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A B S T R A C T

Application of pulsed field gradient (PFG) NMR to studying molecular diffusion in beds of nanoporous materials has given rise to novel insights and paradigm shifts in
our understanding, which are reviewed in the present contribution. This gain in information is, in particular, related to the ability of PFG NMR to discriminate
between various mechanisms affecting mass transfer in such systems. Examples include, inter alia, the sensitivity of PFG NMR toward transport enhancement in pore
hierarchies as well as toward transport resistances acting, in addition to the diffusional resistance of the genuine pore space, either on the crystal surfaces or in their
interior.

1. Introduction

As an omnipresent and fundamental phenomenon in nature, diffu-
sion is of central importance for transport of the constituents of matter,
namely, atoms and molecules [1–3]. Among the existing, non-invasive
measuring techniques for investigating molecular diffusion, such as
conventional uptake and release measurements [4–6] (including zero
length column (ZLC) [7,8] and frequency-response [9–11] techniques
as refined variants), permeation studies [12–14], quasi-elastic neutron
scattering (QENS) [15,16], interference microscopy [17,18] and in-
frared microscopy [19–21], it was in particular the pulsed field gradient
technique of nuclear magnetic resonance (PFG NMR – also referred to
as pulsed gradient spin-echo (PGSE) NMR, NMR diffusometry and q-
space imaging) [22,23] which proved to be an especially powerful
technique. It has occupied, correspondingly, a most decisive role in
diffusion studies, ranging from unconstrained molecular diffusion in
liquids [24–27] to mass transfer of guest molecules in host porous
materials [28–31] and in biological systems [32–34].

In particular, convincing demonstrations of the applicability of the
PFG NMR technique to zeolites [30,35–38] have secured its firm foot-
hold in studies of molecular self-diffusion in the intracrystalline pore
system of zeolite crystallites. One of the major breakthroughs in the
studies was that PFG NMR initiated a dramatic paradigm shift in the
interpretation of the intracrystalline diffusion in zeolites by proving
that a substantial discrepancy existed between the zeolitic diffusivity
obtained by PFG NMR and the corresponding diffusivity deduced from
conventional sorption experiments [39]. This discrepancy is due to the
fact that the sorption measurements are based on the observation of
molecular uptake by crystals, whose rate is affected by not only the
intracrystalline diffusivity but also the permeability of the molecules
through the crystal surface. If this latter effect is not taken into account

and data analysis is performed solely under the implication of diffusion
limitation, the sorption experiments do indeed give rise to an in-
tracrystalline diffusivity lower than its genuine value measured by PFG
NMR in which the influence of structural surface resistances is excluded
[40].

The present review narrates the history of how PFG NMR, based on
its ability to provide clear and direct evidence of quite a number of
transport-related quantities, did finally succeed in accomplishing the
paradigm shift in our understanding of mass transfer in zeolites and
other nanoporous materials. The options for gaining deeper insights are
shown to continue to exist up to the present. They are exemplified with
the challenges provided by diffusion in hierarchically organized porous
materials and the options of PFG NMR for, once again, providing in-
sights into the phenomena determining intrinsic mass transfer in such
novel materials which, so far, have remained inaccessible by any other
measuring techniques.

2. Diffusion in beds of nanoporous crystallites

2.1. The “various” diffusivities

As a most important feature of the application of PFG NMR to beds
of nanoporous crystallites, it has to be recognized that the type and the
magnitude of diffusivities significantly depend on molecular displace-
ments and, hence, on the size of the crystals under study. In other
words, depending on the chosen observation time and measuring
temperature, the molecular displacements will vary significantly, and
the length of the mean diffusion path relative to the size of the crystals
will decide which type of diffusion gives rise to the observed NMR data.
In principle, three regimes of diffusion can be observable: in-
tracrystalline diffusion, restricted diffusion and long-range diffusion.
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One has, correspondingly, to distinguish between the three types of
diffusivities by adapting the Einstein equation Deff=〈r2(t)〉/(6t) for
correlating the (effective) diffusivity with the mean square displace-
ment and the observation time.

As a convenient means of representing the regimes, the concept of
mean propagator [41–43] can be employed. It is based on the well-
known Stejskal-Tanner equation [22] correlating the local propagator
and the probability distribution of molecular locations with the PFG
NMR signal attenuation. It results from Fourier transformation of the
signal attenuation and represents the probability that an arbitrarily
selected molecule within a sample has traveled a distance x – typically
micrometers – during a certain observation time t – typically milli-
seconds (in PFG NMR often referred to by the symbol Δ). The different
regimes accessible in this way are illustrated in Fig. 1, which shows
examples of the application of this formalism to ethane molecules in
zeolites of type NaCaA.

In Fig. 1a, with large crystals at sufficiently low temperatures, in-
tracrystalline diffusion can take place. This is a genuine intracrystalline
diffusion within a homogeneous system since the molecular displace-
ments are far longer than the pore diameters (thus indeed ensuring
“random walk” of the guest molecules), but still much smaller than the
crystal sizes. Fig. 1b shows restricted diffusion which may occur with
small crystals at sufficiently low temperatures. In this case, most of the
molecules are not able to overcome the energetic barrier to diffuse
through the crystal surfaces (i.e. to get to the higher energetic level of
molecules in the gas phase) and thus remain confined to the interior of
the crystals in which they are accommodated. Therefore, the resulting
diffusivity is exclusively determined by the size of the restricting vo-
lume and the observation time.

At sufficiently high temperatures, in Fig. 1d, the thermal energy is
high enough to enable the molecules to leave the small, individual
crystals and to diffuse through the whole batch, with interchanging
periods of migration within and outside the crystals. This type of pro-
pagation is commonly referred to as long-range diffusion. This is exactly
the situation under which M. Bourdart et al. have performed their
measurements [45], with the mean diffusion path length of the water
molecules exceeding the size of the zeolite crystals. The “effective”
diffusivity probed by PFG NMR in this case, i.e. the long-range diffu-
sivity Dlong-range, is simply given by the product of the fraction of mo-
lecules outside the crystals pinter and their diffusivity Dinter. This diffu-
sivity may be very high, so that it overcompensates for the fact that the
fraction pinter is very small, giving rise to an overall diffusivity Dlong-range

which, possibly, may even exceed the diffusivity in the liquid Dliquid

[46,47].
With larger crystals considered in Fig. 1c, the information about the

relative fraction of the molecules which have left the crystals after a
given (observation) time can be acquired by distinguishing between the
two constituents of the mean propagator. The narrow constituent at
relatively small x corresponds to the molecules still staying within the
crystals, while the broad one at larger x is brought about the molecules
having left the crystals. The relative fraction of the molecules which
have left the crystals is directly given by the area under the broad
constituent and is seen to increase with increasing observation time t
(Fig. 1c). Plotting this fraction is thus easily seen to provide information
equivalent to that of tracer exchange between the interior and the
surroundings of the crystals. Tracer exchange, however, is known to be
affected by intracrystalline diffusion AND permeation through the
crystal surface, different from the PFG NMR measurement performed
under the conditions shown in Fig. 1a which is exclusively determined
by intracrystalline diffusion. Having these two types of independent
information, PFG NMR was able to identify the existence of “surface
barriers” as the origin of the huge differences (up to five orders of
magnitude!) between conventional and PFG NMR diffusion measure-
ments with zeolites [39,48].

Zeolite crystals are industrially applied for, notably, matter up-
grading by molecular sieving/separation and/or conversion, where
they are commonly used as compacted particles consisting of numerous
crystallites. For optimizing their performance, it is of crucial im-
portance to be equipped with knowledge of the limiting processes of
mass transfer, including the mechanisms of intracrystalline and long-
range diffusions. This is exactly the type of information which can be
provided by PFG NMR. As an example, we are going to refer to a PFG
NMR diffusion study [49] performed with particles of industrial fluid
catalytic cracking (FCC) catalysts, which consist of USY zeolite crystals
(the catalytically active component, containing micropores) and a
binder matrix (containing meso- and macropores). Fig. 2 shows, as a
result of the study, the two different “types” of n-octane diffusivities,
namely the intracrystalline diffusivity and the long-range (“in-
traparticle”) diffusivity, in the FCC catalysts as a function of tempera-
ture. Since the measuring temperatures in PFG NMR are much lower
than the range of the actual operating temperature in the industry, the
data are simply extrapolated to higher temperatures. At a typical op-
erating temperature of 600 °C, the intracrystalline diffusivity is ex-
pected to be lower than the intraparticle diffusivity. The relevant time

Fig. 1. Joint scheme of the mean propagators visualizing the diffusion paths of ethane molecules in beds of zeolite crystallites (type NaCaA) of different sizes (radius
R) at 153 K and 233 K. The measurements are carried out in equilibrium conditions.
(Source: Reproduced from Ref. [44] with permission from the Royal Society of Chemistry).
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constants, however, depend on not only the respective diffusivities (D)
but also on the sizes (L) of the zeolite crystals and the catalyst particles
(scaling as L2/D which is easily seen to be the only way to combine
these two parameters to a quantity with the dimension of time). Con-
sidering the size of the individual crystals, which is ca. 40 times smaller
than that of the particles, the uptake times in the crystals should be
much shorter than those in the whole particles. Therefore, the rate of
the overall transport in the FCC catalysts, which determines the cata-
lytic performance and hence the rate of gain of value-added products, is

exclusively controlled by the rate of mass transfer through the catalyst
particles, i.e. by the intraparticle diffusivity. Correspondingly, it is
found that the overall catalytic performance in oil-to-gasoline process is
enhanced with increasing intraparticle diffusivity as indicated by an
increase in the oil-to-gasoline conversion in Fig. 3.

2.2. The two-region model

As an attempt to comprise the various situations under which PFG
NMR diffusion studies may be performed and which are seen to appear
with quite different patterns of the mean-propagator representations
(Fig. 1), the formalism of the two-region model [50–52] was introduced
already in the late 1960s. It is based on the assumption that the overall
mass transfer in the system under study is described by the diffusivities
Di in the two regions, their relative populations pi and the mean life
times τi in either of them. Since the relative populations add up to 1
(p1+ p2= 1) and are, moreover, subject to the detailed-balance con-
dition p1/τ1= p2/τ2, the dynamics in the two-region model is de-
termined by four independent parameters. By introducing the mean life
times it bears, inherently, the implication that, during the time interval
dt, any molecule will get from its present region (i) to the other one
with the probability dt/τi, i.e. independent of its history. One easily
recognizes that this implication is not strictly fulfilled with the system
under study if the intracrystalline pore space and the space between the
crystals are understood as the two regions in this model. The prob-
ability that a particular molecule is able to leave its crystal does, ob-
viously, significantly depend on its “history”, namely on the diffusion
path length that it has covered previously within the given crystal.
Nevertheless, the two-region model has been found to serve as a useful
first-order estimate, nicely reproducing – in at least a qualitative way –
the situation in beds of zeolite crystallites [53] as well as in many more
“compartmented” systems [54–60]. This is, in particular, true for bio-
logical tissues, where the role of “compartments” is assumed by the
biological cells [61–64].

Accessible information enhances with the possibility of attaining
separate NMR signals from the molecules accommodated in the two
different regions [58,65]. On considering mass transfer in zeolites, such
a possibility is indeed known to be provided by combining PFG NMR
measurement with magic angle spinning (MAS) [66–68], as recently
demonstrated [69] with the investigation of water diffusion in lithium-
exchanged low-silica X-type zeolites [70,71].

Fig. 4 shows the two lines of water molecules which, in such a way,
become observable. The lines at about 3.5 and 5.1 ppm refer, respec-
tively, to the water molecules “trapped” in small cages within the

Fig. 2. n-Octane diffusion in fluid catalytic cracking (FCC) catalysts.
(Source: Reprinted with permission from Ref. [49]. Copyright 2005 American
Chemical Society).

Fig. 3. Correlation between intraparticle diffusivities and catalytic perfor-
mance.
(Source: Reprinted from Ref. [37], Copyright 2005, with permission from
Elsevier).

Fig. 4. Stack plots of the 1H MAS PFG NMR signal attenuation for water in 100Li-LSX at 313 K (a) and 373 K (b) for the indicated observation times Δ. The field
gradient amplitude increases from 0.011 Tm−1 to 0.486 Tm−1.
(Source: Reprinted from Ref. [69], Copyright 2018, with permission from Elsevier).
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zeolite structure (the so-called sodalite cages [72]) and to the remaining
ones in the intracrystalline pore space which is in fast exchange both
internally and, through the intercrystalline space, with also the other
crystals. The sodalite cages accommodate about 5.6% of the total water
content [73,74]. Measuring the NMR signals stemming from the two
spaces separately is only possible owing to a combination of magic
angle spinning (MAS) with PFG NMR which, ultimately, enables us to
probe water exchange between the two regions. At a low temperature
(Fig. 4a), the signal attenuation with increasing pulsed field gradient
intensity exhibits an expected behavior: diffusion attenuation for the
free water in the larger pores and no attenuation at all for the bound
water in the tiny pores (in which only four water molecules are ac-
commodated!). At a high temperature, however, the bound water mo-
lecules also show diffusion attenuation. Now, during the largest ob-
servation time considered, a notable fraction of the water molecules are
obviously able to leave the small cages (Fig. 4b), being replaced by
others coming from “outside”. They, correspondingly, have the chance
of covering sufficiently large displacements giving rise to the observed
signal attenuation.

By attributing the water molecules inside and outside the sodalite
cages to the two regions we are, obviously, able to get rid of the lim-
itation in the two-region model mentioned initially in this section. All
the molecules in the sodalite cages may, as a matter of course, escape
from there anytime with equal probability, and the probability that a
molecule “from outside” may enter a sodalite cage is as well in-
dependent of its past, i.e. from the distance that it has covered on its
diffusion path. As a further simplification we note that the diffusivity of
the water molecules within the sodalite cages is known, that is, equal to
zero.

Fig. 5 shows the result of the fitting procedure by a solution of the
two-region model of PFG NMR, aiming to serve as an approach to the
experimentally determined signal attenuation as a function of the
pulsed field gradient intensity (here represented by the parameter q)
shown in Fig. 4. It takes into account that one is able to separately

record the signals stemming from the two regions with different prop-
erties of nuclear magnetic relaxation. The model calculations are seen
to nicely reflect all major features of the experimental results. For the
low temperature, the results of the simulation are even found to be in
excellent agreement with the PFG NMR data (Fig. 5a and b). At the high
temperature, however, systematic deviations for the freely diffusing
water molecules become clearly visible (Fig. 5c). This limitation in
accuracy is easily referred to the fact that mass transfer through the
intra- and intercrystalline pore space is too complex for being ade-
quately represented by a single diffusivity as required by the approach
inherent to the two-region model.

2.3. Confinement by external and internal transport resistances

Under the conditions of the PFG NMR measurements as considered
in Fig. 1b, the molecules are assumed to remain caught within the in-
terior of the individual crystals. This may be brought about as a con-
sequence of the potential energy step (being of the order of the heat of
adsorption) which, at sufficiently low temperatures, results in a di-
minution of the probability of molecular jumps from the interior of the
crystal into the surrounding gas phase to arbitrarily small values. The
same effect is also attained by a total blockage of intercrystalline space
(as achieved, e.g., in Ref. [75] by coating with silica). Under such
conditions, for sufficiently long observation times (as implied in the
case shown in Fig. 1b) the propagator becomes independent of time
and, hence, of the mean square displacement (being nothing else than
the squared distribution width or variance of the propagator). Via
Einstein's relation, the PFG NMR diffusivity attained under such con-
ditions is easily seen to decay, inversely proportional to time.

It is important to note that analytic expressions do as well exist for
the short-time limit where the molecules start to “experience” their
confinement by the surface of the crystals. This formalism has been
developed by Mitra and co-workers [76,77] for the diffusion of mole-
cules confined to a macropore. The developed formalism does even

Fig. 5. PFG NMR signal attenuation plots for different observation times Δ as a function of the squared intensity q of the field gradient pulses: free water (a) and
bound water (b) at 40 °C; free water (c) and bound water (d) at 100 °C.
(Source: Reprinted from Ref. [69], Copyright 2018, with permission from Elsevier).
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offer the option of discriminating between “reflecting” (as so far con-
sidered) and “absorbing” boundaries. On considering n-hexane in zeo-
lite NaX [78], with appropriately chosen particle sizes and measuring
temperatures, the dependence of the diffusivities on the observation
time were indeed found to follow the limiting case of reflecting
boundaries in the Mitra formalism [76,77], even with an indication of
the deviation from a linear square root dependence, predicted by the
formalism as a second-order effect.

While the large hexane molecules are kept within the crystal as a
consequence of their high heat of adsorption, thus indeed experiencing
the crystal boundary as a reflecting barrier, the tetrafluoromethane
molecules are observed to be small enough for leaving the crystals es-
sentially anytime they have reached their external surface. The mole-
cules which have left the crystals cover very large displacements and
their contribution to overall signal attenuation (see Fig. 1c) is, there-
fore, easily to be distinguished from those within the crystals. It is thus
easily possible to confine analysis to only those molecules which have
never been in contact with the surface. This is the situation with the
other limiting case of the Mitra formalism, considering “absorbing”
boundaries where molecules, once they have reached the surface, do
not contribute anymore to the signal.

Diffusion in beds of nanopores with no surface resistances and large
long-range diffusivities are thus found to represent an alternative to the
situation originally considered in the Mitra formalism, where signal loss
on the surface (of the macropore) was associated with its high relax-
ivity. The validity of the formalism was confirmed by a satisfactory
agreement between the PFG NMR data and the microscopically de-
termined values of the crystal radius as appearing from Fig. 6. The
values of the genuine intracrystalline diffusivities D0 and the crystallite
radii R, the two parameters obtained from the best fits of the Mitra
formalism, are tabulated in Table 1.

After detecting the possibility that the mass transfer is significantly
affected by the resistances on the external crystal surfaces, it comes as a
big surprise to observe anomalies in the PFG NMR diffusivities even
under conditions where they are supposed to coincide with the coeffi-
cients of genuine intracrystalline diffusion. Fig. 7 shows the results of
such a study performed with zeolite crystals large enough in compar-
ison with the recorded diffusion path lengths, so that the resulting
diffusivities should be independent of the observation time [79]. This,
however, is only the case with the largest temperature. One has to
conclude, therefore, that the mass transfer in the interior of the in-
dividual crystals is also affected by transport resistances acting in ad-
dition to the diffusion resistance incurred by the genuine pore space
itself. Increasing thermal energy of the guest molecules facilitates, with

rising temperature, overcoming these internal barriers: accordingly, at
sufficiently high temperature, the mass transfer may in fact be expected
to become unaffected by these barriers, yielding consistency of the re-
corded diffusivities with varying observation time. The validity of this
reasoning has been confirmed by dynamic Monte Carlo simulations
[80] which (based on quite simple assumptions on the resistances,
namely a spacing of 3 μm and an activation energy of 21.5 kJ/mol) are
found to exhibit perfect agreement with the experimental data, as in-
dicated by the solid lines in Fig. 7. Today, confirmed by the information
meanwhile obtained by also microspectroscopy [81–83], transmission
electron microscopy [84] and comparison with QENS diffusion data
(recorded with displacements of nanometer rather than micrometers)
[85–87], the existence of such internal resistances is known to be more
like a general rule rather than an exception.

The effects of both the confinement by external surfaces and the
resistances at internal interfaces are clearly recognized in diffusion
measurements of water molecules and lithium cations in hydrated
zeolite Li-LSX [73]. The first (steep) and the second (moderate) slopes,
in both Fig. 8a and b, correspond to the internal resistances and the
external barrier, respectively, thereby revealing that there are two types
of extra-resistances directly affecting the overall mass transport in the
zeolite, in addition to the diffusional resistance of the genuine pore
network [73]. These very first PFG NMR diffusion measurements with
cations in zeolites, to the best of our knowledge, have opened a new
field of research aiming at an in-depth study of cation locations and
their variation with time within zeolites.

3. Diffusion in pore hierarchies

The functionality of nanoporous materials in their technological
applications for matter upgrading by separation and selective conver-
sion relies on the intimate contact between the guest molecules and the
internal surface of the host materials. This intimate contact, typically

Fig. 6. Relative effective intracrystalline diffusivities D(t)/D0 as function of
D t0 for n-hexane in the single-component sample (○), in the two-component

sample (Δ), and for tetrafluoromethane in the two-component sample (□),
respectively. The lines shown in the diagram represent the best fits of the Mitra
formalism to the experimental data of D(t) with D0 and R as fitting parameters.
(Source: Reprinted from Ref. [78], with the permission of AIP Publishing).

Table 1
Estimate of the genuine intracrystalline diffusivities D0 and the crystal radii R
by PFG NMR data analysis on the basis of the Mitra formalism.
(Source: Reprinted from Ref. [78], with the permission of AIP Publishing).

D0 (m2 s−1) R (μm)

2 n-hexane/cav., single component adsorption, 298 K 3.53× 10−10 9.1
1 n-hexane/cav., two-component adsorption, 298 K 5.54× 10−10 7.8
1 tetrafluoromethane/cav., two-component adsorption,

203 K
4.17× 10−10 9.1

Fig. 7. Dependencies of the n-butane intracrystalline diffusivity on the root
mean square displacements at different temperatures: the experimental data
(points) and those obtained by dynamic Monte Carlo simulations (solid lines).
(Source: Reprinted from Ref. [80], Copyright 2002, with permission from
Elsevier).
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ensured by the pore sizes close to the molecular diameters, tends to
impede the translational mobility of the molecules in such systems. The
gain in value-added products, however, can never be faster than al-
lowed by the migration rate of the molecules. Small pore sizes of the
host material as a prerequisite of functionality do thus, at the same
time, restrain the performance by limiting the rates of molecular dif-
fusion. The fabrication of materials possessing “hierarchical” pore
spaces [88–92] has been recognized as a particularly promising option
for overcoming this trade-off. In such materials, a homogeneous space
of micropores (with pore dimensions in agreement with the required
functionality in separation or conversion) is permeated by a network of
mesopores, which ensures the sufficiently fast exchange between the
particle interior and the surroundings. Accompanied with this increase
in complexity, the number of parameters relevant for an accurate de-
scription of intrinsic mass transfer is also further increasing. We easily
recognize the necessity of introducing at least four parameters. They
coincide, most remarkable, with exactly those four independent para-
meters which we had already referred to in Section 2.2 considering the
two-region model, namely, the diffusivities, the relative occupancies of
the two pore spaces, and the exchange times (with only two of the latter
four parameters being arbitrary). The two-region model may thus serve
as a useful tool for an in-depth study of mass transfer in also hier-
archically porous materials. In many cases, however, it will be sufficient
to consider only the relevant limiting case [93,94]. We are going to
refer to them in more detail in the subsequent section, based on the
outcome of dynamic Monte Carlo simulations in an appropriately
chosen model system. The following sections shall deal with the pre-
sentation and discussion of the results of PFG NMR diffusion mea-
surements in “real” pore hierarchies.

3.1. Insights by dynamic Monte Carlo simulation

The top of Fig. 9 illustrates the model applied for simulating mass
transfer in a hierarchical pore space [93,94]. It consists of a micro-
porous continuum (top left), which is traversed by three arrays of
parallel channels (to which we refer as transport pores or mesopores),
perpendicular to each other (top right). Diffusion is simulated on a
network of equally separated grid points. Jump rates on grid points in
the transport pores are enhanced in comparison to those in the micro-
pores, giving rise to correspondingly enhanced diffusivities. Exchange
rates between the two pore spaces are chosen in correspondence with
the respective populations.

This model has, in particular, been exploited for investigating

molecular uptake and for correlating the patterns of guest distributions
with the rate-determining phenomena (and parameters) of mass
transfer during uptake. Molecular uptake is simulated by starting with
an empty lattice. Equilibrium with the surrounding atmosphere is en-
sured by keeping, after each simulation step, the fraction of occupied
grid points in the surface layer constant. The bottom of Fig. 9 shows two
typical patterns of guest distribution obtained as snapshots during the
simulation runs of molecular uptake. Both refer to identical partial
loadings. Depending on the parameters chosen for describing the in-
ternal mass transfer they show, however, distinctly different patterns.

In the representation on the bottom left we recognize that the mo-
lecular uptake occurs essentially homogeneously all over the crystal.
This exemplifies the limiting case of “slow exchange” where diffusion in
the transport (the meso-) pores is very fast in comparison with uptake
by the micropores. The space of mesopores is therefore filled by guest
molecules long before a significant portion of the micropores has been
occupied. Uptake occurs, as a consequence, over essentially the whole
of the internal surface of the mesopores. Its rate is thus determined by
the diffusivity in (exclusively!) the micropores. However, the diffusion
pathways to be covered for sample filling are now, owing to the pre-
sence of the mesopores, notably reduced. They may be shown [93,94]
to scale with the total volume of the microporous space divided by the
total area of the interface between the micro- and mesoporous spaces.

The representation on the bottom right depicts the opposite situa-
tion where “fast exchange” between the meso- and microporous spaces
gives rise to the formation of a diffusion front. It propagates from the
external particle surface toward its interior as it is the case with also the
purely microporous host material. This means that it is still the particle
size which determines the diffusion path lengths to be covered during
the molecular uptake or release. The effective diffusivity, however, is
now given by the combined effect of mass transfer in the micro- and
mesopores. The situation reminds of the regime of long-range diffusion
referred to in already Section 2.1 considering mass transfer through
beds of nanoporous crystals. Now, however, deviating from the situa-
tion with beds of nanoporous particles, the microporous space forms a
continuum, so that mass transfer in both pore spaces contributes to the
overall molecular uptake (or release). The effective diffusivity, corre-
spondingly, results as the weighted mean of the (effective) diffusivities
in the two pore spaces: Deff= pmicroDmicro+ pmesoDmeso. Note that, as a
consequence of the presence of the mesopores, Dmicro may notably differ
from Dintra measured in the purely microporous specimen. We are going
to experimentally show this case in the subsequent sections dealing
with the results PFG NMR diffusion studies in hierarchically organized

Fig. 8. Effective diffusivities of water (via 1H PFG NMR) at 25°C (a) and of the lithium cations (via 7Li PFG NMR) at 100 °C (b) in hydrated zeolite Li-LSX.
(Source: Reprinted with permission from Ref. [73]. Copyright 2013 American Chemical Society).
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pore spaces.
Mass transfer in hierarchically porous materials is thus seen to in-

deed depend on a number of parameters. There are, however, quite
different possibilities of how the overall mass transfer is affected by
these parameters. It has been visualized that, e.g., under the conditions
of “fast exchange”, uptake and release rates (as the key numbers of mass
transfer) vary with the particle size which is not the case under “slow
exchange” conditions. Though a sufficiently high diffusivity in the
mesopores is clearly a prerequisite for the limiting case of slow ex-
change, once established, molecular uptake and release under slow
exchange conditions are controlled by the diffusion rate in exclusively
the micropores. Uptake and release under fast-exchange conditions,
however, are affected by the diffusivities in both pore spaces.
Comprehensive knowledge about the governing phenomena of mass
transfer in hierarchically porous materials is thus considered quintes-
sential to design their optimum applications. Therefore, the develop-
ment of effective strategies for their determination by reliable experi-
ments has become a hot topic of current research [95] along with
particular challenges for PFG NMR diffusion measurements [96–99] –
some of which we are now going to refer to in more detail.

3.2. PFG NMR diffusion measurements in mesoporous zeolites

The enhancement of the overall mass transfer due to the presence of
mesopores is experimentally observed in PFG NMR diffusion measure-
ments of short n-alkanes in zeolite NaCaA [100,101]. In comparison
with the propane diffusivities in the purely microporous space, its ef-
fective diffusivity in the hierarchical pore system possessing both mi-
cropores and intentionally added mesopores is seen to increase by
several orders of magnitude, showing the largest diffusivities for the
largest mesopore content. The diffusivities shown in Fig. 10 are plotted
as a function of the observation time. Their constancy confirms that
only normal diffusion has occurred, with the covered displacements

between 200 nm and 10 μm.
While the great benefit of the mesopores was immediately visible

with propane, the situation becomes much more complex when con-
sidering ethane as a guest molecule (in the very same zeolite NaCaA
[101]), as illustrated by Fig. 11. This difference in the patterns must be
referred to the smaller critical diameter of ethane in comparison with
propane. Although the difference in the diameters is in fact quite subtle,
their similarity with the pore sizes is known [86,102,103] to give rise to
an enhancement of the diffusivity of ethane in zeolite NaCaA in com-
parison with propane by more than two orders of magnitude. This
dramatic increase does as well increase, for ethane, the contribution of
micropore diffusion to the overall (“effective”) diffusivity.

At low temperatures, the diffusivities in the mesoporous zeolites are
even found to be below those in the purely microporous ones. This is
due to the fact that, given their low occupancy at low temperatures, the
mesopores act as obstacles rather than as highways of mass transfer.
Exactly to such a situation we did refer already at the end of Section
3.1, highlighting the difference between Dmicro and Dintra. The validity
of this reasoning, i.e. mesopore hindrance to diffusion, is evidenced by
comparison of the diffusivities in zeolites with “open” mesopores (re-
presented by open symbols in Fig. 11) and those with blocked meso-
pores (filled symbols). At sufficiently low temperatures both diffusiv-
ities are indeed found to essentially coincide. Only at the highest
temperatures considered, the fraction of molecules in the mesopores
becomes large enough, so that the presence of the mesopores leads to an
increase in the diffusivity in comparison with the purely microporous
zeolites. The dashed line in Fig. 11 (with the slope given by the isosteric
heat of adsorption) serves only as a guide to the eye, indicating the
increase in pressure and, hence, in the relative amount pmeso of mole-
cules in the mesopores with increasing temperature where it is taken
into account that the relative number of molecules in the gas phase of
the (fused) PFG NMR sample tubes remains negligibly small in com-
parison with the amount adsorbed. The increase in the experimentally

Fig. 9. Model system applied for simulating mass
transfer: microporous continuum (top left) and ar-
rays of mesopores (top right). Distributions of guest
molecules in the modelled grid in the limiting cases
of slow exchange (bottom left) and fast exchange
(bottom right). The purely microporous body (small
squares) is percolated by a network of mutually in-
tersecting mesopores (equidistant channels).
(Source: Reproduced from Ref. [93], with permission
from John Wiley and Sons).
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determined diffusivities is seen to remain far below this estimate, evi-
dencing the substantial contribution of micropore diffusion to overall
mass transfer under even these conditions.

To the best of our knowledge, most of the PFG NMR diffusion stu-
dies performed with hierarchical materials have been carried out under
the fast exchange conditions. This is a consequence of the fact that, for
ensuring sufficiently large observation times together with the appli-
cation of sufficiently strong field gradient pulses, only systems of high
internal mobility (and with, correspondingly, large transverse nuclear
magnetic relaxation times) have been considered. Molecules are thus in
general found to repeatedly switch between the two pore spaces. It has
been demonstrated in Section 2.2 with the water molecules captured by
the sodalite cages that the combination of MAS and PFG NMR may
eventually transcend this limitation.

3.3. PFG NMR diffusion measurements in hierarchically porous silica

Novel opportunities and challenges for PFG NMR diffusion studies

with pore hierarchies have opened up with the advent of materials with
hierarchically arranged meso- and macropores. Fig. 12a shows, as an
example, the scanning electron micrograph of an hierarchically porous
silica monolith [104,105] consisting of a mesoporous bulk phase tra-
versed by macropores. With due precautions, PFG NMR is able to trace
mass transfer in three different scenarios as illustrated by Fig. 12b–d
[106]. The situation shown in Fig. 12b is attained by appropriately
choosing the measuring temperature above the melting point in the
mesopores, but below that in the macropores [107–110]. Slight tem-
perature enhancement leads to melting all over the sample and, thus, to
scenario (d). In fact, this scenario may even be maintained due to
“supercooling” [111,112] by, once again, carefully cooling down [113].
As a consequence, all measurements can be implied to be performed at
an essentially identical temperature of 273 K. Similarly, scenario (c) is
attained with, again, a supercooled probe liquid (at 273 K), but now in
the monolithic macroporous silica in which the mesopore structure is
not present due to the omission of postgelation treatments [114].

Fig. 12e provides an overview of the diffusivities attained in the
three scenarios considered, in comparison with the diffusivity in the
bulk liquid. As the most remarkable feature, the diffusivity under
condition (b) is observed to be quite significantly (by a factor of about
6) reduced, while diffusion in exclusively the macropores (c) and under
fast exchange conditions (d) are only slightly (by a factor of about 1.5)
below the bulk diffusivities. The latter finding is not unexpected since
the material under study has, among others, been designed for appli-
cation in chromatography [115,116] where high throughputs and,
correspondingly, low resistances by tortuosity are intended. On search
for the origin of the dramatic reduction of the diffusivity in solely the
mesopores (i.e. under condition b) we note that the mean diffusion path
lengths of the guest molecules as given on the abscissa in Fig. 12e are
comparable with or do even notably exceed the spatial extensions of the
purely mesoporous pore space which appear from the scanning mi-
crographs in Fig. 12a. The diffusional resistance, to which the guest
molecules are subject, is therefore caused by both the mesopore tor-
tuosity and by the tortuosity brought about by the finite extension of
the mesoporous pore space. We are thus encountering a situation to
which we referred already in the context of Fig. 11 where total blockage
of one pore space (there it was the mesopore space) was observed to
notably reduce the diffusivity in also the complementary pore space
[117].

The reduction in diffusivity is, in scenario (b), caused by the
blockage of the macropores and does, correspondingly, not exist any-
more under the fast-exchange conditions as considered in Fig. 12d. The

Fig. 10. Self-diffusivities of propane in zeolite NaCaA at 25 °C. Squares: purely microporous; Circles: mesoporous with a volume fraction ϕ =0.18; Triangles:
mesoporous with a volume fraction ϕ =0.30.
(Source: Reproduced from Ref. [100], with permission from John Wiley and Sons).

Fig. 11. Arrhenius plot of ethane self-diffusivities in zeolite NaCaA. Open cir-
cles: purely microporous; Open triangles: open mesopores with a volume
fraction of 0.18; Filled triangles: blocked mesopores with a volume fraction of
0.18; Open diamonds: open mesopores with a volume fraction of 0.30; Filled
diamonds: blocked mesopores with a volume faction of 0.30. The dashed line is
a guide to the eye, representing the variation of the contribution of diffusion in
the (unblocked) mesopores to the overall intracrystalline diffusivity with
varying temperature.
(Source: Reprinted from Ref. [101], Copyright 2012, with permission from
Elsevier).
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contribution of mesopore diffusion to overall mass transfer in scenario
(d) must therefore be expected to be notably larger than appearing from
scenario (b) where the macropores and, hence, also the interface be-
tween the macropore and mesopore spaces are blocked. It is due to this
reason that the diffusivity observed under condition (d) must be ex-
pected to be enhanced in comparison with the weighted mean of the
diffusivities resulting under conditions (b) and (c). This is exactly also
the outcome of the experiments shown in Fig. 12.

4. Conclusion

In the last few decades, PFG NMR has proved its unmatched cap-
abilities for investigating molecular translational diffusion in complex
systems, notably including nanoporous materials. It triggered a para-
digm shift in our understanding on intracrystalline diffusion and pro-
vided novel insights into various limiting cases of diffusion in nano-
porous materials. Convincing demonstrations of the applicability of the
PFG NMR techniques to zeolites have impressively evidenced the im-
portance of a close control of the key parameters and of the boundary
conditions under which the experiments are performed. Only under
such conditions, a valid correlation of the obtained data with physically
meaningful phenomena and processes becomes attainable. Most re-
cently, PFG NMR has in particular shown its enormous potential for
probing diffusion in hierarchically organized porous materials. A sig-
nificant enhancement of their quality features in comparison with
conventional “monodisperse” porous materials is accompanied by a
dramatic increase in the number of influencing parameters and, thus, in
also the expenses of their measurement. Comprehensive knowledge on
the governing phenomena of mass transfer, however, is quintessential
for the optimum design and application of these materials. Combination
of MAS and PFG NMR has reinforced the potential of NMR diffusometry
by offering a new possibility for diffusion measurement with molecules
of extremely low mobility which, so far, have been unobservable by
PFG NMR. This paves the way for a new promising approach of NMR
diffusometry to less mobile systems with increasing complexity.
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