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Abstract

A simple method for the preparation of MIL-53 thin-films is reported. By employing a vapour-assisted
conversion (VAC) approach we were able to prepare homogeneous MIL-53 films on a variety of glass, silicon
or alumina substrates. Our strategy uses a vessel that allows film growth in an environment with a solvent-
saturated atmosphere, in this case DMF. The VAC preparative conditions lead to the formation of a
homogeneous film of the MOF and avoids the formation of alternative aggregates, such as starting materials.
The effect of reaction temperature and time are investigated allowing identification of the optimum
conditions to produce good film quality.

Introduction

Research into the properties of Metal-organic frameworks (MOFs) has grown over recent years as a
result of their high porosity, adaptability and the due to the degree of design that can be applied to
their synthesis in comparison with other typical porous materials such as zeolites, silica or activated
carbon.? Consequently, they have received extensive interest in diverse fields including gas
adsorption and separation,® controlled drug delivery,* catalysis® or in magnetic and electronic
devices.®” MOFs are in general first prepared as powder materials, but for several applications, the use
of MOFs in thin-films with controllable chemical properties, morphology and thickness is advantageous.
For example potential use of MOFs as membranes for gas separation,®® sensing, where thin-films can
improve signal transduction, sensitivity and selectivity!® or catalysis, where a thin-film with
controllable pore sizes can improve heat and mass transport.!! The transfer of MOF powder synthesis
to thin-film synthesis is often challenging. Whereas powder synthesis typically seeks to determine
properties such as morphology or particle size, additional properties such as film thickness, roughness,
particle distribution have to be controlled in order to create high quality thin-films. Furthermore, the
formation of thin-films of MOFs is highly dependent on the specific MOF to be studied and the nature
of the support and the interaction between the two will vary if porous Al,0s?, flat glass surfaces,®
stainless-steel mesh,* polymers,*> foams'® or other substrates are to be coated. The field of MOF thin-
films becomes even more diverse with the introduction of free-standing MOF films or the usage of
MOFs as a filler in polymer membranes as mixed-matrix membranes.’” Consequently, numerous
different approaches have been developed for possible thin-film synthesis of MOFs. Several methods
have been adopted from the toolbox of the zeolite thin-film synthesis and the fields of MOF thin-films
and zeolite thin-films continuously influence each other.’® These methods can range from dip-
coating,'® Langmuir-Blodget techniques,? electrochemical methods?! to more exotic methods such as
the counter-diffusion approaches, where metal and linker solution diffuse into a porous membrane
from separate sides? or the hot-pressing method, where a powder mixture of metal and linker
precursor is placed on a support and reacts solvent-free to a thin-film by pressing with a heated
stamp.?® Amongst these strategies the Layer-by-Layer technique, which is also called liquid phase
epitaxy (LPE)?* has received much attention. This approach is based on the alternating immersion of
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the support into metal and linker solution with washing steps with pure solvent between reactions to
remove weakly attached species. In some instances, the film supports are further modified with self-
assembled monolayers (SAMs)?*, which act as nucleation points for formation of the MOF thin-films.
It is even possible to control the direction of growth of MOF thin-films.?® However, a disadvantage of
this approach is that long reaction times are typically needed to build up films of sufficient thickness
and until now it was not reasonable to form films which a thickness of more than 100 nm, too thin for
application such as membranes for gas separation,?” although recent improvements to the LPE
approach have been made by the application of automatization?® or spray-coating.?’

For the formation of thicker films in the micrometre range, alternative synthesis methods have been
introduced. A direct in-situ approach is the most straightforward during which the support is immersed
in a reaction mixture and a solvothermal synthesis conducted, similar to conventional powder
synthesis. This technique has shown good results for some MOFs, e.g. MOF-5 on porous Al,0s,? or ZIF-
8 on glass®, but other reports show that the heterogenous nucleation of MOFs crystals on supports is
not favoured and MOF particles are often difficult to attach to the surface.®® As a possible method to
improve nucleation of the MOF on the support a strategy of “seeding and secondary growth” has been
developed.®! Here, the surface is coated with small particles of the desired MOF*2 or starting material®?
which can lead to improved control of film morphology. Despite the widespread variety of MOFs most
of the existing thin-film procedures have been applied for a few archetypical MOFs, such as ZIF-8 or
HKUST-1, while for other MOFs methods to create thin-films are more sparse.

One of these MOFs is MIL-53, a porous material formed by MO4(OH,) clusters (where M = Cr,®3 Al,3*
Fe® or Ga®) connected by 1,4-benzenedicarboxylate (BDC?), leading to a structure with one-
dimensional rhombus-shaped channels. While the number of existing thin-film coatings is limited, MIL-
53 has received considerable interest in research as a powder, in fields ranging from gas separation®’
and storage,®® catalysis,® sensing®® and water treatment.*! This interest arises due to the unique
features of MIL-53 including a breathing phenomenon, where the pore size of MIL-53 can reversibly
change upon appropriate stimuli such as guest molecule absorption3* or temperature variation.*
Other attractive features include high thermal stability (up to 500 °C)3* and the ability to vary both
metal cation®3¢ and linker, through substitution of BDC*** leading to a family of MOFs without
changing the overall structure or morphology. Thus, the formation of MIL-53 thin-films may be
advantageous for a number of applications, including as sensors or for gas separations. A approaches
to the preparation of MIL-53 thin-films have been reported, but these have typically have the
disadvantage of additional preparative steps, e.g. the secondary film growth with a preceding powder
synthesis and the seeding step,*? or the preparation only works on specific supports, e.g. aluminium
sheets*® or polyimide.*”

Vapour Assisted Conversion (VAC) is an alternative strategy for thin-film synthesis. This method is
related to other methods such as the dry-gel conversion or steam-assisted conversion* of zeolites,
covalent organic frameworks (COF) or Ui0-66.%°! The method involves placing a solid or precursor
solution onto a support and then the system is exposed to solvent vapour, sometimes enriched with
structure dictating agents as modulators. This approach can lead to the precise growth of a thin-film
on various supports, often in shorter reaction times and at lower reaction temperatures in comparison
with other existing thin-film synthesis methods. In this study, we show the first application of the VAC
approach for the preparation of MIL-53 thin-films, resulting in the formation of homogenous thin-films
in a single step and on non-modified supports such as glass, silicon or ceramic.

Experimental

AI(NOs)3-9H,0 and 1,4-benzenedicarboxylic acid, H,BDC (>98%) were purchased from Sigma Aldrich.
N,N-Dimethylformamide (DMF) and acetone were provided by Fischer-Scientific. All chemicals were
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used without further purifications. Deionised water was collected from a Millipore Direct-Q 5 UV water
purification system.

Methodology: The supports studied glass (soda-lime glass microscope slides; Fischer Scientific Menzel
Glaser), silicon or Al,Os3 were cut into pieces of 2 x2cm, immersed in acetone and cleaned by
ultrasonication for 30 min. After ultrasonication, the glass slides were rinsed with deionised water and
dried under a flow of N,. The MIL-53 reaction mixture was prepared according to a previously
published protocol’! as follows: a mixture of AI(NOs3)3-9H,O (5.99 mmol; 2.246g) and H,BDC
(5.38 mmol; 0.895 g) were dissolved in DMF (30 ml), stirred vigorously at room temperature for 15 min
until a clear solution was obtained. For the thin-film synthesis, a cleaned support was immersed in MIL-
53 reaction mixture, extracted after 1 min, held vertically and excess reaction mixture drained off. For
the reaction, the supports, wetted by MIL-53 reaction mixture, were placed vertically in the reaction
vessel developed for the VAC (see Figure S7). For the Rapid Thermal Deposition (RTD) approach the
samples were placed vertically on a petri dish. For either the VAC or RTD approach, the samples were
placed in oven at a given reaction temperature (between 75 °C and 150 °C) over a reaction time
between 1 h and 5 h. The sample was removed from the oven and allowed to cool naturally to room
temperature.

Characterisation: X-Ray diffraction (XRD) measurements were performed using a Bruker D8 Advance
diffractometer with a 6/6 goniometer geometry operated at 40 kV and 35 mA with Cu Ka radiation (A
=1.540598 A) with an exit slit of 0.6 mm diameter. A scintillation counter acted as X-Ray detector. The
samples were scanned in the range between 5-35° 26 with a step size of 0.02° and a step time of 10 s
per step leading to a total measurement time of ~5 h. Scanning electron microscopy (SEM) was used
to characterise the morphology and particle size (from an average of 25 particles) of the samples.
Measurements were conducted using a Philips XL30 FEG ESEM or JEOL JSM-7100F FEG instrument with
a beam voltage of 15 kV. The samples were sputtered with a 10 nm iridium film using a Quarum Q150T
ES coater in order to increase the conductivity of the samples.

Results and Discussion

As a first attempt for the synthesis of MIL-53 films, the rapid thermal deposition (RTD) approach was
investigated. Shah et al.>? first applied the RTD approach for the formation of HKUST-1 and ZIF-8 thin-
films using porous Al,03 supports, but the strategy has subsequently been applied for the synthesis of
MOF thin-films on glass.>® For the RTD, a support is wetted with MOF precursor solution and the
nucleation and growth of the thin-film induced by evaporation of the solvent.>* While earlier thin-film
reports used water as solvent for the synthesis of MIL-53,12%47 we used DMF as reaction solvent for
the RTD synthesis as DMF exhibits several advantages including higher yield*® of the product MOF,
called MIL-53(DMF) hereafter. Additionally, DMF dissolves both starting materials, Al(NOs)3-9H,0 and
H,BDC at room temperature, a prerequisite for the RTD approach. During our initial experiments thin-
film coating of MIL-53 glass was used as the support (see Supporting Information for experimental
details). We modified the approach reported by Shah et al*> who reported the use of a high initial
reaction temperature (up to 200 °C) for 15 minutes followed by slow cooling in the oven, a compromise
between solvent evaporation and crystallization of the MOFs in order to form well-intergrown and
crack-free films.>2 In our studies we did not find slow cooling to be beneficial for surface coverage and
therefore (Figure S1) samples were therefore kept at reaction temperature during the whole process.
SEM images of films created using the RTD approach reveal that this strategy does not lead to
homogeneous coverage (Figure 1). Short reaction times led to the formation of particles with distinct
sizes and morphologies. Thus, after 1 h reaction time (Figure 1a), the surface was covered with small
angular particles (123 + 31 nm) and larger triangular particles (430 £ 57 nm). After 3 h, the morphology
of the surface coverage did not change (Figure 1b) but after 5 h the triangular particles disappeared
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leaving visible gaps in the coating (Figure 1c). Indeed, only after prolonged reaction time (overnight
reaction; ~17 h; Figure 1d) the surface was found to be completely covered with the angular particles.

Figure 1: SEM images of glass slides covered by RTD after a) 1h, b) 3 h, c)5 h and overnight reaction (~17 h). Note the larger
triangular particles at shorter reaction time which gradually disappear leaving gaps in the film coverage. Only after
prolonged reaction times are more homogeneous films observed.

Although these results were promising, the inhomogeneity of the films prepared was problematic.
Figure 2 illustrates the problems encountered through a lower magnification SEM image of a film
prepared on a glass slide prepared at 150 °C after 1 h reaction time. While the surface was partly
covered with the above-mentioned angular shaped particles (Figure 2, highlighted in red) other parts
of the surface were covered with leaf-shaped particles of ~5 um in size (Figure 2, highlighted in blue).
This leaf-shape was also observed for reference samples coated with pure H,BDC (Figure S2) and even
on a macroscopic scale can these areas with leaf-shaped particles be identified (Figure S6). Areas
covered with angular particles were slightly opaque (in comparison to a transparent non-coated glass
slide), while areas covered with leaf-shaped particles appeared bright white. These two types of
particles could be identified on all coated glass slides regardless of the reaction time (Figure S3).

Figure 2: Image of glass slide covered by a film of MIL-53 using the RTD approach after 1 h at 150 °C. Two areas were visible
on the surface. One area (red, bottom right) was covered with angular particles, while other areas (blue, bottom left) are
covered with leaf-shaped particles.

This observation was further confirmed by the measurement of XRD patterns of the films. A MIL-53
coated glass slide (RTD approach reaction time: 5 h/150 °C) was studied with diffraction patterns
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recorded for different areas of the film; white area (Figure 3a) or opaque area (Figure 3b). The XRD
pattern from the opaque area show a peak at 8.8°, which was in good agreement with the most intense
peak of non-activated MIL-53(DMF).>” Other peaks of MIL-53 were not visible in the pattern due to the
thin depth of the coating. In contrast, an XRD-pattern measured for the white area (peaks at 17.4°,
25.2° and 27.9°) was in good agreement with the XRD pattern of the starting material H,BDC. Hence,
the formation of a thin-film of MIL-53 was only partly possible using the RTD-approach. The
observation of unreacted starting material on the samples implied that the formation to MIL-53
stopped before complete conversion took place. In order to enable the formation of MIL-53, we
concluded that either the evaporation of solvent had to be slowed or the reaction of MIL-53 required
acceleration. Simply reducing the synthesis temperature (100 °C), in order to slow solvent evaporation,
was unsuccessful and led to a sparsely covered surface containing cubic particles (Figure S3), and an
XRD pattern, which has no peaks, which can be attributed to MIL-53(DMF) (Figure S4).

Q
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Figure 3: XRD patterns were recorded from RTD coated glass slide (5 h, 150 °C) at two positions. While the XRD pattern
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recorded from the white area “a” matched the pattern of the linker H,BDC, in the pattern recorded at the opaque area “b”
showed a peak at 8.8°, in good agreement with the pattern of MIL-53(DMF). The letters on the photo of the glass slide show
the areas where the XRD-beam was focused.

We hypothesised that a method to prevent the evaporation of the solvent in order to aid formation of
homogeneous thin-films of the target MOF would be to perform the preparation in a saturated
atmosphere of the solvent. In order to create such a saturated atmosphere, the reaction was
conducted in an enclosed vessel which contains a reservoir of pure solvent. Such a set-up is similar to
the vapour-assisted conversion (VAC), discussed above. Previous use of the VAC approach entailed a
precise amount of solvent and modulator being allowed to diffuse into the reaction mixture and create
a “reaction front” where the product is gradually formed.*®°® In this study, however, the vapour is used
to create a saturated atmosphere, which simply requires an excess of solvent, can be added to the
reaction vessel. Thus, for the VAC reaction, the support, previously wetted with reaction mixture, was
placed in a vessel specifically developed for this procedure (Figure S7). In short, a porcelain evaporation
dish was placed in a larger glass crystallizing dish. The porcelain dish acts both as a support for a grid
and as a reservoir for the solvent. The glass crystallizing dish was then covered with a lid and placed in



an oven to initiate the reaction at elevated temperature. This experimental set-up was not tightly
sealed, but by choosing the appropriate temperature (up to 150 °C, B, DMF: 153 °C) and adding
sufficient solvent to the reservoir a saturated atmosphere can be maintained during the experiment.
Figure 4 shows the photo of a glass slide, which was coated by VAC at 150 °C and 5 h reaction time, in
comparison with a non-coated glass slide. Even on a macroscopic scale, the reaction by VAC has clearly
led to a more homogenous coating of the surface in comparison with the previously investigated RTD-
approach. The sample is homogenously coated, and no bright white areas are visible on the surface.

Figure 4: Image of a VAC-coated glass slide in comparison with a non-coated glass slide.

In order to investigate the effect on the reaction temperature to the thin-film formation and to
determine optimum reaction conditions, the reaction was first conducted at temperatures between
75 °C and 150 °C with a fixed reaction time of 5 h (Figure 5). Reaction at 75 °C resulted in a surface
covered with leaf-shaped particles and an XRD pattern (Figure 6a) consistent with H.BDC (peaks at
17.6°, 25.2° and 27.9°), implying that no reaction has taken place. In contrast was the glass slide at
100 °C reaction temperature covered with several tiles with a size ranging between 10 and 25 um
(Figure 5b). However, the XRD pattern for this sample gave no peaks, which can be attributed to
starting material or MIL-53, suggesting amorphous material. At 125 °C the surface coverage was
increased and only small gaps in the coating are visible (Figure 5c), while at 150 °C the surface was
completely covered (Figure 5d). The XRD pattern of the samples prepared at both 125 °C and 150 °C
showed peaks, which in in good agreement with a powder sample of MIL-53(DMF) (Figure 6c, 6d).
Further analysis by SEM of a cross-section of the sample prepared at 150 °C reveals the thickness of
the film to be approximately 4 um (Figure 7). This SEM image further verified that the VAC approach
led to a smooth and crack-free thin film coating on the support. In order to investigate the effect of
the length of reaction on the thin-film formation the temperature was maintained at 150 °C and the
reaction time was the reaction varied from 1 h to 3 h, see Figure 8 for SEM images and XRD pattern.
With a reaction time of 1 h the surface was found to be only partially covered and the XRD pattern
showed no peaks. Surface coverage was increased after a 3 h reaction time (Figure 8c), but in contrast
to the glass slide prepared using a 5 h reaction time (Figure 5d), the surface coverage is still reduced,
although the XRD pattern did confirm MIL-53(DMF) formation. The effectiveness of the approach was
then extended to alternative supports and both ceramic and silicon could be successfully coated with
MIL-53(DMF), verified by XRD (Figure 9) without the need for further surface modification.
Interestingly the intensity of the diffraction is enhanced in the case of the film on ceramic suggesting
enhanced crystallinity in this case.



Figure 5: Images of samples prepared using the VAC coating approach with a fixed reaction time of 5 h and reaction
temperature of a) 75 °C, b) 100 °C c) 125 °C and d) 150 °C.
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Figure 6: XRD pattern of the VAC coated glass slides at varying temperature. The XRD pattern of the slide coated at a) 75 °C
was in good agreement with the pattern of the linker H,BDC, while at b) 100°C no peaks were visible. The peaks of the glass
slides covered at c) 125 °C and d) 150 °C show peaks matching with the typical pattern of MIL-53(DMF).



Figure 7: SEM side view of glass slide coated with MIL-53(DMF) using the VAC approach at 150 °C and 5 h reaction time. The
resulting film has a thickness of 4 um. The scale bar corresponds to 1 um.

Conclusion

In conclusion we have demonstrated a successful approach to preparing homogenous thin-films of
MIL-53(DMF) using vapour-assisted conversion. Advantages of this approach are that no additional
steps such as surface modification of the supports is necessary. Previous attempts to coat supports
with MIL-53 by rapid-thermal deposition were unsuccessful, probably due to slower nucleation
processes and reaction rates in comparison with other prototypical MOFs such as HKUST-1 or ZIF-8.
However, preparing MIL-53 thin-films in a saturated atmosphere of DMF, at 150 °C and usinga 5 h
reaction time, led to the formation of homogenous, crack free thin-films. We anticipate that through
appropriate modification the VAC approach will be applicable to other MOFs and on alternative
supports.
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Figure 8: SEM image and XRD images of glass slides covered by VAC with 1 h reaction time (a, b) and after 3 h reaction time
(c, d). The diffraction peaks in d) are consistent with MIL-53(DMF).
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Figure 9: XRD images of blank silicon wafer before (grey) and Al,Os support (light green) in comparison with supports coated
with MIL-53(DMF) using the VAC approach; 5 h reaction time at 150 °C (black for silicon support and dark green for ceramic
support). The coated pieces show diffraction peaks which can be attribute to MIL-53(DMF).
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