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ABSTRACT:Nanoporous solids are attractivematerials for
energetically efficient and environmentally friendly catalytic
and adsorption separation processes. Although the perfor-
mance of such materials is largely dependent on their
molecular transport properties, our fundamental under-
standing of these phenomena is far from complete. This is
particularly true for the mechanisms that control the pene-
tration rate through the outer surface of these materials
(commonly referred to as surface barriers). Recent detailed
sorption rate measurements with Zn(tbip) crystals have
greatly enhanced our basic understanding of such processes.
Surface resistance in this material has been shown to arise
from the complete blockage of most of the pore entrances
on the outer surface, while the transport resistance of the
remaining open pores is negligibly small. More generally,
the revealed correlation between intracrystalline diffusion
and surface permeation provides a new view of the nature of
transport resistances in nanoporous materials acting in
addition to the diffusion resistance of the regular pore
network, leading to a rational explanation of the discrepancy
which is often observed between microscopic and macro-
scopic diffusion measurements.

Diffusion, which involves the irregular movement of particles
(atoms andmolecules), is among themost fundamental and

omnipresent phenomena in nature. It is the basis for many
technologies,1 particularly processes for separation and chemical
conversion using nanoporous solids as adsorbents and catalysts.
In such processes, the production rate cannot exceed the limits
imposed by intraparticle diffusion. Diffusion studies reveal that
nanoporous materials commonly deviate from their ideal text-
book structure, with structural defects2,3 often acting as transport
resistances.4-9 Lattice instability is particularly pronounced close
to the crystal surface, and this facilitates the formation of defects.
Transport resistances at a crystal surface (surface barriers) are a
special case of the transport resistances that may appear quite
generally at phase boundaries and the boundaries of compart-
ments such as cell membranes.10 The application of interference
microscopy (IFM) and IR microscopy (IRM),11 allows direct

measurement of these resistances. The experimental data so far
accessible,12-14 however, did not provide any insight into the
nature of these resistances other than their magnitude. With the
advent of the new MOF material, Zn(tbip)15 (H2tbip = 5-tert-
butyl isophthalic acid, Supporting Figure 1), this deficiency has
now been overcome.

Conventionally, transport resistances at the boundary of
nanoporous particles (and between different phases, in general)
are considered as a thin layer (of thickness l) of dramatically
reduced diffusivity (Dbarr). Such a reduction may be explained by
changes in the lattice properties close to the surface.16-18 The
magnitude of the resistance is characterized by the surface
permeability, R, defined by the relation19

jðx ¼ 0Þ ¼ Rðceq - cðx ¼ 0ÞÞ ð1Þ
as the factor of proportionality between the flux j(x = 0) = jsurf
through the surface and the difference between the actual
boundary concentration (c(x = 0) = csurf) and the concentration
ceq established in equilibrium with the external gas pressure.
According to Fick’s first law,4 molecular fluxes are the product of
concentration gradient and diffusivity. With Figure 1, one thus
obtains

j ¼ Dbarr
ceq - cðx ¼ 0Þ

l
ð2Þ

and comparison with eq 1 yields

R ¼ Dbarr=l ð3Þ
Alternatively, and completely equivalently with the model of

Figure 1, transport inhibition may also result from a dramatic
reduction of guest solubility. Then Dbarr is replaced by the bulk
diffusivity reduced by the ratio of the concentrations in the
bulk and in the layer at equilibrium. In this model, diffusion (D)
and surface permeation (R = Dbarr/l) are controlled by different
mechanisms and vary independently of each other. Exactly
this result was the outcome of all previous studies.12-14 It was
therefore a complete surprise to find that the concentra-
tion dependences of the intraparticle diffusivities20 and surface
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permeabilities21 in MOFs of type Zn(tbip) follow similar patterns
of concentration and temperature dependence. An even more
interesting finding is provided by considering the permeability/
diffusivity ratio, R/D. These ratios are calculated from the
primary data (the surface permeabilities and intracrystalline
diffusivities) as reported in refs 20 and 21 (crystals 1-3) and
in this study (Figure 3, crystals 4 and 5) and are summarized in
Table 1. Data evaluation and accuracy are detailed in section 3 of
the Supporting Information. Remarkably, these calculations
show that the permeability/diffusivity ratio R/D of an individual
crystal remains invariant with changes in (i) the type of the guest
molecules, (ii) the loading (i.e., concentration of guest molecules),
and (iii) the type of the diffusion process considered, i.e. transport
diffusion (measured under nonequilibrium conditions) or self--
(tracer) diffusion (under equilibrium conditions)!

In contrast to the conventional picture of transport resistances
at phase boundaries as homogeneous layers of dramatically
reduced diffusivities (or solubilities) with properties notably dif-
ferent from those of the bulk phase, surface permeation and
intracrystalline diffusion in Zn(tbip) are evidently controlled by
the same molecular mechanism! The experimental evidence
therefore suggests that only a very small fraction of the pores
are directly accessible from the outside atmosphere. After having
passed these “entrances”, however, molecules are able to diffuse
at the same rate as anywhere else within the pore space. Filling of
the blocked pore channels may be accomplished via structural
defects (“windows” between adjacent channels) which are
known to occur even in seemingly ideal crystals.2,3 This situation
is illustrated by Figure 2.

In ref 22 the transient guest profiles during uptake and release
in such structures are shown to coincide with the patterns for
homogeneous resistances as shown in Figure 1. Examples of
simulated profiles for subsequent times t1 < t2 < t3 are shown in
Figure 2 and illustrated by possible particle distributions at these
times. Note that now the quantity c(x = 0) which appears in the
definition (eq 1) of the surface barrier is the actual boundary
concentration in the system. Assuming a statistical distribution of
the channel openings (with probability popen) and of the
“windows” between adjacent channels, i.e. in (y and (z direc-
tions (with probabilities py = pz), in ref 22 both simulations
and probability estimates are shown to yield, as an analytical

expression:

R � 0:5� popenD

λ

5py
1þ 4py

1-
py

2þ 4py

 !
ð4Þ

Here, λ denotes the simulation step length which, in the
Zn(tbip) structure under consideration, coincides with the
separation of adjacent cages (0.82 nm, see Supporting Figure
1). With eq 4 the permeability-to-diffusivity ratio R/D is seen to
be simply a function of the structural parameters of the given host
material, which is exactly consistent with the results from our
measurements. It is interesting to note that differences in the
permeability/diffusivity ratios a/D for different crystals (Table 1)
result from differences in the surface permeability rather than
from differences in the intracrystalline diffusivities. This finding
agrees with the assumption that structural instabilities are likely
to be much more pronounced close to the surface than in the
crystal bulk phase.

Taking advantage of the arrangement of the cavities in one-
dimensional chains (see Supporting Figure 1), the formalism
of single-file diffusion23,24 allows the rates of molecular uptake
and release (or of tracer exchange) to be combined to estimate
the probability that molecules are able to pass each other.22

By attributing these mutual passages to structural defects in the
system, one obtains py ≈ 0.05. Inserting this value and a/D =
0.6 � 105 as a typical value for the mean of the permeability/
diffusivity ratios (Supporting Table 1), eq 4 yields popen ≈ 5 �
10-4. This result means that, on the average, within an area

Figure 1. Conventional representation of a surface resistance as a thin
layer of thickness l (, particle size L) with a dramatically reduced
diffusivity Dbarr (, bulk diffusivity D). The flux through the surface is
driven by the difference between the equilibrium concentration ceq,
which is thought to be instantaneously attained on the outer side, and the
concentration c(x = 0)� csurf on the inner side of the surface layer. The
concentration csurf � c(x = 0) is the boundary value of the evolving
concentration profiles in the interior of the particle (bulk phase) as
observable by IFM and IRM.

Figure 2. Schematics of the microstructural origin of surface resistances
on nanoporous particles of type MOF-Zn(tbip): Entrances to most of
the chains of cavities (“channels”) are blocked. Holes in the channel
walls allow filling of all channels. Simulation results (top) show transient
concentration profiles at times t1 < t2 < t3 during molecular uptake with
examples of possible guest distributions (bottom).
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of about 45 � 45 channel entrances on the crystal surface, there
is only one that is open. This estimate holds for a statistical
distribution of open channel entrances. For clustered channel
openings and a given surface permeability, the percentage of
open channel entrances increases in proportion with the dia-
meter of the clusters of open channels.22,25

Measurements at different temperatures can provide further
confirmation of the suggested origin of surface barriers. Practical
restrictions of the apparatus in which IRM and IFM measure-
ments are performed has hitherto prohibited transient uptake
and release experiments at different temperatures. With the
recently improved experimental system (Supporting Figure 2)
this limitation has now been overcome, and the measurement of
transient concentration profiles is no longer limited to being
done at room temperature.

The surface permeabilities and intracrystalline diffusivities
deduced from these profiles (Supporting Figures 5 and 6) are
displayed in Figure 3. As required by the proposed model, both
quantities show identical temperature dependencies. The difference
in the permeability/diffusivity ratios of the two crystals may
again be taken as an indication of different patterns of the
surface blockages, while the similarity of the Arrhenius slopes
confirms that surface permeation and bulk diffusion proceed by
identical elementary mechanisms.

From the experimental evidence of the diffusion and permea-
tion studies with guest molecules in Zn(tbip), the mechanism
of mass transfer through the surface of nanoporous materials is
found to be quite different from the conventional picture of a
surface barrier as a homogeneous layer of dramatically reduced
permeability. The experimental evidence is further supported

by dynamic Monte Carlo simulations and a formal analytical
treatment which yield estimates of the fraction of unblocked pore
entrances.22

The resistance model detected in our studies may occur quite
generally at any phase boundary. While in the conventional view
(Figure 1) the local permeation rate anywhere on the boundary is
constant, the new model (Figure 2) represents the opposite
limiting case where, with the exception of a few unblocked
entrances, all remaining pores are totally blocked. Pore mouth
opening by appropriate postsynthesis treatment (e.g., etching)
thus, not unexpectedly, appears as an important route to enhanc-
ing surface permeability.

This scenario exemplifies a situation which, in theoretical
physics, is generally treated by so-called effective-medium
approaches.25-27 In fact, for the prediction of the resulting
concentration profiles it is immaterial whether one considers
the real situation, i.e. a discontinuous resistance as reflected by
Figure 2 or a continuous surface layer (an “effective medium”)
with the permeability provided by eq 4. Mere inspection of the
evolution of the concentration profiles in a particular experiment
provides no direct evidence that would distinguish between these
two models. It was the remarkable agreement between the
(surface) permeabilities and (bulk) diffusivities which, for the
given system, allowed the prediction of a highly discontinuous
resistance with many blocked and a few open pore entrances.

The relevance of this finding is not limited to this particular
system. With the advent of novel techniques of structure
analysis28-30 intergrowths have been shown to be a common
feature of zeolite crystals. Internal barriers which may be formed at
the internal boundaries of such intergrowths, have been suggested

Table 1. Surface Permeability/Diffusivity Ratio r/D for Different Individual Crystals of Type Zn(tbip)

crystal guest molecule loading/molecules per segment D/10-13 m2 s-1 R/10-8 m s-1 ratio R/D/105 m-1

crystal 1 propane, 295 K 0 2.58 1.22 0.48

0.5 7.57 3.26 0.43

0.95 11.9 4.87 0.41

ethane, 295 K 0 484.56 139.52 0.29

0.5 1058.95 207.15 0.16

n-butane, 295 K 0 1.27 0.76 0.59

0.5 1.73 1.31 0.76

0.95 1.93 1.62 0.84

crystal 2 propane, 295 K 0 2.57 2.75 1.07

0.5 7.57 5.94 0.79

1 11.9 8.04 0.68

crystal 3 (tracer exchange) propane, 295 K 0.28 1.18 0.38 0.32

0.47 0.63 0.21 0.33

crystal 4 propane, 295 K 0 2.45 4.02 1.64

0.5 5.16 8.46 1.64

0.8 6.79 11.14 1.64

propane, 343 K 0 3.94 6.46 1.64

0.6 8.3 13.6 1.64

crystal 5 propane, 295 K 0 2.45 1.15 0.47

0.5 5.16 2.42 0.47

0.8 6.79 3.19 0.47

propane, 323 K 0 3.94 1.85 0.47

0.5 8.3 3.9 0.47

propane, 343 K 0 5.92 2.49 0.47

0.5 11.1 5.24 0.47
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as a possible explanation of the discrepancy often observed on
comparing macroscopic diffusion measurements (i.e., molecular
uptake and release) with microscopic measurements.8,9,31 If the
microscopic measurements are made over diffusion path lengths
notably smaller than the barrier separation, themeasured diffusivity
will not be affected by these resistances, which may, however, still
control the overall rates of uptake and release. Though differing by
orders ofmagnitude, the diffusivities determined in these two types
of measurement often show similar patterns, including coinciding
activation energies.8,9,31 This remarkable finding from earlier
comparative diffusion studies may now be easily explained if it is
assumed that the internal barrier resistances are of the same type as
the surface resistances observed in the present study.

In general, the nature of transport resistances may be expected
to lie somewhere between the two liming cases of a uniform low
permeability (as has been widely assumed hitherto) and a highly
heterogeneous permeability, varying between zero over most of
the area and infinity for the “holes”, as observed in our present
study. Recent advances in high-resolution microscopy and
chemical analysis up to atomistic resolution,32 in combination
with microscopic diffusion studies, should provide the necessary
tools to explore these more complicated structures, with the
eventual goal of a complete understanding of the mechanisms
leading to surface resistances and their consideration in the
production of transport-optimized materials.
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Figure 3. Temperature dependence of diffusivity and surface perme-
ability. Surface permeability (filled symbols) and intracrystalline diffu-
sivity (open symbols) of propane in MOF Zn(tbip) at vanishing loading
at different temperatures, determined from the transient concentration
profiles recorded in two different crystals during molecular uptake
(Supporting Figures 5 and 6) by interference microscopy (IFM).


