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Abstract 
With reference to molecular transport in manifold media of porous structure, a survey 

is given on the ample spectrum of diffusion phenomena under confinement.  The 
presentation is mainly based on the evidence provided by pulsed field gradient NMR and 
by interference and IR microscopy. These "microscopic" techniques of diffusion 
measurement are particularly powerful for exploring the diverse features of molecular 
propagation in complex systems. The presented data cover the peculiarities of molecular 
diffusion under the regime of "intracrystalline" zeolitic diffusion, refer to deviations from 
normal diffusion and deal with the practically particularly important case where the 
overall diffusion process includes molecular propagation in the gas phase. In many cases, 
the reported experimental studies have been performed in immediate response to 
theoretical issues including single-file diffusion and sorption hysteresis. Simultaneously, 
they have given rise to new challenges for basic research correlating equilibrium and 
non-equilibrium phenomena of molecular propagation.  
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1. Introduction 
Adolf Fick's [1] and Albert Einstein's [2] pioneering work on diffusion dealt with 

homogeneous fluids, so that still today, 150 and 100 years after their seminal papers, 
diffusion is often understood as a phenomenon exclusively related to homogeneous 
media. This restriction, however, does only hold in relation to the observed displacements 
and the correlation length of sample heterogeneity. There is probably no doubt that even 
in fluids the famous  Fick's first and second laws 
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for the flux density jx and the change in local concentration c, respectively, and the 
celebrated Einstein relation (following from eq.(2), for an initial concentration c(x, t=0) 
equal to Dirac's delta function δ(x), as the variance of the concentration distribution) 

Dttx 2)(2 =〉〈        (3) 
between the root mean square displacement and the observation time - for simplicity, 

noted here for the one-dimensional case only - do not hold unrestrictedly. One has rather 
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to require that the considered displacements x, the volumes to which the concentrations c 
are referred, and the observation times t are large in comparison with the intermolecular 
distances, their cubes and the mean time to travel over these distances, respectively.  

Today, technological progress in many areas has led to the fabrication of many highly 
structured, "complex" media. It is just this deviation from homogeneity which features 
their functionality. The present contribution will particularly deal with porous media, 
whose functionality most decisively depends on the size, dispersion and connectivity of 
the pores. Prominent examples for the application of such materials include mass 
transformation by heterogeneous catalysis [3, 4] and mass separation by membranes [5] 
and selective adsorption [6]. Obviously, mass transfer in also these materials may 
appropriately be described by eqs. (1) to (3) if only the space and time scales considered 
are sufficiently large in comparison with the pore sizes (or the correlation lengths of a 
given pore hierarchy) and the mean time it takes a molecule to cover these distances. 

Our present understanding of the transport properties within such porous materials 
has highly benefited from the special insights allowed by the pulsed field gradient (PFG) 
NMR technique. The fundamentals and procedure of PFG NMR (often also referred to as 
PGSE (pulsed gradient spin echo) technique) are described in many textbooks [7-9] and 
review articles [10-12] and are referred to in more detail in this volume in the 
contributions by Paul Heitjans and William S. Price. The principle of PFG NMR is 
closely related to Magnetic Resonance Imaging (MRI) which in the last decade has 
attained the top position  among the imaging techniques of medical diagnosis [7, 13, 14]. 
While the latter uses the NMR signal to record particle positions (thus providing the 
image of the given part of the human body), PFG NMR compares the position of each 
particle within two subsequent instants of time. This, as the final output of PFG NMR, 
results in the probability distribution of molecular displacements within the sample under 
study, the so-called mean propagator [7, 15, 16].  The observation times and observable 
displacements are on the order of milliseconds and micrometers, respectively. The 
probability distribution of molecular displacements is often (viz. in the case of "normal" 
diffusion) completely described by its mean square displacement as provided by the 
Einstein relation, eq. (3).  

Typically, the PFG NMR measurements are performed under equilibrium conditions. 
Molecular transportation recorded under such conditions is generally referred to as self- 
or tracer diffusion. Conventionally, i.e. before the advent of PFG NMR, the relevant 
parameters of self- or tracer diffusion had to be determined by isotopic labeling. In this 
case, the concentration in eqs.(1) and (2) refer only to the labeled component. 

As a most astonishing result of the early days of PFG NMR [9, 17, 18], for a number 
of systems the data on intracrystalline self-diffusion in zeolites, a particularly important 
class of nanoporous crystallites [19-21], were by orders of magnitude larger than 
generally assumed up to this point on the basis of  uptake or release measurements. In 
this latter type of experiments one observes the rate of the change of overall molecular 
concentration in a batch of zeolite crystallites after having reduced (in release 
experiments) or enhanced (in uptake experiments) the pressure in the surrounding gas 
phase. Information about intracrystalline diffusion is then deduced by fitting the solution 
of eq.(2) under the appropriate initial and boundary conditions to the experimental data. 
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In most of these systems the discrepancy could be explained by realizing that very 
often external effects of transport limitation like the exchange of the heat generated 
during the adsorption or consumed during the release experiments, the molecular 
transport through the bed of crystallites and/or the rate of molecular exchange between 
the sorption vessel and the surroundings (due to "valve" effects) rather than 
intracrystalline diffusion represented the rate-controlling processes [9, 22-25]. There 
were, however, also a number of well-documented experiments with discrepancies 
between the uptake/release and PFG NMR studies, where all these explanations could be 
excluded.  

It was due to this reason that, in addition to PFG NMR - a microscopic technique 
operating under equilibrium conditions - , interference microscopy [26-28] and IR 
microscopy [29] have been introduced. From an analysis of the intensity of an 
appropriate IR band or of the change in the optical density of a zeolite crystal, these 
techniques are able to monitor microscopically the changes of intracrystalline 
concentration profiles. They are thus microscopic techniques operating under non-
equilibrium conditions. The quantity directly measured is the integral of the local 
concentration (referred to an x-y-plane element of 1×1 μm2 in interference microscopy 
and of (presently) 20×20 μm2 in IR microscopy) in observation direction through the 
crystal.  

Further details of these techniques and their application may as well be found in the 
review [30]. In the following, the mutual benefit of both techniques, in particular for 
elucidating the real structure of nanoporous materials and their consequence for the 
intrinsic phenomena of mass transfer, shall be displayed. The subsequent section 2 will 
demonstrate how the real structure of zeolite particles, i.e. their deviation from the 
textbook pattern, may disguise the real scenario of intracrystalline molecular 
transportation. In section 3 we shall discuss experimental prerequisites under which the 
observation of deviations from normal diffusion over longer, well-defined intervals of 
time may become feasible. Finally, section 4 will deal with the peculiarities of molecular 
transportation if it comprises different modes of propagation including gas phase 
diffusion. 

2.  Micropore Diffusion and the Influence of the Real Structure of Zeolites 

2.1 Intracrystalline Transport Resistances 
PFG NMR has been established as a highly reliable and versatile technique for the 

measurement of intracrystalline zeolitic diffusion [9, 31]. In order to ensure that the 
obtained diffusivities are in no way affected by the finite size of the zeolite crystallites or 
by the transport in the intercrystalline space, the observation times (this is the time 
between the two gradient pulses) have to be chosen small enough so that molecular 
displacements remain negligibly small with respect to the crystal sizes. If this condition 
cannot be perfectly met, a formalism derived by Mitra et al.  [32, 33] may serve as an 
excellent means for checking the influence of the finite crystal size in first-order 
approximation. In [34], this formalism has been shown to exactly reflect the boundary 
conditions exerted by the crystal surface on the measurement of intracrystalline diffusion 
for n-hexane and tetrafluoromethane  in zeolite NaX. 
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In view of this ideal 
correspondence between the 
measured ("effective") diffusivities 
and the crystal sizes, the finding 
with n-butane in zeolite crystallites 
of type silicalite-1 [35, 36], as 
displayed by fig. 1, deserves 
particular concern. 

In fig. 1 the diffusivity data are 
plotted in a way, which is made 
possible by the special features of 
PFG NMR, viz. as a function of 
the displacements over which the 
molecular diffusion paths giving 
rise to the plotted diffusivities have 
been measured. This is achieved on 
the basis of eq. (3) by which the 
measured diffusivities may be 
transferred into the mean square 
displacements covered by the 
molecules during the observation 
time. Obviously, in the case of 
ordinary diffusion, i.e. in the 
original notion of eq. (3), the diffusivity depends on neither the observation time nor the 
displacements. However, eq. (3) has turned out to be a reasonable relation for introducing 
"effective" diffusivities, reflecting the transport properties also under  conditions 
deviating from those for normal diffusion.  

 
Fig. 1.  Dependencies of the diffusion coefficients of n-

butane in silicalite-1 on the root mean square
displacements at different temperatures and comparison
with the results of MC simulations for a barrier
separation of 3 µm with the assumption that jumps across
the barriers occur with an activation energy exceeding
that of intracrystalline diffusion by 21.5 kJ/mol. Filled
and open points correspond to the measurements
performed with two different samples of silicalite-1.  

In the above-mentioned Mitra formalism [32, 33] and its application to zeolites in 
[34], these deviations may be referred to the size of the individual crystallites. In the 
studies of ref. [36], however, crystallites of such large extension (100×25×20 μm3) have 
been applied, so that only for displacements notably larger than 10 μm the crystallite 
surfaces might have given rise to such a steep decay as observed at the lowest 
temperatures.  

As the - as to our knowledge - only explanation of this behaviour one has to require 
that there are extended intracrystalline transport resistances (internal barriers), giving rise 
to the observed dependence of the effective diffusivities on the covered displacements. 
Obviously, at the highest temperature the thermal energy of the diffusing molecules is 
high enough to overcome these barriers so that their influence becomes negligibly small 
in comparison with the transport resistance due to the genuine pore system. The solid 
lines show the results of dynamic Monte Carlo simulations with the assumption that, in 
addition to the energetic barrier characterising diffusion in the genuine intracrystalline 
pore system, at a distance of  3 μm, the diffusing molecules have to overcome additional 
potential barriers of  21.5 kJ/mol [35]. It is remarkable that the anomaly of the PFG NMR 
data may be satisfactorily explained already by such a rather simplistic model. 
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The evidence of the PFG NMR data nicely confirms the conception of the possible 
existence of intracrystalline transport barriers, which has been suggested as one of the 
possibilities to explain the discrepancy in the results between different techniques of 
diffusion measurement on zeolites [37]. The occurrence of such barriers is not 
unexpected, judging from both the concepts of crystal formation [38, 39] and the 
existence of distorted terraces on the surface of such crystallites [40]. Their direct 
structural demonstration, however, has to remain a task for the future. 

2.2 Disguised Sorption Kinetics 
In addition to the resulting time constant, the information deduced from conventional 

uptake and release experiments on intracrystalline diffusion was in particular based on 
the observed time dependence. It may be easily rationalized that in its initial part 
molecular uptake should be proportional to the square root of time if the overall process 
is limited by intracrystalline diffusion. Let us consider molecular uptake by an initially 
empty crystal. As a first estimate, the total amount of molecules having penetrated into 
the crystal after time t may be assumed to be given by the intracrystalline concentration 
close to the surface (which is assumed to be the value in equilibrium with the surrounding 
atmosphere) times the total crystal surface times the mean diffusion path length of the 
molecules (the product of the latter two factors representing an approximation of the part 
of the crystal accommodating already at the given instant of time  sorbate molecules). 
With eq.(3) one thus immediately obtains the so-called √t-law of diffusion-limited 
sorption. 

Being able to directly unveil the prevailing transport phenomena during molecular 
uptake or release by interference microscopy, one may test the reliability of such a so far 
quite generally accepted criterion for the underlying mechanisms. This section provides a 
short review of the representation in ref.[41]. It is based on extensive studies of the ad- 
and desorption of methanol on crystallites of ferrierite. Let us refer to the example given 
in fig. 2. 

The ferrierite crystals used in this study consisted of platelet-like crystallites, as 
schematically shown on the bottom of fig. 2a. Remarkably, the crystals turned out to be 
of double-roof shape rather than an ideal plate. From x-ray diffraction analysis, ferrierite 
crystals are known to be traversed by two sets of parallel channels, one being formed of 
so-called 10-membered rings (consisting of 10 oxygen atoms with silicon in between) 
parallel to the longitudinal extension, i.e. in z direction, and the other one in y direction, 
consisting of 8-membered rings.  

The measurement of concentration profiles and of their evolution as shown in the 
upper part of fig. 2a has become possible by interference microscopy and is brand new. 
We may deduce from it the following remarkable features:  

(i) In a fast, first process (with a characteristic time constant of notably less than 30 
seconds) the roof-like part of the crystals is filled. This might be associated with the fact 
that in this part the 10-membered ring channels are easily accessible owing to their very 
large orifices.  
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Fig.2.  Shape and dimensions of the ferrierite crystal and 2D-concentration profiles for the
entire crystal (a) and concentration profiles during methanol adsorption in (b) the y-direction
near the crystal edge, z=2 µm, fat black line in the profiles of Fig. 2(a), and in (c) the z-
direction in the middle part of the crystal, y=25 µm (top), measured by interference microscopy
for pressure step 0 → 80 mbar. The normalized concentration profiles along z-direction derived
by substracting the “roof-like” profile are also shown (bottom). The shown profiles were
measured at the same times after the start of adsorption. 

(ii) In addition, mass transfer into z direction (i.e. in the direction of the large 
channels) occurs so fast that the apparent concentration gradient in z direction (top of fig. 
2c) is exclusively brought about by the linearly increasing thickness of the crystal 
towards its central part (comparison figs. 2c top and bottom) 

(iii) Not unreasonably, mass transfer into y direction, i.e. along the narrower channels, 
proceeds at a notably lower speed. It is possible, therefore, that the evolution of 
intracrystalline concentration profiles may be followed (fig. 2b). 

(iv)The curved concentration profiles in the direction of the narrow channels 
unambiguously indicate the existence of some diffusion resistance. However, molecular 
uptake is still found to be as well determined by notable surface resistances. Otherwise 
the concentration profiles in fig. 2 b should attain their equilibrium values at the crystal 
boundary (i.e. for y = 0 and 50 μm) immediately after the onset of uptake.  

(v) Irrespective of the fast rate of molecular propagation along the broader channels, it 
takes a notable period of time, up to some hundreds of seconds, until the whole crystal is 
filled. This indicates the existence of substantial surface barriers on the face surfaces (z = 
0 and  ≈ 220 μm). 

Interference microscopy is thus found to provide an impressive, detailed record on the 
variety of transport phenomena relevant for molecular uptake (as well as for molecular 
release) of methanol for the ferrierite-type zeolites under study.  It is important to note 
that the sole representation of the total uptake as resulting by either a simple integration 
over all the total concentration profile as well as by parallel single-crystal studies of 
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molecular uptake and release by IR microscopy [41] leads to a time function which much 
better fits to the √t dependence, characteristic of diffusion-limited sorption, than to 
barrier-limited uptake, which interferences microscopy unambiguously identifies as the 
dominating mechanism.  

 
Fig.3.  Microscopic images of the crystal and intracrystalline concentration profiles of

isobutane recorded by interference microscopy during the desorption of isobutane in nonetched
ZSM-5 crystals. The observation direction was perpendicular to the (z,y) plane in parts a, c. and e
and perpendicular to the (z,x) plane in parts b, d, and f. The desorption was initiated by a rapid
change of the isobutane pressure in the cell from 10 to 0 mbar. The concentration integrals I=1.0
correspond to those measured under equilibrium with an isobutane pressure of 10 mbar. The t
values shown in parts c-f indicate the time intervals after the start of desorption. 

Fig.3 may serve as another example of the surprising details of molecular sorption 
which may be revealed by interference microscopy [42]. Figs. 3 c and d show the profiles 
of integral concentrations during the desorption of isobutane from a zeolite crystallite of 
type ZSM-5. The direction of integration (coinciding with the direction of observation, 
i.e. the directions perpendicular to the images shown in figs. 1a and b) are the x (fig. 3c) 
and y (fig. 3d) axes, respectively. The cuts at z = 69 μm (fig. 3e) in the profiles (fig. 3c) 
observed in x direction reveal the remarkable fact that desorption is fastest in the central 
part of the crystal, i.e. for y ≈ 25 μm. Again, such a behaviour is incompatible with our 
conventional understanding of molecular uptake and release on zeolites: Since the 
molecules are assumed to leave the crystallites through the external surface, their 
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concentration has to decline from inside to outside, with a constant profile in the case of 
dominating surface barriers. In the present case, however, a crack in the crystal structure 
ensures fast molecular penetration into the crystal in just this central range. Such cracks, 
which have been found to be quite common for these larger zeolite crystallites [42], most 
likely emerge during the crystal calcination as a consequence of internal tensions. This 
assumption corresponds with the fact, that these cracks were found on only one crystal 
face. Having this fact in mind, a second surprising feature, viz. the asymmetry in the 
concentration profiles observed during desorption with the crystal turned by 90° (figs. 3 d 
and f) becomes immediately understandable. 

Unveiling intracrystalline diffusion in nanoporous materials has thus become a truly 
interdisciplinary task representing challenges for most diverse areas of research. They 
include the synthesis of ideal, well-shaped and hopefully large zeolite crystallites, their 
minute structural characterization, the continued improvement and further development 
of the experimental techniques of diffusion measurement under the given conditions and, 
last not least, close contact with theoretical concepts for correlating the different 
conditions under which molecular diffusion in such systems may be measured. 

3.  Anomalous Diffusion  
The preceding section was thought to demonstrate that the reliable observation of such an 
apparently simple phenomenon like normal diffusion in nanoporous materials is by far 
not trivial and a hot topic of current research. It is, however, already now justified to 
accept the continuative challenge of investigating under which experimental conditions 
molecular transport in porous media might give rise to such well-defined deviations from 
normal diffusion which allow their discussion in terms of the conception of anomalous 
diffusion, i.e. by implying that the proportionality 

1with )(2 ≠∝〉〈 κκttx        (4) 
is obeyed over a notable range of displacements and observation times [9, 43, 44]. In the 
following, we are going to present two cases where PFG NMR has nicely reflected this 
dependence. 

3.1 Porous Polymer Membranes 
The strict periodicity of crystalline nanoporous 

materials like zeolites gives rise to proportionality 
between the mean square displacement of the guest 
molecules and the observation time as soon as the 
observed mean diffusion paths exceed the size of 
the elementary cells. Incidental deviations from the 
ideal structure, as discussed in section 2.1 as the 
origin of the diverging messages of different 
techniques of diffusion measurement, clearly lead to 
deviations from this pattern.  But they fail to give 
rise to conditions under which molecular 
propagation is found to follow eq.(4) over 
significant ranges of displacement and observation 

 
Fig. 4. Scanning electron 

micrograph of the porous 
polypropylene matrix used in the 
experiments. The visible structures 
larger than about 1 µm are artefacts 
due to the probe preparation. 
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times with one and the same value of κ 
[45]. Measurements of this type imply 
some hierarchy and self-similarity of 
the pore structure.  

PFG NMR diffusion measurements 
with appropriately chosen guest 
molecules (polydimethylsiloxane 
(PDMS) with a molecular weight of 
22530 g/mol) in a commercially 
available porous polymer membrane 
of Type Accurel [46] turned out to 
reveal anomalous diffusion. Fig. 4 
shows a scanning electron micrograph 
of the polymer membrane which 
displays the inherent pore size 
distribution. Fig. 5 provides a 
complete survey of the diffusivities 
observed at total pore filling, plotted in 
the way of fig. 1, i.e. as a function of 
the covered molecular displacements. 
In this representation, the PFG NMR 
data are complemented by the values obtained by diffusion measurements in the stray 
field of a superconducting magnet (SFG NMR) which allows the observation of even 
smaller displacements [47-49]. 
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Fig.5. Effective diffusivity of PDMS
(MW=22530 g/mol) in a polypropylene host matrix
at a pore filling factor of 100 % at 293 K as a
function of the root mean square displacement of
PDMS during the NMR experiment. The filled
circles refer to effective diffusivities extrapolated
from measurements at 343 K to room temperature.
The open symbols are data of SFG NMR, the filled
symbols are data of PFG NMR. 

One may easily identify the two limiting cases in which molecular propagation is 
found to obey ordinary diffusion, i.e. to yield a diffusivity independent of the covered 
displacements. For sufficiently short observation times the displacements could be 
reduced to values smaller than the smallest pore diameters, which ranged from about 200 
nm up to about 650 nm, so that the diffusivities approached those of the guest polymers 

in their pure liquid phase. It is 
interesting to note that for displacements 
on the order of the largest pore 
diameters again a constant value of the 
diffusivities is attained, which is now 
reduced by the effect of the pore 
network. In between these two limiting 
cases, there is the range of effective 
diffusivities which vary with the 
displacements covered during the 
observation time and hence with the 
observation time itself. 
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Fig. 6. Effective diffusivity of PDMS
(MW=22530 g/mol) in a polypropylene host
matrix at pore filling factors as indicated. Open
symbols refer to SFG NMR, filled symbols to
PFG NMR. 

Fig. 6 shows the thus resulting time 
dependence of the effective diffusivities 
for three different pore filling factors. It 
appears that the deviation from ordinary 
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diffusion, i.e. from a diffusion coefficient constant in time, becomes more pronounced 
with decreasing pore filling factor. Since the polypropylene matrix is easily wettable by 
PDMS, this is exactly the behavior one has to expect: With decreasing loading, PDMS 
will more and more form a thin film along the internal surface of the host matrix. In this 
way, PDMS becomes even more sensitive to the structural confinement exerted on it by 
the host matrix. From a topological point of view, molecular diffusion is now more likely 
to proceed under the influence of a surface fractal rather than a pore fractal [50-52]. Via 
eq. (3), these diffusivities may be transferred into the corresponding mean square 
displacements from which - by comparison with eq. (4) - the time exponents of 
anomalous diffusion are found to be κ = 0.83, 0.72 and 0.55 for the pore filling factors 1, 
0.3 and 0.15, respectively. 

 

3.2 Nanoporous Crystals with 1d-Channel Arrays 
For a substantial number of zeolites, including ZSM-12, -22, -23, -48, AlPO4-5, -8, -

11, L, Omega, EU-1 and VPI-15 [19], the intracrystalline pore system is found to consist 
of an array of parallel channels. As soon as the diameters of the guest molecules notably 
exceed the channel radii, their mutual passage is prohibited so that the molecules within 
each individual channel have to maintain their order. Molecular transport under such 
confinement - viz. the one-dimensional stochastic movement of particles with hard-core 
interaction - is referred to as single-file diffusion.  

By the very nature of this process, in an infinitely long single-file system subsequent 
displacements do never loose their mutual correlation: The farther a molecule is shifted in 
a given time interval into one direction, the larger is the probability that, in a subsequent 
interval of time, this molecule is shifted into the opposite direction. This is a simple 
consequence of the fact that under single-file constraint, on the average, molecular shifts 
are accompanied by concentration enhancement "in front" of the molecule and by 
concentration decrease behind it.  

In a few lines this situation may be rationalized to lead to anomalous diffusion, i.e. to 
a deviation from eq. (3). Let us consider molecular displacement x(t) as the sum of the 
displacements (∆x)i during the time intervals (∆t)i (with t = ∑ (∆t)i). Then, the mean 
square displacement <x2(t)> results as the sum of all possible products <(∆x)i(∆x)j>. If 
subsequent displacements are uncorrelated, for a given value of (∆x)i, the values of  (∆x)j  
(for i ≠ j) shall be equally often positive and negative so that all cross terms vanish. 
Hence, the mean square of the sum of displacements is equal to the sum of the mean 
squares of the displacements, so that the total mean square displacement increases in 
proportion to the number of time intervals, i.e. to the total observation time. This is the 
well known scenario of normal diffusion.  

Under the just discussed conditions of single-file diffusion, subsequent displacements 
(∆x)i are most likely of different sign. As a consequence, on calculating the mean square 
of the displacement sum, in addition to the sum of the squares of the individual 
displacements, the cross terms  <(∆x)i(∆x)j> with i ≠ j will lead to a negative contribution 
and hence to the tendency that the total mean square displacement increases less than 
linearly with increasing observation time. 
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Rigorous analysis [53-55] leads to proportionality with but the square root of the 
observation time 

2/12 2)( Fttx =〉〈        (5) 
where - assuming propagation by jumps of length l with a mean residence time τ between 
subsequent jumps - the factor of proportionality is found to obey the relation 

πτθ
θ

2
112 −

= lF .       (6) 

It is interesting to note that - irrespective of the completely different time dependence of  
the mean square displacement - also under single-file conditions the probability 
distribution of the displacements is given by a Gaussian - now, instead of eq.(3), with the 
root means square displacement given by eqs.(5) and (6)[56, 57]. 

 A rather unconventional way of 
testing single-file diffusion is shown in 
fig. 7. Here, students in the great 
lecture hall of the Physics Department 
of the Leipzig University generate 
their "random walk" by throwing 
coins. Depending on the result they 
switch to one of the neighbouring 
seats, provided it is vacant. 

In Lothar Riekert's pioneering 
paper on the interrelation between 
sorption, diffusion and reaction in 
zeolites [58] for the first time 
molecular propagation in zeolites has 
been discussed in terms of single-file 
diffusion. It was, however, not before 
1992 when first predictions on 

diffusion and reaction in zeolites of 1d-
channel structure [59] initiated an 
ongoing, extensive investigation of  
single-file diffusion and reaction in 
zeolites. It comprises theoretical 
activities including analytical 
approaches [60-67], dynamic Monte 
Carlo simulations [68-71] and 
Molecular Dynamics [72-79]. 
Experimental studies have been 
devoted to both the catalytic conversion 
under single-file conditions [60, 80-86] 
and diffusion measurements by PFG 
NMR [49, 87-91] and Quasi-Elastic 
Neutron Scattering [92]. Independently 
from each other, in [87] and in [88-90] 

 
Fig. 8. Molecular mean square displacement of
CF4 in AlPO4-5 at 180 K as a function of the
observation time at a sorbate concentration of 0.005
(◊), 0.05 ( ), 0.2 ( )and 0.4 (Δ) 

Fig.7. Unconventional way of testing single-file
diffusion in the great lecture hall of the Physics
Department of the Leipzig University: The students
generate their “random walk” by throwing coins.
Depending on the result they switch to one of the
neighbouring seats, provided it is vacant. 
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by PFG NMR the molecular mean square displacement in a number of zeolitic adsorbate-
adsorbent systems, whose internal text-book geometry should have been expected to 
yield single-file conditions, was found to increase in proportion with the square root of 
time (eq.(5)) rather than with the time itself. 

As an example, fig. 8 shows the molecular mean square displacement of CF4 in a 
zeolite of type AlPO4-5 as a function of the observation time for different pore filling 
factors θ. It turns out that both the time dependence (as immediately visible from the 
representation) and the dependence on the pore filling factor are in satisfactory agreement 
with the behaviour  expected on the basis of eqs.(5) and (6). 

However, before this coincidence can be taken as an unambiguous indication that 
single-file confinement did in fact lead to the observed time dependence, two very 
important problems are still to be clarified. First, one has to be aware of the fact that even 
in an ideal single-file system eq.(5) does only unrestrictedly hold if the system is 
infinitely extended. Real zeolite crystals, however, have a finite size. Hence, molecular 
exchange at the crystal boundaries may give rise to a stochastic movement of the whole 
file of molecules (a "centre-of-mass" diffusion), which is superimposed to the 
displacement of each individual molecule with respect to the file. Since subsequent 
processes of molecular adsorption or desorption on the marginal sites tend to occur 
independently from each other, the process of displacement due to this mechanism 
follows the laws of normal diffusion with an effective diffusivity [68-70, 93] 

N
DD

θ
θ−

=
1

eff .       (7) 

Here, D (≡ l2/2τ) denotes the self-diffusivity of an isolated molecule in the file and N 
(= L/l, with file length L) stands for the number of sites. Comparing eqs.(5) (with F given 
by eq.(6)) and (3) (with D given by eq. (7)) one obtains as the cross-over value from 
single-file to normal diffusion a mean square displacements of  

Llx c θ
θ

π
−

=〉〈
122 .       (8) 

Thus one finds that even for the particularly large zeolite crystals of lengths up to   
200 μm, as considered in [68-70, 93], the cross-over from the single-file time dependence 
(eq. (5)) to that of normal diffusion (eq.(3)) should become visible for the displacements 
observed and shown in fig. 8. 

This, however, can only be expected to occur if the intracrystalline channel system of 
the zeolites under study may in fact be considered as the analogue of a bundle of 
macaronis with atomistic dimensions. 

So far, however, such unequivocal structural evidence could not be provided [29, 30, 
94, 95]. In fact, in those cases were the channel filling of zeolites with supposed single-
file structure could unambiguously be monitored, notable deviations from the ideal 
behaviour was observed. As an example, fig. 9 shows the result of such an experiment, 
recording the equilibrium concentration of methanol in a CrAPO-5 crystal which, among 
the possible candidates for single-file type structures, are distinguished owing to their 
high crystallinity [96-98]. Though the crystal structure is known to consist of hexagonally 
arranged channels in z direction (fig. 9d), the concentration profiles observed by 
interference microscopy (IFM) both in y direction (fig. 9a, view perpendicular to one of 
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Fig.9. Equilibrium intracrystalline concentration profiles of methanol in a CrAPO-5 crystal: 

2d-profiles of mean concentration for observation perpendicular to one side face (a) and
along axis direction (b) (the colour intensity is proportional to the mean concentration),
comparison between interference data (taken from (b)) and IR data for the concentration 
profile in x direction with y values between 35 and 55 µm (c) and derived structure model (d) 
substantiating the text-book structure model (e).

the six prism faces) and z direction (fig. 9b, view along the axis of sixfold symmetry) 
indicate significant deviations. With a correspondingly smaller spatial resolution, the 
results of interference microscopy are reproduced by IR microscopy (IRM, fig. 9c). The 
structure model deduced from these profiles (fig. 9d) notably deviates from the bundle-
of-macaronis conception. 

Thus, the synthesis of crystalline nanoporous materials offering the structure of an 
ideal host for single-file systems seems to remain a challenging task for the future. 

4.  Diffusion Traversing the Gas Phase 
Some special features of molecular diffusion under confinement are the consequence 

of an interchange between different regimes of molecular propagation. In the following, 
we shall confine ourselves to the special case, where molecular diffusion under 
confinement changes with periods, where molecular propagation proceeds in the free 
space. In general, observation of such phenomena by PFG NMR occurs under the 
conditions of fast exchange. This means that the observation time is long enough to 
ensure that the diffusing molecules sufficiently often exchange between the different 
regimes of propagation. In this case, the effective diffusivity as observed by PFG NMR 
simply results as a weighted superposition of the diffusivities under the different regimes 
of propagation [10, 99-101] (see also the contribution by W. S. Price to this volume) 

∑= iieff DpD ,       (9) 
where pi denotes the relative number of molecules which, at a given instant of time, 

are within a regime of diffusivity Di. We shall consider two cases, viz. molecular 
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diffusion through a bed of zeolite crystallites in section 4.1, and, in section 4.2, molecular 
diffusion through mesopores. In the latter case we shall be concerned with the rates of 
molecular propagation both on the pore surface and through the gas phase. Particular 
attention shall be given to the influence of phase transitions within the pores on molecular 
propagation. 

4.1 Diffusion through beds of zeolites: the effect of tortuosity 
The influence of intracrystalline molecular displacements on the overall transport 

through beds of zeolite crystallites is negligibly small so that eq.(9) simplifies to [9, 102] 

interinterrange-longeff DpDD ==      (10) 
where pinter and Dinter denote, respectively,  the relative amount of molecules in the 

intercrystalline space, i.e. in the gas phase between the crystallites, and their diffusivity.  
As an example, fig. 10 displays the thus determined ("long-range") diffusivity of 

ethane in a bed of crystallites of zeolite NaX [103]. For rationalizing the observed 
dependence one has to recollect that the diffusivity in the gas phase may be estimated by 
the simple gas-kinetic approach [9, 104, 105] 

τλ /
3
1

effinter uD =        (11) 

where λeff, u and τ respectively denote the mean free path, the thermal velocity and the 
tortuosity of the intercrystalline space. At sufficiently low temperatures the gas phase 
concentration is so small that within the intercrystalline space mutual encounters of the 
molecules essentially do not occur (Knudsen diffusion, insert on the right). Therefore, the 
effective mean free path λeff in eq. (11) is given by the mean diameter of pores formed by 
the intercrystalline space. Thus, having in mind that the thermal velocity u increases only 
with the square root of temperature, the temperature dependence of Dlong-range = pinterDinter 
is essentially given by that of pinter. Since the relative concentrations in the gaseous and 
adsorbed phases are interrelated by the Boltzmann factor one has pinter ∝exp(-Edes/kT),  
where Edes

  (the isosteric heat of adsorption) is the difference between the potential 
energies  of a molecule in the gaseous and adsorbed states. In fig. 10 this situation is 
reflected by the straight line at sufficiently low temperatures. The activation energy of 
long-range diffusion, as obtained from the slope of this line, is equal to 27 kJ/mol and, as 
to be expected, coincides with literature data for the heat of adsorption [106]. 

With further increasing temperature, however, molecular concentration in the 
intercrystalline space is likewise increasing so that mutual encounters of the molecules 
become more and more probable (bulk diffusion, insert on top).  Eventually, the effective 
mean free path coincides with that in the gas phase, becoming inversely proportional to 
the gas phase pressure and hence to pinter. As a consequence, the increase of pinter with 
increasing temperature is compensated by the corresponding decrease of λeff and hence of 
Dinter , so that now Dlong-range = pinterDinter is only slightly increasing with the temperature, 
following the T1/2 dependence of the thermal velocity. 
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A quantitative analysis [103], 
based on the adsorption isotherms 
and the intercrystalline porosity, 
yielded the remarkable result that a 
satisfactory fit between the 
experimental data and the estimates 
of Dlong-range = pinterDinter following 
eqs. (10) and (11) did only lead to 
coinciding results for tortuosity 
factors τ differing under the 
conditions of Knudsen diffusion 
(low temperatures) and bulk-
diffusion (high temperatures) by a 
factor of at least 3. Similar results 
have most recently been obtained 
by dynamic Monte Carlo 
simulations [107-110]. In ref. [111] 
it is shown that the increase in the 
tortuosity factor as introduced by 
eq. (11) under the conditions of 
Knudsen diffusion may be 
attributed to the fact that with 
increasing tortuosity subsequent 
jumps are more and more anti-
correlated, i.e. that any jump tends 
to counteract  the displacement by 
the preceding one. 

Fig. 10. Temperature dependence of the coefficient of
long-range self-diffusion of ethane measured by PFG
NMR in a bed of crystallites of zeolite NaX (points) and
comparison with the theoretical estimate (line). The
theoretical estimate is based on the sketched models of
prevailing Knudsen diffusion (low temperatures,
molecular trajectory consists of straight lines connecting
the points of surface encounters) and gas phase diffusion
(high temperatures, mutual collisions of the molecules
lead to the Brownian-type of trajectories in the
intercrystalline space).

It should be mentioned that - if technically applied as formed pellets -  transport 
limitation may be due to both intracrystalline zeolitic diffusion as considered in section 
2.1, and long-range diffusion as just considered. Denoting the mean radii of the 
crystallites and of the pellets by rC and rP, repectively, the respective time constants result 
to be τC = rC

2/(15Dintra) and τP = rPP

2/(15D ) [9, 112, 113]. Hence, being able to 
directly determine both D  and D , PFG NMR provides a straightforward means 
to explore the governing transport mechanism under technical application. In the case of 
FCC (fluid catalytic cracking) catalysts, being among the commercially most attractive 
zeolite catalyst at all [3], in this way it could be shown that - at least for the investigated, 
industrially used catalysts - the intracrystalline transport resistance was of no influence on 
the overall process, just in contrast to long-range ("intra-pellet") diffusion [114, 115]. 

long-range

intra long-range

4.2 Diffusion in Mesopores 
In contrast to the just considered case of long-range-diffusion in beds of nanoporous 

particles, mass transfer within the pore network of monolithic compounds may occur 
both on the pore surface and in the pore volume. Molecular exchange between these two 
states of mobility may occur anywhere within the pore system, being completely 
uncorrelated with the respective diffusion paths. As a consequence, eq. (9) is 
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unrestrictedly applicable to describing "long-range" diffusion in the pore space. One 
obtains 

gasgassurfacesurfacerange-long DpDpD +=      (12)  
with psurface(gas) and Dsurface(gas) denoting the 
relative number of molecules on the pore 
surface (in the gas phase) and their 
diffusivities. Since the magnitudes of pgas 
and Dgas may be calculated from the 
adsorption isotherm and the pore geometry 
[102, 116-118], with these data, due to 
psurface = 1 - pgas, the surface diffusivity 
Dsurface may be calculated from the 
experimentally accessible long-range 
diffusivities.  

Fig. 11 shows the results of this type of 
investigations with a sample of porous 
silicon [119], consisting of an array of 
parallel channel pores of 3.6 nm diameter 
with cyclohexane and acetone as probe 
molecules [120-122]. The measurements 
have been performed at room temperature. 
By connecting the sample volume to a gas 
reservoir with the probe molecules under 
study, sample loading could be easily varied 
by simply varying the pressure. A relative 
pore filling of 5.0≈θ  corresponds to 
about one monolayer of molecules adsorbed 
on the pore wall. 

As a remarkable feature, for both 
sorbates under study, fig. 11 exhibits a most 
pronounced concentration dependence of the 
diffusivity. The fact that the diffusivity 
increases rather than decreases with 
increasing loading indicates that this 
dependence is not caused by a mutual 
molecular hindrance on the surface since in 
this case the reverse behaviour should be 
observed. Instead, one has to argue that the 
observed behaviour is a consequence of the 
guest-host rather than of the guest-guest 
interaction. In fact, one may imply that any 
surface heterogeneity tends to direct the first 

Fig. 11. The surface diffusion coefficient 
Dsurface of cyclohexane (squares) and acetone 
(circles) in porous silicon with 3.6 nm mean 
pore diameter at pore loadings up to about one 
monolayer. The measurements were performed 
at T=297 K. 

Fig. 12. The Arrhenius plots of the self-
diffusion coefficients of acetone in porous 
silicon with 3.6 nm pore diameter at different 
pore concentrations 6.0=θ  (circles), 

27.0=θ (squares), and 18.0=θ  (triangles). 
The solid lines show the fits to the 
experimental data using the Arrhenius relation 

D )/exp( RTED −∝ with the activation 
energies for diffusion E indicated in the 
figure. 

D
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molecules towards the strongest adsorption sites. Consequently, with increasing loading, 
sites with decreasing adsorption energies shall be occupied which results in a steadily 
decreasing average effective activation energy of diffusion [54].  

This supposition is confirmed by the observed temperature dependences shown in fig. 
12: In complete agreement with the predicted behaviour, the slope of the Arrhenius plots 
of the diffusivities decreases with increasing loading. 

The experimental arrangement chosen 
in these studies allows monitoring the 
diffusion processes during adsorption 
hysteresis. Adsorption hysteresis is the 
phenomenon of history-dependent 
adsorption and describes the effect that, in 
addition to the pressure, the concentration 
also depends on whether the given pressure 
has been attained from lower values (i.e. on 
the "adsorption branch") or from higher 
values (the "desorption branch"). 
Irrespective of its great technical relevance 
for porosimetry [123] and the fact that the 
phenomenon of adsorption hysteresis is 
known over several decades already, its 
microscopic origin is still controversially 
discussed [124-128]. Owing to the PFG 
NMR data shown in fig. 13, now for the 
first time also information about the 
inherent diffusivities may be involved in 
this discussion. For cyclohexane as a probe 
molecule, fig. 13a shows both the total 
amount adsorbed and the respective 
diffusivity as a function of the pressure 
applied. In parallel with the amount 
adsorbed, also the diffusivities are found to 
differ on the adsorption and desorption 
branches for one and the same pressure. 
Even more interestingly, fig. 13 b shows 
the diffusivities on the adsorption and 
desorption branches as a function of the 
respective loadings. In addition to 
cyclohexane (redrawn from fig. 13 a), fig. 
13 b also displays the data for acetone. As 

a most remarkable result, in both cases the diffusivities on the adsorption and desorption 
branches notably differ from each other for one and the same loading. This experimental 
finding strongly suggests that the differences in the adsorption and desorption branches 
are associated with differences in molecular arrangement and dynamics, which appear in 
the different diffusivities. 

 

 
Fig. 13. (a) The adsorption-desorption 

isotherm (circles, right axis) and the self-
diffusion coefficients D (triangles, left axis) 
for cyclohexane in porous silicon with 3.5 nm 
pore diameter as a function of the relative 
vapour pressure z = p/pS, where pS is the 
saturated vapour pressure. (b) The self-
diffusion coefficients D for acetone (squares) 
and cyclohexane (triangles) as a function of 
the concentration θ  of molecules in pores 
measured on the adsorption (open symbols) 
and the desorption (filled symbols) branches. 
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Following these first studies of molecular diffusion during hysteresis, we have also 
started to explore experimentally the consequences of hysteresis on sorption kinetics. As 
an example, fig. 14 shows the normalized curves of concentration equilibration (the 
"uptake curves") of cyclohexane in Vycor porous glass during the enhancement of the 
relative pressure z = p/ps (with ps denoting the saturated vapour pressure) from 0.4 to 0.48 
(top) and from 0.6 to 0.65 (bottom) [129]. As well indicated are the uptake curves 
resulting from the appropriate solution of Fick's law, i.e. by implying diffusion-controlled 
uptake. The diffusivity used in this estimate is that obtained by PFG NMR measurements.  

For the pressure step z = 0.4 → 0.48 excellent agreement is obtained. Hence, transient 
uptake measurements and self-diffusion measurements are found to lead to identical 
results. For the pressure step z = 0.6 → 0.65, however, there is a remarkable difference 
between the measured uptake and the theoretical curve, estimated again by assuming 
diffusion-controlled uptake with a diffusivity as determined by PFG NMR. While in its 
first part the uptake curve follows the expected behaviour, with further loading the 
increase in molecular uptake is found to be notably behind the rate expected from 
molecular mobility.  

In detailed studies over a series of 
pressure steps this deviation could be 
unambiguously attributed to the effect of 
adsorption hysteresis [129]. While during the 
pressure step z = 0.4 → 0.48 the host-guest 
system was still in the pre-hysteresis range of 
complete reversibility, the second pressure 
step shown in fig. 14 was performed within 
the hysteresis loop. Here the host-guest 
system is known to assume metastable states. 
As a consequence, the new equilibrium state 
corresponding to the enhanced sorbate 
pressure has to be attained not only by mass 
transfer from outside. Rather it turns out to 
be limited by the relaxation of the system 
within a hierarchy of metastable states with 
decreasing free energy. In fact, the rate 
constant of this process is continuously 
increasing so that in the range of hysteresis 
genuine equilibrium should never be 
obtained [130].  
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Fig. 14. Normalized concentration

equilibration curves (circles) measured during
adsorption of cyclohexane in Vycor porous
glass beyond (upper figure) and in (lower
figure) the region of the hysteresis. The
pressure steps are indicated in the figures. The
lines show the expected relaxation within the
model of diffusion-controlled equilibration. 

With the present study, for the first time an intriguing feature of the internal dynamics 
of mesoscalic systems, so far only treated by molecular modelling or mean-filed 
approaches [124-130] or forecasted from the loop of the adsorption isotherms, has been 
made accessible to direct experimental observation. Correlating these new experimental 
options with the findings of the theoretical treatment of these phenomena is among the 
primary topics of our future research. 
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5. Conclusion  
Studying molecular diffusion under confinement by nanoporous host systems is a 

really interdisciplinary task. It has to be based on the availability of well-characterized 
porous materials and there is no doubt that the wealth of phenomena observable is 
intimately related to the abundance of materials applicable for this purpose. Fortunately, 
most recent progress in the field of synthesis has provided us with a multitude of highly 
sophisticated materials whose investigation will remain a challenging task over the next 
couple of years [131].  

Simultaneously, the special conditions given by the properties of the new materials 
represent a permanent stimulus for the accomplishment of old and for the introduction of 
new measuring techniques. In the present contribution, the particular advantages of 
pulsed field gradient NMR and of interference and IR microscopy as microscopic 
measuring techniques for unveiling the peculiarities of molecular diffusion in nanoporous 
materials have been illustrated. 

Most remarkably, diffusion studies by these microscopic techniques have been shown 
to serve as sensitive tools for the structural characterization of these novel materials, in 
many cases complementary to the more customary characterization methods like 
diffraction techniques and the different versions of (optical, electron, atomic force, 
tunnel...) microscopy.  

Many of the transport phenomena predicted or already observed in the nanoporous 
materials under study are indispensably correlated with general theoretical concepts of 
molecular dynamics in mesoscopic systems. In this way, experimental findings and novel 
theoretical concepts will ensure mutual stimulation. As examples, we have considered the 
phenomenon of single-file diffusion as a process of high mutual correlation, the 
occurrence of anomalous diffusion in hierarchical pore networks and the establishment of 
metastable states during sorption hysteresis.  

Nanoporous materials are in the very centre of many industrial processes, with mass 
separation and mass conversion as the most prominent representatives. In all these 
applications, mass transfer is among the rate-determining processes. Quantitation of the 
different diffusion resistances may therefore become a primary task for the design of 
materials of high technical performance. Novel concepts of pore design, including the 
formation of hierarchical pore structures, will lead to new generations of transport-
optimized nanoporous materials.   

Thus, stimulated by fundamental questions of dynamics in mesoscopic systems and 
the demand raised by multifold technical applications, studying molecular diffusion 
under nanoporous confinement has all potentials for maintaining its attractiveness for 
future research. 
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