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Stability and Degradation of Metal-Organic-Framework
Films under Ambient Air Explored by Uptake and Diffusion

Experiments

Chun Li, Abhinav Chandresh, Zejun Zhang, Sarah Moulai, and Lars Heinke*

The loading with guest molecules is the key feature for most applica-
tions of metal-organic frameworks (MOFs). The limited stability of MOFs
against environmental factors, like humid air, is often a severe problem
which hinders real-life applications. Here, the stability of four common
MOFs, UiO-66, UiO-67, HKUST-1, and ZIF-8, under long-term exposure to
humid air and under exposure to water vapor is explored. Transient uptake
experiments with toluene and other volatile organic compounds as probe
molecules are combined with structural investigations via X-ray diffraction
and infrared spectroscopy. In line with previous publications showing the
structural stability of ZIF-8 and UiO-66, it is found that its uptake prop-
erties are not affected by exposure to air. On the other hand, HKUST-1
shows clear structural decomposition in air and degradation of the uptake
properties. Unexpectedly, while the diffraction and spectroscopy data of
UiO-67 do not suggest a corrosion of the structure upon air exposure, the
guest-loading data show a strong decrease of the uptake amount and a
deceleration of the uptake rate. Both features strongly indicate the forma-
tion of surface barriers for the mass transfer in UiO-67, like in HKUST-1.
The study underlines the importance of transient uptake experiments for

be tuned over a wide range using appro-
priate building blocks.®) The MOF proper-
ties can be further adjusted by introducing
functional groups into the structure or by
post synthesis modification.!

Although several chemically robust
and water stable MOFs have been pre-
sented to date,*19 a severe drawback
of many MOF structure is its limited
stability, especially toward exposure to
water. Since water vapor is often present
in various industrial processes, it must
be taken into account when selecting
MOF adsorbents and the limited water-
stability is a hindering factor for many
applications."2l In previous works, it
was shown that water vapor can corrode
the MOF surface, hindering the guest
molecule transport through the MOF
pores, also known as surface barrier for
mass transfer. The existence of surface
barriers greatly hinders the application

characterizing the stability of MOF materials.

1. Introduction

Nanoporous modular framework materials attract substantial
attention due to their wide variety and unique properties, such as
large surface area and high gas storage capacity.'™ In particular,
metal-organic frameworks (MOFs) are explored intensively.
MOFs are self-assembled from metal nodes connected by organic
di- or multi-topic linker molecules.’! The properties of MOF can
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and development of MOFs.[13-1%]
Here, we explore the mass transfer of
a probe molecule (toluene) in MOF films
of four popular structures: HKUST-1,
ZIF-8, UiO-66, and UiO-67 HKUST stands for Hong Kong
University of Science and Technology, ZIF for zeolitic imida-
zolate framework and UiO for Universitetet i Oslo. The guest
adsorption and diffusion are quantified by using a quartz
crystal microbalance (QCM). The MOF films are exposed to
common ambient air and the effect on the uptake properties
are characterized. While the crystallinities of all MOF films
are stable, as shown by X-ray diffraction (XRD), we show
that the adsorption amounts and rate constants of toluene
in HKUST-1 and UiO-67 severely decrease upon exposure
to ambient air. On the other hand, UiO-66 and ZIF-8 are
stable and the adsorption and diffusion performance is not
affected by long-term contact of the sample with lab air. For
unveiling the defects and clarifying the degradation mecha-
nism, we use infrared spectroscopy and can correlate the
defects causing the increased mass transfer resistance with
previously described defects. For UiO-67, the experiments
are complemented with uptake experiments with different
guest molecules as well as with a MOF powder, showing a
similar degradation and evolution of surface barriers. Such
surface barriers for the mass transfer, as found in UiO-67
MOFs, have not yet been reported for UiO-type MOFs. The
study shows that although the crystallinity of the material
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Figure 1. Investigated MOF structures: a) HKUST-1, b) ZIF-8, c) UiO-66,
and d) UiO-67.

is essentially unaffected, the uptake properties, which are
essential for most applications, need to be explored in detail.

2. Results and Discussion

2.1. Characterization of MOF Films

Four different representatives of MOF films with structure of type
HKUST-1, UiO-66, UiO-67, and ZIF-8 were selected because they
are among the most popular and most thoroughly explored MOF
structures. They find use in many applications.-10:13]

HKUST-1 is built from copper-dimers connected by ben-
zene-1,3,5-tricarboxylate (BTC) molecules, see Figure Ia;
Figure Sla in the Supporting Information. The structures of
Ui0-66 and UiO-67 are shown in Figure 1c,d. UiO-type MOF has
been reported to possess exceptional stability,"® which is attrib-
uted to the cuboctahedra metal node (Zr;O,(OH),) allowing
for the coordination of 12 BDC or BPDC linker molecules
(Figure Slc,d, Supporting Information). ZIF-8 also has a 3D
framework, however, very different from the above-mentioned
MOFs.l In its structure, the ligands are directly bonded to
the metal via Zn—N coordination (Figure 1b; Figure S1b, Sup-
porting Information), not via metal—carboxylate bonds.

The MOF films were prepared by layer-by-layer (Ibl) SURMOF
syntheses in the case for HKUST-1 and ZIF-8 and by vapor-
assisted conversion (VAC) MOF film synthesis for UiO-66 and
UiO-67. More details can be found in the Experimental Section.
In all cases, the MOF films are grown directly on the substrates,
which are functionalized gold-coated QCM sensors.

The morphology and thickness of the MOF films were char-
acterized by scanning electron microscopy (SEM), Figure 2.
All four MOF films have an essentially homogenous mor-
phology where the films are composed of crystallites of about
0.1 to 0.4 um extension. The octahedral morphology of many
crystallites as well as many triangular crystal facets are visible.
The thicknesses of the HKUST-1, UiO-66, UiO-67, and ZIF-8
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Figure 2. SEM images of a) HKUST-1, b) ZIF-8, ¢) UiO-66, and d) UiO-67.
The upper parts of the panels show the top view of the MOF thin films.
The lower parts show the cross sections of the broken samples.

MOF films are similar and were estimated to =0.2 £ 0.1 um, see
Figure 2.

The crystallinities of the samples were explored by XRD. The
X-ray diffractograms of all samples verify that the MOF films have
the targeted structures. The formation of HKUST-1 film was con-
firmed by comparison with the calculated XRD pattern (Figure 3a;
Figure S2a, Supporting Information). Moreover, the XRD data
show that the HKUST-1 MOF film is grown in the crystalline (100)
orientation perpendicular to the substrate surface. The formation
and crystalline MOF growth of UiO-66, UiO-67, and ZIF-8 are also
verified by XRD, Figure 3; Figure S2, Supporting Information.

The crystallinity of the MOF films during the exposure to
common air is also shown in Figure 3. The crystallinities of UiO-
66, UiO-67, and ZIF-8 are essentially constant. This means, a
decrease of crystallinity of the MOF material upon exposure to
common air cannot be observed for these MOF films. On the
other hand, the crystallinity of the HKUST-1 film clearly decreases
upon the exposure to air. The intensity of the XRD reflexes
decreases by a factor of =4 upon the exposure of the sample to
air for 30 days. This is a strong indication for the instability of
HKUST-1, as also previously reported in the literature ']

2.2. Uptake Experiments with the Samples upon Exposure to Air

The transient uptake by the four MOF films were studied using a
QCM. Due to its size, volatility and relatively low health hazard, we
chose toluene as the probe molecule. The adsorption and desorp-
tion processes of toluene are rather fast, so the uptake or release
was finished within a few seconds to minutes upon changing the
gas composition. For the pristine sample, the uptake experiments
were repeated three times in Figure S3 in the Supporting Informa-
tion. The adsorption amount and rate did not change significantly,
showing the repeatability and reproducibility of the data.

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 3. XRDs of the MOF films of type a) HKUST-1, b) ZIF-8, c) UiO-66, and d) UiO-67. The observed diffraction peaks are labeled. The exposure
times toward air are labeled. The calculated XRD of the MOFs are shown in Figure S2 in the Supporting Information.

The uptake of toluene was recorded for the pristine MOF
films. Subsequently, the MOF films are exposed to common
(humid) air for a few days and the uptake experiments were
then repeated. Typical uptake curves of toluene in the four
MOF films are shown in Figure 4; Figure S4 in the Supporting
Information.

For HKUST-1 (Figure 4a), the exposure to air decreases
the toluene uptake amount and decelerates the uptake rates.
Both findings are in agreement with previous experiments in
HKUST-1, e.g., by using cyclohexane as probe molecules.3]
There, the formation of surface barriers was observed, hin-
dering the guest molecules entering or leaving the MOF pore
space.l18-221

The uptake of toluene by the ZIF-8 film is shown in
Figure 4b. There, the uptake curves are not significantly affected
by the exposure of the MOF film to air.

For UiO-66 and UiO-67 MOF films, quite different toluene
uptake curves were recorded, Figure 4c,d. While the uptake by
UiO-66 is not affected by the exposure of the MOF film to air, the
uptake by UiO-67 decreases upon exposing the sample to air.

For a detailed analysis, the equilibrium (final) uptake
amounts as well as the uptake rates are determined from the
data. The uptake amounts of toluene in the MOFs are shown in
Figure 5a. For UiO-66 and ZIF-8 MOF films, the guest uptake
by the MOF is essentially not affected by the exposure of the
MOF film to air. In detail, the adsorption capacities in both
MOFs decrease only slightly during the initial exposure to air;
this means during the first 3 days the toluene uptake amount
decreases by 10%-20%. Subsequently, the uptake amount
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is unaffected by the air exposure. On the other hand, the
uptake amounts of toluene in the MOF films with UiO-67 and
HKUST-1 structures monotonically decrease upon the exposure
of the MOF film to air. For HKUST-1, the adsorption capacity
decreases by a factor of =7 during the air exposure for 30 days.
The adsorption capacity in UiO-67 decreases by a factor of =22.

The time constants 7 of a mono-exponential decay func-
tion describing the uptake processes are shown in Figure 5b.
It can be seen that the uptake rates of toluene in UiO-66 and
ZIF-8 are not significantly affected by the air exposure. In con-
trast, the uptake rates in HKUST-1 and UiO-67 are significantly
decreased. The uptake by HKUST-1 slows down by a factor of
=400 when the MOF film is exposed to air for 30 days. While
the toluene uptake by the pristine HKUST-1 film reached the
equilibrium value in less than 0.1 s, the uptake process takes
more than 10 s for the sample after 30-day-air-exposure. In
UiO-67, the uptake also slows down by two orders of magnitude.

It should be noted that for the uptake by a homogenous film
of thickness | without surface barriers, the time constant 7 is
correlated to the (intracrystalline) transport diffusion coefficient
D by 7= I/(3D)."8 With the film thicknesses determined by
SEM, the diffusion coefficients of toluene in pristine HKUST-1,
ZIF-8, Ui0-66, and UiO-67 are calculated to be 2 x 1075,
1x 107, 1x 10™, and 7 x 107 m? s7, respectively.

An interesting feature is that the diffusion coefficient
increases with increasing diameters of the pore windows,
which are 0.34 nm for ZIF-8,/%31 0.65 nm for Ui0-66, 0.9 nm for
Ui0-671% and 1.0 nm for HKUST-1. Please note that, although
the size of toluene is larger than the pore window of the frozen

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. Plots of the toluene uptake versus time for a) HKUST-1, b) ZIF-8, c) UiO-66, and d) UiO-67. The exposure times toward air are labeled. The
data from a second set of samples are shown in Figure S4 in the Supporting Information.

ZIF-8 structure, the toluene passage through the ZIF-8 pores is
enabled by framework flexibility.[>%4

Next, we focus on the MOF films where the air exposure
affects the uptake, that is HKUST-1 and UiO-67. The crystal-
linity of HKUST-1 decreases by a factor of roughly 4 and the
UiO-67 crystallinity, as assessed by XRD, does not decline. On
the other hand, the uptake amount and rate decrease by one
order of magnitude and more. Therefore, we conclude that
most MOF material of the film is still intact and crystalline
(based on the XRD), but the access for the guest molecules is
strongly hindered. This phenomenon is explained by surface
defects which causes surface barriers for the mass transfer of
the guest molecules. These surface barriers hinder the access to
the bulk part of the MOF film and slows down the uptake pro-
cess.[18-2225-21 I addition, some domains of the MOF material
may be fully inaccessible, decreasing the uptake amount. When
such defects act as a transport resistance for the molecular
uptake in addition to the (intracrystalline) diffusion, the mass
transfer is best described by a thin layer at the external MOF
surface which has a reduced permeability ¢, referred to as sur-
face permeability.'® Then, the time constant for the uptake is
given by 7=12/(3D) + /0. An estimation of the surface per-
meabilities for the HKUST-1 and UiO-67 MOF films is given in
Figure S5 in the Supporting Information. The data show that
the surface permeability constantly decreases, this means the

Adv. Mater. Interfaces 2021, 2101947 2101947 (4 of 8)

surface barriers for the mass transfer constantly increases, with
increasing exposure time of these MOF films to air.

Exposing a pristine UiO-67 sample to water-vapor in pure
nitrogen atmosphere shows the same decline of the uptake per-
formance, Figure S6a in the Supporting Information. This indi-
cates that the main reason for the decrease in the adsorption
and diffusion performance is caused by water.

To explore whether the observed phenomenon is specific only
to toluene, uptake experiments with different guest molecules
were performed. To this end, o-xylene, cyclohexane and ethanol
were used as probe molecules in addition to toluene. The gas
kinetic diameters of the molecules are between 0.4 nm (ethanol)
and 0.7 nm (xylene).? The molar mass varies between 46 g mol™
(ethanol) and 106 g mol™ (xylene). The uptake by the UiO-67
film, first in the pristine state and then successively degraded in
water vapor, are shown in Figure S7 in the Supporting Informa-
tion. The uptake amounts and the corresponding time constants
are shown in Figure 6. The data show clearly that the uptake
amount and uptake rate decrease with the water—vapor-exposure
of the sample for all studied guest molecules. Thus, the observed
phenomenon of surface barriers hindering the molecular uptake
is not specific to toluene and is a general phenomenon of
the MOF material. A detailed inspection shows that, while the
uptake amount changes for all molecules by approximately the
same factor, the deceleration of the uptake process of ethanol and

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 5. a) Amounts and b) time constants for the toluene uptake by
the MOF films during the course of the exposure to air for 30 days. The
MOF films are shown in black (HKUST-1), green (ZIF-8), red (UiO-66),
and blue (UiO-67). The data from two samples for each MOF film, see
Figure 4 (filled symbols and solid lines) and Figure S4 in the Supporting
Information (open symbols and dotted lines) are shown.

cyclohexane is less pronounced than for o-xylene and toluene.
This might be an indication for the nature of the surface barriers
in UiO-67, where the large molecules are more hindered than
small molecules.

We further explored whether the observed phenomena occur
only at MOF films or also at powders. To this end, uptake exper-
iments with different guest molecules and a MOF powder were
performed. The XRD and SEM data of the MOF powder are
shown in Figure S8 in the Supporting Information. For meas-
uring the uptake by powder in the same sample, the powder
was coated on a QCM sensor, see the Experimental Section. The
amounts and the corresponding time constants of the guest-
molecule uptake by the MOF powder are shown in Figure S9
in the Supporting Information and Figure 7. The data clearly
show that the uptake process for all molecules also decelerated
and the uptake amount decreased upon the exposure of the
MOF powder to water vapor. A detailed comparison shows that
the effect of the uptake decrease is similar to the MOF film, see
Figure 6a versus Figure 7a.
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Figure 6. a) Amounts and b) time constants for the uptake of different
guest molecules by the UiO-67 MOF films during the course of the
exposure to water vapor for 100 h. The guest molecules are cyclohexane (Cy,
black), ethanol (EtOH, red), o-xylene (oXyl, green), and toluene (Tol, blue).
The insets show zoom-ins.

To summarize the QCM uptake experiments, we have com-
pared the effect of ambient air and water-vapor on the degrada-
tion of MOF films and a MOF powder and explored the mass
transfer. The results indicate that:

1) In its pristine state, the toluene uptake by the MOF films is
rather fast and the adsorption equilibrium can be reached
within less than 1 s, with the exception of ZIF-8, where the
uptake takes about 10 s.

2) The exposure to air does not affect the guest uptake by ZIF-8
and UiO-66. These MOF films are robust against humidity.

3) The uptake capacity and loading rates of HKUST-1 and
UiO-67 decreased tremendously upon air exposure. These
MOFs are destructed by the humid air or water—vapor,
forming surface barriers and thus deteriorating the uptake
performance.

4) The surface-barrier phenomenon in UiO-67 is not specific
to thin films and toluene. It can also be observed in powder
samples as well as for different guest molecules.

2.3. Vibrational Spectroscopy and Discussion of Degradation

For a better understanding of the defects in the MOF, vibra-
tional infrared reflection absorption (IRRA) spectra were

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 7. a) Amounts and b) time constants for the uptake of different
guest molecules by the UiO-67 MOF powder during the course of the
exposure to water vapor for 100 h. The guest molecules are cyclohexane
(Cy, black), ethanol (EtOH, red), o-xylene (oXyl, green), and toluene (Tol,
blue). The insets show zoom-ins.

recorded. The spectra of the MOF films in the pristine form and
upon exposure to air for up to 30 days are shown in Figure 8.

For HKUST-1, Figure 8a, an absorption band at 1708 cm™
in the spectrum is assigned to the C=0, and the bands at
1650, 1450, and 1380 cm™ were attributed to COO™ gy, C-H
and COO",, vibrations, respectively.¥ Changes in the IRRA
spectra occur with the gradual appearance of bands at 1708 and
1637 cm™! during the exposure to air. The band at 1708 cm™
is assigned C=O, indicating that the air exposure results in
a transformation of the metal carboxylate to carboxylic acid
and the bonding between the BTC linker and the Cu node is
broken. The vibrational mode of molecular water appears
at 1637 cm™), indicating that water is present during the
HKUST-1 destruction. At the same time, a decrease in the
intensity of the 1650 and the 1422 cm™ bands was observed,
which indicates the transformation of the HKUST-1 carboxy-
late groups to their protonated acid analogy. The results are in
agreement with IRRAS studies of the destruction of HKUST-1
films in a humid nitrogen atmosphere.*l However, the expo-
sure times here are significantly longer than in previous
studies. The slower degradation is presumably caused by the
smaller relative humidity.
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Figure 8. IRRA spectra for a) HKUST-1, b) ZIF-8, c¢) UiO-66, and
d) UiO-67. The main vibration bands are labeled. The samples are
exposed to humid air for 30 days, see labels.

For ZIF-8, the IRRA spectrum, Figure 8b, shows a
strong absorption band at 1587 cm™, assigned to the C=N
stretching.l>2°-31 Further intense bands around 1300-1500 cm™!
overlap with the absorption bands of the stretching of imida-
zole rings.??l The vibration bands are essentially constant and
are not affected by exposing the sample to air.

The IRRA spectra of UiO-66 and UiO-67 are shown in
Figure 8c,d. The vibration bands of the linker and carboxylate
groups are labeled. In UiO-66, a small band of DMF (at 1657 cm™)
can be seen, which later disappears.['*16:33] A reference experi-
ment, Figure S10 in the Supporting Information, was per-
formed showing that the DMF band disappears instantly after
the activation of the sample at 65 °C, as done in the uptake
experiments.

It is even more interesting that, although the uptake experi-
ments show a clear performance decrease for UiO-67, only
slight decreases were observed in the IRRA spectra at 1594,
1544, and 1416 cm™L. For obtaining more insight, IRRA spectra
of the same samples under exposure to water vapor is explored,
Figure S6b in the Supporting Information. A zoom-in of the
OCO-symmetric-stretching vibration shows that the band shifts
to smaller wavenumbers upon exposing the sample to mois-
ture. This is in line with studies that show the wavenumber
decrease of this vibration upon hydroxylation, i.e., breaking the
bonding between the linker and the metal node.[1634

Understanding the breakdown mechanisms in the dif-
ferent MOFs is critical for their applications. The low-stability
of HKUST-1 and the high-stability of ZIF-8 toward water and
humid exposure was previously reported.>1?7317:35 These
findings are supported by the uptake, diffraction, and spectro-
scopy data of the present study. Our data is also in line with the
HKUST-1 degradation mechanism suggested in refs [12]. For
UiO-66, pronounced stability against humid air and water was
found based on XRD and spectroscopy studies.l%”! Our data

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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verify that the uptake by the MOF materials is also not affected
by humidity exposure.

For UiO-67, the situation is more complex. While a number
of articles state that UiO-67 is stable against exposure to
water,1337] many articles state that UiO-67 degrades under
moisture.3¥*2 Our data show that while the crystallinity and
vibrational spectra are barely affected by the water exposure,
the uptake performance reduces tremendously. The paradox
is resolved by stressing where the respective signals come
from: The diffraction and spectroscopic data are dominated
by the bulk part of the film and are only slightly affected by
the external MOF surface. This means, the destruction of the
external MOF surface to an amorphous impermeable layer has
barely an effect on the XRD and IR data. On the other hand,
such a layer with a large mass transfer resistance reduces the
uptake rate and amount tremendously, as observed. This fact
stresses the need for precise uptake experiments to characterize
the material stability, since the loading and interaction with
guest molecules are often the key property of MOFs.

3. Conclusions

By uptake experiments using toluene as probe molecules, com-
plemented by X-ray diffraction, vibrational spectroscopy and
uptake experiments with different guest molecules, the effect
of exposure to common humid air and to water vapor on the
stability and uptake performance of four frequently used MOF
structures was explored. For ZIF-8 and UiO-66, the struc-
ture as well as the guest uptake is unaffected by the exposure
of the MOF film to air for many weeks. For HKUST-1, it was
found that the MOF material degradation in air is similar to
the degradation in humid nitrogen atmosphere, indicating the
importance of humidity. For UiO-67, we found that the uptake
performance deteriorates upon air exposure or upon water—
vapor exposure, similar to HKUST-1, although diffraction and
vibrational studies provide no indication for a degradation.
The decline of the uptake performance in these two MOFs is
explained by the formation of surface barriers, hindering the
molecules in entering and leaving the pore space.

With regard to applications where the guest loading is cru-
cial, like catalysis and selective adsorption, the study shows that
uptake experiments are fundamental for classifying the stability
of a MOF material, while diffraction and spectroscopy data may
not be sufficient.

4. Experimental Section

Chemicals: Copper acetate monohydrate 99.9% (Cu(CH;COO),- H,0),
zirconium chloride 99.9% (ZrCl,), zirconyl chloride octahydrate 98%
(ZrOCl,-8H,0), and zinc nitrate hexahydrate 98% (Zn(NOs),-6H,0)
were purchased from Alfa Aesar; 1,4-benzene dicarboxylic acid 98% (BDC),
1,3,5-benzenedicarboxylic acid 98% (BTC), 4,4-biphenyldicarboxylic acid
98% (BPDC), 2-methylimidazole 99% (MelM), 11-mercapto-1-undecanol
97% (MUD), 16-mercaptohexadecanoic acid 99% (MHDA), acetic acid
99.8% (HAC), acetone 99.5%, o-xylol 99.8% (oXyl), cyclohexane 99.5%
(Cy), toluene 99.8% (Tol), N,N-dimethylformamide 99.8% (DMF), and
methanol 99.8% (MeOH) from Sigma-Aldrich; ethanol 99.8% (EtOH)
and QSense sensors were purchased from VWR and Biolin Scientific,
respectively. All chemicals were used without further purification.
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Characterizations: XRD of the sample was carried out with a Bruker D8
Advance diffractometer equipped with a Si-strip detector (PSD Lynxeye)
in 6-0 geometry and a variable divergence slit. The X-ray wavelength is
0.154nm (Cu-K;,). The diffractograms were recorded over an angular
range of 26 = 5.5-20°, with a step width of 26 = 0.02° and 84s per step
in total.

IRRA spectra measurements were conducted using a Bruker Vertex
80 FTIR spectrometer equipped with a grazing incidence sample
accessory providing an angle of 80° relative to the surface normal. A
liquid nitrogen-cooled mercury cadmium telluride (MCT) served as the
narrow band detector.

MOF Film Syntheses: HKUST-1: The HKUST-1 MOF films were
synthesized in a layer-by-layer fashion in the QCM cells by alternatively
exposing the substrate to the MOF components, i.e., the metal nodes
and the linker molecules.[® In detail, 1x 1073 m ethanolic copper acetate
solution was used as a metal-source and a 0.2 x 107 m ethanolic BTC
solution as an organic linker source. The synthesis times were: 6 min
metal solution, 8 min ethanol, 12 min linker solution, and 8 min ethanol.
The flow rate was kept at 150 puL min~". 50 cycles of HKUST-1 SURMOF
films were synthesized. The substrates were gold-coated QCM sensors
functionalized with a 16-mercaptohexadecanoic acid (MHDA) self-
assembled monolayer (SAM). The HKUST-1 film used in the experiment,
which was prepared by the QCM system, had a mass growth curve
versus time as shown in Figure S11 in the Supporting Information.

ZIF-8: The synthesis of the ZIF-8 film was performed in a layer-
by-layer process using a dipping robot.*3l A 10 x 1073 m zinc dinitrate
hexahydrate solution was used as a metal-source and a 20 x 1073 m
2-methyl-1H-imidazole solution as an organic linker source. The dipping
times were as followed: 5 min metal solution, 100 s pure methanol,
5 min linker solution, and 100 s pure methanol. After 200 cycles, the
sample was rinsed with ethanol, and dried with N,. The substrates were
gold-coated QCM sensors functionalized with 11-mercaptoundecanol
(MUD).

UiO-66 and UiO-67: UiO-type MOF films were synthesized via VAC.I
Briefly, the bottom part of a 200 mL Teflon-lined stainless-steel autoclave
was filled with Raschig-rings (1 cm x 1 cm) to obtain an elevated flat
platform for the substrate. 4.2 mL DMF and 0.8 mL acetic acid was filled
in the autoclave. A QCM sensor was placed on top of the Raschig-rings
and fully coated with 40 uL of freshly prepared MOF precursor solution
(ZrOCl, 2.2 X 1073 m, linker (BDC or BPDC) 2.2 x 1073 m L™ and acetic
acid 420 x 1073 M in DMF), and then heated at 100 °C for 3 h. After
subsequent cooling down to room temperature, the obtained MOF films
were dried in a vacuum.

MOF Powder Synthesis: The UiO-67 MOF powder was synthesized
following the protocol given in the literature.* 53 mg of ZrCl,
(0.227 mmol) and 34 mg of 4,4-biphenyldicarboxylic acid (0.227 mmol)
were mixed with 20 mL of DMF each in a Teflon-lined autoclave at room
temperature. Then the mixtures were heated to 120 °C and kept for
48 h. Following three washes with DMF, the powder was dried in air. The
powder was dispersed in acetone. Finally, the powder was heated in air
at 60 °C for 12 h, then heated at 100 °C for 1 h under reduced pressure
for activation (i.e., to remove remaining acetone and DMF molecules). A
MOF-ethanol emulsion (1 mg MOF per T mL ethanol) was drop-coated
on the QCM sensor. The droplets had a volume of 40 uL per droplet and
were dried in nitrogen. The process was repeated five times.

Uptake Experiments: Before each uptake experiments, the samples
were activated carefully in a flow of pure nitrogen at an elevated
temperature (65 °C) for at least 15 h. This procedure ensured that all
molecules (in particular ethanol, toluene, and water) desorbed from
the pores and the pores were empty before the uptake experiments.
The uptake experiments were performed by instantly switching the gas
flow through the QCM cell from pure nitrogen to nitrogen enriched
with toluene (or the other guest molecules), using a wash bottle.
This resulted in a gas flow enriched with guest-molecule vapor, where
the vapor pressure was below the saturation vapor pressure at room
temperature.[1346]

Exposure to Air: The MOF films were exposed to the common air
in the laboratory for several days. During that time, the humidity and

© 2021 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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temperature varied between 36% and 54% as well as 22.3 and 26.7 °C,
respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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