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Using the short-chain-length alkanes from ethane to n-butane as guest molecules, transient concen-

tration profiles during uptake or release (via interference microscopy) and tracer exchange (via IR

microimaging) in Zn(tbip), a particularly stable representative of a novel family of nanoporous materials

(the metal organic frameworks), were recorded. Analyzing the spatiotemporal dependence of the profiles

provides immediate access to the transport diffusivities and self-diffusivities, yielding a data basis of

unprecedented reliability for mass transfer in nanoporous materials. As a particular feature of the system,

self- and transport diffusivities may be combined to estimate the rate of mutual passages of the guest

molecules in the chains of pore segments, thus quantifying departure from a genuine single-file system.

DOI: 10.1103/PhysRevLett.102.065901 PACS numbers: 66.30.je, 66.30.Pa, 68.43.Jk

Owing to most recent significant developments in ma-
terial sciences [1] and driven by the fascinating prospects
of technical application [2], the diversity of nanoporous
materials is continuously increasing [3]. Diffusion is
among those processes which may decide about the
technological performance of these materials [4–6].
Simultaneously, it is one of the most fundamental phe-
nomena and the investigation of diffusion under confine-
ment [7,8] is among the hot topics of current fundamental
research. Thus, diffusion in nanoporous materials is ad-
dressed in numerous publications, with many of them
developing theoretical concepts for the explanation of
experimental data [9–12]. However, beginning with the
application of the pulsed field gradient nuclear magnetic
resonance to diffusion studies with zeolites [5,13,14], the
experimental determination of reliable diffusivities in
nanoporous host-guest systems proved to be far from triv-
ial. In fact, in numerous cases ‘‘real’’ specimens of nano-
porous material turned out to notably deviate from the ideal
textbook structure, with the possibility that these devia-
tions (pore blockage, cracks), rather than diffusion in the
genuine pore space, become rate determining for the ob-
served transport phenomena [15,16]. This constraint is of
immediate impact on molecular modeling, since it is the
experimental evidence which has to serve as the ultimate
criterion of its validity.

Among the numerous techniques applied to diffusion
measurement in nanoporous materials [5,6,14,17], only the
recently introduced methods of interference microscopy
[16,18–20] and IR microimaging [16] [supplementary ma-
terial (SM) 1 and 2 [21] ] are able to monitor transient
concentration profiles and, hence, diffusion fluxes directly
in the interior of individual nanoporous crystallites. To our
knowledge, never before in any type of matter could
diffusion-driven transient concentration profiles be ob-

served with a similar wealth of information [22,23].
Moreover, by following tracer exchange, IR microimaging
is also able to operate under (quasi-) equilibrium condi-
tions. The virtue of these techniques, namely, to focus on a
particular, isolated crystal, raises the problem that the
number of adsorption or desorption cycles which could
be performed with an individual crystal remained rather
limited due to sample instabilities. Though to different
extents, for most of the investigated specimens the trans-
port parameters were eventually found to change with
increasing cycle numbers. With the advent of Zn(tbip)
(H2tbip ¼ 5-tert-butyl isophthalic acid) [24], a highly sta-
ble representative of the family of microporous metal
organic frameworks (MOFs), we dispose of a nanoporous
host system for which an essentially unlimited reproduc-
ibility in subsequent adsorption-desorption cycles could be
observed. Zn(tbip) (see Fig. 1 and SM 4) is traversed by an
array of parallel chains of pore segments in the direction of
longitudinal crystal extension. The resulting one-
dimensionality of diffusion and structural stability make
MOFs of type Zn(tbip) excellent candidates for a system-
atic, experimentally founded investigation of the key fea-
tures of mass transfer in nanoporous materials.
Altogether, more than 60 different adsorption and de-

sorption runs with three different guest molecules (ethane,
propane, and n-butane) and three runs of tracer exchange
(between propane and deuterated propane at two different
loadings) have been performed. All measurements were
carried out at room temperature (298 K). The adsorption
and desorption experiments were initiated by a stepwise
variation of the pressure in the surrounding gas atmosphere
which can be assumed to occur essentially instantaneously.
For observing tracer exchange, after equilibration with the
host system, the molecules in the surrounding atmosphere
were replaced by their isotopes. Examples of the evolution
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of the thus recorded concentration profiles are shown in
Figs. 2 and 3, as well as in the SM 1 and 2. It is worthwhile
mentioning that, following recent studies with notably
poorer spatiotemporal resolution [25,26], it is only the
introduction of IR microimaging by focal-plane array de-
tection [27] that allowed the observation of the transient
tracer exchange profiles of the quality shown in Fig. 2.

In all experiments, the boundary concentration does not
immediately reach the equilibrium value. This indicates an
additional transport resistance at the surface, i.e., a reduced
surface permeability [28]. Reference to the underlying
transport parameters has to take account, therefore, of
both the intracrystalline diffusivities and surface perme-
abilities. Intracrystalline diffusivities are defined as factors
of proportionality between particle fluxes and concentra-
tion gradients, surface permeabilities as factors of propor-
tionality between particle fluxes and the difference
between the actual boundary concentration and the con-
centration in equilibrium with the surrounding atmosphere
[4,5,13,14] (see also SM 5). If observed under overall
concentration gradients, they are referred to as ‘‘transport’’

diffusivities (permeabilities), if observed by tracer ex-
change, they are self- (or tracer exchange) diffusivities
(permeabilities). The experimental accessible space scale
exceeds the nanoscale (pore distance) of the material by
several orders of magnitude so that the relevant relations of
mass transfer end up in a continuous diffusion equation
(Fick’s 1st and 2nd laws, SM 5).
During tracer exchange, profile evolution is therefore

controlled by a single value of the (tracer or self-) diffu-
sivity and surface permeability (depending on the overall
concentration), rather than on the (varying) concentration
of labeled (or unlabeled) molecules. Figures 4(b) and 4(e)
show the data which yield best fits between the measured
curves and their theoretical prediction (full lines in Fig. 2,
as well as in Fig. S4 [21]) by the standard relations of

FIG. 3 (color online). Transient concentration profiles of pro-
pane in Zn(tbip) during adsorption [0 to 480 mbar (a)] and
desorption [480 mbar to vacuum (b)]. The thin lines represents
the best fits of the numerical solution with a concentration
dependence of the surface permeability and the diffusivity
provided by a Reed-Ehrlich ansatz.

FIG. 2 (color online). Transient concentration profiles of deu-
terated propane in MOF Zn(tbip) during tracer exchange with the
undeuterated isotope at an overall pressure of 60 mbar. Thin
lines represent the best fits of the analytical expressions for tracer
exchange with a constant surface permeability and diffusivity.

FIG. 4. Diffusivity (left) and surface permeability (right) of
ethane, propane, and n-butane in Zn(tbip) as resulting as a best
fit to the experimentally determined transient concentration
profiles. The results from (nonequilibrium) uptake or release
experiments are presented by full lines, the tracer exchange data
by points. The corrected (MS) parameters used in the fitting
procedure are indicated by dotted lines.

FIG. 1 (color online). Model representation (a),(b) and image
(c) of the MOF Zn(tbip) under study. The atoms of the crystal
framework and the one-dimensional pore structure. The side
pockets are ordered like two three-leafed clover separated by
windows of a diameter of 0.45 nm. The red (or gray) surface
indicates the surface of the pores as perceived by the guest
molecules. (c) Crystal under investigation. The red (or gray)
line indicates that the profiles are recorded in the center of the
crystal.
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molecular uptake or release with constant diffusivities and
surface permeabilities [5,29] (SM 6).

Under transient uptake and release, account has to be
taken of a possible concentration dependence of both
the intracrystalline (transport) diffusivity and the surface
permeability. By means of the adsorption isotherm
cðpÞ (SM 3), the transport diffusivity can be related to a
‘‘Maxwell-Stefan’’ (MS, or ‘‘corrected’’) diffusivity D0 by
the relation [4,5,9]

DT ¼ @ lnp

@ lnc
D0: (1)

The equilibrium concentrations cðpÞ of propane and
n-butane are found to follow a single-site-Langmuir
isotherm with a maximum loading of one molecule
per (channel) segment, while Configurational-Bias
Monte Carlo (CBMC) simulations show that ethane occu-
pies two different adsorption sites (SM 3,4).

By considering only nearest-neighbor interaction on a
surface of equal adsorption sites, Reed and Ehrlich derived
the following analytical expression of the concentration
dependence of diffusion [30–32]:

D0 ¼ D0ð0Þ ð1þ "Þz�1

ð1þ "=�Þz ; (2)

with

" ¼ ð�� 1þ 2�Þ�
2� 2�

; (3)

� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1� 4�ð1� �Þð1� 1=�Þ
q

: (4)

z is the coordination number (number of nearest neigh-
bors), which equals 2 for one-dimensional systems. �
denotes the occupancy, i.e., the concentration divided by
the maximum concentration, c=cmax. Most remarkably
(and conveniently), over the total range of concentrations
the diffusivity is found to be determined by only two
parameters, namely, the MS diffusivity D0ð0Þ at zero load-
ing (coinciding with the transport and self-diffusivity at
this loading) and the ‘‘interaction’’ parameter � (>1 for
repulsive and <1 for attractive interaction, see SM 5). In
the limiting case of simple hard-core interaction (� ¼ 1),
Eq. (2) simplifies to the lattice-gas relation D0 � ð1� �Þ
[33,34]. In many studies the observed concentration de-
pendencies were found to nicely follow an analytical ex-
pression provided by Eqs. (1)–(4) [12,32]. Using this
ansatz for both the diffusivities and surface permeabilities,

we attained an excellent reproduction of the transient
concentration profiles also in our experiments. This is
visualized by the full lines in the representations of the
transient concentration profiles. They have been calculated
with the diffusivities and surface permeabilities with the
concentration dependences resulting by inserting the fitting
parameters summarized in Table I into Eqs. (2) to (4) by a
numerical solution of the diffusion equation [29,35]. Most
importantly, this agreement is demonstrated to exist for
both adsorption and desorption, confirming reproducibility
and reversibility of the measurements. Figure 4 summa-
rizes the concentration dependences of the transport dif-
fusivities and surface permeabilities determined in our
studies. As well included are the corresponding ‘‘cor-
rected’’ quantities resulting from the respective adsorption
isotherms via Eq. (1).
The simultaneous measurement of transport diffusion

and self-diffusion allows an assessment of up to which ex-
tent mass transfer in the chain of pore segments in Zn(tbip)
is subject to single-file diffusion [36–39]. In a perfect
single-file system of N sites (pore segments) the effective
self-diffusivity of tracer exchange is known to be exceeded
by D0ð0Þ by a factor of N�=ð1� �Þ [40–42]. With crystal
lengths � 100 �m and a site distance of � � 1 nm, the
resulting factors dramatically exceed the experimental val-
ues [Fig. 4(b)] of about 2 and 5 for � ¼ 0:28 and 0.48,
respectively. Hence, within the chains of pore segments in
the crystals under study the propane molecules must def-
initely have the possibility of mutual passages. The pas-
sage rate � of a particular pair of adjacent molecules is
related to the tracer (or self-) diffusivity D� by the simple
random-walk expression

D� ¼ l2� (5)

where lð��=�Þ denotes the mean distance between adja-
cent molecules. With the simplifying assumption that a
jump attempt towards an empty segment is always suc-
cessful, while it is only successful with the probability p if
this segment is occupied, the passage rate may be corre-
lated by the expression

� ¼ pð1� �Þ
2�

(6)

with the mean time � between jump attempts. Inserting
Eq. (6) into (5) yields

D� ¼ �1

2�

pð1� �Þ
�2

¼ D0ð0Þpð1� �Þ
�2

; (7)

TABLE I. Reed-Ehrlich parameters used for the construction of the concentration dependencies of the transport diffusivities and
surface permeabilities following Eqs. (1)–(4), yielding best fits to the recorded concentration profiles.

Guest molecule D0ð0Þ �D �0ð0Þ �� Standard deviation between measured and

recalculated concentrations profiles

Ethane 5:2� 10�11 m2 s�1 2.6 1:3� 10�6 m s�1 2.1 4.4%

Propane 2:4� 10�13 m2 s�1 4.9 2:7� 10�8 m s�1 2.9 3.8%

n-butane 1:3� 10�13 m2 s�1 1.5 7:6� 10�9 m s�1 2.1 3.1%
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from which one obtains passage probabilities of p ¼ 5:5�
10�2 and 8:8� 10�2 for � ¼ 0:28 and 0.48, respectively.
The increase of p with increasing loading may be referred
to the repulsive interaction of the diffusants which, in the
chosen model approach, has already been found to give rise
to values >1 for the fitting parameter � of concentration
dependence.

On applying the concentration dependence of the Reed-
Ehrlich model, we have made use of a most versatile option
of representing a large spectrum of possible concentration
dependences by a minimum of free parameters. The mea-
sured concentration profiles are in excellent agreement
with the corresponding solutions of the diffusion equation
with the thus described diffusivities and permeabilities
(Table I). However, with the successful application of the
concentration dependence as following from the Reed-
Ehrlich model, the model can clearly not automatically
be assumed to adequately represent the microdynamic
features of mass transfer. The substantial data spectrum
covering three different chain lengths and a large range of
concentrations is rather expected to give rise to the appli-
cation of more refined techniques of molecular modeling
and to their comparison with experimental evidence.
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Supplementary Material 1: Infrared micro-imaging 
 
We are going to describe very briefly the used IR micro-imaging device. More details of 
FTIR spectroscopy and the technique can be found in references [1-7].  
The Fourier Transform Infrared (FTIR) microscope Bruker Hyperion 3000 consists of a 
spectrometer Bruker Vertex 80v and a microscope with a Focal Plane Array (FPA) detector 
(Figure S 1). 
The novel FPA detector consists of an array of 128 × 128 single detectors with a size of 
40 µm × 40 µm each. By means of a 15x objective, a resolution of 2.7 µm × 2.7 µm is gained 
in the focal plane. The beam is focussed with a maximum beam width of 23.5 °. 
Each single detector of the FPA records an IR signal. The intensity of the IR light as a 
function of the wavelength, i.e. the transmission spectrum, is determined by means of the 
spectrometer by using Fourier transformation.  
All molecules with a dipole moment absorb photons of a specific energy[5, 6]. This means that 
the absorption bands have a specific wave number (reciprocal wave length). Therefore, 
different molecules can be distinguished by their different absorption bands (Figure S 2). 
 
 

Figure S 1 Picture of the IR micro-imaging Bruker Hyperion 3000 which consists of a 
spectrometer and the microscope with optics and the detectors. The main part of the 
spectrometer is a Michelson interferometer. 
 
  



 
Figure S 2:IR absorption spectra of deuterated propane in MOF Zn(tbip). The absorption 
band of the C-D valence vibrations are clearly distinguished from the C-H valence 
vibrations of the crystal framework.  
The absorption spectrum is the negative logarithm of the ratio of the transmission spectrum 
of the sample and of the background. 
 
As a consequence of Lambert-Beer’s law, the concentration of adsorbed molecules is 
proportional to the absorption band. Therefore, a two-dimensional concentration profile of the 
adsorbed molecules with a resolution up to 2.7 µm can be recorded with this IR micro-
imaging device (Figure S3 and Figure S4) 
 



 
Figure S3: Two-dimensional profile of the C-D absorption band recorded by IR micro-
imaging. The gray scale displays the intensity of the C-D band (from 0 to 3 a.u.). The crystal 
is equilibrated with the surrounding atmosphere of 60 mbar deuterated propane. The bright 
bar represents the region which yields the profiles pictured in Figure S4.  
The scattering on the left side of the picture is caused by the “bad” illumination of the 
detector caused by its large size. 
 

 
Figure S4: Transient concentration profiles of deuterated propane in MOF Zn(tbip) during 
tracer exchange with the undeuterated isotope at an overall pressure of 30 mbar (a) and 
60 mbar (b). Thin lines represent the best fits of the analytical expressions for tracer 
exchange with a constant surface permeability and diffusivity. 
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Supplementary Material 2: Concentration profiles recorded by 
Interference Microscopy 
 
A Jenamap p dyn (Carl Zeiss GmbH) interference microscope equipped with an 
interferometer of the Mach-Zehnder type is the basic technique used for the purpose of this 
study. Its high spatial resolution (0.5 µm × 0.5 μm), together with a time resolution of 10 s 
(determined by implemented phase shifts for phase determination), enabled us to record the 
transient concentration profiles of the guest molecules with high accuracy. On the basis of this 
technique, we correlate the optical path length of the beam passing through the crystal under 
study with the refractive index of the medium (crystal) and with the actual intracrystalline 
concentration. The first quantity is measured, the latter is determined. A fully detailed 
description of the method can be found in refs. [1] and [2]. All experiments are performed 
with the same crystal (see figure 1). 

 

Transient concentration profiles of ethane in MOF Zn(tbip) 

 

 
Figure S 5: Transient concentration profiles of ethane in MOF Zn(tbip). The pressure steps 
are from 0 to 255 mbar (a), from 255 mbar to 0 (b), from 0 to 734 mbar (c) and from 
734 mbar to 0 (d). The symbols are recorded by IFM. The thin lines represent the numerical 
solutions of the corresponding diffusion equations with a concentration dependence of the 
diffusivities and surface permeabilities as provided by the two-parameter ansatz of the Reed-
Ehrlich model which yield the best fist to the experimental data (see Table 1).  
The standard deviations are mainly caused by the waves on the recorded concentration 
profiles which are generated by partial reflection at the crystal faces. Note that, e.g., in the 
case of propane, more than 200 concentration profiles recorded during more than 20 different 
adsorption and desorption experiments have been described with not more than 4 parameters. 



Transient concentration profiles of propane in MOF Zn(tbip) 
 

 
 
 

 
 
 

 
Figure S 6: Example of concentration profiles of propane in MOF Zn(tbip). The pressure 
steps are from 0 to 60 mbar (a), from 60 mbar to 0 (b), from 0 to 680 mbar (c), from 680 mbar 
to 0 (d), from 0 to 855 mbar (e) and from 855 mbar to 0 (f). The symbols are recorded by 
IFM. The thin lines represent the numerical solutions of the corresponding diffusion equations 
with a concentration dependence of the diffusivities and surface permeabilities as provided by 
the two-parameter ansatz of the Reed-Ehrlich model which yield the best fist to the 
experimental data (see Table 1).  
 
 



Transient concentration profiles of n-butane in MOF Zn(tbip) 
 
 

 
Figure S 7: Concentration profiles of n-butane in MOF Zn(tbip). The pressure steps are from 
0 to 318 mbar (a) and from 318 mbar to 0 (b). The symbols are recorded by IFM. The thin 
lines represent the numerical solutions of the corresponding diffusion equations with a 
concentration dependence of the diffusivities and surface permeabilities as provided by the 
two-parameter ansatz of the Reed-Ehrlich model which yield the best fist to the experimental 
data (see Table 1).  
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Supplementary Material 3: Adsorption isotherms recorded by 
IFM and IRM 
The adsorption isotherm is measured by means of infrared and interference microscopy at a 
temperature of 298 K. The obtained data are rescaled by means of the adsorption isotherms 
determined with CB Monte Carlo simulations (see Supplementary Material 4).  
 
The shape of the experimental data can be described by a single-site Langmuir isotherm, 

sat

1
c b pc

b p
⋅ ⋅

=
+ ⋅

. 

The Langmuir parameter b is determined to 0.00205 mbar-1 for ethane (Figure S 8a) and to 
0.015 mbar-1 for propane (Figure S 8b).  
Since the mass transfer of n-butane is very slow, only one adsorption/desorption experiment 
was performed. It is, therefore, not possible to determine the isotherm. So, the values 
determined by CBMC simulations are used (bn-butane = 0.77 mbar-1). The equilibrium loading 
at 318 mbar n-butane is close to the saturation loading. Therefore, small changes of the 
Langmuir parameter b do not affect the concentration. 
 
There are six (channel) segments in each unit cell (figure S11 and S12), so a concentration of 
1 molecule per segment corresponds to 6 molecules per unit cell. 
 



 
Figure S 8: Adsorption isotherm of ethane (a) and propane (b). The spheres are recorded by 
interference microscopy and the open circles by infrared microscopy. The thick blue lines 
indicates the best fit with a single-site-Langmuir isotherm.  



Supplementary Material 4: Molecular Simulation methodology 
and simulation results 

Monte Carlo simulation methodology 
The structural information for Zn(tbip) simulations have been taken from Pan et al.[1]. The 
structure data file we used is available on our website [3]. The framework structure, and the 
pore (energy) landscapes are presented in Figures S9, S10, S11, and S12. One unit cell of 
Zn(tbip) contains a total of six channel segments. 
The adsorption isotherms were computed using Monte Carlo (MC) simulations in the grand 
canonical (GC) ensemble. The united atom force field for alkanes, developed by Dubbeldam 
et al. [4], is used to describe alkane-alkane, Lennard-Jones, interactions. For alkane-alkane 
interactions the tabulated force fields are available in Dubbeldam et al. [4]; the potential for 
the n-alkanes includes bond stretching, bending, and torsion. 
 The Zn(tbip) framework was considered to be rigid in the simulations. For the atoms in the 
guest metal organic framework, the generic UFF [5] and DREIDING [6] force fields were 
used. The Lennard-Jones parameters are given in Table S1. The Lorentz-Berthelot mixing 
rules were applied for calculating σ and ε/ kB for guest-host interactions. For simulations with 
linear and branched alkanes with two or more C atoms, the Configurational-Bias Monte Carlo 
(CBMC) simulation technique [7, 8] was employed. The beads in the chain are connected by 
harmonic bonding potentials. A harmonic cosine bending potential models the bond bending 
between three neighboring beads, a Ryckaert-Bellemans potential controls the torsion angle. 
The beads in a chain separated by more than three bonds interact with each other through a 
Lennard-Jones potential. The Lennard-Jones potentials are shifted and cut at 12 Å. The 
CBMC simulation details have been given in detail elsewhere [4, 7-9].   
The CBMC simulations were performed using the BIGMAC code developed by T.J.H. 
Vlugt[10]  as basis.   
The molecules investigated in the present study are ethane (C2), propane (C3), and n-butane 
(nC4). 



 
Figure S9. Sideways view of Zn(tbip) framework structure. 



 
Figure S10. Head-on view of Zn(tbip) framework structure. 

 



  
Figure S11. Perspective view of one unit cell of Zn(tbip), shown along with the pore energy 
landscapes. There are six (channel) segments in each unit cell. 

  
Figure S12. Head-on view of one unit cell of Zn(tbip), shown along with the pore energy 
landscapes.



 

Simulation results for the isotherms 

The CBMC simulation results for the isotherms of ethane (C2), propane (C3), and n-butane 
(nC4) are shown  in Figures S5, S6 and S7. The loadings are presented as the number of 
molecules per channel segment. For all three molecules investigated a saturation loading of 1 
molecule per channel segment were used for fitting purposes.  These values were also used to 
scale the experimental data, that were available only in arbitrary units for the loadings. Shown 
in Figures S8, S9 and S10 are snapshots showing the location of molecules within a channel 
containing eight segments. 

 

 
Figure S13. Isotherm of ethane determined from CBMC simulations. Both adsorption sites 

are occupied  
 



 
Figure S14. Isotherm of propane determined from CBMC simulations. The isotherm in the 

pressure range below 1000 mbar can be described with a single-site Langmuir isotherm with 
an equilibrium loading of 1 molecule per segment. 

 
Figure S15. Isotherm of n-butane determined from CBMC simulations. The isotherm in the 

pressure range below 1000 mbar can be described with a single-site Langmuir isotherm with 
an equilibrium loading of 1 molecule per segment. 

 



 
Figure S16. Snapshots showing the location of ethane (C2) molecules within the 1D pore 

landscapes of Zn(tbip) determined from CBMC simulations. The total loading is 4 molecules 
per unit cell. 

 

 
Figure S18. Snapshots showing the location of propane (C3) molecules within the 1D pore 
landscapes of Zn(tbip) determined from CBMC simulations. The total loading is 4 molecules 
per unit cell  
 
 

 
Figure S19. Snapshots showing the location of n-butane (nC4) molecules within the 1D pore 
landscapes of Zn(tbip) determined from CBMC simulations. The total loading is 4 molecules 
per unit cell. 



 

Animations 

For visual appreciation of the diffusion phenomena in Zn(tbip), animations were created on 
the basis of the MD simulations; these can be viewed after downloading the movies from our 
website (http://www.science.uva.nl/research/cr/animateMD/). 
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Table S1. Lennard-Jones parameters for atoms in metal-organic host framework for Zn(tbip). 
The Zn parameters are taken from the UFF force field; the other parameters are from 
DREIDING . 
 (pseudo-) atom σ / Å ε/kB / K 
Zn 2.69 0.41 
O 3.03 48.19 
C 3.47 47.86 
H 2.85 7.65 
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 Supplementary Material 5: Reed-Ehrlich model  
 

Concentration dependence represented by φ  
In the Reed-Ehrlich model, the diffusivity results to be determined by only two quantities, 
namely D(c=0) and a factor refelcting the concentration dependence. This factor is 
determined by the parameter φ . The influence of φ  on the concentration dependence is 
illustrated by figure S20. 

 
Figure S20. Transport diffusivities of a system following the Reed-Ehrlich model, as a 
function of the concentration for five different types of molecular interaction as provided by 
the parameter φ . The coordination number z is 2. 



Results of the fit to the recorded concentration profiles 
Table 1 summarizes the parameters of the Reed-Ehrlich ansatz for the diffusivities and surface 
permeabilities which yielded best agreement between the experimental data and the transient 
concentration profiles calculated by a numerical solution of the diffusion equation during ad- 
and desorption. In all cases (full lines in figs. 3 and S5-S7), the recalculated profiles were 
found to nicely reflect the measured ones. In order to provide an impression of the accuracy of 
the determined parameters, each single parameter was individually varied until the mean 
standard deviation exceeded the standard deviation of the best fit by 1 %. The resulting Reed-
Ehrlich (minimum and maximum) parameters are summarized in Tab. S2. It turns out that the 
diffusivities and surface permeabilities at zero loading may be determined with a fairly high 
accuracy (± 20 %), while the Reed-Ehrlich parameter φ  can be varied without impairing the 
fit dramatically.  
 
Diffusivity 
Guest 
molecule 

D0(0) 
best fit 

D0(0) 
minimum 

D0(0) 
maximum 

Diffφ  
best fit 

Diffφ  
minimum 

Diffφ  
maximum 

Ethane 5.2×10-11 m2 s-1 4.1×10-11 m2 s-1 7.1×10-11 m2 s-1 2.6 1.3 11.4 
Propane 2.4×10-13 m2 s-1 1.8×10-13 m2 s-1 3.4×10-13 m2 s-1 5.1 2.7 9.9 
n-butane 1.3×10-13 m2 s-1 9.6×10-14 m2 s-1 1.6×10-13 m2 s-1 1.5 1.0 2.1 
 
Surface permeability 
Guest 
molecule 

α0(0) 
best fit 

α0(0) 
minimum 

α0(0) 
maximum αφ  

best fit 
αφ  

minimum 
αφ  

maximum 
Ethane 1.28×10-6 m s-1 1.2×10-6 m s-1 1.4×10-6 m s-1 2.1 1.5 3.2 
Propane 2.3×10-8 m s-1 1.9×10-8 m s-1 4.3×10-8 m s-1 2.6 1.7 5.8 
n-butane 7.6×10-9 m s-1 6.4 ×10-9 m s-1 8.9×10-9 m s-1 2.1 1.4 3.1 
Table S2: Maximum and minimum Reed-Ehrlich parameters which yield standard deviations 
which exceeded the standard deviation of the best fit by 1 %. 
 
 
 
All profiles recorded for one type of guest molecule in one crystal have been described with 
the same set of parameters. Since the surface is a very unstable region of the crystal, the 
surface permeability might slightly vary between different experiments. For instance, the 
surface permeability may be influenced by impurities in the gas atmosphere. Therefore, the 
fitting process of the concentration profiles of the propane molecules, where more than 20 
different pressure steps were fitted with only 4 parameters, was repeated with a diffusivity 
which is identical for all pressure steps, however, the surface permeability was independently 
fitted for every pressure step. In this way, a standard deviation of 3.2 % between the recorded 
and the recalculated concentration profiles was attained. This is slightly smaller than the 
results attained by only 4 fitting parameters (3.8 %). 
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