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Abstract: We report the fabrication of macroscopically and
microscopically homogeneous, crack-free metal-organic
framework (MOF) UiO-66-NH2 (UiO: Universitetet i Oslo;
[Zr6O4(OH)4(bdc-NH2)6]; bdc-NH2

2� : 2-amino-1,4-benzene dicar-
boxylate) thin films on silicon oxide surfaces. A DMF-free, low-
temperature coordination modulated (CM), layer-by-layer
liquid phase epitaxy (LPE) using the controlled secondary
building block approach (CSA). Efficient substrate activation

was determined as a key factor to obtain dense and smooth
coatings by comparing UiO-66-NH2 thin films grown on ozone
and piranha acid-activated substrates. Films of 2.60 μm thick-
ness with a minimal surface roughness of 2 nm and a high
sorption capacity of 3.53 mmolg� 1 MeOH (at 25 °C) were
typically obtained in an 80-cycle experiment at mild con-
ditions (70 °C, ambient pressure).

Introduction

Metal-organic frameworks (MOFs) exhibit a porous, crystalline
three-dimensional coordination network structure composed of
inorganic nodes and multitopic organic linker molecules.[1]

Owing to a modular building principle, the chemical and
physical properties of the resulting MOFs can be precisely
controlled.[2] This allows for various applications ranging from
catalysis[3] to photophysical applications[4] and gas separation.[5]

The integration of MOFs into devices to exploit their photo-
physical and electrical properties[6] require crystalline, oriented,
and crack-free MOF thin-films on various solid substrates.[7]

Such well-defined MOF thin films could also be used to
fabricate membranes for gas-phase or liquid phase
separations.[8] A research topic garnering increased attention is
the fabrication of MOF incorporated membranes for nano-
filtration purposes. These can include the filtration of hazardous
substances from drinking water[9] or the fabrication of mono-
valent cation permselective membranes for the extraction of
valuable metal cations (e.g., Li+).[10] In these membranes, UiO-
66-NH2 can either act as a sieve, size or charge selectively
separating cations such as Na+/Mg2+ or Li+/Mg2+,[10] or it can
be used as a porous addition to a rigid membrane, enhancing
the flux while maintaining or enhancing the separation
performance of the membrane.[11]

In principle, MOF-based membranes can be fabricated via a
mixed membrane approach, where crystalline MOF powder is
mixed with a polymer solution to yield a mixed membrane.[12]

Another approach is to deposit a MOF thin film on top of a
mesoporous substrate.[13] This can be facilitated by either top-
down or bottom-up approaches.[14] For the top-down ap-
proaches, preformed MOF crystals are spray, spin, or dip-coated
onto a surface. For the bottom-up approach, the MOF crystals
are assembled by their precursors on top of substrate surfaces.
Examples for these processes include the solvothermal deposi-
tion/direct synthesis,[15] electrochemical deposition,[16] gas
phase-based methods like chemical vapour deposition (CVD)
and atomic layer deposition (ALD)[17], and interface dependent
methods like Langmuir-Blodgett.[18] One bottom-up method,
which is particularly well-known to produce high-quality thin
films is layer-by-layer liquid phase epitaxy (LPE).[19] For this
stepwise procedure, a support substrate is alternatively treated
with a metal-(oxo)-node and an organic linker solution, which
are usually dissolved in ethanol. In between these steps, the
substrate can be rinsed with ethanol. This procedure is repeated
for a defined number of deposition cycles at mild temperatures
and ambient pressure yielding a MOF thin film coating on top
of the solid support (see Figure 1a). One of the most interesting
candidates for the deposition of high-quality MOF thin films is
UiO-66 (UiO: Universitetet i Oslo; [Zr6O4(OH)4(bdc)6]; bdc2� =1,4-
benzene dicarboxylate). UiO-66 and its analogues (e.g, UiO-66-
NH2, NU-1000) are known for their high chemical[20] and thermal
stability[21] and are therefore one of the most investigated
MOFs. The first approach to fabricate UiO-66 thin films by LPE
was published by our group in 2019.[22] A major challenge that
we faced was to modify the high temperature, high-pressure
solvothermal synthesis procedures established for microcrystal-
line UiO-66 powder samples to allow for a low-temperature
stepwise approach at ambient pressure. The high temperature
during the UiO-66 materials synthesis is usually required to
facilitate the self-assembly of the building blocks, where each
inorganic node (Zr6O4(OH)4)

12+ has twelve coordination sites to
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bind twelve ditopic linkers (bdc) and building up the 3D
framework. The involved substitution kinetics at the Zr sites to
form these highly interconnected nodes are complex. To
facilitate the associated exchange reactions, we applied the
coordination modulation (CM) LPE. The CM method utilizes
monocarboxylic acids as additives in solvothermal synthesis.
The monocarboxylic acids coordinate to the inorganic nodes
and therefore compete with the organic linkers. While this
process influences the kinetics as well as the involved
coordination equilibria, it makes the synthesis more reprodu-
cible. Structural defects such as the deviating coordination
modes of organic linkers are more likely to be replaced by
modulators, which in turn results in fewer defective structures.
Likewise, the CM method was applied for the LPE process,
where it has been reported to improve coverage homogeneity
and enhance a preferred orientation of the MOF.[23] Another
challenge is the formation of the inorganic node (Zr6O4(OH)4)

12+

during the LPE process. Therefore, instead of employing a metal
salt, for example, ZrCl4 or ZrOCl2 as a source for the node the
LPE process typically relies on preformed molecular secondary
building units (SBUs), for example, [Zr6O4(OH)4(OMc)12] (� OMc=

methacrylate). During the deposition, the ligands (e.g., � OMc)
are replaced by the organic linkers (bdc2� ) to form the MOF.
This process is known as the controlled SBU approach (CSA)
(see Figure 1b). We applied the CSA-based CM-LPE process to
the formation of UiO-66 thin films. After optimizing the
conditions, we achieved the fabrication of a nano-crystalline
UiO-66 thin film supported on a silicon substrate with a native
oxide surface. However, the substrate was not homogeneously
covered, but rather an island structure was obtained. Especially
for the growth or fabrication of membranes very homogeneous
coatings are required. Otherwise, the membranes would
contain undesired holes, shortcuts for mass transport, which
was pointed out by Xu et al.[10] and Van der Bruggen.[24]

Wöll et al.[25] and others[26] presented another approach to
produce thin films of the amine substituted derivative UiO-66-
NH2 ([Zr6O4(OH)4(bdc-NH2)6]; bdc-NH2 =2-amino-1,4-benzene di-
carboxylate) by LPE utilizing DMF as a solvent and ZrCl4 as a
metal source resulting in the formation of crack-free thin films,

however with some surface roughness. A comprehensive and
comparative overview of the state-of-the-art on UiO-66-NH2

thin film growth can be found in the Supporting Information,
chapter S13.

Due to the need for high-quality thin films of UiO-66 and its
linker functionalized analogues, different groups reported the
thin film fabrication by various methods, such as solvothermal
synthesis,[27] vapour assisted conversion (VAC),[28] electrochem-
ical deposition,[29] and atomic layer deposition.[30] While solvo-
thermal synthesis and electrochemical deposition often lack
thickness control and surface homogeneity, atomic layer
deposition results in amorphous films, which can be converted
to UiO-66 by a post-synthetic treatment. Finally, VAC leads to
highly crystalline, homogeneous thin films with a certain degree
of thickness control. However, integration of UiO-66 in mem-
brane fabrication based on the VAC thin film deposition process
is not possible, due to the VAC mechanism.

Therefore, we decided to further optimize our initial study
on CM-LPE of UiO-66 type thin films aiming for more uniform,
denser, and crack-free coatings. Herein, we present the
fabrication of dense, crystalline, and crack-free UiO-66-NH2 thin
films supported on silicon substrates with native oxide surface
by CM-LPE. We used the Zr-oxo methacrylate cluster
[Zr6O4(OH)4(OMc)12]

[31] as a metal source (CSA) and H2bdc-NH2 as
the linker solution in the environmentally friendly solvent
ethanol. As a first step, we optimized the reaction conditions for
the UiO-66-NH2 solvothermal powder synthesis, adapting these
parameters in the second step towards the thin film fabrication
by CM-LPE. The resulting powder and thin-film samples were
investigated by powder X-ray diffraction (PXRD), IR spectro-
scopy (IR), and scanning electron microscopy (SEM).

Results and Discussion

Nanocrystalline UiO-66-NH2 powder samples were synthesized
prior to thin film deposition via a mild solvothermal solution
approach to determine a suitable coordination modulator
concentration window for the thin-film growth. For the CSA

Figure 1. Schematic representation of the CM-LPE deposition (a). A silicon substrate with a native oxide surface is alternately immersed in a
[Zr6O4(OH)4(OMc)12]/methacrylic acid (McOH) and an H2bdc-NH2/methacrylic acid solution forming a UiO-66-NH2 thin film. (b) Controlled secondary building
unit approach, where the framework of UiO-66-NH2 [Zr6O4(OH)4(bdc-NH2)6] is formed by the exchange of methacrylate (OMc) ligands with bdc-NH2 linkers.

Chemistry—A European Journal 
Full Paper
doi.org/10.1002/chem.202005416

8510Chem. Eur. J. 2021, 27, 8509–8516 www.chemeurj.org © 2021 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

Wiley VCH Dienstag, 01.06.2021

2133 / 202820 [S. 8510/8516] 1

https://doi.org/10.1002/chem.202005416


approach, the components [Zr6O4(OH)4(OMc)12] and the organic
linker (H2bdc-NH2) were dissolved in ethanol, and various
amounts (0-500 molar equivalents) of the monocarboxylic acid
methacrylic acid (McOH) were added as the modulator. The
resulting powders were investigated by PXRD, N2 adsorption
experiments, and IR spectroscopy (see Figure 2). The X-ray
powder diffractograms show that the most intense reflections
at 7.38° and 8.52°, corresponding to the (111) and (200) lattice
planes, are present in the samples that were synthesized with
325–500 molar equivalents of methacrylic acid, confirming that
the synthesis yielded nano-crystalline UiO-66-NH2 powders,
with crystalline domain sizes of 11 nm (for 500 equiv., calcu-
lated by Scherrer equation, see Supporting Information chapter
S2).

The IR spectra (Figure 2b) of the powder samples show that
the peaks between 1200 and 1660 cm� 1 sharpen upon the
addition of methacrylic acid to the reaction mixture. These
vibrations originate from the asymmetric and symmetric
stretching of the carboxylic acid and C=C bonds. The C=O
peaks correspond to the coordination mode from the carbox-
ylate linker to the Zr-oxo node.[32] For low amounts of
modulator the coordination mode of the carboxylate at the Zr
node not well defined and shifts to a predominately bridging
coordination mode at higher concentrations of the modulator,
as displayed by the sharpening of the peaks in the IR spectra.
Enlarged images of the corresponding areas can be found in
the Supporting Information, chapter S3.

Analysing the N2 adsorption isotherms of the UiO-66-NH2

powder samples reveals that the isotherms’ shape as well as the
BET surface area changes with increasing modulator concen-
tration. Samples with low modulator concentrations (0–
100 equiv.) exhibit a type II or type IV isotype. This corresponds
to non-porous/macroporous or mesoporous samples, respec-
tively. Samples that were synthesized with higher modulator
concentrations (>300 equiv.) feature a typical type I isotherm
with minor contributions from a type II isotherm, which
confirms the microporosity of the powder samples. The

calculated pore size distributions (PSDs, see Supporting In-
formation, chapter S4) depict the same trend as deduced from
inspection of the isotherms. Samples obtained with low
modulator concentrations are characterized by macro- and
mesopores, samples obtained with a high modulator concen-
tration are microporous with minor contributions from macro-
pores. Accordingly, larger (equivalent) BET surface areas were
calculated for samples with higher modulator concentrations.
The highest BET surface area (949.9�1.8 m2/g) within the series
of samples was observed by adding 500 equiv. of McOH to the
reaction. This value is in line with the intermediate range of
surface areas reported for UiO-66-NH2 reference samples
obtained by high temperature and high-pressure solvothermal
synthesis, which range from 675 m2/g over 960 m2/g to
1286 m2/g.[33]

The evaluation of the IR spectra, PXRD data, and nitrogen
adsorption isotherms showed that the addition of 325–
500 equiv. of methacrylic acid to the solution yielded nano-
crystalline powders with a decreasing amount of meso- and
macropores. Due to many reports addressing defect engineer-
ing, where modulators are employed strategically to increase
the defect concentration,[34] a decreasing amount of macro and
mesopores with an increasing amount of modulator may seem
counterintuitive at first glance.

However, the crystallization of amorphous MOFs with a
molecular SBU as a metal source is very rapid and therefore
requires larger amounts of the modulator. We conclude that
325–500 equiv. of methacrylic acid as a modulator represents a
suitable parameter window for CM-LPE experiments. It is worth
noting that the quality of powder samples and thin films
synthesized with the same amount of modulator cannot be
compared directly as the fabrication procedures differ signifi-
cantly.

In the following step, we applied these parameters to the
thin film fabrication. The addition of 400 and 500 equiv. of
methacrylic acid to the ethanol solutions of the growth
components [Zr6O4(OH)4(OMc)12] and H2bdc-NH2 did not yield

Figure 2. Powder diffractograms (a), IR spectra (b), and N2 adsorption (c) of dried UiO-66-NH2 powders synthesized with 0–500 eq. of methacrylic acid as a
modulator. The calculated powder pattern was simulated from the single crystal structure of UiO-66-NH2 (CCDC 1405751, FWHM(2θ)=0.5) with Vesta.
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UiO-66-NH2 thin film coatings on the SiO2 substrates. This can
be traced back to the etching effect of high modulator
concentrations in the solutions. In the next step, we stepwise
reduced the excess of the modulator and finally applied
325 equiv. of methacrylic acid to both solutions resulting in a
macroscopically homogeneous thin film coating. The grazing
incidence powder X-ray diffraction (GIXRD, see Figure 3a)
pattern and IR spectrum (Figure 3b) confirms by comparison
with the calculated structure and the reference powder samples
the successful deposition of a phase-pure, homogenous nano-
crystalline UiO-66-NH2 thin film, with a mean crystallite domain
size of 14.7�2 nm. Additionally, we measured the mass-specific
methanol (MeOH) adsorption isotherm of the fabricated UiO-
66-NH2 film with a quartz crystal microbalance (QCM). The
overall MeOH adsorption capacity is 3.53 mmolg� 1 MeOH (at
25 °C, 95% MeOH; Figure 3c) and the shape of the isotherm
matches a microporous type I isotherm. The small deviation of
the adsorption and desorption branch can be attributed to a
slow desorption process: The comparison of the mass-specific
uptake of methanol with other values reported in literature is
difficult, as no methanol adsorption isotherms for UiO-66-NH2

thin films have been reported to date. However, the ethanol
adsorption isotherm of a UiO-66-NH2 thin film fabricated via the
VAC method has been reported.[28] The specific mass uptake of
ethanol was determined with a QCM of 2.9 mmolg� 1(at 25 °C,
99% EtOH). The 22% higher uptake of methanol reported in
this work, in comparison to ethanol, is expected as the size of
the molecule increases from methanol to ethanol, likely to
reduce the MOF sorption capacity. For UiO-66 powders, the
methanol uptake was determined by QCM measurements.
These powders adsorb 3.6 mmolg� 1, which is very close to the
3.53 mmolg� 1 MeOH measured in this work.[22] Additionally, we
calculated an estimate of 18.8 mmolg-1 for the theoretical
MeOH uptake of UiO-66-NH2 when all pores are accessible (see
Supporting Information, chapter S5). However, this is discarding
all interactions between molecules or the molecules and the
framework and models methanol as a simple sphere. Due to
these assumptions, the actual maximum theoretical loading is

probably significantly lower, in line with the obtained exper-
imental data.

Another important factor is related to the SiO2 surface
activation procedure. Most comments stated, that the cracks in
the thin films are a major challenge for any applications.[13] A
key to achieving excellent thin-film quality is the careful and
efficient activation of the chosen substrate to remove any
impurities and to have the maximum amount of nucleation
active, functional groups for the MOF thin film formation. We
now emphasize optimizing the substrate pre-treatment. Several
activation methods were tested. In particular, ozone
activation[35] and treatment with piranha acid[36] for 30 min each
were utilized, and subsequently, the UiO-66-NH2 film was
deposited via CM-LPE for either 20 or 80 deposition cycles (L).
Scanning electron microscopy (SEM; see Figure 4a) revealed
that piranha acid activation of SiO2 surfaces results inhomoge-
neous, smooth UiO-66-NH2 coatings. This is attributed to better
chemisorption of the components at the substrate surface
resulting in higher nucleation density which is assigned to the
presence of more hydroxyl groups at the surface created by the
piranha etching as compared to ozone treatment. Contact
angle measurements of freshly activated SiO2 surfaces reveal
20° for ozone and 10° for piranha acid treatment (see
Supporting Information, chapter S6) and the data support the
reasoning.

Additionally, piranha etching is known to also remove
organic residues from the surface,[37] creating a cleaner and thus
more hydrophilic substrate, which in turn leads to more
efficient nucleation for MOF growth. The surface roughness and
homogeneity improve for both activation procedures with an
increasing number (L) of deposition cycles. The SEM cross-
section analysis (Figure 4b) revealed a thickness of 2.60 μm for
80 L, which can be easily adjusted by the number of cycles. The
growth of a 20 L UiO-66-NH2 film resulted in a thickness of
210 nm and 40 L yielded 530 nm. Since the nucleation and
crystallite growth kinetics are different the thickness of the thin
films increases not strictly linearly as expected for an ideal self-
terminated layer by layer growth mechanism.[22] The 80 L

Figure 3. UiO-66-NH2 thin film (80 L) obtained by CM-LPE with 325 equiv. of methacrylic acid (pink bar) deposited on a SiO2 surface. GIXRD patterns (a), IR
spectrum (b), and methanol adsorption measurement (c).
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piranha activated film exhibits a root mean squared roughness
of 2.0 nm on a 200×200 nm sample (obtained by Atomic Force
Microscopy, AFM). Additional SEM and AFM images for
documentation of the film morphology can be found in the
Supporting Information, chapter S7 and chapter S8, respec-
tively. Additionally, SEM energy-dispersive X-ray (EDX) elemen-
tal mapping was conducted with a UiO-66-NH2 thin film
showing strong peaks at 0.277, 0.392, 0.525, 1.739, and
2.042 keV, assigned to the characteristic X-ray energy of C, N, O,
Si, and Zr, respectively (chapter S9). Elemental mapping
provided insight into the distribution of the elements within
the sample, revealing a uniform elemental distribution. The
cross-section analysis enabled a clearer differentiation between
the substrate and the UiO-66-NH2 coating. Overall, we observed
a smooth surface without any cracks, which is a significant
advancement.

Finally, we investigated the obtained UiO-66-NH2 thin films
by X-ray photoelectron spectroscopy (XPS, Figure 5) to evaluate
the defect content, to ensure the correct elemental composi-

tion, and to probe for impurities. The XPS survey scan
(Figure 5e) revealed an elemental composition of C: 57.3 At%,
N: 5.0 At%, O: 32.2 At%, Zr: 5.6 At% with no further impurities.
This is in reasonable agreement with the calculated composi-
tion of C: 52.1 At%, N: 6.5 At%, O: 34.7%, Zr: 6.5 At%. As carbon
contamination might influence the ratios, comparing N and Zr
ratios is more meaningful in this case. The calculated ratio is 1/1
and close to the measured ratio of 1.12/1.0. In literature,
deconvoluted XPS spectra were used to determine the relative
defect content of UiO-66 thin films.[38] According to Wang
et al.,[38] the three different species in the O1s narrow scan can
be assigned to the oxygen atoms in free, dangling carboxylic
acid groups that do not coordinate to Zr ions, to Zr coordinated
carboxylate groups, and to bridging η3-O-Zr3 groups. As our
measurement yielded an O1s peak with no shoulders it is
difficult to fit the different components. However, due to this
absence of a distinct shoulder, which was observed for other
highly defective samples,[38] it can be concluded that the defect
content is relatively low. In summary, the XPS results suggest
that the synthesis of a relatively low-defect and impurity-free
UiO-66-NH2 thin film was successful. Furthermore, the long-
term stability of the 80 L, piranha activated UiO-66-NH2 thin-
film was evaluated in order to verify processability and
longevity for manufacturing nanofiltration membranes. There-
fore, freshly fabricated thin films were exposed to air for
4 months or immersed in deionized water for 14 days. The
stability of the thin films was investigated via GIXRD (see
Supporting Information, chapter S10). After the immersion, a
slight decrease in the diffraction intensity can be observed over
time, which can be attributed to a slow amorphization of the
thin film. However, even after 2 weeks of immersing in water,
the thin film remains largely crystalline. Usually, membrane
long-term stabilities are evaluated by membrane performance
tests. Typically, the membranes show a slight decrease in flux
and rejection but are overall stable for 70–160 h at elevated
pressures up to 16 bar.[40] A comprehensive overview of values
reported in literature can be found in the Supporting
Information, see chapter S13, Table SI2. Overall, the stability
measurements are difficult to compare, nevertheless incorporat-
ing this optimized UiO-66-NH2 thin film into a membrane may
significantly increase membrane performance.

Conclusion

Macroscopically and microscopically homogeneous UiO-66-NH2

thin films were deposited on activated silicon substrates with
native oxide surfaces by coordination modulated stepwise
liquid phase epitaxy (CM-LPE) following a controlled SBU
approach (CSA). The Zr-oxo methacrylate cluster
[Zr6O4(OH)4(OMc)12] was used as the Zr-oxo node source, H2bdc-
NH2 as the linker, and methacrylic acid as the modulator in the
environmentally friendly solvent ethanol at mild conditions.
Efficient substrate activation was determined to be a key factor
in obtaining smooth and crack-free UiO-66-NH2 thin-film coat-
ings. By utilizing piranha acid-activated SiO2 surfaces UiO-66-
NH2 thin films of uniform coverage, minimal roughness of 2 nm,

Figure 4. SEM imaging of UiO-66-NH2 thin films obtained by CM-LPE with
325 equiv. of methacrylic acid supported on a SiO2 surface which was
activated with ozone (dark shade) or piranha acid (light shade) prior to the
deposition. (a) Top view of UiO-66-NH2 thin films after 20 (grey) or 80
(purple) deposition cycles (L). (b) Cross-sections (90°) of the thin films after
20 L (grey), 40 L (light purple), and 80 L (purple).
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and a high methanol adsorption capacity of 3.53 mmolg� 1 were
fabricated. The CM-LPE technique allows for precise thickness
control via the layer-by-layer technique, which can reproducibly
target film thicknesses between 200 nm (20 deposition cycles)
and 2.60 μm (80 deposition cycles). Immersed in deionized
water the thin films remain crystalline for at least two weeks.
Combining the water stability and overall smooth thin film, we
suggest using the new CM-LPE protocol for the fabrication of
UiO-66-NH2 based membranes. Additionally, the automatic
process and high reproducibility potentially allow for easy
upscaling of the membrane fabrication. If the general CM-LPE
protocol developed in this work would be adapted to an LBL
spray coating process,[40] the upscaling would be further
simplified.

Experimental Section

Infrared spectroscopy (IR)

IR measurements are carried out on a Bruker ALPHA-P FTIR in the
attenuated total reflectance (ATR) or reflection mode inside an
argon-purged glove box. In the case of FTIR ATR, the sample is
pressed against a diamond single crystal. Each spectrum consists of
24 accumulated scans with a 2 cm� 1 resolution.

Powder X-ray diffraction (PXRD)

PXRD measurements of the UiO-66-NH2 powders are performed on
a silicon single-crystal wafer cut in [510] direction using Bragg-
Brentano geometry in a PANalytical Empyrean diffractometer
equipped with a PANalytical PIXcel 1D detector. Powder patterns of
activated samples were recorded on the same instrument in
capillary mode. The measurement range is from 5.0° to 50.0° (2θ)
with a scan speed of 0.015 degrees per second.

Grazing incidence X-ray diffraction (GIXRD) data were recorded for
2θ angles between 5 and 20° on the same diffractometer with a
position-controlled flat sample stage for thin-film measurements.
For both modes, X-ray radiation was generated with a Cu tube and
Kβ radiation is removed by a Ni-filter. Voltage and intensity are
45 kV and 40 mA, respectively. It should be noted that the settings
for stability measurements (see Supporting Information, chapter
S10) and the measurement in Figure 3 differ significantly as the
latter was an overnight measurement and the others were
measured for 30 min.

Atomic force microscopy (AFM)

Images are recorded using a Nanosurf easyScan 2 AFM system
including a Nanosurf easyScan 2 controller and a Nanosurf isoStage
table. A time of 0.6 s per line and 512 points per line is used.
Additionally, a setpoint of 70%, a P-Gain of 5000, an I-Gain of 1000,
and a D-Gain of 0 is applied. Finally, the free vibration amplitude

Figure 5. XPS survey scan (e) of a UiO-66-NH2 thin film as well as narrow scans for 1 s carbon (a), 1 s nitrogen (b) 1 s oxygen (c), 2p silicon (d) and 3d
zirconium (e) including assignments to characteristic chemical species.
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equals 59.97 mV. For each sample, the Z-axis orientation is adjusted
by cantilever rotation to provide the best resolution. Subsequent
image analysis and visualization are performed with the WSxM 5.0
Develop 9.1 software.

Scanning electron microscopy (SEM)

SEM images are obtained with a JEOL JSM-7500F field emission
scanning electron microscope with the Gentle Beam mode. EDX
spectroscopy was performed with the instrument above and an
Oxford Instruments X–Max detector with a 50 mm2 area. Spectra
analysis was conducted with Inca analysis software.

The experimental details for the XPS, N2 adsorption measurements
for the powders, and methanol adsorption experiments for the
films can be found in the Supporting Information, chapter S1.

Synthesis Section

In order to optimize the conditions for the fabrication of the UiO-
66-NH2 thin films we initially applied the reaction conditions to the
powder synthesis. After optimizing the amount of modulator, we
used these conditions for the thin film deposition.

Synthesis of [Zr6O4(OH)4(OMc)12]

[Zr6O4(OH)4(OMc)12] was synthesized via a procedure from Kickelbick
and Schubert.[31] Therefore, 1 mL 70% w/v Zr(OPr)4 (3.1 mmol) in n-
propanol and 1 mL of methacrylic acid (McOH; 11.8 mmol,
5.3 equiv) were mixed at room temperature in a large Schlenk flask
under inert conditions. The crystals were collected by filtration after
two weeks and washed with small quantities of n-propanol. After
drying in vacuo, 860 mg [Zr6O4(OH)4(OMc)12] (0.51 mmol, 98%)
could be isolated. The characterization is provided in the Support-
ing Information (chapter S11).

Synthesis of UiO-66-NH2 as nanocrystalline powder samples

A sample of 25.5 mg of [Zr6O4(OH)4(OMc)12] (0.015 mmol, 1 equiv.)
and x molar equivalents (x=0–500) of methacrylic acid were
dissolved in 4 mL EtOH. A sample of 16.3 mg 4-aminotherephthalic
acid (0.09 mmol, 6 equiv.) was dissolved in 12 mL ethanol in a
separate vial. Both solutions were separately sonicated for 60 min
and mixed afterwards. The reaction mixture was kept at 70 °C for
24 hr. The formed yellow precipitate was washed three times with
4 mL EtOH. In between the washing steps, the precipitate was
separated from the solution by centrifugation (7860 rpm, 5 min).
Afterwards, the yellow powder is dried at 40 °C in an oven.
Characterization data are given and discussed in the main text.

Fabrication of UiO-66-NH2 thin films by CM-LPE

A double-walled reaction vessel, which was heated with a silicone-
oil thermostat and in which the substrate was placed was used for
CM-LPE. Peristaltic pumps allowed for reactant filling and washing
cycles (computer-controlled by LabView; National Instruments; a
picture of the set-up can be found in the Supporting Information,
chapter S12). For the thin film deposition, a silicon wafer by Sigert
Wafers (100) cut to 1.0×1.0 cm was used as a substrate. Prior to the
experiment, the latter were activated in piranha acid at room
temperature for 30 min. Subsequently, the substrates were washed
with copious amounts of deionized water and ethanol and placed
in the double-walled reaction vessel. Afterwards, the silicon
substrate was alternatively immersed in ethanol solutions of (A)

1.5 mM [Zr6O4(OH)4(OMc)12] with 488 mM methacrylic acid
(325 equiv.) and (B) 9 mM H2bdc-NH2 with 488 mM methacrylic acid
(325 equiv.). The substrate was kept in every solution at 70 °C for
15 min and the cycle was repeated 80 times.

Stability of UiO-66-NH2 thin films

For the long-term stability tests, 1×1 cm sized, 80 L, piranha
activated UiO-66-NH2 thin films were exposed to air for 4 months or
immersed in 4 mL deionized water for 14 days. The stability of the
thin films was investigated via GIXRD (see Supporting Information,
chapter S10).
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