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Abstract

Organic-inorganic hybrid materials have been prepared as thin films by molecular layer deposition
(MLD) for over a decade. However, it has proven challenging to synthesize porous films or crystalline
metal-organic frameworks (MOFs) through this technique, and only a few examples of such synthesis
exist in the literature. MOF thin films are desirable for a large range of applications spanning from
sensor materials to separation techniques or even drug delivery, but so far, they have required solvent-
based synthesis such as solvothermal synthesis. Using an all-gas-phase approach, however, opens for
easier implementation in applications such as microelectronics with delicate parts that are not

compatible with solvothermal synthesis.

In this work, a new synthesis method for MOF thin films, including the exceptionally stable structure
UiO-66 and a few related Zr-based structures, is presented. These structures have been formed by
depositing organic-inorganic hybrid films by MLD using ZrCls as a precursor along with five different
organic precursors. These organic precursors consist of various aromatic structures with two carboxylic
acid groups, one in either end of the molecule. The films were subsequently crystallized to form the
various MOF structures by heat treatment in acetic acid vapor. The developed technique is the first
solvent-free synthesis method of thin films of these Zr-based MOF structures and should open for future

applications of such materials where the extraordinary porosity of MOFs is utilized.

During the MLD synthesis, a modulation step was included by adding an acetic acid pulse after the
organic precursors. Characterizations of the films by techniques such as FTIR?, XRDP and SEM®, show
that this acetic acid modulation guides the organic precursors in forming a stronger, bidentate
coordination to the metal atoms. This is one of the main findings in this thesis since it can provide a
better understanding of the reaction kinetics in formation of such films and be applied for control of

stoichiometry during growth.

The films were amorphous as-deposited, while still being porous. Such porosity for amorphous films is
not common and makes these hybrid films interesting candidates for sensor materials or membranes,
particularly for applications where pinhole-free films are required. Preliminary tests show luminescent

and antibacterial properties, forming a basis for future research and development.

This thesis is mostly based the work included in three papers, one article on synthesis of UiO-66 thin
films (Paper I), one article on synthesis of UiO-66-NH, (Paper II), and a manuscript describing

synthesis of films with two larger organic molecules (Paper III).

2 Fourier transform infrared spectroscopy
® X-ray diffraction
¢ Scanning electron microscopy
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1. Introduction

Materials technology shapes and forms almost every aspect of our daily lives. Materials are now
designed with a specific shape, structure or property in mind, forming the technologies that we depend
upon. From the small bits and pieces in our cell phone batteries and anti-reflective thin film coatings on
glasses or camera lenses; up to bridges, buildings and other infrastructure that connect our world. It
would be impossible to achieve such functionalities without research into materials properties. Even the
medical technologies that daily save lives in our hospitals would be far behind its present state if
materials scientists did not develop antibacterial surface coatings, shape memory alloys, bioactive
materials, membranes for separations, et cetera. If we attempt to look into future technological solutions
to today’s problems, we can see that at least half of the 17 sustainable development goals presented by
the United Nations in 2015 would benefit strongly from further development within materials science.
Two examples are “Goal 6: Clean water and sanitation” and “Goal 7: Affordable and clean energy”. It

is hard to imagine how they can be reached without materials technology solutions.

Within the field of materials technology, the goal is to tailor-design materials with a very particular set
of properties suitable for applications. This is often approached by the aid of nanotechnology, either to
tune the properties or through new types of synthesis methods. The desired properties depend on the
application, and span over electrical properties such as conductivity, magnetic properties, mechanical

properties, nanostructured features and many others.

The desired materials properties in this thesis include well-defined pore sizes in the low nanometer to
angstrom range, incorporated into a thin-film structure. Such thin-films should then be possible to
deposit onto surfaces or a porous supports so as to create porous membranes that could be used for
separations of blood sample components inside capillary tubes. Smaller solvent molecules such as water
would pass through the pores whereas larger biomolecules like peptides, proteins, or other potential
disease biomarkers would be retained. In this manner, the concentration of the biomolecules would be
increased in a controlled way, hopefully to the point where they would crystallize into one or a few
specimens suitable for investigation by X-ray diffraction (XRD). This methodology would reduce the
amount of material required for structure determination by at least two orders of magnitude (to ~10 ng)
and allow identification of biomolecules present in very low concentrations in a blood sample. There is
consequently a potential to obtain better, more precise and more useful information about the health

status of the patient.

In addition to the suggested application above, there are several other potential uses for microporous
thin-films. Applications that require separation, for instance desalination of seawater!?!, are perhaps the
most obvious candidates, but the microporous films could potentially also be excellent sensor materials

due to their large internal surface areas or they could be used as low-« dielectrics.!!



The desired pore size in the nanometer range is already present in a class of materials known as metal-
organic frameworks (MOFs). MOFs are made from inorganic nodes bound to each other by organic
molecules referred to as linkers, forming a crystal structure where the pores are a part of the structure.
This makes the pore size very well-defined, and makes these materials suitable for a number of

applications.

Since MOFs combine organic and inorganic chemistry, they also have interesting properties that are not
directly linked to their porosity, such as luminescence!*! and antibacterial effects®. This opens for
exploration of even more applications. Most current synthesis methods for MOFs yield powders that in
themselves could be very useful, however, it has been suggested™ that several other applications can be

realized if thin-films are formed. MOFs will be further described in chapter 2.

1.2 Aim of Study

Due in part to the traditional synthesis paths for MOFs where powders are formed, it is difficult to utilize
their full potential. Our aim was therefore to expand the possibilities of formation of MOF materials to
also include thin film deposition by all-gas-phase techniques. Our focus has been on synthesis of the
relatively complex and exceptionally stable MOF structure known as UiO-66 (UiO = Universitetet i
Oslo), and its related structures. A few examples exist in the literature of thin film synthesis of MOFs,
and these will be discussed further in chapters 2.2.4 and 3.1. However, very few of these examples show
film synthesis through gas-phase techniques, and none of the gas-phase techniques have been used to

make the complex MOF structures that we have focused on.

In our group, the method of choice for thin film synthesis is atomic layer deposition (ALD), combined
in recent years with molecular layer deposition (MLD). These techniques have a number of advantages
over other thin film techniques such as extraordinary thickness control and the ability to coat three-

dimensional substrates evenly. ALD and MLD will be described further in chapter 3.

Thin films of MOF materials synthesized by MLD have the potential to realize many of the applications
mentioned above. The overall aim of this study was therefore to enable MLD synthesis of thin films of
Ui0O-66 and related structures, and to investigate some possible applications for these films such as

membranes for separation, sensor materials, and antibacterial coatings.



2. Metal-Organic Frameworks

Metal-organic frameworks (MOFs) form a class of porous materials built up by inorganic nodes
consisting of either individual metal atoms or a clusters of metal atoms, linked together by organic linker
molecules to form a three dimensional network. Due to their incredible porosity, which is higher than

that of zeolites, MOFs have a large array of potential applications!®. Already proven examples include

6,10, 11 2,12

gas storagel”), catalysis! 1 separation!® 12, drug delivery!"), handling and destruction of toxins!!*

151, and degradation of chemical warfare agents!'® ",

MOF synthesis emerged from the field of coordination chemistry, where coordination polymers have
been investigated for several decades. MOFs, which are also known as porous coordination polymers,

were first synthesized in the beginning of the 1990s!'- 1

1, albeit the name “MOF” first gained popularity
in 199512%, In the early days of MOF synthesis, one of the main issues was the stability of the structures,
especially with regards to removal of the solvents or guest molecules in the pores of the structure. This
problem was overcome in 1999 when Yaghi et al.l*!) were able to synthesize MOF-5 with Zn-based
clusters linked together by 1,4-benzenedicarboxylate (1,4-BDC). MOF-5 retained its porosity, i.e.
underwent no structural collapse, upon complete removal of solvent molecules from the pores. The same
year, Chui et al.?? synthesized a Cu-based MOF with 1,3,5-benzenetricarboxylate (1,3,5-BTC) as the
linker molecule. This MOF is known as HKUST-1 (HKUST = Hong Kong University of Science and

Technology), and is along with MOF-5 one of the most studied MOF structures.

Over the course of the next two decades up until today, MOF materials have been extensively studied.
This has led to the discovery of many interesting structures, including some that are remarkably stable
such as MIL-1001%], MIL-101124, ZIF-8%3], and UiO-66), the latter is of particular relevance for this
thesis (MIL = Mat¢rial Institut Lavoisier and ZIF = Zeolitic imidazolate framework). UiO-66 was first
developed at the University of Oslo, as described in the paper by Cavka et al.l** in 2008, and formed
the basis for the UiO-series of MOFs that have Zr-based clusters and various organic linkers (1,4-BDC

for standard UiO-66)1*"). A selection of the MOF structures mentioned above are shown in Figure 1.



Figure 1: Crystal structures of (a) MOF-5, (b) HKUST-1, (¢) ZIF-8, and (d) UiO-66, based on CIF-files from
Lock et al.18!, Yakovenko et al.*’), Karagiaridi et al.*"l, and Gien et al.’'l, respectively. MOF-5, HKUST-1, and
Ui0O-66 are all viewed along the [100]-axis, and ZIF-8 is viewed along the [111]-axis. Atom colors: H = white, C = gray,

N = blue, O =red, Cu = brown, Zn = turquoise, and Zr = magenta.



2.1 MOF Structures

As mentioned above, an inorganic node can contain one or more metal atoms. One example of a MOF
where the nodes are single metal atom is ZIF-81%), Figure 2 a. This is a Zn-based MOF where every Zn
atom is bound to four imidazolate rings, forming a crystalline network with a cubic structure. The
complexity of the nodes increases slightly when going to MOF-282! and HKUST-122!, which are Zn-
and Cu-based MOFs where the node consist of two metal atoms that are bridged together by four
carboxylate ligands forming a paddlewheel structure, Figure 2 b. In the case of MOF-2 the ligands are
1,4-BDC, and as mentioned above, the ligands in HKUST-1 are 1,3,5-BTC.

The node of MOF-5 is a cluster of four Zn atoms that are all tetrahedrally coordinated to oxygen where
one oxygen atom is the central atom of the cluster. The remaining three oxygen atoms belong to three
carboxylate groups in linkers that are bridging between the current Zn atom and its three neighboring
Zn atoms, Figure 2 c. For UiO-66, the cluster forming the inorganic node is even more complex. This
cluster consists of six Zr atoms that are all coordinated to eight oxygen atoms, four of which belong to
four different carboxylate linkers that bridge between two Zr atoms. The remaining oxygen atoms are
found in the cluster itself where they are bridging three of the Zr atoms, Figure 2 d. This is just a small
selection of the inorganic clusters that are found in MOF structures. A more extensive overview is given
in the review article by Furukawa et al.l**! and its supporting information. The beauty and complexity of

some of these clusters is quite impressive, and they are well worth a look.

Even though the wide selection of inorganic nodes in itself gives rise to a substantial number of MOF
structures, the variations rendered possible by choosing different linker molecules is even more
extraordinary. In fact, the possibility to chemically functionalize the linkers has often been used as an
argument for why MOFs could be more tunable for different applications than other microporous

21221 By varying the linker molecules, it is possible to change the size and

materials such as zeolites!
shape of the pores or add catalytic centers in structural cavities!**. Changing the linkers can also alter

other properties of a MOF such as their luminescencel.



Figure 2: The inorganic nodes of (a) ZIF-8 (with linkers), (b) HKUST-1, (¢) MOF-5, and (d) UiO-66, based on the
same CIF-files as Figure 1. Atom colors: H = white, C = gray, N = blue, O =red, Cu = brown, Zn = turquoise, and

Zr = magenta.

One expression that has been used to describe the formation of MOFs is reticular synthesis, where
reticular means “having the form of a net”. From this, the word “isoreticular” has been defined, meaning
“based on the same net”*. Isoreticular structures can thus be synthesized by choosing one MOF
structure and change the linker to one that fits into the same net. This has led to an extreme number of
different MOF structures due to the enormous repertoire of possible linkers. In 2013, Furukawa et al.l**!

reported that the number of MOF structures was higher than 20 000.

In general, linkers for MOF synthesis are relatively rigid organic molecules with two or more functional
groups that bind to the inorganic nodes. The binding sites are typically carboxylate groups or amines,
but could also be hydroxyl groups or more rarely S- or P-containing groups such as sulfonates*® and
phosphonates!®”!. The linkers typically get their rigidity from aromatic ring structures and/or double and

triple bonds. They can vary a lot in size, from the shortest linkers such as oxalic acid in the range of a



few Angstroms to the longest that can be around 5 nm, such as the linker in IRMOF-74-XI
(IR = isoreticular) made by Deng et al.’®l. This linker is a chain of eleven phenylene rings with
carboxylate and hydroxyl groups on both ends, and with methyl and hexyl groups attached to the rings.
Due to the long linkers, IRMOF-74-XI has a 98 A large pore aperture. In addition to size, shape and
number of binding sites to the inorganic nodes, the linkers can be modified by attaching functional
groups. These groups can for instance be hydroxyl groups, halides, amino-groups or nitro-groups. More
advanced functionalizations include complexes with metal atoms such as Irl*”l, Pt34 or Rul*%. A
selection of linkers are shown in Figure 3. Other linkers used in MOF structures can be found in the

review by Furukawa et al.*3],

HO.__.O OH
)\ OY&
z 0

— OH
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OH o]
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H.-1,4-BDC H,-2,6-NDC H,-2,2'-BPy-5,5'-DC

H,DH11PhDC

Figure 3: The protonated form of a selection of MOF linkers. 1,3,5-BTC = 1,3,5-benzenetricarboxylate; MIm =
2-methylimidazolate; 1,4-BDC = 1,4-benzenedicarboxylate; 2-amino-1,4-BDC = 2-amino-1,4-benzenedicarboxylate;
2,6-NDC = 2,6-naphthalenedicarboxylate; BP-4,4’-DC = 1,1’-biphenyl-4,4’-dicarboxylate; 2,2’-BPy-5,5’-DC =
2,2’-bipyridine-5,5’-dicarboxylate; DPBPyDC = diphenyl bipyridine dicarboxylate*; PPy = 2-phenyl pyridine; and
DH11PhDC = dihydroxy 11 phenylene dicarboxylate*. *These names are not correct systematic names, but practical

descriptions of otherwise too complex molecules, that have been taken from the review by Furukawa et al.l33],



2.2 MOF Synthesis

Due to the multidisciplinary nature of the MOF field when in its infancy, where scientists from various
fields were attempting to achieve MOF synthesis, multiple approaches led to several synthesis
techniques that are still used today. This has enabled a larger variety of MOF structures than what would
have been possible with fewer approaches, since different techniques can give different structures even
when the reactants are the same!®”). Different synthesis methods also enables control of the morphology
of the product, which can be crucial for certain properties such as diffusion of guest molecules into the

(27, Most traditional MOF synthesis techniques

porous network and, by extension, catalytic activity
involve heating mixtures of precursors in a solvent. However, some solvent-free processes are available,
and some synthetic procedures take place at room temperature. Most MOF syntheses yield powders as
the final product, but a few techniques for thin-film synthesis are also available. Until recently, no
processes for solvent-free formation of MOF thin-films were reported. Since the approaches to MOF
synthesis vary quite a lot, this chapter will not cover all techniques, but an emphasis has been placed on
the thin-film techniques. For a more complete overview, the review article by Stock et al.?7 is

recommended.

2.2.1 Reaction Temperatures and Heating Methods

MOFs are normally synthesized at temperatures ranging from room temperature> *?1 to above
200 °C!?*41 in either open containers or sealed autoclaves. Normally, conventional electrical heating is
used, but heating by microwave irradiation or by ultrasound is also possible. The heating method can
affect the outcome of the synthesis due to differences in temperature profile et cetera, causing different
conditions for nucleation and growth®*¢l. Bauer and Stock!”) have demonstrated the importance of
temperature control in MOF synthesis. They varied the temperature between 17.0 and 99.9 °C while

also varying the pH, resulting in the formation of six different phases of cadmium phosphonate.

2.2.2 Solvothermal Synthesis

Solvothermal synthesis of MOFs (referred to as hydrothermal synthesis when the solvent is water) is a
quite common approach. A few different definitions of solvothermal synthesis are used, but the one
given by Rabenaul*®! defines it as syntheses in sealed autoclaves at temperatures above the boiling point
of the solvent, causing elevated pressures. This approach comes from the background of zeolite
synthesis, where solvothermal conditions are important?”). Some MOFs that have been made by this

technique are HKUST-1%), Ui0-662%!, MIL-1001*), and MIL-10114,



2.2.3 Mechanochemical Synthesis

As mentioned above, heating is the most common way of introducing the energy required for the
formation of MOFs. However, other methods such as mechanochemical synthesis are also used.
Mechanochemical synthesis can be performed in several ways, such as with a pestle and mortar®”, ball

[51-53]

milling and by screw extruders’®¥. Several of these techniques can be applied to make

HKUST-152-%%1 but also other important frameworks, such as ZIF-81**), Mechanochemistry has opened

[51, 52, 54]

the possibility of solvent-free synthesis of MOFs , however, the synthesis can also be liquid-

dise. 571

assiste . Other advantages of mechanochemical synthesis include its high speed and the

possibilities for scaled-up production.

2.2.4 Synthesis Techniques for MOF Thin-Films

A few different techniques for synthesis of MOF thin-films have been reported. Almost all of these are
wet chemistry-based. Only recently, a few examples of gas phase depositions have been included, which

will be covered in the chapter on ALD/MLD. The most common techniques are direct growth®%¢3],

[64-681, [69-71] B39, 71761

layer-by-layer deposition chemical solution depositio , seeded growt and
electrochemical deposition”” 78, A review article covering MOF thin-films is written by Bétard and

Fischer!”!

In the direct growth method, substrates for film deposition are submerged into a solution that could
otherwise be used to synthesize powder, and treated in a similar manner. This is normally done under
solvothermal conditions!*® -2 631 but not always!®!l. The substrates can typically affect the film growth,
and functionalized substrates, such as self-assembled monolayers (SAMs) on gold, may be needed!®!: %21,
Some alternative approaches, such as contra-diffusion of two solutions from either side of a

membrane!®, can also be classified as direct growth of MOF thin-films.

Layer-by-layer deposition (also known as liquid-phase epitaxy!®’-3%) can be described as the liquid phase
equivalent of ALD, and typically requires a SAM-functionalized substrate!®”! for the formation of MOFs.
The substrates are dipped in a solution of the metal precursor, followed by a rinse in a neat solvent
before they are dipped in linker solution and rinsed again. These steps are repeated in a cyclic manner

to form the MOF thin-film.

Chemical solution deposition often relies on a dispersion of premade MOF nano-crystals, but a solution
of precursors may also be used. The colloidal dispersion of particles are made through conventional

synthesis methods such as solvothermal synthesis!®®! and is subsequently deposited onto a substrate by

[69, 70] (711

for instance dip coating!®® 7" or spin coating



Seeded growth is a technique where a higher quality film is made in a similar way as direct growth, but
here, the substrate has a layer of seeding crystals deposited by other techniques. The seeding crystals
guide the growth and eliminate the problem of nucleation. Seeding can take place by direct growth(’>: 76,

layer-by-layer deposition!’*, spin coating!”!, dip coating!’> 7], or rubbing!>”,

Electrochemical deposition of MOF thin-films has also been done. This is a technique where the metal
atoms forming the nodes in the MOF (for instance Cu or Zr) initially are found in metallic electrodes.
The metal atoms are electrochemically oxidized and released into the solution were they can react with
dissolved linker molecules forming a MOF film. Some examples of this approach include the HKUST-1
thin films made by Ameloot et al.’’”! and the UiO-66 thin films!’®! made by researchers from the same
group. Ameloot and coworkers have also developed several other techniques for synthesizing MOF thin

films with a focus on patterning of the films!®!-83],

“Thin-films” that are made by the above-mentioned methods are not necessarily very thin. They can in
some cases be as thick as 200-300 um®?), but are normally in the range of 1-50 um!®® 60 61.69.71.72] "
some cases, thinner films can be made, such as with the layer-by-layer method!®® or by dip coating!’"!

where the thinnest films can be approximately 40 nm.
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3. Atomic Layer Deposition

Atomic layer deposition (ALD) is a technique that is very well suited for depositing thin, conformal
films even on three-dimensional substrates. ALD has been used for many applications including
electroluminescent displays, metal-oxide-semiconductor field-effect transistors (MOSFET), solar
energy, microelectromechanical systems (MEMS), and more!®. The technique was first described in
the 1950s, -60s and -70s in Russia by Professor V. B. Aleskovskii and his student S. 1. Kol’tsov under
the name molecular layering!®, and was properly formalized in a 1975 patent by Suntola and Antson®),
who named it “atomic layer epitaxy”. Later, the name was modified to “atomic layer deposition”, which

is now wildly used.

ALD is a technique that relies on gas to surface reactions of two (or more) gaseous precursors on a
substrate. The process is normally carried out under vacuum, but in some cases also at ambient

pressurel®”- 81 Tt is a cyclic process where each cycle consists of four (or more) steps:

1. Pulsing the first precursor. The first of (at least) two precursors is pulsed into the reaction
chamber, where it reacts with and saturates the surface.

2. Purge. The pulse is followed by a purge step where the flow of an inert gas (typically N or Ar)
removes any excess precursor and the by-products from the reaction.

3. Pulsing the second precursor. The second precursor is pulsed into the reaction chamber where
it reacts to saturation with the first precursor, which is adsorbed on the surface.

4. Purge. A new inert gas purge removes the second precursor and the by-products.

These four steps are shown in Figure 4 where the ALD growth of Al,O3 with trimethylaluminum (TMA)
and water as precursors, is used as an example. The cycle is repeated until the desired film thickness is
reached. The purge steps between the pulses prevent the precursors from meeting in the gas phase and
ensures that the reaction only takes place on the surface of the substrates in a controlled way. The self-
limiting growth during the pulses is achieved by ensuring that the precursors do not decompose or react
with themselves, and enables only up to one monolayer of each precursor to be added with every pulse.
It should be noted that some ALD reactors use a spatial separation of the precursors instead of the more
common time separation that is described above and in Figure 4. In those reactors, a substrate is moved
between zones containing the different precursors, that are created by alternating nozzles with precursors

and inert gas all separated by exhausts to prevent mixing!®”!,
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Figure 4: A sketch of ALD growth of Al.O3 with TMA and water as precursors. Adapted from the master thesis of
Ingrid Vee!®!,

The precursors that are used in ALD need to have a sufficiently high vapor pressure or a sufficiently
low sublimation temperature so that it is possible to get them into the gas phase within the temperature
ranges that can be used in ALD, i.e. without thermal decomposition occurring. Cation precursors are
typically either metal-organic compounds such as TMA[P diethylzinc (DEZ)®Y, and titanium
tetraisopropoxide (TTIP)®"; or metal halides such as TiCl,P% % %31 ZrC1,P% %4, and AICL;P% ), These

997 ammonial® or other compounds to form

are then combined with for instance water®, ozonel
oxides, nitrides or other classes of materials. Available precursors exist for a majority of the elements
in the periodic table, and it is possible to make various classes of materials such as oxidesP",
nitrides® %%, fluoridest'? 1911 sulfides!'%, and metals!'%> %4 to name a few. In addition to these, a class
of organic-inorganic hybrid materials can be prepared by allowing metal precursors to react with organic

molecules. This method is often called MLD, and is further described in the next section. A quite
extensive review on ALD was published by Miikkulainen et al.** in 2013.

Several parameters can be adjusted in order to obtain controlled growth. One of these is the reaction

temperature, which can affect the growth rate in different ways. A too low temperature can in some
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cases lead to condensation of the precursors on the substrate and consequently to a too high growth rate.
In other systems, however, a too low reaction temperature can lead to a too low growth rate due to an
incomplete reaction between the precursors and the surface. On the other hand, if the reaction
temperature is too high, there is a risk of either decomposition or desorption of the precursors leading
to either too high or too low growth rate, respectively. If the growth rate is unaffected by the temperature
within a certain temperature range, this range is referred to as the ALD-window. Systems with well-
defined ALD-windows are less affected by temperature gradients in the reaction chamber, and controlled

growth on large substrates can be easier.

In addition to the reaction temperature, pulse- and purge-lengths are important parameters to tune in
order to obtain controlled growth. A too short pulse will always give a too low growth rate, and a too
long pulse may give a too high growth rate if the growth is not completely self-limiting. The effect of
the purge-length depends on whether the adsorption of the precursor is reversible (physisorption) or
irreversible (chemisorption). If it is partly reversible, a too short purge may give a too high growth rate
due to some physisorption of the precursor. If the adsorption is fully reversible, a too long purge will
give no growth at all. Figure 5 shows proper pulse and a purge lengths for an ideal system with no
physisorption and self-limiting growth, and a system with some physisorption of the precursor. These

are compared to a case where the pulse is too short and a case with some physisorption, and a too short

purge.

Amount adsorbed

Time Time Time Time

Figure 5: (a) A system with irreversible, saturated growth (only chemisorption). (b) A system with some physisorption
of the precursor with proper pulse- and purge-lengths. (c) And (d) the effects of a too short pulse and purge
respectively, in the same system as (b). The black, dotted lines indicate the ends of pulse- or purge-sequences, and the

red dashed line indicates the adsorbed amount of one chemisorbed monolayer.

The main advantages of ALD include a very good thickness control, and therefore highly conformal
films. In addition, ALD gives conformal films on irregular substrates such as substrates with trenches,
porous substrates or other three-dimensional substrates. This is possible since the technique relies on

gaseous precursors that will react with any available surface. When these advantages of ALD are
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combined with the possibility to make a wide range of different materials, it becomes evident that ALD
is a very useful technique for a wide range of applications, some of which are mentioned in to beginning
of'this chapter. However, ALD has some drawbacks, such as being a very slow process. A typical growth
rate with ALD can be 1 A per cycle. Making a 100 nm thick film requires 1000 cycles, which, depending
on the length of the cycle, can take up to several hours. In addition to the actual deposition time, comes
the time needed for heating and cooling of the reactor, and the time spent on reaching vacuum before
the deposition, and reaching ambient pressure after the deposition. The cost of some of the precursors

used can also be rather high.

3.1 Molecular Layer Deposition and Hybrid Materials

Molecular layer deposition (MLD) is closely related to ALD, differing only by the fact that the films are
built by larger molecular units with every deposition cycle. The term MLD was first applied for

deposition of purely organic polymer films by Yoshimura et al.l'%! in 1991. Using this technique,

106, 107 108-110

polymers such as polyimides! 1, polyamides! I (including nylon 66!'%Y), polyurea!''!), and poly
ethylene terephthalate (PET)!''? have, among others, been synthesized as thin films. The review articles

by Meng et al.l'"3! and Leskeli et al.l''¥ cover this development in more detail.

One disadvantage with this approach to deposition of organic polymer films is that it is quite time

[114

consuming. Rather long pulses are required to achieve saturation and an ALD-type growth!!'¥], probably
due to the relatively low vapor pressure of the organic precursors used for these processes and their slow
reaction kinetics. The growth rate per cycle, however, is higher than conventional ALD systems. This
is because the size of the organic monomers are much larger than that of the single atoms deposited with

every pulse in a traditional ALD deposition.

By allowing the organic monomers used in MLD synthesis to react with metal precursors from
traditional ALD such as TMA, DEZ, TiCls or others, the reaction kinetics become significantly faster.
In such manner, organic-inorganic hybrid materials are made, a class of materials that combine the

functionalities of inorganic and organic materials and are similar to the MOFs described in chapter 2.

This combination of the MLD approach for polymers and the traditional ALD of inorganic materials to
form hybrid materials, was first described in a patent submitted in 2004 by Nilsen et al.l''*!. Technically,
the method is most accurately described as a combination of MLD and ALD since the metal precursor
pulses add one atomic layer to the film and the organic precursor pulses add one molecular layer to the
film. However, since MLD and ALD in principle are the same technique only varying in type of
precursors, both names have been used for hybrid film growth described in the literature. In this thesis,

the term MLD will be used.
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Since these hybrid materials combine properties from both organic and inorganic materials, they are
interesting for a wide range of different applications. Some hybrid films have been observed to have
semiconducting properties!''®], others have been made as transparent conductors!'!”! or as organic-based

191 Since hybrid materials

magnetic materials!!''®), while some have been proposed as battery materials!
are related to MOFs, a range of applications that utilize the porosity of MOFs could also be possible.

These include membranes, sensor materials and low-x dielectrics, as envisioned by Allendorf et al.’)

Some of the first hybrid materials that were deposited by MLD were the results of reactions between
metal precursors and diols. The product from these reactions form a materials class that is known as

123, 124

“metalcones”, and a number of subclasses are known, including alucones!'?*!2*]| zincones! 1 and

titanicones!'' 1231, These “metalcone”-films tend to be air sensitivel'?% 12!

1 which is likely due to a low
coordination of the metal atoms. More stable films can be made when the hydroxyl groups in the organic
precursors are substituted with carboxylic acid groups. The carboxylate groups give a more complete
coordination since they also can contribute with their carbonyls as coordinating groups, i.e. twice the
number of oxygen atoms as for hydroxyl groups. For Al as bonding element, this results in six
coordinating oxygen atoms and most probably an octahedral environment, which stabilizes the film.

125, 126

Typically, dicarboxylic acids have been used! ! but also tri-, or tetracarboxylic acids are possible

precursors!!?7),

Another challenge that has been observed in MLD is that both functional groups in a bi-functional
organic molecule can react with the surface. This blocks binding sites for other precursor molecules and
leaves no remaining functional groups for the next pulse of reactants. Such double reactions typically
occur if the organic precursor has a flexible carbon chain as its backbone and lead to a drop of the growth
rate after a few cycles!''?). One way to overcome this is to use more rigid, organic molecules with double

bonds in the carbon chains or aromatic ring structures!!?% 1271,

As mentioned in chapter 2.1, such rigid organic molecules are also used as linkers in MOFs, which
means that MLD with these organic precursors can give MOF thin films. This has been demonstrated
by Salmi et al. who have made thin films of MOF-5!!8) and IRMOF-8['?°!, These films were amorphous
as deposited, but could be crystallized to the abovementioned MOF structures by exposure to moist air
and a subsequent autoclave treatment in dimethylformamide (DMF). Other examples of synthesis of
crystalline MOF films by MLD include the copper(Il)terephthalate!'*%! and iron terephthalate!'*!) films
made by Karppinen and coworkers, and the work presented in this thesis!!*> 3%, In these cases, the MOF
films were made by all-gas-phase techniques. The copper(Il)terephthalate and iron terephthalate films
were crystalline as-deposited, and in the work presented in this thesis, a gas-phase crystallization step
was developed. Karppinen and coworkers have also deposited several other coordination polymers

134-136

based on s-block metals! 1. These have had a tendency to be crystalline as deposited for certain

temperatures, but they have not been reported to be porous.
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Another approach for making MOFs by ALD was demonstrated by Stassen et al.l'*”! who deposited ZnO
thin films by conventional ALD, and subsequently allowed these films to react with a vapor of the

organic linker molecules to form ZIF-8.

In the works mentioned above, the porosity of the MOF films was demonstrated in various ways.
Stassen et al.l'37] used krypton physisorption for their ZIF-8 films, while Ahvenniemi and Karppinen!'*"!
see an indication of porosity in their copper(Il)terephthalate films from the density measured by X-ray
reflectivity (XRR). These two studies are the first examples of porous thin films made by all-gas-phase
techniques. However, Salmi et al. achieved porosity in their MOF-5['28) and IRMOF-8[!>) films after
solvothermal treatment. This was demonstrated for the MOF-5 films by a change in the refractive index
when the films were loaded with isopropanol. For the IRMOF-8 films, the porosity was demonstrated
by an ability to load the films with Pd by using a vapor of Pd(thd), (thd =

2,2,6,6-tetramethyl-3,5-heptanedione). Also in the work presented in this thesis, a porosity is seen in the

films as will be described in chapter 5.4.
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4. Characterization Methods

Characterization is a vital part of materials research, both as an aid to understand the chemistry and to
explore the properties and structure of the newly formed materials. This chapter focuses on the different
characterization methods used throughout this project to provide the reader with a sufficient
understanding of their working principles. In addition, a short reasoning for the choice of techniques,
and why they were useful for this work, is given. The techniques will not be described in detail; for each

method, the reader will be referred to more comprehensive literature in the fields.

4.1 Spectroscopic Ellipsometry

Spectroscopic ellipsometry (SE) is a technique highly suitable for measuring the thickness and refractive
index of thin films. It relies on the fact that the reflectance of a polarized beam of light is different for
light where the electrical field oscillations are polarized perpendicular (s, from German “senkrecht”)
compared to parallel (p) to the plane of incidence, which is defined as the plane in which the incoming
and reflected beams travel, Figure 6. The incoming light is linearly polarized with components in both
the s and p direction. The light that reflects off the film and the substrate becomes elliptically polarized.
The ellipsometer measures the ratio between the complex amplitudes of the s and p components after

the reflection (Rs and Rp). This ratio can be written as:

R .
p= — =tanyei (1)

Ry
where v is ratio between the absolute values of Rs and Ry, and 4 is the phase shift between the s and the
p components of the reflected light. The two parameters y and 4 indirectly contain information about
the optical properties of the material on the surface that reflected the light. This information can be
extracted by using the Fresnel equation. When the reflected light from both the film and the substrate
are taken into consideration, it is also possible to determine the thickness of the film, which is found by

fitting the data to a known function such as the Cauchy function:

ng Ny
nd) =ny+ <+

FrRIST 2)

where n(A) is the refractive index as a function of the wavelength, and ng, N1, and n; are fitting parameters.
When n(4) is known, the thickness of the film can be determined. Theeten and Aspnes!'*®! describe

ellipsometry in more detail for further information.
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Figure 6: A sketch of the working principle of SE where linearly polarized light comes in from the left and elliptically

polarized light reflects off the sample. The plane of incidence is marked as translucent blue.

In the present work, the thickness and refractive index of most films were found by SE. The films were
for the most part considered to be transparent to the wavelengths that were used and analyzed using the
Cauchy model. However, the absorbance of part of the blue light of films in Paper II was taken into
account by creating a general oscillator model with a Gaussian absorption at around 3.7 eV or 335 nm

for that purpose.

4.2 Quartz Crystal Microbalance

A powerful tool for investigating the growth of an ALD system in situ is quartz crystal

microbalance (QCM). This technique was first described by Sauerbrey!'*!

, and uses the piezoelectric
properties of a quartz crystal. An alternating electric field is applied to the crystal to induce oscillations
around its resonant frequency. The frequency of the oscillations is affected by the overall mass of the
crystal, and is sensitive enough to detect a fraction of an atomic layer. This sensitivity is exploited in

detection of variations in mass during ALD or MLD pulses.

In situ QCM has been used to determine the required pulse- and purge-lengths for self-limiting ALD-
type growth for every system in the work presented in this thesis. This was performed by defining a
standard sequence of pulse- and purge-lengths, and measuring the growth rate while varying each
parameter individually. In addition, QCM was used to investigate the porosity of the films by measuring
the mass increase due to absorption of water during a water pulse in the ALD reactor, in films that were
deposited on QCM crystals. This was compared to the corresponding mass increase on uncoated crystals

for reference.
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4.3 Fourier Transform Infrared Spectroscopy

The different vibrational modes in in a molecule have unique energies depending on the type of bonds
and functional groups affected. The modes of vibration can be stretching (change in bond lengths),
bending (change in bond angles), or combinations of these such as twisting, rocking, symmetric stretch,
and asymmetric stretch, Figure 7. The energies associated with these vibrational modes correspond to
the infrared part of the electromagnetic spectrum. In Fourier transform infrared spectroscopy (FTIR),
light is either reflected off or transmitted through a sample. Certain wavelengths that correspond to one
of the vibrational modes in the sample will then be absorbed, which leads to a spectrum with absorption

peaks containing information about the bonds that are present in the sample.

0y

Figure 7: Some examples of vibration modes in a 1,4-BDC linker from a MOF structure. (a) Stretching of a C-H bond,

-8\

e

a ¢ b

and bending in the carboxylate group. (b) Asymmetric (bottom left) and symmetric (top right) stretch in the
carboxylate group. (¢) Rocking (bottom left) and twisting (top right) of the carboxylate group.

In FTIR, data are acquired by sending a beam of broad-band light through a beam splitter, which directs
part of the light towards a fixed mirror, and the rest of the light towards a moving mirror. After reflection
off these mirrors, parts of the light are recombined by the beam splitter, and directed towards the sample.
Due to the different optical path lengths of the light, constructive and destructive interference will allow
only some wavelengths to reach the sample. By changing the position of the movable mirror to alter the
optical path length of the light, the wavelengths that reach the sample can be varied. After an interaction
with the sample (either reflection or transmission), the beam finally reaches the detector. The raw data
can then be converted to a spectrum by Fourier transformation. More information on FTIR is found in

the book by Griffiths and De Haseth!'4%!,



In this work, FTIR has mostly been used to investigate the bonding mechanism of the carboxylate group
to the Zr atoms in the films. In addition to that, it has been used to verify that the amino group still is

present, and unreacted in the case where 2-amino-1,4-BDC was used.

4.4 X-ray Diffraction

X-ray diffraction (XRD) is a suitable technique for determining the crystal structure of a material. It
utilizes elastic scattering between incoming X-ray photons and electrons in the atoms. Photons that are
scattered by two atoms in neighboring crystal planes will interfere with each other. This interference
will be constructive when the angle of the incoming beam (6) is right. Bragg’s law gives the relationship

between the plane separation distance (d), the angle (6), and the wavelength (1) of the radiation:
nA = 2dsin@ 3)

where N is a positive integer number called the order of the reflection. By scanning over different angles
and measuring the intensity of the reflected beam, a diffractogram is obtained, which can be used to
determine the crystal structure of the material. XRD can be done with several different geometrical
setups. One of the most common scan types is a #-20-scan where the X-ray source is stationary and
aimed at the sample, the sample rotates with the angle 6, and the detector moves by the angle 26. Another
option is grazing incidence X-ray diffraction (GIXRD) where the X-ray source and the sample are both
fixed with a small angle («) between the incoming beam and the surface of the sample, and the detector
scans over a larger range. The advantage of GIXRD for thin film samples is that the small incoming
angle causes the X-ray beam to have a longer interaction path through the film, increasing the intensity
of the reflections coming from the thin film material. For more information about XRD specifically for

thin film analysis, the book by Birkholz!"*!lis recommended.

The GIXRD setup was most frequently used during this investigation. It was used to study the

crystallinity of thin film samples that had been treated in varying manners.

4.5 X-ray Reflectivity

X-ray reflectivity (XRR) is performed in a similar way to XRD with the #-26 configuration, however at
much lower angles than XRD measurements. By starting close to 0°, total reflectance of the X-ray beam
occurs up to a point when a so called critical-angle is reached. This angle is material dependent and
related to its density. After a further increase of the angle of the incoming beam, oscillations of the
reflected intensity known as Kiessig fringes or oscillations, are observed. The Kiessig fringes are formed

due to constructive interference between the reflected beam from the surface of the film, and the
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refracted beam from the film-substrate interface. The distance between the peaks of the Kiessig fringes
can be used to determine the thickness of the film in the same way as the distance between crystal planes
are found in XRD. The roughness of the film and the substrate can also be determined by XRR, and are
related to the dampening of the amplitude in the Kiessig oscillations. For more information about XRR,

see the books by Birkholz!"*!!, and Daillant and Gibaud'*?!,

XRR has here been used to determine the density and thickness of a selection of films deposited with
the standard pulse- and purge-lengths used in the QCM experiments. From this information a conversion
factor for the QCM results could be calculated in order to convert a change in frequency of the

oscillations in the crystal to a change in mass of the film deposited on the crystal.

4.6 Scanning Electron Microscopy

A scanning electron microscope (SEM) uses interactions between an electron beam and the sample
surface to generate high-resolution images of the samples and collect other information!'**!. The
electrons come from a filament and are accelerated towards the sample by an applied voltage, for SEM
normally in the range of 1-30 kV. The electrons are guided and focused by magnetic lenses that are also
used to scan the beam over the sample. Electrons can experience either elastic or inelastic scattering
upon interaction with the sample surface. The scattered electrons from every point the beam scans over
are counted by a detector in order to form an image. Two important imaging modes are back scattered
electron imaging and secondary electron imaging based on the elastic and the inelastic scattering,
respectively. These two modes give complementary information, the former gives contrast based on the
average atomic mass of the elements in different areas in the image, and the latter gives contrast due to
topographic features. In addition to the scattering of electrons, characteristic element-specific X-ray
photons are emitted from the atoms in the sample. This enables mapping or quantification of the
chemical composition through a technique called energy dispersive X-ray spectroscopy (EDX, also
known as EDS). More about SEM with a focus on the early history of the technique can be found in a

144]

paper by McMullan!

The SEM images in this thesis were collected using the secondary electron imaging mode, and were
useful for investigating differences in sample topography before and after certain treatments such as the

autoclave-treatment that crystallized the films.
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4.7 Other Techniques

A selection of other techniques have also been used, though more sparsely. These are listed below with
a short description of their working principles and why they were used. References to further literature

on these techniques are also provided.

4.7.1 Atomic Force Microscopy

An atomic force microscope (AFM) was used in Paper I to further investigate the topography of the
crystalline UiO-66 sample. The technique uses a cantilever with a sharp tip to scan the surface. Data can
be collected in a few different ways such as contact mode or non-contact mode. In contact mode, a laser
beam is reflected off the backside of the cantilever to a segmented photoelectric detector. When the
cantilever is deflected by topographical features on the sample, the reflected laser beam shifts between
the segments of the photodetector and forms a feedback loop to the z-scale position of the sample to
form a three-dimensional image of the surface of the sample. In non-contact mode, however, the
cantilever is set to oscillate above the sample. The frequency of the oscillation is affected by forces
between the sample and the tip on the cantilever, and the observed frequency variations are used to
reconstruct an image of the sample surface. Non-contact mode was used for imaging the UiO-66 samples
since contact mode is likely to damage the sample while scanning. A further description of AFM is

given by Hunger et al.[*],

4.7.2 Contact Angle Measurements

Contact angle measurements were used in Paper II to investigate the difference in hydrophilicity
between films containing 1,4-BDC and films containing 2-amino-1,4-BDC. When a drop of a liquid is
placed on the surface of a solid, surface tension and external forces such as gravity determine its shape
so that the total surface free energy (between the solid and gas, solid and liquid, and liquid and gas) is
minimized. The angle between the solid-liquid interface and the tangent of the droplet surface curvature
in the contact point then becomes a measure of the surface free energy. If the liquid is water, the contact
angle gives a measure of the hydrophilicity of the surface. More information on contact angle

measurements is found in the book chapter by Yuan and Leel'*].
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4.7.3 X-ray Fluorescence

X-ray fluorescence (XRF) was used to determine the amount of chlorine in a selection of the samples.
It is a technique where X-rays are used to excite core electrons in the atoms of a sample out to vacuum
level. When another electron in a higher energy state relaxes to the now vacant energy level,
fluorescence in the form of X-rays are emitted. The energy of the emitted X-rays are characteristic for
the different elements. For more information on XRF, the reader is referred to the handbook by

Beckhoff et al.['47],

4.7.4 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) has been used in this work to determine the temperature for
sublimation for some possible precursors. In TGA measurements, a small amount of a material is heated
in a crucible while very accurately measuring its weight, which decreases when the material is dried
(loss of water), vaporized, or is decomposed to form gaseous products. More information on TGA is

found in the review by Coats and Redfern!'*®!,
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5. Results and Discussion

In this chapter, the most important results from the supporting papers will be presented, discussed, and

put in context with each other and with relevant literature.

At the start of this project in 2014, the reported cases of thin film growth of MOFs by MLD were almost
nonexistent. One contribution from 2013 by Salmi et al.l'?®! demonstrated that MOF synthesis by MLD
was possible by post-processing films to form the MOF-5 structure by exposing the as-deposited films
to moist air and subsequently treating them in an autoclave with DMF. Salmi et al. also used a similar

method to make IRMOF-81'21in 2014.

The first all-gas-phase process for making MOF-thin films was presented in 2015 by Ahvenniemi and

1301 who were able to make thin films of copper(Il)terephthalate, a material with the MOF-2

Karppinen!
type structure. Their films were crystalline as-deposited, and did not need any post deposition treatment.
Less than a month later, Stassen et al. published an article where they demonstrate a method for making

1371 When this film is exposed to a vapor of the

MOF thin films by depositing a precursor layer of ZnO!
linker molecules 2-methylimidazole at 100 °C it reacts to form the MOF ZIF-8. A challenge with most
MOF materials is their limited thermal and environmental stability. Our focus from the beginning was
therefore on UiO-66 and related structures based on similar zirconium clusters. UiO-66 is known for its

491 and is therefore a natural choice for applications where

good chemical and thermal stabilities!
exposure to water is expected. The synthesis of UiO-66 thin films is presented in Paper 1132, and was
performed by combining ZrCls with 1,4-benzenedicarboxylic acid (H>-1,4-BDC) as precursors in an

MLD process, followed by a crystallization step that will be described in chapter 5.3.

The subsequent works in this thesis describe similar syntheses where other linkers than 1,4-BDC were
used. The organic precursor from Paper I was substituted with one of the following precursors:
2-amino-1,4-benzenedicarboxylic acid (H»-2-amino-1,4-BDC), 2,6-naphthalenedicarboxylic acid
(H2-2,6-NDC), biphenyl-4,4’-dicarboxylic acid (H.-BP-4,4’-DC), or bipyridine-5,5’-dicarboxylic acid
(H>-BPy-5,5’-DC), Figure 8.
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Figure 8: The organic precursors that have been used in this work and their abbreviations.

The motivation for using these linkers was the desire to synthesize MOFs with different chemical
properties or larger pore sizes than UiO-66. This led to Paper IT1!'**! and Paper III where several MOF
phases were synthesized, including a structure related to UiO-66-NH,, UiO-67, and a few unknown
phases. Enabling MOF thin-films with various pore sizes could be useful, since certain applications such
as membranes for size dependent separation of molecules, may strongly depend on a very exact pore
size. A change in chemistry in a MOF linker can also result in new properties, for instance catalytic
activity, which is seen in the UiO-66-NH, structure!''l. In the case of the UiO-67-bpy MOF structure
(UiO-67 where some of the linkers are substituted with the BPy-5,5’-DC linker), the chemical change

compared to regular UiO-67 can open for further post-synthetic functionalization of the MOF!5%,

From the FTIR analyses and contact angle measurements in Paper II, we have found that chemically
functionalized MOFs with amino groups on the linkers were made. We have also obtain indirect proof

of an increase in pore size when longer linkers were used (discussed in chapter 5.4).

5.1 MLD Growth Dynamics

All of the deposition systems, which are combinations of ZrCls and one of the organic precursors from
Figure 8, were investigated with in situ QCM. This gave insight into the growth dynamics and
determination of the optimal pulse and purge lengths for each system. In addition, the growth rate of the
deposition systems at various temperatures was determined using SE analysis of the as deposited films

on Si substrates.

In this chapter, the QCM and SE measurements will be discussed to shed light on the growth rate and

growth dynamics, and how they are affected by temperature or the size, shape and chemistry of the
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linkers. The difference in growth dynamics was also supported by FTIR spectroscopy, which revealed

a presence of various binding modes between Zr atoms and the linker molecules.

The as-deposited films from all deposition systems were flat and amorphous with growth rates that
spanned from ca. 2 to 12 A per cycle depending on temperature and length of linker. In general, the
growth rate was large compared to conventional ALD systems, and similar to the growth rate of other
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organic-inorganic hybrid materials!'*”) made in an MLD manner.

At a reaction temperature of 290 °C, the growth rate of the Zr-1,4-BDC system was 5.8 A per cycle.
This is slightly less than the length of one linker (roughly 7 AP plus one Zr atom. This indicates that
the growth of these films either was less than one monolayer with every cycle or that the orientation of
the linker molecules was not perpendicular to the substrate surface, or a combination of the two. FTIR
spectra of these films supported that a combination of tilted orientation and growth by less than one
monolayer per cycle was the case. The spectra (displayed in chapter 5.2 and Paper I) show that the
coordination between Zr atoms and linker molecules was a combination of monodentate and bidentate,
which gives two different orientations of the linker molecules while crystalline UiO-66 only has bridging
coordination. Such mixture of orientations indicates that the surface coverage of the linker was less than
100 % since the differently oriented linkers will come in conflict with each other leading to blockage of
some binding sites on the surface. This mix of orientations also means that at least some of the linkers

do not grow perpendicular to the surface.

The growth rate of the amino-functionalized films deposited with the same reaction temperature as
above was ca. 10 A per cycle, which is significantly higher than that of the Zr-1,4-BDC system. FTIR
spectra of these films (see Paper II) showed that 2-amino-1,4-BDC only had a bidentate coordination
to Zr, leading to only one orientation mode of the linkers to the substrate surface. This gives a more
complete surface coverage than a combination of two different orientations, and leads to the observed
high growth rate. One possible reason for the lack of monodentate coordination in this system is that
this coordination was prevented by steric hindrance. The bulky amino group on a linker with bidentate
coordination to Zr could prevent its neighboring linkers from forming a monodentate coordination to Zr
as illustrated in Figure 9. It should be mentioned that a growth rate of 10 A per cycle is slightly higher
than what we would expect with one linker (roughly 7 AP®)) plus one Zr atom per cycle. This could
indicate that there is a component of chemical vapor deposition (CVD) growth in this system, possibly
due to reservoir effects from the porosity of the films. A growth rate of 10 A per cycle is still less than
the theoretically highest possible growth rate for a UiO-66 structure, which would be 14.7 A per cycle
if the orientation of the growth is in the [111] direction. However, we do not expect that the clusters of
the MOF structure form in the ALD reactor, so an assumption of growth of one linker and one Zr atom

with every cycle is perhaps more precise.
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Figure 9: An illustration of the steric hindrance preventing amino-functionalized linker from forming a monodentate
coordination to Zr (right) compared to the same situation for the non-functionalized linker (left), adapted from

Paper II.

By comparing the growth rate of the Zr-1,4-BDC system to the systems where the linker was either
2,6-NDC or BP-4,4’-DC, we observed that the growth increased with increasing linker length. As
mentioned above, the growth rate of Zr-1,4-BDC was 5.8 A per cycle at 290 °C, whereas for Zr-2,6-NDC
and Zr-BP-4,4’-DC the growth rates were 7.7 and 11.5 A per cycle, respectively.

The difference in growth rate per cycle of these three systems is comparable to the difference in length
between the shortest and the two longer linkers as calculated from the C-C bond lengths in aromatics,
and between aromatics!'>". The calculated length difference between 1,4-BDC and 2,6-NDC is 2.1 A4,
and between 1,4-BDC and BP-4,4’-DC, the difference is 4.3 A°, Figure 10. The observed differences in
growth rate were 1.9 and 5.7 A per cycle, respectively, which is not too far from the calculated length
difference, especially if we consider a probable difference in the growth dynamic between the three

systems.

41.397 A x (1 + cos(60) = 2.0955 A
©1.397 A x (1 + cos(60)) + 1.492 A = 4.2860 A
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Figure 10: An illustration of the calculated difference in length between the H:-1,4-BDC molecule (middle) and the
longer H2-2,6-NDC (left) and H2-BP-4,4’-DC (right) molecules.

The growth rate of the films generally decreased with increasing temperature, Figure 11. This is in
agreement with previously observed behavior for many hybrid films!'?>-'?7] and may be due to partial
desorption or decomposition of the precursors at higher temperatures. The sudden increase in the
refractive index of the Zr-1,4-BDC films, and the decrease in luminescence from the Zr-2,6-NDC films
at higher deposition temperatures, both indicate that decompositions may have occurred. The only
system that seems to have an ALD-window, is the Zr-2,6-NDC system where the growth rate was
relatively stable at around 8 A per cycle between 290 and 340 °C.

The difference in growth rate between the systems can also be seen from the QCM measurements, which
give a better insight into the growth dynamics. Figure 12 shows the mass increase as a function of time
for the Zr-1,4-BDC system, deposited at 265 °C. From this figure, we can see that the deposition has an
ALD-type growth with stepwise, saturated mass increases with every pulse, and almost no mass loss

during the purges.

A similar graph is seen for the system with 2-amino-1,4-BDC in Figure 13, although with a larger mass
increase with every cycle. The mass increase was larger in the amino-functionalized system mostly
because the growth rate was higher for that system, as discussed above, but it is in part also an effect of

added mass of the amino group.
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Figure 11: Growth rates as functions of temperature for all tested systems (except Zr-BPy-5,5’-DC). The Zr-2,6-NDC

series was repeated two times.
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Figure 12: The mass increase as a function of time measured by QCM for the system where ZrCls and H2-1,4-BDC
were used as precursors. The blue fields indicate purges, and the red lines show the standard deviation of the

measurements (n=16). Adapted from Paper I.
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Figure 13: The mass increase as a function of time measured by QCM for the Zr-2-amino-1,4-BDC system. The blue
fields indicate purges, and the red lines show the standard deviation of the measurements (n=16). Adapted from

Paper II.

For the two systems above, QCM showed that saturation of both precursors occurred within 2-4 seconds.
This was not the case for the Zr-2,6-NDC and Zr-BP-4,4’-DC systems, which required 20-second long

pulses of the organic acids in order to reach saturation, and obtain an ALD-type growth, Figure 14.

One explanation for this slow saturation is that the vapor pressures of the larger organic acids are lower
(the precursor temperatures for H»-1,4-BDC, H,-2,6-NDC, and H,-BP-4,4’-DC were 220, 225, and
250 °C respectively). Another explanation is that the 2,6-NDC and BP-4,4°-DC linkers are bulkier than
the 1,4-BDC linker, which causes reaction sites to be partially blocked, slowing down the reaction

kinetics.
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Figure 14: The mass increase as a function of time measured by QCM for (a) the Zr-2,6-NDC and (b) Zr-BP-4,4’-DC
systems, taken from Paper III. The reaction temperature was 290 °C, and a pulse and purge sequence 3 s ZrCls pulse,
2 s purge, 20 s acid pulse, and 2 s purge was used in both cases. The red lines show the standard deviation of the

measurements (n=16).

Figure 15 shows the growth rate as a function of pulse and purge lengths in the Zr-2,6-NDC and
Zr-BP-4,4-DC systems. From this figure, we can see a significant delay between the saturations of the
QCM crystals in the back of the reaction chamber compared to the front crystal. This indicates that a
low precursor dose due to low vapor pressures of the organic acids is the main factor behind the slow

saturation that was observed.
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Figure 15: The growth rate as a function of pulse and purge lengths as measured by QCM for Zr-2,6-NDC (red) and
Zr-BP-4,4’-DC (black). A standard pulsing sequence of 3 s ZrCly pulse, 2 s purge, 20 s 2,6-NDC/BP-4,4’-DC pulse,
and 2 s purge was used. The ZrCl4 pulse length (a), the ZrCls purge length (b), the organic acid pulse length (c), and
the organic acid purge length (d) were varied individually. Two sensors were used, one in the front of the reaction
chamber (solid diamonds) and one in the back (open circles), situated ca. 5 cm apart. All data points show the average

of two replicates of the experiments, the error bars show the spread between them. Taken from Paper III.

Preliminary work has been carried out with bipyridine-5,5’-dicarbocylate (BPy-5,5’-DC) as linkers.
This mostly includes in situ QCM characterizations of the growth rate as a function of pulse and purge
lengths. As in the other MLD-systems, ZrCls was sublimed at 165 °C. This was combined with
H,-BPy-5,5-DC, which was heated to 225 °C. Figure 16 shows the QCM response normalized to the
change in the response for the standard deposition sequence as a function of the pulse and purge lengths.
The standard deposition sequence was in this case 3 s ZrCls pulse, 2 s purge, 180 s H>-BPy-5,5’-DC
pulse, and 2 s purge. The data were normalized to account for a decreasing QCM response due to
smoothening of the surface of the QCM crystal during the duration of the experiment. However, they
have not yet been recalculated to a real mass change per area. A such normalization approach was

standard procedure for all similar in situ QCM experiments in this thesis.
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Figure 16: The growth rate (displayed as the response on the QCM crystals normalized to the standard deposition
sequences) as a function of the (a) pulse length of ZrCly, (b) purge length after ZrCly, (c) pulse length of
H:-BPy-5,5’-DC, and (d) purge length after H.-BPy-5,5’-DC.

From Figure 16¢, we can see that the BPy-5,5’-DC linkers do not saturate the surface even after a four
minute long pulse. This is probably because the vapor pressure of H»- BPy-5,5’-DC is not sufficiently
high when heated to 225 °C. A full saturation can possibly be reached with an even longer pulse or with
a higher temperature on the precursor. The latter option is not trivial, since we observe that the precursor
decomposes or polymerizes to form a yellowish white powder when heated for a long time (the fresh
precursor is white). This degradation of the precursor occurs to a certain degree already when the

sublimation temperature is 215 °C, but is likely be faster for higher temperatures.
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5.2 Acetic Acid Modulation

Since the films were amorphous as-deposited, we investigated various means for crystallization by post
treatment. Application of the same approach as described in the abovementioned work by

Salmi et al.['?®]

, 1.e. exposure to moist air, did not lead to a crystalline MOF structure. For the
Zr-1,4-BDC films, we rather obtained exsolution of H»-1,4-BDC crystals on the surface. This led to the
understanding that there was an excess amount of linker molecules present in these films. To avoid this
excess amount of linker molecules, a modulation step was introduced to the deposition cycle by adding
a pulse of acetic acid after the H,-1,4-BDC pulse. Acetic acid has previously been used as a modulator
to increase crystallization in wet based MOF synthesis!®}. This modulation approach works by allowing
the modulator (acetic acid) to compete with the linker molecules for binding sites, causing linkers with

a weak binding to be removed.

The result of modulation in the MLD process was no significant reduction in the overall growth rate,

but a loss of the excess linkers, which could be seen by QCM as a decrease in mass, Figure 17.
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Figure 17: The mass increase (and decrease) as a function of time for the system where acetic acid modulation was
introduced in addition to the ZrCls and H2-1,4-BDC precursors. The red lines show the standard deviation in the

measurements (n=16). Adapted from Paper I.
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The FTIR analyses shown in Figure 18 indicated that the excess amount of linker that was lost during
the modulation mainly was the linkers with monodentate coordination to Zr. The mode of coordination
was determined by noting the total splitting between peaks that correspond to the symmetric and
asymmetric stretch in the carboxylate group. According to Verpoort et al.l'*?, this splitting is largest for
monodentate coordination and smallest for bidentate coordination. Bridging coordination gives an

intermediate splitting.

Introduction of the acetic acid modulator changed the bonding scheme of the 1,4-BDC linker from a
monodentate to a bidentate bonding scheme. Subsequent attempts to crystallize the film by exposure to
moisture did not result in exsolutions of ligand crystals, indicating that the modulated films no longer

have an excess of linker molecules.
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Figure 18: FTIR spectra for unmodulated films (blue), acetic acid modulated films (red), and crystallized films
(black). The spectra show that monodentate coordination only occurs in the unmodulated films. Adapted from

Paper L.

The behavior was quite different when acetic acid modulation was introduced in the
Zr-2-amino-1,4-BDC system, Figure 19. There was no longer a mass loss corresponding to the loss of

linkers with monodentate coordination to Zr during the acetic acid pulse. Instead, there was a small mass
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increase corresponding to physisorption of acetic acid, which was then mostly lost in the subsequent

purge.
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Figure 19: The mass increase as a function of time during the acetic acid modulated deposition where ZrCls and
Hz-2-amino-1,4-BDC were used as precursors. The red lines show the standard deviation in the measurements (n=16).

Adapted from Paper II.

The fact that acetic acid modulation was less important for the Zr-2-amino-1,4-BDC system compared
with the Zr-1,4-BDC system was further demonstrated by exposure of the amino-functionalized films
to moist air. This no longer caused crystallization of excess linker molecules on the surface, regardless
of whether the films were modulated or not. The reason why the modulation was not required in this

case is the lack of monodentate coordination of the linker in these films as mentioned in chapter 5.1.

The Zr-2,6-NDC and Zr-BP-4,4’-DC systems showed different effects of the acetic acid modulation,
where the Zr-2,6-NDC system was most similar to the amino-functionalized system, and the
Zr-BP-4,4’-DC system was similar to the non-functionalized Zr-1,4-BDC system. Diffractograms
obtained by GIXRD showed that films of these two systems deposited with or without modulation

behaved differently in different environments, Figure 20.

For the Zr-2,6-NDC system, there was no exsolution of the organic acid upon exposure to moist air.
However, when the samples were submerged in an aqueous solution of NaCl (0.9 wt%), a difference

between modulated and unmodulated samples appeared. For the unmodulated samples, some
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H»-2,6-NDC crystallized on the surface, while this did not occur for the modulated sample. The lack of
crystallized precursor on the modulated samples indicates that the modulation still plays a role in the
formation of stronger bonds between Zr and the linkers, even though a monodentate coordination

between these two could not be detected with FTIR (not shown).

In the Zr-BP-4,4’-DC system, GIXRD showed that a small amount of the H>-BP-4,4’-DC precursor
crystallized on the surface of the unmodulated films after exposure to moist air, while this did not happen
for the modulated samples, Figure 20c. Similar to the Zr-2,6-NDC system, the crystallization of the
organic acid on the unmodulated samples was much more significant when the sample was submerged
in an aqueous solution of NaCl (0.9 wt%). However, unlike in the Zr-2,6-NDC system, this

crystallization was not prevented by acetic acid modulation.
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Figure 20: (a) and (c) show diffractograms by GIXRD for Zr-2,6-NDC films and Zr-BP-4,4’-DC films, respectively.
As-deposited films (black and red) are compared films exposed to moist air (blue and magenta). Films deposited
with (red and magenta) and without (blue and black) acetic acid modulation were tested. The effect of exposure to an
aqueous solution of NaCl (0.9 wt%) is shown for Zr-2,6-NDC films (b) and Zr-BP-4,4’-DC films (d). Black indicates

unmodulated films and red is films with acetic acid modulation. Taken from Paper III.
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The discovery of the effects of acetic acid modulation is one of the important finding in this thesis. This
gives information on the reaction kinetics in an MLD system where carboxylate groups have the
opportunity to have monodentate, bidentate or bridging coordination to the metal atoms, and could
potentially lead to more controlled growth of carboxylate-based hybrid films in the future. As mentioned
above, the modulator competes with the linker for bonding sites, and guides the bonding of the linkers.
In many ways, the modulator performs some of the same tasks as solvent molecules do in a solution, but
they are able to do this in the gas phase. This can also affect crystallization as will be described in the

next section.

5.3 Crystallization of MOF Thin Films

Although modulation of the deposition process was achieved, neither the process itself nor exposure to
moist air gave crystalline MOF films. The search for a successful crystallization process continued with
various autoclave-treatments of the films. Several combinations were explored for the Zr-1,4-BDC
system, with water or DMF as solvents both with and without added acetic acid for modulation. Some
attempts were also carried out with the same solvents, but with the sample suspended above rather than
being immersed into the liquids. In addition, some attempts were performed with no solvent at all, and
with only a few drops of the acetic acid modulator added. In all cases, the treatment was performed at

160 °C for 24 hours.

Although a selection of the combinations mentioned above gave a few reflections in the diffractograms
obtained by GIXRD, none was as promising as the samples treated with only acetic acid. This treatment

gave crystalline UiO-66 thin-films with the diffractogram that is shown in Figure 21.

Another evidence for the crystallinity of the films was found in the FTIR spectra shown in Figure 18.
The spectrum for the crystalline film shows that the linkers bridge between two Zr atoms instead of
being bonded monodentate or bidentate to one Zr atom. This bridging coordination is the same

coordination as found for the linkers to the clusters in the UiO-66 structure?®l,

Crystallization of the amino-functionalized films was done in the same way, by autoclave treatment at
160 °C for 24 hours in acetic acid vapor. This led to the formation of crystallites in the shape of
hexagonal plates on the surface that are seen in the SEM images in Figure 22. This morphology is
difficult to explain from the cubic crystal structure of UiO-66-NH». Therefore, it is likely that the formed
crystal structure is similar to the hafnium UiO-67 nanosheets made by Cliffe et al.!'>¥] or the hep UiO-66

structure by Ermer et al.l'**!, which both have hexagonal symmetry.
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Figure 21: A diffractogram obtained by GIXRD for the UiO-66 film after autoclave-treatment in acetic acid
vapor (black) compared to the simulated diffractogram for UiO-66 (red). Adapted from Paper 1.

Figure 22: SEM images of the flat, hexagonal crystallites in the autoclave treated samples of Zr-2-amino-1,4-BDC.
(a) A top down view with an enlarged view of one crystallite in the inset, scale bares are 2 pm and 1 pm, respectively.
(b) A 45° angle cross section view with a 90° cross section view in the inset, with 5 pm and 2 pm scale bars,

respectively.

For the Zr-2,6-NDC system, it is important to recognize that the same cluster geometry as present in
UiO-66 combined with 2,6-NDC as a linker can lead to various MOF structures, such as DUT-52,
DUT-53, and DUT-84['551 (DUT = Dresden University of Technology). The main difference between
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these structures is the connectivity of the linkers to the inorganic nodes. In DUT-52, the nodes are
connected to 12 linkers, similar to UiO-66, whereas in DUT-53 and DUT-84, they are connected to eight
and six linkers, respectively. In addition to this, it is possible to imagine clusters different from the
Ui0O-66 structure. It is difficult to pinpoint which crystal structures were formed in the present study,
and it may be a combination of different phases. However, it is clear from GIXRD shown in Figure 23
that the films are crystalline after autoclave treatment, and that the unit cells in the crystallites are large,

indicating that MOF structures are formed.

Crystallization by autoclave treatment was possible also for the Zr-BP-4,4’-DC system. The
diffractograms for two crystalline films of different thickness are given in Figure 23. There are
indications of a small amount of crystalline UiO-67 in the films. However, this is in addition to a much
larger amount of (at least) one other unknown phase. Again, this unknown phase has a large unit cell,

like most MOF structures.
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Figure 23: Diffractograms obtained by GIXRD for the Zr-2,6-NDC films (a) and the Zr-BP-4,4’-DC films (b). In (a),
three crystallized films are shown, two that were deposited by 500 cycles (blue and red) and one deposited with 100
cycles (black). (b) Shows one film deposited with 500 cycles (blue), one deposited with 100 cycles (black) and a
simulated diffractogram for UiO-67 (magenta). Adapted from Paper III.

Development of the crystallization procedure described above is another main achievement of this
thesis. So far, it has led to highly crystalline films of UiO-66 and a phase closely related to UiO-66-NHs..
Discovery of some unknown phases and a small amount of what seems to be UiO-67 opens for the
possibility of making several other MOF thin films by this technique. Through further optimization, pure

UiO-67 films or perhaps thin-films of never before seen MOF phases may be possible. It is worth
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mentioning that this crystallization step does not involve any solvents, and that the MOF structures thus

have been made through an all-gas-phase technique.

5.4 Porosity

Investigation of the porosity of the materials proved to be a challenge. Conventional methods for
measuring the porosity of MOFs, such as determination of the internal surface area by the BET
method"*®! (BET = Brunauer-Emmett-Teller), were not possible due to the small amount of sample.
Porosity measurements through ellipsometric porosimetry (EP) were also attempted. For this technique,
SE is used to measure the refractive index of the material at different partial pressures of a solvent (such
as water or toluene). The refractive index changes as the air in the pores in the material is replaced by
solvent molecules, and from this, the total porosity and the pore size can be calculated. For the films
that were measured with this technique, an indication of the porosity is seen. However, due to the high
roughness of the crystallized films, it was difficult to achieve a good fit of the SE data, which in turn

gives a high uncertainty in the EP results.

The solution was to demonstrate the porosity using QCM. For each film system, two QCM crystals were
coated using 500 cycles of ZrCls and the organic precursor. One of these crystals was then treated in an
autoclave with acetic acid to crystallize the film, while the film on the other QCM crystal was left
amorphous. Both crystals were placed back inside the ALD reactor under vacuum where they were
exposed to a water pulse at room temperature. The mass uptake during this water pulse was recorded
and compared to the mass uptake on uncoated QCM crystals during a similar water pulse. The mass
uptake of the crystalline film was significantly larger than the uptake on the uncoated QCM crystals, up
to three orders of magnitude higher. This behavior was used as a proof of porosity in the films, while
exact surface areas were not possible to obtain. An example of a porosity test like this is shown in

Figure 24.

Interestingly, the total mass uptake in the amorphous Zr-1,4-BDC film was approximately the same as
in the crystalline UiO-66 film when the water pulse was sufficiently long. This indicates that the
amorphous films are also porous, although with less accessible pores causing slower kinetics for water
to get in and out of the pores. With a sufficiently long purge after the water pulse, all of the water left
the structure. This indicates that the mass increase during the water pulse was not due to any reaction

between water and the film, but rather adsorption of water on the internal surface area of the pores.
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Figure 24: The mass increase during a 5 s long water pulse in a crystalline UiO-66 film (black), in an amorphous
Zr-1,4-BDC film (red) and on uncoated QCM crystals as a control (blue) (expanded in inset) measured by QCM,
adapted from Paper L.

The porosity measurements of the amino-functionalized films showed that the total porosity of the
crystalline sample was about the same as for the non-functionalized UiO-66 film (see Paper II). It is
worth mentioning that the saturation of the pores with water was much slower in these films, and that
the total porosity of the amorphous films no longer was as high as the crystalline films. Both
observations can be explained by partial pore blocking by the bulky amino group. Similar porosity tests
were done for the Zr-2,6-NDC and Zr-BP-4,4’-DC systems, showing porosity for both amorphous and
crystalline films (see Paper III).

Unfortunately, it was difficult to accurately determine the exact pore sizes in the films and determine a
relation between the pore size and the linker length. However, the QCM porosity tests can give an
indication of a difference in pore size if we compare the water uptake in the amorphous Zr-1,4-BDC,

Zr-2,6-NDC, and Zr-BP-4,4’-DC films.

After a 42 s long water pulse, the amorphous Zr-1,4-BDC film was saturated with water. The total mass
increase over that water pulse was 846 ng/cm?. After an equally long water pulse over the amorphous
Zr-2,6-NDC and Zr-BP-4,4’-DC films, the mass increases were 1831 and 2487 ng/cm?, respectively.
Saturation was reached for the two latter films after more than 60 s with uptakes of more than 2000 and

2700 ng/cm?, respectively.
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The mass increases in of all three films mentioned above are shown in Figure 25 for a 60 second long
water pulse. It should be noted that the Zr-2,6-NDC and Zr-BP-4,4’-DC films were not completely

saturated after 60 s, but still it is clear that the QCM response increased with increasing linker length.

In all cases, the films were deposited with 500 cycles with the aim of achieving a similar magnitude of
clusters and pores. However, the amount of film formed will be affected by internal differences in
growth rates and growth dynamics leading to variations in numbers of pores formed. In the parameter
space available for such comparisons, we chose to focus on equal number of cycles when deposited at
a desired temperature for each system. Within these variations we claim that the main reason for the
increased response in the Zr-2,6-NDC and Zr-BP-4,4’-DC films compared to the Zr-1,4-BDC film is
likely to be a larger total pore volume in films with longer linkers. This is also expected, since increasing

pore size is found in isoreticular MOF structures with increasing linker lengths®],

We have chosen to compare the amorphous films in this case because it eliminates some uncertainties
that are present for the crystalline films such as different degrees of crystallization, variations in

topography, et cetera.
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Figure 25: A comparison between the mass increases in the Zr-1,4-BDC, Zr-2,6-NDC, and Zr-BP-4,4’-DC films due to

water uptake during a 60 s long water pulse, adapted from Paper III.
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Measuring porosity with QCM was a pragmatic approach that proved useful for demonstrating the
presence of porosity. This approach can be useful also in later studies where conventional measuring
techniques are challenging. Further development of this technique may also enable a more precise

modeling of the pore size from these measurements.

One of the most important discoveries from these porosity measurements is that the amorphous films
are highly porous; in fact, they are equally porous as the crystalline films in some cases. These
amorphous films are simpler to make since they do not need a post deposition treatment, and, as seen
from the SEM images in Figure 26, they are flat and seemingly pinhole-free. This may be an advantage

for several applications such as membranes.

Another important take-away from these measurements is that they serve as a proof-of-concept for
increased sensitivity of sensors by using porous MOF films. The sensors in this case are the QCM
crystals, which in some cases had a response to a water pulse that was three orders of magnitude higher

when MOF films were added.

Figure 26: SEM images of an amorphous film (left) and a crystalline film (right). The difference in topology is

exemplified by the Zr-2-amino-1,4-BDC system. The scale bars are 5 pm long.
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5.5 Potential Applications

A few experiments have been performed to demonstrate possible applications for the porous hybrid
films. Some of these attempts are mentioned in the sections below. None of the applications are fully

optimized, but some can be promising with further development.

5.6.1 Separation Membranes

Attempts were made to make membranes for gas separations using the amorphous films. The attempts
were carried out in a few different ways, including one attempt that will be described here. The internal
surface area of a porous support structure was coated with amorphous 1,4-BDC films that filled the
pores in this structure. The support structure was made to form a porous plug in a fused silica capillary
tube. Before the MLD deposition, the pore size of the plug was in the pm range, and after the deposition,

the pores were filled with Zr-1,4-BDC, which has a much smaller pore size.

Unfortunately, the films had a tendency to rupture when pressure was applied in order to push water
through the pores in the Zr-1,4-BDC film. This led to the idea that films with higher hydrophilicity or
slightly larger pores could enable water to pass through the membranes more easily. This is part of the
reason for the studies that were done with H,-2-amino-1,4-BDC, H,-2,6-NDC, H,-BP-4,4’-DC, and

H,-BPy-5,5’-DC as precursors. These systems have yet to be tested as separation membranes.

5.6.2 Luminescent Sensors

It is well known that several MOFs have luminescent properties®.. This is also the case for the MOF
thin films presented in this thesis. The combination of luminescence and the microporous structure of
MOFs, make the thin films made in this work potentially applicable as sensors, if the luminescence is
affected by interactions with a target molecule. The high internal surface area and the well-defined

porosity open for both high sensitivity and selectivity.

The luminescent properties were measured for the Zr-1,4-BDC, Zr-2-amino-1,4-BDC, Zr-2,6-NDC, and
Zr-BP-4,4’-DC films, and are displayed for the two latter in Figures 27 and 28. Photoluminescence
excitation spectra was also measured and are shown for these films in Figure 27 b and d along with UV

absorbance modeled from SE data.
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Figure 27: (a) And (c): photoluminescence (PL) counts as a function of wavelength for as-deposited Zr-BP-4,4’-DC
and Zr-2,6-NDC films, respectively. The films were deposited at various temperatures. (b) And (d): the optical
absorption (blue) modelled from ellipsometry data, excitation (black) and luminescence (red) data of the same films

deposited at 290 °C. Taken from Paper III.

These measurements show that the emission spectra contain two maxima, one at 485 nm, which is seen
in all films, and one at various wavelengths depending on the linker molecules. The fixed maximum
probably originates from the Zr-clusters that are present in all films, while the others are likely to
originate from the various organic linkers, since their positions change with the aromatic absorption of
the linkers. The two types of luminescence may interact differently with exposure to various substances,
which may be an advantage for use as sensor material since the unaffected one could function as internal

standard.

For the Zr-BP-4,4’-DC, we observed a shift of the maximum associated with the aromatic structure
when the deposition temperature was varied. A similar variation was not observed for the Zr-2,6-NDC
films. This may be connected with the coordination between the linkers and Zr atoms and is further
discussed in Paper III. The luminescence also bleaches upon exposure to UV light over time. This
bleaching is different for the maxima from the clusters compared to the maxima from the aromatic

structures and is also discussed further in Paper III.
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Figure 28: (a) And (d): normalized emission spectra from Zr-BP-4,4’-DC and Zr-2,6-NDC films. (b) And (e): the time
evolution of these spectra upon UV exposure. (¢c) And (f): the evolution of the emission peaks from the aromatic

linkers and zirconium cluster upon UV exposure. Taken from Paper III.

The films remain to be tested as sensors, but the properties that have been found are promising as long
as a change in the luminescence associated with interactions between the films and measurable species
can be found. Such effects are quite probable since luminescence often is sensitive to possible quenching
routes, but it remains to be seen what will cause this quenching, and how selective this is toward various

species.

5.6.3 Antibacterial Surfaces

A few examples of antibacterial effects of MOFs exist in the literaturel™). This property is very suitable
for incorporation in thin-films as antibacterial coatings. Most examples in literature exploit a gradual
degradation of the MOF to release metal ions or linkers with antibacterial effects !> 17, However, due
to the UV-absorbance that was observed for the Zr-2,6-NDC and Zr-BP-4,4’-DC films, we decided to
explore photo toxicity as the antibacterial mechanism. In Paper III, we discuss the antibacterial

properties of these films with and without UV-irradiation. The Zr-BP-4,4’-DC films show no
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antibacterial effect, whereas the Zr-2,6-NDC reduce the number of viable bacteria by half compared to
the uncoated cover glass controls when irradiated by UV light. This is explained by the absorbance
spectra of the two films (seen in Figure 27) and the emission spectrum of the lamp that was used (shown
in the article by Bergh et al.['*®). The absorbance spectrum for the Zr-2,6-NDC films overlap with the
emission spectrum from the lamp for wavelengths between 350 and 400 nm, while the Zr-BP-4,4’-DC

films do not absorb any of the light emitted by the lamp.

Since the Zr-2,6-NDC films showed antibacterial properties, a further investigation with three
independent experiment was performed, Figure 29. It was found that the irradiated Zr-2,6-NDC films

were significantly different from all other samples that were tested (marked by * in the figure).
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Figure 29: Viable bacteria measured as the number of colony forming units (CFU) per mL for the

Zr-2,6-NDC films (blue) and controls (red), (n=3).

It is interesting to note that the antibacterial effect of the irradiated Zr-2,6-NDC films was significantly
better than the controls, even though the overlap between the emitted light from the lamp and the
absorption spectrum of these films is quite small. This paves the way for developing even more effective

antibacterial MOF coatings when linkers with a larger overlap between their absorbance and the
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spectrum of UV-light emitted by the lamp are chosen. One possible candidate for such linkers, is the

1591 should have a

2-amino-1,4-BDC linker that was used in Paper II. This linkers absorbance spectrum!
larger overlap with the emission spectrum from the lamp that was used. By also combining the photo
toxicity described here and the well-known release of metal ions from Ag-, Cu-, Co-, or Zn-based

MOFsP, very effective antibacterial coatings could be made.

5.7 Context

The fields of MOF thin film synthesis and MLD of hybrid materials are expanding, and are currently
merging into a new branch of research. This is an exciting development that both opens for fundamental
research of reactivity between organic molecules and inorganic material without the influence of
solvents, while also being application oriented. The combined MOF-MLD field is still very small, but
with a potential to grow in the coming years. The work presented in this thesis falls into this category
and joins the few prior works that have been mentioned earlier. These include the MOF-5!"**] and
IRMOF-8[!*! films made by Salmi et al., and the copper(I)terephthalate!'*" and iron terephthalate!'!)
MOF films made by Karppinen and coworkers. In addition, other crystalline coordination polymer
films!!3413¢) that are closely related to MOFs have been made. The MOF-MLD field also includes some
studies that attempt to implement these MOF films into devices. Most relevant to this thesis is the work
presented by Lan et al.'%! They have used the synthesis method presented by us in Paper I to coat solid-
phase microextraction arrows with a UiO-66 coating. The UiO-66 coating on the arrows was reported
to have a comparable or better extraction efficiency and selectivity than commercial coatings, towards

most polar compounds.

The advantages that these MOF-MLD synthesis methods have over other MOF thin film synthesis
techniques come from the properties of MLD (or ALD) and include the ability to form conformal films
with exceptional thickness control even on complex substrates. Some of these advantages can also be
exploited by using an ALD grown film as a precursor layer for the MOF or as a nucleation film for
regular MOF synthesis. The synthesis of ZIF-8 films by Stassen et al.l'*”), which was done by allowing
an oxide film made by conventional ALD to react with the vapor of the linker molecules, is an example
of the precursor layer approach. This synthesis method is very closely related to MOF-MLD, the only
difference is that the organic precursor was incorporated into the film in a subsequent reaction instead
of being a part of the ALD cycle. Nucleation layers for MOF growth made by ALD have been
demonstrated by Zhao et al.l'®l and Lee et al.l'”), who have covered fibers and fabrics with UiO-type
MOFs for degradation of chemical warfare agents. The MOF films that nucleate on the ALD grown thin
films can cover complex substrates in a quite conformal manner. However, they lose some of the

thickness control compared to ALD or MLD since the MOFs are grown by solvothermal synthesis.
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If we look past MLD or ALD as synthesis methods for MOF films, a few other works should be
mentioned. Most relevant for this thesis are the various synthesis methods for UiO-type MOF thin films.
The electrochemical approach by Stassen et al.”®! is worth mentioning. They synthesized UiO-66 by
immersing Zr metal electrodes in a solution of DMF, nitric acid, water and acetic acid, with dissolved
H»-1,4-BDC. They then heated the solution and applied a voltage between the electrodes to achieve
MOF film growth. The work by Miyamoto et al.!®¥l is also of interest. They synthesize UiO-66 films by
solvothermal synthesis, and are able to achieve highly oriented films when modulation was performed
with a combination of acetic acid and water. Electrophoretic deposition of MOF particles demonstrated
by Hod et al.['%2!, is another approach that has been used to make UiO-66 films. In this case, premade
Ui0-66 particles were dispersed in toluene and deposited on a positively charged electrode when an
electric field was applied. This deposition occurs due to a negative charge in the MOFs that come from

surface defects.

The abovementioned studies show that UiO-66 thin films can be prepared in various ways, but all of
these works rely on liquid phase techniques. The only solvent free technique for making UiO-66 until
now is through mechanochemical synthesis!!®*, which can be used to make bulk powders of UiO-66.
The work in this thesis, and the rest of the MOF-MLD synthesis field mentioned above provides new
possibilities for solvent free synthesis of MOFs and even solvent free synthesis of MOF thin films. This

could be an advantage if MOF thin films are to be used in microelectronics with delicate features.

51



52



6. Conclusion and Future Outlook

This chapter will focus on the most notable achievements of the work in this thesis, and suggest a path
forward with further research that could lead to thin films of other MOF structures and applications for

MOF films.

Perhaps the most notable achievement in this project is the development of an all-gas-phase technique
for synthesis of crystalline MOFs, which was an important aim of the study. All-gas-phase syntheses of
MOFs have been demonstrated in only a few other cases!'** '*7) most recently for an iron terephthalate
with a MOF-2-like structure!'*!!. However, until now this has not been possible for highly stable MOFs
such as the relatively complex UiO-66 structure. In this work, a few different MOF structures have been
synthesized as crystalline thin films in an all-gas-phase manner. These include UiO-66; a structure
closely related to UiO-66-NH,; a small amount of what seems to be UiO-67; and a few unknown phases
that are related to UiO-67 and the DUT-series of MOFs where 2,6-NDC is the linker.

Thin films of these MOFs are promising for a number of applications, but there is still work to be done
to achieve these. Until now, only two prepared films are reasonably phase pure (UiO-66 and the
Ui0O-66-NH-like structure), while the others seem to incorporate several MOF phases. We believe that
continued efforts in mapping crystallization behavior of such films can open for single-phase films and
probably new MOF structures. Further studies should include tuning of experimental parameters during
the crystallization step such as temperature, duration, amount of modulator, and types of modulators.
Acetic acid may not be the ideal modulator for structures with larger pores than UiO-66. Other organic
acids that match alternative pore sizes and shapes should be tested in the crystallization step. In this way,
the modulator can both fill the pore volume and act as a template molecule while at the same time
compete with the linker molecules for binding sites. Some work has already been carried out by Lan et

[160

al.l'%% to optimize the crystallization step from Paper I in order to make UiO-66 thin films for their

applications, more systematic work such as this is needed.

In addition, there is more room for exploration of synthesis routes where the crystallization occurs in
the ALD reactor instead of in a post-deposition autoclave treatment. If this were achieved, the deposition
of crystalline MOF films would be more streamlined, and perhaps more attractive for implementation
in devises. An attempt has already been made to replicate the autoclave conditions (temperature, acetic
acid vapor and some moisture, but not elevated pressure) in the ALD reactor, directly after deposition.
Unfortunately, this attempt did not lead to crystalline films. However, the parameter space is large and
further attempts may be successful, particularly with more insight into the crystallization process inside

the autoclave.

Another important discovery in this work is that the amorphous as-deposited films are highly porous.

This has typically not been observed for other hybrid films, but was seen for all of the Zr hybrid films
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presented in this thesis (apart from Zr-BPy-5,5’-DC, which has yet to be tested for porosity). It would
be interesting to investigate whether this is also true for the large range of other hybrid films that have
been produced by MLD but have not been characterized with respect to porosity. The observation of
porosity in the amorphous films is very promising for applications such as membranes, since the as-
deposited films are flat, very conformal, and seemingly pinhole-free. With proper support they may also
withstand the higher pressures required for filters and membranes. Should this be achieved, membranes

for gas or liquid separations could be within reach.

The amorphous thin films could also be useful for many of the other applications that have been
proposed for MOF thin films, including drug delivery, sensor technology, low-x materials for
microelectronics and possibly several other. However, there is still a lot of work to be done with

exploring such applications.

Acetic acid modulation during the MLD deposition is a third significant achievement in this thesis. This
has enabled control of the coordination mode between the linker molecules and the metal atoms. We
have also observed that the stability of the films can be improved by this modulation, since exsolution
of the linker molecules in some cases no longer occurs for films that have been deposited with acetic
acid modulation. This is an important discovery if the films are to be used in moist or wet environments.
A modulation step like this could potentially be useful also in other similar MLD processes. Although
the modulation procedure has been introduced here, further studies are needed, including in situ FTIR
measurements that could shed light on the role that acetic acid plays in the deposition. This also applies
to expansion of the modulation process with alternative reactants and MLD processes. A natural
continuation is to investigate effects of carboxylic acids with varying carbon chain lengths or with

aromatic moieties such as benzoic acid to match the desired pore size, as mentioned above.

Further work should also be carried out with BPy-5,5’-DC as a linker to open for MOF thin films that
can be further functionalized. One possible approach could be co-pulsing of BP-4,4’-DC with
BPy-5,5’-DC, which could give a UiO-67 MOF with some BPy-5,5’-DC linkers where metal complexes
can be attached. Co-pulsing of linkers could also be interesting for mixing in various amounts of
2-amino-1,4-BDC into the UiO-66 structure. This could lead to formation of new crystal structures, and

a tuneability of properties such as hydrophilicity.

The techniques developed in this work present several interesting topics for further research beyond the
UiO-series of MOFs. This work has shown that it is possible to form some of the complex metal clusters
that are found in many MOFs through the gas phase in addition to more simple clusters with one or two
metal atoms. Depositing MOFs with complex clusters from other metals than zirconium could be
possible, and should be attempted. The field of ALD provides precursors for most elements in the
periodic table. These can be combined with rigid organic molecules such as the ones that are typically

used as MOF linkers in order to deposit hybrid film and potentially other MOF structures. Many such
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hybrid films have already been made, for instance films containing aluminum
combination with carboxylic acid linkers. It would be very interesting to attempt our modulation and

crystallization technique on these systems.

The range of possibilities in choice of linker molecules for implementation in MOF-MLD is vast. To
map their suitability, determination of their sublimation temperatures is a good start. Some molecules
will have a sufficiently low sublimation temperature, while others will decompose or polymerize before
they reach a sufficient vapor pressure. This is especially true if the linker molecules are large and
complex, or if they have two or more functional groups that can react with each other at elevated
temperatures. For instance, a linker with both a carboxylic acid and an amino group can polymerize by
forming peptide bonds, although we know from Paper II that this combination of functional groups will

not always be a problem.

Where the linkers of a known MOF structure show promising sublimation behavior, it is tempting to try
a direct implementation into an MLD process in combination with an appropriate metal precursor. A
scan of the presently known MOF structures shows a large range of probable combinations where some
are already tested and resulted in amorphous films, a few are crystalline, while others remain untested.
However, if decomposition or polymerization of the organic linker prevents direct reaction, there may
still be ways around this problem. For instance, if a long and complex linker such as the one used in
IRMOF-74-X1 (shown in the bottom of Figure 3) is needed, sublimation will probably not be possible.
In this case, one could try to construct a similar, long linker by building the linker through the gas phase
in an MLD manner, provided that the chemistry is possible. One such chemistry to exploit is ring
opening reactions in MLD!®, An advantage of this approach is that a ring structure with for instance
one carboxylic acid group can be used, which lowers the sublimation temperature of the organic
precursor compared to one with multiple functional groups. This ring is then broken apart to form new
functional groups for instance by using ozone. In this way or through other chemistries, the complex
MOF linkers could be synthesized directly in the film. A completely different solution could be to alter
the linkers that do not sublime by substituting fluorine for some hydrogen atoms. This may lower the
sublimation temperature by reducing the intermolecular forces, but will also alter some of the

functionality of the linker.

When completely new systems like these are investigated, the possibilities with choice of metal
precursor (controlling reaction rates and by-products), modulator (reactivity and shape), and reactive
sites on organic linker (alcohol vs. ether, carboxylic acid vs. acid anhydride vs. ester), lead to numerous

possible permutations.

In other words, there are many possibilities to advance this work further, and to develop more in the
field of MOF-MLD. Nevertheless, we should be aware of a few possible limitations. As indicated above,

not all MOF linkers can be volatilized, and can therefore not be used in MLD. In addition, there needs
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to be a balance in temperatures in the MLD system. If a high temperature is needed in order to sublime
the linkers, an even higher reaction temperature must be used in order to avoid condensation of the
linker. This sets a certain demand on the bond strength between the metal and the linker in the MOF,
since this bond strength must be sufficiently high to survive the high reaction temperature. However,

even with these limitations, there should be many MOFs that are promising candidates for MOF-MLD.

Combining the experience from other groups that work on MOF-MLD and related techniques with our
approach is also important as it could improve depositions of MOFs that have already been made such
as MOF-5 or ZIF-8, or enable all-gas-phase depositions of thin films of other iconic MOF structures
such as HKUST-1.

In accordance with the aim of the study, a few applications have been tested for the MOF films that were
made. Some of these are promising and should be further developed. In particular, the possibility to
combine porous structures with luminescent properties open for sensor materials with high sensitivity
and hopefully increased selectivity. In addition, the combination of optically active structures and
materials providing antibacterial surfaces open for possibilities within photocatalysis. However, this

requires further studies to elucidate the mechanism of activation.

The work in this thesis is summarized in Figure 30 by a graphic showing the MLD cycle for ZrCls4 and
the various organic linkers together with the subsequent crystallization step in an autoclave with acetic
acid vapor. For simplicity, the acetic acid modulation is not included in the figure, this would be a part

of the MLD cycle, and is added after the pulse of the organic acids.

All in all, the work presented in this thesis brings us one step closer to achieving applications for MOFs
by synthesizing thin films in an all-gas-phase manner. Along the way, an acetic acid modulation of the
MLD process, and a gas-phase autoclave crystallization of the films have been developed. Together,
they provide further parameters to tune in order to improve the films or develop a larger repertory of
MOF thin films. Since the properties of MOFs can vary greatly with their structure and chemical
composition, a wide selection of MOF thin films could enable several new technologies that may include
new diagnostic methods, more controlled cancer treatment, highly sensitive gas sensors or new types of
batteries. At this stage, it is impossible to know if or when these dreams can be realized and only time

and further research will tell.
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Figure 30: An illustration summarizing the work in this thesis including the MLD cycle and the subsequent

crystallization step. Acetic acid modulation during the MLD cycle is not shown in this illustration.
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Appendix

This appendix contains the three papers associated with this thesis:

Paper I: All-gas-phase synthesis of UiO-66 through modulated atomic layer deposition

Paper II: All-gas-phase synthesis of amino-functionalized UiO-66 thin films

Paper I1I: MOF thin films with bi-aromatic linkers by molecular layer deposition

along with their supplementary information.
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Thin films of stable metal-organic frameworks (MOFs) such as UiO-66 have enormous
application potential, for instance in microelectronics. However, all-gas-phase deposition
techniques are currently not available for such MOFs. We here report on thin-film deposition
of the thermally and chemically stable UiO-66 in an all-gas-phase process by the aid of
atomic layer deposition (ALD). Sequential reactions of ZrCl, and 1,4-benzenedicarboxylic
acid produce amorphous organic-inorganic hybrid films that are subsequently crystallized to
the UiO-66 structure by treatment in acetic acid vapour. We also introduce a new approach
to control the stoichiometry between metal clusters and organic linkers by modulation
of the ALD growth with additional acetic acid pulses. An all-gas-phase synthesis technique
for UiO-66 could enable implementations in microelectronics that are not compatible with
solvothermal synthesis. Since this technique is ALD-based, it could also give enhanced
thickness control and the possibility to coat irregular substrates with high aspect ratios.
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etal-organic frameworks (MOFs) are a class of
M compounds combining both inorganic and organic

functionalities. These crystalline materials typically
have a porous framework with porosity exceeding that of
the well-known zeolites'. The pores in crystalhne MOFs are a
part of their crystal structure, which results in an accurate pore
size control. Thanks to the wide choice of inorganic and organic
building units, the range of possible compounds is huge and only
a fraction of these have been explored, especially with respect to
characterization of their physical properties.

Due to their very high porosity, MOFs are promising for a
number of apphcatlons such as gas storage?, catalysis’,
drug delivery?, handling and destruction of toxins®~’, and as
membranes for desalination®. Practical routes for deposition of
thin and conformal films of porous materials will lead to many
new applications, particularly within membrane development or
within microelectronics for use as active material in highly
sensitive gas sensors based on cantilevers or as low-rx dielectrics,
as envisioned by Allendorf et al.®.

Organic-inorganic hybrid materials have been deposited as
thin films by atomic layer deposition (ALD) in a mode also
known as molecular layer deposition (MLD)'912, These films
are typically amorphous and do not show the same properties as
crystalline MOFs. ALD and MLD are techniques where two or
more precursors are individually pulsed into a reaction chamber
through the gas phase and allowed to react with, and saturate, the
surface of a substrate. When the surface is saturated by the first
precursor, excess precursor is removed by purging with an
inert gas, and the process is repeated for the second precursor.
A thin-film is constructed one atomic layer or one molecular
layer at a time by reiterating these steps in a cyclic process'3

To realize MOF applications within electronics and sensors, it
is vital to develop synthesis routes that do not involve solvents,
since these typically cause chemical contamination in the circuitry
or stiction of small features. An all-gas-phase synthesis utilizing
ALD/MLD of MOFs is therefore a highly suitable approach with
very precise control of the amount of deposited material.

Possibilities for deposition of crystalline MOF thin films by
vapour-phase techniques have recently emerged!*!°, opening the
possibility of disruptive technologies due to the unique properties
of these microporous crystalline materials. Suitable all-gas-phase
processes are essential for enabling nanostructures of these
compounds, as the stiction associated with wet-based techniques
is avoided. The established MLD technique should be well
suited for deposition of such microporous materials. However,
sequential deposition makes it difficult to form the complex metal
clusters found in MOF structures; instead giving amorphous
structures without the required clusters. Even approaches
using metal precursors providing suitable clusters in the gas
phase!® have required sequential wet-based hydrothermal
treatment to crystallize in the desired structure.

One of the most stable MOFs is UiO-66. This zirconium-based
MOF was discovered by Cavka et al.!” in 2008. Thin films of this
MOF would be particularly useful due to its stability in many
chemical environments, which is why it was chosen for this work.
There are very few other examples of synthesis of thin films of
Ui0O-66 or solvent-free synthesis of bulk UiO-66 in literature, and
no examples of thin-film deposition by all vapour-phase
approaches. The prior examples of deposition of UiO-66 as
thin films have been by electrophoretic deposition of
pre-synthesized UiO-66 partlcles from a toluene sus en510n
electrochemical deposition'® or by solvothermal growth?%; and, to
our knowledge, the only example of solvent-free sznthesw of bulk
Ui0-66 was through mechanochemical synthesis®!

We demonstrate a new approach utilizing a modulated MLD
process where the metal-to-linker stoichiometry is controlled by

modulating the process with an additional non-linker compound
to construct the archetypical MOF material UiO-66 with high
crystallinity. This approach opens up new possibilities in
deposition of crystalline microporous materials with complex
metal clusters. UiO-66 is deposited through application of ZrCly,
and 1,4-benzenedicarboxylic acid (1,4-BDC, also known as
terephthalic acid) as the organic linker.

Results

Deposition of hybrid films without modulation. The
ZrCly+ 1,4-BDC system was initially investigated using the
in situ quartz-crystal microbalance (QCM) technique for a
deposition temperature of 265°C. The typical sensor response
for growth using the sequence of a 4s ZrCl, pulse, 65 purge,
5s 1,4-BDC pulse and 65 purge is shown in Fig. 1. This pulsing
sequence was used as a standard sequence throughout the QCM
experiments, if not stated otherwise. The pulsing sequence
showed self-limiting growth for both types of precursors, as can
be seen in Fig. 2. The mass increase per precursor sums to 42.3%
for the ZrCly pulse and 57.7% for the 1,4-BDC precursor. ThlS
corresponds well with a relative mass 1ncrease of 178.35gmol ~
during the ZrCl, pulse and 241.11 gmol ~ ! during the 1,4-BDC
pulse, obtained from an average reaction scheme of:

ZrCly pulse: (1)
| = (OH), 5 + ZrCly(g)=| — 015ZrCl, 5 + 1.5 HCI (g)

1,4-BDC pulse:

| =01.5ZrCly 5 +2CsHy (COOH), (g)=| — 01 5Zr(CsH403.25),(OH), s +2.5HCI (g)

(2)
The pulse/purge system was also investigated by QCM based on
the growth as averaged over 16 cycles when changing the
individual pulse or purge parameters of the 4-6-5-6 standard
sequence for two sensors situated 5cm apart along the direction
of the gas stream (Fig. 2). This experiment was repeated twice.
The reactions were self-saturating and delayed saturation of ZrCl,
along the flow stream was found based on our dual-QCM sensor
approach, as can be seen from the lower growth rate in the back
of the chamber with pulse lengths of 0.75, 1 and 2s; this is to a
certain degree also seen for 1,4-BDC since the growth rate is
lower in the back of the chamber with 0.25 and 0.5s pulses
(Fig. 2a,c). The standard pulsing scheme of 4-6-5-6 is well within
ALD-type growth conditions.
The growth of the ZrCl, + 1,4-BDC system was investigated as
a function of deposition temperature (Fig. 3a). A number of
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Figure 1 | QCM characterization. Mass gain as a function of time
measured with QCM for the ALD/MLD system with alternating ZrCl, and
terephthalic acid (1,4-BDC) pulses separated by inert gas (N,) purges
(blue). The red lines show the s.d. for the QCM data (n=16).
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depositions were made with 143 cycles of 4s ZrCly pulse, 2s
purge, 3s 1,4-BDC pulse and 1s purge, and increasing reactor
temperature from 235 to 390 °C. The growth rate decreases with
increasing temperature from 7 to 2 A cycle ~ !, and the refractive
index shows a slight reduction between 235 and 335 °C, and then
undergoes a significant increase.

A sample stored in air was characterized by spectroscopic
ellipsometry (SE) over time to identify its environmental stability
(Fig. 3b). The film thickness increased as a function of the square
root of the time. Coherently, the refractive index was reduced
from 1.680 to 1.664.

The increase in thickness over time is most likely due to a
reaction with moisture from the air. A selection of the samples
was exposed to a moist environment with a relative humidity of
70-75% at room temperature for 24 h. This resulted in an increase
in thickness of ca. 20% and a drastic change in topography, as can
be seen from the scanning electron microscope (SEM) images in
Fig. 3d. Judged by the SEM image in Fig. 3¢ the as-deposited films
are rather smooth. This is also confirmed by X-ray reflectometry
(XRR) analysis, where we see a roughness of 0.3 nm on a 30.9-nm
thick film.

Grazing incidence X-ray diffraction analyses of the films before
and after exposure to a moist environment, which are presented
later in the results section, indicate that some of the 1,4-BDC
precursor crystallized on the surface of the films. This is most
likely due to subsequent reactions between parts of the 1,4-BDC
that are not optimally bonded to the Zr clusters.

Deposition of hybrid films with water pulsing. Within the same
QCM experiment as mentioned above, four different pulsing
schemes in which H,O was pulsed in addition to the two
precursors were investigated to see what effect this would have on
the films. One of these pulsing schemes is shown in Fig. 4. For all
systems, it is evident that pulsing water causes a large mass
increase that is mostly lost in the subsequent purge. This is most
likely due to adsorption (followed by desorption) of water and
may indicate that the film is porous to small molecules like water
during deposition. This corresponds well with the porosity test
performed on amorphous films, which is presented towards the
end of the results section. In addition to the loss of water during
the purge, there is probably also a slight reduction of the amount
of 1,4-BDC in the film during the water pulse, which is concealed
by the mass increase from the water uptake. This is shown by
Fourier transform infrared (FTIR) spectroscopy, where we
see that the peak corresponding to 1,4-BDC in monodentate
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Figure 4 | Deposition of hybrid film with H,0. Mass gain as a function of

time measured with QCM for the ALD/MLD system with ZrCl,, 1,4-BDC

and H,0. The blue panels indicate inert gas (N,) purging. The red lines

show the standard deviations for the QCM data (n=16).

coordination is lost in a manner similar to the effect of
modulation with acetic acid, which will be discussed in the next
section (Supplementary Fig. 1la). Our theory that this poorly
bonded 1,4-BDC is removed from the film when water is pulsed is
further supported by the fact that 1,4-BDC no longer crystallizes
on the surface when the films deposited with H,O pulsing are
exposed to a 70-75% relative humidity over 24 h as seen by GI
X-ray diffraction (Supplementary Fig. 1b). GI X-ray diffraction of
a film deposited with additional water pulses also shows that the
crystallinity of the films is not affected by the water pulse in that
they remain amorphous as-deposited. However, the ratio of
Cl to Zr is reduced from 3.2 to 0.1wt% compared with an
as-deposited film with a pulse sequence of 4s ZrCl, pulse, 2s
purge, 3s 1,4-BDC pulse and 1s purge. This loss in chlorine may
also contribute to a mass loss during the water pulse.

Due to the porous nature of these films and the fact that the
desorption of water from the films seems to be a relatively slow
process, it is possible that the film acts as a reservoir for water
allowing some water to come in contact with ZrCl, during the
next pulse causing unwanted reactions. This can be seen from the
QCM graph in Fig. 4. The mass loss during the purge following
the water pulse seems to carry over to the purges following
the ZrCl, and 1,4-BDC pulses indicating that water is still leaving
the film while ZrCl, is pulsed. Because of this we have chosen not
to go further with this approach.

Deposition of hybrid films with acetic acid modulation. As
mentioned above, GI X-ray diffraction analyses indicate that
some of the 1,4-BDC precursor crystallized on the surface
of samples deposited without modulation when exposed to a
relative humidity of 70-75% over 24h (Fig. 5). An attempt was
made to reduce this excess of 1,4-BDC in the film by introducing
additional pulses of acetic acid after 1,4-BDC in the deposition
process. Acetic acid has previously been used as a modulator in
MOF synthesis, and the hypothesis is that it may replace some of
the 1,4-BDC that is not optimally bonded to the surface during its
pulse?®?2, The growth dynamics were investigated by QCM,
which shows a notable reduction in mass increase when acetic
acid is pulsed (Fig. 5a). Adding the acetic acid pulse does not
affect the overall growth rate in terms of mass increase per cycle,
as compared with the growth in Fig. 1. Both systems show an
overall growth rate of ca. 100.8ngcm ~2cycle ~!. The mass
increase for the ZrCl, is increased by 55% as compared with the
process without acetic acid. By assuming that no acetic acid is
included in the film during growth, as supported by the FTIR
characterization presented in the end of the ‘Results’ section, the
overall growth scheme assumes a 66% mass increase for the ZrCly
pulse and the remaining 34% during the 1,4-BDC + acetic acid
pulse. This mass variation cannot be described by the reaction
scheme in equation (1) and (2), which assumes an overall
stoichiometry of Zr(1,4-BDC),, while UiO-66 has a 1:1
stoichiometry between Zr and 1,4-BDC using ZrgO4(OH)4> ™+
clusters bonded to 12 -COO ~ functional groups. On this basis it
is possible to sketch a reaction scheme according to:

ZrCly pulse: (3)
‘ = (OH), 75 + ZrCL,(g):} —01.75ZrCly 25 +1.75HCI (g)
1,4-BDC pulse:
| —01.75ZrCly 55 + CsHy (COOH), (g) =| — O1.75Zr(CsH402.25) (OH), 55 +2.25HC (g)
(4)

With a relative mass increase of 169.23gmol~! and
84.10gmol ~! for the ZrCl, and 1,4-BDC pulses, respectively.
This reaction scheme does not explain or take into account
formation of the Zr clusters or the occurrence of the additional
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Figure 5 | Effects of acetic acid modulation on the ALD process. (a) QCM measurements showing mass increase (and loss) as the precursors and
the modulator are pulsed. The blue panels indicate inert gas (N,) purging. The red lines show the standard deviations for the QCM data (n=16).
(b,c) show Gl X-ray diffractograms for the films that were deposited without and with acetic acid modulation, respectively. The black lines show

the as-deposited samples, and the blue lines are the moisture-treated samples. Positions for reflections of the crystalline 1,4-BDC phase of more than

10% intensity are given by the red vertical lines in b (ref. 23).

0?~ or OH . We can at this stage only assume that they are
added through the subsequent reactions with air and acetic acid
in the sealed autoclave or during handling before this treatment.
This remains to be investigated with more dedicated techniques.

The films that were deposited with additional pulses of acetic
acid were also exposed to moisture after deposition. The GI X-ray
diffractogram of the moisture-treated sample no longer shows
reflections corresponding to crystals of 1,4-BDC (Fig. 5¢). This
indicates that there is probably no longer an excess of 1,4-BDC in
the films and that a more optimal growth is obtained when acetic
acid is used.

Crystallization and characterization of the films. Several
different attempts were made to induce crystallization of the
deposited films. One approach was treatment under solvothermal
conditions after deposition. Water and dimethylformamide were
used as solvents, and different configurations were tested where
the film was either submerged in the solvent or supported above it
to avoid direct contact. These solvothermal treatments showed a
varying degree of crystallinity but they all lacked strong XRD
reflections at 20 below 10 degrees, which would indicate crys-
talline UiO-66.

In addition to the solvothermal treatments, a film made with
acetic acid modulation was placed in an autoclave with ~0.1 ml
of acetic acid, sealed and heated to 160 °C for 24h, essentially
heating the film in acetic acid vapour (Fig. 6a).

This treatment resulted in a film with a very similar GI X-ray
diffractogram to the ref. 17 for UiO-66 (Fig. 7). The thickness of
the film increased from 229 nm as-deposited to ~500 nm as can
be seen from the cross-section SEM image in the inset in Fig. 6b.
The treatment also roughened the surface giving a root mean
squared roughness of ~45nm, as measured by atomic force
microscopy (AFM). This roughness prevented XRR measure-
ments on the treated samples (Fig. 6b,c).

A similar autoclave treatment without acetic acid in the
autoclave was also performed on a sample deposited without
acetic acid modulation. The resulting film was promising, as
the GI X-ray diffractogram showed reflections corresponding to
crystalline UiO-66, albeit with lower intensity than when acetic
acid was added in the autoclave. This sample was deposited

without acetic modulation, so 1,4-BDC also crystallized on
the surface.

Since XRR measurements could not be used to determine the
density of the post-deposition-treated samples, a porosity test
was done using QCM measurements. Two QCM-crystals were
coated with 500 cycles of ZrCl4, 1,4-BDC and acetic acid for
modulation, which should give a film thickness of ~230 nm. One
of these crystals was then treated in the autoclave as described
above. The QCM-crystals with as-deposited and post-deposition-
treated films were exposed to a 5-s long water vapour pulse in the
ALD reactor to determine the water uptake. The test was done at
room temperature with a base pressure of ~5 mbar N,. The same
procedure was also done to two uncoated crystals as a control.
The results show a response over 200 times higher from the
post-deposition-treated sample compared with the uncoated
crystals. The as-deposited sample also shows a high response,
which is delayed as compared with the post-deposition-treated
sample (Fig. 8). Given a sufficiently long water pulse, both
samples show similar saturation values (Supplementary Fig. 2a);
and with a sufficiently long purge, the water uptake is completely
lost (Supplementary Fig. 2b). This indicates that both the
amorphous (as-deposited sample) and the crystalline (post
deposition treated sample) are porous, but that the pores in the
treated sample are much more accessible. By comparing the mass
increase during the water pulse (found from Supplementary
Fig. 2a) with the total mass gain during the deposition
(49,594 ngcm ~2) of the post-deposition-treated film we see that
the water uptake in the film is ~1.9wt%. This is at a relative
humidity in the ALD chamber of ~7% (found by measuring a
2.2 mbar pressure increase in the chamber during the water pulse,
which corresponds to the partial pressure of water, and
converting this to relative humidity). For comparison, Schoe-
necker et al.>* present a water uptake in UiO-66 of ~ 2 wt% with
a relative humidity in this range. FTIR measurements were done
of a modulated, as-deposited sample before and after exposure to
water, to ensure that the water pulse during the porosity test does
not affect the composition of the film, but no change was seen
(Supplementary Fig. 3).

FTIR spectroscopy was performed on samples deposited with
and without acetic acid modulation, and a modulated sample that
in addition was heated in an autoclave in acetic acid vapour
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Figure 6 | Post-deposition crystallization. (a) Experimental setup for heat treatment of the films in acetic acid vapour. (b) AFM image of the Zr-1,4-BDC
film after treatment in acetic acid vapour. (¢) Cross-section SEM images of the same surface viewed at 45° and 90° angles. Scale bar, 0.2 um (b), 2 um (c).
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Figure 7 | Gl X-ray diffraction on crystallized film. G| X-ray diffractogram
for a film that was heated to 160 °C in acetic acid vapour in a sealed
autoclave for 24 h (black) and a simulated powder diffractogram for
desolvated UiO-66 (red); the inset shows the same diffractograms zoomed
in on peaks with 20 between 10 and 40 degrees.

(Fig. 9d). According to Verpoort et al?®, the wave number
separations between the most prominent peaks around
1,400cm ~ ! and 1,500-1,700cm ~ ! can reveal information on
the coordination modes of 1,4-BDC to zirconium (Fig. 9a-c).
These two peaks correspond to the symmetric and asymmetric
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Figure 8 | Porosity test. Porosity test performed by monitoring the water
uptake by QCM-crystals during a 5s water pulse. The test was performed
in the ALD reactor at room temperature with a base pressure of 5mbar N,.
Red is the as-deposited sample (ca. 230 nm), black is the post-deposition-
treated sample (ca. 500 nm), and blue is the average of the two uncoated
QCM-crystals as a control. The inset shows the control enlarged.

stretches of the carboxylate group, respectively. The splitting is
larger than 200cm ~! when the 1,4-BDC molecule acts as a
monodentate ligand, and in the range of 50-150 cm ~ ! if it acts as
a bidentate ligand. A splitting of 130-200cm ~ ! is expected for
bridging ligands (Fig. 9). The amount of splitting observed by
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Figure 9 | Infrared spectroscopy. (a-c) show the possible coordination
modes of 1,4-BDC to zirconium. a is monodentate, b is bidentate and ¢ is
bridging. (d) The FTIR spectra for as-deposited samples with and without
acetic acid modulation and a post-deposition-treated modulated sample.
The splitting between the major peaks and values of selected peaks are
noted.

FTIR is shown in Fig. 9d. This shows that acetic acid modulation
removes monodentate 1,4-BDC molecules, leaving only the ones
with a bidentate coordination. It can also be seen that the
post-deposition treatment changes the coordination from
bidentate to bridging, which agrees with the UiO-66 structure.

Discussion

The in situ QCM investigations of the ALD/MLD sequence with
ZrCl, and 1,4-BDC as precursors show a self-terminating
growth manner for the pure hybrid film (Fig. 2). The growth
rate is ~6-7 A cycle ! with a reaction temperature of 265 °C,
which is notably higher than normal ALD-processes, but within
what is expected for an ALD/MLD process. The hybrid films
show very little surface roughness as-deposited, which is as
expected for growth of amorphous films (Fig. 3¢c). When exposed
to moisture, the thickness of the films increases along with a
considerable change in topography (Fig. 3b-d). During this
process, pure 1,4-BDC crystallizes on the surface as shown by the
GI X-ray diffractograms in Fig. 5b. Such crystallization of 1,4-
BDC was prevented when additional pulses of acetic acid were
introduced after the 1,4-BDC pulses. The overall growth rates for
these two pulsing schemes resulted in identical values in terms of
mass per area, although the relative mass change between ZrCl,
and 1,4-BDC indicates a clear change in stoichiometry towards
more equiatomic composition. The physical growth rates for the
pulsing schemes without and with acetic acid were 8.3 A cycle ~ !
and 4.6 A cycle ~ I, respectively, indicating an increase in overall
density when modulation is introduced. This has also been
confirmed by XRR and can be understood by the FTIR analysis of
the films proving a transition of the bonding scheme from both
monodentate and bidentate ligands for films deposited without
acetic acid, to only bidentate coordination when acetic acid is

used. It is possible that purely bidentate coordination yields
straight columns of zirconium and 1,4-BDC linkers that orientate
in a more dense manner than for a combination of bidentate and
monodentate coordination, where an angled coordination
between 1,4-BDC and zirconium is expected. From both the GI
X-ray diffractograms and the FTIR results we can see that UiO-66
is not nucleated until it is treated with acetic acid vapour in an
autoclave.

The films were crystallized by heating to 160 °C for 24h in a
sealed autoclave with ~0.1ml of acetic acid. The resulting GI
X-ray diffractograms show an almost identical pattern to the
X-ray diffractograms for UiO-66. The coordination also changed
from bidentate to bridging, which corresponds to the coordina-
tion environment in the UiO-66 structure. This may indicate that
the addition of acetic acid during deposition aids the overall
composition, while proper crystallization of the UiO-66 phase
does not occur before higher concentrations of acetic acid are
used in the autoclave treatment. The FTIR spectrum for the as-
deposited film also shows a broad peak at 3,207cm !,
which is possibly due to OH groups on monodentate 1,4-BDC
molecules that are poorly bonded and have only coordinated to
Zr on one side leaving the other carboxylic group protonated.
We also see two peaks at 2,926 and 2,853cm ! for the
post-deposition-treated sample. This may indicate that there is
some acetic acid left in the structure after the autoclave treatment.
These peaks are not observed in the sample deposited with acetic
acid, which indicates that no acetic acid is left in the structure
after the ALD/MLD deposition.

In summary, an all-gas-phase deposition technique for porous,
crystalline UiO-66 has been developed through a combination of
modulated ALD and additional exposure to acetic acid vapour.
The films deposited without acetic acid modulation show an
excess of 1,4-BDC, but when acetic acid pulsing is used during
deposition this no longer is the case. The films are amorphous as-
deposited but crystallize to the UiO-66 structure on treatment in
acetic acid vapour. This synthesis method has substantial
advantages compared with normal MOF synthesis since thin
films of UiO-66 now can be implemented in microelectronics
otherwise not compatible with wet-based processing.
The importance of this was also exemplified by Stassen et al.'?,
who developed a synthesis route for the MOF ZIF-8 by allowing
dense zinc oxide to react with vapours of the organic linker
molecule. UiO-66 has superb thermal and chemical stabilities
compared with other MOF materials, and is thus ideal both as a
model material and for implementation in real applications. To
the best of our knowledge, no all-gas-phase synthesis technique
for UiO-66 thin films has been reported before this work. This
method benefits from all the advantages of ALD, for example,
great thickness control even on irregular substrates with high
aspect ratios. This is also a good example of a modulator being
used directly in the ALD sequence for MOF synthesis. Previously,
inhibitors have been used in the ALD sequence to reduce and
distribute the amount of precursor embedded as dopant
material?®?’, Qur approach leads to a technique for controlling
the composition of MLD materials to form crystalline MOF
structures, which has, until now, been difficult. This could
enable a wider selection of MOF materials to be deposited by
all-gas-phase approaches in the future.

Methods

Atomic/molecular layer deposition. The ALD/MLD depositions were performed
in an F-120 Sat-type ALD reactor (ASM Microchemistry Ltd) using ZrCl,
(MERCK Schuchardt OHG >98%) and 1,4-BDC(MERCK Schuchardt OHG
>98%) as precursors. Type 2 water and acetic acid (MERCK KGaA 100%) were
also used as co-reactants in selected experiments. The carrier and purging gas was
N, separated from air in a nitrogen generator (Schmidlin UHPN3001 N, purifier,
>99.999% N, + Ar purity). A total flow of ca. 250 sccm (standard cubic
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cmmin ~!) of N, was used throughout the experiments, leading to a background
pressure of ca. 5mBar. The vapourization temperatures for ZrCl, and 1,4-BDC
were set to 165 and 220 °C, respectively, based on previous investigations! 25,
Water and acetic acid were kept at room temperature in external containers. The
films were deposited on as-received, pre-cleaned Si(001) substrates of 2 x 2 cm?.
Their native oxide thickness was measured by SE before deposition and taken into
account when the film thickness was determined.

Spectroscopic ellipsometry. SE data were collected using a J.A. Woollam
alpha-SE spectroscopic ellipsometer using a wavelength range of 390-900 nm,
and modelled to a Cauchy-function using the CompleteEASE software package to
determine the thicknesses and refractive indices (at A =632.8 nm) of the films.

In situ QCM. In situ QCM analyses were performed using two 6 MHz AT cut
quartz crystals mounted ca. 5cm apart on a home-made holder to monitor the
mass increase during the deposition and uncover possible delayed saturations
through the reaction chamber. The signals were recorded using a Maxtek TM-400
and processed by averaging over 16 consecutive cycles. The signal from the
QCM analysis was converted from — AHz to ngcm ~ 2 by calibrating the
sensitivity of each sensor with the thickness and density data measured by XRR of
films deposited separately from the QCM measurements. Variations in
sensitivity of the sensors throughout the QCM experiment were also corrected for
by using a standard sequence repeatedly throughout the experiment and adjusting
all results based on variations in this standard. To ensure a reliable response from
the QCM-crystals, the temperature was stabilised for 3 h before any experiments
were performed.

Post-deposition treatment. Some of the films were exposed to moisture for 24h
in a chamber which was held at a relative humidity of 70-75% by storing a
saturated NaCl solution in the chamber. Crystallization of the films was performed
by heating the samples to 160 °C for 24 h in a sealed autoclave with an internal
volume of 35ml with ~0.1 ml of acetic acid added.

X-ray characterizations. GI X-ray diffraction and XRR analyses were performed
using a PANalytical Empyrean diffractometer, equipped with a Cu Ko source
powered at 45kV/40 mA (1 = 1.5406 A), a parallel beam X-ray mirror and a
proportional point detector (PW 3011/20). For GI X-ray diffraction the incident
angle was » = 0.30°, while for XRR analysis 20 was scanned from 0.08° to 6°. The
XRR results were analysed using the X 'Pert Reflectivity software provided by
PANalytical. X-ray fluorescence was performed on a PANalytical Axios mAX
minerals instrument, and analysed using the Stratos software.

Infrared spectroscopy. FTIR spectroscopy was performed using a Bruker
VERTEX 80 FTIR spectrometer in transmission mode. A spectrum obtained from
an uncoated silicon substrate was used as background.

Electron microscopy. SEM images were obtained using a HITACHI SU8230
SEM with a cold cathode field emission type electron gun. The working distance
was ~2mm, and the acceleration voltage was typically 1 kV with a beam current of
10 pA.

Atomic force microscopy. AFM and roughness measurements were performed
using a Park Systems XE-70 AFM equipped with a standard NCHR tip. Data were
analysed using the Gwyddion 2.43 SPM visualization tool?’.

Simulation. The simulation of the XRD diffractogram for UiO-66 was done using
Mercury®® based on the data from the paper by Valenzano et al3!.

Data availability. The data that support the findings of this study are available
from the corresponding author on request.
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Supplementary Figure 1 | Characterisations of films deposited with H,0 pulsing. a, Fourier
transform infrared (FTIR) spectra of the film deposited with H,O pulses in addition to the two

Intensity (a.u.)

precursors ZrCl, and 1,4-benzene dicarboxylic acid (1,4-BDC) (black); and an unmodulated sample
(blue) and an acetic acid modulated samples (red) for comparison. The peak that indicates a
monodentate coordination of 1,4-BDC, which is seen in the unmodulated sample (dashed line), is
removed when water or acetic acid is pulsed in addition to the two precursors. b, a GIXRD pattern for
a film deposited with H,0 pulsing as deposited (black), and a GIXRD pattern for the same film after
exposure to a relative humidity of 70-75 % for 24h (blue). No peaks corresponding to crystalline
1,4-BDC are seen on the sample that has been exposed to moisture, indicating that the excess
1,4-BDC is removed similar to the effect seen with acetic acid in Figure 5c.
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Supplementary Figure 2 | Saturated porosity test. a, porosity test performed by monitoring the
water uptake by QCM-crystals during a 150 second water pulse. The test was performed in the ALD
reactor at room temperature with a base pressure of 5 mbar N,. Red is the as-deposited sample (ca.
230 nm) and black is the post deposition treated sample (ca. 500 nm). Both samples saturate with
water. The kinetics of the saturation are not investigated further due to too many unknown factors,
such as a drop in the partial pressure of water over time during the pulse and a likely difference in
pore size in the two films. b, a similar porosity test performed with the same samples and a pulse
length of 1 minute followed by a long purge. All of the adsorbed mass is lost during the purge. The
relative humidity during this pulse was approximately 11% compared to approximately 7% for all the
other porosity tests due to an increased water dosage during the pulse.
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Supplementary Figure 3 | FTIR of moisture treated sample. FTIR spectra of a film deposited with
acetic acid modulation, before (black) and after (blue) exposure to a relative humidity of 70-75 % for
24h. No changes occur in the FTIR spectrum upon exposure to moisture. These samples are similar to
the ones used for the porosity tests.
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Thin films of metal—organic frameworks (MOFs) prepared using all-gas-phase techniques such as atomic/
molecular layer deposition (ALD/MLD) are emerging due to their potential for enabling suitable appli-
cations. Their high and specific porosity enables their use as membranes for separations and as a basis for
sensors in microelectronics, provided that films can be made. The properties of such MOF materials can
be tuned by choosing linker molecules that are functionalized with a variety of chemical groups.
However, thin films of these functionalised MOFs have so far been prepared through wet based chem-
istries, which are difficult to combine with microelectronics and high aspect ratio structures. We here
report on the thin film deposition of amino-functionalised UiO-66 through an all-gas-phase ALD/MLD
process. By using amino-functionalised linkers, modulation by acetic acid to control the stoichiometry of
the deposited film was no longer required, as opposed to the case in which unmodified terephthalic acid
was used as a linker. The growth and properties of the films were characterised using an in situ quartz
crystal microbalance (QCM), spectroscopic ellipsometry (SE), grazing incidence X-ray diffraction (GIXRD),
Fourier transform infrared spectroscopy (FTIR) and other techniques to obtain information on their
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Introduction

Metal-organic frameworks (MOFs) are a class of materials that
consists of inorganic metal-based clusters bound together by
organic linker molecules. This creates a highly ordered porous
framework with well-defined pore sizes with narrow distri-
butions.” The porosity of these materials exceeds that of the
well-known zeolites, making them attractive for several appli-
cations such as gas storage,’ catalysis,’ separations,” drug
delivery,® handling and destruction of toxins,” and degra-
dation of chemical warfare agents.”'® So far, the majority of
these MOF materials have only been produced as powders
through wet based techniques such as solvothermal synthesis.
By enabling the deposition of such materials as thin films,
crystalline or amorphous, numerous new areas of applications
such as membrane filters and integrated sensors or low-x
dielectrics in microelectronics can be realised.""

“Department of Chemistry, University of Oslo, Postboks 1033, Blindern, 0315 OSLO,
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including TG data for the organic precursor (2-amino-1,4-BDC), GIXRD diffracto-
grams for post-treated films that were deposited at 315 °C and a graph showing
the full porosity test. See DOI: 10.1039/c7dt03518g
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growth dynamics and physical properties.

The properties of MOFs can be tuned to serve different
needs by functionalising the linker molecule itself. Among the
properties that are demonstrated to be tunable are selectivity to
certain gas molecules,'>"® hydrophilicity,'* and catalytic pro-
perties."® It is thus also of interest to investigate how the func-
tionalisation of the linkers affects the growth of such materials.
In this study we compare the growth of UiO-66 with amino-func-
tionalised terephthalic acid (UiO-66-NH,) with our prior reports
on the deposition of UiO-66 using terephthalic acid.'

The atomic layer deposition (ALD) technique, also known
as molecular layer deposition (MLD)'®'® when larger mole-
cules are included in the growth, such as here, enables the
outmost control of the deposited material even when de-
posited on complex geometries. The film is made one atomic
or molecular layer at a time through gas-to-surface reactions.
The precursors are pulsed sequentially and separately into the
reaction chamber where they react with and saturate the
surfaces of the substrates. Inert gas purge steps separate the
precursor pulses and avoid reactions in the gas phase. By
repeating these steps for a given number of cycles, a thin film
with the desired thickness is made. A more thorough descrip-
tion of the deposition technique is given in the reviews.'?"!

By enabling the thin film deposition of functionalized
MOFs through MLD, we can introduce the same tunability as
noticed in traditionally synthesized MOFs for applications in
which an all-gas-phase deposition technique is required, such
as in microelectronics.

Dalton Trans., 2017, 46, 16983-16992 | 16983
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Another important factor that affects the applicability of MOF
thin films is their stability. In the early days of MOF-research, the
crystals were unstable when removed from the solution in which
they were made. Numerous examples of stable MOF-compounds
have now been demonstrated, and it is important to choose the
appropriate one among these when designing for applications.>”
Our choice has been the thermally and chemically stable UiO-66
type as the basis for further explorations.>®

There are only few examples in the literature of MOF thin
films with functional groups on the linkers, and no examples
where the films are made by all-gas phase processes such as
MLD. These films are typically made by liquid phase epitaxial
growth (LPE) on self-assembled monolayers (SAMs) on gold
substrates. One example is the work performed by Shekhah
et al.>* who used LPE on a SAM functionalized gold surface to
make a layer based MOF with the chemical formula [Cu,(NH,-
bdc),(dabco)] where NH,-bdc = 2-amino-1,4-benzene dicar-
boxylic acid (abbreviated in this work as 2-amino-1,4-BDC),
and dabco = 1,4-diazabicyclo[2.2.2]octane. They also demon-
strated the possibility of post-synthesis modification (PSM) by
allowing the NH, groups to react with larger chemical groups
such as 1-ferrocenylmethylisocyanate. Another example of
functionalized MOF thin films made by this technique is the
work by Wang et al.>® where they made [Zn,(N;-bdc),(dabco)]
(N3-bdc = 2-azidoterephthalic acid) and demonstrated PSM by
reactions with the azido group. An example of functionalized
MOF films that are synthesized through a different approach is
seen in the work by Yoo et al.*® in which a film of IRMOF-3
(amino-functionalized) is grown by solvothermal synthesis on
a surface seeded by IRMOF-1 (non-functionalized) crystals.

Our present films are made using ZrCl, and 2-amino-1,4-
benzene dicarboxylic acid (2-amino-1,4-BDC, also known as
2-amino-terephthalic acid) and will be compared to our prior
work on the deposition of UiO-66 using ZrCl, and 1,4-benzene
dicarboxylic acid (1,4-BDC, also known as terephthalic acid).!

Experimental

Atomic/molecular layer deposition

The ALD/MLD depositions were performed in an F-120 Sat-
type ALD reactor (ASM Microchemistry Ltd) using ZrCl,
(MERCK Schuchardt OHG >98%) and 2-amino-1,4-benzene
dicarboxylic acid (2-amino-1,4-BDC) (Sigma-Aldrich 99%) as
precursors. Acetic acid (MERCK KGaA 100%) was also used as
a co-reactant in selected experiments. The carrier and purging
gas was N, (AGA 99.999%). A total flow of ca. 250 scem (stan-
dard cubic centimetres per minute) of N, was used throughout
the experiments, leading to a background pressure of ca.
5 mBar. The vaporization temperatures for ZrCl, and 2-amino-
1,4-BDC were set to 165 and 225 °C, respectively, based on pre-
vious work'” and TG results that were collected using a
NETZSCH 209 F1 Libra with a Pt/Rh stage and a type S thermo-
couple with a dry aluminium crucible. Acetic acid was kept at
room temperature in an external container. The films were
deposited on as-received, pre-cleaned Si(001) substrates of

16984 | Dalton Trans., 2017, 46, 16983-16992
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2 x 2 cm® Their native oxide thickness was measured by
spectroscopic ellipsometry (SE) before deposition and taken
into account when the film thickness was determined.

In situ quartz crystal microbalance (QCM)

In situ QCM analyses were conducted using two 6 MHz AT cut
quartz crystals mounted ca. 5 cm apart on a home-made
holder in order to monitor the mass increase during the depo-
sition and uncover possible delayed saturations through the
reaction chamber. The signals were recorded using a Maxtek
TM-400 and processed by averaging over 16 consecutive cycles.
The signal from the QCM analysis was converted from —A Hz
to ng cm™? by calibrating the sensitivity of each sensor with
the thickness and density data obtained by XRR of films de-
posited separately from the QCM measurements. Variations in
sensitivity of the sensors throughout the QCM experiment
were also corrected for by using a standard sequence repeat-
edly throughout the experiment and adjusting all results based
on variations in this standard. In order to ensure a reliable
response from the QCM-crystals, the temperature was stabil-
ised for 3 hours before any experiments were conducted. This
setup was also used for a porosity test where the QCM detec-
tors were used to measure the amount of water that was
adsorbed in the porous films.

Post-deposition treatment

Some of the films were exposed to moisture for 24 h in a
chamber that was held at a relative humidity of 70-75% by
storing a saturated NaCl solution in the chamber to investigate
the effect of moisture on the films. The crystallization of the
films was performed by heating the samples to 160 °C for 24 h
in a sealed autoclave with an internal volume of 35 ml. This
was done with dry or moist air and with or without adding
approximately 0.1 ml of acetic acid in the autoclave.
Crystallization occurred only when acetic acid was added.

Characterisation of the films

The thickness and the refractive index of each film were
measured using spectroscopic ellipsometry. SE data were col-
lected using a J. A. Woollam alpha-SE spectroscopic ellipso-
meter employing a wavelength range of 390-900 nm, and
modelled to a Cauchy-function using the CompleteEASE soft-
ware package in order to determine the thicknesses and refrac-
tive indices (at 4 = 632.8 nm) of the films. Grazing incidence
X-ray diffraction (GIXRD) and X-ray reflectivity (XRR) analyses
were performed using a PANalytical Empyrean diffractometer,
equipped with a Cu Ka source powered at 45 kV/40 mA (4 =
1.5406 A), a parallel beam X-ray mirror and a proportional
point detector (PW 3011/20). For GIXRD the incident angle
was w = 0.30° while for XRR analysis 26 was scanned from
0.08° to 6°. The XRR results were analysed using the X'Pert
Reflectivity software provided by PANalytical. Fourier trans-
form infrared (FTIR) spectroscopy was for the most part per-
formed using a Bruker VERTEX 70 FTIR spectrometer in the
transmission mode. An exemption was the as-deposited
samples for which the spectra were collected using a Cary 630

This journal is © The Royal Society of Chemistry 2017
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FT-IR in the transmission mode. A spectrum obtained from an
uncoated silicon substrate was used as the background.
Scanning electron microscopy (SEM) images were obtained
using a HITACHI SU8230 scanning electron microscope with a
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Fig. 1 Quartz crystal microbalance characterization. Mass gain as a
function of time measured in situ in the molecular layer deposition
(MLD) process with quartz crystal microbalance (QCM) while alternating
between ZrCl, and 2-amino-terephthalic acid (2-amino-1,4-BDC) pulses
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cold cathode field emission type electron gun. The working
distance was approximately 2 mm, and the acceleration voltage
was typically 1 kV with a beam current of 10 pA.

Results

Thermogravimetric (TG) analysis was performed on the
2-amino-1,4-BDC precursor to aid in determining a suitable
precursor temperature (ESI Fig. 11). This, combined with the
visual inspection of the precursor during heating, showed a
suitable precursor temperature of ca. 225 °C. The deposition
was investigated using an in situ quartz crystal microbalance
(QCM) for deposition at a reactor temperature of 265 °C using
a pulsing sequence of 4 s ZrCl,, 3 s purge, 5 s 2-amino-1,4-
BDC, and 3 s purge (hereafter termed 4-3-5-3), Fig. 1. Both pre-
cursors show self-limiting growth (Fig. 2).

The growth rate as a function of pulse and purge lengths was
investigated by varying one parameter individually while keeping
the others constant at 4-3-5-3, Fig. 2. This experiment was per-
formed using two QCM detectors situated 5 cm apart along the
flow direction in the deposition chamber, and the experiment
was repeated two times for the investigation of the pulse lengths.

The reactions show a self-saturating behaviour with full sat-
uration after 4 s for both precursors. It is possible to observe a
delayed response in the QCM signal for the sensor situated in
the back of the reaction chamber. This indicates that the
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Fig. 2 Test of self-saturating growth. The growth rates for the ALD/MLD system measured using a QCM with a basic pulsing sequence of 4 s ZrCl,,
3 s purge, 5s 2-amino-1,4-BDC, and 3 s purge (termed in the text as 4-3-5-3) while the parameters were varied individually. The parameters that are
varied are (a) the ZrCl, pulse length, (b) the ZrCl, purge length, (c) the 2-amino-1,4-BDC pulse length and (d) the 2-amino-1,4-BDC purge length.
Two sensors were used, one in the front of the reaction chamber (black squares) and one in the back (red circles). The pulse length experiments

were performed two times.

This journal is © The Royal Society of Chemistry 2017

Dalton Trans., 2017, 46, 16983-16992 | 16985



Open Access Atrticle. Published on 27 November 2017. Downloaded on 10/29/2018 9:24:55 AM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(cd)

Paper

surface reactions are fast and complete so that almost no pre-
cursor reaches the back of the reaction chamber until the front
of the chamber is fully saturated.

The dependency of the deposition temperature on the
growth rate was investigated using 100 cycles as the standard,
Fig. 3. The growth rate decreases with increasing deposition
temperature from 10 A per cycle at 240 °C to 7.5 A per cycle at
390 °C while the refractive index increases slightly in the same
range. For comparison, the index of refraction of ZrO, is 2.16.

Previously, we have shown that films deposited with 1,4-
BDC (without amino-functionalization) in the same manner as
above contained an excess of this linker molecule that would
crystallize on the surface of the film when exposed to a relative
humidity of 70-75% over 24 h. The origin of this excess
amount of linker was the monodentate coordination of a selec-
tion of linkers with the Zr-atoms. A fully bidentate coordi-
nation could be achieved by adding a pulse of acetic acid in
the deposition process. The acetic acid functioned as a modu-
lator that released the monodentate 1,4-BDC leaving only the
desired linkers with a bidentate coordination. However, when
functionalized 2-amino-1,4-BDC is used, the steric hindrance
from the amino group ensures that the linkers coordinate in
the correct, bidentate manner without a need for further
modulation, as illustrated in Fig. 4. This is also seen through-
out our results, for instance, after exposure to humid air, we
see no evidence of crystallisation of the excess linker from
grazing incidence X-ray diffraction (GIXRD) analysis or the
development of surface roughness, Fig. 5b. We also see from
the QCM experiments that the acetic acid that is pulsed in
addition to ZrCl, and 2-amino-1,4-BDC does not lead to any
overall change in the mass during exposure and purge, nor
does it alter the mass ratio between ZrCl, and 2-amino-1,4-
BDC, Fig. 5a. Finally, the density of the films as determined by
X-ray reflectivity (XRR) is unaffected by the added acetic acid
pulse whereas the density increased when modulation was
introduced in the system where regular 1,4-BDC was used.
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Fig. 3 Varying the deposition temperature. The growth rate of the ALD/
MLD system and the refractive index of the films as a function of the
deposition temperature.
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Fig. 4 Steric hindrance. An illustration of monodentate and bidentate
coordination of un-functionalized 1,4-BDC (left) compared to the
amino-functionalized 2-amino-1,4-BDC (right) that coordinates only in
a bidentate due to steric hindrance.

All further samples were deposited without acetic acid modu-
lation. The crystallization of the films was performed in the
same manner as described in our previous work, by placing the
coated substrates in a sealed autoclave along with approximately
0.1 ml of acetic acid and heating to 160 °C for 24 hours.

There is still a possibility that the moisture in ambient air
can affect the crystallisation process. In order to better under-
stand the importance of acetic acid compared to that of humid
air in the crystallisation, we treated four samples deposited with
500 cycles at 265 °C in sealed autoclaves with and without
acetic acid after exposing the samples to either dry or humid
air. It is clear from the GIXRD diffractograms in Fig. 6 that crys-
tallisation occurs only in the presence of acetic acid. The impor-
tance of the humidity in air is less clear as it is difficult to com-
pletely prevent exposure to humidity when acetic acid is also
used. The effect of humidity is therefore not conclusive. The
same test was done for four samples deposited with 500 cycles
at 315 °C. This resulted in no crystallinity in any of the samples,
indicating that a very high deposition temperature prevents crys-
tallization into any MOF structure (ESI Fig. 21). FTIR analysis
(not shown) of these films shows significant changes in the
peaks corresponding to the amino group in 2-amino-1,4-BDC.
These changes may indicate partial decomposition or poly-
merisation of the linkers under these deposition conditions.

The crystallisation of the films resulted in numerous crys-
tallites forming on the surface, as can be seen in the scanning
electron microscope (SEM) images in Fig. 7. Some of these
crystallites are hexagonally shaped, which does not cohere
with the regular cubic crystal structure for UiO-66. We there-
fore assume that the present film rather crystallises in a
layered type of UiO-66 similar to the one described by
Cliffe et al.>’ The hexagonal shape of the crystallites is even
more pronounced in the SEM images in Fig. 8.

Fourier transform infrared (FTIR) spectroscopy was used to
determine the coordination of the carboxylate group with the Zr
atoms as well as to confirm that the amino group is present in
the final product. The amount of splitting between the peaks
corresponding to the symmetric and asymmetric stretch of the
carboxylate group indicates the coordination to the metal
atoms. A bidentate coordination has a splitting of 50-150 cm™,
which is seen for the amorphous samples that were autoclave

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Effects of acetic acid modulation on the ALD process. (a) QCM measurements of an ALD/MLD process in which a modulation step with
acetic acid is included. The blue panels indicate the purge steps. The red lines show the standard deviation (n = 16). (b) and (c) Grazing incidence
X-ray diffraction (GIXRD) diffractograms of samples deposited without and with acetic acid modulation, respectively, before (black) and after (blue)

exposure to moist air (70—-75% relative humidity for 24 h).
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Fig. 6 Post-deposition autoclave treatment. GIXRD diffractograms for
four samples that were treated in an autoclave with (magenta, red) or
without (black, blue) acetic acid after being exposed to dry (black, red)
or moist (blue, magenta) air after the deposition.

treated without acetic acid. A bridging coordination gives a split-
ting of 130-200 cm™'. This is seen for the crystalline samples
that were autoclave treated with acetic acid. A monodentate
coordination would give a larger splitting than 200 cm™. This
is not seen in any of the autoclave treated samples (Fig. 9a) or
in the as-deposited samples with or without acetic acid modu-
lation (Fig. 9b), again, indicating that the steric hindrance from
the amino group prevents an excess amount of 2-amino-1,4-
BDC to form a monodentate coordination with Zr.

In all of these spectra we see a peak at approximately
1260 cm™' corresponding to the C-N stretch of the amino
group, and a set of twin peaks between 3350 and 3500 cm™"

This journal is © The Royal Society of Chemistry 2017

corresponding to the N-H stretches of the amino group. In the
crystalline films that have been autoclave treated with acetic
acid the peaks corresponding to the N-H-stretch are partly
concealed by a broad water-peak, indicating that a lot of water
is adsorbed in the pores of these films. Fig. 9c shows a cut-out
of the N-H stretch.

In order to determine the porous nature of the films, a
porosity test was performed in the same manner as in our
prior work for UiO-66," Fig. 10. This was performed by measur-
ing the water uptake during a water pulse in the ALD-reactor at
room temperature on two coated QCM crystals where one film
was crystallized and the other was left amorphous. The pulse
lengths that were used were first 5 seconds and then
2 minutes of exposure, followed by long purge steps where
most (but not all) of the water was removed. After the five-
second pulse, the film was not fully saturated with water unlike
the un-functionalized UiO-66 film. The remaining water after
the first pulse and purge was removed by heating to 150 °C for
approximately 2 hours followed by a 24-hour-long temperature
stabilization, leaving the water content slightly lower than the
initial value, indicating that there was a small amount of water
in the structure before the five-second pulse. The full experi-
ment is shown in ESI Fig. 3.f This indicates that water adsorbs
more strongly to these films than to the regular UiO-66 films
without amino-functionalization. We also see that it takes a
longer time for these films to be fully saturated with water than
that for the films with non-functionalized 1,4-BDC. This could
be due to a combination of increased adsorption to the amino
group and reduction in the pore size where the amino-water
complex slows down the diffusion of subsequent water mole-
cules entering the film. Both the amorphous and the crystalline
films are porous and have a much larger water uptake than the
uncoated crystals (inset in Fig. 10), and the crystallisation
process almost doubles the porosity.

Dalton Trans., 2017, 46, 16983-16992 | 16987
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Fig. 7 Scanning electron microscopy. SEM images of four samples that were exposed to either dry or moist air and were treated in an autoclave
after deposition: (a) exposed to dry air and autoclave treated without acetic acid, (b) exposed to dry air and autoclave treated with acetic acid, (c)
exposed to moist air and autoclave treated without acetic acid, and (d) exposed to moist air and autoclave treated with acetic acid. All the scale bars

are 1 um long.

Fig. 8 Scanning electron microscopy. SEM images of a sample that was deposited with 100 cycles and crystallized in an autoclave with acetic acid
and ambient air. (a) A top down view with an enlarged image of a hexagonal crystallite in the inset; the scale bars are 2 and 1 ym respectively. (b) A
cross section view at a 45° angle with a cross section view at a 90° angle in the inset; the scale bars are 5 and 2 um respectively.

The amino-functionalization of the linker alters some of
the properties of the film. The hydrophilicity is increased as
compared to that of un-functionalised UiO-66 films, as
measured by its contact angle towards water, Fig. 11. Both of
the films are in the amorphous as-deposited state.

Discussion

The MLD system in which ZrCl, and 2-amino-1,4-BDC were
used as precursors shows self-terminating growth of each pre-
cursor, as measured by in situ QCM (Fig. 1, 2 and 5a). The

16988 | Dalton Trans., 2017, 46, 16983-16992

growth rate is close to 1 nm per cycle for depositions at 265 °C,
which is higher than that observed in the un-functionalized
UiO-66 films." This is notably higher than those with regular
ALD processes, but within reach of many MLD systems (Fig. 3).
One possible reason for the high growth rate is that the carboxy-
late groups in this case always coordinate in a bidentate manner
causing the 2-amino-1,4-BDC molecules to be aligned normal to
the substrate instead of being at an angle similar to that of the
carboxylate groups with a monodentate coordination.

The growth rate decreases with increasing deposition temp-
eratures indicating that the precursors desorb from the surface
at higher temperatures, or cause disordered growth due to

This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Fourier transform infrared spectroscopy. (a) The full FTIR spectra for four samples that were treated in an autoclave with (magenta, red) or
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the N-H stretch peaks from the amino group and the O—H stretch peaks from water for the same samples as in (a). Solid lines indicate carboxylate

group peaks and dashed lines indicate amino group peaks.

increased entropy. In addition to this, it is probable that the
organic precursor decomposes and/or polymerizes at high
temperatures, which prevents the crystallization of films de-
posited at a very high temperature.

A comparison of the QCM results of Fig. 1 and 5a shows
that the mass responses for the ZrCl, and 2-amino-1,4-BDC are
virtually unaffected by the acetic acid pulse, with respect to
both relative responses (Am(ZrCl, pulse): Am(2-amino-1,4-
BDC) = 0.85) and their absolute values in ng cm™>.

As with the growth of the unmodified UiO-66 material, it is
possible to postulate two overall reaction mechanisms, leading
to a Zr:2-amino-1,4-BDC stoichiometry of 1:2 or 1:1, where
the latter is expected for the UiO-66 structure type.

This journal is © The Royal Society of Chemistry 2017

1:2 stoichiometry:
ZrCl, pulse:

|[-(OH), + ZrCly(g) = |-(0),ZrClyy_y) + xHCI
2-Amino-1,4-BDC pulse:

|-(0),ZrCl4_y) + 2 x 2-amino-1, 4-BDC(g)
= |+(0),Zr(2-amino-1,4-BDC), + (4 — x)HCI

where x = 0.75 results in the observed relative mass increase of

(Am(ZrCl, pulse): Am(2-amino-1,4-BDC) = 0.85. This is some-
what lower than that practically possible, since it assumes that

Dalton Trans., 2017, 46, 16983-16992 | 16989
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Fig. 10 Porosity test. The water uptake in an as-deposited, amorphous
film (black) and a post-deposition treated, crystalline film (red) as a func-
tion of time for a 2 minute long water pulse in the ALD reactor at room
temperature, as measured by QCM. The inset shows the water uptake
on an uncoated QCM-crystal during a 5 second water pulse as a control.

25% of the ZrCl, molecules are physisorbed rather than chemi-
sorbed so that HCI is not lost from the surface.

1:1 stoichiometry:

ZrCl, pulse:

|-(OH), + ZrCly(g) = |-(0),ZrCly_,) + xHCl

2-Amino-1,4-BDC pulse:

|-(0),ZrCl(4_y) + 2-amino-1, 4-BDC(g)
= |—(0),Zr(2-amino-1,4-BDC) + (4 — x)HCI

where x = 3.0 results in the observed relative mass increase of
(Am(ZrCly pulse) : Am(2-amino-1,4-BDC) = 0.85. This is within
the expected range of x = 1-3 for reactions with ZrCl, as a pre-
cursor, and indicate that ZrCl, is highly reactive during the
growth.

In our previous work," an acetic acid modulation was
required in order to achieve the correct stoichiometry between
the metal atoms (Zr) and the organic linkers (1,4-BDC). This is
not necessary when 2-amino-1,4-BDC is used as the linker, as
can be seen from several of our results. First, there is no excess
of the linker molecules crystallizing on the surface of films

b

d
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that have been exposed to moisture, causing the GIXRD diffr-
actograms for films deposited with and without acetic acid
modulation to be more or less identical (Fig. 5b and c). The
QCM results also show that the overall reaction scheme is vir-
tually unaffected by acetic acid. This also applies to the density
as measured by XRR and FTIR analyses. From the FTIR ana-
lysis there is also no sign of monodentate coordination of the
carboxylate group with the Zr atoms, which is the coordination
mode of the excess linkers in our previous work mentioned
above.

One possible explanation for modulation not being required
for the amino-functionalized linker is that the steric hindrance
of the amino group in a bidentate linker prevents its neighbours
to coordinate in an angled monodentate manner, causing all
linkers to form a bidentate coordination (Fig. 4).

From the GIXRD diffractograms in Fig. 5b and c¢ (and the
FTIR spectra in Fig. 9b) it is clear that the as-deposited films
are amorphous both with and without acetic acid modulation.
The films can, however, be crystallised through heating in a
sealed autoclave with a small amount of acetic acid as seen
from the GIXRD diffractograms in Fig. 6 (and the FTIR spectra
in Fig. 9a).

In summary, we were able to prepare a crystalline, amino-
functionalized MOF thin film through MLD. This amino-
functionalization alters the properties of the film such as the
heat of adsorption of water in the pores and can make it suit-
able for different applications than the un-functionalized
MOF. The fact that thin films of this functionalized MOF can
be made through ALD may enable it to be used in microelec-
tronics such as sensors where normal solvothermal synthesis
cannot be used due to the stiction of small components. The
amino group also facilitates a more simple deposition process
in that the acetic acid modulation is no longer required.

Conclusion

Thin films of crystalline, amino-functionalized UiO-66
(UiO-66-NH,) were made by depositing a thin film by MLD,
using 2-amino-1,4-BDC and ZrCl, as precursors, followed by
post-deposition crystallisation. The amino-functionalization
proved to be an advantage in the deposition process by elimi-
nating the need for an acetic acid modulation step. The films

C

Fig. 11 Contact angle measurements. The contact angle of water on (a) a clean substrate, (b) an as-deposited, amorphous UiO-66 film (not amino-
functionalized), and (c) an as-deposited, amorphous, amino-functionalized UiO-66-NH, film.

16990 | Dalton Trans., 2017, 46, 16983-16992
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were characterized before and after crystallization using GIXRD,
FTIR and SEM, all of which indicate that the crystallization was
successful. Contact angle measurements and porosity measure-
ments were also conducted, and they show that UiO-66-NH, has
some different properties compared with the un-functionalized
UiO-66 such as a more hydrophilic character.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We thank the strategic research initiative Diatech@UiO at the
University of Oslo for funding. K. B. L. is also thankful to the
co-supervisors of this project Elsa Lundanes, Carl Henrik
Gorbitz and Steven Wilson for their ideas and comments;
Sigurd Qien-@degaard and Fredrik Lundvall for discussions
regarding crystal structures; Leva Momtazi for FTIR measure-
ments and discussions; Asbjern Slagtern Fjellvdg for TG
measurements; and to other colleagues at the University of
Oslo for their aid. We also like to thank the Norwegian
national infrastructure for X-ray diffraction and scattering
(RECX), and the Department of Geosciences at the University
of Oslo for use of the X-ray fluorescence equipment.

References

1 K. B. Lausund and O. Nilsen, All-gas-phase synthesis of
UiO-66 through modulated atomic layer deposition, Nat.
Commun., 2016, 7, 13578.

2 H. Li, M. Eddaoudi, M. O’Keeffe and O. M. Yaghi, Design
and synthesis of an exceptionally stable and highly porous
metal-organic framework, Nature, 1999, 402(6759), 276-
279.

3 H. R. Abid, H. Tian, H.-M. Ang, M. O. Tade, C. E. Buckley
and S. Wang, Nanosize Zr-metal organic framework
(Ui0-66) for hydrogen and carbon dioxide storage, Chem.
Eng. J., 2012, 187, 415-420.

4 J. Lee, O. K. Farha, J. Roberts, K. A. Scheidt, S. T. Nguyen
and J. T. Hupp, Metal-organic framework materials as cata-
lysts, Chem. Soc. Rev., 2009, 38(5), 1450-1459.

5 X. Liu, N. Keser Demir, Z. Wu and K. Li, Highly Water
Stable Zirconium Metal-Organic UiO-66
Membranes Supported on Alumina Hollow Fibers for
Desalination, J. Am. Chem. Soc., 2015, 137(22), 6999-7002.

6 K. M. L. Taylor-Pashow, J. D. Rocca, Z. Xie, S. Tran and
W. Lin, Postsynthetic Modifications of Iron-Carboxylate
Nanoscale Metal-Organic Frameworks for Imaging and
Drug Delivery, J. Am. Chem. Soc., 2009, 131(40), 14261-
14263.

7 S. Jakobsen, D. Gianolio, D. S. Wragg, M. H. Nilsen,
H. Emerich, S. Bordiga, C. Lamberti, U. Olsbye, M. Tilset
and K. P. Lillerud, Structural determination of a highly

Framework

This journal is © The Royal Society of Chemistry 2017

View Article Online

Paper

stable metal-organic framework with possible application
to interim radioactive waste scavenging: Hf-UiO-66, Phys.
Rev. B: Condens. Matter, 2012, 86(12), 125429.

8 C. Wang, X. Liu, J. P. Chen and K. Li, Superior removal of
arsenic from water with zirconium metal-organic frame-
work UiO-66, Sci. Rep., 2015, 5, 16613.

9 J. E. Mondloch, M. J. Katz, W. C. Isley Iii, P. Ghosh, P. Liao,
W. Bury, G. W. Wagner, M. G. Hall, ]J. B. DeCoste,
G. W. Peterson, R. Q. Snurr, C. J. Cramer, J. T. Hupp and
O. K. Farha, Destruction of chemical warfare agents using
metal-organic frameworks, Nat. Mater., 2015, 14(5), 512-516.

10 D. T. Lee, J. Zhao, G. W. Peterson and G. N. Parsons,
Catalytic “MOF-Cloth” Formed Directed
Supramolecular Assembly of UiO-66-NH2 Crystals on
Atomic Layer Deposition-Coated Textiles for Rapid
Degradation of Chemical Warfare Agent Simulants, Chem.
Mater., 2017, 29(11), 4894-4903.

11 M. D. Allendorf, A. Schwartzberg, V. Stavila and A. A. Talin,
A Roadmap to Implementing Metal-Organic Frameworks
in Electronic Devices: Challenges and Critical Directions,
Chem. — Eur. J., 2011, 17(41), 11372-11388.

12 P. Serra-Crespo, E. V. Ramos-Fernandez, J. Gascon and
F. Kapteijn, Synthesis and Characterization of an Amino
Functionalized MIL-101(Al): Separation and Catalytic
Properties, Chem. Mater., 2011, 23(10), 2565-2572.

13 G. E. Cmarik, M. Kim, S. M. Cohen and K. S. Walton,
Tuning the Adsorption Properties of UiO-66 via Ligand
Functionalization, Langmuir, 2012, 28(44), 15606-15613.

14 S.-N. Kim, J. Kim, H.-Y. Kim, H.-Y. Cho and W.-S. Ahn,
Adsorption/catalytic properties of MIL-125 and NH2-
MIL-125, Catal. Today, 2013, 204, 85-93.

15 W. Kleist, M. Maciejewski and A. Baiker, MOF-5 based
mixed-linker ~ metal-organic Synthesis,
thermal stability and catalytic application, Thermochim.
Acta, 2010, 499(1), 71-78.

16 O. Nilsen, K. Klepper, H. Nielsen and H. Fjellvadg,
Deposition of organic-inorganic hybrid materials by atomic
layer deposition, ECS Trans., 2008, 16(4), 3-14.

17 K. B. Klepper, O. Nilsen and H. Fjellvag, Deposition of thin
films of organic-inorganic hybrid materials based on aro-
matic carboxylic acids by atomic layer deposition, Dalton
Trans., 2010, 39(48), 11628-11635.

18 P. Sundberg and M. Karppinen, Organic and inorganic—
organic thin film structures by molecular layer deposition:
A review, Beilstein J. Nanotechnol., 2014, 5(1), 1104-1136.

19 V. Miikkulainen, M. Leskeld, M. Ritala and R. L. Puurunen,
Crystallinity of inorganic films grown by atomic layer depo-
sition: Overview and general trends, /. Appl. Phys., 2013, 113(2),
021301.

20 M. Leskeld, M. Ritala and O. Nilsen, Novel materials by
atomic layer deposition and molecular layer deposition,
MRS Bull., 2011, 36(11), 877-884.

21 X. Meng, An Overview of Molecular Layer Deposition for
Organic and Organic-Inorganic Hybrid Materials:
Mechanisms, Growth Characteristics, and Promising
Applications, J. Mater. Chem. A, 2017, 18326-18378.

via

frameworks:

Dalton Trans., 2017, 46, 16983-16992 | 16991



Open Access Atrticle. Published on 27 November 2017. Downloaded on 10/29/2018 9:24:55 AM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(cd)

Paper

22

23

24

K. Leus, T. Bogaerts, ]J. De Decker, H. Depauw,
K. Hendrickx, H. Vrielinck, V. Van Speybroeck and P. Van
Der Voort, Systematic study of the chemical and hydro-
thermal stability of selected “stable” Metal Organic
Frameworks, Microporous Mesoporous Mater., 2016, 226,
110-116.

J. H. Cavka, S. Jakobsen, U. Olsbye, N. Guillou,
C. Lamberti, S. Bordiga and K. P. Lillerud, A new zirconium
inorganic building brick forming metal organic frame-
works with exceptional stability, . Am. Chem. Soc., 2008,
130(42), 13850-13851.

0. Shekhah, H. K. Arslan, K. Chen, M. Schmittel, R. Maul,
W. Wenzel and C. Woll, Post-synthetic modification of
epitaxially grown, highly oriented functionalized MOF thin
films, Chem. Commun., 2011, 47(40), 11210-11212.

16992 | Dalton Trans., 2017, 46, 16983-16992

25

26

27

View Article Online

Dalton Transactions

Z. Wang, J. Liu, H. K. Arslan, S. Grosjean, T. Hagendorn,
H. Gliemann, S. Briase and C. Woll, Post-synthetic modifi-
cation of metal-organic framework thin films using click
chemistry: the importance of strained C-C triple bonds,
Langmuir, 2013, 29(51), 15958-15964.

Y. Yoo and H.-K. Jeong, Heteroepitaxial Growth of
Isoreticular Metal— Organic Frameworks and Their Hybrid
Films, Cryst. Growth Des., 2010, 10(3), 1283-1288.

M. J. Cliffe, E. Castillo-Martinez, Y. Wu, J. Lee, A. C. Forse,
F. C. N. Firth, P. Z. Moghadam, D. Fairen-Jimenez,
M. W. Gaultois, J. A. Hill, O. V. Magdysyuk, B. Slater,
A. L. Goodwin and C. P. Grey, Metal-Organic Nanosheets
Formed via Defect-Mediated Transformation of a Hafnium
Metal-Organic Framework, J. Am. Chem. Soc., 2017,
139(15), 5397-5404.

This journal is © The Royal Society of Chemistry 2017



Electronic Supplementary Material (ESI) for Dalton Transactions.
This journal is © The Royal Society of Chemistry 2017

Supplementary information

100 .

80
2
> 60F _
E S
Ro =
O =
= 40 2

20 + . .

100 150 200 250
Temperature (°C)
O 1

50 100 150 200 250 300 350
Temperature (°C)

Supplementary figure 1 | Thermogravimetric analysis. Weight loss as a function of the sample
temperature for 2-amino-1,4-BDC with a hating rate of 1 °C per minute. The inset shows a portion of
the same graph expanded along the y-axis. The dashed grey line shows the chosen precursor

temperature (225 °C).
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Supplementary figure 2 | Samples deposited at 315 °C. GIXRD diffractograms of four samples that
were deposited with a reaction temperature of 315 °C that have been treated in an autoclave with
(magenta, red) or without (black, blue) acetic acid after being exposed to dry (black, red) or moist
(blue, magenta) air after the deposition.
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Supplementary figure 3 | Porosity test. A graph showing the mass increase and loss over time for
the full porosity test of an As-deposited (black) and autoclave treated (red) sample. The experiment
consists of a five-second water pulse followed by a nine-hour purge, a heating step (2 hours at 150 °C
and 24-hour temperature stabilization, not shown), and a two-minute water pulse followed by a 12-
hour purge.






