller. The con
quence is that cyclohexane evaporates much faster than
ter @Fig. 1~b!#. The vapor phase of cyclohexane in partia
filled pores is thus expected to contain about four times
many molecules as in the case of water.

B. Instruments and techniques

All diffusion experiments were performed with a Bruk
DPX400 NMR spectrometer equipped with a microsco
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gradient unit. The data were recorded at room tempera
and at a proton resonance frequency of 400 MHz using
standard pulsed field gradient stimulated echo technique
scribed in Ref. 12, for instance. The radio frequency~RF!
pulse sequence and pulsed gradient intervals are show
Fig. 2. The measurements were carried out with a diffus
interval D5300 ms, and gradient pulse widthsd52 ms for
water, andd51 ms for cyclohexane.

Any influence of internal, susceptibility induced fiel
gradients on the measurements could be excluded with

FIG. 1. ~a! Electron micrograph of Vycor.~b! Time dependence of solven
content in Vycor for water and cyclohexane as a function of time, when
sample is left in open air at room temperature. The liquid content w
measured by weighing the samples with a tare balance. Due to the
times larger vapor pressure, cyclohexane evaporates much faster than

FIG. 2. Schematic RF and field gradient pulse sequence for the stimula
echo variant of NMR diffusometry.G represents the field gradient applied
pulses of widthd and spacingD.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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aid of test experiments with a bipolar gradient technique13 as
well as with a rotary echo method.14 In the latter case a coni
RF coil was employed for the production of gradients of t
RF amplitude.15

IV. RESULTS AND DISCUSSION

Figures 3~a! and 3~b! show typical echo attenuatio
curves recorded for different filling factors. The decays b
for water @Fig. 3~a!# and cyclohexane@Fig. 3~b!# can be de-
scribed by single exponential functions indicating fast e
change between the liquid and vapor phases. The effec
diffusion coefficients were evaluated by fitting Eq.~1! to the
attenuation data. The gradient was calibrated with the ai
data for bulk water@squares in Fig. 3~a!# corresponding to a
room temperature diffusion coefficient Dl ,0

water52.3
31029 m2/s.5,16

The plot in Fig. 4 shows effective diffusion coefficien
measured in water and cyclohexane in Vycor as a functio
the filling factor. The data remarkably indicate an oppos
tendency for the two solvent species. The water diffus
coefficientsincreasewith increasing filling factor as is de

FIG. 3. Echo attenuation curves for water~a! and cyclohexane~b! in Vycor
for different degrees of fillingf. The decay for bulk water for the sam
experimental parameters is also shown~squares! for comparison. All data
can well be represented by monoexponential decays~solid lines! indicating
the fast-exchange limit anticipated in the two-phase fast-exchange m
theory.
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scribed by the theoretical curve~solid line!. This is in con-
trast to the cyclohexane diffusion coefficient whichde-
creaseswith increasing filling factor. It appears that th
different dependence for the two adsorbate species is du
different contributions by Knudsen diffusion in the vap
phase.

In the calculations, the following parameters have be
used for water:@rv /r l #

water52.531025 for the ratio be-
tween the vapor and liquid densities,2 Dv,0

water52.4
31025 m2/s for the water vapor diffusion coefficient in a
at 26.6 °C;2 F t50.28 for the porosity of Vycor porous glas
as specified by the manufacturer;d54 nm the mean pore
dimension.

The exponents in Archie’s law for the different phas
and diffusional mechanisms deserve particular attention
this context. We assume that the ordinary Einstein diffus
behaves in the same way both in the liquid as well as in
vapor phase,ml

water5mv,E
water51.2, provided that distance

longer than the correlation length of the pore space
probed by the molecules during the diffusion time. That
these parameters are assumed to be commonly determ
by the tortuosity of the total pore space.

On the other hand, the Knudsen diffusion in the vap
phase turns out to be determined by an exponentmv,K

water52
which indicates a modified tortuosity effect. Note that diffe
ences in the tortuosity in the vapor phase for the Knud
and Einstein regimes were reported also in literature
ethane in beds of NaX zeolite.11

The effective diffusion coefficients of cyclohexane d
creasing with the filling factor can best be approached
Eq. ~9! using the following parameters:@rv /r l #

cyclohexane

55.931024, the density ratio;16 Dv,0
cyclohexane58.5

31026 m2/s, the diffusion coefficient of cyclohexane vap
in air;17 Dl ,0

cyclohexane51.431029 m2/s, the diffusion coeffi-
cient of bulk liquid cyclohexane at 298 K.5 As optimal ex-
ponents in Archie’s law we foundml

cyclohexane5mv,E
cyclohexane

51.1 andmv,K
cyclohexane50.01. Especially the latter value is re

markably different from that for the corresponding water e

el

FIG. 4. Effective water~m! and cyclohexane~d! diffusion coefficients in
Vycor as a function of the filling factor. The lines have been calculated w
the two-phase fast-exchange formula given at Eq.~9! for the parameters
given in the text. The solid line refers to parameters relevant for water,
other curves were calculated for cyclohexane and the values of the expo
mv,K indicated in the plot.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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ponent, and explains the totally different dependence on
filling factor. A family of theoretical curves was also calc
lated with Eq.~9! for different values of the exponentmv,K

in Archie’s law for Knudsen diffusion.
Equation~9! describes the cyclohexane data well dow

to a filling factor of about 0.3. The deviation of the expe
mental data from the theoretical curve below this value
attributed to traces of residual water that could not be
moved with the procedure described above. That is, w
traces contributes to the NMR signal relatively more a
more at such low degrees of filling and gradually grow
influence. Proton NMR spectroscopy of Vycor samples w
low cyclohexane filling factor shows a water line apart fro
that of cyclohexane indeed.18

D’Orazio et al.2 have reported water diffusion coeffi
cients decreasing with increasing filling factor in samp
with larger pore sizes. This apparently contradicts the find
of the present study for water. The reason is, that the co
tions having led to the parameter set given above are v
different for larger pores. That is, the interpretation of t
present diffusion data is relevant for polar nanoporous m
rials whereas microporous media are expected to displa
totally different behavior. A corresponding study and analy
will be published elsewhere.19

V. CONCLUSIONS

Translational diffusion of water and cyclohexane as p
lar and nonpolar solvent species was studied with NMR
fusometry in a nanoporous silica glass~Vycor! as a function
of the filling factor. The solvent molecules are distributed
the liquid and vapor phases according to a dynamic equ
rium, where fast exchange~relative to the NMR time scale!
applies. A ‘‘two-phase fast-exchange model’’ for the effecti
diffusion coefficient was established and compared to exp
mental data. For diffusion in the vapor phase, we distingu
contributions by ordinary~‘‘Einstein’’ ! and Knudsen diffu-
sion.

The NMR signal is largely dominated by the liqu
phase due to the fact that the spin density in the liquid is3

times larger than in the vapor phase. On the other hand
average translational diffusivity tends to be governed by
vapor phase, where diffusion is four orders of magnitu
faster than in the liquid phase. Whether this vapor ph
enhancement of diffusion shows up in NMR diffusome
experiments or not, depends on various factors. These
the pore size, the polar or nonpolar character of the liq
relative to the pore walls, and the filling factor of the pore

The remarkable result of the experiments is that the
fective diffusivity of water in Vycor increases with the fillin
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degree, whereas that of cyclohexane decreases. In both c
the effective diffusion coefficients are smaller than their bu
values as a consequence of the tortuosity of the pore spa5

The two-phase fast-exchange formula for the effect
diffusion coefficient given at Eq.~9! appears to be of quite
general validity. It represents the complex adsorbate di
sion and phase exchange behavior. The only fitting par
eters are the exponents in Archie’s law anticipated in
derivation of this model. The values of these parameters
ordinary Einstein diffusion in the liquid and vapor phase a
for Knudsen diffusion in the vapor phase are specific for
chemical species both of the adsorbate and of the adsorb
The fast-exchange character underlying the fact that an
fective diffusion coefficient shows up in the experiments
tightly related to the pore size. With pore sizes in the m
crometer range or above this feature appears to be no lo
valid.19
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Nuclear magnetic resonance study of the vapor contribution
to diffusion in silica glasses with micrometer pores partially filled
with liquid cyclohexane or water

Ioan Ardelean
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German Farrher, Carlos Mattea, and Rainer Kimmich
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~Received 22 December 2003; accepted 1 March 2004!

The contribution of the vapor phase to molecular diffusion in porous silica glass~Vitrapor#5; mean
pore diameter 1 micrometer! partially filled with cyclohexane~nonpolar! or water ~polar! was
investigated with the aid of field-gradient NMR diffusometry. Due to the vapor phase, the effective
diffusion coefficient of cyclohexane increased up to ten times relative to the value in bulk liquid
upon reduction of the pore space filling factor. On the other hand, the effective diffusion coefficient
of water first decreases and then increases when the liquid content is reduced. A two-phase exchange
theory is presented accounting well for all experimental diffusion features. The diffusion behavior
in the samples with micrometer pores under investigation here is in contrast to previous findings for
the same solvents in a material with nanometer pores~Vycor; mean pore diameter 4 nm! where the
fast-exchange limit had to be assumed@Ardeleanet al., J. Chem. Phys.119, 10358~2003!#. It is
concluded that the pore size plays a crucial role for the relevance of molecular exchange limits
relative to the experimental diffusion/exchange time. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1712968#
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I. INTRODUCTION

Nuclear magnetic resonance~NMR! signals of fluids in
porous materials coexisting in two phases, that is the liq
and its vapor, normally are entirely dominated by the m
netization of the liquid phase. The reason is that the den
of the vapor phase under normal conditions is three order
magnitude less than that of the same species in the liq
phase. However, the situation changes dramatically w
considering translational diffusion of the fluid. Field-gradie
NMR diffusometry studies of porous materials partially fille
with water suggested effective self-diffusion coefficien
strongly enhanced relative to the bulk liquid phase.1–5 The
explanation is the fast~on the NMR time scale! exchange
between the liquid and vapor phases. The bulk diffusivity
room temperature in the gas phase is four orders of ma
tude larger than in the liquid phase whereas the spin den
is three orders of magnitude smaller. Fast exchange betw
the two phases on the time scale of the experiment thus l
to an average water diffusivity enhanced by the va
whereas the NMR signal is dominated by the liquid phas

D’Orazio et al.2 have investigated the contribution of th
vapor phase to the effective water diffusion coefficient
partially saturated porous glasses with pore dimensions r
ing from 47 nm to 240 nm. The self-diffusion coefficient w
found to increase when the filling factor~volume of the liq-
uid relative to the total pore space volume! was reduced. A
simple model explaining this tendency was suggested.
basis is fast~relative to the NMR time scale! exchange be-
tween liquid and vapor.

In a previous study5 we found that polar and non-pola
9800021-9606/2004/120(20)/9809/8/$22.00
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solvents in incompletely filled silica glasses with nanome
pores show partially opposite tendencies with respect
translational diffusion. As typical examples we have chos
water ~polar! and cyclohexane~nonpolar! in Vycor with a
nominal pore diameter of 4 nm. The finding was that t
effective water diffusivity tends toincreasewith filling de-
gree, whereas the average cyclohexane diffusion coeffic
decreases. Taking into account Knudsen diffusion in the va
por phase, the data could be well explained on the basis
two-phase fast-exchange model.

Our previous work5 referred tonanometerfluid confine-
ments. In the present paper we report onmicrometerpores.
At the first sight, the pore space dimension appears to b
minor importance for the diffusion phenomena that can
expected. However, it will be shown that the exchange p
cess between the liquid and vapor phases can no longe
considered to be ‘‘fast’’ in micrometer pores.

The system under examination is now Vitrapor#5, a p
rous silica glass with 1mm nominal pore diameter~in con-
trast to the 4 nm of the Vycor samples investigated in Ref.!.
For comparison we again investigated water as a polar
cyclohexane as a nonpolar species. The investigation me
is field-gradient NMR diffusometry.6 A theoretical model
will be proposed that describes all experimental data sa
factorily in all details.

II. THEORY FOR THE TWO-PHASE EXCHANGE
MODEL IN NMR DIFFUSOMETRY

In an unsaturated porous sample with polar inner s
faces, the liquid and the vapor phase form two interpenet
9 © 2004 American Institute of Physics
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ing systems of different geometry and porosity. Polar a
nonpolar adsorbates such as liquid water and cyclohex
respectively, tend to be distributed in a different way in t
pore space and depends also on the imbibing degree.2,7,8 In
any case, the remainder of the pore volume is filled by
saturated with the respective vapor phase.

The model to be described in the following refers
stimulated echo attenuation curves as they are recorded
typical pulse sequences for diffusion measurements6 such as
the one shown in Fig. 1. This method implies three tim
intervals: an encoding interval, a diffusion interval, and
detection interval. Below, we anticipate that diffusion, rela
ation, and exchange effects can be neglected during the
coding and detection intervals, but are simultaneously ef
tive in the ‘‘diffusion interval.’’

In the encoding interval, magnetization compone
Mz,l(z,t) and Mz,v(z,t) modulated along the field gradien
direction, i.e. thez axis, are produced, where the subscripl
stands for ‘‘liquid’’ andv for ‘‘vapor.’’ The evolution of these
components under the influence of relaxation, diffusion a
interphase exchange during the evolution intervalD can be
described in the frame of a two region model.9,10

The formalism is based on the Bloch/McConn
equations11,12supplemented by a ‘‘Torrey term’’13 in order to
account for diffusion along the gradient direction,

dMz,l~z,t !

dt
5Dl

d2Mz,l~z,t !

dz2 2
Mz,l~z,t !2M0,l

T1,l

2
Mz,l~z,t !

t l
1

Mz,v~z,t !

tv
;

~1!
dMz,v~z,t !

dt
5Dv

d2Mz,v~z,t !

dz2 2
Mz,v~z,t !2M0,v

T1,v

2
Mz,v~z,t !

tv
1

Mz,l~z,t !

t l
.

These relations will be called ‘‘Bloch/Torrey/McConne
equations’’~BTC!. T1,l and T1,v are the longitudinal relax-
ation times of nuclear spins in the respective phases in
absence of exchange.M0,l andM0,v are the equilibrium mag-
netizations in the liquid and vapor phases, respectively.
mean lifetimes the adsorbate molecules spend in the liq
and vapor phases are denominated byt l and tv , respec-
tively. Analogously we allocate self-diffusion coefficientsDl

andDv to the two fluid phases. Note that these diffusiviti

FIG. 1. Schematic radio frequency~RF! and field gradient pulse sequenc
for the stimulated-echo variant of NMR diffusometry. In the present stu
G represents the variable homogeneous field gradient applied alongz
axis in pulses of widthd5250 ms and with a spacingD5200 ms.
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are reduced relative to their bulk values,Dl ,0 and Dv,0 , re-
spectively, as a consequence of the pore space confinem
This reduction is due to both the different tortuosities of t
liquid and vapor subpore spaces, and to surface roughn
The latter can be important especially in the Knudsen dif
sion regime.14

As a strong simplification, the BTC equations anticipa
that both phases are spread uniformly to the entire p
space. That is, mutual exchange between the two phases
occur at any positionz without prior need to diffuse to an
interface. However, it will be shown that nevertheless r
sonable results for the description of the experimental p
nomena come out.

The first terms on the right-hand sides of Eqs.~1! de-
scribe molecular transport inside the individual phase as
the conventional Bloch/Torrey equations.13 The second terms
are accounting for longitudinal relaxation in the absence
exchange. The other terms on the right-hand sides repre
molecular interphase exchange rates.

The mean lifetimest l and tv are effective quantities
They are determined by the extensions of the two phase
gions and the molecular mobilities therein. Additional tran
port resistances at the interfaces may also play a role.
mean lifetimes are related to the relative number~mass frac-
tion! of molecules in thei th phase region,pi , by

pi5
t i

t l1tv
~ i 5 l ,v ! ~2!

in a similar way as described in Refs. 9 and 10.
The mass fractions can be expressed as a function o

respective mass densities as follows:

pl5
1

11S V0

Vl
21D rv

r l

5
f

f 1~12 f !~rv /r l !
and pv512pl , ~3!

where r l and rv are the mass densities in the liquid an
vapor phase, respectively.V0 represents the total pore vo
ume,Vl is the volume of the liquid phase, andf 5Vl /V0 is
the filling factor.

In completely filled pore spaces, the transport proper
are predominantly affected by the geometrical restricti
i.e., the tortuosity.14,15 According to Archie’s law, the effec-
tive diffusion coefficient in the pore space,D is reduced by a
factor F t

m relative to its bulk value,D0 ,7,16

D5F t
mD0 . ~4!

The quantityF t5V0 /Vt represents the total porosity of th
sample.Vt is the total volume including the matrix and th
pore space, andm is an empirical exponent.

In the case of partially filled porous samples, the situ
tion is more complicated since we then have two interp
etrating pore systems of different effective porositiesF l

5Vl /Vt and Fv5(V02Vl)/Vt for the liquid and vapor
phases, respectively. Assuming Archie’s law again7,16 the re-
duced diffusion coefficient in the liquid phase can be writt
in the form

,
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Dl5F l
mlDl ,05F t

mlS Vl

V0
D ml

Dl ,05F t
ml f mlDl ,0 , ~5!

where ml is again an empirical exponent specific for t
liquid phase and depends both on the sample geometry
the wetting properties of the liquid. The diffusion coefficie
in bulk liquid is designated byDl ,0 . Equation~5! thus links
the porosity effective for the liquid phase,F l , to the sample
porosity,F t5F l1Fv .

Diffusion in the vapor phase is governed by collisio
among the diffusing molecules themselves or with p
walls. The term ‘‘wall’’ may refer both to liquid-vapor inter
faces and to inner surfaces of the solid matrix. Taking Kn
sen diffusion into account, the effective vapor diffusion c
efficient inside a porous system can be derived by adding
diffusion resistances associated with these two types of
lisions, i.e., molecule–wall and molecule–molecule,17

1

Dv
5

1

DK
1

1

DE
. ~6!

DK and DE are the Knudsen and Einstein diffusivities, r
spectively. Note thatDv approachesDK in the Knudsen
limit, DK!DE , when molecule–wall collisions dominate.
becomes equal toDE in the Einstein diffusion regime,DK

@DE , where molecule–molecule collisions prevail.
Anticipating Archie’s law again, the quantitiesDK and

DE can be represented in terms of effective tortuosity fact
as above, in order to relate the diffusivities in reduced p
spaces and in ‘‘bulk.’’ The results are

DK5~Fv!mv,KDK,05F t
mv,KS 12

Vl

V0
D mv,K

DK,0

5F t
mv,K~12 f !mv,KDK,0 ~7!

and

DE5~Fv!mv,EDv,05F t
mv,ES 12

Vl

V0
D mv,E

Dv,0

5F t
mv,E~12 f !mv,EDv,0 . ~8!

The diffusivities in the ‘‘bulk’’ vapor phase are given byDv,0

and DK,0 in the Einstein and Knudsen diffusion limits, re
spectively. With respect to the Einstein limit, ‘‘bulk’’ really
means absence of any ‘‘wall’’ interactions. Therefore no s
cific definition is needed in this case, and we can just use
ordinary diffusion coefficient in a vapor,Dv,0 .

However, Knudsen diffusion can only occur in the pre
ence of ‘‘walls’’ by definition. The quantityDK,0 therefore
has the character of a reference value. ‘‘Bulk’’ in this ca
means absence of the liquid phase so that the whole
space is available for the vapor. It is given by2

DK,05~2a/3!A8kBT/pM0, ~9!

wherekB is the Boltzmann constant,T is the absolute tem
perature,M0 is the molecular mass, anda is the mean radius
of the vapor-phase domains. The latter quantity is rela
to the pore dimension but also to the pore shape and
thermodynamic and chemical properties of the molecu
species.
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The exponentsmv,K andmv,E account for tortuosity ef-
fects in the Knudsen and Einstein regimes, respectively,
can be determined on the basis of bulk diffusion data. Rec
investigations of ethane in beds of NaX zeolites revea
different tortuosity factors in the Knudsen and Einstein
gimes indeed.17 The exponentsmv,K and mv,E may conse-
quently also deviate from each other.

As a crude approximation, we assume that wetting l
uids are distributed at the pore walls in the form of a hollo
cylinder.2,17 The diameter of the vapor phase domains c
then be expressed as a function of the filling factor asa
5d/(12 f )1/2, whered represents the mean pore diamet
The reference Knudsen diffusion coefficient can thus be w
ten as

DK,0~ f !5
1

3
d~12 f !1/2A8kBT

pM0
. ~10!

Note that this dependence may be different for differe
chemical species such as water and cyclohexane due to
different wetting properties.

Neglecting diffusion, relaxation and exchange during t
encoding interval~see Fig. 1!, the longitudinal magnetization
components immediately after the second radio freque
pulse are given by

Mz,i~z,0!52M0,i cos~gGdz!; ~ i 5 l ,v !. ~11!

They represent the initial conditions for the differential equ
tion system given at Eqs.~1!. The longitudinal magnetization
components are obviously modulated along thez direction,
due to the action of the first gradient pulse. The modulat
can be characterized by a ‘‘wave number’’ defined by

k5gGd, ~12!

whereg is the gyromagnetic ratio. The transverse magn
zation component also present after the second rf puls
spoiled during the diffusion interval and can consequently
disregarded.

The combined effect of diffusion, relaxation and e
change on the modulated longitudinal magnetization in
diffusion interval D, can be evaluated on the basis of t
BTC equations. Because no extra modulation is produ
in the diffusion interval, the diffusion terms in the BTC
equations can be rewritten as2Dl(gGd)2Mz,l(z,t) and
2Dv(gGd)2Mz,v(z,t), respectively, after carrying out th
derivations.

Then the two-dimensional magnetization vectors

Mz~z,t !5F Mz,l~z,t !
Mz,v~z,t !G and M05F M0,l

M0,v
G ~13!

can be defined permitting one to express the BTC equa
system in matrix form18

dMz~z,t !

dt
5LM z~z,t !1R0 , ~14!

where
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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L5F 2S k2Dl1
1

T1,l
1

1

t l
D 1

tv

1

t l
2S k2Dv1

1

T1,v
1

1

tv
D G

and R05F M0,l

T1,l

M0,v

T1,v

G . ~15!

The matrixL includes rate constants due to diffusion, rela
ation and exchange, whileR0 accounts for longitudinal re
laxation. The formal solution of Eq.~14! is

Mz~z,t !5exp~L t !Mz~z,0!1@exp~L t !21#L21R0 , ~16!

whereL21 represents the inverse matrix ofL , andMz(z,0) is
the two-dimensional magnetization vector at the beginn
of the diffusion interval. Note that only the first term on th
right-hand side of Eq.~16! is spatially modulated and ca
consequently be transferred into the final signal, i.e.,
stimulated echo.18 The second term can therefore be d
carded.

The effect of the exponential factor, exp(L t), on the
two-dimensional magnetization vectorMz(z,0) in Eq. ~16!
can be evaluated by first diagonalizing the matrix and th
applying the power series expansion~see, for instance, Ref
18, Sec. 23!. After some algebra one obtains

Mz~ t !5Mz,l~ t !1Mz,v~ t !5A1el1t1A2el2t, ~17!

which is proportional to the amplitude of the stimulat
echo. In the experimental scenario shown in Fig. 1, the
fusion time can be equated with the intervalD, i.e., t'D.
The effective rates in the exponents are given by

l1,252
1

2 Fk2~Dl1Dv!1
1

T1,l
1

1

T1,v
1

1

t l
1

1

tv

7AS k2~Dl2Dv!1
1

T1,l
2

1

T1,v
1

1

t l
2

1

tv
D 2

1
4

t ltv
G .

~18!

The amplitude factors are

A15
tv

l22l1
F S l11k2Dl1

1

T1,l
1

1

t l
1

1

tv
D

3S l21k2Dl1
1

T1,l
1

1

t l
D Mz,l~0!2

1

tv
Mz,v~0!G ,

A25
tv

l12l2
F S l21k2Dl1

1

T1,l
1

1

t l
1

1

tv
D

3S l11k2Dl1
1

T1,l
1

1

t l
D Mz,l~0!2

1

tv
Mz,v~0!G .

~19!

The solution, Eq.~17!, of the BTC equations~1! with the
coefficients given by Eqs.~18!–~19! can significantly
be simplified19 in various limits to be discussed in th
following.
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A. The general liquid Õvapor exchange limit

For vapor/liquid phase systems we have

pv!pl ;

Dv@Dl ; ~20!

T1,v@T1,l .

Under such conditions the procedure presented in Ref.
leads to stimulated echo amplitudes obeying

ASTE~k,D!

ASTE~k,0!
5expS 2

D

T1,v
DexpF2S k2Dl

1
k2pvDv1pv /T1,l

k2t l pvDv1pl1pvt l /T1,l
DDG . ~21!

If furthermorepv!1, a condition that is always fulfilled in
porous media partially filled with a liquid phase, the ec
amplitude is attenuated according to

ASTE~k,D!

ASTE~k,0!

5expF2g2G2d2S Dl1
pvDv

g2G2d2t l pvDv11DDG
5expF2k2S Dl1

pvDv

k2t l pvDv11DDG . ~22!

The relaxation term has been discarded in the above
pression because in experiments with constant intervals
variable gradient strength it does not affect the echo atte
ation curve apart from a constant reduction factor. The sa
expression was obtained by Ka¨rger for the attenuation of the
Hahn echo using a different approach.9,10An interesting fea-
ture of Eq.~22! is that the mean lifetime,t l , the molecules
spend in the liquid phase can be determined on this bas

Equation~22! suggests that no effective diffusion coe
ficient can be defined since the term in parentheses dep
on the wave number as a parameter varied in the exp
ments. However, for small gradient pulse areas comply
with the limit k2t l pvDv!1 one may defineDeff5Dl1pvDv
as an effective diffusivity with some similarity to the fas
exchange version described below. Inserting Eqs.~5! and~6!
in this expression for the diffusion coefficient effective in th
low wave-number limit gives

Deff5F t
ml f mlDl ,01pv

DKDE

DK1DE
. ~23!

The initial part of echo attenuation curves can be thus fit
by the monoexponential decay function

ASTE~k,D!/ASTE~k,0!

5exp$2k2DeffD% for k2t l pvDv!1. ~24!

The general liquid/vapor exchange limit implies tw
more limits concerning the exchange rates relative to
experimental time scale. The exchange dynamics is spec
by the mean residence times in the liquid and vapor phast l

andtv , respectively. The experimental time scale is given
the intervalD in the pulse sequence shown in Fig. 1.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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B. The slow liquid Õvapor exchange limit „t lšD
and tvšD…

In the slow exchange limit that is when molecular e
change can be neglected on the time scale of the experim
the attenuation of the amplitude of the stimulated echo
diffusion is characterized by a superposition of two expon
tials corresponding to the two phases:

ASTE~k,D!

ASTE~k,0!
5ple

2Dlk
2D1pve2Dvk2D, ~25!

where the wave-numberk is given by Eq.~12!. The diffusion
coefficientsDl andDv in the liquid and vapor phase, respe
tively, are reduced due to the pore space confinement@see
Eqs.~5! and~6!#. Due to the fact that the number of spins
the vapor phase is usually much smaller than in the liq
phase,pv!pl , the only component that will contribute to th
signal is the liquid component and no contribution from t
vapor phase is expected to be perceptible in this limit.

C. The fast liquid Õvapor exchange limit „t l™D
and tv™D…

This limit was treated in the literature many times1–5 and
corresponds to large diffusion paths duringD.10 The ampli-
tude of the stimulated echo is thus attenuated by diffus
displacements according to

ASTE~k,D!

ASTE~k,0!
5e2Deffk

2D. ~26!

In this case, the effective diffusivity,Deff , that characterizes
the decay, is the weighted average between the diffusion
efficients in the two phases, i.e.,

Deff5plDl1pvDv . ~27!

The coefficientsDl and Dv are given by Eqs.~5! and ~6!,
respectively, and are reduced relative to the bulk values
to the pore space confinement.

III. EXPERIMENT

A. Samples

Vitrapor#5 is porous silica glass@see Fig. 2~a!# that we
purchased from ROBU Glasfilter-Gera¨te GmbH, Germany.
The nominal mean pore size isd51 mm (60.6mm). The
porosity was measured asF t50.43. The specific surfac
area is 1.75 m2/g. The samples were pretreated as sugge
by the manufacturer. This includes 30 min of boiling in 30
H2O2. The samples were then washed with distilled wa
and left in vacuum for 24 h at 95 °C. After that, the samp
are considered to be dry with a nominal filling factor off
50. The solvents were then filled into the porous glass w
the aid of the bulk-to-bulk method resulting in a filling fact
1 for the corresponding solvent. The solvents examined
this study were cyclohexane~nonpolar; nonwetting! and
demineralized water~polar; wetting!. N-cyclohexane was
purchased from Fluka Chemika, Germany. Partial evap
tion was then used for the adjustment of the desired fill
factor. This was performed in a glove bag in a dry nitrog
atmosphere in order to avoid any undesired contamination
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water from the air humidity. The solvent content reached
this procedure was determined by weighing. The samp
were placed in a sealed container with practically no em
space that would allow for further evaporation. All expe
ments were done only after about one hour permitting
fluid to equilibrate with respect to phase distributions. Aft
this annealing period no changes were perceptible
longer.

The equilibrium vapor pressure of cyclohexane at ro
temperature is about four times larger than that of water;
surface tension is three times smaller. The vapor phas
cyclohexane in partially filled pores is thus expected to c
tain about four times as many molecules as in the case
water.

B. Instruments and techniques

All diffusion experiments were performed with a Bruke
DPX 400 NMR spectrometer equipped with a microsco
gradient unit. The data were recorded at room tempera
and at a proton resonance frequency of 400 MHz us
the standard pulsed field gradient stimulated echo techn
described in Ref. 18 for instance~see Fig. 1!. The measure-
ments were carried out with a diffusion intervalD5200 ms,
and gradient pulse widthsd5250 ms both for water and cy-
clohexane. The gradient calibration was done with the aid

FIG. 2. ~a! Electron micrograph of VitraPor#5.~b! Internal, susceptibility
induced field gradients as a function of the water filling factor for V
raPor#5.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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diffusion measurements in bulk water where the room te
perature diffusion coefficient is reported in the literature
be Dl ,0

water52.331029 m2/s.15,20

Internal, susceptibility induced gradients were examin
and estimated with the method described in Ref. 21. T
values for water filled VitraPor#5 are plotted in Fig. 2~b!. In
the case of cyclohexane the internal gradients have b
proven to be even smaller. Any influence of such gradie
on the measurements can be excluded regarding the ex
mental parameters used.

IV. EXPERIMENTAL RESULTS

Figures 3~a! and 3~b! show typical echo attenuatio
curves recorded for different filling factors of Vitrapor#
The decays both for cyclohexane@Fig. 3~a!# and water@Fig.
3~b!# obviously cannot be described by monoexponen
functions. The conclusion is that the fast exchange limit d
not apply in contrast to our previous study of a glass with
nm wide pores.5

The decay curves can however be described on the b
of Eq. ~22! by assuming the general liquid–vapor exchan
model given above. Fits of this formalism to the experime
tal data are represented by the solid lines in Figs. 3~a! and
3~b!. Based on Eq.~24!, effective diffusion coefficients can
be evaluated from the ‘‘initial’’ part of the attenuation curv
~dashed lines! corresponding to the low wave-number lim
k2t l pvDv!1.

The data for these effective diffusion coefficients a
plotted in Figs. 4~a! and 4~b! for cyclohexane and water
respectively, as a function of the filling factor. The differe
dependencies found for water and cyclohexane are attrib
to the different vapor pressures and the different surface
teractions these two adsorbate species are subject to.
surface interaction is implied in the Knudsen term in Eq.~6!
which turned out to be important especially for water.

The expression for the diffusion coefficient effective
the low wave-number limit, Eq.~23!, can then be fitted to the
data in Figs. 4~a! and 4~b!. As optimal exponents in Archie’s
law we found:mv,E

cyclohexane5mv,E
water51.4; mv,K

cyclohexane52.2 and
mv,K

water53.2; ml
cyclohexane50.5 andml

water50.87. Other param-
eters used in these evaluations were taken from the litera
@rv /r l #

cyclohexane55.931024 and @rv /r l #
water52.531025

for the ratio between the vapor and liquid densities
cyclohexane22 and water,2 Dv,0

cyclohexane58.531026 m2/s and
Dv,0

water52.431025 m2/s for the cyclohexane22 and water2

vapor diffusion coefficients in air at 26.6 °C;2 Dl ,0
cyclohexane

51.431029 m2/s andDl ,0
water52.331029 m2/s for the diffu-

sion coefficients of liquid cyclohexane and water in bulk
298 K;14,21 F t50.43 for the porosity of VitraPor#5 porou
glass andd51 mm for the mean pore dimension as specifi
by the manufacturer.

In order to obtain the exponents in Archie’s laws for t
vapor phase@see Eqs.~7! and~8!# we assumed that the ord
nary Einstein diffusion in the vapor phase behaves in
same way both for cyclohexane and water. The reductio
the diffusion coefficient due to the tortuosity of the po
space is expected to be independent of the liquid spec
Therefore the same exponents are assumed in Eq.~8!. This
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FIG. 3. Echo attenuation curves for cyclohexane~a! and water~b! in Vit-
raPor#5 for different filling degreesf at room temperature. The experimen
tal data are well reproduced by theoretical curves~solid lines! calculated on
the basis of Eq.~22!. The fitting parameters were the mean residence timet l

in the liquid phase and the exponents in Archie’s law. All other parame
were preset by fixed literature values. In the case of water, the param
ml

water was also slightly adjusted around the value of 0.87 for the differ
filling factors above 0.43.
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assumption anticipates that distances longer than the cor
tion length of the pore space are probed by molecules in
vapor phase during the experimental diffusion time. The
timal exponent value turned out to bemv,E

cyclohexane5mv,E
water

51.4.
On the other hand, the exponents for Knudsen diffus

@see Eq.~7!# could be assumed no longer to be common
both solvents. Good fits of the experimental data were fo
for mv,K

cyclohexane52.2 andmv,K
water53.2. The different values re

flect different surface interactions of the two adsorbate s
cies. Note that such big differences in the exponents of
chie’s law, i.e., in the effective tortuosities, were also fou
in our previous study of Vycor porous glass having a me
pore diameter of 4 nm.5

Using the above exponent values for Archie’s law, t
complete expression given at Eq.~22! was fitted to the ex-
perimental attenuation data@see solid lines in Figs. 3~a! and
3~b!#. In the case of water, it turned out that a slight adju
ment of the exponent for the liquid phase around the va
ml

water50.87 was necessary for best fits at filling facto

FIG. 4. Effective room temperature cyclohexane~a! and water~b! diffusion
coefficients in VitraPor#5 as a function of the filling factor. The data ha
been evaluated from the attenuation curves shown in Figs. 3~a! and 3~b! by
fitting the monoexponential function@see Eq.~24!# with the effective diffu-
sion coefficientDeff5Dl1pvDv to the initial~low wave number! section. The
solid lines represent fits of Eq.~23! to the data.
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larger than 0.43. The remaining free fitting parameter w
t l . The results are plotted in Fig. 5 as a function of the filli
factor.

V. DISCUSSION AND CONCLUSIONS

Translational diffusion of water and cyclohexane as p
lar and nonpolar solvent species was studied in a por
silica glass~Vitrapor#5! with NMR diffusometry as a func-
tion of the filling factor. The pore dimension is micromete
A general ‘‘two-phase exchange model’’ has been develop
The result could be further analyzed into ‘‘fast’’ and ‘‘slow
molecular exchange limits between the liquid and vap
phases. It turned out that the experimental diffusio
exchange time scales on which these limits apply depend
the pore diameter. In the present case none of the two lim
is appropriate for the pore dimension under investigation
for the experimental time scale of 200 ms. Therefore all d
have been described based on the general formalism.

A general formula for the attenuation of spin echo a
plitudes by diffusion and exchange in a two-phase system
given at Eq.~17!. In the limit given by Eq.~20! which is of
particular interest for the present study the general form
simplifies to Eq.~22!. On this theoretical basis a detaile
description of the experimental data was possible. The o
fitting parameters are the exponents in Archie’s law ant
pated in the derivation of this model and the mean life tim
of the molecules in liquid phase. The values of these par
eters appear to be specific for the chemical species bot
the adsorbate and of the adsorbent.

Determining an effective diffusion coefficient for th
low wave-number limit according to Eqs.~23! and~24! per-
mitted the evaluation of characteristic dependencies on
filling factor for the two solvent species. The vapor pha
effect on diffusion as a function of the filling degree w
clearly demonstrated in this way. In the case of cyclohex
filled sample the values of the effective diffusion coefficie
exceeds the bulk value by a factor of 10 for low filling fa
tors. Finally, the mean residence time of the solvent m

FIG. 5. Mean room temperature life times of water and cyclohexane in
liquid phase in Vitrapor#5 vs the filling factor. The data represent val
fitted to the attenuation curves in Fig. 3 on the basis of Eq.~22!. The solid
lines link the data points for the two adsorbate species.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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ecules in the liquid phase could be evaluated from the fit
the theory to the experimental echo attenuation data. Aga
strong dependence on the filling factor was found.

The fact that diffusion in samples withmicrometerpores
is governed by an exchange process described by Eq.~22! is
in contrast to our previous investigation of solvent diffusi
in the nanometerpores of Vycor,5 where the fast exchang
limit turned out to be relevant. That is, apart from t
diffusion/exchange time adjusted in the experiments, it is
mean pore size that determines which of the exchange li
applies. It is needless to state that extrapolating the pore
to larger and larger mean diameters would finally lead to
slow exchange expected to be relevant for well separa
liquid and vapor filled compartments.

Molecular exchange means that the solvent molecu
are intermittently subject to the diffusion features in eith
phase. In particular, translational displacements in the va
phase are much faster than in the liquid phase. For diffus
in the vapor phase, two mechanisms can be distinguis
namely ordinary~‘‘Einstein’’ ! and Knudsen diffusion.
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Abstract

The combined use of two unconventional NMR diffusometry techniques permits measurements of the self-diffusion coefficient of flu-
ids confined in porous media in the time range from 100 microseconds to seconds. The fringe field stimulated echo technique (FFStE)
exploits the strong steady gradient in the fringe field of a superconducting magnet. Using a standard 9.4 T (400 MHz) wide-bore magnet,
for example, the gradient is 22 T/m at 375 MHz proton resonance and reaches 60 T/m at 200 MHz. Extremely short diffusion times can
be probed on this basis. The magnetization grid rotating frame imaging technique (MAGROFI) is based on gradients of the radio fre-
quency (RF) field. The RF gradients not necessarily need be constant since the data are acquired with spatial resolution along the RF
gradient direction. MAGROFI is also well suited for unilateral NMR applications where all fields are intrinsically inhomogeneous. The
RF gradients reached depend largely on the RF coil diameter and geometry. Using a conic shape, a value of at least 0.3 T/m can be
reached which is suitable for long-time diffusion measurements. Both techniques do not require any special hardware and can be imple-
mented on standard high RF power NMR spectrometers. As an application, the influence of the tortuosity increasing with the diffusion
time is examined in a saturated porous silica glass.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The most popular principle of NMR diffusion measure-
ments is based on the attenuation of spin echoes due to
incomplete refocusing of coherences as a consequence of
incoherent molecular displacements during the pulse
sequence. Echo attenuation on these grounds arises in the
presence of pulsed or steady gradients of the main magnetic
flux density. Any sort of gradient-based echo can be used.
Typical examples are the Hahn and the stimulated echo [1–
3]. Here we consider the stimulated echo arising after three
RF pulses in the presence of the steady fringe field gradient
of a superconducting magnet. The method will be called
fringe field stimulated echo (FFStE) technique.
1090-7807/$ - see front matter � 2006 Elsevier Inc. All rights reserved.

doi:10.1016/j.jmr.2006.06.032

* Corresponding author. Fax: +40 264 401 536.
E-mail address: ioan.ardelean@phys.utcluj.ro (I. Ardelean).
On the other hand, there are methods employing gradients
of the amplitude of the radio frequency flux density, i.e. RF
field gradients [4]. Such an alternative protocol for diffusion
measurements was successfully demonstrated with rotating-
frame echo phenomena [3–7]. Furthermore, B1 and B0 gradi-
ents can be applied in mixed form. If suitably matched, such
mixed combinations of gradients lead to ‘‘nutation echoes’’
[8,9] the diffusive attenuation of which can also be used for
molecular displacement studies [10]. The localized character
of nutation echoes [9] in principle permits remote measure-
ments of diffusion coefficients. Moreover, it may be possible
to accomplish diffusion measurements with chemical shift
resolution in inhomogeneous static magnetic fields [11], pro-
vided that the directions of B1 and B0 gradients coincide.

With the techniques mentioned so far, a non-equilibri-
um magnetization distribution is first prepared in the form
of a ‘‘helix’’ or—with respect to a certain component—as a

mailto:ioan.ardelean@phys.utcluj.ro
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magnetization ‘‘grid’’ (or ‘‘grating’’). Translational diffu-
sion then tends to level the magnetization distribution
during the diffusion time. This leveling process of the mag-
netization grid can be monitored globally via the attenua-
tion of spin echoes. Diffusion coefficients can then be
evaluated from echo attenuation curves.

An alternative protocol is to render the magnetization
profile along the gradient direction in the form of a one-di-
mensional image. Such a technique was proposed in Refs.
[12,13] and termed magnetization grid rotating-frame
imaging (MAGROFI). The appealing advantage of the
MAGROFI technique in comparison with other rotating
frame techniques based on rotary or nutation spin echoes
is that no spatially constant gradient is required. As the
magnetization grid is rendered as an image, it is only the
local gradient that is relevant for the evaluation of diffusion
constants. That is, the coil geometry can be optimized for
strong gradients regardless of homogeneity requirements.
Favorable coil geometries to be used for diffusion measure-
ments with the MAGROFI technique turned out to be
solenoids [13], conic coils [8,14] or a toroid cavity detector
[15,16].

The present study focuses on the ability of the FFStE
and MAGROFI techniques to probe the time dependence
of the diffusion coefficient in a porous glass saturated with
liquid water. The total time range to be covered with this
sort of sample system is four orders of magnitude from
100 ls to 1 s. The time dependence of the self-diffusion
coefficient of fluids in saturated and unsaturated porous
glasses is of particular interest since it provides information
on the topological constraints, the tortuosity of the pore
space and the exchange dynamics between the phases.
time

acquisitionRF

preparation diffusion

r1

2

(x)p (x)r

imaging

Fig. 1. The basic pulse sequence of the MAGROFI technique. The first
RF gradient pulse produces a magnetization grid that will be leveled by
diffusive displacements during the diffusion interval. Rotating-frame
imaging of the magnetization grid permits the evaluation of self-diffusion
coefficients and relaxation times.
2. Methodological background

2.1. The fringe-field stimulated echo technique

The principle of FFStE diffusometry is well-documented
in the literature [1–3] and will not be discussed in detail
here. We only mention that the RF pulse sequence used
in the experiments reads

p
2
� s1 �

p
2
� s2 �

p
2
� s1 � acquisition;

where s1 > T �2 and T �2 is the time constant of the FID atten-
uation in the presence of B0 inhomogeneities. For the sup-
pression of base-line offsets and undesired signals, the
following phase cycles was used:

First RF pulse x x �x �x x x �x �x;

Second RF pulse y �y x �x x �x y �y;

Third RF pulse y �y x �x x �x y �y:

The RF pulse width was 1.8 ls so that 1 mm thick slices of
the sample were excited in a fringe field gradient of 22 T/m.

For s2 intervals comparable with s1, the diffusion time is
defined by tdiff � 2

3
s1 þ s2 ¼ const (compare Table 19.1 in
Ref. [1], where the attenuation factors for diverse field gra-
dient diffusometry techniques are given). The influence of
transverse and longitudinal relaxation can be accounted
for either by employing one of the diverse self-compensat-
ing pulse sequences reported in the literature [17–19] or by
measuring the relaxation times separately and dividing the
stimulated-echo amplitude by the corresponding factors.
Since a well-defined diffusion time is of interest in the pres-
ent study, we have preferred the latter measuring protocol.

2.2. The MAGROFI technique

The MAGROFI technique is based on RF field gradi-
ents [12,13]. In the following the principles of this tech-
nique will be outlined in order to clarify how the
technique can be best adapted for time dependent diffusion
measurements. The basic pulse sequence of a MAGROFI
experiment is indicated in Fig. 1. Three intervals can be dis-
tinguished: preparation of the magnetization grid, diffusion
interval and imaging of the grid. A single RF coil produces
all RF pulses needed. That is, the spatial distribution of
their RF fields and consequently the field gradients are
identical. The RF flux density is assumed along the x 0 axis
in the frame rotating with the resonance frequency
xr = x0 = cB0. In the treatment, all interactions among
the spins will be neglected. It is also assumed that gradients
of the main magnetic field (B0 gradients) of external or
internal (i.e. susceptibility induced) origin neither affect
the excitation of the spins nor give rise to further diffusive
signal attenuation in the imaging interval. This implies that
all local offsets of the main magnetic field,
DB0ð~rÞ � Bð~rÞ � B0, should be negligible relative to the
amplitude of the RF field, B1ð~rÞ.

The shortest diffusion interval is limited by the free
induction decay time T �2. If s2 < 5 T �2, some hard-to-control
deviations from the proper coherence pathway would
occur. Diffusive displacements during the preparation and
imaging intervals (see Fig. 1) can be neglected if the RF
pulses are much shorter than the diffusion interval. Other-
wise, a formalism analogous to the well-known Stejskal/
Tanner treatment for finite field gradient pulses [1–3] may
be employed. In this case, the diffusion time is again
defined by tdiff � 1

3
s1 þ s2 ¼ const. In the following, we will

however assume the short-pulse limit s1� s2 for simplicity,
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so that diffusion effects during RF gradient pulses need not
be considered, and the diffusion time can be approximated
as tdiff � s2.

The effect of the first RF pulse on the equilibrium mag-
netization M0 is a precession around the x 0 axis of the
rotating frame. The local nutation angular frequency is
x1(x) = cB1(x) assuming that the gradient of the RF ampli-
tude is directed along the x axis of the laboratory frame.
The magnetization components after the preparation pulse
can be obtained for instance as solutions of Bloch equa-
tions [1]. The transverse components (i.e. spin coherences)
are spoiled in the diffusion interval by B0 gradients due to
imperfect shimming and transverse relaxation. The only
component that survives the interval s2 is the z 0 magnetiza-
tion, where longitudinal relaxation times long enough for
the generation of finite signals (T1� s1) are anticipated.
In the limit of short and intense RF gradient pulses, so that
the conditions

s1 � T 2 and x1 T 2 � 1 ð1Þ
are fulfilled (T2 is the transverse relaxation time), the local
z 0 magnetization at t = s1, immediately after the prepara-
tion pulse of variable duration s1 is given by [12,13]:

Mz0 ðx; s1Þ � M0 cos½cB1ðxÞs1�: ð2Þ
In the interval s2, diffusive displacements of the molecules
tend to level the z 0 magnetization grid created by the first
RF pulse. Independently of diffusion, longitudinal relaxa-
tion further modifies the magnetization grid with the ten-
dency to reach homogeneously the equilibrium
magnetization. Assuming a Gaussian distribution of dis-
placements [1] characterized by a diffusion coefficient, D,
the z 0 magnetization at the end of the diffusion interval is
given by [12,13],

Mz0 ðx; s1 þ s2Þ ¼ M0 cos½cB1ðxÞs1�e�D½cG1ðxÞ�2s2
1
s2 e
�s2

T 1

þM0ð1� e
�s2

T 1Þ; ð3Þ

where T1 is the longitudinal relaxation time and
G1(x) = |oB1(x)/ox| is the local magnitude of the B1 gradi-
ent. The first term in the above expression represents the
partially leveled magnetization grid while the second term
refers to the fraction of magnetization recovered by longi-
tudinal relaxation.

In the derivation of the above expression it has been
assumed that the local gradient is constant over regions
larger than the root mean squared displacement in the dif-
fusion interval. Note that, the magnetization is to be mea-
sured with spatial resolution so that diffusivities are
determined locally. In principle, the diffusion coefficient
may be different for different x positions but the propaga-
tor that describes the molecular migration must always be
Gaussian.

The second RF pulse (reading pulse) of variable dura-
tion sr transfers the longitudinal magnetization, Eq. (3),
into a longitudinal and a transverse component. Again,
the effects can be accounted for by solving the Bloch equa-
tions [1]. The only component of the magnetization that
produces signals in the receiver coil is the transverse com-
ponent. In the limits described by Eq. (1), the transverse
component after the application of the reading pulse is
given by

My0 ðx; s1 þ s2 þ srÞ ¼ M0 cos½cB1ðxÞs1�e�D½cG1ðxÞ�2s2
1
s2 e�

s2
T 1

n

þM0 1� e
�s2

T 1

� �o
sin½cB1ðxÞsr�: ð4Þ

The signal, i.e., the amplitude of the free-induction decay
following the RF pulse is a superposition of signals of all
volume elements along the B1 gradient direction (here x

direction). This represents an average of the transverse
component over the sample dimensions and is proportional
to

SðsrÞ ¼
Z

sample

f ðxÞ M0 cos½cB1ðxÞs1�e�D½cG1ðxÞ�2s2
1
s2 e
�s2

T 1

n

þM0 1� e
�s2

T 1

� �o
sin½cB1ðxÞsr�dx: ð5Þ

The factor f(x) accounts for the distribution of the detec-
tion sensitivity of the coil.

According to Eq. (5) the magnetization grid shape func-
tion can be reproduced by Fourier transformation to the x
domain. Note however that if the RF gradients are not
constant but position dependent, a simple numerical FFT
procedure cannot be applied for extracting the magnetiza-
tion grid. In this case the magnetization grid can be
obtained from the integral

R
SðsrÞeicB1ðxÞsr dsr over the whole

time domain (acquisition interval). This situation applies
also to our RF coil.

The rotating frame images of the magnetization grid
permit the evaluation of the local diffusion coefficients pro-
vided that the local gradients, G1(x), are known. If the RF
gradients are inhomogeneous, i.e. if B1(x) is not a linear
function of x, the spatial distribution of the RF field has
to be accounted for in the Fourier transform. The B1(x)
distribution can either be calculated from the coil geometry
or measured by conventional B0 gradient imaging tech-
niques monitoring the excitation distribution induced by
the RF coil.

In order to obtain a one-dimensional image of the
magnetization grid for a given diffusion time, transients
with incremented reading pulse lengths sr must be recorded
as Eq. (5) suggests. This may be a time consuming proce-
dure. It is therefore more favorable to employ the fast, sin-
gle-shot variant described in Refs. [13,16]. The method
consists of a series of short gradient pulses with narrow
intervals in between permitting the stroboscopic acquisi-
tion of data points of the pseudo FID (see Fig. 2). Each
RF pulse can be understood as an increment of the previ-
ous RF pulses taken together. Thus the whole information
needed for the Fourier transform evaluation of the magne-
tization grid can be recorded in one transient of the pulse
train. In principle, RF gradient techniques are well suited
for chemical shift resolved diffusion studies. However, this
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Fig. 2. Practical RF gradient pulse scheme of the MAGROFI experiment
used in the present study. The preparation pulse is incremented in
subsequent transients from a starting value of 180 ls in 32 steps of
sr = 20 ls each. The magnetization grid produced by the preparation pulse
is read after the diffusing interval by a rapid rotating frame imaging
technique. The compensation pulse stretches the magnetization grid
effectively imaged so that the wavelength of the modulation is always
constant independent of the preparation pulse length.
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option must be sacrificed when employing pulse trains such
as the one described above.

In a typical MAGROFI diffusion experiment, the signal
is recorded as a function of the width (or amplitude) of the
preparation pulse. That is, the width (or the amplitude) of
the preparation RF pulse is incremented in subsequent
experiments [12]. After the interval s2, the grid is rendered
as an image, and the magnitude of the magnetization is
measured at the desired position. From such data, the dif-
fusion coefficient is evaluated according to

Aðx; s1Þ ¼ A0 cos½cB1ðxÞs1�e�D½cG1ðxÞ�2s2
1
s2 e
�s2

T 1 : ð6Þ
This, however, may be a tedious procedure since the grid
modulation wavelength varies with the preparation pulse
length (see Eq. (4)).

It is therefore more practical to employ a compensation
RF pulse prior to the reading pulse. The compensation
pulse is varied in the same way as the preparation pulse.
The grid image rendered in this way thus has always the
same wavelength (see Fig. 2), and the evaluation of diffu-
sion coefficients can be focused on the region of interest.
The compensation pulse makes up for the variable part
of the preparation pulse before the grid is imaged using
the rapid rotating frame imaging method [13,16]. Note that
in this case the diffusion time must be defined as
tdiff � 1

3
s1 þ s2 þ 1

3
s3 ¼ const due to the presence of a third

diffusion period s3.

3. The experimental implementation and results

All experiments were carried out at room temperature
and at 9.4 T using a conventional Bruker spectrometer with
a 89 mm bore. The sample, a porous silica glass termed
VitraPor#5 was purchased from ROBU Glasfilter-Geräte
GmbH, Germany. The nominal mean pore size is
d = 1 lm (±0.6 lm), the specific surface area is 1.75 m2/g,
and the porosity is specified as U = 0.43. The samples were
pretreated as suggested by the manufacturer (see Ref. [20])
and then saturated with distilled water.

For the fringe field stimulated echo measurements an
ordinary high-power probe with a solenoid RF coil was
placed about 15.5 cm below the middle of the magnet. At
this position, a steady field gradient of 22 T/m at
375 MHz proton resonance frequency was reached. The
gradient was calibrated by measuring the diffusion coeffi-
cient of bulk water at room temperature. The thickness
of the selected slice of the sample was 1 mm. The fringe
field flux density was measured with the aid of a home
made Hall probe.

In order to measure the echo attenuation due to diffu-
sion, the interval s1 was varied between 10 and 80 ls in
32 steps. Since T �2 � 1:2 ls in the presence of the strong
fringe field gradient, extremely short diffusion times could
be examined. Under the conditions of our samples, this
turned out to be about 100 ls. Even shorter diffusion times
would be reachable if the maximum fringe field gradient of
our magnet, 60 T/m, would have been employed. However,
under such experimental conditions, the detection sensitiv-
ity is much worse and does not permit sensitive studies of
porous glasses especially if partially filled.

In order to produce favorable B1 gradients for the
MAGROFI technique, the RF coil of an ordinary probe-
head of the system was replaced by a conic coil (see
Fig. 3a). The same coil was used for detection and rotating
frame imaging. The dimensions and number of turns of the
coil together with the position and dimensions of the cylin-
drical sample are given in Fig. 3a. The B1(x) field distribu-
tion on the coil axis was measured by imaging a disc
shaped sample of 0.5 mm thickness. With the aid of a
mechanical device, this test sample was manually moved
along the coil axis. The B1 value at each position on the coil
axis was determined from the image of the sample using the
MAGROFI pulse sequence without preparation pulse.
From the spatial distribution of the B1 values, local RF
gradients G1(x) were evaluated. The data for B1(x) (circles)
and G1(x) (continuous line) are shown in Fig. 3b. Calcula-
tions based on Biot/Savart’s law confirmed that the homo-
geneity of the B1(x) and G1(x) values in planes
perpendicular to the coil axis are homogeneously distribut-
ed within the lateral area occupied by the samples.

The RF gradient preparation pulse was varied between
180 and 820 ls in 32 steps. The compensation pulses were
synchronously increased between 0 and 640 ls. One-dimen-
sional rapid rotating frame images were rendered by
acquiring a pseudo free-induction decay with a train of
200 pulses, each of 2 ls duration followed by stroboscopic
acquisition of the signals between the pulses. The Fourier
transform of the pseudo free-induction decay produces
the magnetization distribution as schematically shown in
Fig. 2. The B1(x) field distribution given in Fig. 3b was
used for the numerical Fourier transformation procedure.
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Fig. 3. (a) The conic coil used for the generation of the RF gradient field. (b) The measured amplitude of the RF magnetic flux density B1 (circles) at
different positions along the coil axis and the calculated local B1 gradient (continuous line). The B1 data have been measured by NMR imaging with the aid
of a 0.5 mm thick water sample mechanically shifted in 36 steps along the coil axis. The G1 values were derived numerically from the B1 data.
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The decay curves were found to be monoexponential in
the frame of the experimental accuracy as expected for con-
stant gradients in the evaluated region of interest. The dif-
fusion coefficient was finally evaluated on the basis of Eq.
(6). The shortest diffusion time is determined by T �2, as dis-
cussed above.

Fig. 4 shows experimental data recorded with the FFStE
and MAGROFI diffusometry techniques on water saturat-
ing Vitrapor#5 porous sample and bulk water. The data
coincide in the overlap regions of the applicability of the
two methods. This demonstrates that results acquired with
these methods are equally reliable. Moreover, the correct-
ness of the experimental protocol and of the definition of
the diffusion time at short pulse intervals is corroborated
in this way.
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Fig. 4. Diffusion coefficient of water in saturated VitraPor#5 and in bulk
at room temperature versus the effective diffusion time tdiff. In the case of
saturated VitraPor#5 sample geometrical restrictions more and more
obstruct diffusion with increasing diffusion time. The triangles indicate the
data measured with the FFStE technique. The circles refer to the
MAGROFI technique. The diffusion times for the FFStE and MAGROFI
techniques defined by tdiff ¼ 2

3
s1 þ s2 and tdiff � 1

3
s1 þ s2 þ 1

3
s3, respective-

ly, account for echo attenuation by diffusion during the encoding intervals.
They were kept constant in each experiment.
The accessible diffusion time windows are shifted rela-
tive to each other. The shortest diffusion times can be
probed with the fringe field stimulated echo method. It is
demonstrated that under the conditions of samples like
water, diffusion times less than 100 ls can safely be
reached. On the other hand, due to the finite switching
and eddy current settling times, the conventional pulsed
field gradient stimulated echo technique turned out to fail
with diffusion times below 10 ms.

The short-time limit of the MAGROFI diffusometry
method is determined by the condition s2 � T �2 and the
assumption of negligible diffusion and relaxation effects
during the RF gradient pulses. The long-time limit is com-
monly determined by spin-lattice relaxation, that is in the
case of our sample tdiff � 1 s.

4. Discussion and conclusions

Two different field gradient NMR diffusometry tech-
niques have been compared in the context of a study of
the time dependence water diffusion in saturated porous
glasses. The quality of the diffusion data is comparable in
both cases. However, the ranges of the accessible diffusion
times strongly deviate from each other. That is, if a partic-
ularly wide experimental diffusion time window is required,
one has to combine the two techniques. In the present
study, we have demonstrated that the combination of
FFStE and MAGROFI diffusometry methods permits
one to cover four orders of magnitude of the diffusion time.

The techniques are limited at short diffusion times by the
magnitude of the available field gradient and by the FID
decay time T �2. In this respect, the FFStE is optimal and
definitely superior to the MAGROFI method. Under the
present conditions, the shortest diffusion time for which
MAGROFI provided reliable results was 5 ms compared
to 100 ls in the FFStE case.

Another question is how demanding and costly the
experimental set-up is to reach the desired specifications
of the system. Both with the FFStE and MAGROFI tech-
niques, no special hardware such as pulsed gradient units
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and gradient coils are needed. Solid state NMR spectrom-
eters can be used in the standard configuration apart from
potentially some minor modifications of probeheads.

The MAGROFI technique is based on RF field gradi-
ents. Unlike the rotary echo method discussed in Refs.
[4–6], the gradients need not be constant. Since a rotat-
ing-frame imaging technique is used, diffusion coefficients
can be evaluated at a desired position along the gradient
direction based on the local B1 gradient value. This facili-
tates the design of RF gradient coils for specific applica-
tions. In principle, even standard RF coils with
solenoidal geometry, for instance, can be used without
any modification by placing the sample in the fringe field
of the coil where the B1 gradient is strong enough.

The switching times of RF pulses are intrinsically short.
Eddy currents in metal components of the probehead are
not excited perceptibly. No magnetic susceptibility force
impulse is exerted on the sample by RF gradient pulses.
The preparation interval is kept as short as principally pos-
sible. The latter means that instead of exciting coherences
by a 90� pulse, applying a B0 gradient pulse, and ‘‘storing’’
the encoded transverse magnetization along the z 0 direction
with the aid of the second 90� pulse of the FFStE sequence,
a single RF gradient pulse is applied in the preparation
interval of the MAGROFI technique.

A further point to be mentioned here is that B1 gradient
techniques are not susceptible to artifacts by B0 field inho-
mogeneities caused by magnetic susceptibility distributions
or simply imperfect shimming. The only condition is that
the RF amplitude is larger than the field offsets in the sam-
ple [21]. This point is of particular importance for more
recent developments of so-called unilateral NMR applica-
tions where B0 fields are intrinsically inhomogeneous [22].
Acknowledgments

This work was supported by the Alexander von Hum-
boldt Foundation, the Deutsche Forschungsgemeinschaft
and the Romanian MEC.
References

[1] R. Kimmich, NMR Tomography, Diffusometry, Relaxometry,
Springer-Verlag, Berlin, 1997.

[2] J. Kärger, H. Pfeifer, W. Heink, Principles and applications of self
diffusion measurements by nuclear magnetic resonance, Adv. Magn.
Reson. 12 (1988) 1–89.

[3] I. Ardelean, R. Kimmich, Principles and unconventional aspects of
NMR diffusometry, Annu. Rep. NMR Spectrosc. 49 (2003) 43–115.
[4] D. Canet, Radiofrequency field gradient experiments, Prog. NMR
Spectrosc. 30 (1997) 101–135.

[5] F. Humbert, M. Valtier, A. Retournard, D. Canet, Diffusion
measurements using radiofrequency field gradient: artifacts, remedies,
practical hints, J. Magn. Reson. 134 (1998) 245–254.

[6] R. Dupeyre, Ph. Devoulon, D. Bourgeois, M. Decorps, Diffusion
measurements using stimulated rotary echoes, J. Magn. Reson. 95
(1991) 589–596.

[7] P. Maffei, P. Mutzenhardt, A. Retournard, B. Diter, R. Raulet, J.
Brondeau, D. Canet, NMR microscopy by radio-frequency field
gradients, J. Magn. Reson. A 107 (1994) 40–49.

[8] I. Ardelean, A. Scharfenecker, R. Kimmich, Two pulse nutation
echoes generated by gradients of the radiofrequency amplitude and of
the main magnetic field, J. Magn. Reson. 144 (2000) 45–52.

[9] I. Ardelean, R. Kimmich, A. Klemm, The nutation spin echo and its
use for localised NMR, J. Magn. Reson. 146 (2000) 43–48.

[10] A. Scharfenecker, I. Ardelean, R. Kimmich, Diffusion measurements
with the aid of nutation spin echoes appearing after two inhomoge-
neous radiofrequency pulses in inhomogeneous magnetic fields, J.
Magn. Reson. 148 (2001) 363–366.

[11] D. Topgaard, A. Pines, Self-diffusion measurements with chemical
shift resolution in inhomogeneous magnetic fields, J. Magn. Reson.
168 (2004) 31–35.
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technique for spatially resolved diffusion and flow studies in the
fringe field of RF probe coils, J. Magn. Reson. A 118 (1996) 78–83.

[14] J.P. Boehmer, R.I. Prince, R.W. Briggs, The cone coil, an RF
gradient coil for spatial encoding along the B0 axis in rotating-frame
imaging experiments, J. Magn. Reson. 83 (1989) 152–159.

[15] K. Woelk, B.L.J. Zwank, P. Trautner, E. Lehnhof, J. Bargon, R.J.
Klingler, R.E. Gerald II, J.W. Rathke, Finite-difference approach for
the high precission analysis of rotating-frame diffusion images, J.
Magn. Reson. 145 (2000) 276–290.

[16] P. Trautner, K. Woelk, Improved strategies for NMR diffusion
measurements with magnetization grating rotating frame imaging
(MAGROFI), Phys. Chem. Chem. Phys. 4 (2002) 5973–5981.

[17] R. Kimmich, E. Fischer, One- and two-dimensional pulse sequences
for diffusion experiments in the fringe field of superconducting
magnets, J. Magn. Reson. A 106 (1994) 229–235.

[18] D.E. Demco, A. Johansson, J. Tegenfeldt, Constant-relaxation
methods for diffusion measurements in the fringe field of supercon-
ducting magnets, J. Magn. Reson. A 110 (1994) 183–193.

[19] E. Fischer, R. Kimmich, Constant time steady gradient NMR
diffusometry using the secondary stimulated echo, J. Magn. Reson.
166 (2004) 273–279.

[20] I. Ardelean, G. Farrher, C. Mattea, R. Kimmich, Nuclear magnetic
resonance study of the vapour contribution to silica glasses with
micrometer pores partially filled with liquid cyclohexane and water, J.
Chem. Phys. 120 (2004) 9809–9816.

[21] R. Raulet, J.M. Escanye, F. Humbert, D. Canet, Quasi-immunity of
B1 gradient NMR microscopy to magnetic susceptibility distortions,
J. Magn. Reson. A 119 (1996) 111–114.
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1. Introduction 
 

Molecular dynamics in liquids under confinement in 
systems with restricted geometry is known to be very 
different from that in bulk. Both the geometry of the 
solid matrix and the interactions with the surface are 
influencing the molecular dynamics. One of the key 
parameters that characterize the displacements of 
molecules under confinement and consequently reflect 
the molecular dynamics is the self-diffusion coefficient. 
This parameter can be measured in a completely 
noninvasive way by nuclear magnetic resonance (NMR) 
techniques [1].  

Variation of the molecular concentration in pores 
may affect the diffusion process in an appreciable 
manner [2]-[4]. At low filling factors the exchange of 
molecules between liquid and vapor phase has to be 
considered in the diffusion process. Providing that some 
experimental conditions are reached the liquid vapor 
exchange may lead to enhancements in the diffusion 
coefficient up to one order of magnitude [2][3]. This 
enhancement is due to four orders of magnitude higher 

diffusivity of molecules in the vapor phase as 
compared with the liquid phase. Thus the lower density 
in the vapor phase is compensated.  

Depending on pores dimension and of the 
confined fluids the effects of the liquid-vapor exchange 
process on the stimulated echo attenuation can be 
described in three experimental limits: “fast 
exchange”, “general liquid-vapor exchange” and “slow 
exchange” limit (see Ref. [3] for detail). For diffusion 
times much longer than the mean lifetime of molecules 
in the liquid phase a “fast exchange” between the 
liquid and vapor phase can be assumed. In this case the 
molecular displacements can be characterized by an 
effective diffusion coefficient that is a weighted 
contribution of diffusivities in the liquid and vapor 
phase. If the mean lifetime of molecules in the liquid 
phase is of the same order of magnitude with the 
diffusion time the exchange phenomena can be 
considered in the “general exchange” description. 
Under these experimental conditions one can extract 
from the first part of the echo decay (low wave 
numbers) an effective diffusion coefficient similar with 



the case of fast exchange limit. In the “slow” exchange 
limit that corresponds to the much longer mean lifetimes 
of molecules in liquid phase in comparison with the 
diffusion time the echo attenuation is bi-exponential and 
the echoes intensity is dominated by the liquid phase 
contribution. In this case the vapor contribution cannot 
be detected. The mean lifetime of molecules in the liquid 
phase is a function of the filling factor and the polar or 
nonpolar character of the confined molecules. It should 
be also determined by fluid distribution inside pores in 
the form of puddles [5] or plugs [6].   

In the present work the spatial distribution of the liquid 
phase in a typical, partially filled, porous glass (VitraPor#5) 
will be examined with the aid of magnetic resonance 
microscopy and field gradient NMR diffusometry techniques. 
The correlation length of the material turned out to be long 
enough to permit the visualization of the microscopic 
heterogeneity of the material by MRI. The contrasts are 
dominated by transverse relaxation depending on the local 
filling degree, which in turn depends on the local 
microstructure. The bimodal heterogeneity of the latter was 
also visualized by scanning electron microscopy (not shown 
here). The effect of the heterogeneity on the effective diffusion 
coefficient will be examined for polar (water) and nonpolar 
(cyclohexane) molecules. 
 
2. Experimental 
 
A. Sample preparation 
 

The sample is Vitrapor#5 porous glass with the 
nominal mean pore size 1 µmd =  (± 0.6 µm). It was 
purchased from ROBU Glasfilter-Geräte GmbH, 
Germany and before filled was pretreated as suggested 
by the manufacturer. This includes 30 minutes of boiling 
in 30 % H2O2. The samples were then washed with 

distilled water and left in vacuum for 24 hours at 95oC. 
After that, the samples are considered to be dry with a 
nominal filling factor of zero. 

The adsorbate fluids, water and cyclohexane, were 
chosen as typical representatives of polar and non-
polar species. The water was demineralised. N-
cyclohexane was purchased from Fluka Chemika, 
Germany. The adsorbate fluids were filled into the 
porous glass using an adsorption or a desorption 
approach. In the adsorption approach the sample was 
exposed to a vapor atmosphere of the liquid to be filled 
into the pore network. The filling of the sample takes 
place by vapor condensation. No direct contact 
between the liquid in the container and the porous 
sample was allowed. The container was heated at 60 
°C to accelerate the filling procedure. In the desorption 
mode the sample was first saturated with the aid of the 
bulk-to-bulk method resulting in a filling factor 1. 
Afterwards the liquid was partially evaporated in a 
glove bag in a dry nitrogen atmosphere in order to 
avoid any contribution by water from the air humidity. 
The solvent content reached by both procedures is 
determined by weighing. After preparation the samples 
were placed in a sealed container with practically no 
empty space that would allow for further evaporation. 
All experiments were done only after about one our 
permitting the fluid to equilibrate with respect to phase 
distributions. After this period no changes were 
perceptible any longer.  
 
B. Instruments and techniques 
 

All NMR experiments were performed at 20°C on 
a Bruker DPX 400 spectrometer equipped with a 
microscopy gradient unit. The images were recorded 

 
 
 
Figure.1. Transverse cross-section of the VitraPor #5 sample partially filled with water (a) and cyclohexane (b) obtained with the three-
dimensional Fourier transform (3DFT) imaging technique. The filling factor is 0.6f =  and the measured k space data matrix was 

128 128 128× × . The parameters of the sequence were 1RT s= (repetition time), 2ET ms=  (echo time). The field of view was 
12.5r mm∆ = . 



using the three-dimensional Fourier transform (3DFT) 
imaging technique that is based on a Hahn echo pulse 
sequence (see Ref. [1], pag. 248, for detail). Diffusion 
measurements have been done using both the 
conventional pulsed gradient stimulated echo technique 
(PGStE) [1] and an unconventional “magnetization grid 
rotating frame imaging” (MAGROFI) technique. The 
MAGROFI technique is based on gradients of the radio 
frequency (RF) amplitude and is described in detail in 
Ref. [7]. Recently, we have shown that this technique 
can be used for reliable time dependent diffusion 
measurements of fluids confined in porous media [8]. 
The main advantage of MAGROFI technique is its 
insensitivity to the internal gradients that may appear in 
porous media due to the susceptibility differences. 

 
3. Results and discussion 
 
a) Imaging experiments 
 

We have imaged, after equilibration, water and 
cyclohexane in saturated (filling factor 1f = ) or 
partially filled ( 0.6f = ) porous samples of VitraPor#5. 
In the case of saturated sample no heterogeneities in the 
liquid distribution was observed. That is no spin density 
or 2T  variation over the sample could be detected in a 
length scale much larger the pores dimension. In the case 
of partially filled sample the liquid distribution was 
heterogeneous. “Spots” of different dimension and shape 
located in different position were observed (see Fig.1). 
The position, dimension and shape of the observed spots 

was always the same for a given porous sample 
independent of the filling procedure (adsorption or 
desorption) or the filled liquids (water or cyclohexane) 
Moreover these spots were stabile over long periods of 
time (weeks) and temperature variation. That means 
the heterogeneous distribution cannot be associated 
with formation of drops inside the sample due to 
competition between cohesion and adhesion forces. 
They wouldn’t be stable and possibly temperature 
dependent and history dependent.  

The above observations lead us to the 
conclusion that the heterogeneous distribution of water 
and cyclohexane in partially filled porous sample 
arises due to the sample heterogeneity. This 
heterogeneity can be associated with different pore 
sizes, porosity and tortuosity in different positions over 
the sample. Taking into account the fact that the 
images are 2T  weighted the presence of spots may 
indicate a longer transverse relaxation time in the spots 
region. This phenomenon can arise for instance due to 
higher filling factors in that regions.  

 
 
b) Diffusion experiments 
 

The effective diffusion coefficient was measured 
for water and cyclohexane filling the VitraPor#5 
sample as a function of the filling factor using both 
PGStE and MAGROFI technique. The diffusion time 
was chosen to be 200 ms as in our previous studies [3], 
and this corresponds to the “general liquid-vapor 
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Figure 2. The effective diffusion coefficient versus the filling factor in the case of water (a) and cyclohehane (b) in VitraPor#5 sample. The data have 
been measured with the MAGROFI (squares) and PGStE (circles) technique. The difference in the measured values provided by the two techniques is 
a consequence of their different detection sensitivity for regions with short 2T  



exchange” description. Consequently the effective 
diffusion coefficient was extracted from the first part 
(exponential) of the decay curve both in the case of 
PGStE and MAGROFI measurements. The results are 
shown in Fig.2. One can observe a clear difference in the 
behavior of diffusion data obtained with PGStE 
technique (circles) as compared with MAGROFI 
technique (squares). While PGStE data indicate a decay 
followed by an increase of the diffusion coefficient for 
reduced filling factor, in the case of MAGROFI data 
only the increase of the diffusion coefficient has been 
observed. This is a clear indication of that the two 
techniques “see” different parts of the sample. In the 
case of PGStE technique the technical limitations restrict 
the observation of regions with relaxation times shorter 
than 2 ms while regions with transverse relaxation times 
down to 500 µs are accessible by MAGROFI technique. 
 
4. Conclusions 
 
 Due to minor heterogeneities in the porosity and 
pore sizes of VitraPor #5 sample we effectively have two 
regions of different filling degrees and porosities. The 
size of these regions is determined by the correlation 
length of the porous sample and is much larger than the 
root mean squared displacements in our experiments. 
 The first region corresponds to that with low 
intensities visualized in NMR imaging experiments due 
to the low filling factors, large susceptibility 
inhomogeneities and shorter 2T .  Due to the short 2T  that 
protons experience in this region, they do not contribute 
to the NMR signal in the PGStE diffusometry. This 
region seems to provide large effective diffusion 
coefficients due to the large contribution by the vapor 
phase as measured in the MAGROFI experiments.  
 The second region corresponds to the “spots” 
visualized (or not) in our MRI experiments. It is 
characterized by slightly higher filling factor, little 
susceptibility inhomogeneities and long 2T  that allows it 
to be detected both in PGStE and MAGROFI 
experiments. In this region the vapor phase seems to 
have a smaller contribution to the effective diffusivity so 
that smaller effective diffusion coefficients are measured 
(Fig.2). The total amount of liquid that is contained in 
the spots region of the sample seems to be much smaller 
than that contained in the remaining part. One argument 
for this conclusion is that the signal in MAGROFI 
experiment is dominated by the regions with lower 
filling factors, which was experimentally observed by 
comparing the amplitudes of the signals in both 
techniques. 
 Imaging experiments on partially filled Vycor 
porous samples (4 nm pores diameter) could not reveal 
the presence of spots. The reason for such a result is that 
the correlation length of the porous microstructure is 

much shorter than the spatial resolution of NMR 
imaging experiments.  
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Abstract 
 

NMR microscopy of microporous silica glasses (VitraPor#5) partially filled with water 
or cyclohexane reveal heterogeneous distributions of the liquid on a length scale much longer 
than the pore dimension. This is attributed to the spatial variation of the granular 
microstructure visible in electron micrographs. As a consequence of the inhomogeneous 
filling degree, the effective transverse relaxation time varies, which in turn leads to NMR 
imaging contrasts. Self-diffusion in partially filled porous systems is known to be strongly 
affected by the vapor phase. The objective of the present paper is to study this effect and its 
dependence on the diffusion time under the heterogeneous conditions of our samples. Since 
the spatial distribution of the transverse relaxation time prevents reliable measurements with 
the standard pulsed gradient stimulated echo technique, a combination of the fringe field 
stimulated echo method on the one hand and the magnetization grid rotating frame imaging 
technique (MAGROFI) on the other was employed. Four decades of the diffusion time from 
100 µs to 1 s can be covered on this basis. The data were compared with Monte Carlo 
simulations of a model structure showing a qualitatively equivalent behavior in the common 
time window. The contribution of the vapor phase to the effective diffusivity is shown to be 
particularly efficient on a diffusion time scale corresponding to root mean squared 
displacements of the order of the pore dimension.  
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I. Introduction 

Unsaturated porous media are systems of coexisting liquid and vapor phases subject to 

geometrical restrictions by a pore network, molecular exchange, and adsorption and 

desorption processes. The consequence is that the effective diffusion coefficient tends to be a 

function of the diffusion time t. A time dependent diffusion coefficient is defined by  

 2( ) ( ) 6D t r t t= , (1) 

where 2 ( )r t  is the mean squared displacement of molecules. The time dependence is of 

particular interest because it globally reflects the spatial distribution of the liquid in the pore 

space, the molecular exchange rates, the polarity of the liquid and the pore walls, and the 

geometrical character of the confining pore space. The objective of the present study is to 

examine these factors both experimentally using suitable NMR diffusometry techniques and 

with the aid of computer simulations. 

Apart from treatments of model unspecific limits of time-dependent diffusion 

coefficients1-3 and scaling arguments for certain percolation and fractal models4, first-

principle theoretical descriptions of diffusion in partially filled pore spaces are rare. The 

reason is the complex nature of the microstructure that cannot be expressed in simple terms. 

Monte Carlo simulations are therefore a good way to relate and compare experimental data 

with model treatments.  

There is a number of models for the spatial fluid distribution in partially filled porous 

media5,6. These morphology models often refer to structure units such as plugs, puddles, 

surface layers of constant thickness, etc., which seem to be of a somewhat artificial character. 

In the present study, we therefore try to model the spatial distribution of the fluid in a more 

natural way: Assuming a granular type of the porous matrix (as it occurs in typical porous 

silica glasses) and considering more or less overlapping liquid surface layers produces 

structure elements such as plugs, interface layers of varying thickness, and droplet-like 

accumulations of the liquid phase “automatically”. Monte Carlo simulations of molecular 

diffusion in this sort of model system will be the main tools for the interpretation of the 

experimental NMR results. 

 Porous silica glasses are random objects intrinsically implying spatially fluctuating 

heterogeneities of the local pore size, the local magnetic susceptibility, the local transverse 

relaxation time of the fluid, the local diffusion coefficient and other properties. Spatial 

correlation functions can be defined as ( ) ( )0 0f r f r r+ , where ( )f r  is a property of the 

porous medium at the position r . The function ( )f r  can be the fluctuating part of any of the 
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quantities mentioned above. Assuming a vanishing ensemble average for the spatial 

fluctuations, that is ( ) 0f r = , and coarse grain isotropy, we can restrict ourselves to an 

arbitrary direction, for example x. The correlation length of any of those quantities is then 

defined by  

 
( ) ( )

( )
0 0

2
0 0

c

f x f x x
l dx

f x

∞ +
≡ ∫ . (2) 

If the spatial correlation function is monoexponential, this definition is consistent with 

( ) ( ) ( ) ( )2
0 0 0/ exp / cf x f x x f x x l+ = − . 

 The correlation length may vary in an extremely wide range depending on the 

material. It will be shown that the porous glass mainly studied in the present paper, 

VitraPor#5, with a nominal pore size of about 1 µm is subject to heterogeneities almost 

approaching the sample size. The spatial variation of the fluid properties thus can readily be 

studied in the frame of the spatial resolution of magnetic resonance microscopy.7,8 It is one 

more aspect of the present study to demonstrate material heterogeneities relevant for NMR 

parameters and to compare them with scanning electron micrographs as far as available for 

systems with different nominal pore size and preparation history.  

 One may speculate that the correlation length characterizing the extension of the 

spatial fluctuations scales with the nominal pore size. That is, porous glasses such as the well-

known and frequently studied Vycor with a nominal pore size of 4 nm may be subject to the 

same sort of heterogeneities, which however are scaled down to a correlation length below the 

spatial resolution of magnetic resonance microscopy. The use of a porous glass with pores in 

the µm regime thus permits one to explore the nature of the heterogeneities and their 

influence on measuring quantities such as the diffusion coefficient.  

NMR signals of unsaturated porous media tend to be dominated by the magnetization of 

the liquid phase. The reason is that the density of the vapor phase under normal conditions is 

three orders of magnitude less than that of the same species in the liquid phase. However, the 

situation changes dramatically with respect to translational diffusion of the fluid. The bulk 

diffusivity at room temperature in the gas phase is four orders of magnitude larger than in the 

liquid phase. Several investigations have demonstrated the contribution or even dominance of 

the vapor phase contribution to the effective diffusion coefficient in unsaturated porous 

media. 5,9-15 The vapor phase contribution to translational diffusion largely depends on the 

exchange rates between the two phases. Analytical treatments of different exchange limits can 

be found in Refs. 15,16.   
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II. Methods and materials 

 

A) NMR diffusometry techniques 

 Apart from the standard pulsed gradient spin echo (PGSE) technique,17 there is a 

choice of other NMR diffusometry methods of interest for porous materials.18 Since we are 

interested in the time dependence of the diffusion coefficient, the techniques should be 

particularly flexible in this respect. Another important condition is the insensitivity to internal 

gradients and to distributions of the local transverse relaxation time 2T . As suggested in a 

previous study,19 a particularly favorable combination of NMR diffusometry methods is the 

fringe field stimulated echo (FFStE) technique20,22 for relatively short diffusion times 

(100 µs 10 ms< <t ), and the magnetization grid rotating frame imaging (MAGROFI) 

variant19,23,24 for long diffusion times (10 ms <  < 1 st ). The former is insensitive to internal 

gradients due to the large external field gradient employed (up to 60 T/m in our case), the 

latter because of the use of gradients of the radio frequency amplitude, which is practically 

not affected by inhomogeneities of the magnetic susceptibility. Owing to the extremely short 

coherence evolution intervals of the FFStE method and the fact that the MAGROFI technique 

is essentially based on the evolution of the longitudinal magnetization, ensure that transverse 

relaxation in general and distributions of the local 2T  in particular are of negligible influence. 

Figure 1 shows the pulse schemes for the NMR diffusometry experiments in this study. 

The fringe-field stimulated echo pulse sequence (Fig.1a) consists of three radio frequency 

(RF) pulses. The spin coherences evolve in the presence of the steady external gradient G  of 

the fringe field of a superconducting magnet. In the present experiments, the field gradient 

was chosen to be 22 T/m=G .  

The attenuation factor of the stimulated echo following the third RF pulse is given by8 

 ( )
1 2

2 2 2 2
1 1 23 2 1

2

0
D G T TA A e e e

τ τ
γ τ τ τ − −− += , (3) 

where D  is the diffusion coefficient, γ  is gyromagnetic ratio and 1T  and 2T  are the 

longitudinal and transverse relaxation times, respectively. Note that diffusive displacements 

during the interval 1τ  (see Fig. 1a) can be neglected as long as the condition 1 2τ τ  is 

fulfilled, so that the diffusion time can be equated with 2τ . On the other hand, if the 2τ  

interval is comparable with 1τ , the diffusion time can be defined by 2
1 23τ τ≡ +difft  which is to 

be kept constant in an experiment (see Ref. 19).  
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The time interval 1τ  was varied from 10 µs to 106 µs in 32 steps. Due to the fringe field 

gradient, *
2T  was extremely short ( 1.2 µs≈ ). That is, diffusion times as short as 100 µs could 

be reached easily, and the FFStE diffusion time window covers the range 100 µs to 10 ms. 

The influence of transverse and longitudinal relaxation was eliminated by repeating exactly 

the same pulse experiment in a homogeneous field of practically the same strength. Division 

of the stimulated echo amplitudes with and without field gradient then provides the echo 

attenuation factor due to diffusion alone. Alternatively self-compensating pulse sequences can 

be employed as reported in Refs 20-22. 

The principle of the MAGROFI method is schematically shown in Fig.1b. The technique 

is based on gradients of the RF amplitude25. In the preparation interval, a magnetization grid 

(or grating) is prepared. A diffusion interval follows. After compensation of the evolution due 

to the increments of the preparation interval, the longitudinal magnetization distribution is 

imaged using a rapid rotating frame imaging technique.  

The width of the preparation and compensation pulses was synchronously incremented 

in 32 steps of 30 µs each. The initial duration of the preparation pulse was 180 µs. After the 

interval 3τ  (see Fig. 1b), one-dimensional rapid rotating frame images were rendered by 

acquiring the pseudo free-induction decay (FID) with a train of 200 pulses, each of 2 µs 

duration followed by stroboscopic acquisition of the signals between the pulses. The Fourier 

transform of this pseudo FID provides an image of the z-magnetization that is attenuated by 

relaxation and diffusion phenomena. The diffusion coefficient is evaluated according to19 

 [ ] [ ]
2

2 2
1 1 2 1( )

1 0 1 1( , ) cos ( ) D G x TA x A B x e e
τ

γ τ ττ γ τ
−

−= . [4] 

Here 1( )B x  is the local amplitude of the RF field and 1 1( ) ( ) /G x B x x= ∂ ∂  the corresponding 

gradient. These quantities were evaluated as described in Ref. 19. In Eq. [4], diffusive 

displacements during the preparation and imaging intervals (see Fig. 1b) have been neglected. 

Otherwise, a formalism analogous to the Stejskal/Tanner treatment17 for finite field gradient 

pulses must be employed. In the case of our samples, the total time window accessible by the 

MAGROFI technique ranges from 10 ms to 1 s. 

Note that Eq. [4] does not depend on the transverse relaxation time 2T . That is, 

MAGROFI diffusometry is not only insensitive to internal field gradients but also to  

transverse relaxation. More detailed descriptions and discussions can be found in Refs 

19,23,24.  
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B) NMR microscopy techniques 

 NMR micrographs were recorded using the standard three- (3DFT) or two-

dimensional (2DFT) Fourier transform imaging techniques, which is based on Hahn echo 

pulse sequences (see Refs 7 or 8 for details). Cross sectional images are rendered in Figs 2 

and 3. All parameters of the sample preparation and of the image acquisition are given in the 

legends or are specified directly in the images.   

 

C) Instruments and Samples  

The NMR experiments were performed at 20°C on a Bruker DSX 400 NMR 

spectrometer equipped with a microscopy gradient unit, and on a Bruker DPX 400 modified 

for solid state NMR. The proton resonance frequency of the former instrument was 400 MHz. 

The maximum strength of gradient pulses achievable with this instrument both for imaging 

and diffusometry was 1 T/m.  

The probe for the FFStE experiments carried out at the DPX 400 magnet was tuned to 

375 MHz at a field gradient of 22 T/m at a position 15.6 cm below the center of the magnet 

(instead of 200 MHz at the maximum gradient of 60 T/m feasible with this sort of magnet26). 

The choice of a larger resonance frequency ensured good detection sensitivity while the fringe 

field gradient strength was still pretty large. The magnetic flux density and its gradient were 

first crudely measured with the aid of a homemade Hall probe. The gradient was then 

calibrated with the known diffusion coefficient of bulk water. 

In order to produce favorable 1B  gradients for the MAGROFI experiments, the RF coil 

of an ordinary probehead of the system was replaced by a conic coil19. Note that the same coil 

was used for detection and rotating frame imaging. 

Two different silica glasses with pores in the mesoscopic range have been studied:  

VitraPor#5 (nominal pore size 1 µm ± 0.6 µm; porosity 0.43) and Vycor (nominal pore size 4 

nm ± 0.6 nm; porosity 0.28). VitraPor#5 was purchased from ROBU Glasfilter-Geräte GmbH, 

Germany. Vycor VPQ # 7930 was purchased from Corning Ltd. The samples were pretreated 

as suggested by the manufacturer. This includes 30 minutes of boiling in 30 % H2O2. The 

samples were then washed with distilled water and left in vacuum for 24 hours at 95 oC. After 

that, the samples were considered to be dry. That is, the nominal filling factor was set 0f =  

under such conditions. 

A third system (sample III) was prepared in the Inorganic Chemistry department of 

Ulm University, and was only used for comparison as an example showing not the 
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heterogeneities characteristic for the silica glasses with a granular microstructure. Sample III 

had a bimodal pore size distribution with peaks at about 10 nm and 0.6 µm.  

The adsorbate fluids, water and cyclohexane, were chosen as typical representatives of 

polar and non-polar species. The water was demineralised. N-cyclohexane was purchased 

from Fluka Chemika, Germany. The fluids were filled into the porous glass either via  

adsorption (the dry material was placed in a saturated atmosphere until the desired filling 

factor was reached) or via desorption (the saturated material was exposed to a dry atmosphere 

until the desired degree of filling was established). In either case the filling factor was 

determined by weighing. In the “adsorption mode” (AM), the adsorbate was heated to 60 °C 

in order to increase the vapor pressure and hence to accelerate the uptake of the adsorbate in 

the porous material. In the “desorption mode” (DM), the sample was first saturated with the 

aid of the bulk-to-bulk method resulting in a filling factor 1. Afterwards the liquid in the pores 

was partially evaporated by putting the sample in a glove bag with a dry nitrogen atmosphere. 

In this way, any contact with the humidity of the air was avoided. After preparation, the 

samples were sealed in a sample container with practically no empty space that would allow 

for further evaporation. Extended annealing of the samples did not perceptibly affect the 

heterogeneous distribution of the liquid in the samples (see below). 

 

D) Simulation algorithm 

 Monte Carlo simulations of translational diffusion were performed for two- and three-

dimensional model pore spaces. The results obtained for two and three dimensions didn’t 

deviate from each other significantly. All simulation presented in this article therefore refer to 

two dimensions. Up to 100,000,000 molecular steps of a length corresponding to 1 nm and 

100 nm in the liquid and vapor phases, respectively, were simulated using the random number 

generator routine ran3 described in Ref. 27. The difference of two orders of magnitude in the 

step length between the two phases corresponds to four orders of magnitude larger diffusion 

coefficients known for gases relative to liquids.  

 The number of fluid molecules considered in the simulation was varied for different 

diffusion times. For very short times beginning with 125 ps , 10,000,000 particles were 

necessary to obtain the same statistical accuracy as for long times up to 12.5 ms , where only 

1,000 particles were sufficient.  

 The two-dimensional pore space is defined in a plane with orthogonal Cartesian 

coordinate axes for x and y. For each molecular step, two random numbers x and y were 

randomly generated between -1 and +1. The step coordinates are then calculated as  
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2 2 2 2

;     x yx y
x y x y

∆ = ∆ =
+ +

. (5) 

The step was cancelled if it leaves the predefined pore space. The mean-squared displacement 

starting from a randomly chosen initial position was determined as a function of time, and the 

time-dependent diffusion coefficient was evaluated according to Eq. (1).  

 Since the density of the liquid phase is three orders of magnitude larger than in the 

vapor phase, practically the whole signal detectable in our NMR experiments originates from 

the liquid phase. It is therefore sufficient to consider merely those molecules in the 

simulations that currently reside in the liquid phase (but possibly have been subject to 

displacements in the vapor phase areas before). 

 The Monte Carlo simulations were performed for a grain pack structure as shown in 

Fig. 4. In two dimensions, the solid grains are represented by circular, partially overlapping 

discs. The diameter of these circular discs corresponds to 1 µm. The discs were placed at 

random distances from the lattice points of a square lattice with a unit cell dimension 1 µm. 

The distance vectors from the lattice points to the associated discs were varied randomly with 

respect to direction and magnitude. The magnitude varied in the range 0 … 0.4 µm. The mean 

pore size resulting in this way is 0.97 µm. 

 The disc surfaces as far as facing the pore space were assumed to be covered with a 

liquid layer of constant thickness (see Fig. 4). The remaining pore space represents the vapor 

phase. When a particle reaches the liquid-vapor interface, the probability per unit time (= step 

time) to escape from the liquid phase to the vapor phase was assumed to be 0.01l vP→ = . 

Likewise the probability per unit time that a particle enters the liquid coming from the vapor 

phase was taken as 0.99v lP→ = . As a third exchange mechanism, adsorption and desorption at 

the solid matrix walls was considered. The corresponding probabilities per unit time were 

assumed to be 0.9adsP =  and 0.1desP = , respectively.  

 

III. Results 

 

A) Heterogeneities 

 Figure 2a shows a cross-sectional NMR image of a VitraPor#5 sample saturated with 

water ( 1f = ). Apart from noise, no contrast inside the sample can be identified. That is, the 

voxel-average water spin density and the voxel-average transverse and longitudinal relaxation 
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times do not vary from voxel to voxel where the voxel dimension is much larger than the 

nominal pore size.  

 The situation is quite different in unsaturated samples both for water (polar) and 

cyclohexane (non-polar). Figures 2b and 2c show cross-sectional NMR micrographs of 

VitraPor#5 samples with a filling degree 0.6=f  for water and cyclohexane, respectively. 

Obviously there are light spots indicating a high content of the liquid phase irrespective of the 

polarity of the adsorbate liquid. The spatial distributions are almost identical for the two 

liquids.    

 The preparation technique of the samples in Figs 2b and c was the desorption mode 

(DM). The way how the samples are filled appears to be of relatively little influence on the 

spatial distribution as demonstrated in Figs 2d and e for the case of water in VitraPor#5. 

Irrespective of whether the desorption or adsorption mode was used, the heterogeneous 

distribution of the liquid phase turns out to be rather similar.  

  One might think of a metastable distribution of the liquid phase fortuitously arising 

due to some imponderabilities in the preparation procedure. However, even extended 

annealing periods (up to weeks) of the sealed samples at elevated temperatures (up to 90°C) 

didn’t change the coarse grain distribution of the liquid phase (see - the slightly rotated - Fig. 

2f relative to Fig. 2d). It appears that the spatial distribution does not depend on the 

preparation history. It can also not be solely due to an instability between the vapor and liquid 

phases as a consequence of the competition between cohesion and adhesion forces. This 

would stipulate much more variability in the morphology of the spatial phase distribution than 

observed. The conclusion is that the heterogeneity has a microstructural origin.   

Actually electron micrographs suggest this sort of heterogeneity. Figure 5a and b 

indicate not only the granular nature of VitraPor#5 but also some variation in the porosity, 

grain and pore size. The two micrographs have been taken from light (a) and dark (b) areas, so 

that the different microstructure visible in electron microscopy appears to correlate with the 

contrasts in the NMR images. This observation was made coincidently for several parts of the 

sample. 

In Fig. 2 the NMR images are strongly weighted by relaxation. In particular, liquid in 

the light spots tends to have a longer 2T  than in the darker areas. An explanation is that the 

higher filling degree in the light spots produces a more homogeneous filling and, hence, less 

susceptibility fluctuations. 

The VitraPor#5 samples are specified by a nominal pore size of 1.0 to 1.6 µm. That is 

almost three orders of magnitude larger than the pores in Vycor. NMR images of unsaturated 
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Vycor (see Figs 3a and 3b) consequently do not show the heterogeneities observed with 

VitraPor#5. The only contrasts that can be identified are due to noise and due to a surface 

tension phenomenon leading to a “corona” which arises with the desorption preparation mode 

(Fig. 3b).  

On the other hand, the microstructure of Vycor, as far as visible in electron 

microscopy, looks very similar to that of VitraPor#5. Figure 5c shows again the granular type 

of structure already known from VitraPor#5. The main difference appears to be the length 

scale of the grain size. That is, the correlation length of Vycor is far below the spatial 

resolution of any NMR image.  

It is often assumed that the correlation length of a porous medium is of the order of a 

few pore diameters. However, the fact that it was possible to visualize microscopic 

heterogeneities in the structure of the VitraPor#5 sample partially filled with liquids indicates 

much longer correlation lengths.  

Figure 3c shows an NMR image of another partially filled material (sample III) for 

comparison. This sample was prepared in the Department for Inorganic Chemistry of Ulm 

University and is again a porous silica system, but has a bimodal pore structure. The pore 

dimensions are nanometers on the one hand and micrometers on the other. The latter pore 

type dominates. Most importantly, it is not of the granular type visible in the electron 

micrographs shown in Figs 5a-c. The NMR image suggests an essentially homogeneous 

structure with a correspondingly short correlation length below the image resolution. That is, 

the correlation length is not determined by the pore size alone. The granular nature of the 

other two systems is also relevant.  

 

B) Diffusion 

Transverse relaxation in unsaturated porous glasses is expected to be largely 

inhomogeneous as a consequence of the spatially varying filling degree. Anticipating that the 

relaxation rates are weighted by the fraction of molecules in the adsorption layer at the 

solid/liquid interfaces, one concludes that a locally large filling degree leads to long relaxation 

times whereas surfaces just covered by a thin liquid layer with no surrounding bulklike water 

will produce short relaxation times. Both situations occur in partially filled pore spaces. Any 

NMR technique for measuring diffusion coefficients should therefore be particularly 

insensitive to spatial variations of the transverse relaxation time 2T . Figure 6 shows data for 

water in unsaturated VitraPor#5 measured with the pulsed gradient stimulated echo (PGStE) 

and MAGROFI techniques as a function of the encoding time 1τ . The PGStE data increase 
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with decreasing 1τ , which indicates the increasing signal contribution of short 2T  phases. The 

extrapolation of the PGStE data to the limit 1 0τ →  approaches the value measured with the 

MAGROFI technique, which is practically insensitive to transverse relaxation. The 

MAGROFI data in turn coincide with those measured with the FFStE method in the overlap 

regime of the diffusion times (see Ref. 19). The conclusion is that, the FFStE techniques 

combined with MAGROFI render the effective diffusion coefficient averaged over the whole 

sample irrespective of the local 2T  in the whole time range of these two techniques. This is in 

contrast to the PGStE measurements which in the accessible 1τ  range predominantly refer to 

the light (i.e. long-T2, high-filling-factor) spots visible in the NMR micrographs Fig. 2 (see 

also the filling-factor dependence of the diffusion coefficient reported in Ref. 28). 

Similar deviations were found also in the diffusion coefficient measured with 

MAGROFI or PGStE techniques of water in partially filled Vycor. For a given filling factor, 

the diffusion coefficients become higher by using the MAGROFI technique. This could be an 

indication that the Vycor sample has also a heterogeneous distribution of liquid but 

undetectable in our MRI micro-images. 

In contrast, when the sample III was partially filled with water, the diffusion 

coefficients measured with MAGROFI and PGStE techniques were found to be the same. 

This is in agreement with the homogeneous liquid distribution observed in Fig. 3c. 

The effective water diffusion coefficient measured in VitraPor#5 with different filling 

degrees is plotted in Fig. 7a for diffusion times between 100 µs and 1 s. As far as investigated 

in this study, the values decrease with increasing filling factor as a consequence of the 

decreasing vapor phase contribution.16 The time dependence of the diffusion coefficient of 

water in partially filled porous glass reflects the obstruction by the pore space tortuosity.  

Figures 7b and c show results of Monte Carlo simulations based on the two-

dimensional grain model structure rendered in Fig. 4 with (c) and without (b) adsorption at the 

pore walls. Qualitatively the same time dependence is in the overlap regime, but the absolute 

values are substantially different. As far as covered by the experimental time window, the 

simulations reproduce the qualitative tendency of the time dependence. However, the absolute 

values are significantly different. A better coincidence of the data appears for those simulated 

at lower filling degrees (see Fig. 8). The reason for the quantitative discrepancies must be 

sought in the simplicity of the (two-dimensional) model structure in Fig. 4. In particular, the 

model does not take into account the heterogeneities detected in the microscopy experiments.  
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IV. Discussion and conclusions 

 
 The diffusion coefficients of liquids in partially filled porous glasses start close to its 

bulk value in the short time limit of a few molecular diffusion steps. When the root mean 

squared displacement approaches the mean pore size, a maximum is reached indicating a 

significant contribution of the vapor phase to the effective diffusion coefficient via exchange 

between the two phases. Under the present conditions, the maximum value is more than one 

decade larger than the diffusion coefficient in the bulk liquid. At longer diffusion times (or 

root mean squared displacement), the obstruction by the tortuosity of the pore space comes 

into play. The effective diffusion coefficient decays until a reduced effective value close to 

the bulk liquid value is reached on a length scale beyond the correlation length. 

 The qualitatively good description of the Monte Carlo simulation data of the 

experimental diffusion data (on the accessible time scale) is remarkable in the light of the 

simplicity of the model and of the heterogeneity of the samples. This means that the essential 

features of pore space restricted diffusion are accounted for.  

 The NMR methods employed, that is FFStE and MAGROFI diffusometry provide 

effective diffusion coefficients not affected by spatial variations of the transverse relaxation 

time. The contrasts in the NMR micro-images in this sense exaggerate the real, practically 

relevant heterogeneity of the samples as can also be concluded from the electron micrographs. 

The NMR image contrasts are largely dominated by 2T  which strongly varies across the 

VitraPor#5 samples. This however does not exclude much less heterogeneous distributions of 

the filling degree and of the local effective diffusion coefficient. That is, under such 

circumstances, it is essential to use NMR diffusometry methods insensitive to spatial 2T  

distributions. The two techniques employed here proved to be particularly suitable while the 

standard PGStE method is not appropriate for the sample conditions of this study.  

Another finding of our work is related to the correlation length of a porous media. It is 

often assumed that the correlation length is of the order of a few pore diameters. Here, it was 

possible to visualize microscopic heterogeneities in the structure of the VitraPor#5 sample 

partially filled with liquids. These images are an indication for much longer correlation 

lengths. 
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Figures caption 

 

Figure 1:  

a) Schematic representation of the radio frequency (RF) pulses and the steady field gradient 

for the fringe field stimulated-echo variant of NMR diffusometry (FFStE). In the present 

study, a steady gradient 22 /G T m=  is applied along the z-axis. The time 1τ  is varied from 

10µs  to 106µs  in 32 steps. b) RF gradient pulse scheme of the MAGROFI experiment as 

used in the present study. The preparation pulse is incremented in subsequent transients from 

a starting value of 180µs  in 32 steps of 20µsrτ =  each. The magnetization grid produced by 

the preparation pulse is recorded after the diffusing interval by a rapid rotating frame imaging 

technique. The compensation pulse effectively stretches the magnetization grid to be imaged 

so that the wavelength of the modulation remains constant independent of the preparation 

pulse length. 

 

Figure 2:  

NMR micrographs of saturated and unsaturated porous silica systems. The proton signals 

refer to the fluid. The echo time ( ET ), the filling degree ( f ), and the preparation method (DM 

= desorption mode; AM = adsorption mode) are indicated in the images. The repetition time 

was 1 sRT =  in all cases. The cross sections are either directly measured with the aid of a two-

dimensional slice selective imaging sequence (2DFT; slice width 1 mm), or were evaluated 

from three-dimensional data sets acquired in three-dimensional imaging experiments (3DFT; 

slice width = digital resolution). The field of view (FOV) was 8 or 12 mm, the digital 

resolution (DR) correspondingly 62 or 94 µm). (a) + (b) Water in VitraPor#5, 3DFT, FOV 12 

mm, DR 94 µm. (c) Cyclohexane in VitraPor#5, 3DFT, FOV 12 mm, DR 94 µm. (d) + (e) + 

(f) Water in VitraPor#5, 2DFT, FOV 8 mm, DR 62 µm.  

 

Figure 3:  

Same as Fig. 2, but (a) + (b) Water in Vycor, 3DFT, FOV 6 mm, DR 47 µm. (c) Water in a 

bimodal silica system (sample III), 3DFT, FOV 6 mm, DR 47 µm.  

 

Figure 4: 

Spherical-grain pack structure to which the Monte Carlo simulations refer. The solid grains 

are represented in black, the liquid phase in gray, and the vapor phase in white. 
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Figure 5:  

Scanning electron micrographs of VitraPor#5 (1.0 µm pores) and Vycor (4 nm pores). The 

granular character of the samples is obvious. (a) + (b) Areas appearing as light and dark in the 

NMR image of VitraPor#5 shown in Fig. 2d, respectively.  

 

Figure 6:  

Effective diffusion coefficient of water in unsaturated VitraPor#5 measured with the PGStE 

technique for different encoding times. The filling factor was 0.5f = . Extrapolation to the 

limit 1 0τ →  approaches the diffusion coefficient measured with the MAGROFI technique. 

This demonstrates the sensitivity of the PGStE method to spatial distributions of the 

transverse relaxation time whereas MAGROFI practically does not depend on 2T . 

 

Figure 7: 

Effective (= overall average) diffusion coefficient versus diffusion time for different filling 

factors. (a) Experimental data measured by a combination of FFStE and MAGROFI 

techniques. (b) Simulated values for 0adsP =  and 1desP = . The data show qualitatively the 

same dependence in the common diffusion time window indicated by the dashed straight 

lines. (c) Same as (b) but  0.9adsP =  and 0.1desP = . 

 

Figure 8: 

Effective (= overall average) diffusion coefficient as a function of time for filling factors  

0.1f =  and 0.2f = .  The experimental data (circles and triangles) are compared with the 

results of the Monte Carlo simulations (solid and broken curves). 
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