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The Influence of Water in the Vapor-Assisted Conversion

Synthesis of UiO-67 MOF Thin Films

Wanja Gschwind*"” Brian D. McCarthy*,® Nina F. Suremann,”” and Sascha Ott*"

Water is known to play an important role for the crystallization
and stability of Zr-based metal-organic frameworks (MOFs). This
work investigates its effect on the vapor-assisted conversion
(VAC) synthesis of UiO-67 MOF thin films on Au-coated Si
substrates. We demonstrate the equilibration processes taking
place during the VAC procedure, confirming the gradual
equilibration of all solutions upon heating. The presence of
water affects the vapor phase composition but does not
significantly impact the acetic acid equilibration rate. However,

Introduction

Metal-organic frameworks (MOFs) have established themselves
as candidate materials in a number of fields ranging from bio-
and biomedical applications,”" capture-, sieving- and storage
materials,” catalysis,”! and electronics™ to sensor technology.”
MOFs consist of repeating inorganic nodes connected by
organic linkers resulting in a material offering a well-defined
structure and chemical composition, high crystallinity and
porosity, and a large internal surface area. The possibility to
grow MOFs as thin films makes them particularly interesting for
applications that require functionalized surfaces, such as coat-
ings, membranes, optics, sensing, or electronics.” Incorporating
catalysts in a MOF thin film grown on a conductive surface can
result in highly efficient electrode materials.” For such systems
to live up to their potential, control over film thickness and
crystal orientation are highly relevant.®

At present, liquid phase epitaxy and pseudomorphic
replication are the most common methods that provide control
over the thickness of redox-active MOF thin films.**® In 2018,
Virmani et al."” reported an alternative method that was coined
vapor-assisted conversion (VAC), and that gave access to thin
films of certain MOFs that are notoriously more difficult to
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the preparation of UiO-67 thin films by VAC is highly sensitive
to the water content in the reaction. Some water is required for
the formation of the zirconium clusters, but excessive water in
the reaction vial yields poorly crystalline materials. Atmospheric
water that is taken up by the vapor source can be sufficient to
reduce crystallinity dramatically. This complication can be
partially overcome by increasing the amount of acetic acid in
the vapor source.

obtain by the traditional methods. For example, VAC allowed
on-surface growth of highly oriented crystalline UiO-type (UiO=
Universitetet i Oslo) thin films of controlled thickness. An
overview of the VAC setup and the involved processes is shown
in Figure 1. Initially, a precursor solution containing the linker,
the metal source, and a modulator in N,N-dimethylformamide
(DMF) is placed on a substrate that is elevated from the bottom
of a sealed glass container. A vapor source that contains a
solution of modulator in DMF is added to the bottom of the
glass vessel. Upon heating of the vessel, the precursor droplet is
exposed to vapor from the partially evaporated vapor source,
leading to the conversion of the precursors into a crystalline
MOF thin film." In the original paper, it was found that the
composition of the vapor source and the resulting diffusion of
acetic acid from vapor source to precursor droplet was crucial
for successful MOF synthesis. Additionally, it was demonstrated
that the variation of the modulator and precursor concentration
can influence crystallite orientation or size. A link between
crystallization rate, crystallinity, and orientation of the resulting
film was suspected, with homogeneous nucleation in solution
and heterogeneous nucleation at the surface being coexisting
processes."”

While the above-mentioned parameters were investigated
very carefully, the importance of water was not addressed in
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Figure 1. Overview of equilibria processes in the VAC reaction vial.
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the original paper. This is crucial, as shown in a couple of recent
contributions that investigate the role of water in the crystal-
lization kinetics of UiO-type MOFs."" The question of water
stability of UiO-67 MOFs had been a matter of discussion as
well, with no easy agreement within the field."? Water is
required for the formation of the Zr,O,(OH), cluster from the
salt precursor,"'® but according to Firth et al." it can also lead
to defects and different phases in the resulting MOF. In
addition, we suspected that a better understanding of the role
of water may be central to overcome problems with irreprodu-
cibility that we encountered in some of our own syntheses (see
Supporting Information for details).

Results and Discussion

The VAC system is more complex than traditional solvothermal
MOF syntheses with the three-component system consisting of
DMF, acetic acid (AcOH) and water, all present in different ratios
in the vapor source, the precursor droplet, and the vapor phase.
The two liquid phases are in contact through the vapor and will
slowly equilibrate over the course of the experiment. This
means that in the precursor droplet, where the MOF is grown,
the concentrations of all components change over the course
of the synthesis.

Unless stated otherwise, all VAC experiments described
herein were conducted according to the following general VAC
protocol, in analogy to the original report."” The precursor
solution contained metal precursor and linker in 2.2 mM
concentrations, dissolved in a mixture of AcOH and DMF (v/v
1:40). The vapor source contained a higher AcOH concentration
(v/v AcOH:DMF 1:5.25). The volume of the precursor droplet
was 60 pL, while that of the vapor source was 1 mL. The vessel
was heated at 100 °C for three hours after which the crystallinity
of formed films was evaluated by powder X-ray diffraction
(PXRD). Further characterization of selected films was performed
by scanning electron microscopy and X-ray photoelectron
spectroscopy, revealing a uniform film of approximately 100 nm
thickness (Supporting Information Figure S1 and S2).

To demonstrate the diffusion of AcOH to the precursor
droplet, the amount of AcOH in the precursor droplet before
and after VAC synthesis was compared by 'H NMR spectroscopy
(Figure 2, see Supporting Information for details on the NMR
sampling protocol).

The "H NMR spectrum in Figure 2 a) shows the composition
of the precursor droplet as dropcasted, consisting of DMF with
small amounts of AcOH (v/v AcOH:DMF 1:40). The water peak
seen in the spectrum comes from contaminant water and is
shifted downfield in the presence of AcOH. After performing
the VAC synthesis, which involves heating the sealed reaction
vial in the presence of the vapor source with a higher AcOH
concentration (v/v AcOH:DMF 1:5.25), the droplet composition
was measured again (Figure 2b). The '"H NMR spectrum shows
an increase of AcOH in the precursor droplet after the reaction.
PXRD measurements of the resulting material confirmed that a
crystalline MOF film was formed (Figure S3). In Figure 2¢), the
same experiment was conducted but in the absence of AcOH in
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Figure 2. '"H NMR spectra showing precursor droplet composition before and
after heating in absence and presence of AcOH in the vapor source: a)
precursor before heating (AcOH:DMF 1:40), b) after heating with AcOH in the
vapor (AcOH:DMF 1:5.25), and c) precursor after heating without AcOH in
the vapor (DMF only).

the vapor source. The '"H NMR spectrum of the precursor
droplet after heating shows the disappearance of the AcOH
peak. PXRD measurements revealed that the resulting material
was poorly crystalline (Figure S3). This is in agreement with
previous data showing that the reaction is sensitive to AcOH
concentration."” The results show how equilibration via vapor
dictates the AcOH concentration in the precursor droplet and
underline the importance of acetic acid as a modulator.

Besides the different AcOH content, the vapor source might
also contain a different amount of water than the precursor
droplet. Both substances will equilibrate at their own rate, while
the relative amount of each substance present in the solutions
can influence both rates, leading to a complex three-compound
vapor mixture. The vapor composition is dominated by the
vapor source due to the much higher volume. If water is
present in the vapor source we expect the vapor composition
to shift.

How the presence of water in the vapor source influences
the composition of the gas phase during a VAC synthesis was
assessed by quantitative variable temperature *C NMR spectro-
scopy at 90 °C (see Supporting Information for full details). A
vapor source was prepared according to the general VAC
protocol, water was added (v/v 0, 0.01, and 0.1 of H,0 in AcOH:
DMF 1:5.25), and the resulting solutions were transferred to J.
Young NMR tubes. *C NMR spectra were collected at 25 °C, at
90 °C after equilibration for one hour, and again at 25 °C. The
methyl signals of DMF and AcOH were integrated and the ratio
of AcOH to DMF in the liquid phase was calculated (Figure 3).

Figure 3 shows the AcOH to DMF ratio in the different vapor
sources before and after heating. As expected, the ratios are the
same irrespective of the water content, and remain the same
after heating, confirming that the system is closed. When
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Figure 3. Measurement of the AcOH to DMF ratio in the vapor source by
quantitative "*C NMR spectroscopy at 25 °C, after equilibration at 90 °C, and
after cooling back to 25 °C. Vapor sources with different water content were
compared (v/v 0, 0.01 and 0.1 of H,0 in AcOH:DMF 1:5.25).

heating the system to 90 °C, a decrease of the AcOH to DMF
ratio in the liquid phase was observed for all experiments. The
decreased AcOH to DMF ratio upon heating is consistent with
the lower boiling point of AcOH, which will be preferentially
vaporized over DMF. Addition of increasing amounts of water
to the vapor source results in a smaller decrease of the AcOH to
DMF ratio, which is indirect evidence that less AcOH evaporates
from the vapor source when water is present. This would lead
to an overall lower amount of AcOH in the vapor of the reaction
vial. If this water induced reduction of AcOH in the vapor phase
leads to a lack of AcOH in the precursor droplet during
synthesis, the crystallinity of the resulting film could be
negatively affected.

To gain more insights about how the addition of water in
the vapor source influences the equilibration rate of AcOH in
the precursor droplet, the '"H NMR sampling protocol from
Figure 2 was repeated with one dry (v/v AcOH:DMF 1:5.25) and
one wet vapor source (v/v H,O:AcOH:DMF 1:1:5.25). Samples of
the precursor droplet were taken at different times over the
course of the experiments to monitor the transport of AcOH
from the vapor source to the precursor droplet. Figure 4 shows
that for both experiments, the amount of AcOH increased as
the heating continued, demonstrating again the equilibration
of the AcOH concentration in the vapor source and precursor
droplet. Remarkably, the presence of water in the vapor source
caused no appreciable differences to the [AcOHI.[DMF] ratios as
a function of time. These findings suggest that water is not
significantly disrupting AcOH equilibration in the reaction vial.

To further investigate the influence of water, we decided to
look at the influence of the water content on MOF synthesis,
taking into consideration the possibility of differences resulting
from the spatial distribution of water as it can be present either
in the vapor source or the precursor solution at the start of the
VAC. To assay the spatial role of water, samples were prepared
inside a drybox, following the general VAC protocol, with
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Figure 4. Ratio of AcOH to DMF in the precursor droplet after heating, with
water (v/v H,0:AcOH:DMF 1:1:5.25) and without water (no H,O in AcOH:DMF
1:5.25) in the vapor source, measured by 'H NMR spectroscopy.

varying amounts of water in the precursor solution (v/v 0, 0.1,
and 1 of H,0 in AcOH:DMF 1:40) and vapor source (v/v 0, 0.01,
0.1, and 0.2 of H,0 in AcOH:DMF 1:5.25). Crystallinity of the
resulting materials was determined by PXRD (Figure 5).

In the absence of water in both vapor source and precursor
droplet, no MOF was formed (Figure 5, top/left). This is not
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Figure 5. PXRD patterns of Au@Si substrates after attempting to grow a UiO-
67 thin film using VAC with different ratios of water in the vapor source (v/v
0, 0.01, 0.1 and 0.2 of H,0 in AcOH:DMF 1:5.25) and the precursor solution
(v/v 0, 0.1 and 1 of H,0 in AcOH:DMF 1:40). The observed peak corresponds
to the UiO-67 < 111 > reflection. The final percentage of water (v/v) inside
the reaction vial is given in red.
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surprising as the Zr,0,(OH), cluster that constitutes the
secondary building unit (SBU) of UiO-type MOFs requires water
for successful assembly. Thus, addition of water to the precursor
solution (v/v H,O:AcOH 1:1; Figure 5, top/right) resulted in
successful cluster assembly and the formation of crystalline thin
films. Particularly noteworthy is the experiment with no water
in the precursor droplet (Figure 5, second row/left), which still
results in good MOF crystallinity, suggesting that water can also
be supplied to the precursor droplet indirectly by including it
initially in the vapor source (v/v H,O:AcOH 0.01:1). This also
supports the transport of water from the vapor source to the
precursor droplet during the VAC procedure. However, if the
water concentration in the vapor source exceeds a certain
threshold (Figure 5, row 3 and 4), crystallinity of the UiO-67 thin
film is impaired. This trend was highly reproducible.

When calculating the total percentage of water in the
reaction vial (Figure 5, red), the data suggests that the presence
of up to 0.3% of total water content in the reaction vial enables
the formation of a crystalline MOF thin film. Poorly to non-
crystalline materials can be detected above 1.5% of water in the
vial. The initially considered importance of the spatial distribu-
tion of water seems to result from the different volumes of
precursor and vapor solution used in the VAC procedure. The
much lower volume of precursor solution used in VAC makes
the synthesis less susceptible to its water content, as opposed
to the water content of the vapor source which has a stronger
influence on the system'’s total water content.

Having established a water content window for successful
MOF film growth under controlled conditions, we set out to
illustrate the implications of this finding in a real-world context.
The question that was investigated was whether moisture that
is brought into the experiment by atmospheric humidity can
lead to poorly crystalline material. Two VAC experiments were
set up using the same precursor and vapor solutions prepared
inside a drybox. One reaction was conducted inside the drybox,
while the other was set up under atmospheric conditions
(19 °C, 94% relative humidity). PXRD measurements (Figure S4)
revealed that the samples synthesized inside the drybox were
crystalline, whereas the samples prepared outside the drybox
were significantly less crystalline. These results confirm the
possibility of a negative impact of atmospheric water on UiO-67
film growth using VAC. This would also explain the reproduci-
bility issues encountered when attempting to grow highly
crystalline UiO-67 thin films.

In order to make the VAC procedure synthetically more
robust in the presence of atmospheric moisture, it was
investigated whether increased [AcOH] in the vapor source
could have a beneficial impact (Figure 6). Crystallinity was
initially suppressed through the addition of water (v/v 0.1 of
H,O in AcOH:DMF 1:5.25) to the vapor source. While keeping
the amount of water constant, a series of experiments were
conducted containing increasing amounts of AcOH in the vapor
source.

The resulting PXRD spectra show a resurgence of the
crystallinity when doubling the amount of AcOH in the vapor
source. In some experiments, a new peak appears at 6.6°
aligning well with the <200 > reflection of a simulated UiO-67
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Figure 6. PXRD patterns of Au@Si substrates after attempting to grow a UiO-
67 thin film using VAC. Experiments were conducted containing a constant
amount of water and increasing concentrations of AcOH in the vapor source
(v/v 0.1 of H,0 in AcOH:DMF 1-2:5.25). The precursor solution remained
unchanged (AcOH:DMF 1:40), additionally a positive control with dry vapor
(no H,0 in AcOH:DMF 1:5.25) was performed.

PXRD pattern," suggesting a loss of preferred orientation. The
experiments point to the possibility of alleviating the negative
effect of atmospheric humidity by increasing the AcOH
concentration, at the cost of preferred orientation. In addition,
decreasing the volume of the vapor source was found to have a
similarly positive effect (Figure S5), increasing the resilience of
the system towards detrimental water content. Such measures
are important in situations when the exclusion of atmospheric
humidity is experimentally challenging.

The results discussed in this paper suggest that water is
responsible for the loss of crystallinity when UiO-67 thin films
are grown by VAC without careful control of water content.
While some water is required for the formation of the
Zrs0,(OH), cluster,"™ our experiments show that the film
formation is impaired when the water content rises above 1.5%
of the total solvent volume. This could suggest an inhibition of
the crystallization process or the formation of highly defective
and poorly crystalline MOF films. According to Firth etal,!"
water can be used to create defects in UiO-type MOFs, or even
leading to the formation of a different phase. Burtch et al."”
explain that MOF defectivity correlates with water absorbance,
meaning a more defective MOF structure will have more water
bound within its pores. Another paper demonstrates that water
molecules remaining in the pores during and after the drying
process will lead to pore collapse through capillary forces."® At
the same time, the ultimate fate of UiO-type MOFs in
atmosphere was shown to be structural collapse due to linker
hydrolysis."? This paints a picture where a defect-free MOF is
quite stable when exposed to moisture, whereas a defective
MOF will be exponentially more susceptible to degradation by
water. Once formed, the UiO-67 films show decent hydrolytic
stability (Figure S6). UiO-67 thin films remain intact for several
weeks when stored under dry DMF. When evaporated and
dried, the crystallinity declines within days, especially if the film
is not kept under argon (Figure S7).
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Conclusions

To conclude, VAC seems to be a powerful and reliable method
for the growth of highly oriented, crystalline thin films of UiO-
type MOFs. As water is known to play an important role for the
crystallization and stability of Zr MOFs, we decided to
investigate its effect on the VAC synthesis of UiO-67 MOFs.
Firstly, the equilibration processes taking place during the VAC
procedure were demonstrated, confirming that the precursor
droplet gradually equilibrates with the vapor source upon
heating. Water affects the vapor phase composition but does
seemingly not significantly impact the AcOH equilibration rate.
However, we found that the preparation of UiO-67 thin films by
VAC is highly sensitive to the water content in the reaction.
Some water is necessary for the formation of the zirconium
clusters, but excessive water in the reaction vial results in very
poorly crystalline materials. Experiments show that atmospheric
water taken up by the vapor source can be sufficient to strongly
reduce crystallinity. Increasing the amount of AcOH in the vapor
source can reverse the negative effect of water but might lead
to a loss of preferred orientation. Once highly crystalline films
are formed, they are much less susceptible to water. We
suggest that defect-free and properly activated UiO-67 is quite
stable when exposed to moisture, whereas a defective material
will be more susceptible to degradation by water. These
findings should help other researchers when troubleshooting
with the synthesis of UiO-type MOFs using VAC or similar
methods. The results reported herein will enable and accelerate
future research based on UiO-type MOFs.

Experimental Section

General VAC protocol

Solutions of ZrOCl,-xH,O (14.2 mg) in DMF (10 mL) and biphenyl-
4,4-dicarboxylic acid (10.7 mg, 0.044 mmol) in DMF (10 mL) were
prepared and sonicated for 10 min. For the precursor solution, 1 mL
of each solution were combined, and acetic acid (49 uL) was added
to the mixture. The vapor source was prepared from acetic acid and
DMF (v/v 1:5.25). Four glass Raschig rings were placed in a vial.
Vapor source (1 mL) was added to the bottom of the vial, a
substrate slide was placed on the Raschig rings and precursor
solution (60 uL) was pipetted onto the substrate. The reaction vial
was sealed and placed in a blockheater (100 °C). After 3 h the vial
was removed and left to cool down before carefully rinsing the
substrate with DMF and storing it in DMF.

'H NMR sampling protocol

NMR solvent was prepared by adding toluene to chloroform-D as
internal standard. The general VAC protocol was used to set up the
reactions, but the composition of the precursor solution and vapor
source were varied. After removing the vials from the blockheater,
2.5 pL aliquots were taken from the remaining droplet on the gold
surface and mixed into 0.6 mL of the previously prepared NMR
solvent.
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Supporting Information

Details to the synthetic procedures and additional character-
ization material is provided, together with additional
references."”
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