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Mass transfer of toluene in a series of metal-
organic frameworks: molecular clusters inside
the nanopores cause slow and step-like releasef

Chun Li, 2 Zejun Zhang‘® and Lars Heinke (2 *

The mass transfer of the guest molecules in the pores is fundamental for the application of nanoporous
materials like metal-organic frameworks, MOFs. In the present work, we explore the uptake and release
of toluene in a series of Zr-based MOFs with different pore sizes. We find that intermolecular guest—
guest interaction, sterically controlled by the pore size, has a substantial impact on the release kinetics.
While the adsorption is rather fast, the desorption process is many orders of magnitude slower. Depend-
ing on the pore size, molecular clusters form, here (most likely) toluene dimers, which are rather stable
and their break-up is rate-limiting during the desorption process. This results in a step-like desorption
kinetics, deviating from the plain Fickian-diffusion-controlled release. Temperature-dependent
experiments show that the minimum and maximum of the release rates are obtained at the same
toluene loadings, independent of the temperature. Moreover, the activation energy for the release
coincides with the binding energy of a toluene dimer. The work shows the importance of intermolecular

guest—guest interaction, controlled by the MOF-nanoconfinement, for the uptake and release from

rsc.li/pcecp nanoporous materials.

1 Introduction

Nanoporous materials like metal-organic frameworks (MOFs)
attract considerable attention due to potential applications in
various fields, such as in gas storage and separation, catalysis,
chemical sensing and energy conversion.'® In these applica-
tions, the mass transfer, which is controlled by the guest-guest
and the guest-host interactions, is fundamental.””**> For exam-
ple, the mass transfer of the guests in pores may govern the
overall efficiency of the catalytic reaction or may result in a fast
or sluggish sensor performance. Moreover, the guest mass
transfer is crucial for molecular separation and purification
applications. Thus, the mass transfer and diffusion properties
of various guest molecules in the MOF pores are subjects of
intense research.®'*™*” In many guest-host systems, the uptake
and release of the guest molecules can be described by indivi-
dual molecules where guest-guest (intermolecular) interactions
have only a small impact on the diffusion properties and the
uptake and release can be described by (plain) Fickian
diffusion.'® As a result, the uptake and release processes have
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similar rates.>'® In some examples, it was found that the guest-
guest interaction results in a substantial concentration depen-
dence. For example, the diffusion coefficients of short alkanes in
MOF Zn(tbip) increase with increasing pore loading, explained
by the Reed-Ehrlich model™?° and repulsive guest-guest
interaction.>"*> This results in a desorption process which is
somewhat slower than the adsorption process, by about a factor
3.>! In different theoretical studies, the importance of guest-guest
interaction for the diffusion processes was emphasized.”® The
formation of molecular clusters and its impact on the diffusion
was found for molecules like SFs and CF, in the nanopores of
zeolites.”® Later, computations showed that molecules like CO,,
CH,, benzene and xylene form molecular clusters and dense
molecular packings in the pores of various MOF structures.””
In a pioneering experimental study, M. Tsotsalas, S. Kitagawa
et al. observed the molecular clustering of butanol, diethyl ether
and n-pentane in the pores of the prototype MOF HKUST-1.>° 1t
was found that the desorption process is significantly decelerated
by the clustering of the molecules. To the best of our knowledge,
while there are many computational works published,>® this is
the only experimental study®® on clustered molecules in MOF
pores and its impact on the mass transfer. The impact of the pore
size and of the temperature have not yet been experimentally
explored.

The formation of small non-covalently bound molecular
clusters is important in nature. Such cluster formation gives
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Fig.1 (a) Toluene monomer, dimer and trimer. The diameters of the
dimer and the trimer with the van-der-Waals surfaces are approximately
1.05 nm and 1.13 nm, respectively. The distance between the planes of the
phenyl rings is approximately 0.34 nm for the dimer. (b) Schematic
representation of the UiO-67 structure along with the linker molecules,
which are BDC (for UiO-66), NDC (for UiO-66.5), BPDC (for UiO-67) and
TPDC-NH, (for UiO-68-NH).

insight in the molecular interaction, like in the n-r interactions
between two or more aromatic molecules. This is fundamental
for the interaction of neighboring aromatic amino acids in
proteins and in nucleic acids.?® Therefore, the formation of
clusters of aromatic molecules like toluene was extensively
explored.®*™* It was found that the methyl group acts as
hydrogen donor and, thus, stabilizes the aromatic cluster. In
Fig. 1a, a toluene monomer, a dimer and a trimer are depicted
in the most stable shapes as calculated in ref. 35,36.

The aim of the present work is to experimentally study the
transient uptake and release of toluene from UiO-MOF films
with different pore sizes and to explore molecular clustering
effects of the guest molecules in the pores. UiO-MOFs, where
UiO stands for Universitetet i Oslo, are a sub-family of MOFs,
based on cuboctahedral (ZrsO,(OH),) metal nodes. UiO-MOFs
have a pronounced chemical-stability and their pore size can be
tuned by the length of the linker molecules.’” The explored
MOF films are UiO-66, UiO-66.5 (also referred to as DUT-52°%),
UiO-67 and UiO-68-NH,, Table 1. The transient toluene uptake
and release were recorded with a quartz crystal microbalance
(QCM) in a temperature range from 30 °C to 65 °C. We found
that the toluene release from the MOF pores is at least two
orders of magnitude slower than the uptake. Moreover, for

Table1l Parameters of the MOF structures of the UiO series. The diameter
of the pore body refers to the large octahedral UiO-MOF pore. The data
are taken from ref. 45-47

Pore body diameter Pore window

MOF (nm) diameter (nm)
Ui0-66 0.9 0.65

Ui0-66.5 (DUT-52) 1.0 0.77

Uio-67 1.1 0.9
UiO-68-NH, 1.4 1.13
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pores which are large enough for containing toluene dimers,
the release kinetics slow down at certain pore loadings and
accelerate again after the critical (i.e. stable) pore loading is
passed in the release process. Experiments at different tem-
peratures show that the activation energy of the release process
is similar to the binding energy of a toluene dimer. The data
show that molecular clusters of stable toluene dimers in the
MOF pores play a crucial role, governing the mass transport
during the release. Reference experiments with different mole-
cules (xylene, cyclohexane, n-hexane and methanol) as well as
with a small-pore MOF (ZIF-8) support the interpretation of
the data.

2 Experimental section
2.1 Materials

The MOF components are the metal nodes, which are Zirconyl
chloride octahydrate 98% (ZrOCl,-8H,0), and the linker mole-
cules, which are 1,4-benzene dicarboxylic acid 98% (BDC), 2,
6-naphthalene dicarboxylic acid (NDC), 4,4’-biphenyl dicar-
boxylic acid 98% (BPDC) and 2’-amino-1,1’:4,1"-terphenyl-
4,4"-dicarboxylic acid (TPDC-NH,). The MOF components and
the solvents, which are acetic acid 99.8% (HAC), toluene 99.8%
(Tol), N,N-dimethylformamide 99.8% (DMF) and ethanol 99.8%
(EtOH), were purchased from Alfa Aesar and VWR. All chemi-
cals were used without further purification. The substrates for
the MOF films are gold-coated QCM sensors with a resonance
frequency of 5 MHz from Q-Sense, purchased from Biolin
Scientific.

2.2 MOF film synthesis

The UiO-type MOF films were synthesized via vapor-assisted
conversion (VAC).*® The bottom part of a 200 mL Teflon-lined
stainless-steel autoclave filled with Raschig-rings
(1 em x 1 cm) to obtain an elevated flat platform for the
substrates, which are gold-coated QCM sensors. 4.2 mL DMF
and 0.8 mL acetic acid were filled in the autoclave. A QCM
sensor was placed on top of the Raschig-rings, then fully
coated with 40 pL of freshly prepared MOF precursor solution
(2.2 mM ZrOCl,, 2.2 mM linker, which was BDC, NDC, BPDC or
TPDC-NH,, and 420 mM acetic acid in DMF) and then heated to
100 °C for 3 h. After cooling down to room temperature, the
obtained MOF films were dried in vacuum.

was

2.3 Characterizations

The X-ray diffraction (XRD) data of the MOF films were
recorded with a Bruker D8 ADVANCE X-ray diffractometer with
CuK,;, radiation (1 = 1.5418 A). The diffractograms were
recorded with a step width of 20 = 0.02°.

The scanning electron microscopy (SEM) measurements
were performed on a TESCAN VEGA3. In order to avoid char-
ging effects, all samples were coated with a 3-4 nm thick
platinum film before recording the SEM images.

Phys. Chem. Chem. Phys., 2022, 24, 3994-4001 | 3995


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cp05560g

Open Access Article. Published on 01 February 2022. Downloaded on 1/22/2026 5:01:00 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

2.4 Uptake and release experiments

Prior to the uptake experiments, the MOF-coated QCM sensors
were stored in ethanol overnight (to remove eventual remains
from the MOF synthesis from the pores) and then were acti-
vated inside the QCM cell in nitrogen at 65 °C for 10 h. The N,
carrier gas flow was controlled by a mass flow controller with a
total mass flow of 100 cm® min~". After measuring a constant
baseline (usually after ¢ = 10 min), the pure nitrogen gas flow
was instantly switched to the nitrogen flow enriched with
toluene, which was obtained by flowing the nitrogen gas
through a wash bottle filled with liquid toluene. By dew-
point-experiments, the partial pressure of the toluene vapor
in the flow was determined to be 30 mbar, Fig. S9 (ESIT). After
10 minutes, the gas flow through the cell was switched back to
pure nitrogen again and the toluene was released from the
MOF. The frequency shift of the QCM sensor was recorded. The
mass changes and the toluene uptake by the MOF films were
calculated by the Sauerbrey equation.**™*? The temperature of
the QCM cell was controlled and the uptake experiments were
performed at 30 °C, 40 °C, 50 °C, 60 °C and 65 °C. Each uptake
and release experiment was repeated twice. The experiments
were reproduced with a second set of samples. More details on
the QCM setup for the uptake and release experiments can be
found in previous publications.**

3 Results and discussion

For exploring the effect of toluene clustering in the pores of
MOFs, a series of UiO-MOFs with the same topology but
different pore sizes was prepared. The UiO-MOF films were
synthesized by a vapor assisted conversion (VAC) method. The
X-ray diffraction (XRD) data, Fig. 2a and Fig. S1, (ESIf) show
that the MOF films have the targeted structures and high
crystallinities. In addition, the XRD data show only the reflexes
in (111) orientation, indicating that the MOF films are highly
oriented. The size of the pore body and of the pore window of
the UiO-series are given in Table 1.

Scanning electron microscopy (SEM) images of the samples,
Fig. 2b-e, show that the MOF films have a uniform morphology
and the films are composed of many crystallites. The thick-
nesses of the films are estimated from the cross section images
of the broken samples. The film thicknesses are approximately
0.2 um, 0.3 pm, 0.2 um and 0.4 um for the UiO-66, UiO-66.5,
UiO-67 and UiO-68-NH, samples, respectively.

The adsorption and desorption of toluene in the different
UiO MOF films were explored by transient uptake and release
experiments at different temperatures using a QCM. The
uptake and release curves of toluene in UiO-66, UiO-66.5,
UiO-67 and UiO-68-NH, are shown in Fig. 3. The uptake and
release are fully reversible and repeating the experiments
results in essentially the same uptake curves, Fig. S2 (ESIT).
In all uptake curves, the toluene adsorption occurs very fast
with uptake time constants of less than 0.2 s. A precise
quantification of the time constant for the uptake is hampered
by the sampling rate of the QCM, see Fig. S3 (ESIt). Based on
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Fig. 2 (a) XRD data of the samples. The observed diffraction peaks are
labeled. The comparison with the calculated data of the targeted struc-
tures is shown in Fig. S1 (ESIT). SEM images of the (b) UiO-66, (c) UiO-66.5,
(d) UiO-67 and (e) UiO-68-NH, samples. A top-view SEM image is shown
above and the cross-section of the broken sample is shown below.

the uptake time constant of less than 0.2 s and the film
thicknesses, the lower limits of the diffusion coefficients in
all MOF samples are estimated to be 0.6-2.6 x 107> m” s,
This is in agreement with measurements at low vapor pressures
in UiO-66 powder samples.”® The fast uptake kinetics also
indicate that defects like surface barriers***°> have a minor
influence. The absence of surface barriers was also expected,
since the exposure of the freshly-prepared MOF samples to
humid air was avoided.>

In contrast to the very fast uptakes, the release processes
take about 100-1000 s. This is at least two to three orders of
magnitude slower than the uptake process. Fig. 4 depicts the
transient uptake amount of toluene during the release process
as function of the square root of time. Generally, it can be seen
that the release rate increases with the pore size, where the
release from UiO-68-NH, is the fastest and the release from

This journal is © the Owner Societies 2022
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Fig. 3 Toluene uptake and release versus time for (a) UiO-66, (b) UiO-
66.5, (c) UiO-67 and (d) UiO-68-NH,. The temperatures are 30 °C (black),
40 °C (red), 50 °C (green), 60 °C (blue) and 65 °C (magenta), see also
legend in panel (a). The uptake is measured by QCM. The time intervals
where the nitrogen flow is enriched with toluene (tol) are labeled.
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Fig. 4 Toluene loading during the desorption process versus square root
of time for (a) UiO-66, (b) UiO-66.5, (c) UiO-67 and (d) UiO-68-NH,. The
insets show magnifications, where useful. The temperatures are 30 °C
(black), 40 °C (red), 50 °C (green), 60 °C (blue) and 65 °C (magenta).

UiO-66 is the slowest. Even more interesting, it is clearly visible
that the toluene release from UiO-67 but also from UiO-68-NH,
are not continues. For UiO-67, above a loading of about 6 pg
cm ™2, the release is slow and then the release from 6 to about 1
pg em™2 is fast, almost step like. For UiO-68-NH,, such steps
seem to be at about 5.5 pug cm™> (see zoom-in) and at 3 pg cm ™2,
however, it is less pronounced than in UiO-67.

For gaining more insights in the release processes, the
release rates, this means the time-derivative of the release,
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were determined. In Fig. 5, the release rates are plotted as
function of time and as function of the uptake. For a system
where the release is purely controlled by Fickian transport
diffusion, the release rate should decrease during the release
process with an essentially exponential decay function. In
contrast, for UiO-67 and UiO-68-NH,, Fig. 5c and d, the release
processes passes clear (local) maxima of the release rates.
(For all release processes, the global maximum of the release
rate is at the beginning of the release and the global minimum
is at the end, where the MOF pores are empty.) For UiO-67, each
release process has one maximum. After the release starts, the
time at which the maximum release rate is reached decreases
with increasing temperature. The maximum release rate is
reached at approximately 800 s at 30 °C and at approximately
60 s at 65 °C. For UiO-68-NH,, the (main) maximum of the
release is at 200 s at 30 °C and at 14 s for 65 °C. Moreover, the
release from UiO-68-NH, at temperatures of 30 °C, 40 °C and
50 °C shows another maximum at about 5 s, 1.8 s and 0.4 s,
respectively. For the small pore MOFs, Fig. 5a and b, the release
decreases essentially exponentially during the release process
and only small deviations can be founds.

Plotting the release rates as function of the toluene loading
shows that, for UiO-67, the (local) maxima and minima of the
release rates are obtained at the same loadings for all tempera-
tures, see right hand side in Fig. 5. The release rate shows a
minimum at a loading of approximately 7 pg cm > and a
maximum at approximately 4 pg cm™ . The release rate at the
local maximum is approximately one order of magnitude larger
than at the local minimum. This is remarkable, since the
loadings at the minimum, and thus the concentration gradi-
ents driving the mass transfer, are larger than at the maximum.
Higher temperatures result in higher release rates than lower
temperatures, but the loadings at the maximum and minimum
remain.

For UiO-68-NH,, a local maximum of the release rate at a
loading of approximately 3 pg cm > and a minimum at
approximately 4.5 pug cm™> can be observed. The ratio of the
rates at the local maximum and minimum is approximately a
factor 5. A detailed inspection shows that the loading at the
local maximum of the release rate slightly decreases from
3 ug cm 2 at 65 °C to 2.4 pg cm™ > at 30 °C. For UiO-66 and
Ui0-66.5, there are only small local maxima and minima of the
release rate visible, significantly smaller than in UiO-67 and
UiO-68-NH,. For example, the release from UiO-66 shows a
small maximum of the release rate at a loading of roughly
5 pug cm 2,

The experiments were repeated with a second set of samples,
Fig. S4 (ESIt). There, the same behavior was found, this means
a very fast toluene uptake and a slow toluene release. For
UiO-67, the same step-like release kinetics with local maxima
and minima of the rates were found.

The maximum release rate from UiO-67 as function of the
inverse temperature is shown in Fig. 6. The Arrhenius plot
shows a linear behavior and an activation energy of approxi-
mately 33 + 2 kJ mol™". This is in very good agreement to
density-functional-theory calculations, showing a binding energy

Phys. Chem. Chem. Phys., 2022, 24, 3994-4001 | 3997
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Fig. 5 Toluene desorption rate versus time (left) and versus toluene loading (right) for (a) UiO-66, (b) UiO-66.5, (c) UiO-67 and (d) UiO-68-NH,. The
temperatures are 30 °C (black), 40 °C (red), 50 °C (green), 60 °C (blue) and 65 °C (magenta). The insets on the left-hand side show the data on log-log
scales. The insets on the right-hand side show zoom-ins, where useful.

of the toluene dimer of 7.48 kcal mol * (i.e. 31.3 k] mol *).** The
determined activation energy for the release is significantly larger
than the activation energy for the toluene desorption at low
loadings.”* There, the toluene was adsorbed at a vapor pressure

3998 | Phys. Chem. Chem. Phys., 2022, 24, 3994-4001

of 1 mbar (instead of 30 mbar, here) and an activation energy for
the toluene desorption of 8.8 kJ mol~' was determined.>® Thus,
we come to the conclusion that the step-like release of toluene
from UiO-67 is caused by the break-up of the toluene dimers. This
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means, the release Kkinetics are controlled by the dimer-
dissolution, rather than by molecular (Fickian) transport
diffusion.

Reference experiments were performed for testing the sug-
gested interpretation of the data. The uptake and release of
toluene by a MOF film with ZIF-8 structure with small pores
were explored, Fig. S5 (ESIt). ZIF-8 has a small pore aperture
with a diameter of approximately 0.3-0.4 nm connecting pore
bodies with a diameter of approximately 0.7 to 0.9 nm.>>>® The
formation of toluene clusters is sterically hindered. There, the
uptake and release happen with identical rate constants and no
step-like release kinetics were observed, see Fig. S5 (ESIT).

Further reference experiments were performed with UiO-67
MOF films and different guest molecules, Fig. 7 and Fig. S6
(ESIT). First, the plot shows that the toluene-clustering-
phenomenon can only be observed, after the UiO-67 MOF pores
are rinsed with ethanol, emptying the pores from remains from
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Fig. 7 Uptake and release versus time of toluene (black), o-xylene (red),
cyclohexane (green), methanol (blue) and n-hexane (magenta) in UiO-67.
The temperature is 30 °C. The uptake is measured by QCM. The inset
shows a magnification of the (fast) uptake process. Right-hand side: The
uptake amount during the desorption process versus square root of time.
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the synthesis. Second, the data show that the slow release with
the step-like kinetics can be observed for toluene and o-xylene,
but not for methanol. For cyclohexane and n-hexane, slight
step-like release kinetics, much less pronounced than for the
aromatic guest molecules, can be observed.

For determining the mass of the UiO-67-MOF film, the MOF
film is dissolved after the uptake and release experiments,
Fig. S7 (ESIf). There, the mass density of the MOF film was
estimated to be 14.4 pg cm ™. Please note, the quantification of
the MOF mass during the synthesis, as possible for MOF films
made in a layer-by-layer fashion,** is not possible for the
UiO-MOF films made by VAC. Based on the estimated MOF
mass, the minimum release rate (at about 7 pg em™?) corre-
sponds to about 11 molecules per unit cell. Each UiO unit cell
contains 4 large octahedral pores and 4 somewhat smaller
tetrahedral pores. Thus, the minimum release rate occurs at
an average loading of 2.75 molecules per one large and small
pore. This supports the assumption that the minimum of the
release is reached for a (stable) dimer in the large pores, which
is sketched in Fig. S8, (ESIT) and a few further monomers in
other parts of the pore system, like in the small tetrahedral
pores. After the dimer dissolves, the release is substantially
accelerated, as observed.

The large octahedral pores as well as the small tetrahedral
pores of UiO-68-NH, are large enough for containing toluene
clusters with 2 and more molecules. We believe this results in a
more complex interaction than in UiO-67, where the formation
of clusters larger than dimers is sterically hindered. In the
small pore MOFs, the cluster formation seems sterically hin-
dered in the perfect pore, see pore sizes in Table 1 and cluster
diameters in Fig. 1. We suppose toluene clusters might form at
defect pores or more complex interaction, where the shape and
orientation of the molecular cluster and pore is crucial, con-
tribute. The MOF films were used in the pristine form and no
significant amounts of defects were previously found for such
pristine UiO-MOF films.”® Thus, we assume that defects have a
minor impact. Since the MOFs of the UiO-series are chemically
similar but have different pore sizes, the cluster formation in
the different MOFs is most likely controlled by steric effects,
this means by the pore size. For UiO-66, it was shown by
infrared spectroscopy supported by density functional theory
calculations that toluene forms strong hydrogen bonds to the
host MOF.**

We like to note that, since no data for the adsorption
isotherm of toluene in UiO-67 was found, the correlation of
the observed clustering phenomenon with the thermodynamic
factor was not possible.””

We like to stress that the observed phenomenon of the
asymmetric uptake and release kinetics, where the release is
a few orders of magnitude slower than the uptake, cannot be
explained by one concentration-dependent diffusion coefficient
describing both, the uptake and the release process. One
concentration-dependent diffusion coefficient may result in
mass transfer processes where the uptake and release have
somewhat different rates, but the ratio is usually significantly
smaller than one order of magnitude.*"*”*® Moreover, the
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asymmetry of the time constants of the uptake and the release
can also not be explained by defects like surface barriers in the
MOF material.*****" Recent theoretical studies showed that
the kinetics of surface-barriers-dominated uptake and release
kinetics have identical rates.”®

4 Conclusions

The uptake and release of toluene was experimentally studied
in a series of UiO-MOF films of UiO-66, —66.5, —67 and —68-
NH, structures. The uptake processes in all MOF films are
completed in less than one second, indicating fast diffusion.
On the other hand, the release processes are tremendously
slower. For UiO-67, the release shows a step-like kinetics, where
the dissolving of the toluene dimers in the pores slows down
the release. The activation energy of the release rate determined
from temperature-dependent experiments is in agreement with
the binding energy of the toluene dimer. For UiO-68-NH,, the
release also shows a step-like kinetic and, based on the large
pore size, the formation of larger clusters is possible. For the
small pore MOFs, UiO-66 and UiO-66.5, where the dimer
formation is sterically hindered by the perfect pore size, only
small deviations from a (plain) continuous release kinetics was
found. Reference experiments with different guest molecules
and with a small-pore MOF support the interpretation that the
cluster, here dimer, formation based on the aromatic guest-
guest interaction in the pores of sufficient size are the reason
for the slow, step-like release from UiO-67.

The study shows that the intermolecular interaction has a
substantial impact on the release kinetics. The exploration of
only the uptake kinetics is not sufficient to unveil the details of
the mass transfer of the guest molecules in the pores. The
release also needs to be explored for a deeper understanding.
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