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There are people who make things happen, there are people who watch things
happen, and there are people who wonder what happened. To be successful, you
need to be a person who makes things happen.

Jim Lovell

Inside of every problem lies an opportunity.

Robert Kiyosaki






Abstract

Porous materials are of great scientific interest because they are able to interact with guests, such as
ions, atoms and molecules throughout their entire volume. One big subgroup of organic porous
materials are covalent organic frameworks (COFs), which are mainly synthesized as powders with an
uncontrolled grain size. In order to broaden the application range for those materials towards
utilizations, which require mechanical strength, such as membranes and electronics, it would be

beneficial to synthesize COFs also as continuous films.

This dissertation aims for developing a method to grow 3D COF films and overcome this powder
limitation. The used approach is based on a continuous flow setup and the involvement of a quartz
crystal microbalance (QCM), which enables real time monitoring of the film growth by mass
deposition. During the performance of these surface reactions, two reactions are kinetically
competing with each other. The kinetic promotion of the desired surface reaction over the bulk
reaction was achieved by using low concentrations. This led to an increased smoothness of the
framework material, compared to its growth under batch conditions. The modular strategy allows full
control over the reaction conditions at any time and makes the approach versatile, meaning it can be
used for the assembly of different networks. Three different amorphous or crystalline films were
synthesized and characterized via EDX-SEM, XPS, GIWAXS, AFM, as well as IR and Raman spectroscopy.
The synthesized framework materials use a C-C linkage, making them to one of the first examples for
carbon-carbon linked COFs. It could be demonstrated that both networks can be grown on each other,
forming a layered COF film. Those findings confirm a successful assembly of a covalently connected

layered 3D COF.

The findings presented in this thesis contribute to an increased method variety for the formation of
porous materials. This will enable the synthesis of more rigid and stable COF materials, as well as the
possibility to introduce a certain functionality only locally into a framework in the future. Additionally,
the strategy enables the formation of rigid films on a variety of substrates. Consequently, the results

will expand the design and application range for porous materials.



Sammanfattning

Pordsa material ar av stort vetenskapligt intresse eftersom de kan interagera med géster, sdsom joner,
atomer och molekyler genom hela sin volym. En stor undergrupp av organiska pordsa material ar
kovalenta organiska ramverk (COFs), som &n sa lange huvudsakligen syntetiseras som pulver med en
okontrollerad kornstorlek. For att bredda anvandningsomradet for dessa material mot
anvandningsomraden som kraver mekanisk styrka, sisom membran och elektronik, skulle det vara

fordelaktigt att syntetisera COFs ocksa som kontinuerliga filmer.

Denna avhandling syftar till att utveckla en metod for att syntetisera 3D COF-filmer och 6vervinna den
héar pulverbegransning. Det anvanda tillvadgagangssattet ar baserat pa en kontinuerlig flodesmetod och
involvering av en kvartskristall mikrobalans (QCM), vilket mojliggdr realtidsovervakning av
filmtillvaxten och dess genomsnittliga tjocklek. Det kinetiska frdmjandet av ytreaktionen oGver
bulkreaktionen uppnaddes genom att anvanda laga koncentrationer. Det har ledde till en 6kad
jamnhet hos rammaterialet, jamfoért med dess tillvaxt under satsférhallanden. Den moduléra strategin
tilldter full kontroll 6ver reaktionsforhallandena hela tiden och gor tillvagagangssattet mangsidigt,
vilket innebar att det kan anvandas fér sammansattning av olika natverk. Tre olika amorfa eller
kristallina filmer syntetiserades och karakteriserades via EDX-SEM, XPS, GIWAXS, AFM, samt IR- och
Raman-spektroskopi. De syntetiserade rammaterial anvander en C-C-lankning, vilket gor dem till ett
av de forsta exemplen for kol-kol-kopplade COFs. Det kunde pavisas att bada natverken kan odlas pa
varandra och bilda en skiktad COF-film. Dessa fynd bekraftar en framgangsrik montering av en

kovalent ansluten skiktad 3D COF.

Fynden som presenteras i denna avhandling bidrar till en 6kad metodvariation foér bildning av porosa
material. Detta kommer att mojliggbra syntesen av styvare och stabilare COF-material, samt
mojligheten att introducera en viss funktionalitet endast lokalt i ett ramverk i framtiden. Dessutom
mojliggdr strategin bildandet av stela filmer pa en méangd olika substrat. Foljaktligen kommer

resultaten att utéka design- och tillampningsomradet for porésa materialer.
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Background

1. Background

Material science covers the design, properties and applications of new materials. An emerging
research field within material science is porous materials. Porous materials are of scientific interest
because they are able to interact with species such as ions, atoms and molecules. This occurs not only
on their surface, but throughout their entire volume. The porosity of a material describes the
distribution, shape, uniformity and size of voids, which are formed in between the atoms and
molecules, which compose it.! The degree of porosity relates to the amount of void (“emptiness”) in
a specific material volume. According to the International Union of Pure and Applied Chemistry
(IUPAC), porous materials are divided into subgroups depending on their pore size: macroporous
>50 nm, mesoporous 50 — 2 nm and microporous < 2 nm.2 Porous materials surround us in our daily
lives. Foam materials, packaging materials, filters, adsorbents, catalyst pellets, bio membranes,

minerals or volcano rocks, as shown in Figure 1, are just a few examples of this omnipresence.

Figure 1. An example for a natural porous material, volcano rock.

Due to their extended surface area and porosity, common applications for porous materials are
traditionally ion exchange, catalysis, adsorption, water protective fabrics or insulation. Often those
applications require specific pore sizes, shapes, distributions and uniformity to fulfill their desired
function. Consequently, the designed assembly of porous materials is a research field of growing

interest.

In 1756, the Swedish mineralogist Alex Cronstedt heated the mineral stilbite, he observed that the
sample started to release water in the form of steam.? Due to his observation he called the material
“zeolite”, which originates from Greek and means boiling stone. Thus, zeolites are the oldest and one
of the first well studied and industrial used class of porous materials. Zeolites can be described as

inorganic anionic cages with exchangeable counter ions and they can be divided in those, which occur
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naturally and those, which are made synthetically. They belong to the group of aluminosilicates and
are microporous solids. The natural frameworks are based on tetrahedral SiO4 or AlO4 units, which are
connected via their oxygen atoms in a covalent manner. That means that every Si and Al atom is
connected to 4 oxygen atoms and the Si and Al atoms are linked with each other via one bridging
oxygen atom. Those connected tetrahedra form rings of different sizes and correlated pore sizes.
Industrial made zeolites can contain also other framework elements, such as boron, tin, titanium or
germanium in exchange for aluminum and silicon. Zeolites have a wide application range from

adsorbents, ion exchange via gas separation and gas storage to catalysis.*

The example of zeolite shows that in the field of inorganic chemistry, highly symmetric porous
framework materials have existed for a long time. They can be made from simple precursors in a single
step using thermodynamic control over the reaction. But the use of this thermodynamic control comes
together with drawbacks. Disadvantages are the limited design flexibility regarding both the size of
the voids and unit cells as well as the shape of the framework.> Contrary, synthetic organic chemistry
offers a bigger variety of transformations. Nevertheless, the formation of organic or organic-inorganic
frameworks seemed to be a much bigger obstacle until the inception of the concept of reticular
chemistry in 1995.% One of the main problems was, to solve the “crystallization problem”, to find
reversible reactions while using strong directional bonds, which allowed the crystallization of
extended 2D and 3D networks. That prevented the formation of crystalline organic framework
structures with covalent bonds. Thus, organic transformations during this time were focused mainly
on single molecule transformation and 1D polymers, such as polyethylene, polypropylene or
polyvinylchloride used for plastics.” Therefore, for a long time it has been challenging to synthesize
regular organic porous structures, as it was well summarized in the following statement from Roald

Hoffmann in 1993.7

“Organic chemists are masterful at exercising control in zero dimensions. [...] One subculture of organic
chemists has learned to exercise control in one dimension. These are polymer chemists, the chain
builders [...] But in two or three dimensions, it’s a synthetic wasteland. The methodology for exercising
control so that one can make unstable but persistent extended structures on demand is nearly absent.

Or to put it in a positive way—this is a certain growth point of the chemistry of the future.”

1.1. How reticular chemistry opens the door to porous organic
framework materials

The formation of strong directional bonds is usually irreversible under mild conditions, making it

challenging to obtain the thermodynamic product, which is required to achieve a long range order and

2
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thus crystallinity. In order to overcome this hindrance, the bond formation should be reversible and
happen on a time scale which allows self-healing of lattice defects.” Reaction conditions, which meet
those two criteria, have to be found for the desired linkage formation to overcome its individual
crystallization problem. Omar Mwannes Yaghi had a major impact on the inception and development

of 2D and 3D porous frameworks with his strategy, called reticular chemistry.®

The term reticular chemistry describes the strategy of polynuclear building blocks (secondary building
units (SBU)), which combined via directed strong bonds (mainly covalent and dative bonds) form
predetermined extended 2 and 3D networks. The usage of shape-persistent building units and the
stable bonds gave the resulting frameworks a permanent porosity, enabled large surface areas and
allowed control over the structure design. Summarized, reticular chemistry combines the strengths of
both fields, the variety of organic synthesis and the inorganic thermodynamic control, in order to open
the door for the rise of new porous framework materials. Examples for newly emerged classes of
porous materials after the initiation of the reticular chemistry concept are metal organic frameworks
(MOFs, also called porous coordination polymers (PCPs)), zeolitic imidazolate frameworks (ZIFs, also
called metal organic zeolites, MOZ), porous molecular crystals (PMCs), hydrogen-bonded organic
frameworks (HOFs), porous organic polymers (POPs), porous aromatic frameworks (PAFs) and
covalent organic frameworks (COFs). Those classes of porous materials will be introduced briefly
during the next pages, starting with the metal-containing frameworks, such as MOFs and ZIFs (section
1.2). Afterwards the “metal-free” porous materials, like PMCs, HOFs and POPs and are presented in
section 1.3, followed by PAFs (section 1.4) and COFs (section 1.5) in more detail. An overview of the

abbreviations used for porous materials in this thesis and their relation is shown in Figure 2.

porous materials

|
| | |

organic-inorganic

inorganic organic hvbrid
ybri
zeolites \
@ @ MOF ZIF/MOZ
HOF HCP /CMP |  cTF
PAF COF

Figure 2. Overview of the different classes of porous materials discussed in this thesis. Shown in bold are COF and PAF due to
their importance in this thesis.
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1.2. Metal-containing porous framework materials

MOFs are one of the most prominent examples of porous framework materials. Their structure is
defined by a metal cation or metal cluster connected with polydentate organic linkers via coordination
bonds. The framework structure is dependent on the nature of the SBUs. The bond formation between
the SBUs during the synthesis is reversible, which allows a self-healing mechanism of defects during
the framework formation. This leads to a high crystallinity of the gained materials. Depending on the
amount of binding sites in the SBUs, many different network topologies are possible, leading to more
than 20,000 reported structures so far.® MOFs have a wide application range, such as gas capture and
storage, removal of toxic chemicals, catalysis, drug delivery and as coatings on textiles, to mention a
few.®12 Metal organic frameworks often show a high porosity, connected to large BET (Brunauer-
Emmet-Teller) surface areas, which can be up to 6240 m?/g in the case of MOF-210.23 Other prominent
examples for MOFs, which are produced on a ton scale by BASF for gas adsorption and separation,’

are for example HKUST-1,41> MIL-53¢ and MOF-5,Y” which is shown in Figure 3.

H,BDC MOF-5

Figure 3. SBUs and structure of the industrial produced metal organic frameworks, MOF-5. The yellow sphere represent the
void in the framework. (Reproduced from reference ° with permission from The Royal Society of Chemistry)

Numerous MOFs are unstable under ambient conditions. One explanation for that lies in the nature
of the coordinative bonds between e.g. carboxyl linkers and the metal ion. This oxygen-metal bond
can be hydrolyzed in contact with water. ZIFs however, show a much higher water stability.’® They
usually consist of tetrahedral transition metal ions, such as Fe?*-, Zn?*- or Co?* ions and are connected
to each other via imidazole linkers. The imidazole-metal ion bond is not as prone to hydrolysis as the
carboxylic dative bond. Due to their stable zeolite topology, ZIFs have higher thermal and chemical
stability than MOFs.® Their network topology is isomorph to zeolites, when tetrahedral metal ions are

used. Thus, ZIFs can be seen as a hybrid of zeolites and MOFs. Zeolitic imidazolate frameworks show

4
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in general high surface areas, good crystallinity and a really good thermal and chemical stability.192°

8[21—23

Those properties make zeolites, especially the intensely studied ZIF- outstanding materials for

24-25 26-27

separation,?*% catalysis?®?” and sensing.?®?° ZIFs and MOFs have in common that they use metal ions
in their framework structure. On the contrary, there exist also different classes of porous materials,

which don’t contain transition metals in their structure, but only elements such as C, N, O, H or B.

1.3. Organic porous materials & organic porous framework materials

Two subgroups of organic porous materials, which don’t contain transition metals are PMCs, as well
as POPs. Both can be further divided into subgroups, as shown in Figure 2. Porous molecular crystals
are not framework materials in a traditional way, since they are not made via polymerization. This
makes them unique in the family of porous materials and means they don’t form extended dative or
covalently linked lattices in between the molecules. Instead, their discrete molecules organize
themselves via weak interactions in a way that they form voids in between each other. That gives
them the advantage that they can be dissolved in common organic solvents, whereas this is not
possible for most frameworks materials without decomposition.?° Their voids are usually occupied by
solvent molecules in liquid phase. A common problem in the beginning was that the hollow spaces
collapsed, when those guest molecule were removed, but this obstacle could be overtaken by
stabilizing them with intramolecular interactions, resulting in stable solid PMCs with empty voids. The
voids can be isolated from each other or form 1D and 3D channels.3! PMCs are much more flexible in
their structure than most other framework materials and can change their void sizes, since the
molecules are connected via weak interactions. That makes them very suitable for sensing

3233 and as molecular switches.3* Porous molecular crystals can be divided in two

applications
categories, intrinsically and extrinsically porous.®® Intrinsically porous describes the property that the
single molecules are already porous and bring their own shape-persistent voids into the organized
structure. Macrocycles and molecular cages are examples for this category. On the other side are
molecules, which form extrinsically PMCs, not porous on their own, but their packing is so inefficient

that they generate voids in their solid states.

PMCs, which are based on hydrogen bonds to form frameworks are called HOFs. They show a good
solution processability, ability to restore crystallinity and they can be easily grown as single crystals.3*
3 The development of HOFs was limited in the beginning, similar to PMCs, by structural collapse when
the solvent molecules were removed from the voids. This disruption is caused by the insufficient

strength of the hydrogen bonds to stabilize the framework. Later, additional Van der Waals forces or
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T-mi-interactions between the building blocks were used to increase the stability of HOF structures.
This led to the synthesis of the first HOF with permanent porosity in 20113° and thus, HOFs could show

4041 carbon dioxide capture®

their full application potential. They are for example used for gas storage,
4 and gas separation.3® 44 Common functional groups and binding moieties for HOFs are shown in

Figure 4.

Figure 4. Common binding moieties in HOFs. A) Shown are functional groups used to connect building blocks via hydrogen
bonds. B) lllustrated are two examples of how building blocks in HOFs are connected via hydrogen bonds (dashed lines).

The term porous organic polymers describes a rather diverse group of 2D and 3D polymers. POPs are
synthesized through the cross-linking of their building blocks and are often amorphous due to a
missing long range order. Even though those polymers can be divided according to their synthesis and
structure into different sub groups (see Figure 2), they still share certain characteristic properties.

They are in general highly porous, contain only lighter main group elements (unless further
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functionalized) and they are connected via strong covalent bonds, giving them a more rigid structure,
which show a high thermal and chemical stability.*” Since those networks can be functionalized
through the incorporation of active sites,*® metals ions* or even nanoparticles,*®*>! POPs are used in

2

metal-catalyzed reactions,®> metal-free catalysis®® and as nanoreactors.”’ Besides catalysis other

54-55

applications for porous polymers are CO, capture,®*>> gas separation®* ¢ and flue gas conversion®% >’

or organic electronics.>®

As earlier mentioned, the term POP serves also as an umbrella term of different subgroups, e.g. hyper-
crosslinked polymers (HCPs), conjugated microporous polymers (CMPs), porous aromatic frameworks
(PAFs), covalent triazine frameworks (CTFs) and covalent organic frameworks (COFs). The building
blocks in HCPs are randomly connected with each other, as a consequence of their non-directed bond
formation, e.g. Friedel-Crafts polycondensation.>*! This leads to an amorphous network without any
long- or short-range order, which means there is no common unit cell in the framework. Apart from
that, CMPs use directed cross-coupling reactions for the linkage of the building blocks, leading to a
network with short-range order.?® Since the used coupling reaction is kinetically controlled, the
material doesn’t have a long-range order and is amorphous. Nevertheless the precise control over
pore size and surface area is given through the choice of the building blocks.®? CPMs and HCPs won'’t
play a further role in this thesis and were just mentioned here for the sake of completeness and for
giving an overview of the different porous materials, which were explored during the last decades.
CTFs have a lot in common with COFs, that’s why they will be described in section 1.5.1. With that |
would like to change the focus towards the two subgroups of POPs that will have an outstanding

importance for this thesis, PAFs and COFs.

1.4. PAFs

The term porous aromatic framework, was formed by Ben et al. in 2009.% PAFs are usually synthesized
via cross-coupling reactions and their aromatic building blocks are connected via covalent bonds, as

shown in Scheme 1, the homo-coupling of tetrakis(4-bromophenyl)methane (1, TBPM) to form PAF-1.
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Br

Ni(COD), 2,2"-

bipyridine
’ g DMF
Br Br 80 °C
Br
1 (TBPM) PAF-1

Scheme 1. Cross-coupling of tetrakis(4-bromophenyl)methane (TBPM) to yield PAF-1.

Due to the nature of their strong covalent bonds, the resulting materials demonstrate a high thermal
and chemical stability. The topology of the frameworks can be controlled by the number of binding
sites on the used building block. 3D PAFs have been synthesized by using cubic,® triangular prismatic®®
and tetrahedral®”®® building units, whereas square (porphyrin® or pyrene’ based) and triangular’"?
starting materials lead to 2D networks. The tetrahedral building units around TBPM allow more
synthetic versatility in making the frameworks, because of the possibility to exchange their central
carbon atom. To change the framework properties, it is for example possible to exchange the carbon
atom in the center with a hetero atom, such as silicon or germanium.”?”74 Silicon and germanium are
from the same group as carbon in the periodic system, therefore they have the same valency. But it is
also possible to use atoms from group 13 (boron)”7¢ and 15 (phosphorous)’” and change the valency
of the central atom. Exchanging the carbon atom with boron or phosphorous leads to the conversion
into a charged building block with tetrahedral geometry and introducing coordinately bound counter
ions into the framework. The introduction of exchangeable counter ions is advantageous, since it
increases the functionalization and application range. The exchange of the counter ion can for
example be used to modulate the available pore size in the framework. Even though those materials
are amorphous, it could be shown that it is possible to design unit cell size, volume and surface area
by the choice of building units. Computational calculations’®”® and the synthesis of PAFs from
differently sized building blocks,”? confirmed the hypothesis, that with an increase of building block
and/or linker size the pores increases as well. But surprisingly increasing the size of the building units
does not always increase the porosity. The bigger the voids become, the higher the chance for

interpenetration of the framework.
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Interpenetration

Interpenetration describes the phenomena of overlapping networks within the unit cell. A framework
can be interpenetrated once or even several times, defined as the degree of interpenetration. A
consequence of this phenomena is a dramatic decrease of the porosity, because the voids are now
filled with frameworks. There exist strategies to avoid an interpenetrating framework. One strategy is
to increase the steric demand of the building units. That approach was tested with the tetrahedral
building unit tetrakis(4-ethynylphenyl)methane (TEPM) and its more bulky analogs where the carbon
center was exchanged for an adamantane moiety (1,3,5,7-tetrakis(4-ethynylphenyl)adamantine, TEPA
and 1,3,5,7-tetrakis(4-bromophenyl)-adamantine, TBPA).® The calculated surface areas for all three
resulting networks are comparable under the condition that the frameworks are not interpenetrated.
This finding couldn’t get confirmed when measuring the sorption isotherms and calculating from those
the surface area for the three materials. Lu et al. could show that the usage of the smallest building
unit, TEPM, resulted in a framework with a much smaller surface area compared to the materials
gained from TEPA or TBPA.® The authors explain this behavior with the fact that the carbon center in
TEPM supports a more efficient packing of the building blocks and with that a higher degree of
interpenetration of the resulting network. With those finding it was confirmed that an increased steric
demand of the building blocks can decrease the chance of interpenetration. Since an increased steric
demand of the network also decreases the pore size, Totten at al. used the idea of using labile bulky
ligands on their Sn-porphyrin building units.2* The bulkiness of the porphyrin linkers suppressed
interpenetration during the framework synthesis. After the synthesis the bulky labile ligands on the

tin ions could be easily removed to gain a non-interpenetrated framework with big pore size.

Linkage formation

For the carbon-carbon bond formation during the PAF assembly traditionally reactions, such as
Yamamoto type Ullmann coupling reaction,®® % 73 Suzuki—-Miyaura cross-coupling,’?> Sonogashira
cross-coupling,® Heck reaction,-%4 1,3-diyne formation® or Stille coupling® are used. Yamamoto type
Ullmann reactions usually result in frameworks with high surface areas, caused by the high yield of
the coupling reaction. On the contrary, due the nature of the homo-coupling, the design possibilities
are more limited compared to the presented hetero-couplings. All those reactions also have the
drawback that they are oxygen sensitive, and the palladium complexes are costly, which makes an
industrial upscaling less favorable. That is why reactions, such as nucleophilic substitutions of cyanuric

88-89

chloride with amines,®® azo formation reactions®® or click reactions®*°! for the linkage formation

were also explored. Friedel-Crafts alkylation reactions were also reported to produce PAFs.°3 But to



Background

call the resulting polymeric structures without a clear unit cell PAFs, is debatable, since it could be also

seen as a HCP.

Functionalization

Even though all those discussed reactions and different building blocks lead to a quite diverse library
of possible PAF structures, it is possible to increase the variety even more by functionalization of the
framework. The robust structure of PAFs make them suitable, also for treatments under harsher
conditions. There are three possible strategies to functionalize frameworks: Via direct synthesis, post-
synthetic modification or a hybrid form, in which directly included motifs get transformed after the
framework assembly, as illustrated in Figure 5. Direct synthesis describes the functionalization of the
building units. This method allows a good control over the equal distribution of the functional sites.
Common motifs to introduce in the monomers are for example hydroxyl,*°° carboxyl,*>°® amine® and
nitro groups.’” A drawback can be the needed compatibility between the functional groups and the
used coupling reagents or conditions during the assembly. For example, the commonly used
Yamamoto type Ullmann coupling reaction is incompatible with nitro groups. In that case, it was

shown that an alternative version of the Ullmann reaction with copper instead of nickel works.%” The

Figure 5. Illustration of the tree possible modification option for PAFs. The three strategies are A: Direct synthesis, B: post-
synthetic modification and C: post-synthetic conversion of directly included functional sites.

post-synthetic modification approach is the opposite of the direct synthesis. It describes the strategy
to include functional groups after the formation of the framework. Consequently, there are no
considerations about the compatibility of functional groups and synthetic conditions necessary, but
depending on the reaction type and the resulting porosity, their equal distribution might be hard to
control. An example for those post-synthetic modifications are the introduction of sulfonate groups
into the framework and increasing its acidity through the treatment with chlorosulfonic acid.*®*° Other

99-100

groups, which can be introduced after the assembly, are amino groups or benzyl chloride, which
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can be used for a variety of further transformations.'®192 The third strategy, the post-synthetic
transformation of directly included functional sites, represents a combination of the advantages of
both previously described strategies. It allows a good compatibility with the coupling reagents and
also control over the distribution in the framework. An example for this approach was presented by
Yang et al., where they introduced alkylamines into PPN-200 in order to increase the CO; adsorption

of the material.20?

Applications

Potential applications for PAFs are numerous. Due to their high porosity and big internal surface area,
they can be used as adsorbents for gas molecules, specifically hydrogen,’ 1% methane’ 1% or C0,.%*
105 Since the frameworks do not adsorb all gases in the same amount, PAFs are also used for gas

separation, for example for separation of hydrocarbons.’%1%7 But they can even be used for the

108-109 0

adsorption of organic solvents, antibiotics,*® mercury,!’! lead? and copper.!'* Besides
adsorption, porous aromatic frameworks can also be used in many different kind of catalytic reactions,

such as cascade catalysis,® 1'% asymmetric catalysis,*> photocatalysis'!® and redox catalysis.!'” Other

119 120

application fields are sensing, for example of explosives,!'® Fe3* ions!® or iodine vapor'® and drug
release.®® An example for the application of ionic frameworks is the capturing of radioactive
elements.”® Furthermore, it was shown that PAFs can be used as nanoreactors for polymerization of

acrylonitrile?

or the dehydrogenation of ammonia boran.'?> PAFs also have been reported as
responsive materials, which are able to react on different stimuli. Those stimuli can be light radiation,
triggering metal capture and release or a pH change, resulting also in a color change.'”® Another
azobenzene PAF showed an increase of its surface area under UV radiation due to
photoisomerization.'?* Besides porous aromatic frameworks, one of the biggest subgroups of POPs

and organic porous framework materials in general are COFs, which will be discussed next.

1.5. COFs

The synthesis of the first COF in 2005 was a breakthrough, since it demonstrated for the first time that
it is possible to create crystalline 2D networks with only covalent bonds and without incorporating
transition metals.'?® Simultaneously it delivered a first solution for the long existing crystallization
problem. Covalent organic frameworks are in many aspects similar to PAFs. According to their name,
they are constructed from building units, which only contain organic elements and are connected via
covalent bonds. They have in general very low densities, permanent porosity, a high surface area,

tunable topologies, high thermal stability and diverse functionalities.!?® With regard to reticular
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chemistry, their framework topology is designable through the choice of the geometry of the building
units, similar to PAFs. The big differences between both classes is by definition that COFs are
crystalline, so they show the long range order that PAFs are lacking. From that perspective, PAFs and
COFs can be seen as siblings, coming of their parents, POPs. COFs are just the slightly more known and

more organized sibling of the two.

Linkage formation

For achieving a long-range order and consequently crystallinity in COFs, usually reversible reactions
for the connection of the building blocks, as shown in Scheme 2 are used.'?® In those reactions the
product formation happens in equilibrium with the back reaction if specific conditions are fulfilled.
That leads to the useful consequence that the framework can self-heal errors occurring during the
assembly and thermodynamic control over the product will be achieved. To overcome the
crystallization problem and promote the equilibrium character of the shown linkage forming reactions
in Scheme 2 different strategies are used. The first reaction in the scheme shows the formation of a
boronate ester, but similarly can boronic acids also self-condensate and form boroxines. For those

reactions it is crucial that the water, which is formed as a side product remains in the reaction flask to
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Scheme 2. Common reversible reactions to form linkages in between building units.
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support the back reaction. This can be achieved by using a closed and pressure tight system.
Additionally a solvent mixture has to be chosen, which limits the solubility of the building blocks, to
slow down the reaction. The next reactions, number 2-5 shown in Scheme 2, describe different Schiff-
Base reactions. Schiff-Base reactions are the most common reactions to assemble COFs. Those
reactions require an acid catalyst, which consequently makes the final frameworks also more stable
at neutral pH even in aqueous media. Similar to the condensation of the boronic acids, the water that
is formed throughout the reaction with elevated temperatures, has to be kept in the closed system to
support the reverse reaction and the self-healing of lattice errors. The assembly of imine COFs is often
done in a two-solvent systems, such as mesitylene/dioxane between 85-120 °C.}?’ It is believed that
the more polar solvent is increasing the reversibility of the reaction, whereas the more aromatic one
solubilize the aromatic parts of the building units and disrupting their n-rnt-stacking. The formation of
imides, as shown in reaction 6 is reversibly done under basic conditions at high temperatures between
200-250 °C in N-methyl-2-pyrrolidone (NMP) and mesitylene.?® Imine and imide COFs are mainly
made using solvothermal synthesis, which is the most common synthetical approach.?® Even harsher
conditions, than for imides, are needed for the condensation of cyano groups into covalent triazine
frameworks (reaction 7 in Scheme 2).1%° The required nitriles are dissolved at 400°C in molten ZnCl,.
This approach is called ionothermal synthesis and is quite rare in COF constructions, since not many

building blocks can withstand those high temperatures without decomposition.?®

Stabilization of imine COFs

Imine COFs have due to their reversible imine bond formation a reduced stability compared to e.g.
triazene COFs. There are different possibilities to increase the stability of imine bonds and with that
of the entire framework. They can for example be stabilized via hydrogen bonding®*° or resonance

)131

with electron donating groups (e.g. methoxy groups)*** as shown in Scheme 3.

T D = QQ}
e —’\C%@

Scheme 3. Examples for stabilization of imine COFs, via A) hydrogen bonds or B) electron donating groups.

Another strategy describes the reversible formation of the linkage, which is then in its final
conformation irreversibly locked. This can be observed during the formation of phenazine moieties

(see Scheme 2, reaction 5), since the resulting aromaticity, makes the second step of the condensation
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irreversible and locking the framework in the final configuration.’3* A similar example for the
combination of reversible steps followed by an irreversible step to enhance the stability is the
formation of B-ketoenamines. They can be synthesized under the usage of triformylphloroglucinol

(TFP, 2) via keto-enol-tautomerism as illustrated in Scheme 4.1

,?‘r
O\ N
N
HO OH keto-enol-
3 Ar—NH, + HO OH  tautomerism
(0]
| Z /N\Ar
(0] OH |
N OH
Ar”
TFP, 2

Scheme 4. Increased stability through the combination of reversible steps (imine formation) between an amine and TFP (2)
followed by an irreversible step (keto-enol-tautomerism).

Alternative synthesis possibilities

Besides solvothermal and ionothermal synthesis, microwave synthesis is another option to build up
COFs. It was demonstrated by Campbell et al. that it is possible to make boronate ester COFs in only
20 min, much faster than with the usual solvothermal approach.’®* Furthermore, it was shown that
the boron-based COF-5 can be made with ultrasonic in a sonochemical synthesis.!* Using the
ultrasonic approach has several advantages, for example shorter reaction times, less energy
consumption and increased crystal domain size, compared to the normal solvothermal approach.
Other, more unusual approaches are via electron beam irradiation,'*® photochemical®*’13® and
mechanochemical synthesis.*>14! All those more uncommon strategies try to tackle the problems of
upscaling solvothermal synthesis for industrial use, such as required high pressure, high temperatures
and long reaction times. Another improvement regarding faster reaction, better crystallinity and lower
reaction temperature can be achieved by using metal triflates, especially scandium triflate in imine

COF synthesis instead of acetic acid.}4?143

Functionalization

It is possible to functionalize COFs with the same three strategies as earlier described for PAFs (see
Figure 5). Those are pre- and post-synthetic modifications as well as a fusion of both, post-synthetic
conversion of directly included functional sites. A diverse field for functionalization are covalent
modification, which transform existing functional groups in the framework or create new ones.
Important is that those transformations need to have a high yield and don’t compromise the

framework integrity. Frequently used reactions under those circumstances are copper(l)-catalyzed

144-145 146

click reactions, succinic anhydride ring openings'*® as well as nitro reduction and amide
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formation.?¥ Linkers in an existing framework can be exchanged, without decreasing crystallinity.}*®
199 1n both cases a nucleophilic substitution was used to exchange the already existing linker in the
imine framework. Another approach is to convert the reversible linkages post-synthetically to more
stable linkages. Those more stable bonds can’t be used directly for the framework formation, because
of their insufficient reversibility and thus, lack of thermodynamic control. One example for this
functionalization is the oxidation from an imine to an amide COF.2*® A common possibility to metalate
covalent organic frameworks pre-synthetically is with the help of porphyrins.’>! The functionalization
of the resulting COF-366-Co was further investigated with different substitutions on the framework
backbone, through a pre-synthetic modification of the linker.?> Post synthetic trapping of guest
molecules is another option to change the functionality of a framework. If the framework is sufficiently
porous, it can trap small functional molecules, such as triazole and imidazole and increase through
that the proton conductivity of the material.?>® The nitrogen heterocycles function as proton carriers
and let the protons hop in between them following a Grotthuss mechanism. Additionally, it was shown
that even bigger nanoparticles, which are exceeding the pore size of the framework can be embed in
COFs. Due to the size of those nanoparticles, it is often difficult to incorporate them after the
framework assembly. Nevertheless, it could be demonstrated that it is possible to coat the
nanoparticles first with an amorphous imine polymer of defined thickness. Afterwards the acid

catalyst is added, which initiates the self-healing and the crystallization of the polymer into its

respective COF around the nanoparticles.'>

Applications

COFs have, depending on their functional groups, their topology and their linkages a quite wide range
of specific properties, which makes them suitable for various applications. One of the most common

application fields for covalent organic frameworks due to their high porosity and low density are gas

155-156 155, 157 155, 158 159-160

storage of hydrogen, methane, carbon dioxide and amonia as well as gas

separation.1% 61 Fyrthermore they are excellent heterogeneous catalysts, since the nature and

distribution of their catalytic sites in the framework and their pore size is tunable. Explored catalytic

162-164 167 168

areas are photocatalytic reactions, electro-,15% 165186 cascade-,'%7 size selective-1%® and organic

169-170 171 172

catalysis, such as coupling reactions, oxidations,'’! reductions,’’?> condensations'®® 73 and

175-178 179

additions.’3% 174 Other useful applications are in electroactive materials, water purification,

153 180 181 182 183-

proton conductors,™* sensing of copper ions,**® mercury ions** or explosives'* and drug delivery.

185 186

185 Furthermore their porosity can be used to capture for example enzymes,*®> metal nanoparticles,

132

fullerenes®? or metal ions. 7% 187189
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Dimensionality

Conventionally COF materials are divided regarding their topology into two and three dimensional
frameworks. 2D COFs consist of sheets, which have covalent bonds along the x-y plane and which are
connected to each other through non-covalent interactions, mostly -1t interactions in z-direction.
Contrary, 3D frameworks have covalent bonds in all three dimensions. More recently a new class of
sometimes called 1D COFs has been added to the COF family as well.*1°! They consist of one
dimensional polymer chains, which are woven into each other, resulting in a more flexible framework,
than previous 2D and 3D frameworks.?? The term 1D might be a bit misleading, since it refers to the
used one dimensional polymer chains, but the resulting woven framework is actually a 3D structure.
Weaving can be seen as a wanted form of entanglement of 1D chains. As already discussed, 2D and
3D structures can also show entanglement, which is called interpenetration.'® Special features of two

and three dimensional COFs will be described in the following two sections.

1.5.1. 2D COFs

The first studied 2D COFs were described by Cote at al in 2005.12° The frameworks were assembled via
the self-condensation of diboronic acid (COF-1) or the condensation of diboronic acid with
hexahydroxy triphenylene (COF-5). Both COFs crystallize in a honeycomb (hcb) topology. The topology
of each COF is depending on how many points of extensions (binding sites, “n-topic”) their polygonal
building units (vertex) have and which angle they have in between them. Common building blocks are
di-, tri-, tetra- or hexatopic. 2D COFs can have five different topologies. Besides the already mentioned
hcb exist square lattice (sql), kagome (kgm), hexagonal lattice (hxl) and kagome dual (kgd), as

illustrated in Figure 6.1% Four out of those five (hcb, sql, hxl and kgm) topologies result from the re-

s 4 8 88 8

hch sql kgm hxI kgd

Figure 6. Overview of the different topologies in 2D COFs (building units are shown bold). The resulting network topology is
depending on the amount of the available binding sites of the building unit and their angle to each other. Tritopic building
block lead to an heb topology, whereas the use of tetratopic vertices results in a sql or kgm topology (depending on the angle
between the linear linkers). Planar starting materials with six binding sites form hxl networks. The kgd framework is the only
known topology for 2D COFs which requires 2 different vertices, a tri- and a hexatopic one.
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action of one building unit (vertex) with a linear linker, whereas the combination of two vertices (a tri-

and a hexatopic one) lead to the assembly of a kgd framework.

Crystallization mechanisms

2D COFs not only have different topology frameworks, they also undergo different mechanisms during
their assembly, depending on the used linkage. Crystallization studies performed by Dichtel and
coworkers for boronate ester COF-5 and for an imine COF revealed that the formation process of those
frameworks is entirely different.1*1% |n case of boronate ester COFs, the monomers start within
minutes to form oligomers in a reversible manner, which then grow and form sheets. The formed
oligomers have already the final crystalline form. Then the growing sheets start to stack and
crystallites are forming, which precipitate out from the solution. At this point they are not available
anymore to participate in the formation equilibrium, unless they are forced, e.g. through water
addition. It could be shown that the amount of added monomer to the formed oligomers influences
the average particle size.’®” Fast addition of monomers leads to formation of new oligomers and thus
new nucleation seeds, resulting in a smaller particle size. If the rate of monomer addition is reduced,
the available new building blocks rather connect to the already existing nucleation seeds, then forming
new ones. That means that a lower concentration of building units supports in average bigger crystals.
The formation of imine frameworks works differently. The building units for imine COFs react in
presence of catalyst within seconds to amorphous polymers, which then during an extended amount
of time slowly change into the final form and crystallize. Surprisingly, this conversion from the kinetic
to the thermodynamic product occurs automatically, even if no new monomers are added. That
means, precipitated amorphous polyimine networks can still undergo self-healing mechanisms,

whereas boronate ester COFs precipitate directly in their final crystalline form.

Covalent triazine frameworks

CTFs can form crystalline and amorphous structures, depending on the used monomers and the
reaction conditions.’®® That makes them special regarding their taxonomical classification. The few
known crystalline CTFs are often seen as a part of the (2D) COF family, whereas the majority part of
them, the amorphous structures, form their own subgroup of POPs. After the inception of the CTF
material field in 2008,'%° several synthesis methods apart the initially used ionothermal synthesis were
described. Triazene frameworks show some unique characteristics, such as the aromatric C=N linkage
and consequently an increased nitrogen content. They show also an enhanced chemical stability
compared with many other COFs. Therefore, they have an increased shelf-lifetime against other
framework materials using more reversible bond formation, such as imines, boronate esters, boroxine

and hydrazones.’ The combination of the increased nitrogen content and the enhanced stability
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makes CTFs a suitable material for gas separation and storage, photocatalysis, energy
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storage and catalysis.

Stacking Offsets

COFs are usually assembled from aromatic building blocks, which support the mechanical and
architectural stability of the network. Consequently, many building units have extended conjugated
areas, which tend to interact in an intermolecular manner via -t interactions with each other. Thus,
2D COFs crystallize as layered structures with laminare pores along the z-axis. But even though they
are often illustrated as perfectly eclipsed stacked sheets, the reality shows often a different picture of
this interlayer stacking. Often the layers are serrated, inclined or staggered towards each other. This
leads to decreasing pore sizes and in general difficulties in pore size engineering. It is rather difficult
to measure this stacking offset, since problems arise from the polycrystallinity and the small grain size
gained through solvothermal synthesis.?!! However, theoretical calculations have been performed and
confirmed the offset in between the layers.?'>21* One reason for the described offset is the repulsion
of the more polar regimes (e.g. the imine bond) in between the sheets.??® Nonetheless, Ascherl et al.
could show that it is possible through targeted building block design to enforce an eclipsed stacking
of the sheets.??®> They used screw- or propeller shaped monomers which lock the resulting framework

into the desired stacking mode.

Another approach to avoid stacking errors, increase the rigidity of COFs and gaining full control over
the framework in all three dimensions would be to form directed covalent bonds in between the
sheets. This can be achieved by using polyhedral instead of planar building units. This strategy leads

to 3D COFs.

1.5.2. 3D COFs

So far most of the reported COF structures are 2D COFs, even though there exist more theoretical
possible 3D framework topologies. The first three dimensional COFs (COF-102, -103, 105 and -108)
were reported by El-Kaderi et al. in 2007.2'° The linkage chemistry was, similar to the first 2D COF,
based on boroxines and boronate esters. But this time polyhedral, rather than polygonal building units
were used. The combination of a tetrahedral and a trigonal building units resulted in a carbon nitride
(ctn) (for COF 102, -103 and -105) and a boracite (bor) topology (for COF-108). Besides ctn and bor
inititally only two more were known, which have been found in 3D COFs. Diamant (dia) topology is
usually the result of the combination of a tetrahedral and a linear building unit and platinumsulfide

(pts) is the product from a tetrahedral and a square planar monomer. Dia and pts frameworks have a

18



Background

high tendency to form N-fold interpenetrations. With an increase of the degree of interpenetration,
the pore size decreases and for high interpenetration degrees just 1D channels persist in the
materials.'® Fang et al. could show that the use of a bulky building block, based on adamantane
prevents interpenetration in dia networks and leads to larger pore sizes, similar for PAFs.'® While the
available topology library has been rather small for the first decade of 3D COF research, more recently,

217 strontium silicate (srs),?® ffc,?!° lonsdaleite (lon),?° Luojia Hill (ljh),?* ceq,?*

structures with rra,
stp,??® acs,?** tho,?” fjh??® and body-centered cubic (bcu)*?’ could be synthesized as well. lllustrations
of these and other possible network topologies can be found in the Reticular Chemistry Structure
Resource (RCSR) databank, which was established and is hosted by Michael O’Keeffe.??® Remarkable
is that the ffc-COF was constructed without the usage of polygonal building units. Instead, Lan et al.
used only tri- and tetratopic polygonal building blocks.?*® Gropp et al. expanded the scope of so far
mainly tri- and tetratopic building blocks further to octatopic (cube shaped) building blocks.??” They

presented also a strategy to use boron-oxygen-phosphorous rods to create building blocks with a

theoretical infinite amount of binding sites.

Single crystal crystallization

There have been a few attempts in order to grow single crystal 3D COFs. In 2013 could Beaudoin et al.
show for the first time that they could grow sufficient big COF single crystals for single-crystal x-ray
diffraction (SXRD).2% In the same year the attempt from Yaghi’s group to crystallize an imine COF
resulted in too small crystals for SXRD.?° Instead they used rotation electron diffraction to confirm
the crystal structure. It took another 5 years until in 2018 the first SXRD of an imine 3D COF could be
measured.??® Ma et al. used aniline as a modulator in the synthesis of COF-300 to slow down the
assembly. Aniline could be removed from the framework through a slow imine exchange. SXRD
analysis is unique, since it offers information about the degree of interpenetration, arrangement of
guest molecules, linker disorder and uncommon topology features, which would be otherwise hard to

reveal.

Linkage formation

3D COFs use so far a much smaller variety of linkages as two dimensional covalent organic frameworks.
Most of the studied 3D frameworks are based on boronate esters or imines. Besides those two main
groups, there are just a few more studied examples, such as borosilicate cages,?! trans-azodioxide,?*°
amides,?*? spiroborates?*or silicates.?!® But none of them has been presented in the literature more
than once. Even a COF with carbon-carbon linkages was synthesized recently.'’® But it shows a rather

low crystallinity compared to most other COFs, likely attributed to the lack of reversibility in the
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carbon-carbon bond formation. Similar to the used linkage variety is the selection for used tetrahedral

and planar building blocks rather limited.?*3

The limitation for building units and linkage chemistry shows the need for further investigation and
development, especially towards new synthetic methods. Another limiting hindrance for the new
applications is the fact that COFs are commonly made via solvothermal synthesis, which results in
powdery COFs with uncontrolled grain size. Powders are sufficient for several applications like gas
storage, but they are limiting for applications, which require mechanical strength and connectivity,

such as membranes and electronics.

1.5.3. COF films

Crystallinity is important to get an understanding of the material structure on an atomic level. This is
fundamental in order to draw conclusions about structure-property relations of a framework and to
target-design a material with specific characteristics. While crystallinity leads to information about the
long-range order on atomic scale, it doesn’t result necessarily in conclusions about the morphology.
But there are cases where the material morphology has a big influence on the performance. Therefore,
various attempts to grow thin films have been explored during the last years. They can be divided into

top down and bottom up approaches.

Top down approaches

Top down approaches target usually already synthesized 2D frameworks and try to break the
interlayer forces (mainly m-1t interactions) in order to separate the sheets from each other and gain

23435 or mechanically through

thin films. The required energy can be applied through sonication
grinding.?*® The thickness of the exfoliated films is different. Grinding leaded to stacks of 10-30
layers,?*® whereas sonication resulted in thicknesses between three and five®* or 10-25 layers®* for
the presented examples. Another top down strategy is chemical exfoliation. In that case the intention
is to separate the layers from each other by introducing bulky substituents, which then overcome the
interlayer interactions through their steric repulsion. Khayum et al. could show that this can lead to
single layered sheets in solution.?*” Researchers from the same group could also show in the same
year the development of a self-exfoliating 2D cationic COF, which had halogen counter ions located in
between the sheets.?*® Grinding and sonication have the advantage that they are applicable to a wide

range of different 2D COFs, but the thickness of the resulted films is difficult to control. The thickness

after chemical exfoliation and self-exfoliation are easier to tune, but those methods have structural
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requirements towards the COF and are not universally applicable. Another drawback is also that

chemical exfoliation changes the COF structure permanently.

Bottom up approaches

Contrary, bottom up approaches allow theoretically a better control over the size and the thickness
of the film. Another advantage is, that it is possible to grow materials in different morphologies than
thin films. Additionally it is an option to grow films in interfacial contact on specific surfaces, such as
conductive substrates for electrodes. Colson et al. reported in 2011 a method to grow 2D boronate
ester-linked COF thin films on single-layer graphene, by immersing the substrate into the solution
during the solvothermal synthesis.”?® With the help of scanning electron microscopy (SEM)
measurements of the film’s cross-section a thickness of around 200 nm could be confirmed. Another
method, called vapor-assisted conversion, was shown in 2015.2*° Medina et al. dissolved the building
blocks for their boronate ester COF synthesis in polar solvents. Then they dropcasted this solution on
a glass plate as a substrate and placed the substrate together with a vessel containing mesitylene and
dioxane in a desiccator. After three days at room temperature they could confirm the film formation
of a porous, crystalline COF film. The big advantage of this approach is the ability to produce films of
any shape, since it is tunable via the morphology of the substrate. Additionally the film thickness could

be controlled via the initial concentration of the drop casted solution.

A third option is the use of liquid-liquid interfaces to control the polymerization and form thin 2D
films.?* The idea is to separate the required compounds for the framework formation from each other
and just let them react with each other in a defined area, e.g. a liquid-liquid interface. Imine COFs are
preferred for this strategy, since they require a catalyst, which can be separated due its polarity. The
building units are soluble in the organic phase, whereas the catalyst is soluble in the aqueous phase.
Thus, it is possible to separate the catalyst and the building blocks through dissolving them in different
solvents, which form the required liquid-liquid interface. The commonly used imine-COF catalyst
(acetic acid) is not suitable for this approach, because it is soluble in both phases. Additionally the
acetic acid catalyzed reaction requires elevated temperature, which would disturb the formation of a
smooth interlayer. The substitution of acetic acid by metal triflates offers a solution for both problems.
The salts are insoluble in most organic solvents and they catalyze the transformation already at room
temperature. Dey et al. showed that this strategy works as well, when the chosen monomers have a
different polarity and can be dissolved in different phases.?*? The film thickness can be controlled in
both approaches via the used monomer concentration and the reaction time. The strategy to grow

films on an interlayers is limited by the requirement that the compounds have different solubility. The
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proof of concept of limiting the reaction to take place at an intersection could also be shown by using

a solid-vapor interface which leads to single layered 2D COFs.%*

Even though there exist even more methods to build up COF films, such as electrophoretic

245 all so far presented approaches have a major drawback. They suffer

deposition?** and knife-casting,
from the missing possibility to monitor the film growth in real time. This shows, that the precise
control over the film thickness is one of the biggest challenges while synthesizing COF films. This
limitation could be overcome by forming the film in continuous flow on a quartz crystal microbalance
(QCM) sensor.?*¢ Bisbey et al. grew different 2D boronate ester COFs on titanium coated QCM sensors.
Via the increase in motional resistance of the quartz crystal they could calculate the deposited mass
on the sensor. They confirmed the crystallinity via x-ray diffraction measurements and concluded as
well that films grown under continuous flow conditions are smoother, than those obtained from bulk.

Additionally they pointed out that this general strategy allows to grow films in a nearly constant rate

over time, which allows precise thickness control for the first time.
3D COF films

Apart from electrophoretic deposition lead all previously described strategies to 2D COF films. During
the last years only a few 3D COF films have been made. The few described 3D COF films or membranes
are e.g. synthesized via continuous flow!’® electrophoretic deposition?** and interfacial synthesis.?*”-
249 The continuous flow synthesis from Yang et al. can be seen as a further development of the
approach from Bisbey et al. making 2D COF films.2*® Using electrophoretic deposition has the
advantage, that films can be grown on conductive templates of various shapes. Rotter et al showed
that the intrinsic electric surface charge of COF particles immerged in a non-conductive solvent can be
used to grow 2D and 3D COF films on the electrode of the opposite charge, when an electric field is
applied.?** The thickness of the gained films of imine and boronate ester COFs could be tuned via
deposition times, particle concentrations and electrode potentials. The fabricated 3D film was the first

example for a 3D COF film on a conducting substrate.

After gaining control over the targeted synthesis of continuous porous films during the last years, the
next logical step would be to explore the possibility to grow different films on each other. This would
allow a different local composition of functional sites within the same framework and therefore
broaden the application range for framework materials even further. The next section will give an

overview over the different layered framework structures, which have been explored so far.
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1.6. Layered framework materials

Besides the described methods to grow COF films in the previous sections, there exist also methods
to produce films of other porous materials, such as MOFs?%25 and ZIFs.?>2 But so far the library of
porous film synthesis approaches was mainly used to grow homogenous films. In order to develop
porous films further, it would be useful to explore general methods, which lead to layered
multifunctional films. It could broaden the application range of porous films tremendously, if
strategies can be found to introduce specific functional sites just in certain areas of a framework. That
could lead for example to catalytic membranes, which have a size selective outer layer that sieves the
entering molecules before the catalytic reaction. Another option would be to catalyze a cascade
reaction in flow, where the entering molecule gets first converted into an intermediate product, which
then gets further converted in the next layer of the framework. The development of those kind of
sandwich-structures is for MOFs already more sophisticated.?>32>¢ Layered MOFs can be used among
others as cascade-selective catalysts for cyclopentene oxidation.?>* Furthermore there are studies of
MOF-COF composites, which have been used for example for gas separation, water capture and
energy storage.?>’2> However, COF-COF bilayered materials have been very rarely described in the
literature so far. Fan et al. synthesized a 2D-2D COF bilayer, consisting of two different imine COFs
stacked on each other. They observed also an increased separation selectivity Hy/CO3, Ha/N,, and
H2/CH, for the bilayered material compared to the individual frameworks on their own. Stacked 2D
bilayered COFs have, similar to normal 2D COFs, the disadvantage that the different layers are just
connected via non-covalent bonds, mainly m-rt-interactions. Thus, there is only limited control over
the way how both layers are oriented towards each other (eclipsed, inclined or staggered). More
certainty in this regard would layered 3D COFs provide. But so far this stacking challenge remains
unsolved for 3D COFs and thus, preventing reticular chemistry to continue its fascinating evolution

towards future materials.
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2. Thesis aim and scientific objectives

The overall aim of this work was to develop a method of growing 3D COF films on surfaces. The
intention was to transfer the known advantages of powdery COFs into films, and with that expand
their application range to those, which require mechanical strength, such as electro catalysis,

membranes and organic electronics.

The specific objectives of this thesis were:

o The development of a continuous flow bottom up strategy, incorporating a QCM for real time
monitoring of the film formation, to assemble smooth and continuous porous 3D films;

e Establishing a correlation between the QCM signal and the film thickness;

e Exploring the possibility of promoting the surface reaction over the bulk reaction and
therefore increase the smoothness of the obtained films;

e The design, synthesis and evaluation of two different frameworks, which have the same unit
cell dimensions and can be covalently stacked on each other in a layered film;

e Investigation if by using a hetero-coupling, a single layer by single layer growth can be
monitored with the QCM and consequently, if this approach leads to a promotion of the

thermodynamic product and therefore to an increased crystallinity.
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3. Analytical methods

The following chapter will give an overview of the techniques which were used to obtain the data
presented in this thesis. Additionally, deviations from commonly followed procedures are mentioned,
particularly where common methodologies were not successful. The techniques covered are the use
of a quartz crystal microbalance (QCM), atomic force microscopy (AFM), depth X-ray photoelectron
spectroscopy (depth XPS), energy-dispersive x-ray spectroscopy (EDX) in combination with scanning
electron microscope (SEM), grazing incidence wide angle x-ray scattering (GIWAXS), time of flight

secondary ion mass spectroscopy (ToF-SIMS) as well as Raman and Infrared (IR) spectroscopy.

3.1. QCM(-D)

The quartz crystal microbalance (QCM) was initially invented by Glinter Hans Sauerbrey during his PhD
studies at the TU Berlin in the 1950s. He showed that there is a proportional correlation between the
observed change of the resonance frequency of a quartz crystal and the mass deposited on it as

illustrated in Figure 7.
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Figure 7. Schematic surface reaction and the expected resulting frequency (blue) and dissipation (orange) change of the
resonance frequency of the quartz crystal. (Image is owned and provided by Biolin Scientific)

This phenomena allowed him to weigh thin layers with an accuracy down to 10° g.2%° The QCM was
used initially only in gas phase and in vacuum, but later in liquid media as well.?* The main working

principle of the QCM technique is based on the use of the piezoelectric quartz crystal in the sensor. A
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material is piezoelectric if it accumulates electric charge under mechanical stress.?®> Known examples
include certain ceramics, crystals or biomolecules, such as bone?®* and DNA.%* The creation of electric
charge is usually depending on the mechanical stress in certain orientations. This means that the
piezoelectric material undergoes a predictable movement under the influence of an electrical field.
This phenomena is called the inverse piezoelectric effect and is used for the QCM measurements. The
good thermodynamic stability together with a high natural abundance and easy processability makes
quartz a very suitable piezoelectric material for QCM sensors. Sensors are cut from the bulk quartz
crystal in a specific orientation (e.g. 35° 10’ for AT-cut) regarding their crystallographic axis, in order
to gain a product in which both surfaces always oscillate with a phase difference of 180°. After cutting,
a pair of electrodes (commonly gold) are evaporated on both sides of the sensor. By applying a driving
voltage the crystal will oscillate at its resonance frequency, which depends on the thickness of the
quartz chip. Commonly used are 330 um thick sensors, which have a resonance frequency of 5 MHz.
The resonance frequency is temperature dependent and differs by a couple of Hz/°C, depending on
the surrounding media (liquid or gas) and the cut orientation of the sensor. This means that a stable
temperature during the experiment is essential for high quality data collection. We note that,
depending on the planned use, sensors can be purchased with a huge variety of coatings on their front
side.? For the experiments in this thesis only bare gold coated QCM chips were used, but for other

applications silicon dioxide, stainless steel, aluminum oxide and many more are available.

Besides the measurement, Sauerbrey also developed the so-called Sauerbrey equation?® (Equation
1), which is used to describe the dependence of the resonance frequency shift on the deposited mass
for a quartz crystal:

_ 2fF
Af = A—amAm (1)

Where, Af is the normalized frequency change, f; the resonance frequency of the fundamental, A, is
the active area in cm?, Pqis the quartz density (2.65 g/cm?3), Uq represents the shear modulus of quartz
(2.95 - 101 g-em™- s72) and Am the mass change. To use the Sauerbrey equation and to calculate the
mass (or via the density and the surface area the thickness) of a film, the attached film needs to fulfill
the following criteria. The measured film has to be firmly connected to the surface of the quartz
crystal, rigid and be relatively thin, otherwise the calculated mass will be underestimated. Sauerbrey
also showed that the vibration of the crystal is limited to the area in between the electrodes, which is
called active area of the crystal. This leads to another limitation of the Sauerbrey equation, the
deposited film has to be evenly distributed over the surface in order to gain information over thickness
and mass of the film. If the information about the density of the investigated material and the surface

area are available, it is relatively easy to calculate the average thickness of the film via the volume as
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well. Those mentioned requirements are usually given for films which are deposited in vacuum or gas
phase. However, if films are observed in a liquid media, the system often becomes more complicated
since soft or viscoelastic films are formed. Viscoelastic materials are materials, which show to some
extend characteristics from a liquid and a solid.?®® Viscoelastic films are films where solvent molecules
are adsorbed on the surface of the quartz crystal and/or can be entrapped in the framework, which
prevents the film from completely coupling with the crystal. This results into an energy loss of the
oscillation which is called damping. In that case the Sauerbrey equation cannot be used and in order
to calculate or model the film thickness more information is needed. One useful tool can be the
measurement of the dissipation (D), which is the energy loss due to damping. If both, AD and Af are
measured simultaneously the method is called quartz crystal microbalance with dissipation (QCM-D).
QCM-D is a powerful technique, which gives access to real time information of the absorbed
viscoelastic film, such as viscosity, elasticity and density. The technique was discovered at Chalmers in

Gothenburg, Sweden?®’

and led later on to the foundation of Q-Sense, a developer of QCM-D
instruments. The dissipation D in a QCM is defined as the inverse quality factor Q of the sensor, using
Equation 2.

D = l — Edissipation (2)

Q 21 Estored

Where, Euissipation is the energy lost within one oscillation cycle and Eswreq is the energy contained in
the oscillating system. There are different QCM approaches available, such as QCM-A, QCM-R, QCM-I
and QCM-Z, but in this thesis the focus will be exclusively on the QCM-D approach. In this approach
an adequate driving voltage is applied to the sensor in order to excite it to its resonance frequency for

a short time. Afterwards the electric field is switched off and the voltage produced by the (damped)

oscillating sensor is measured. The decay of the voltage over time (t) can be described by Equation 3.

A(t) = Ay - e% -sin(2wft + @) (3)

Where, A represents the amplitude of the oscillation, Ao the oscillation amplitude in the beginning, T
the decay time constant, f the frequency and ¢ the phase angle. The higher the loading on the sensor
and/or the interaction within a viscoelastic film or the solvent molecules the higher the exponential
damping/ dissipation. If the decay curve is fitted to Equation 3, it is possible to obtain the frequency
and the dissipation simultaneously. Afterwards, the values for the normalized frequency shift and the
dissipation are shown in the software and the quartz crystal gets excited again. The whole cycle
happens within milliseconds, which allows data collection in real time during the reaction on the
surface. During the QCM-D experiments discussed in this thesis, seven different overtones of the

resonance frequency shift were recorded. The first one f1, is the fundamental, with the lowest
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resonance frequency (5 MHz). The other ones are integral multiples of the fundamental. Those
integral multiples have to be odd, since for even overtones the amplitude Ao in Equation 3 equals zero
and the function can’t be fitted. The next usable overtone is then f3 with a resonance frequency
around 15 MHz and so on for f5-f13. Those overtones can provide data for the calculation of unknown
material properties, such as adsorbed mass, film thickness, film density, shear modulus, viscosity and
kinetics of the viscoelastic film.2®® However, the obtained QCM-D data for this thesis were mainly used
to monitor the progress of the surface reaction and to correlate them to the film thickness. Therefore
the focus lay on the observation of one overtone (f3) in order to keep the data comparable between
each other. In all QCM-D plots in this thesis is for that reason just the 3™ overtone (f3) showed, even
though the others were initially recorded as well. The same applies to the measured dissipation, it was
recorded but not used for the data analysis and is not shown in figures in this thesis to increase the
intelligibility. In general different overtones can give an insight in different layers of the film since with
an increasing overtone the penetration depth decreases (8) using Equation 4.2%°

5= |—m (4)

TN fo'Pm

Where nm is viscosity of deposited material, n the used overtone, pn, is the density of the film. It was
observed as well that higher overtones tend to fail throughout the buildup of thicker films. This can
be explained as damping of the growing viscoelastic film above the measured layer reduces the signal
to zero. With regard to Equation 4, it seems logical that for thicker films the signal for higher overtones
is lost first. The measured frequency shift in the experiments presented in this thesis was usually used
as an indicator for the kinetics of growth of the film. That means that there is no particular difference
if for example the 3 or the 5™ overtone in all experiments would have been used for the analysis. To
decide if a film can be considered as “quartz like”, a condition to use the Sauerbrey equation, can
usually be taken just by looking at the recorded data for the frequency shift and the dissipation of
different overtones during one experiment. If the film is sufficiently rigid, all overtones overlap for
both frequency shift and dissipation. Additionally the dissipation throughout the experiment stays at
0 ppm. If this behavior is observed, the film thickness and the deposited mass can be calculated with
Equation 1. On the other hand, if there is a spread between the different overtones and the dissipation
increases, viscoelastic models have to be used in order to obtain the film thickness and other
properties. During the QCM-D experiments for this thesis, the dissipation was unequal to zero and the
overtones clearly didn’t overlap. That means that the produced films are in the viscoelastic regime
and the Sauerbrey equation couldn’t be used. Therefore, another way had to be found to correlate
the resonance frequency shift to the film thickness. Instead of using a model, the film thickness was

determined via SEM measurements on the cross sections of the QCM sensors or via the depth
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measurements of scratches, using a profilometer. The maximum detectable film thickness via QCM
depends on the rigidity of the attached film and varies in between several hundred nanometers up to

a few micrometers.

To conclude, a broad background to the QCM-D technique and its use in COF film preparation have
been given. The high mass sensitivity, the real time measurements and the versatility of QCM-D
explain why this technique can be used to solve a wide array of scientific questions. Examples are
molecule-surface interactions, kinetics of molecular interactions, such as protein-protein interactions,
build up and study of polymer films (e.g. MOFs and COFs), like in this thesis or the study of coating

behavior under the influence of different surfactants.?’%-272

3.2. AFM

Despite its name atomic force microscopy (AFM) is not a microscopy technique in the common sense,
since its function is not based on light interacting with a sample surface. The first AFM was built by
Binning in 1985 and used for the first measurements from Binning, Quate and Gerber in 1986.2”° AFM
is a type of scanning probe microscopy and its function is based on mapping a surface with a small tip,

as illustrated in Figure 8.

photodetector laser diode

8 cantilever holder

N N

!/
' cantilever

zoelectric element

feedback signal

sample holder
(stage)

Figure 8. Illustration of an AFM set up. Shown here is the used set up which has a moveable stage and a fixed cantilever.
There are other systems, where both are mobile or the cantilever is adjustable and the stage in a fixed position.

The tip is attached to a cantilever (see Figure 8) and the sample is slowly moved on the sample holder
underneath the tip in a fashion that the tip can raster scan the surface line by line. Motions of the

cantilever are visible through the changes of the reflected laser beam, generated in a laser diode and
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are detected by a photodetector. The movement of the cantilever while moving over the surface leads
to the information of the z coordinate while x and y are given through the movement of the stage.
With those three coordinates the software generates a topological map of the surface. AFM offers an
insight to the basic morphology of the surface, such as shape, size and distribution of particles, surface
roughness and uniformity. The spatial resolution of AFMs is below one nanometer, allowing it to even

274

investigate nanoparticles?’* and offering an atomic resolution.?”> Besides the already described

276

topographic imaging of surfaces, AFM can be also used for force measurements*’® and surface

manipulation, such as lithography.?”’

If the tip approaches the surface, it is first in the attractive sample-tip regime, where the attractive
forces (e.g. Van der Waals interactions) become stronger, pulling the tip closer to the surface. With
further increasing proximity, the repulsive interaction (Pauli repulsion between the electron clouds)
increases, pushing the tip away from the surface. At the point when the atoms from the tip “touch”
the atoms from the surface the repulsive forces become stronger than the attractive forces and the
net force becomes positive, repulsive. The combination of both forces is described in the Lennard-

Jones-Potential as shown in Figure 9.
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Figure 9. Repulsive and attractive sample-tip regimes and the resulting Lennard-Jones potential (black).

AFM measurements can be done in different modes. The most common ones are contact, tapping and
non-contact mode. The names of the modes relate to the tip movement. In contact mode the tip
“scratches” over the surface and is constantly in the repulsive regime (blue area in Figure 9), which
means it is in contact with the sample the whole time. The cantilevers for this mode have in general a
low spring constant to avoid damage to the sample. Changes of the cantilever position or bending
depending on the sample-tip distance can be detected on the photodetector. Usually for all modes a
feedback signal is generated, which is needed to keep the tip constantly in the same proximity to the

surface (see Figure 8). One disadvantage of this mode is that it can result in damages to the sample
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and cantilever tip. When the wear increases, the tip diameter becomes bigger, and the resolution and
preciseness of the measurement decreases. The contact mode is also called static mode, whereas the
tapping and the non-contact mode are dynamic modes. This terminology relates to the oscillating
movement of the cantilever in the tapping and non-contact mode. In non-contact mode the cantilever
oscillates in its resonance frequency only in the attractive sample-tip regime (yellow area in Figure 9),
so it never comes in contact with the surface. The oscillation of the cantilever origins from a
piezoelectric element (see Figure 8). When the tip moves closer to the surface the attractive forces
will decrease the resonance frequency of the cantilever. If the applied frequency from the
piezoelectric element stays the same, the amplitude of the oscillation on the photodetector changes.
Then the height of the stage will be automatically adjusted in order to reestablish to the original
amplitude. If the measuring conditions are sufficient, there won’t be any wear effects on sample nor
tip. Tapping mode is the most common mode and works similar, but the tip oscillates also in the
repulsive sample-tip regime and touches the surface. The risk for damages on tip and surface are

smaller compared to the contact mode, so this method is better for softer samples.

3.3.  (depth)XPS

X-ray photoelectron spectroscopy (XPS) is an analysis method for surface investigations. It gives
information on the atomic composition of a sample surface. All elements besides hydrogen and helium
can be detected with XPS because hydrogen and helium have too low a probability to emit a
photoelectron. This technique is very versatile, as almost every material, e.g. soils, plastics,
semiconductor and textiles can be investigated.?’® The method is based on the photoelectric effect,
which was first observed by Heinrich Hertz in 1887,%7° but for the first time more excessively described
by Albert Einstein in 1905.2% Einstein was later also rewarded with the Nobel Prize in 1921 for his
discoveries around the photoelectric effect. The development of x-ray photoelectron spectroscopy
goes back to the Kai Siegbahn in Uppsala, Sweden in the 50s and 60s of the last century.?®! Siegbahn

received for his work the Nobel Prize in Physics in 1981.

When a sample surface gets hit by a soft x-ray beam (usually up to 6 keV), the sample atoms will start

to emit photoelectrons, Auger-electrons and x-ray photons as illustrated in Figure 10.
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Figure 10. Possible light-matter interactions on the sample surface during XPS measurements resulting in A the emission of a
photoelectron, followed by B the emission of an x-ray photon (XRF: x-ray fluorescence) or C the release of an Auger electron.
Dashed arrows represent electromagnetic radiation and normal arrows show electron movements. The orbital annotation is
shown on the left side, the electron shells are defined on the right side.

An important condition for a shell electron to leave its atom, is that it gets excited by an x-ray, which
is equal or greater than the electron’s binding energy. The exceeding energy is converted into kinetic
energy of the leaving photoelectron. The photoelectrons are then detected and analyzed according to
their energy and their quantity, which results in a XPS spectra. After removal of an inner shell electron
two competing pathways are possible. One electron from the valence shell can fill the hole (see Figure
10B) with emission of a photon with the energy equal to the binding energy difference of the two
shells. The other option is that an electron from a closer shell will refill the hole. In that case the
redundant energy is not released in the form of photon, rather in form of a released electron from the
valence band (the so-called Auger electron; see Figure 10C). The discrete energies of Auger electrons
detected are used to add additional information about the atom characteristics such as spin and
binding environment to the spectrum. Furthermore, the integration of the individual peaks of
detected photo electrons allows conclusions about the element ratio in the sample. Thus, the
photoelectrons carry both qualitative and quantitative information about the sample composition,

making XPS to a very versatile analysis method.

As the generation depth of photoelectrons is increased, the probability of inelastic collisions with
other electrons in the sample increases. This reduces their kinetic energy and means they cannot be
measured above background noise. The surface sensitivity is an advantage and disadvantage at the
same time, since it results in detailed surface information of the sample, but prevents any insight into

deeper layers of the material. But there are variations of the XPS technique available that overcome
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this limitation. In order to perform an XPS measurement with depth profiling, the system used must
be equipped with a sputter gun. After the initial surface measurement the sputter gun shoots particles,
commonly Ar*, at the surface and removes with those ions sample atoms and larger fragments from
the surface and etches into the material. After a defined amount of time the gun switches off and the
XPS spectrum of the new surface can be measured. Then the cycle is repeated and the gained data
reveal the elemental composition from deeper layers. The use of Ar* in the sputter gun has some
drawbacks. It can for example change the oxidation state of some metals, leading to
misinterpretations. Additionally the removal of sample material is uncontrolled and some atoms are
easier to remove than others. That can lead to difference of the measured element ratio compared to
the actual one. For that reason in newer setups Ceo fullerenes or argon clusters are used. They are

gentler, because for example they don’t change the oxidation state of the metal atoms.

3.4. (EDX-) SEM

Common optical microscopes have a resolution limit, they can’t show objects which are smaller than
half of the used wavelength. Since they work with visible light (around 400-800 nm), objects smaller
than 200 nm can’t be seen. If one wants to observe objects smaller than that, it is necessary to go
away from visual light and towards radiation with a smaller wavelength. Electron beams in electron
microscopes have a wavelength below 0.1 nm, which makes them useful to study nano sized objects.
A scanning electron microscope (SEM) maps the surface in a similar fashion to AFM, line by line. But
instead of a mechanical tip, the surface is scanned with a focused electron beam, which has an
acceleration voltage between 0.5 and 40 keV. The spatial resolution of a SEM is depending on size of
the electron beam spot and on the interaction volume. The interaction volume is defined as the
teardrop-shaped volume of the sample material, which interacts with the electron beam as shown in
Figure 11. When the electron beam hits a sample surface, different interactions between the electrons
and the sample atoms are possible. Every one of those different interactions reveals different
information about the sample. Commonly detected are for example Auger electrons, secondary
electrons, backscattered electrons and characteristic X-rays. They originate from the electron-matter

interaction in different depths of the penetration volume of the specimen material.
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Figure 11. Observed electron-matter interactions in the interactive volume (selection).

A secondary electron (SE) is an electron, which was originally part of the outer shell of a sample atom
and gets removed through inelastic scattering of the primary electrons from the electron beam. They
have a much lower energy than primary electrons, usually in the order of 50 eV, which makes it
impossible for them to travel far through solids. That means that all the detected SEs originate from
the first surface layers of the sample, where the electron beams hits. They are carrying structure
information about the surface and their detection leads to a high resolution image of the surface
morphology. Back scattered electrons (BSEs) are electrons from the electron beam which are reflected
from sample atoms through inelastic scattering. They have a much higher energy compared to the
SEs, hence they can also originate from deeper parts of the sample. Their intensity increases with
heavier elements in the sample, because the primary electrons have a higher chance to hit a nucleus
and get reflected. Because of that, BSEs can give information about the distribution of lighter and
heavier elements in the sample, but not about their elemental identity. Characteristic x-rays can be
used to analyze a sample qualitatively and depending on the sample also quantitative. The
characteristic x-ray radiation is created in a similar way as shown for XPS in Figure 10B. The main
difference is that for XPS x-ray radiation is used to eject an inner shell electron, while it is the electron
beam for AFM. The measuring technique for the x-ray detection and its evaluation is called energy-
dispersive x-ray spectroscopy (EDX or EDS). Important to know is that the spatial resolution for the
BSE and the characteristic x-rays is lower than for the SE, since they can pass longer distances through
the sample. The release mechanism of Auger electrons is the same as in SEM measurements, shown
in Figure 10C. The emission of them is more likely for lighter elements. Auger electrons have similar

to the SEs a very small detectable range and thereby only Auger electrons from the surface layers can
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be detected. They contain topographical and also qualitative information, because their energy is also
discrete. Since the small electron beam scans constantly over the surface, the local elemental
composition can be revealed. If this is done for many points in an area, the technique is called

elemental mapping.

A particular limitation in the measurement of PAF and COF samples presented in this thesis was that
the charge carried by the electron beam, especially using higher acceleration voltages couldn’t
conduct fast enough through the sample. This led to charging effects and decreased the quality of the
images, because the background noise increased in a way that it was not possible anymore to see the
structural details of the surface. To weaken this effect a lower acceleration voltage was used and
copper tape was applied close to the measured area of the surface. The copper tape is highly

conductive and could transport the accumulating charge to the metallic sample holder.

3.5.  GIWAXS

Grazing-incidence wide-angle x-ray scattering (GIWAXS) is a surface analysis method, which uses the
interference pattern of a diffracted x-ray beam created on a sample surface or in the sample in order
to gain structural information of a crystalline specimen. Diffraction describes the phenomena when a
wave hits an opening or, like in the case of GIWAXS, a diffracting object, like a sample. Due to
interaction of the incident wave with the particles in the specimen, the particles themselves become
a source of a spherical electromagnetic waves. Those spherical waves interfere with each other in the
form of interference. The sum of all spherical waves and their interference results in the diffracted
beam with characteristic patterns. Those patterns contain information about the structure of the
sample, such as particle size and shape.?®? The working principle for x-ray diffraction experiments is
based on Bragg’s law and the interaction between the inner shell (high energetic) electrons from the
sample and the incoming x-ray photons. When an x-ray photon hits one of those electrons, it transfers
its energy to the electron (elastic scattering), which starts to oscillate and emit radiation according to
that oscillation. If a sample doesn’t have any crystalline structure the incoming x-ray beam gets
scattered on the sample electrons, causing a diffuse diffraction spectrum without any peaks. But if the
atoms and electrons are aligned in a crystalline lattice at certain incidence angles 6; (angle between
the ray and the surface plane) the scattered beam will show constructive interferences. In order to
result in constructive interference, the incidence angle have to fulfill the Bragg condition, given by

Equation 5.
np+A=2dsin; (5)
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Where np is the diffraction order, A the wavelength of the x-ray beam used and d the distance in
between the lattice planes. Another important parameter for x-ray diffraction experiments is the
critical angle of the interface between two different media. The critical angle is defined as the angle
below which a surface becomes reflective. Consequently, if a light beam hits a surface with an
incidence angle below the critical angle of that interface, it will get completely internally reflected.
That means that it gets completely reflected back into the first medium, instead of getting refracted
into the second medium. By changing the incidence angle above or below the critical angle, it is

possible to gain structural information from inside the sample or from its surface respectively.

There is a number of similar x-ray scattering techniques which have different names, correlating to
the used incidence angle 8;and the angle of the observed scattered beam. Small-angle x-ray scattering
(SAXS) and wide-angle x-ray scattering (WAXS) use an incidence angle far above the critical angle of
the sample and the substrate. Thus, the beam will penetrate through the entire material and the
analysis of the elastic scattering leads to structural information averaged through the entire thickness.
For grazing-incidence small-angle x-ray scattering (GISAXS) and GIWAXS the incidence angle is much
smaller, usually lower than the critical angle of the sample-air-interface to avoid a penetration of the
beam into the material. When the beam gets totally internal reflected, the gained structural

information origin just from the sample surface and the first few layers as illustrated in Figure 12.
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Figure 12. Overview of the measuring set up for GIWAXS, WAXS, GIWAXS and SAXS experiments. The dashed arrows show
the light path of the scattered beam resulting in red spots on the detector, whereas the normal arrows show the reflected
beam for GIWAXS and GISAXS (with a yellow dot on the detector, which is usually hidden by a beam stop). For SAXS and WAXS
the normal arrow represents the transmitted beam (with a yellow dot on the detector, which is usually hidden by the beam
stop). The fact that the WAXS and SAXS show two red spots on the detector is supposed to visualize the conical shape of the
scattered light, where as in GIWAXS and GISAXS the scattered beam is just half conical.

If the incidence angle is increased above the critical angle, the x-ray beam will start to penetrate into
the sample. Consequently, the resulting diffracted beam will contain average information from deeper

layers of the sample. Another method is also to use an incidence angle in between the critical angle
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for the sample-air and the sample-substrate-interlayer. In that case, average information from the
whole sample depth are obtained with an enhanced signal, since the beam has a longer pathway
through the sample. Small angle and wide angle in the terminology for GIWAXS, GISAXS, WAXS and
SAXS defers to observation and analysis of small angle scattering (the scattering angle 6, is around 0.1
—1°) or wide angle scattering (65 around 5 — 60 °). The sample-to-detector distance for small angle
observations has to be longer than for wide angle detection (see Figure 12). That means that
observation of different scattering angles is depending on the sample-to-detector distance. Another
method to gain information about interfaces, thickness, surface roughness and electron densities in
layered films is x-ray reflectometry.?® In this case the inference patterns of the reflected, rather than

the diffracted beam, are analyzed.

In the GIWAXS/GISAXS set up the sample is mounted on a sample-tilt stage to change the incidence
angle of the x-ray beam on the surface. The constructive interferences produce scattering features
(e.g. dots, rings or rods depending on the lattice structure and the nanoscale order), which are
recorded with a detector. The much more intense reflected beam is usually blocked with a beam stop,
in order to not damage the detector. Afterwards the information from the detector are compiled into
a spectrum that shows the scattering features. The detected peaks can be analyzed and contain
information about the structure of the crystalline sample, such as the orientation of the regular
features, their shape or their size. The question if small- or wide-angle scattering is more beneficial for
the analysis depends on the size of the crystalline features of interest. There exists a reciprocal
correlation in between momentum transfer g and feature size. Smaller regular features show at higher

g-values, bigger structures at smaller g-values, expressed by Equation 6.
d=2%" (6)

That means conversely that the momentum transfer of a specific peak correlates to a real space
distance of the crystalline features. In a typical GIWAXS spectra the signal intensity is not plotted
against the scattering angle 6 and the azimuth angle ¢, rather q is used, which can be calculated with

Equation 7.

4T .
q =% sin(6;) (7)
This convention makes it possible to compare spectra independently from the used x-ray wavelength.
The GIWAXS experiments included in this thesis were conducted, in order to prove the crystallinity of
the frameworks. For the grown COFs the expected scattering features look like half circles. The sharper
they are, the better is their crystallinity. Their position on the g-axis should reflect the inter lattice

distance in the framework. Since the framework is polycrystalline, thus contains many different
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crystalline domains with random orientation, the spectrum shows half circles. Perfectly layered thin
films, which consist of large domains show either parallel or perpendicular lines in the spectrum,
depending on their orientation with respect to the beam. Contrary, single crystals show only their

characteristic dot-shaped peaks.

3.6. ToF-SIMS

Time of flight secondary ion mass spectroscopy (ToF-SIMS) is a method for surface analysis, which
leads to information about the elements and their distribution in a sample. Similar to XPS, ToF-SIMS
is very surface sensitive, but its working principle is not based on light-matter interactions. In contrast,
a primary ion gun fires Ga*, Ar*, gold cluster or bismuth clusters, with a highly focused ion beam on a
small surface area. Even though the method is per definition destructive, the amount of primary ions
shot on the surface and the incidence area are comparably small. When those high energetic ions hit
the surface, they will ionize and fragment the surface. The emitted ions from the surface are called
secondary ions and are accelerated in a “flight tube” towards a detector. All ions enter the tube
simultaneously, but they need a different amount of time to travel through it to reach the detector,
depending on their charge and their mass. The heavier ions will need more time to reach the detector
than the lighter ones. The same applies for ions with different amount of charges. An ion, which has
more charges will always be accelerated faster in the electric field then than an ion with the same
mass and fewer charges. That means that the ratio between m/z (mass over charge) will decide when
an ion hits the detector. With the gained information about the time of flight (ToF) from the detector,
it is possible to achieve information about the nature of the ion and with that about the surface
composition. When the beam is scanned over the surface and the measurement is repeated in

different areas it is possible to build an elemental composition map of the surface.

Similar to depth XPS measurements it is also possible to perform depth profiling with ToF-SIMS. For
this a second ion gun is needed, which shoots additional ions (usually Ceo fullerenes, Cs*, argon cluster
or Cs*) on the surface. This happens when the first gun is not active and the measurement is paused.
The second gun will start etching through the sample and when stopped, the first gun is activated to
desorb fragments from the surface. Those contain then information about the elementals contained
in the deeper layer. When this cycle is repeated, it is possible to get a depth profile about the
elementals contained in the sample. However, the gained abundancy information of different
elements cannot be compared with each other, since they might ionize differently well. The type of

material that is supposed to get analyzed usually decides about the used ions for the first ion gun. For
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low-mass areas (e.g. elements) single metal ions are better, whereas cluster ions work usually better
for in high-mass regimes (e.g. molecule fragments). The same considerations apply for the sputter ion

gun.

3.7. Infrared & Raman spectroscopy

Atoms and molecules always move in space. Each atom has three degrees of freedom (in x-, y- and z-
direction), which means that every molecule containing N atoms has 3N degrees of freedom. There
are different types of movements which they can undergo: translation, rotation and vibrations.
Translation describes the movement of the entire molecule through space while the position of each
atom in the molecule relative to each other doesn’t change. Molecules are also able to perform
rotational transitions, in which the distance in between all atoms stays the same. But the whole
molecule rotates along three perpendicular axes, which pass through the center of mass. Polyatomic
molecules, which are not linear have in that regard three degrees of rotational freedom. Linear

molecules are an exception since they only have two different rotations which they can undergo.

All other movements are part of the group vibrations and are investigated in infrared (IR) and Raman
spectroscopy. That means that every N-atomic molecule has 3N-6 or 3N-5 (for linear molecules)
vibrations. During molecular vibrations, the position of atoms relative to each other is changing but
the orientation of the entire molecule in space stays the same. There are two groups of vibrations,
stretching and bending. The most important examples for bending vibrations of organic molecules are

scissoring, rocking, wagging and twisting, illustrated in Figure 13.%
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Figure 13. Common vibrational modes in organic molecules used in IR and Raman spectroscopy.

While it is reasonable to calculate the energy of a molecular vibration for a simple molecule like a

diatomic one using the equation of a harmonic oscillator, shown in Equation 8.

v=— [ (8)

2TT°C \| UR
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Where v is the wavenumber of the vibrational band, c the speed of light, K the force constant of the

band and ug represents the reduced mass of the involved atoms, by Equation 9:

mqim;

UR = (9)

mqit+m,

Where mj; is the mass of atom 1 and m; the mass of atom 2. It becomes inefficient to do those
calculations for every group of atoms in bigger molecules. In those cases tables with group frequencies
are used to give a good estimation about the expectable vibrational energies. An additional tool for
distinct identification offers the comparison of the fingerprint region (400-1500 cm™) of the sample
molecule with a database. Infrared and Raman spectroscopy are in many aspects very similar, as they
both provide information about molecular structure and molecular vibrations (for gases also
molecular rotations). The samples can be in all three states, solid, liquid and gaseous. The structure as
well as the distribution of the electrons in the molecule influence the intensity of the vibrational
transitions. But both techniques are also fundamentally different in the way the sample molecule is
interacting with the radiation. An IR spectrum arises from absorption of photons with a particular
wavelength, whereas Raman spectroscopy is based on inelastic scattering of photons by sample
molecules. That is the reason why many consider both techniques as complementary to each other.?8
Inelastic scattering means, that a photon after colliding with a molecule loses some its energy. This
energy is absorbed by the molecule and used to excite it to a virtual state. When the molecule relaxes
back, it emits a photon with a higher (anti Stokes line) or lower energy (Stokes line) or the same energy

(Rayleigh line) compared to the initial photon as shown in Figure 14.%8
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Figure 14. Origin of Stokes, anti-Stokes Raman and Rayleigh lines after a molecule collides with a photon and gets excited to
the virtual energy state. Dashed arrows represent radiation, the normal arrows illustrate changes in the molecular energy
state. The virtual state describe a new state for an infinitesimal small amount of time in to which the molecule and the photon
constitute after interacting with each other.

A vibration is IR active if the dipole moment during the vibration changes. On the contrary, a change

in the polarizability of a vibration is required to make it Raman active. This can be illustrated with two

stretching modes in the symmetric carbon dioxide molecule:

- — > - >
0=C=0 0=C=0
symmetric antisymmetric

Figure 15: Different stretching modes of CO,. The arrows show the direction of the atom motion during one half cycle of the
vibration.

During the symmetric stretching vibration the net dipole moment of the molecule stays the same,
whereas the polarizability changes due to the simultaneously changing bond length of both C=0
bonds. That explains why the symmetric stretch is IR inactive but Raman active. The antisymmetric
stretch results in the opposite effect. The net polarizability doesn’t change since one C=0 bond gets
extended by the same length, which the other one is losing during one half cycle of the vibration and
then vice versa in the second one. That means that this vibration can’t be seen in any Raman spectrum.
Nevertheless, because the net dipole moment changes always twice its orientation during one

vibration cycle, the vibration is IR active.
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Both techniques were used in this work to identify the transformations of the functional groups in the
building blocks, when they are reacting with each other to form the 3D framework. Especially the
change from the monosubstituted alkyne (in diethynylbenzene) to the disubstituted alkyne (in the

framework) was examined. For this the previously mentioned group frequency tables were used.?>

The powdery building blocks were measured in an attenuated total reflection (ATR) set up, while the
thin film was measured in reflection mode. The signal for the film is very weak compared to the
powdery building blocks due to the smaller sample mass. To suppress background noise and increase
the signal to noise ratio for the thin film measurement, the detector was cooled down with liquid
nitrogen. The ATR set up has one big advantage against the normal transmission mode, no sample
preparation has to be done. Thus, the sample could be measured directly and didn’t have to get
pressed into a KBr tablet. Because the penetration depth in this mode is independent from the
thickness of the sample, just a small sample area in which evanescent waves can penetrate will be
measured. That makes ATR measurements especially useful to analyze strongly adsorbing samples.
Evanescent waves arise at interfaces, where total reflection occurs. While the light beam stays in the
optical denser medium, evanescent waves propagate with a small range through the optical less dense
medium. The used Fourier transform infrared (FTIR) spectroscopy has the advantage over a
conventional IR which measures, wavelength after wavelength, that the FTIR measures them all at the

same time, resulting shorter measuring times and higher throughput.
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4. Towards 3D COF films

At the outset of this work, synthetic methodologies to produce 3D COF films were considerably more
limited than their 2D analogues. As discussed in section 1.5.3 a majority of all so far known COF films
are of a 2D nature. The topology of a framework has a fundamental influence on its material
properties. For the targeted design of 2D frameworks this can be seen as a weakness, since the
stacking of its sheets is rather difficult to predict and define.2!! Even though, presented framework
structures show often the perfect eclipsed conformation, in reality most of those networks are rather
serrated, inclined or staggered.?%21 One possibility to lock the framework also in the third dimension
into a specific orientation is the usage of directed covalent bonds in between the 2D sheets. This is
usually done by using polyhedral instead of polygonal building units. The resulting 3D framework can
also be seen as more rigid, since it requires more energy to break covalent bonds than n-i-interactions
in 2D networks. To broaden the application range for COFs and also other framework materials, it is
in my opinion essential to explore new strategies to produce porous 3D films, which was the

motivation for this project.

4.1. Increasing control, continuous flow vs batch

In order to design any kind of films, it has to be decided first, is if a bottom up or top down approach
is more suitable for the synthesis. The aim was to develop a strategy, which is as versatile as possible
and results in films with defined thicknesses. To obtain films with a designated thickness, the top down
approach can be unreliable, since it usually leads to a range of thicknesses, which is difficult to change
and influence.?*23¢ Another problem is that a theoretical top down approach in our case would start
with an existing 3D film, without answering the question of its origin. Furthermore, a bottom up
approach allows more flexibility regarding the temporary change of the reaction conditions during the
framework assembly. It is also easier to obtain information about the framework formation kinetics if
this approach is applied. Therefore, this argumentation led us to the use of a bottom up approach,

since it allows more control over the obtained films.

As summarized in section 1.5.3 there are several different approaches described in the literature how
one can make 2D COF films in a bottom up approach. Most strategies follow a typical batch synthesis,
which makes the control and the monitoring of the films growth difficult if not even impossible. Even

239

if for the described immersion of a substrate®® or interlayer synthesis?*! the building block

concentration and the reaction time can be used to stir the film thickness to some extent, the precise
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control leading to a predictable thickness remained unachieved. Furthermore, another problem is that
the reaction conditions during the reaction process are difficult to control. For example the decreasing
concentration of building blocks in bulk as the reaction proceeds will slow down the film growth. The
same is likely to happen when the building blocks have to pass through the extending network in order
to react on the film surface during an interlayer synthesis. Another problem can be the competition
between the oligomer formation in bulk and the desired reaction on the film surface. Bulk oligomers
binding to the surface could lead to an increased film roughness and a decreased crystallinity,

depending on the reversibility of the linkage formation reaction.

Most of those problems can be addressed by using a continuous flow setup. Flowing the building
blocks over the surface guarantees a constant concentration of monomers. This leads to a full control
over the reaction conditions throughout the entire film formation. Additionally, eventual created bulk
oligomers will get transported away constantly which should lead to an increased smoothness and
crystallinity of the film. Another advantage of a continuous flow approach is that it is possible to
change reaction parameters, such as concentrations, flow speed or starting materials at any time
during the film formation. This results in an extended synthetic flexibility compared to bulk synthesis.
This increased control and flexibility of the film growth is responsible for our decision to explore film

synthesis in a continuous flow setup.

4.2. Linkage, substrate connection and flow setup

In order to grow 3D films in a continuous flow approach, three elemental questions have to be
answered first:

e  Which linkages should be used to connect the building units with each other?
e How will the film be connected to its substrate?
e How can the flow setup be realized?

Those three question will be answered in this section.

1) The linkage chemistry

A look at the commonly used COF linkages in Scheme 2 reveals that their reversible formation results
often in decreased chemical stability of the framework. Boronate and boroxine linkages are prone to
hydrolysis under aqueous conditions and many imines tend to hydrolyze under strong acidic or basic
conditions. Carbon-carbon bonds on the other hand have traditionally an increased chemical stability,
since they are stronger (C-C: 347-376 kJ/mol vs. C-N 288-313 kJ/mol).?® Additionally, a C-C bond is
less polar than a C-N or B-O bond, making it less prone to nucleophilic attacks. But this stability also

limits the ability of C-C bond forming groups to perform reversible reactions. For that reason they

44



Towards 3D COF films

haven’t been explored much in COF synthesis so far, rather in PAFs. Due to the increased chemical
stability it was decided to choose a C-C linkage for this project. However, we anticipated as well to
increase the crystallinity when applying suitable reaction conditions during the flow synthesis, e.g.

slowing down the reaction or via the flexibility of the used self-assembled monolayer (SAM).

Ben et al. showed that the homo-coupling of tetrakis(4-bromophenyl)methane (TBPM) leads to PAF-1,
a highly porous 3D network, based on C-C linkages (see Scheme 1).%* They used a Yamamoto cross-
coupling reaction to connect the building blocks with each other and form the C-C linkage as illustrated

in Scheme 5.2%7
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Scheme 5. Mechanism of the Yamamoto coupling.

They reported a reaction temperature of 80° C to form the insoluble PAF-1 framework.%* For our film
synthesis we aimed for room temperature conditions, therefore it was investigated if the reaction also
works at lower temperatures. Instead of TBMP, bromobenzene was used as a model compound, since
the homo-coupling product, biphenyl, is soluble in organic solvents and thus detectable by e.g. gas

chromatography (GC) as shown in Figure 16.
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Figure 16. Measured product/standard ratios (via GC) for the homo-coupling reaction of bromobenzene to biphenyl under
different temperatures and concentrations.

The results show that the formation of biphenyl takes place places at room temperature as well as at
0 °C. That indicates that it should be possible to use the Yamamoto coupling also at those
temperatures. The slower reaction rate at 0 °C was considered as advantageous to prevent or slow
down a potential polymerization in the vessel before the building blocks reach the substrate surface.
After those initial considerations TBPM (1) was chosen as the building block for the first synthesis of
porous films in this project. Building block 1 was synthesized following a literature procedure, as
shown in Scheme 6 starting from triphenylchloromethane (3) and aniline (4) in a two-step synthesis

via tetraphenylmethane (5).288

5

3 4 5 1 (TBPM)
Scheme 6. Synthesis route to form TBPM from triphenylchloromethane. Reaction conditions: i) 190 °C, 15 min, HCI (2M),
MeOH, 80 °C, 0.5 h; ii) H:SO4, DMF, -15 °C, isoamyl nitrite, 1 h, then hypophosphorous acid, 50 °C, 0.5 h; iii) -78 °C, bromine,

overnight room temperature.

I1) Connection to the substrate

40 89 176, 290

Many different materials such as graphene,?° glas,?®® indium tin oxide,?®° silicon dioxide,

291 291

graphene,®! graphene oxide®! or gold®® were already tested as substrates for frameworks. If

46



Towards 3D COF films

frameworks are grown on surfaces, it can be beneficial if the structure has a rigid attachment to
substrate. This offers a certain degree of control over the network growth similar to epitaxial growth
of crystals. Epitaxy means that the growing material has at least one well-defined orientation in regard
to its underlying substrate. One possible strategy to connect the framework with the substrate is with
the help of a SAM. The idea is that the molecules, which form the SAM, have two moieties. One, which
binds selectively to the substrate surface and one on the other side, which can be seen like an anchor
point for the formation of the first film layer. Becker et al. presented in 2015 a strategy to grow a PAF-
1 framework on a SAM templated gold surface in a batch reaction.?®? They used 4-bromothiophenol
to form a SAM on the gold surface. Thiols have a strong binding affinity to gold and the easy
preparation of thiol SAMs in gas phase or from solution making them very suitable candidates for
surface functionalization.?®® On the other hand, the bromine in para position to the thiol group, acts
as a binding site for the first layer of TBPM building blocks. Another reason for the decision to use a
gold substrate with this thiol SAM is the confirmed mobility of thiols on gold surfaces.?®* The
movability would allow to a certain extend a flexibility during the formation of the first layer of the

film. This well-organized monolayer should serve then as a template for the further growth.

Thiol SAMs on the golden QCM sensors were formed through dipping of a freshly cleaned QCM chip
in a 1 mmol/L ethanoic solution of 4-bromothiophenol overnight. Water contact angle measurements
were performed to confirm the formation of the SAM. The measured contact angles for the templated
gold surface during ten measurements were consistently between 90 and 99 degrees with an average
of 95 degrees. The average contact angle for water on a clean gold surface is according to the literature

60-65 degrees and thus much lower.? That confirms the existence of the SAM on the gold surface.

[1l) The continuous flow setup

The realization of the flow setup was one of the biggest challenges in the beginning of this project.
The involvement of a quartz crystal microbalance (QCM) to monitor the film growth in situ seemed
highly beneficial after the already described study performed by Bisbey et al, in which they

investigated growing boronate ester COFs on QCM sensors in real time.2*®

The data from the kinetic study in Figure 16 showed no product formation after one hour reaction
time. Based on this observation, it was decided to grow a PAF-1 framework using a flask containing a
premixed solution with TBPM, cyclooctadiene (COD), Ni(COD), and 2,2-bipyridine in DMF/THF (1:1)
under nitrogen. The initial monomer concentration was the same as used by Becker et al. in their
batch reaction (around 5 mmol/L).%°? The resulting mixture was transferred via a peristaltic pump into
the QCM chamber, to the templated surface of the QCM sensor. The assumption that the formation

of the framework in the vessel can be suppressed or at least sufficiently slowed down by cooling it
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until it reaches the QCM chamber could not be confirmed. Instead, a few minutes after adding the last
reagent to the solution, precipitation of a dark solid could be observed in the flask. The solid could
also be observed in the tubing to the pump and the QCM cell. Optical microscopy of the gold surfaces
after the reaction revealed that flowing those particles over the sensor surface, led to an unequal
distribution of aggregates on the surface, rather than a film formation. Those observations let us

consider the role of the used monomer concentration.

The reaction on the surface competes in the investigated system with a homo-coupling of TBPM in
the bulk phase. Under the assumption that the amount of binding sites on the surface stays constant
during the film growth, the reaction rate of the surface reaction is only influenced by the amount of
monomers in bulk that arrive at the surface. Thus the transformation can be described as a reaction
with first-order kinetics. However, the bulk reaction follows a second-order kinetics, because the
reaction rate is dependent on two monomer molecules reacting with each other and both can be
influenced by the used concentration. Therefore, both reactions rates r can be described as shown in

Equation 10 and Equation 11.

Thutk = Kpuik * [monomer]? (10)

Tsurface = ksurface * [monomer] (11)

Where k is the relevant reduced rate constant (including the concentration of non-monomeric
coupling reagents, catalysts, etc.). This leads to the conclusion that a decreasing concentration will
slow down the bulk reaction more than the surface reaction. Furthermore, under a specific threshold
is the surface reaction even faster than the bulk reaction, which should lead to an improved
smoothness of the surface. Consequently, the monomer concentration was stepwise reduced until at
0.05 mmol/L (1 % of the initially used concentration) no particle formation in the tubing was observed
anymore. The optical microscopy images taken from the sensors after the reaction also showed an
increased smoothness of the surface using lower concentrations. The hypothesis of an improved
smoothness while using lower monomer concentrations could be also confirmed while measuring the
surface roughness with an AFM. A monomer concentration around 0.05 mmol/L resulted in the lowest
observed surface roughness for the used system. Additional improvement regarding the macroscopic
smoothness could be achieved by dissolving monomer and the nickel catalyst separately from each
other and mixing them shortly before they get flown over the sensor surface. Finding a working mixing
unit was difficult in the beginning since the used machines did not tolerate the used organic solvents
or the microfluidic device used got clogged by the formed framework. In the end, a self-built system
of individual programmable syringe pumps together with common HPLC tubing and junctions gave

the best results. The final system showed a much higher reproducibility of results and an increased air
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tightness. Figure 17 gives an overview over the final system, including the linkage chemistry (A), the

connection to the substrate (B) and the continuous flow setup (C).
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Figure 17. The general reaction setup. A-C represent the previously discussed bullet points, linkage, connection and flow set
up. A: chosen C-C linkage for building up the framework; B: SAM formation to connect the film to the substrate; C: continuous
flow set up, using individual programmable syringe pumps for the different reagents.

Additional tests confirmed that the described conditions, such as a low concentration of the TBPM,
the use of a brominated SAM and continuous flow conditions are required to form smooth films. As
shown in Figure 18, deviations from those conditions resulted in non-uniform surface topologies.
Those observations are matching with previous reported results. Becker et al. observed after their
batch reaction in their SEM cross section images a similar surface topology caused by aggregates as
shown in Figure 18A.%? Interestingly, Medina et al. observed also cracks in their 2D COF films, which
they grew under solvothermal conditions on ITO glass plates, without a SAM.?° But those cracks were
only observed in the beginning of the synthesis and were not visible anymore in the end of the 12 h
synthesis. The authors argue that their formation is caused by an initial island formation mechanism.
That means that the COF starts growing from small initial starting points (islands) which then get bigger
and grow into each other. The investigated COF contains boronic ester linkages, so presumably the
cracks get removed due to self-healing at later stages during the reaction. However, the comparably
much straighter shape of the cracks, which we observed makes it probably more unlikely that their
origin is an island formation mechanism. Another fact, which confirms this assumption, is also that the

cracks shown in Figure 18A do not vanish during longer reaction times, as they do for COFs showed

49



Towards 3D COF films

by Medina et al.?® After being able to produce continuous films, the focus shifted towards the

investigation of their thickness.
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Figure 18. Optical microscope photographs of samples made under different conditions. A shows the observed aggregation
on the surface if the film is produced in batch. The sample presented in B was made using a non-brominated SAM. Similar
cracks and additional aggregate formation were observed if the monomer concentration is too high as illustrated under C. D
represents a framework surface without visible damages, built under continuous flow, low monomer concentration and with
a brominated SAM.

4.3. Correlation between frequency shift and film thickness.

In the first attempts to gain information about the film thickness a profilometer was used.
Unfortunately, this did not result in reliable information about the framework thickness. One reason
for this is the fact that it was unclear, where the baseline of the measured profile was. Accordingly, it
was tried to make films with defects (holes), which reach through the entire depth of the film. That
would allow to find a baseline using the profilometer and gaining information about the film thickness.
Therefore, during different attempts small parts of the sensor surface during the SAM formation were
covered with polystyrene. The assumption was to locally prohibit a SAM formation and thus later
prevent framework formation in this region. The polystyrene was removed before the QCM sensor
was inserted into the QCM chamber and the reaction was started. Unfortunately, this strategy didn’t
lead to the desired defects in the grown films. Furthermore, optical microscopy images didn’t reveal
obvious differences between the SAM and the polystyrene templated areas. As previously described
in section 3.1., the Sauerbrey equation cannot be used to achieve information about the film thickness
either, since the film is viscoelastic. But we expected a correlation between the resonance frequency
shift of the QCM sensor and the thickness of its connected film. Hence, it was decided to make six

samples, which have different frequency shifts, break them and look with a SEM at their cross sections

50



Towards 3D COF films

in order to measure their film thickness. The average thickness of each sample was plotted against its
correlating frequency shift. The resulting plotted data points shown in Figure 19 confirmed the
expected linear correlation between film thickness and the frequency shift. The slope of the fit
(0.057 nm-Hzl) can be seen as the conversion factor in between resonance frequency and thickness
for this PAF-1 system. This assumption is valid for smooth and equally distributed films. With this

information it was finally possible to monitor the film thickness during its growth in real time.
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Figure 19. Correlation between the resonance frequency shift measured with the QCM and the film thickness.

The linear correlation also confirmed that the rate of surface reaction is steady when the monomer
flow and its concentration is constant. Additionally, it could be shown that the growth rate under a
stable monomer concentration is depending on the used flow speed. A lower flow rate results in a
bigger boundary layer through which the monomers and the nickel complex have to diffuse and thus
a lower reaction rate. The boundary layer is the fluidic region close to the surface. The fluid velocity in
this layer decreases towards 0 in direction to the surface. Contrary, an increased flow rate reduces the
thickness of the boundary layer and thus increases the mass transport via diffusion to the framework

surface and accelerating the film growth.

Knowing that the film growth can be described with a viscoelastic model, it was investigated if encaged
solvent molecules influence the frequency shift. To evaluate this hypothesis experiments with a
solvent change from THF to the heavier deuterated THF-ds were performed. It was expected to see a
frequency drop while switching from THF to the heavier THF-ds and an increase while changing back
to normal THF. This frequency change should be stronger for a sample with a framework than for a
clean sample, in case that the solvent molecules have an influence on the frequency shift. The
observed frequency changes are shown in Figure 20. It could be shown that the expected frequency
shifts take place when the solvent was changed. The absolute frequency change for the framework

sample was bigger, which consequently indicates that caged solvent molecules do have an influence
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Figure 20. The solvent influence on the frequency shift.

on the frequency shift. This observation leads to the important conclusion that the obtained
conversion factor of 0.057 nm-Hz! is solvent dependent. Furthermore, the assumption of a
viscoelastic model for the film growth could be confirmed. After achieving control over the continuous
nature of the films and understanding of their thickness, the focus was moved towards the analysis of

the produced films. The findings are summarized in the next section.

4.4. Material analysis

In order to gain information about the elemental composition and the distribution, techniques such
as SEM-EDX and (depth) XPS were used. SEM-EDX was performed on a film surface as well as on a
cross section from a broken sensor. Detected elements were as expected, Au and Si from the substrate
and C from the framework. Additionally Cr, Ni, S, O were observed. It could be confirmed by the
manufacturer, Biolin Scientific, that chromium is used as an adhesive layer between the quartz crystal
and the gold layer. Nickel origins presumably from entrapped Ni(COD),, sulfur from the thiol SAM and
oxygen from entrapped solvent molecules. Interestingly, bromine from free binding sites (lattice
errors) couldn’t be detected. This observation matches with previous findings that frameworks
constructed via Yamamoto couplings usually don’t contain residual halogens inside the material
because the reaction is efficient in eliminating halogen atoms.?® The XPS spectra, which were taken
from the surface confirmed the elemental composition detected using SEM-EDX. Additionally, depth
XPS was performed, confirming the expected elemental distribution as shown in Figure 21. Etching
into the material, the first layers mainly contain carbon and nickel. When the signals for those two
elements become weaker, around layer 5-6, the signal for the gold layer becomes more prominent.
This indicates that the ion beam from the sputter gun etched through entire framework and reached

the gold layer of the substrate.
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Figure 21. Depth XPS spectra of gold, nickel and carbon for the PAF-1 film. The dual peaks for the 4f and the 2p signal occur
because of spin-orbit splitting.

The porosity of the material was confirmed via x-ray reflection spectroscopy. Compared to the
idealized structure, the increased electron density origins probably from an interpenetration of the
framework as well as residual solvent and catalyst. However, non-ideal PAF-1 materials with a similar
electron density have shown high surface areas,?®” which led to the indirect conclusion that the here
synthesized PAF-1 is also porous. The crystallinity of the porous films was tested using GIWAXS
measurements. Unfortunately, the results showed that the material is amorphous, similar to their
powder analogue. Therefore, it was confirmed that even with a 100 times lower monomer
concentration, compared to the bulk approach from Becker an al.?®? and the flexibility of the SAM
molecules for the formation of the first framework layer, the produced films remain without any long

range order.

4.5. Conclusions from Paper I

Even though the synthesized films were missing the anticipated long range order and therefore do not
qualify to belong to the group of COF materials, the developed method leads to several other
advantages. The approach can be used to synthesize smooth and continuous porous 3D films. It could
be shown that it is possible to kinetically promote the surface reaction over the bulk reaction by
reducing the monomer concentration. Furthermore, all molecules, which didn’t bind to the surface
are removed constantly. This leads to an increased smoothness of the framework material, compared
its growth under batch conditions. The continuous flow setup allows a constant transport of new
building blocks to the surface and therefore keeping their concentration steady over the entire
reaction time. This allows a full control of the reaction conditions during the entire reaction time and
the possibility to adjust or change them at any time. The involvement of a QCM enables the real time
monitoring of the film growth and its average thickness. This gives a major advantage over most other
film growing strategies, where the film thickness can only be determined after the assembly. Most
importantly, the modular strategy is versatile, as it was shown in initial experiments for the formation

of films using a Sonogashira hetero-coupling. Further experimental information can be found in the
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Supplementary Material, figure S8 in Paper I. Thus, the developed method is suitable to grow a wide
range of porous films, which require a defined thickness. Additionally, the strategy enables the
formation of rigid films on a variety of substrates, which is important for the future development of
for example electrode materials or organic electronics. Therefore it is expected that the developed
method can be used to grow numerous different porous framework materials in the future. The
explored synthetic approach could be used to assemble hetero-structured materials. Those findings
will therefore pave the road towards the development of layered porous film materials. This

development will be part of the second project.

4.6. The next level: hetero-couplings, hetero atoms and layered
materials

As described in section 1.6, known strategies for the synthesis of layered porous materials are limited.
If strategies can be found to introduce specific functional sites just in certain areas of a framework, it
could broaden the application range of porous films tremendously, e.g. for cascade catalysis. The
usage of hetero-couplings is in this regard advantageous, since it allows a bigger diversity for potential
framework structures than homo-couplings. Additionally a sequential material build-up would be
enabled. Since the initial trials to make films with a Sonogashira coupling gave promising results in the
first project, it was decided to continue with this system. Aryl iodides react faster in Sonogashira
reactions then aryl bromides,?®® thus the tetrahedral building 1 unit was exchanged to tetrakis(4-
iodoophenyl)methane (TIPM, 6). Besides the carbon centered tetrahedral building unit 6, lithium
tetrakis(4-iodoophenyl)borate (LTIPB, 7) with a boron center was selected as well. TIPM (6) and LTIPB
(7) share the same geometry and have almost the same size, hence their particular resulting
framework (boron-COF/carbon-COF) are expected to have very similar unit cells. This unity in their
lattice parameters is important when growing them on each other as layered films. As a linear linker,

diethynylbenzene (8) was chosen as shown in Scheme 7.
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Scheme 7. Formation of the carbon-COF and boron-COF via a Sonogashira coupling.
Previous studies could show that films synthesized using a homo-coupling of ionic building block, e.g.
7 are not stable and tend to partial decomposition.”” Furthermore, by including a neutral co-polymer,
such as diethynylbenzene, into the synthesis, the disintegration can be avoided. Building unit 6 and

alkyne 8 were commercially available, whereas 7 was synthesized following a literature procedure as

illustrated in Scheme 8 starting from 1,4-diiodobenzene (9).2%
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Scheme 8. Synthesis of the boron centered building block LTIPB.

The carbon- and the boron-COF films were produced in flow in a similar way than the previously
discussed PAF-1 films. A possible way to obtain information about the Sonogashira coupling efficiency
during the framework assembly is to look at the transformation of the triple bonds. During each
linkage formation a terminal alkyne of the diethynylbenzene gets converted into a disubstituted

alkyne, as shown in the mechanism of a Sonogashira coupling, illustrated in Scheme 9.
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Scheme 9. Mechanism of a Sonogashira coupling. The illustrated diisopropylamine (DIPA) in the Cu-cycle represents the used
base for the system in this project. Generally, other bases can also be used.

In order to verify the chemical uniformity of the film, the coupling efficiency in the frameworks of the
carbon- and the boron-COF was evaluated. In consequence, the occurrence of unreacted triple bonds
was reviewed for both films using FT-IR as well as Raman spectroscopy. A comparison of the COF film
spectra with the spectra for the individual building blocks confirmed that no terminal triple bonds
could be identified in the framework samples. Accordingly the produced frameworks have a high
degree of polymerization. If not many unreacted terminal triple bonds exist in the framework
structure, the amount of iodine atoms should be low as well, because for each linkage formation one
carbon-iodine bond is cleaved (see Scheme 9). To confirm this hypothesis, XPS spectra from different
surface positions of the carbon-COF film were measured. Since the spectra showed also prominent
gold signals, it was concluded that the x-ray beam penetrated through the entire film depth and thus,
the spectra shows the average elemental composition of the film. The results displayed a very low
iodine ratio, around 0.1 atomic %. The measured carbon-iodine ratio is 71:0.1, which equals in average
one iodine atom for every 17" TIPM in the network. Since probably most of the detected iodine atoms
origin from the free binding sites of the film surface, the XPS measurement confirmed the high degree

of polymerization in the framework.

If the two synthesized films are crystalline, due to the unity of their monomer size, they should have
very similar lattice parameters and therefore their x-ray diffraction patterns should be comparable.

The theoretical diffraction peaks were simulated and compared with the measured GIWAXS spectra
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as shown in Figure 22. The first simulated peak is not observable in the measured spectrum, due to
observation limitations for low-Q scattering signals of the used machine. However, the second
simulated peak at 0.77 A could be found. The degree of interpenetration could not be defined
because of the limiting amount of scattering data. The detected peak positions for the refracted x-ray
beam are the same for both frameworks. Moreover, they are consistent with the refraction peaks
from the film synthesized from TBPM in project one. The data showed that both films are
polycrystalline and to some extend anisotropic. The anisotropy is indicated by the increase of
scattering intensity of the half circles towards lower Q, values. Additionally, as expected have both
films the same lattice parameters. The size of the unit cell for both was calculated to 15.2 A. Since
both crystalline frameworks have compatible unit cell dimensions, it should be possible to not just
stack them on each other, but also to connect the different frameworks with covalent bonds on their

interlayers.
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Figure 22. Measured (top) and simulated (bottom, red) X-ray diffraction pattern (GIWAXS) for the boron- (left) and carbon-
COF (right).

4.7. 'The boron-carbon sandwich

The structural results for the boron- and the carbon-COF confirmed the initial hypothesis that both
frameworks are suitable candidates to make layered films, since they have very similar crystal lattice
parameters. Before the first experiments for sandwich-like materials could be done, one more

property of the carbon- and the boron-COF had to be investigated. Knowledge about the surface
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roughness for the individual layers is crucial in order to produce later on continuous layered films. The
average surface roughness of each layer must be lower than the thickness. If not, the layer is not
complete, and one cannot guarantee uniformity when building layers. From this perspective, the
surface roughness can be seen as the lower limit for the thickness of every individual layer. One of the
most common techniques to determine a materials surface roughness is AFM. AFM measurements
performed on the COF film surface gave an average surface roughness of 10.8 nm for a 55 nm thick
carbon-COF film and 12.9 nm for a 110 nm thick boron-COF film over an area of 4 um?. The frequency
to thickness relationship of the films was studied by scratching the polymer surface and measuring
the depth of the resulting scratches using a profilometer. This resulted in a correlation of 0.04 nm-Hz'!
for the boron- and the carbon-COF film for the used reaction. Attempts to grow smoother COF films

with a lower monomer concentration were not successful.

After gaining the information about the lower thickness limit per layer, flow experiments to grow
layered structures were performed. Every of the three building blocks (TIPM, LTIPB and alkyne 7) and
the catalyst were dissolved and stored in an individual syringe, mounted in a syringe pump. The fifth
syringe contained only solvent for the washing periods. The sandwich film contained in the end four
different layers, two of each framework. Each layer was grown for four hours and ended with a
washing period for one hour, in which just solvents were flown over the surface. The shift of the
resonance frequency over time and an illustration of the layered sandwich structure can be seen in

Figure 23. The uniformity of the mass deposition on the QCM sensor (shown by the steady slope of
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Figure 23. Example for a resonance frequency decrease during the growth of a layered film (left) and an illustration of the
corresponding layer order (right).

the frequency shift over time) for each layer especially in the beginning indicates that they grow on
each other via the formation of covalent bonds. If they would grow from aggregates in an island
formation mechanism, it could be expected that the slope of the frequency shift over time would
increase during the growth of each layer. As shown in project one, films, which are not covalently

connected to their underlying layer, tend to form cracks. Those cracks couldn’t be observed on optical
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microscopy images nor SEM images of the carbon-COF, boron-COF or the layered film surfaces. If the
layers don’t grow covalently connected on each other, it can be also assumed that this would increase
the surface roughness of the layered film significantly compared to the homo-structured films.
Instead, the measured average surface roughness of a layered film was specified to 13.5 nm on a 4 um?
on a roughly 140 nm thick film. Thus the layered film has a similar average surface roughness than the
previously described homo-structured films. By applying the determined frequency to thickness
relationship of 0.04 nm-Hz?, each layer has a thickness of 35-55 nm, which is larger than the average
surface roughness. Hence, the individual layers are expected to be continuous and covalently

connected.

The crystallinity of the resulting layered film was investigated using GIWAXS. As shown in Figure 24,
the obtained diffraction peaks and their positions are complimentary to the diffraction spectra of the
boron and the carbon-COF. That confirms the initial claim that it is possible to grow epitaxial

chemically different COF films in a layered matter on each other without any loss in crystallinity.
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Figure 24. 1D GIWAXS spectra of the carbon-, layered and the boron-COF film.

To confirm the layered nature of the material ToF-SIMS measurements of the layered samples were
performed. It was expected to see an alternating amount of B and Li throughout the depth of the film.
Local maxima in their concentration should indicate the existence of a boron-COF layer and local
minima should represent the carbon-COF layers. Boron couldn’t be detected because it did not ionize,
which was observed before using this setup. However, the expected change in the lithium
concentration could get detected, even though it only confirms the 2 bottom layers and indicates the
third layer. The fourth and top carbon-layer could not get confirmed as shown in Figure 25. A reason
for those findings could be that the surface of the film material is, due to its porosity, more sensitive

to the ion gun bombardment. That means that in the beginning the etching might be too fast and
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engraves during the first cycle already through the entire first layer. The detected distribution of gold
and carbon also matches with the expectations, as the carbon signal decreases right before the gold
—— Li
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Figure 25. ToF-SIMS measurement for the layered film.

signal rises. It was tried to repeat the ToF-SIMS measurement with a sample which contained thicker
individual layers and another which had a thicker top layer. During those measurements no lithium
could be detected, but the copper concentration alternated to some extend and suggested the
existence of four layers. However, the results were not totally conclusive. Copper could probably
perform an ion exchange with lithium and therefore also indicate the existence of the different layers.
Nonetheless, this exchange was not observed during the first measurements, which are shown in
Figure 25. Summarized, it can be stated that some evidence for the existence of the layered structure

could be found, but it cannot be absolutely confirmed.

4.8. Increased control — molecular single layers?

An additional question which was attempted to answer was, if it is possible to grow the individual
carbon- or boron-COF stepwise and with control, single molecular layer by single molecular layer. This
could promote the formation of the thermodynamic product and therefore increase the crystallinity.
This method was also expected to lead to an increased smoothness of the films. Additionally it was
tried to show that it is possible to monitor a single layer by single layer growth of the framework. The
idea was to not flow like before both building blocks for each framework simultaneously over the
surface, rather alternating. During the initial experiments of the first project it was concluded, that a
SAM formation can be observed with a QCM. That is why, it was expected to be possible to monitor
the formation of each single layer. During the first experiments to grow the COFs single layer by single,

it was noticed that the oxidative addition of the Pd-catalyst into the carbon-bromine bond of the 4-
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bromothiophenol could be detected by the QCM. But as soon as diethynylbenzene was flown together
with the catalyst over the surface the resonance frequency did not stop to decline as shown in Figure
26A. The origin for the mass deposition on the sensor is most likely a homo-coupling of the
diethynylbenzene in the presence of copper and oxygen, more generally described as Glaser—Hay
coupling reaction.?®® To exclude the possibility that this side reaction has any influence on the

formation the boron- and the carbon COF, a kinetic study, as shown in Figure 26B, was performed.
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Figure 26. Kinetic study of the COF formation. A: Control experiment showing that only the existence of TIPM and catalyst;
(black 1) or catalyst and LTIPB (black 1) doesn’t lead to any film growth. On the contrary, when the diethynylalkyne molecules
are in contact with the catalyst (black I1l) a mass adsorption on the sensor surface is detectable. B: The catalyst concentration
was kept constant during the reaction times. In the first area (red I-1ll) the concentration of the alkyne was kept constant and
the concentration of the TIPM was stepwise reduced. In the second period (blue I-1ll) the concentration of the TIPM was kept
constant and the amount of the alkyne was reduced.

The obtained data showed that the reaction rate remains almost steady, if the alkyne concentration
is decreased (see Figure 26B, I-III). If the Glaser—Hay reaction would have an impact in the framework
formation, the rate would not stay constant while changing the alkyne concentration. However, the
reaction rate declines distinctively if the TIPM concentration is decreased (see Figure 26B, I-ll). That
is in unison with the general opinion that the oxidative addition is the rate limiting step in Sonogashira
couplings. Additionally, the reaction rate drops at low TIPM concentrations even under the observed
reaction of the alkyne homo-coupling (see Figure 26A, 11I). With all those indications, it could be ruled
out that the Glaser—Hay reaction has an influence on the framework formation, as long as both
building blocks are mixed together during the reaction. With this limitation, it was concluded that the

framework growth single layer by single layer was not feasible with the so far used catalytic system.

The reaction conditions were changed, to a copper-free Sonogashira coupling, since the presence of
oxygen could not be entirely prevented in the used flow setup. The synthesis of the homogenous
boron and carbon films under copper-free catalysis resulted in materials similar to the copper-
catalyzed conditions. This can be seen as another confirmation that the Glaser-Hay coupling does not
affect the framework assembly. Nevertheless, their investigation was not further continued, because
the boron- and the carbon-COF synthesis require different solvents, which causes monitoring issues

using the QCM when making layered structures.
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4.9. Conclusions from Paper II

While using a Sonogashira hetero-coupling and the previously developed flow system, two new COF
films, boron- and carbon-COF, could be synthesized. Both frameworks have a high degree of
polymerization, which could be supported via via IR, Raman and XPS measurements. GIWAXS
measurements confirmed the crystallinity of the films, making them to one of the first examples of
carbon-carbon linked COFs. Thus, it could be confirmed that it is possible to synthesize COFs even
using non-reversible linkage formation reactions, such as C-C cross couplings. This will enable the
synthesis of more rigid and stable COF materials in the future and therefore broaden the application

range for this class of materials.

The lattice parameters of both synthesized networks are the same, enabling their use in layered
materials, in which the layers are covalently connected with each other on their interlayers. Both films
have a low average surface roughness, which promotes their possible use also in thin, layered
continuous films. Furthermore, sandwich-like structures based on alternating boron- and carbon-COF
layers could be synthesized while containing their crystallinity and their lattice parameters. All three
materials (boron-, carbon-COF and the layered film) showed a continuous and defect free surface
while investigating them with an optical microscope and SEM. Even though no conclusive confirmation
for all expected layers could be found, evidence for the existence of the bottom layers could be
detected using ToF-SIMS depth measurements. Those findings confirm for the first time the successful
assembly of a covalently connected layered 3D COF. This will enable the future synthesis of COF
materials with different defined local functionalities. Those materials would be useful to catalyze for

example cascade reactions.

The controlled single layer by single layer growth of a carbon-COF could not be established, due to a
homo-coupling side reaction of the alkyne building block. Consequently a kinetic study was
performed, which could rule out the possibility that this side reaction effects the framework assembly
of the carbon- and boron-COF, as long as both building blocks are mixed together. In order to
investigate the framework growth single layer by single layer in the future a different catalytic system
and different starting materials have to be found, which are not prone to homo-coupling side
reactions. One possible example could be a Suzuki-coupling if the diethynylbenzene gets exchanged

to p-benzenediboronic acid.
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5. Concluding remarks and outlook

Most of the previously explored procedures to synthesize porous organic materials lead to powdery
materials. Furthermore, most of the few explored approaches, which can be used to obtain thin films

lack a real time control of their thickness.

Therefore, the work presented in this thesis intended to develop a versatile method to grow smooth
porous 3D linked organic films in a continuous flow setup. Furthermore, it was attempted to build a
hetero-structured film, containing layers of different frameworks. The emphasis of the synthesis
approach lies on the involvement of a QCM, which allows the real time monitoring of the framework
growth and its film thickness on a nanometer scale. A correlation between the frequency shift of the
QCM sensor and the film thickness could be found. The described strategy is versatile and enables the
assembly of a variety of different amorphous and crystalline 3D films. Three of them, PAF-1, carbon
and boron-COF, were synthesized and characterized in detail during this work. The development of
boron- and carbon-COF are one of the first examples for COFs based on robust non-reversible C-C
linkages. It could be shown that via a control of the used monomer concentration the surface reaction
could be kinetically promoted over the bulk reaction, leading to an increased film smoothness.
Moreover, it could be demonstrated that the developed strategy allows the formation of layered
structures. To the best of our knowledge the presented layered film is the first example for a layered
3D COF on COF framework. The possibility to introduce a certain functionality only locally into a

framework will certainly broaden the application range for porous films in the future.
The resulting opportunities for future development are numerous. To mention a few:

e The idea to use a SAM-templated substrate to grow rigid 3D structures would theoretically
allow the production of films with different topologies. Therefore, the design of new flow cells,
which can hold substrates of different shapes seems encouraging. This could lead to a direct
synthesis approach for porous electrodes, if the films are grown on a conducting substrate of
the desired shape.

e The crystallinity of the assembled C-C linked COF films could probably be increased with the
described single layer by single layer approach. To confirm this hypothesis a different catalytic
system, not prone to homo-coupling side reactions, has to be found. If it works to build up the
film single layer by single layer, it would increase the control over the film growth even further.
(Layered) materials with not only a specific thickness, but with a tailored amount of single

layers could be made.
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Concluding remarks and outlook

The use of the ionic building block LTIPB results in frameworks with incorporated counter ions.
It could be beneficial to try if those counter ions could be exchanged directly during or after
the synthesis using the continuous flow set up. This would lead to a very practical strategy for
framework modification. It would be also interesting to investigate, if the initial choice of a
sterically demanding counter ion, suppresses the interpenetration of the framework, which
later on can be exchanged to a smaller one. This could be an option to increase the surface
area of the material and control the often unwanted network interpenetration.

Another objective could be to assess the possibility to make thicker films (in um range). If
those films are self-standing and can be detached from the substrate, the here developed
method would give access to freestanding membranes. Those membranes with a designable

pore size could for example be used in filter applications.
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Meine Eltern und meine restliche Familie daheim: Danke fiir die immerwahrende Unterstiitzung
durch meine insgesamt 13 jahrige Unizeit. Eine so lange Reise ware ohne euch nicht moéglich gewesen.
Alfred, my twin: jag ska alltid uppskata och paminna din vanskap, hjalp, aktiviteter, CS historier, gym
och vara andra vardagsrum. Jag saknar dig har i Géteborg. Tack for allt!

Fysiken (representerad i form av alla mina fantastiska kollegor och deltagare): for att ni ger mig
mojligheten att utforska en helt annan sida av mig och for att stéda mig alltid med gladje och
tacksamhet nar det behdvdes mest under alla regniga dagar pa leden.

Dr. Louis & Nevita: For all the board games nights and evenings and the feeling that | have a second
apartment on my floor.

Meine trail angels zu Hause in Berlin: Danke unter anderem Anja & Ludwig, Patrick, Anne & Fabi und
Felix, dass es sich bei jedem Besuch so anfiihlte, als ob ich nie weg gewesen ware.

And all the other M3uschens here in outside from Gothenburg: Babsi, Berith, Bjork, Carlos?, Chiara,
Emma, Felix, Gabi, Hanna, Lubo, Luca, Ludwig, Maciek, Raffi and Sandra for all the lunches, evenings,
saunas, partys, movie evenings and trips.... For the constant support and amazing 8.5 years here in

Gothenburg. Ett stort tack!

And as in the end of any hike, there is just one question left:

Which journey s the next one?
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