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The rate of mass exchange with the surroundings is essential
for the technological performance of nanoporous materi-
als"! and depends on both the diffusion coefficients within
the porous material and the surface permeabilities.! While
diffusion within porous materials has been in the focus of
numerous publications,®® to date the surface permeability,
which is important in nanotechnology and in life sciences!”’
and medicine,'” has not been considered quantitatively. With
the introduction of interference microscopy,™!!! this defi-
ciency may now be overcome. To date, the observation of
transient concentration profiles in most of the nanoporous
materials revealed substantial deviations from their ideal
behavior.'!¥) Moreover, repeating adsorption—desorption
cycles often lead to dramatic changes in the observed
concentration patterns.'¥ Only very recently, crystals of the
metal-organic framework (MOF) Zn(tbip)™ (H,tbip=
5-tert-butyl isophthalic acid) proved to be stable enough to
allow the essentially unlimited repetition of adsorption—
desorption runs with complete reproducibility. This extra-
ordinary quality allowed the measurement of surface perme-
abilities under variation of guest sizes, guest concentrations,
and the type of experiment (equilibrium and non-equilibri-
um). Agreement between the concentration dependence of
the surface permeabilities and the diffusion coefficients
provides first insight into the nature of the surface resistances
of these systems.
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Molecular exchange between the host system and the
surrounding space is described by Fick’s 2nd law implemented
with a boundary condition [Egs. (1)and (2)]. D, j(x=0), «, and
Ceq denote the diffusion coefficient in the host system, flux
through the surface, surface permeability, and guest concen-
tration in equilibrium with the external atmosphere, respec-
tively.
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Following Equation (1), the diffusion coefficient may be
determined from the spatial-temporal dependence of the
concentration profile.®'! Surface permeabilities, however,
are directly accessible only at the crystal surface and,
generally, have been determined by the best fit to the
experimental data.'") While diffusion coefficients depend
on the guest concentration, surface permeation is correlated
with a whole range of concentrations, from the actual
boundary concentration (c(x=0)=cy,;) to the equilibrium
concentration c.,. We have explored the surface permeability
as a function of these two limiting concentrations. Since
surface permeabilities are expected to vary between different
crystals, their concentration dependence must be determined
with one crystal. Measurements of this type require a high
degree of reproducibility which was feasible in the case of
Zn(tbip).!"!

Zn(tbip) crystals have an elongated, hexagonally pris-
matic form with lengths of hundreds micrometers and
diameters of tens of micrometers and are traversed by one-
dimensional pores (Figure 1a) along their long axis. Their
synthesis is described in Ref. [15] and Figure 1 b,c show typical
crystals. Samples were activated for 1.5 h under evacuation at
393 K. We selected ethane, propane, and n-butane as guest
molecules. Sorption was initiated by varying the gas pressure
in the surrounding atmosphere. The time constants of
equilibration in the crystal were between 8.5-12 min for
ethane and 30 h for n-butane. After equilibration with the
surrounding gas phase, tracer-exchange experiments were
started by replacing the molecules in the gas phase by their
isotopes. All measurements were performed at room temper-
ature. Concentration profiles were recorded by interference
microscopy™!1* and IR micro-imaging"” (see the Support-
ing Information for details).

Figure 2 shows the permeability data obtained for one
crystal from a large number of adsorption and desorption
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Figure 1. a) Schematic representation of a one-dimensional channel
(segment indicated by arrow) along the long axis of a Zn(tbip) crystal
with propane guest molecules. SEM images of the face surface b) of
an as-synthesized crystal and c) of a freshly cut crystal. Insets: enlarge-
ments (scale bars: 1 um).

runs. The concentration profiles provide both the boundary
concentrations and surface fluxes which, on the basis of
Equation (2), are used to determine the surface permeability
for each value of cy,. These permeabilities are indicated in
Figure 2 as blue dots.

Importantly, the permeability data for a pair of values c,
and c,,; are independent of the sorbate concentration in the
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Figure 2. Surface permeability a of propane (blue dots) as a function
of the equilibrium concentration c,, and the surface concentration ¢,
of the crystal. The date are obtained by six uptake and six release
experiments (each of 5 runs under constant pressure and 1 run under
variable pressure). The projection of each blue point on the bottom
plane gives the corresponding pair of the equilibrium and surface
concentrations, provided by the respective transient profiles monitored
by interference microscopy. Every straight line along the axis of the
surface concentration with constant equilibrium concentration belongs
to an adsorption (c,,s<c.) or desorption (c,.> c.q) experiment under
constant pressure. The two curves belong to adsorption—desorption
cycles under variable pressure. The inserted surface represents the
best fit of the surface permeability as a function of the average
concentration ((Ceq+ Csur)/2). The open blue symbols belong to an
experiment with initial concentration of 0.5 to an equilibrium concen-
tration of 0.9 molecules per segment.
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crystal at the beginning of the experiment. This is exemplified
by two experiments with an equilibrium concentration of
Ceq =0.9 and boundary concentrations cg,,; =0 to 0.9 (Figure 2,
open circles) and from 0.5 to 0.9 (Figure 2, filled circles), from
experiments with two different pressure steps. Since the
permeabilities are expected to exclusively depend on the
boundary and equilibrium concentrations (and to remain
unaffected, therefore, by the concentration profiles within the
crystallite which differ for different pressure steps), this
agreement confirms the self-consistency of our measure-
ments.

Since dependence on two separate parameters would
dramatically impede the practical use of surface permeabil-
ities we looked for some way of combining these parameters.
Surface permeability was found to be reasonably well
represented as a function of the arithmetic average of the
equilibrium and boundary concentrations (ceq+ Cyyf)/2. The
result of a corresponding fitting procedure is indicated in
Figure 2 by the three-dimensional surface with colors varying
from black to red for permeabilities increasing from about 1.2
to 5.5x 10~* ms~'. The surface permeability is thus found to
be essentially independent of the difference between the
actual and the equilibrium surface concentration, that is, of
the height of the pressure step, and symmetric with respect to
adsorption and desorption.

Figure 3 a shows the surface permeability data of Figure 2
as a function of (cq 4 Cy,)/2 as well as the transport diffusion
coefficients of propane calculated form the transient concen-
tration profiles using Equation (1). Comparison of the con-
centration dependencies reveals a remarkable similarity. This
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Figure 3. Transport diffusion coefficient D (top line) and surface per-
meability a (dots/lower line) of propane a) in the Zn(tbip) crystal
considered in Figure 2 and b) in another as-synthesized crystal from
the same sample, as a function of the (mean) concentration

((Ceq + Csurf) /2)
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agreement was also found for a second crystal from the same
sample (Figure 3b) which indicates this behavior to be a
general trend. Note that the diffusion coefficients measured
for different specimens form the same sample are found to
vary by less than 20%, whereas the surface permeabilities
may differ by factors of up to 2. This finding corresponds to
the fact that, on comparing different crystallites, the pore
space remains essentially the same while surface properties,
including the permeabilities, can vary much more readily
between different specimens.

Figure 4a and b shows the diffusion coefficients and
surface permeabilities for the guests ethane and n-butane. For
n-butane, both the diffusion coefficients and the permeabil-
ities follow the concentration dependence observed with
propane, but at slightly smaller values. Given the coinciding
kinetic diameter (ca. 4.3 A)!"* and the slightly longer length of
butane, this is the expected behavior. The dramatic increase in
surface permeability (by two orders of magnitude) and
diffusion coefficient for ethane molecules, as well as the
differences in the concentration dependence, may be asso-
ciated with ethane’s much smaller kinetic diameter of
approximately 3.8 A."*! Figure 4 ¢ shows the propane (trans-
port) diffusion coefficients and surface permeabilities (data as
in Figure 3 a) obtained in transient sorption experiments, that
is, under non-equilibrium conditions, and the results of
isotope exchange, that is, the corresponding equilibrium
data from IR micro-imaging. The self-diffusion coefficients
are found to be notably smaller than the transport diffusion
coefficients and to decrease rather than to increase with
increasing loading. Both differences may be correlated with
the steric properties of the pore space. It consists of segments
(see Figure 1a) which, in general, cannot accommodate more
than one guest molecule. Therefore, exchange between
adjacent molecules in a pore chain is greatly impeded.
While transport diffusion is unaffected by the mutual
exchange of adjacent molecules and, thus not influenced by
its impedance, such exchange is the governing process of
tracer-exchange experiments and, thus, of self-diffusion. Self-
diffusion coefficients, therefore, must be significantly smaller
than the transport diffusion coefficients, and decrease with
increasing loading. In tracer-exchange experiments, the sur-
face permeabilities are found to have a similar concentration
dependence to the diffusion coefficients, that is, they decrease
with increasing loading.

This remarkable correlation between diffusion coeffi-
cients and surface permeation suggests that the transport
resistance exerted by the crystal surface is brought about by
total blockage of a certain (large) fraction of the pore
openings rather than by a partial obstruction of all of them. In
accordance, Figure 1b shows a partial overgrowth which
could be the structural origin of the surface resistance.
Imperfections in the interior of the crystal structure allow
equilibration of the guest concentration over the whole pore
array.

The stochastic nature of the surface resistances and
differences in the overgrowth lead to a variation in their
intensity for different crystals. These differences are notably
larger than the scattering of the values for one and the same
crystal, which is caused by the small, but inevitable uncer-
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Figure 4. Diffusion coefficients D and surface permeabilities a for
transient sorption experiments at room temperature with a) ethane
and b) n-butane on the same crystal as considered in Figure 3b.

c) Comparison of the propane data for transient sorption with the
corresponding data under equilibrium conditions (self-diffusion coef-
ficients and tracer-exchange surface permeabilities).

tainty of the recorded concentrations (see Supporting Infor-
mation).

In our experiments we observed that the surface perme-
abilities on either side of a given crystal are similar. This result
indicates that the crystallization process itself does not give
rise to the formation of surface barriers, since then it would be
difficult to explain why the surface permeabilities differ from
crystal to crystal but are the same on either side of a given
crystal. The formation of surface resistances should rather be
associated with the influence of the crystal surroundings
which, during crystallization and crystal storage until per-
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forming the experiments, should be more similar on either
side of the same crystal than for different ones.

This symmetry is expected to be revoked by creating
surfaces with different “histories” on either side of the same
crystal. For this purpose we have broken a crystal just before
the sorption experiment within the observation cell (see
Figure SI4 in the Supporting Information). As expected, the
permeability at the fractured surface (Figure 1c) is approx-
imately 10 times larger than on the other (the “old”) surface
(Figure 1b).

A detailed data set for the quantification of surface
permeabilities was established. The remarkable concurrence
with the diffusion coefficients indicates a close relationship
between the elementary processes of diffusion and perme-
ation, suggesting that permeation proceeds through relatively
small surface areas of essentially infinitely high permeability,
and that over the vast majority of the surface the pore
entrances are blocked. The surface resistances observed with
the first uptake after activation were reproduced with all
subsequent release and uptake experiments. Hence, in con-
trast to the experiments reported in Ref. [14], in which, with
increasing number of adsorption—desorption cycles, the
uptake of isobutane in silicalite-type crystals was found to
be progressively retarded by the formation and intensification
of surface barriers owing to spurious water in the guest
atmosphere, the adsorption—desorption cycle itself does not
contribute to the formation of the observed surface barrier.
Based on the evidence of the microscope images (Figure 1b
and c) it may be assumed that amorphous layers, partially
covering the crystal surface, give rise to the observed surface
resistances. In addition, the surface resistances may be caused
by bulky molecules absorbed close to the surface layer which
cannot be removed by a simple evacuation procedure
between the individual adsorption—desorption runs. Removal
of such contaminations would require high-temperature
treatment which, presently, is not possible under the micro-
scope. Thus, further experimental refinement with the option
to identify a particular crystallite even after high-temperature
treatment is among the crucial prerequisites for completing
our present view on the formation of surface barriers. These
efforts will be promoted by the technological interest in these
materials and by the relevance of transport phenomena in
their application.
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